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FOREWORD 

This Bulletin is published in furtherance of the purposes of the Water 
Resources Research Act of 1964. The purpose of the Act is to stimulate, 
sponsor, provide for, and supplement present programs for the conduct of 
research, investigations, experiments, and the training of scientists in the 
field of water and resources which affect \Vater. The Act is promoting a 
more adequate national program of water resources research hy furnishing 
financial assistance to non-Federal research. 

The Act provides for establishment of Water Resources Research Centers 
at Universities throughout the Nation. On September 1, 1964, a Water Re
sources Research Center was established in the r;raduate School as an inter
disciplinary component of the University of Minnesota. The Center has the 
responsibility for unifying and stimulating University water resources re
search through the administration of funds covered in the Act and made avail 
able by other sources; coordinating University research with water resources 
programs of local, State and Federal agencies and private organizations 
throughout the State; and assisting in training additional scientists for 
work in the field of water resources through research. 

This Bulletin is numher 52 in a series of puhlications des igned to 
present information bearing on water resources research in Minnesota and 
the results of some of the research sponsored by the Center. The Bulletin 
is concerned with the channel phase of the surface runoff process. The 
overall method for predicting the effects of channel characteristics, in
cluding watershed size and shape, on peak flow from small ungaged water
sheds was lested. The results of this study are part of a continuing 
effort hy the Principal Investigator and associates to develop a reliable 
method for predicting peak watershed runoff hy the use of rainfall data 
and measurahle watershed characteristics. Such a method is needed to im
prove the design of the hundreds of highway culyerts, small bridges, erosion 
control structures, channel modifications, grass waterwaYs, storm sewers, 
etc., Installed each year in the United States. 

This Bulletin serves as the Research Project Technical Completion Report 
for the following Center project: 

OWRR Project No.: A-023-Minn. 

Project Title: 	 Predicting Peak Flow of Small Watersheds bv Use of Channel 
Characteristics 

C. L. Larson, Dept. of Agricultural Engineering, 
llniv. of Minn. 

Project Began: 	 July I, 1970 Project Completed: June 30, 1972 
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~~~~~~~~~~~~: 

In previous studies, a method was developed for predicting the effects 
of channel characteristics, including watershed size and shape on peak flow 
from small watersheds. The method was incomplete, however, since it lacked 
a working method of est imating the time parameter for ungaged watersheds. 
Therefore, the first objective of this study was to satisfy this need. The 
second objective was to test the overall method as a means of predicting 
peak flow for small ungaged watersheds, given the runoff volume. The over
all method begi n5 wi th a hydrologic analysis of numerous rainfall-runoff 
events ohserved at selected eXperimental watersheds. This yields certain 
hydrologic parameters which can he evaluated onlv for gaged watersheds. 
Then, the physical characteristics of these watershl?;ds, primarily the chan
nel characteristics, are utilized to evaluate the same parameters hy use 
of an hydraulic or flow approach. If this can he accomp1ished successfullv, 
the same procedure can be applied to ungaged watersheds. 

The following conclusions can be made hased on the resul ts of the 
study: A new time parameter, time to 50~ of equi lihrium, 1'50' "as proposed. 
It can be evaluated hydrologically, i.e., from ohserved hvdrographs in 
many hut not all cases thLs is essential if it is to be used in peak flow 
predict ions for other, ungaged watersheds. Tc? increases wi th watershed 
size, approximate Iv as watershed area to the I 3 power. 1t decreases as 
the mean rate of rainfall excess (q ), increases, varying as to the minus 
1!2 power (roughly). The residual ~ariahilitv Is suhstantial, indicating 
that other factors also affect T~O Significantly. The channel character
istics, cross-sectional area and-wetted perimeter can he estimated with 
reasonable accuracy from measurements of hankfull tOp1vidth and depth. llmv
ever, a number of complete channel cross-sections must llP taken or he avail 
able in the region in order to evaluate the two coeffie5.ents needed, one 
for area and one for wetted perimeter. It appears likeJv that these coef
ficients can be generalized through further study, and also that r~,lation
ships will have other applications in vIBtershed engineering. Three methods 
used to divide the watershed into an upner and lower half hydrologically 
gave only slightly different results and, therefore, the simnlest method 
(arc) appears preferahle. The travel time approach to evaluating the 
time parameter yields values (designated T ) that are consistently and

eHsignificantly lower than the true values (T. )' Thus, a coefficient appll 
Oc~bl~ to the region is necessarv to relate 150 to TCU' The peak flow pre

dlctl.ons by the methods of this studY were qu,te vanahle, as compared to 
t.he observed values, but on thl?; average were ahout the ri ght magnitude, 
i.e., neither consistently high or consistently low. The comh:i.nation of 
peak flow equation, the tl."me parameter, T , and the relationship of

50th~ peak flow coefficient, to the ratio n7T ()' where n is the durat; 
ralnfall excess, appears to provide a satis~actory hut not highlY accurate 
procedure for estimating peak runoff, given the volume of rainfall excess 
and its approximate time d:i.stribution. 

*Surface Runoff! *Peak Runoff! Wa tersheds! 
Interflow! Channel Character isttcs 
Runoff! Hydrographs 

Publication Tdentifier,,: 	 *Overall Method! *Time Parameter! *Travel Time! 
Peak Flow Equation 
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I. INTRODUCTION 

The task of estimating peak flows for ungaged watersheds is a very 

difficult and elusive problem, one that has plagued hydrologists and engin

eers for many years. This problem is especially severe for small watersheds, 

arbitrarily defined here as those up to about 100 square miles in ~rea, even 

though watersheds of several hundred square miles are often considered 

"small" also. Because the number of watersheds in this category is extremely 

high, a high percentilge of them will never be gaged. Thus, the task of 

estimating peak flow for ungaged watersheds will always be with us. 

Each year engineering hydrologists are called upon to estimate peak 

flows of various recurrence intervals for thousands of small watersheds. 

These estimates are needed for the design of stabilizing (gully control) 

structures, highway culverts and bridges, storm sewers, channel design and 

various types of water control structures. This work must go forward with 

existing methods of estimating peak flow, whether of adequate accuracy or 

not. The result can be either underdesign, with high risk of failure, 

overdesign. at added cost. Although the amount of money "lost" in each 

case may be only a few thousand dollars. the total ;:mnua] loss is extensive 

due to the large number of such structures. 

Reich and Heimslra (1967) compared peak flow predictions by five methods 

to observed peak flows for numerous small watersheds. All of the methods 

were found to be either consistently high or consistently low. The 95% con

fidence limits varied [rom as low as 40% of the observed values (lower 1imit) 
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Figure 1. The Process of Surface Runoff 
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for one method to as high as 265% (upper limit) for another method. It seem 

evident that considerable improvement is needed in peak flow predictions for 

small, ungaged watersheds. 

The process of surface or surface runoff can be considered ideally as 

having two separate phases, the land phase and the channel phase. The vol

urne of storm runoff for a major rainfall event is determined largely in the 

land phase (Figure I), which includes the processes of interception, infil

tration, overland flow, soil moisture storage, interflow and evapotranspira

tion between and during runoff events. The channel phase is a process of 

unsteady flow in a network of open channels, including elementary channels, 

some of which are poorly defined swales or waterways that are evident only 

during runoff. The channel phase, to a large extent determines the hydrograph 

shape and the peak flow, given a certain volume of stor-m runoff [rom the land 

phase. 

In reality, these two phases are often not fully independent or separ

able, and vary in their degree of independence with watershed size and land 

characteristics. For very small watersheds, e.g., 100 acres, it has been 

shown (Morgali, 1963) that the calculated overland flow hydrograph is a 

close approximation of the watershed hydrograph. In such cases, the channel 

phase effects are insignificant and the overland flow routing determines the 

shape. As the watershed size increases, however, the channel 

phase becomes more and more the determinant of hydrograph shape and peak 

and overland flow becomes less and less important (Golany and Larson, 

1971, p. 100). 

Secondly, shallow subsurface flow (interflow) complicates the process 

in those areas where it is a significant percentage of the storm runoff 

volume. With significant interflow, the storm runoff amount in inches, R, 

becomes 

R P - F + I (1) 
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(a) 
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Figure 2. Sketches of Hydrographs Showing the Effect of Interflow on Surface 
Runoff 

where is the storm rainfall, F the cumulative infiltration and I as the 

interflow in inches. If there is interflow, the watershed retention is not 

equal to the infiltration amount, making it more difficult to predict 

runoff amounts. 

The interflow process is, of course, slower than surface runoff. Thus, 

as shown in Fig ure 2 (a), a low interf low contd hutioD in terms volume has a 

small, perhaps negligible, Efect on the peak runoff. A high interflow con

tribution, shown ill Figure 2(b), adds a signifl(Cant percentage to the peak 

flow. It also tends to enlarge the time hase of the watershed hydrograph 

and dcdays the time of peak discharge. 

Runoff as it is generated on the land surface is usually referred to as 

"excess rainfaLl" or "rainfall excess" (Figure I). Without interflow, the 

time distribution runoff to (Channels is determined by the rainfall 

pattern and the overland fLow process. With significant interflow occurring, 

the runoff to channels is extended over a greater length of time. Lf the 

runoff is mostly interf low, the time or peak runoff to channels can b,> 

de Jayed considerably. Thns, intert low tends to incre<1sP the importance of 

the land phase as a tor affecting hydrograph shape and pe<lk discharge. 

In general, interflow affects both the volume of runoff and its time distribution. 

This study is concerned mainly with the channel phase of the runoff 

process. For purposes of analysis and prediction, it is advantageous to 

consider the channel phase independently from the land phase [or watersheds 

of any size. The foregoing discussion, however, indicates that may not 

be feasible for relatively small watersheds (up to several hundred acres), 

especially if interflow is significant. 
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In previous studies (described in the next section), a method has been 

developed for predicting the effects of channel characteristics, including 

watershed size and shape on peak flow from small watersheds (Larson, 1965; 

Larson and Machmeier, 1968). The method was incomplete, however, since it 

lacked a working method of estimating the time parameter for ungaged water

sheds. Therefore, the first objective of the study reported herein was to 

satisfy this need insofar as possible. The second objective was to test the 

overall method as a means of predicting peak f low for small ungaged watersheds, 

given the runoff volume. The prediction of storm runoff volumes was not 

within the scope of this study. It is a major problem in itself. 

The overall procedure intended to accomplish these objectives begins 

with a hydrologic analysis of numerous rainfall-runoff events observed at 

selected experimental watersheds. This yields certain hydrologic parameters 

which can be evaluated only for gaged watersheds. Then, the physical charac

teristics of these watersheds, primarily the channel characteristics, are 

utilized to evaluate the same parameters by use of an hydraulic or flow 

approach. If this can be accomplished successfully, the same procedure can 

be applied to ungaged watersheds. The final step is to test the overall 

method for predicting peak flows. 

II. 

Most methods for estimating the peak flow for ungaged watersheds of 

necessity have two things in common. First, they utilize an assumed or pre

dicted storm rainfall amount and pattern as the "input" or source of runoff. 

Secondly, they utilize one or more walershed characteristics to estimate the 

peak flow, given a certain rainfall event, but vary greatly in how this is 

done. A second general approach which will not be considered here is to 

"regionalize" existing runoff records. This is accomplished by correlating 

peak flows of various recurrence intervals to watershed area and key land 

characteristics within a given region having essentially uniform geology and 

soil types. Rainfall data are usually not utilized in this approach. 

Returning to the first, more general approach, some of the methods lump 

the land phase and channel phase processes together. One example is the 

much used but often criticized Rational formula 

Cia (2) 

in which a is the watershed area in acres and i is the mean rainfall inten

sity in inches per hour for a duration equal to the "time of concentration". 

The runoff coefficient C is related to the infi! tration and topography of 

the watershed (Williams, 1950) and is varied from zero to one, which is 

desirable. The use of a duration equal to the time of concentration is pre

sumed to account for the channel phase of the runoff process. At this 

duration, it is assumed that all parts of the watershed are contributing to 

the outflow, i.e., equilibrium has been reached. However, many hydrologists 

believe that existing lables and equations for time of c.oncentration under

estimate time of concentration, perhaps compensating to some extent for the 

fact that equilibrium flow rarely if ever occurs. 

Snyder (1938) proposed one of the first channel phase-only equations. 

The peak flow of the unit hydrograph (one inch of runoff) is given by 

640 CPtp 
A 

(3) 

where A is the watershed area in square miles, tp is the lag time in hours, 

and Cp is a peak flow coefficient. For various gaged watersheds in the 

Appalachians, Snyder found values of from 0.56 to 0.69. 
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For the channel phase, Chow (1962) suggested the following equation 

for the peak flow of the unit hydrograph: 

P 1. 008 (4) 

in which A is the watershed area In sq.mi., Z is a peak flow reduction factor 

similar to C nnd D is the rainfall duration. The factor Z was related to 
p 

p "" 
"" ., 
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0 .... 
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A land phase, peak flow equation quite similar to those given ahove was o 0 ....... 

proposed by Larson (l965) (See also Larson and Machmeier, 1968). It is thE: "" >'<11 

:J:: a ~ " .... ..... ~ 
method mentioned earlier which requires testing with actual runoff data and I 0 

00 
.e p """'-c::: IC .... .... u ..~lich provides the basis for the study herein reported. The equation is as <11 0,.>j.e 

"'''' follows: 
~ 

<11646 A R (6) ...IT ::I 
00 ..... ..,..in which A is watershed area in sq.mi., R is the runoff amount in inches, D 

is the duration of the ullrouted rUlloff (rainfall excess) and is a routingCp o 
or peak flow coefficient. '~H ,ON I ' 31\t~ 
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In determining valu"es for use in Eq. 6, Rand D come from the land phase 

analysis, which is treated as a separate problem. This leaves one factor to 

be determined, namely Cpo From Figure 3, we see that Cp can be defined 

theoretically as the ratio of the peak watershed runoff in inches per hour 

to the mean runoff supply rate, qs' which is equal to RID. Thus Cp varies 

from zero to one and for a given supply rate, qs, increases with the dura

tion, D. For a duration equal to or greater than the time required to reach 

equilibri um flow, the value of is 1. O.Cp 

As indicated in Figure 3, the watershed outflow approaches equilibrium 

slowly and, therefore, the time to reach equilibrium is poorly defined. 

Larson (1965) defined a watershed time parameter, Tve' time to virtual 

equilibrium, as the time required for the watershed outfloW to reach 97% of 

a constant supply rate, qs' If the rainfall excess rate is constant and of 

is easily evaluated from the outfloW hydrograph and islong duration, 

significantly less than the time to 100% of equilibrium flow (Figure 3). It 

will, of course, increase with watershed size and depend also on channel 

characteristics. 

For a given watershed, then, it can be seen that Cp will increase from 

zero for D 0 to 0.97 at D Tve and to 1.00 at equilibrium. Due to varia

tions in speed of response between various watersheds a curve of Cp vs. D 

will be different for different watersheds. As a first attempt to obtain a 

vs values of the ratiogeneral relation for Cp , Larson (1965) plotted 

D/Tve for several small watersheds, and obtained a single curve. However, 

were obtained by use of the time-area routing pro-the values of Cp and 

cedure then used in the Stanford watershed. Since this procedure relies on 

the assumption of runoff linearity, which implies flow velocities independent 

of discharge, the resulting curve could not be assumed generally correct and 

app licable. 

Following this, a relationship of C to was obtained by Machmeier p 

(1966) using a mathematical watershed model in which the dynamic equations 

of unsteady flow were used to calculate flow rates throughout the channel 

system. The watershed area was about 21 miles. Although only one watershed 

was utilized, six different durations and six supply rate were used for the 

input to the channel system. Values of were determined by running the 

model to near equilibrium with each supply rate, showing that Tve varies 

with supply rate, indicating non-linearity of runoff. Nevertheless, 

the many values of C obtained plotted against the ratio yielded a p 

single curve, which is believed to be a reasonable approximation of the true 

relationship for small watersheds in general. It shollld be noted, that 

overland flow routing was included in the model and therefore its effect is 

included in the relationship for C 
p 

The relationship of to channel characteristics was studied by 

Go1any (Golany and Larson, 1971) for a mathematical watershed model similar 

to Machmeier's, but with backwater effects included at channel junctions. 

Tve was expressed as a sum of two components, the rise time for an elementary 

(1st order) watershed and tha main channel rise time. A method for evaluat

ing the latter was developed but was rather ~omplex and difficult to gener

alize. In addition, the parameter, ,cannot in general be evaluated from 

watershed hydrologic data, since 97% of equilibrium flow is rarely if ever 

attained. 

In a second study with a model watershed similar to the one used by 

Golany, the effects of watershed shape and of input time distribution were 

studied by Wei and Larson (1971). The study showed that elongating the 

watershed considerably decreases peak flow by about 20 per cent as compared 
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to a compact waterhsed of the same area, and increased time to peak about 

10 per cent. Various triangular time distributions at the input rainfall 

excess were utilized and compared to rectangular time patterns. The effects 

on peak flows are presented later, being useful in the hydrologic analysis 

of this study. The effects of non-uniform rainfall patterns, both in space 

and time, were also studied. 

The above review of past work includes only the studies having direct 

and significant relavence to the present study. There are numerous other 

references which relate to the general topic, either indirectly or to a 

lesser degree, or are potentially useful to a somewhat different approach. 

Thus, only a partial review of the overall topic has been presented. 

Before proceeding to the study itself, it might be well to distInguish 

between and time parameters. A hydrologic time para

meter is one that is evaluated from observed hydrographs. The most common 

example would be lag tillie, which is described in most hydrology textbooks, 

e.g., Linsley et al (1958). As defined earlier, is also a hydrologic 

time parameter. A hydraulic, watershed time parameter is one that is evalu

ated by flow calculations, Le., mean velocities and travel times for the 

various channels. The parameter, time of concentration, is often estimated 

this way, though actually defined hydrologically. Both the hydrologic and 

hydraulic approaches to determining watershed time parameters are used in 

this study. 
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III . 

Although no hydrologic observations were made as a part of the study, 

considerable time was spent in procuring and selecting hydrologic data for 

analysis and for testing the method of peak flow prediction. Both runoff 

hydrographs and the associated rainfall patterns were needed to carry out the 

study. The principal concern was with small watersheds, as stated earlier. 

It also appeared desirable at this stage to concentrate in a few selected 

areas where one could find a number of gaged watersheds having similar land 

characteristics and hydrologic data extending over 10 years or more. 

It was evident that the research watersheds of the Agricultural Research 

Service (some initiated under the Soil Conservation Service) satisfy these 

requirements better than any other. In addition, both the runoff and rain

fall data are published by individual runoff events, using short intervals 

of time as needed for a complete analysis. Antecedent rainfall amounts are 

given for each event also. Watershed topographic maps are given for each of 

the watersheds. In general, the authors found that the ARS data are very 

convenient and, in fact, invaluable in carrying out a study of this type. 

Furthermore, the data are available to others to analyze in their own way, 

perhaps leading to new and better techniques. Thus, one cannot emphasize 

too much the value of such observations extending over a period of years. 

The sources of the hydrologic data used in the study, all published by 

the U.S. Department of Agriculture, are as follows: 

1. Hydrologic Data, North Appalachian Experimental Watershed, 
Coshocton, Ohio, 1939, Soil Conservation Service, USDA, Hydrologic 
Bulletin No.1. 

2. Hydrologic Data, North Appalachian Experimental Watershed, 
Coshocton, Ohio, 1940, Soil Conservation Service, USDA, Hydrologic 
Bulletin No.4. 
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3. 	 Selected Runoff Events for Small Agricultural Watersheds in the 
U.S. 	 (1938-1959), Agricultural Res. Service, USDA, January 1960. 

4. 	 Hydrologic Data for Experimental Agricultural Watersheds in the U.S., 
1956-59, Agricultural Research Service, USDA, Misc. Publ. 945. 

5. 	 Hydrologic Data for Experimental Agricultural Watershed in the U.S., 
1960-1961, Agricultural Research Service, USDA, Misc. Publ. 994. 

6. 	 Hydrologic Data for Experimental Agricultural Watershed in the U.S., 
1962, USDA, Misc. Publ. 1070. 

7. 	 Hydrologic Data for Experimental Agricultural Watershed in the U.S., 
1963, USDA, Misc. Publ. 1164. 

8. 	 Hydrologic Data for Experimental Agricultural Watersheds in the U.S., 
1964, Agricultural Research Service, USDA, Misc. Publ. 1194. 

ObserVations have continued since 1964, but the data are not yet available 

in published form. However, copies of the necessary data sheets for the 

years 1965, 1966 and 1967 were obtained directly from the Agricultural Research 

Service Hydrologic Data Center, J. R. Burford, Manager. Data for the years 

beyond 1967 were not yet available. 

A search was made of other data sources, e.g., SCS Technical Papers, 

but none of these satisfied the requirements of the study outlined above. 

Certain small watersheds in the U.S. Geological Survey stream gaging program 

probably could have been used, along with local rainfall data of the Environ

mental Data Service, N.O.A.A. (formerly U.S. Weather Bureau). However, such 

watersheds are in scattered locations and thl~ were not especially suited to 

this particular study. In some cases, the length of record is relatively 

short and, in many cases, there is not a recording rain gage within or near 

the watershed. 

Several possible "study areas" were delineated as a first step. At the 

same time, it was decided that the analyses should be carried out only on 

watersheds exceeding 100 acres in size, preferably more than one square mile. 
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The Agricultural Research Service has a continuing program of hydrologic 

data 	collection on experimental watersheds with areas over 100 acres at the 

following locations: 

1. 	 Coshocton, Ohio, 1939 
2. 	 Oxford, Mississippi, 1957 
3. 	 Riesel (Waco), Texas, 1941 
4. 	 Blacksburg, Virginia, 1939 
5. Safford, Arizona, 1940 

The list above indicates the beginning dates of these studies, although 

observations for a number of the individual watersheds was begun later, 

including many of those selected for study. Publication No.3 (above) lists 

a number of other locations with experimental watersheds over 100 acres in 

size, e.g., Fennimore, WisconSin, but many of these have been discontinued, 

probably to concentrate the effort in selected areas. 

The observed hydrologic data for the period of study were tabulated and 

analyzed for the first four of the five areas listed above. The Arizona 

watersheds were not included because they present special problems to such 

an analysis, due to the high variability in areal distribution of rainfall 

in the Southwest and the high transmission losses in the channels. Data for 

the Ralston Creek watershed at Iowa City, Iowa, were tabulated and considered, 

since records are available from 1943. However, the hydraulic analyses was 

not carried out for Ralston Creek or the Blacksburg watersheds. 

The watersheds selected for hydrologic analysis are listed in Table 1, 

along with their principal characteristics. The geologic topographic and 

Soil conditions of the Coshocton watersheds have been described by McGuiness 

and Harrold (1962). In general, the soils are residual soils of Hydrologic 

Group C, Le., having "below average infiltration after presaturation. 

SubSOils are generally less permeable than the plow layer. Bedrock is 

Usually found at depths of 5 to 8 ft. The land surface is strongly rolling 

and the stream gradients are moderate to steep. 
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TIt 

WTSD Area 
II (Acres) 

f-----

5 349 

10 122 

92 920 

94 1520 
-

95 2750 

97 4580 

196 303 

OXFORD, MISSISSIPPI 

WTSD Area 
II (Acres) 

4 2000 

5 1130 

10 5530 

12 22800 

28 1080 

32 20000 

35 7550 

Estimated 
Beginning Mean No. of 

of Bed Runoff 
Record Slope Events 
(Year) (Feet/Ft) Studied 

1940 .15 15 

1939 .15 17 

1939 .15 15 

1939 .15 20 

1939 .15 17 

1937 .15 20 

1937 .14 28 

Beginning Mean No. ot 
of Bed Runoff 

Record Slope Events 
(Year) (Feet/Ft) Studied 

1957 .0040 8 

1957 .0047 14 

1957 .0034 9 

1957 .0018 12 

1957 .0035 11 

1957 .0022 11 

1957 .0022 11 

TABLE 1 ,Data for Watersheds Selected 

for Hvdr010gic Analvses 


COSHOCTON, OHIO 

Figure 4. Cosnoc~. Ohio Watersheds 

f 
o Raingage and Number 
.. Runoff Gage and Number 

f '{4 I(e. 3(4 

SC4lf IN MILES 
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The Oxford watersheds are quite diffe~ent in character. Briefly, the 

soils are a shallow loess underlain by sand. They are, therefore, above 

average in infiltration capacity and without natural, restricting layers 

the profile. The topography is quite rolling, as at Coshocton, and both the 

sheet and gully erosion rates are very high unless protection is provided. 

Figures and 5 show the location of the watersheds with respects to 

each other for the Coshocton, Ohio watersheds and for the Oxford, Mississippi 

watersheds, respectively. At the Coshocton location the larger watersheds 

are composed of several small watersheds. This Ls the case also in the 

Oxford location. 

The significant runoff events are tabulated Appendix A. Except for 

the base flow amounts and rates the data given in Appendix A are taken 

directly from the A.K.S. publications cited earlier. These are the basic 

data utilized in the study, along with the time distributLons of both rain

fall and runoff. The lat ter aLe not rep roduced herein, but are availab La in 

the source publications. 

IV. HYDROLO(;IC k'llALYSlS 
~---

The general procedure for this phase of the study was to first deter

mine the characteristics of the rainfall excess pattern fol'" each event, then 

to evaluate the hydrologic time parameter, 1'50' for each event for further 

use in study. The parameter, 1'50' time to 50 per cent of equilibriu11l flow 

is a new parameter proposed in this study. Finally, as a matter of interest, 

is related to watershed area and mean runoff supply I'"ale. 
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Rainfall Excess Pattern and Duration 

Figure 6 gives two exarnples of the rainfall patterns associated with 3 

the runoff events used in the study, one rather simple, the other quite com

plex. In every case, one is faced with the difficult task of determining 

the time distribution of the excess rainfall or unrouted runoff. For the 2 

purposes of this study, it is assumed that rainfall occurring at low inten
1 

(IN/HR)sities infiltrates and is retained in the soil, while rainfall occurring at 

high intensities becomes runoff. The latter could move from the place of 1 

origtn to the channel system as either overland flow or interflow, so far as 

this analysis is concerned. However, a high percentage of interflow 

(A)increases the total flow time to the gaging station, tending to introduce 

r 

I"'" 

ioo-

7:00 8:00 

~ 

I a 1.1 

I 

9:00 10:00 11:00 
more variability into the results. 

Time 
Although the infiltration or retention rates are known to decrease with 

time, one cannot represent this change without applying a continuous soil 

moisture model and an infiltration model to each event. Although infiltration 

modeling is progressing, it remains a difficult job and involves some uncer

tainty. Considering the numerous events to be studied and the probable 3 

benefits, it was decided not to adopt such a procedure for this study. 

Instead, a level (constant) line of separation was used to separate rainfall 

excess from retention, as with the 0-index approach frequently used in the 2 

past for infiltration. This separation is shown in the two examples (Figure 
i 

(IN/HR)6) and the area above the line is taken as representing the rainfall excess 

7:00 8:00 

I = 1. 3 

or net runoff. The line is drawn in each case such that the area above it 1 

equals the volume of runoff observed at the gaging station adjusted for the 

baseflow volume, if any. This procedure is, of course, arbitrary and approx
(B) 

imate but does provide a definite procedure that can be followed consistently 

9:00 10:00 11:00 
and without ambiguity. 

Figure 6. Two Types of Rainfall Pattern With Dividing Line 
Separating Excess Rainfall. 
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This leaves excess rainfall patterns which are sometimes quite complex, 

in contrast to the rectangular or triangular patterns used in the model 

watershed studies by Machmeier, Wei and Golany and Larson (cited earlier). 

For analysis, the next step required is to select a rectangular or triangular 

pattern which represents the actual time distribution reasonably well. This 

was done for each event. The results are illustrated for several events in 

Figure 7 as examples. in the first case, it was reasonable to use a rectang

ular time distribution as shown, th a duration D and a mean supply rate, 

qs' 

In the other two casf'S, the rainfall excess pattern could be approxi

mated hetter by use of triangular pattern. ThIs "fit ting" was done in 

f two W:1Ys, depending which one gave the best filo First (Figure 7h), 

the pc'ak [the trLmgle was placed at the same levf'l (qs-value) as the 

actual rainfall ('xcess pattern. Thf' time for this point and the two sides 

of the triangle wcre then located so as to approximate the actua1 pattern 

reasonably well, using an asymmetrical triangle where appropriate. the 

resulting fit was not good, a second method ,.]as used in which the peak at 

the trIangle was lowered as needed (Figure 7c). This was done with only 

fc'w the events, and proved desirable mainly where the rainbll1 excess was 

spread over a relatively long time, with a short pcriod high intensity 

rainlall excess sometime during that period. 

Because the ahove procedure required visualizatIon (plotting) and some 

use of judgment, it was carried out hAnd rather than by computer. Com

puleri~atioa would have been possihle hut, without great care, could have 

cd to Illogical results that would go unnoticed. considerable amount of 

time was course required to carry out thIs analysis for a the events 

used in the study. 

- 2'1 

I \'I \ T 
I \ 

qs MAX.q 
(IN/HR) 

(b) 

Time 

Coshocton 94 
2-9-65 

q 
(IN/HR) /"'T 

(c) 

k--- D ~ 
Time 

Figure 7. 	 Excess Rainfall Patterns With Adjustments to Represent the 
Dist ribution by (a) Rectangular, (b) Triangular, and (e) Triangu
lar With Lowered Peak. 
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In the following analysis and discussion which follows, the rate at 


which excess rainfall is being generated will, for convenience, be referred 


to as the "supply rate" and designated qs' The units of qs are inches per 


hour. The mean supply rate for a given event is designed ,which is of 


course the runoff amount in inches divided by the duration in hours. Thus, 


rainfall excess and runoff amount are taken as being the same, even though 


some of the runoff may follow the path of inte.rflow . 


.Supl'..!:LR~~ s 


These results are given [or all events in Appendix ll. The maximum 


is til<' maximum supply rate of the. rainfall excess pattern, prior to fitting 


a simplified pattern. In the next column, 1'1 indicates the first method of 


fitting a triangle described above and 1'2 the second method. The variable 


qs is the mean rate for the pattern used, whether a rectangle or a triangle. 


For a rectangle, it is freqnently the same as but not always eqnal to the 


maximum qs given in the preceding column. For a triangular pattern, Type 1, 


1 q:; is one half of the maximum For a Type 2 triangle, it is one half of 
I' 

I , the triangle peak but is not equal to one half of the maximulll 


Using the model watershed referred to earlier, Wei and Larson ~1971)II 
found that a triangular pattern of rainfall excess increases the peak 


discharge as compared to a corresponding rectangular pattern. This effect 


was representted by a time distribution coefficient, , defined as the 


ratio of the peak discharge [or a triangular pattern to that for a rectangnlar 


pattern of the same duration and amount. The value of Ct varied with the 


relative location of the triangle peak within the duration, which was expres

sed as where T is the time of the peak rainfall excess. The rela

pr 


tionships obtained for the model sub-watershed (160 acres) were averaged 
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with those obtained the entire model watershed (935 acres) to obtain the 

curve given in Figure 8, which was then used in the present study. Although 

there is no assurance that it is applicable to watersheds of different si7.e, 

it is assumed to apply equally if the ralnfa11 excess duration is in propor

tion to the watershed response time. Also, since the factor itself is not 

1arge as compared to 1.0, the errors resulting from this application are not 

expected to be great, despite the fact that Figure 8 is not clearly applica

ble to Hatersheds of varying size and for events having various durations. 

The factor Has then applied to each event represented by a triangular 

pattern to find an equivalent rectangular pattern, Le., one that would 

produce tbe same peak discharge. The supply rate for such a pattern is given 

in Appendix B as 1.t is of course slightly more than qs and serves to 

put the triangular and the rectangular pattern events on the same basis for 

further analysis. 

The Time Parameter, T50 

The hydrograph time parameter, , was used by Larson and Machmeier 

(1968) as an index of Hatershed response time. It was found to vary as 

supply rate, qg to the -0.27 power for Machmeier's model watershed indicating 

non-linearity of surface runoff, as expected. Using a hydraulic, theoretical 

approach, Larson (1965) found to he proportional to qs~20 As water

shed time parameter, it has an advantage over such time parameters as time 

to peak and lag time, which depend on both supply rate and durati.on of input 

(Hachmeier and Larson, 1968). However, Tve has one overriding disadvantage, 

namely that it cannot be evaluated from observed runoff hydrographs, as 

indicated tn Chapter , since equi1ibrium flow never occurs in nature 

except possibly in very small Hatersheds. 
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A new time parameter, , time to 50 per cent of equilibrium, is pro

posed here as a watershed time parameter which can be evaluated from rUl10f 

records. It has the same advantages as in lhat, for a given watershed, 

it varies only with supply rate. It has the potential for both hydrologic 

and hydraulic evaluation, which provides the vital linkage between gaged and 

ungaged watersheds needed for prediction purposes. A flow 50 per cent of 

equilibrium is not reached in every runoff event, particularly those Hhere 

the input supply or rainfall excess if of short duration. However, one Ciltl 

expect that this flow rate Hill be reached occasionally in each watershed, 

often enough to obtain a number of values of [or analysis. KnoHinl1 the 

effective, mean supply rate -q~ for a runoff event, occurs a r 10\1 

in inches per hour equal to one half of ([' . If this low rate is H'ached 
s 

prior to the point of inflection on the rising limit the hydrograph, one 

can simply read the value of from the hydrograph. If not re.Jciwd, 

the event cannot be used tor this purpose. 

Values of 1'50 determined in this Hay for th,· various runoff ev<cnts are' 

given i.n Appendix B in the last column. He sel' that it could be evaluated 

for only about one-ha.1f of the runoff events, more for some watersheds, 

for others. A total of 46 values of were obtained for the vari 

Coshocton watersheds and 36 values for the Oxford watersheds. Thus, we h~ve 

a time parameter Hhich should serve ~s index f the ref-ponse 

time of a Hatershed, varying someHhat Hilh supply rate but independent 

duration, much the same as Hhether it can be evaluilted hydraulically 

and used in predicting peak flow [or an ungaged Hatershed remains to be d(,ter

mined in a later chapter of this report. 

http:one-ha.1f
http:durati.on
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Relating TSO to Supply Rate and Watershed Area 

The goal in this study was to develop a method applicable to ungaged 

watersheds, preferably a hydrauli c approach. Al though not required for this 

approach, it is of interest to study the relationships of the time parameter 

T50 to watershed area and to the mean supply rate, (jIS' 

In both cases trial plots indicated better results on log-log paper 

than on either rectangular coordinates or semi-log paper. Therefore, a 

straight power relationship was fitted to each data set, in the form 

Y a (7) 

where X is the independent vairable and a and b are constants. This can be 

written as 

In Y In a + b In X (8) 

Using as Y and ~'s or A (watershed area in acres) as X, standard linear 

regression techniques were used with Eq. 8 for fitting. 

For vs. A, the resulting equation, for the Coshocton watersheds, 

based on 46 runoff events, is 

15.0 .33 (9) 

For the Oxford area, with 36 events, the equation is 

TSO 10.0 
29 (10) 

We note that the two exponents are quite similar and could be brought into 

correspondence without greatly affecting the relationships. It is evident 

from values of the other constant that values of TSO are significantly 

greater for Coshocton watersheds than for Oxford watersheds. This could be 

caused by a variety of factors which will be discussed later. 
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In the study with a watershed routing model, Machmeier and Larson (1968) 

found proportional to area to the exponent 0.30. Although TSO is not the 

same as ,they are similar in nature. In any case, the agreement between 

the two studies, one with a model watershed the other with field observations, 

is remarkably good. We should note also the simple fact that the time para

meter '1'50 increases with watershed area, but at a slower rate than area, as 

indicated by the exponent of about 0.3. 

The accuracy of Eqs. 9 and 10 as prediction equations, however, is not 

good. Values calculated by the equations vary widely as compared to the 

observed values of Although some values were predicted fairly well, 

10 of the 46 Coshocton values were less than half of the corresponding 

observed values and 10 were more than twice the observed values. For Oxford, 

2 of the 36 calculated values of were less than half of the observed 

values and 3 more than twice the observf:d value. Thus, thf:re is less varia

tion in the values of T at Oxford, which can be seen also by inspection of 
50 

the data in Appendix B. 

Repeating the procedure for vs. mean supply rate, the resulting 

equations, for the Coshocton and Oxford watersheds, respf:ctively, are: 

83.9 ) -;24 (ll )'1'50 s 


'1' c
50 ::>5.5 (q\)-,1;6 
(12) 

We see that TeA decreases as the supply rate increases, as expected. In 

this case, we note a wider difference in exponents between the two locations. 

Again, using a s around 1.0 inch per hour as a basis for comparison, we 

see from the constants that the Coshocton watersheds have values of '1'50 

about 50% higher accord Lng to Eq s. 11 and 12. 
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Theoretically, Larson (1965) found that Tve varies as ) • For 

s 
-.23 

the model watershed (Machmeier and Larson, 1968), varied as (q's) 

These exponents are similar to the ones for the Coshocton area (Equation 11). 

As for the accuracy of Eqs. II and 12, they are no better than Eqs. 9 

and 10, in which watershed areas was llsed instead of cr's For the Coshocton 

data, 10 of the 46 calculated values were less than half of the corresponding 

observed values and 11 were more than twice. At Oxford, 3 values were under 

50% of the observed values and 4 were more than twice. Thus, it can be 

concluded that neither watershed area or supply rate alone is adequate as a 

predictor of T 
50 

Using a transformation similar to that employed in Eq. 8, multiple 

correlations were made fitting the data to an equation of the form 

b c 
Y a Xl 	 (13)X2 

with 3 coefficients, a, b, and c, and two independent variables and X2 . 

Values of A and cr's were used for X , and X
2 

, respectively, with the [o11ow
1 

ing result 	for the Coshocton watersheds: 

.33 -.23 
10.38 (A) ('l') (14 ) 

s 

For the Oxford data, the resulting equation is 

.20 .36 
12.84(A) 	 ('l's) (15) 

The exponents in Eq s. 1'+ and 15 are generally simil ar to those obtai ned 

by relating T 50 to A and q's separately. This indicates that the two input 

variables, A and s' are to a large degree independent, as assumed. The 

differences could easily be caused by data errors or other factors not 

included in the analysis. Thus the discussion given above concerning the 
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magnitudes of the exponents, comparing them to those obtained in other 

studies, would apply also to the exponents in Eqs. 14 and 15 • 

The differences in the exponents between the Oxford and Coshocton data 

are more difficult to explain. The results indicate that the supply rate 

has a greater effect for the Oxford watersheds. Whether or not this differ

ence is truly significant was not determined • 

The predictive accuracy of Eqs. 14 and 15 is somewhat better than 

those using only A or -q's' but still not good. A visual comparision for 

each set of data is given as Figures q and 10 The results for Oxford arc fair 

but those for Coshocton are still poor indicating that other factors must be 

involved. However, there is no indication that any of the watersheds give 

values that are consistently high or low compared to the equations. Thus, 

it seems unlikely that the introduction of some watershed characteristic, 

e.g., channel or land slope, as an additional independent variable would 

improve the results. More likely, some undetermined characteristic of the 

runoff events is influencing the results. 

For convenience qs will be used to represent q' in the remainder of 
s 

this report. 

v. 

The hydraulic approach to determination of peak flow or flow parameters 

requires data on the phy&ica1 characteristics of the watershed, especially 

channel characteristics. In this study, such data were needed both for 

purposes and for testing proposed methods. The collection of 

these data are described here, their analysis in the next chapter. 
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For the analysis, a series of cross-sections were required for each 

watershed as well as channel slopes and roughness. The hydraulic approach 

to T50 is concerned primarily with the main channel and not the lateral or 

upstream tributaries, as described later. Thus, channel r:ross-section data 

are not required throughout the watershed. This is a helpful feature of the 

general procedure, especially in application. 

At the Coshocton station, channel cross-sections were not available for 

most of the channels. Thus, it was necessary to conduct field surveys [or 

this purpose. l~e second author conducted these surveys with the able assis

tance of a senior agricultural engineering student [rom Ohio State University, 

George \~allace, and gc,neral guidance from the ARS staff at Coshocton. 

Complete cross-sections were taken at five or nmre stations along the princi 

paJ. channels of the various watersheds. Channel lengths between cross

sec tions were measured and a common datum was used for Ii11 cross-sections, 

making it possible to calculate channel slopes. 

For the Oxford watersheds, cross-section data were available in the 

files of the USDA (ARS) Sedimentation Laboratory. \vlth the help of the 

staff at Oxford, the necessary data were selected from the files for machine-

copying and subsequent use. For some of the channels, cross-sections have 

been measured on several otccasions to note the progress of channel erosion. 

For the purposes of this study, cross-sections measurements made in or near 

the year 1966 were utilized. For the Reisel, Texas, watersheds, the limited 

cross-section data available were received by mail from the ARS staff at 

Reisel. 

Determining the appropriate roughness coefficient or coeffIcients for 

the various channels was a difficult problem, as usual. The only way to 

measure the coeff1tcient 1s by slope-area measurements combined with a 
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discharge measurements. This was not done because of the time and effort 

required and the fact that such a measurement would probably be applicable 

only to a small base flow, rather than the substantial discharge represented 

by major runoff events. Furthermore, the Oxford channels and some of the 

Coshocton channels are normally without flow. 

Accordingly, estimates of the Manning roughness coefficient Wf're made 

following a visual observation of the general appearance of the channels in 

each study area (except Reisel). A series of channel photographs along with 

measured channel roughness has been published (Barnes, 1967). For the mos t 

part, the channels shown are of perennial streams somewhat larger in size and 

drainage area than those of tl,is study. The estimated roughness for the channels 

at the three locations (Manning's n) were as follows: 

Coshocton - 0.045 

Reisel 0.040 

Oxford - 0.040 


No attempt was made to vary the roughness coefficient according to depth or 

discharge. Neither was there any attempt to separate the flow into channel 

flow and flood plan flow, with different roughness coefficients for each, if 

flood plain flow should octcur. 

For each cross-section, after plotting, a bank-full elevation was 

established by inspection. Typical cross-sections at Coshocton and Oxford are 

shown in Figure 11. The bank-fu1l line was drawn to the point on either bank 

where a sharp break in the cross-section was noted. If such a break occured 

on both sides, the lower one was used. With the bank-full line established, 

the corresponding flow area, A ,could be measured from the cross-section and 
fif 

aJso the wetted perimeter, P 
BF 
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For each cross-section the bank-full width, (the topwidth) was 


measured and recorded. Also, the channel depth, DBF , the depth to the low 


point of the cross-section 
 11) was determined for each. 


Values for the P ,Wand 
 for all the cross-sections used inBF BF 


the study are given in Appendix C • 


VI. 

For the engineering hydrologist concerned only with estimating peak 

flow for the design of a culvert or other small structure, measurement of a 

series of channel cross-sections probably would not be considered practical, 

considering the effort and cost of doing so. If channel characteristics are 

to be used in hydrologic predictions, they should be limited to characteristics 

that can be determined either from standard topographic maps or by simple 

field measurements. Thus, the purpose of the foregoing analysis is La 

determine whether simple measurements can be substituted tor complete cross-

section data. 

In making hydraulic calculation in channels, one needs values of the 

crass-section area CA) and the hydraulic radius (R). The latter might be 

determined directly or instead one could determine the wetted perimeter (P) 

and then calculate R from A and The width iJnd depth at bank-full flow 

(WBF and are easily measured characteristics that might be correlated 

With the required characteristics just referred to for purposes of predic

tion. This possibility was explored by Gronwald (unpublished) as a part of 

this study and is described in the following pages. 

IV 
o 

...., 
o 

~ 

~ 

d 
~ 

e 




the variables used in this 	analysis il [or bank-lull flow. 

r cOllvclti , the s ubscr j pt 11 bp, omitted tilLs chapter it 


, H, D represC'nt the values b::mk-fu
J be understood that 

(I Leopold and Mill (1956) that
Leopll1cl 

,the fure,
chnOllcl cllaracLcrist gc,oerall iOf1ships 

Jated to r at the stati (with increas th) 

do notlow rom stati to statlnn. t hLH,~;h i r 

to or USf' in lhl' rent study, do provide 

and CtlCOuTagcrncn . 

inc re:l~3 

, lit i I Cd!l!',
re~:' typC'.'3 g('J1era 1 rl' Jal \.,J('re 


tc'r::;i1(,ds,
[or tile ton ,1I1d Ille'lioil 

.\ (h' ,J) 

R (D) 
(\0 ) 

of Lllvsl' is
As i i {'aled above, t.hc I "r it" I:lS 

;Ie ttl;l! 1 

is ,\ I' ll!H't i ()11t i IJl1 ;) rl':l ~ltl;.lt the 

\\,Tn (\1) i ('Ilurd i IL'1 

j t W;1S 

Plotl]) lor" 

till' dn rctlson;lb I V at LlH1.l ,!1 ithat a inca 

r('l'curval ~h' rv I ;Itrea to 

(Llla t.J l' :,1 i I I td \);th 

uatLun llh'::'1 oon-;;:('rn inl Y"('l'pl, r "'ICr"l'k: (1) il 

(3) a pO\v(,1' ion o[ the 

f il:-Ulbel \'~;rrl' l d t 11'111• 	 1 vlelded 

Lhe Iln)l-7.L)rO
\1< ' 

IImpr()v~·~rl t b(; 

e~;.'.; t1'lGln onl.' round 0''1). r, belthL il 

-39

Methods 1 and 3 require two coetfi ents and requi only 

Thus, after some testing, will fully repor here, it \Vas 

decided to the rC'lationshi 

A (WI» c 

wllere is the ffident which can expect it to be ]J0tw0Cl1 [er ;JC1 

triangular channel and 1.0 a H'C channel. 

I n a s ar mnnner, til(' three eli ffcrt'nt method,; r reIcH, lie 

radius dppth were for thp Litt Hi dar;) t Coshocton. 

is Ci1SC, the rt"r of the po on ;] plot D W;1[" !.; onH-"'lih a t 

greater. rll CC,'rcllces I'hc thret' methods W<lS gre'l r Lil<ln [or 

\~n. lIuwC'v('r, of the vad tty in tile al1dlyzQU \,1,IV, 

onl: that method wns ('1 tvr th~ln ;'IUotfH'r. '1'1,(, 

correJa ion co(' cnls wcrl: di.stinctly lo\.Jl't" lli:Jl1 those for the 1\ 

. HD. 110\'; i ng same hefore, its mns L ;lPP ro-

prI;) tei ':lg<l i 11 prefllrC'IlCC' to Ie ('(Jerrie t, lil1t-':It" rc'LiL p, 

R ~ C 11 (I )
2

in Il']S a I l1 valuc' 
I 

The obtajned Iil Iv('tted t'up wLdt II :1 

s ar i':IshJon) cunsi dC'rah Ly h(~.tter than for R • D. 1'11('r(' w~1;:; tit riC' 

di[fcr0nce between resulLs by three types 0 r,>j;)tionsilips ;ibnvl' 

and, fore, .1 singl parameter, line':)r I;)tionship adopLed, 

lows: 

p 

I imi l 

best-fit' lines Equatl.olls 16, ;Jnd 18 \1er(' laincd by i l:1PliS 

conditions the 1 inC' must thruugh the ,llld ( ) (}r 

the square,; of the dC'viat are ndnimized. Thelat is lish~)d bv 

using 

this casc~, that COL' ff t C 



I 
):XY (19)b IXZ 

where b is the slope of the line (C C 0r C ) and X and Yare the indepen2 3

dent and dependent variables, respectively, e.g., Wand P in Eq. 18. 

Equations 16, 17 and 18 were then fitted to all the Coshocton data (30 

cross-sections) with the following results: 

l 

(20)A 0.530 WD 
(21)R 0.575 D 
(22)p 1. 048 W 

Values of the coefficient of determination, r , for Eqs. 20, 21, and 22 were 

is much better than0.8b, 0.73, and 0.99, respectively. Obviously, 

. 21 and, therefore, Eg. 21 was not used further. 

With a least square linear eqnation forced through the origin, it is 

cvicipnt that the large values of X and Y dominate the fit and that the small 

valllCs have little infLuenc;, in determIning the coefficient. To explore 

this point, the values at Coshocton for those cross-sections less than 100 

sq.Et. in area were taken separately. The results for A and P, using 11 

cruss-sections, arc as folluws: 

A .702 WD (23) 

P 1. 131 \4 (24) 

with r2 values of 0.95 and 0.93, respectively. A separate set of equations 

cross-section areas ovel: 100 sq.ft. was not considered necessary, since 

they wuuld be very similar to those already obtained for the entire set of 

dRta (Eqs. 20 and 22). . 23 and 24 were not used in the hydraulic 

analysis. 
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Oxford Watersheds 

For the Oxford watersheds, a somewhat different procedure ,.as followed 

in order to provide a test of the relationships derived from the Coshocton 

data. The relationships of Eqs. 16, 17 and 18 were assumed to be generally 

applicable with coefficients that might vary somewhat from one region to 

another. Thus, the coefficients were reevaluated for the Oxford area. 

For this purpose, the Oxford watersheds were divided into two groups 

of rive watersheds each, similarly distributed in terms of size (Table 2). 

Both groups have a wide range of watershed area. Group A was used [or 

fitling Eqs. 16-18 and Group B was used for testing the resulting equations . 

Table 2. Division of Oxford Watershed fnto Two Groups For Fillin1-\ and 

Watershed 
Number 

GrouE A 
Area No. of Watershed 

Number 

GrouE II 
Area 
Acres 

~~~-

No. of 
Sections 

24 
S 
4 

10 
32 

S11 
1130 
2000 
5530 
20000 

4 
5 
5 
6 
S 

19 
28 
l7A 
35 
12 

21,J 
1080 
3200 
7550 
22800 

5 
5 

6 
S 

The equations obta~led by fitting to the observed data for the 

watershed (25 cross-sections) are: 

A 0.852 \.JD (25) 
P 1. 15 W (26) 
R 0.712 D (27) 

The corresponding r 2-values were 0.99, 0.99 and 0.94, indicating good fits, 

especially for A vs. WD and P vs. H. As at Coshocton, the expression for P 

is superior to the one for R. 
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corresponding units. Hydraulically, it will be defined in terms of the 

appropriate flow or travel time. The rationale for this :l.s similar to that 

used earlier for time to virtual equilibrium by Larson (1965). 

We begin by visualizing the watershed area divided into an upper and 

lower half by a line (iso chrone) drawn such that at the time T<Co, only the 

lower half is contributing to the flow at the outlet (Figure 13). Runoff is 

occurring from the upper half, but it has not yet reached the watershed 

outlet. is then taken as the travel time along the principal channel 

from the 50% :l.sochrone to the watershed outlet. This distance is designated 

as L The variable T will be defined as the travel time determined in 
CH 

this way, hydraulically, to distinquish it from the comparable quantity 
50' 

which is determined hydrologically. Ideally. the two would prove to be 

equal. 

Travel times over the distance L can be calculated by reaches, as 
50 

indicated in Figure 13. Thus, over the distance 

Li 
(28)TCH Vi 

where and V. are the length and the mean velocity for individual reaches. 
1 

The lengths are easily defined and measured, but the mean velocity is more 

difficult to determine. The desired velocity :l.s for a particular discharge 

associated with the rising limb of the hydrograph. To determine that dis

charge at various stations, we visualize a drop of water originating at time 

zero (the beginning of excess rainfall) at the intersection of the main 

channel and the 50% isochrone and traveling to the watershed outlet. At the 

starting point, the discharge is the base flow, which way be zero. (The same 

is true for all points along the channel.) However, the discharge builds up 

45 

50% ISOCHRONE 

Figure 13. Diagram of Watershed Divided Into 
Upper and Lower Half by 50% Isochrone 
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as this drop moves toward the outlet. If runof is being generat(Od unl form] 

over the watershed, the discharge at a particular station when this drop 

arrives will be in proportion to the watershed area contributing to the 

flow. This will be the area to the channel position ng cons 

ered but. below the 50% i sochrone, which can b(O measured for each cross-

section location. KnOl,fing the mean discharge for each reach and the channel 

cJwracteristlcs, including slope, one cau calculate the mean ocitv for 

each reach for use in Eq. 28. 

At this point we recall that, the preceding chapter, pn>dic Ion 

equations were developed for bank-Eull aren and wetted perimeter. flow 

DS described above is probubly mu~h less thau hank-full r but, ,II~ 

mnjor evenL occurring in a Ivatershed with" small main channel, could 

greaLer than the bank-full flow. There are perhaps evera] \vavs Ln which 

one could attempt to resolve this problem, one of which was selccted r 

this study. TIll' flow velocities for use in .. 28 \vt're fLrst Leu] ted 

at (>ach statioll for hank-full discharge. They were then adj listed to take inl 

consideration the aetua.! discharge, c,al.culated from th", tri,butary Clre;l 

indicated above. is involves use of a generalLzc>d relationship betwQ"11 

discharge and mean vc locity, t,hich wi 11 be dcscrihed next. 

Brakellsick (1963) presented log-log plots of conveyellce 13) VB. nred 

for two cross-sections a stream in Arkansas. For the channel portion 

of the plots, a straight line was obtained with slopes 1.41 and 1.36 for 

the two stations. The senior author of this report has made analyses of 

trapezoidal channels with various bottom widths emd depth (IlnpLlblished) and 

found that a log-lo!; plot of discharge vs. area yields a straight line (very 

nearly) with a slope of 1.37 to 1.40, agreeing very closely with Brakensiek's 

values for a natural channel. This can be expressed as 

X
K1A (29) 

where is a constant for a given channel reach with uniform flow and x 1.s 

the slope of the plots referred to above, around 1.39 for trapezoidal or 

similar natural channels. Substituting Q/V for A in Eq. 29 and solving for V, 

x-I 
x (30)

V K2 

where K2 another constant. Using x .39, one obtains 

.29v 

Leopo] d and Miller (1956) have' analyzed a large r ilumlwr 0 l l1il tura 

channel cross-scot tons in various regions and related topwIdth, mean depth, 

and mean velocity at individual (~ross-sections to the discharge. For mean 

velocity, they obtained the general power e'1uation 

0. 34 
v c (32) 

although there was considerable variation from this for individual values. 

The above rel ali on is seen to be qui te similar to . 31. For the hydrauJ Ie 

analysis which follows, mean velocity was taken to be proportional to dis

charge to the 1/3 power. 
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Returning to the determination of by use of Eq. 28, the procedure 

for calculating bank-full discharge and 	velocity (V ) have been given
BF 

above. The basis for determining the discharge at each cross-section for 

50 per cent of equilibrium was 	 given also. To find the velocity 

, the proportionality given above wascorresponding to this discharge 

used, i.e., 

Q Q\1/3 
(33)5

VBF ( QBF) 

Wherever Q was found to be greaterTn most cases, was less thanQSO 50 

than the bank-full velocity was used arbitrarily for instead of 

Eq. 33. If the discharge is greater than at bank-full, it was reasoned, 

flood plain flow would be occurring and the mean velocity of the total flow 

is probably close that at bank-full, unless the discharge is quite high. 

These calculations were carried out by computer for each runoff event, 

using the mean supply in inches per hour as determined in the hydrologic 

analysis of Chapter TV. This gave Q for each cross-section for use 
50 

in Eq. 33 and the values of thus calculated were averaged over each 

reach and used in the summation of travel times by Eq. 28. 

Locating the 50% Isochrone 

One aspect of the analysis not yet described was the method of locating 

the isochrone which divides the watershed into two equal parts. Actually, 

three different methods were explored, ail of which are approximate. A 

highly accurate procedure would be very difficult to establish. Moreover, 

it was not deemed necessary for this analysis. 
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The three methods investigated are the arc method, the angle method, and 

the distance-slope method. The simplest and most definitive of these, 

though not necessarily the best, is the arc method (Figure 14a), By trial, 

using the watershed outlet as the center, an arc is drawn across the water

shed such that it is divided into two equal areas. For the angle method 

(Figure 14b), a 60-degree angle was used on both sides of the principal chan

nel, measured from the general direction of the channel. This method is 

relatively simple to apply but does leave some room for judgment, which has 

both advantages and disadvantages. Where the main channel branched into two 

more or less equal parts before reaching the 50% line, a double angle was 

used (Figure 14c). Whether a single or double (l20-degree) angle was used, 

the position of the lines were located by trial and error to obtain equal 

areas above and below. 

The distance-slope method involves an approximation based on the slope 

as well as distance. Applying the Manning formula and ignoring the varia

tion in hydraulic radius from starting point to the watershed outlet, one 

obtains travel time proportional to .5!HO. 5 , where L is the distance and H 

the difference in elevation. A mean slope H!L was used in this. Using the 

Leopold and Maddock (1953) generalized relationship that mean depth increases 

along a channel ",ith QO.40, subsituting D for R and using Q proportional to 

1. .50
L , one obtains travel time proportional to L 

Another approximation is the Kirpich equation (1940) for time of concen

. .. . . . .77/ .38t rat~on, also a travel t~me. wh~ch ~s glven as proport~onal to L S or 

.15/H·38. 
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Considering each of these and also the time required for calculation, 

.50 
the parameter L/H was selected as a basis [or the distance-slope method. 

50A 50% isochrone was drawn as a line having equal values f L/H· . (Figure 

i4d). This necessitated calculation thIs qUantity for numerous poiuts, 

interpolation and trial positions of the line. Thus, it proved bo 

laborous process as compared to the arc and angle methods. 

Calculations for were carried out by <311 three methods for the 

Coshocton Ivatershcds. ThesL' resul ts are VC'.11 in Tah I [) 3 f"r each of the 

four largest eVc'Ilts on eao.h of the seven watorslwds. Using tho distance-

lope method as a base, the mean ratio TCH va lues by the arc mctlllld 

the distance-slope villues \Jas 1.18. For the same ('vents, the mcan rat i (,If 

values by angle method to the distance-slopcvnluL!s was [,L7. Thus, 

the arc and .clnglc methods gavL~ sl tly highvr Llli.~;s, (in the ilVL'l"ilgC, 

than til" distance-slope method. Tltv dlfferell \.J(:l-l' sma 1], however) ~tnd 

Lherc was uo way determining \vbLch method s most IlP:1rly correct.. 

Thus, there WilS little basis for ing betw('c'll the thn'c m(cthods. 

Considering tlw simplicity and ease (1 applicatLoll wi the nrc mctiH.hl, it 

was sc'lec.ted for further use in the tudy. All tional ;ldvan he 

arc method is t1H' fact that it n,qui n,s no j ndgment and thC>r£,[on' gives C[)!l

sistent results. 

For the' Oxlord watersheds, only tile' arc and angle mc>thucls were llsc'd. 

TIle results are given in Tilble 4 the [l)Ur largest events on 

the five walc'rsheds used in the study. Comp3.ri ng the tHO ratios, \vc 

see that t hl~S C two methods give very imilar results, the av(~rag('. 

mean ratio of by tl1<' method T tiJe' ;mgl method \JDS 0.,'19. 

For the single watershed suitable [or thl purpose Reisel, 

(\,Jaters!led G), there ,,,ere only thre" runoff ('vents "val 1 Ie seven 

Ca) 

(c) 

" '-, 
\ 
\ 

\ 
\ 
\ 
I 
\ 

Figure 4- Various !'-1('lhod~, for 1.O(,d the Isochrone: 
(a) Arc, (b) lingle, (e) Doubel Ie and (d) Distance-Slope 
Hethc-:g, 

http:Comp3.ri
http:mctiH.hl
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cross-sections. The channel cross-section for this watershed appears to be 


rather small. Nevertheless, the arc and angle methods were applied to the 


data. For the events of 3-29-65, 6-23-59, and 11-4-59, values of by the 


arc method were 133.4, 136.2 and 1')7.2 minutes , respectively. By the angle 


method, they were 11,6.7, 153.5 and 187.6 minutes, respectively. The corres

ponding values of were earlier found to be 95, 151, and 205 minutes. 


as a Predictor of T50 

is intended as a predictor of which is determined [rom runoff 

hydrographs (Chapter IV). Ideally, the two would be the equal, so that 

could be used to predict directly, without modification. This did not 

prove to be the case, as seen in the following paragraphs. 

Values of T by the arc method and the corresponding values of 
CH 

were compared by plotting one against the other. This was done a log 

paper due to the wide range of values and the high variability in values of 

For this, all events for which 1'50 could be evaluated (Chapter IV) 

! I 


down to qs 0.05 in/hr. were used. 

The resulting plot for the Coshocton watersheds is given as Figure 15. 

Considering that the scales are logarithmic, the amount 0 scatter is indeed 

large. The probable reasons for this are included in the discussiun sectiun, 

Chapter IX. Despite this high variability, a line was drawn to provide a 

means of predicting 50 from for the Coshocton region. A simple linear 

relationship beginning at T50 o for o was desired, and appeared to 

be virtually as good as a line drawn without such constraints. Accordingly, 

the 1ine was drawn with a slope of 1.0, at a position such that the sums of 

the squares of the deviations was minimized. Actually, this was done by 

computation, arriving at the "best" value of the constant (thUS defined) by 
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TABLE 3 Results of Calculations 

for Coshocton Watersheds 

Teh Ratio: 
Dist- TCH 
Slope 

TCH 
Angle ARC 

Method Method Method ~Dist. 
(MIN) (MIN)(MIN) Slope 

9.5 11.1 10.9 1.17 
12.4 13.8 13.7 1.11 
16.2 17.3 17.4 1.07 

8.4 8.5 8.5 1.01 
10.0 10.1 10.1 1.01 
16.5 16.6 16.6 1.01 

25.9 26.2 26.1 1.01 
17.1 26.5 23.4 1.55 
20.5 32.1 28.3 1.57 

25.2 39.5 34.8 1.56 
30.3 47.4 41.8 1.56 
38.2 33.8 36.4 .88 


39.0 34.1 37.2 .87 

41.3 35.3 39.1 .85 

47.0 38.5 44.2 .82 


30.4 31.1 37.7 1.02 
30.8 31.8 38.1 1.03 
31.0 32.3 38.4 1.04 

35.4 37.8 43.0 1.07 
59.1 66.2 62.0 1.12 
61.1 69.3 64.7 1.13 

63.3 72.0 67.1 1.14 
92.5 105.9 98.7 1.14 
4.6 6.9 7.4 1.50 

5.1 7.4 7.9 1.45 
5.5 7.8 8.2 1.42 
5.7 7.9 8.4 1.39 

for TCH 
' 

Ratio: 

/

Dist. 
Slope 

1.15 
1.10 
1.07 

1.01 
1.01 
1.01 

1.01 
1.37 
1.38 

1.38 
1. 38 


.95 


.95 


.95 


.94 


1.24 
1.24 
1.24 

1.21 
1.05 
1.06 

1.06 
1.07 
1.60 

1.55 
1.49 
1.47 



........
~ 
TABLE 4 	 Results of Calculations for TCH 

for Oxford Watersheds . 

COSHOCTON, OHIO 

1000 
900 I + qs':: 1. 00 

Oxford 
WTSD. 

- 's 
(In/Hr) (Min) 

Tch 
Angle 
Method 
(Min) 

T 
CH 

ARC 
Method 
(Min) 

Ratio: 
ARC 

~ 
4 
4 

44 
44 

5 
5 
5 
5 

10 
10 
10 
10 

12 
12 
12 
12 

28 
28 
28 
28 

32 
32 
32 
35 

35 
35 

~---

.92 

.40 

.15 

.08 

1.42 
1.03 

. 71 

.65 

.66 

.42 

.17 

.12 

.34 

.20 

.19 

.16 

.94 

.37 

.35 

.27 

.29 

.10 

.09 

.53 

.12 

.12 

88 
104 
119 
160 

72 
57 
50 
35 

70 
70 

144 
175 

91 
233 
273 
107 

40 
91 
43 
41 

135 
183 
161 
130 

246 
222 

26.8 
35.5 
49.6 
62.4 

20.4 
22.7 
25.8 
26.6 

48.5 
56.6 
77 .5 
87.5 

67.3 
80.2 
81.2 
86.5 

18.6 
25.5 
26.0 
28.3 

101.6 
142.7 
148.7 
61.5 

102.5 
102.8 

24.6 
32.6 
45.5 
57.2 

18.9 
21.0 
23.8 
24.6 

30.7 
35.8 
49.0 
55.3 

59.2 
70.4 
71.2 
75.9 

17.3 
23.8 
24.2 
26.4 

93.2 
130.9 
136.4 
47.0 

78.3 
78.6 

.92 

.92 

.92 

.92 

.93 

.93 

.92 

.92 

.63 

.63 

.63 

.63 

.88 

.88 

.88 

.88 

.93 

.93 

.93 

.93 

.92 

.92 

.92 

.76 

.76 

.76 

800 
700 

600 

500 

400 

300 

Z 200 
g 
<J 

"'"'co 
.::l 
B 
",£ 100 

90 
H 80 

70 

60 

E 50 

40 

30 

20 

10 

t. q -. 50-1. 00 
s / 

q - .25-.50 s 	 / 
o qs· .10-.25 	 / 
~ qs - .05-.10 	 /](... 

/
• .. " "/ " 

o • 	 )(/
.A 0 1: / 

/ 
/-+ 

/ 0 

J' ~O , 
X 

/ 
~ 

/J 
... / 0 

/ 
../ 

Y = 3.89 	X"""+/
.v A 	 " 

/ "'4

// 

4 5 6 7 8 9 10 20 30 40 50 60 70 80 90 100 160 200 

(X) 	 T"" Hydraulic (MIN) 

OhicFigure 15. Log-lot Plot of Hydrologic T50 VS. Hydraulic TCH for Coshocton, 



r 
-56

trial. For the Coshocton data, the resulting equation is 

3.89 (34)T50 

If the vailies of determined earlier are correct, the TsO-values predic

ted by this equation have larger errors. Most likely, it is the high 

variability of the previously determined (Chapter IV) that causes 

the large scatter of points in Figure IS, making it impossible to obtain a 

good fit with any type of equation relating to TCH ' 

In Figllre IS, values for different ranges of qs are indicated separately. 

This was done in view of the possibility that the variability evident here 

was partly due to the wide range in qs value, and that the theory used in 

the various analyses described earlier might "break down" for small events, 

indicated by values of qs' However, inspection of Figure 15 does not indi

cate clearly, if at all, that this is true. Values for the larger qs-values 

also have considerable scatter. Likewise, those for the lower qs-events are 

not consistently found below or above the line, as one would expect if the 

variabi 11 ty were explainab Ie in this way. 

The Oxford data were plotted in a similar manner (Figure 16). The 

results are somewhat better but considerable variability is evident here 

also. Using the same technique as for the Coshocton watersheds, the rela

tionship obtained is 

2.21 (35) 

A slightly non-linear relation, i.e., a line in Figure 16 with a little less 

slope might improve the fit somewhat. However, there is no assurance that 

such a relation would actually be better, considering the variability of the 

data and the probabilities associated wi.th this fact. Thus, Eq. 35 was 
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adopted for further use for the Oxford region, at the same time recognizing 

that it is an approximate relationship. 

For a comparision only, the constants [or relationships similar to 

Eq. 34 and 3S, using the angle and distance-slope methods were determined 

also. The three values of the constant obtained for Coshocton watershed 

data are: 

Arc method: 3.89 
Angle method: 3.73 
Distance-slope: 3.68 

For the Oxford data, by the two methods used, the constants were found to be: 

Arc method: 2.21 
Angle method: .89 

Thus, there is some difference in the constants but probably not a signi[i

cant one, considering the variability in the data. 

Using the limited data for the Reisel, Texas, watershed, the mean 

ratio of to TeH by the arc method was found to be L07, and for the 

angle method, it was 0.94. These values are, of course, much lower than 

those at Coshocton and Oxford, and also close to the ideal value of LO. 

Due to the relatively few data pOints, however, one cannot draw any conclu

sions from these results. One can only wonder if they are meaningful. 

Further analysis and discussion are therefore limited to the Coshocton and 

Oxford regions. 

An explanation or discussion of why the values of the coefficients in 

Eq. 34 and 35 are significantly different [rom each other and [rom 1.0 is 

needed. However, since this involves both the hydrologic and hydraulic 

processes and the corresponding methods used to represent them, it will be 

deferred until the discussion section, Chapter IX. 
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VTL. 

The final part of the study and one of the major objectives was to test 

the peak flow equation CEq. 6) with the parameters and relationships devel

oped in this study and described in the preceding chapters. This equation 

represents the routing or channel phase effects only, i.e., it is intended 

to predict peak flow given the volume and time distribution of the excess 

rainfall. Other techniques must be used for predicting tl,e excess rainfall. 

The data for testing the overall method are chosen from the entire 

group of runoff events for the two main study areas, as given in Appendices 

A and B. A minimum of six runoff events was used for each watershed, as 

shown in Table 5. Were possible, only those events ~lo~t~ used in the preced

ing analyses were used for testing, in order to make the testing as indepen

dent as possible. For a few of the watersheds, however, it was necessClry to 

use several of the same events in order to get six events [or this purpose. 

This was deemed preferable to usIng very small events or reducing the number 

below six [or some watersheds. For the Coshocton data, only one of the 51 

events was used "both ways". For Oxford, 7 out of 47 events were used for 

fitting as well as testing. 

Peak Flow Coefficient 

In addition to the relationships developed in earlier chapters, 3 rela

tionship for the peak flow coefficient, C ' In Eq. 6 is needed. priorp 

work with the equation, has been related to the ratlo Since 

is to be substitute for , a modified relationship for C as a [unctionp 

of D/TSO is required. 
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Table 5. 	 Summary of Observed Runoff Events Used for Testing the Peak Flow 
Equation 

Watershed Number No. Used Range 
of Events in Fitting of qs 

Coshocton 

196 7 0 0.47-2.26 

5 7 0 0.92-3.33 


10 6 1 0.71-3.25 

92 7 0 1.13-3.05 

94 9 0 0.45-3.25 

95 8 0 0.45-2.58 

97 7 0 1. 23-2.21 


TOTAL 51 1 


Oxford 

4 6 1 0.26-0.92 

5 6 3 0.71-2.20 


10 6 2 0.31-0.66 

12 7 0 0.25-0.86 

28 6 1 0.16-0.94 

32 8 0 0.41-0.80 

35 8 0 0.20-1.82 


TOTAL 47 7 


II 
The new relationship for C comes from a concurrent study by James, Weip 

and Larson 	(report in preparation). The data were obtained by use of the 

mathematical model watershed developed by Wei (Wei and Larson, 1971) in 

collaboration with Golany and Larson, 1971). The model watershed 

had 	an area of 1.46 sq. mi. (935 acres). A number of simulated events with 

different supply rates and durations were routed to the watershed outlet 

by use of the method of characteristics to obtain watershed hydrographs. 

Knowing the peak discharges as well as other quantities in Eq. 6, values of 

could 	be determined for each simulated event. 

The resulting curve is given in Figure 17 along with the individual 

values on which it is based. We see that approaches 1.0 at values of 

of about 1.5 and above instead of at D/T > 1.0 for the earlier ve 

relationship. We note also that D produces a peak discharge well 

above 0.50 qs' as it should. It might be added that the values obtained 

by Machmeier (1966) (see also Larson and Machmeier, 1968) for a 21.35 sq.mi. 

watershed agree fairly well when related to the new time parameter, TSO' 

The small differences may be due in part to differences in routing techni

ques used in the two studies. Since the watersheds used in this study are 

for the most part the same size range as the model watersheds of Wei and 

Machmeier, this relationship (Figure 17) was taken as being suitable for 

application to the Coshocton and Oxford watersheds. 

For an ungaged watershed the steps required to estimate peak discharge 

fall into two categories. First are those that need to be done only once, 

involving watershed characteristics only. They are as follows: 

1. 	 On the watershed map, draw an arc dividing the watershed area into an 

upper and a lower half. (Chapter VII) 

2. 	 In the field, beginning at the point where the arc intersects the 

principal channel and proceding to the outlet, choose five or more 

representative channel locations. At each one, measure the topwidth 

(W), maximum depth (D) and approximate channel distance. Estimate 

Manning's n for the channel. 

3. 	 By field or map measurements and calculations, determine the channel 

slope for each reach or station by use of the Manning equation. 

http:0.20-1.82
http:0.41-0.80
http:0.16-0.94
http:0.25-0.86
http:0.31-0.66
http:0.71-2.20
http:0.26-0.92
http:0.45-2.58
http:0.45-3.25
http:1.13-3.05
http:0.71-3.25
http:0.92-3.33
http:0.47-2.26
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I.. For each channel location using methods described in Chapter VI, cal

culate bankfull area, 

bankfull discharge. 

bankfull wetted perimeter, bankfull velocity and 

All of these steps were used in the testing procedures. 

The second part of the procedure includes the steps needed 

event, i.e., peak flow calculation. They are as follows: 

1. Choose the design storm (or storms) to be used in 

design runoff. 

for eaeh 

the 

2. By methods not covered herein, determine for each 

excess, including its duration and average rate. 

storm the rainfall 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

If not a rectangular pattern approximate the actual lime distribution 

of rainfall excess by a triangle (Chapter VI). Multiply the average 

rate (one half the peak) by the appropriate value of to obtain 

, the supply rate for an equivalent rectangular pattern. 

Calculate using the methods described in Chapter VII. 

Calculate for each event from 'fch ' which requires a 

such as Equation 34 or 35, applicable to a given area. 

Calculate D/T50 for each event. 

Determine Cp by use of Figure 17. 

Calculate peak discharge by use of the peak flow equation (Eq. 6). 

Add expected base flow, if any. 

These steps were followed in testing the peak flow method, except for 

Steps 1 and 2. Step 2 is recognized as a difficult one which also has a 

great effect on the final result when estimating peak runoff from storm 

rainfall. 

this case, 

The amount of rainfall excess and its time distribution are, 

determined by analysis of observed runoff hydrographs. 

in 

1'1 

'I; 

1II/;i' 
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'Results 

The calculated peak flows for the watersheds and events selected 

earlier (Table 5) for the Coshocton and Oxford areas are given in Appendix " , -+ 0) 

"UD. The values of the necessary parameters and coefficients for each event , OJ 
;:: 
0), ',- + J.< are given also. For comparison, the observed peak discharges are given in OJ... 
oj'.-< '+'+).. \: g :3the last column. A one-by-one comparison shows that the calculated (pre '-)- ~ 0o ....rl ;:: 

, ~ \,. til0' 
I'l. 

dicted) values are sometimes reasonably close, sometimes considerably high 0o 
~'- \,. '~ -< ~ I:: 

0and sometimes too low. o " "-<, ~ ...o\,. 0 '- +, ..... u 
' '\,p , 0'" ..cThe predicted and the observed peak flows for the two regions are com

0)o 
0o 

U""<I"''',~" , 0'. ~pared graphically in Figures 18 and 19. This was done on log paper because 
J.<' , , . o~, \,. , u 0o 

<'"Iof the individual values varied from well under 100 cfs. to several thousand ,-0 " ~ ""' 
0o 

o rl" , ". '" 0 •cu. ft. per sec., nearly 10,000 cfs for the larger Oxford watersheds. It N'0 '- -< , t 0' "" 
.>: 
oj '" ''-<, ~ 
OJmust be recognized that this tends to give a more favorable impression of 0'- <I", p.. 

"Uo 
OJthe results, unless one takes time to take a careful look at the values. <I' , " "" II I'l. (I)o '""' 

r~ :> 
<I " , 0' 

OJ "" o :::. J.< 

"0 tilThe Coshocton data, in particular, have a rather broad scatter both 
.J::l 

o " 0', >- " ~ t:l 0o'-, )-" , u r.l 
::>above and below the line of equality. For the Oxford area, the discrepan- " , ..c, \0 
p: ,;,

::) r.l :>II"l (I)\,. )( "'::', )( 'j !Xlcies are noticeably less, but still substantial in many cases. The dashed ~ \( -< " 0 0
o , , .--j" p..""

lines are drawn to indicate calculated peak discharge of twice and one-half ~ , " o 

-6' 

0' 
<'"I .>: 

oj.. +', " OJV) .....the observed peak discharges. We see that, for the Oxford watersheds, only a- p.. 
til '" \ I'l. , , o.--j
Q '" '" 

• N "U 
0" , OJ 

a few of the events outside this band. For the Coshocton region, a larger til 
i>< , , ... 

oj~ + '" , , rl!Xl , ,o o , :::l 
unumber of events fall outside this band, a few of them far outside. Thus, .... >< .--j:%I N 0 
ojo V) • ..... uo N ~ 

a-it appears that predicted values by this method may be up to twice the true 
.--j '" '" l§ I'l. "" ""'00' .....f-I <l ><: o r< ...values, and occasionally more, or as little as one-half the true values, u 
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IX. DiSCUSSION 

The study reported in the preceding pages is basically an hydraulic 

approach to the channel or routing phase of runoff. The prediction of run

off volume is considered to be a separate and equally important step, as 

stated earlIer. The hydraulIc approach to the routing phase is necessary 

for predicting peak flows of ungaged watersheds, where records cannot be 

used as the basis for flow predictIons. 

Now that all phases of the study have been presented, an overall dIs

cussion and evaluation of the results would be approprIate. Is the overall 

producedure promising or not? Are all parts of the procedure satisfactory, 

or arc some parts In need of Improvement? What arc the possibilities for 

using such a procedure in practice? What are the limitations? Are there 

reasonable alternatIves? Is further study along these lInes likely to be 

productive? 

The Time Parameter, 

First, we shall consider the hydrologIc analysIs (Chapter IV) in 

which the time parameter, TsO' was introduced and evaluated for various 

watersheds and varIous events. Of primary importance was the fact that the 

par;:mlCter T~() could be evaluated for many (about 50%) of the recorded run

off events. 1t is Independent of duration for a given watershed, whereas most 

hydrologic time parameters vary with both the intensity and duration of 

rainfall excess. Time to virtual (97% of) equilibrium has thi", "dvantage 

also, but in gtonera1 cannot be evaluated [rom observed runoff events. Thus, 
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the new parameter appears to be preferable to other time parameters, if it 

can be evaluated with equal accuracy. 

The process of evaluating involves representing the rainfall 

excess time distribution by either a rectangular or triangular pattern. 

This is a somewhat subjective process, since some degree of judgment is used 

in choosing and fitting one of these patterns. Also, the process of divid

ing the rainfall hyetograph into two parts, retention and rainfall excess, 

is arbitrary, doubtful and, at best, approximate. Nevertheless the result 

ing errors do not necessarily affect the time parameter a corresponding 

amount. It can be noted, also, that arbitrary and subjective procedures are 

required in the evaluation of other hydrologic time parameters, for example, 

lag time. Tn this respect, therefore, the parameter TSO is neither better 

than or worse than existing hydrologic parameters. 

Once a rainfall excess pattern that has been selected for a given 

event, it is a relatively simple matter to determine the mean value for the 

event. In the case of a triangular pattern, an adjusted value of the rain~ 

fall excess rate is used, one that produces the same peak discharge as a 

uniform rate (rectangular pattern) of the same mean rate. Thi:; adjustment 

is made on a somewhat limited basis (Wei and Larson, 1972). However, this 

adjustment is not a major one, being less than 20% in all cases. Thus, if 

the adjustment factors eventually prove to be less than accurate, the effect 

on the overall result is expected to be relatively small. 

A careful inspection of the values obtained for (Appendix B) indicates 

that they have a great deal of variation between watersheds and between 

events. For a given watershed, one can find events that appear to be simi

lar hut which have quite different values of TSO' The question which 
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naturally follows is "Can the variation of be explained by other 

factors, such as characteristics of the watersheds or of the runoff 

In Eqs. 9 and 10, was related to watershed area for the 

and Oxford Watersheds, respectively. The relative effe('t of area, .h ["eli 

cated by the exponent, ,,,as about the same for both regions. The eXp();)<:nl 

agrees well with a previous study; thus, there t:; good evidencL' that 

time parameter and similar ones vary as drainage area to a powt'r of "b',1l1 

0.30. 

The absolute values of , however, were signi tlv hl,Ciltl'1' 

Coshocton than for the Oxford watershed. What are the rur t 

Significant amounts of interflow have been observed in the tO'1 ill','.] 

and are caused by the relatively shallow soils and ow pennC'abLlirv 

subsoil. At Coshocton, interflow is probably greater durin,; the 

months when soil moisture conditions remain at il higlJ I<'vel ,11 

time. It can be noted (Appendix B) that a number of' the runoff eVe'ilt 

during the winter. In the Oxford area, the soils deep and tile ,;,f'S,'l 1 

is more permeable than the topsoi 1. These arE' cond it iclOS wh I'll i ! 

encourage shallow subsurface flow. A significant percentag,' pf illter! 

tends to delay the runoff, as studied earlier. Thus, to a large lI..'t1 t ) 

the higher values of for the Coshocton are probably caused by lh~ 

flow which is known to occur there. The fact that the Coshnclon-val 

are more variable than those at Oxford is, most likely, also (J,(' 

occurence of interflow, which varies considerably with soil 1\ ~ 

tions as well as with fixed conditions. 

Eqs. 	 11 and 12 show that l' decreases as thc roinfall Ic 

50 
increa:;es, as expected. The rate of change (expolle,rll) [or t I,}n: 

watersheds agrees wcll with previous studies, whereas the (>:<rh'lwni L'l' 

i 
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Oxford area is larger. No explanation is offered for this difference or for 

the larger exponent for the Oxford watershed. It would be readily explained 

if the Oxford exponent were the smaller of the two and if it agreed with the 

values obtained theoretically. 

Multiple corre1ation of to watershed area and average rainfall 

excess rate reduced the residual error somewhat. The effect of area 

remained about the same and the gap between the exponents for q's for the 

two areas was reduced. A considerable amount of variation remains unexplained 

(Figures 9 and 10). Other variables might be included to improve these 

relationships. Fortunately, however, neither the simple or multiple regres

sion equations are needed or uti1ized in any way in predicting peak runoff 

by the methods proposed in this study. 

In general, bankfull channel area correlated well with the product of 

topwidth and bankfull depth (Eqs. 20 and 25). The correlation of wetted 

peri.meter with bankful width (Eqs. 22 and 26) for these two regions is 

excellent. Using Eqs. 22 and 26 as prediction equations at Oxford, good 

results were obtained (Figure 12), especially for wetted perimeter. 

Although only two regions have been studied, the possibility of devel

oping a general procedure for predicting bankfull area from W x D and wetted 

perimeter from W appear to be quite good. It would of course require more 

study with data on channel characteristics from additional regions. Such a 

procedure is not only needed for the overall method proposed in this study 

but could also have a number of other uses in hydrologic and hydraulic 

studies of natural channels. The measurement of complete channel cross

sections is quite time consuming and therefore costly. Such a procedure, 

if proven to be adequate, could reduce this cost considerably. 
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Some comparisons of the channel characteristics of the Oxford watersheds 

to those of the Coshocton watershed would be of interest. This can be done 

by comparing the coefficients in Eqs. 25 and 27 to those of Eqs. 20 and 22, 

respectively, and also the -values. 

In general, the channel cross-section parameters were more consistent 

and therefore more predictable at Oxford, as indicated by the At 

Coshocton, the channels are rather small at some locations but not at 

others. At Oxford the channels appear larger (in relation to watershed 

size) and seem to have ample capacity for all but extreme flows. 

It might be added that, in some cases, the channels of the Coshocton water

shed, are not as clearly defined as at Oxford, i.e., the bankfull eleva tins 

are not always easy to identify. 

Comparing coefficients in the equations, we note first that the ratio 

A/WD for the Coshocton area is 0.530 and is 0.852 for the Oxford watersheds, 

Group A. This indicates that the Coshocton watersheds have channels that 

are rough1y triangular in shape rather than trape~oidal, except for the flood 

plain sections. At Oxford, the channels are more nearly trapezoidal or 

semi-circular in shape. Comparing the ratio P/W for the two re.gions, the 

value for Oxford indicates deeper channels and/or wider channel bottoms as 

compared to the topwidth W. This is evident also from the va1ues of the 

coefficient in the equation relating R to D. 

From this, we see that channel characteristics vary from one region to 

another and that procedures for generali~ing channel characterjstics should 

be flexible to allow for such variations. 
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:1\,-dr;l(l r\pproach to T 

111<' t parameter t:orresponding to but evaluated hydraulically has 

;)t'1 'fl ign;]t T cH ' it was evaluated for various watersheds and various 

L'\'t'nt bv summi calclIlatcd travel times from the 50/: isochrone to the 

w,lt ",',;1,,·'( Ie't. deally, Cli would be found equal to TSO' In general, 

Ilr)W~' r ~ it, was found be considerably less than TSO' Some further dis-

Ill' possiblc reasons [or this differcnce the techniques utilized 

i [1 U 1 ~l t i Tell was given in the owing paragraphs. 

Fur ! Itt· Cnsiloctol1 and thel Oxford \vatershed, respectively, values of T 

v.JJ.. 1 )[1 ;1\,(' , fcH111d to be 3.89 and 2.21 times the [les of T 
CH 

ll~ , diffl,,'l'flCC at Coshocton was much greater than at Oxford. Why this 

vrv:"J lWe'l'n the two locations? Again, the freqllent occurence of 

i ,Jt ; i ,\)V) he Coshocton area appears to be the' most logical explanation, 

lIl<'re' lS 110 proof that it is the principal factor. Interflow does 

tlte rlllloff proc(:ss, as compared to dire'et, surface flow tending to 

'll'r-«i")l' T j n t 11(> mc;thod ut illzed herein calculating CH' no consid
',() 

IlJll giv(:n to the possibility f intedlow, I.e .• only direct runoff 

i", iric'f'C'd. Thus, it is nDt surprising, for the Coshocton area, at 

.j s t ~ r i llt!~ are l'.onsiuerably ess than the values of T 0 
5 

flow ldom uccurs in the Oxford area or if it occurs in small 

'l j;J.;; r i only, wh" is ass to be the case, why are the Oxford values 

t hall If of the T , on the average? Only speculative 

r-s (',iil gi this questions, but will be given nevertheless. One 

i j J i ty is t groulld wate'r flow contributes to the runoff hydrograph, 

;ll S;II;]t: rnall!lt'r as interf low. The subsoils at Oxford are sandy, 

.j i It'~ ill tllral water to percolat beyond the root zone with relative 

.,........

ease, However, due to the sandy subsoils, it can move at fairly rarid 


rate and could enter the channels in time contribute to til(> hvdrugr.lph. 


Although this is a possible explanation, it does not appear to be Ii 


one in view of the more than 2 to 1 ratio 
 to 

Another possible explanation is simply that the techniqul' used ~ 

culating does not adequately repre'sent the process I tSl,l f. 1.l:'\.JCH 


the complexities of the proc.ess and the approximations utili 
 L11 I'll J 

, this is quite possible and perhaps probable. The process overland 

flow, for example, is not represented or conside'red in the thod. (lv,'!"! 

flow does add a time delay of 15 to 30 minutes in most cases. On the dt 

hand, overland flow from areas close to the channels enters tilli 

a relatively short time. ThllS, it is difficult to know wil(:thcr all el[1' 

flow component should be added the value of d::3 1 ell aLl'd !H.'r(: i 11.Cli 

Since the flow times are calculated along the mal n ch:1l1tll'l V, P(' 

there would be some logic in add i ng such a componen t . 

Those thoughts might also apply to the process of interfluw, (1 (', \ i r 

ing in significant amount. lnterflow introduces ;J sumewhat gn'atef' tJmc 

delay, as studied earlier. Channel low wi1l certainly i 11 ,', bV,L', i 11 t 

rise in response to overland flow. However, if the intc:rflow ('UrIl rilLll il'll 

is high, it is possible that of equilibrium ow is not reacirpd wi 

the interflow contribution. It might be noted that, u!lder cert.Jill II 

ditions, interfiow can constilute the major portion tilt: rUl10f t hydn,)gLlpll. 

So, here also, it is difficult to know whether an interflow tin", Idv 

should be inclued for certain conditions and events. 

In addition to the question whether or not to add lime lavs fur 

overland flow or interflow, or both, there remains the qllPstion of whplher 

the channel flow process is represented adequatel.y. Here there is 
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doubt, since the process was represented directly, even though some approxi

mat ions were utilized. Of course, the estimation of the roughness coefficient 

is always difficult, and a possible source of significant error, probably up 

to 20%, perhaps even more. Then too, if flood plain flow occurs before T50 

is reached, as it might if the channel is small, there is combined flow in 

the channel and flood plain. Existing methods for representing this type of 

flow are only approximate. Furthermore, no effort was made to represent the 

combined f1 ow in this study, since it was assumed that the channels would be 

able to handle 50% of the equilibrium flow in most 

Three methods were used for locating the 50% 

was chosen because of its simplicity, even though 

values of somewhat closer 

one of the other methods does 

possible that a considerably 

significant improvement, but 

The benefitto 
50 

cases. 

isochrone. The arc method 

the other two methods gave 

one would have by using 

not appear to be worth the effort. It is 

more refined method for doing this would give 

this is doubtful also. 

The overall results of the study are, of course, represented by the 

peak flow predictions. These predictions constitute tests of not on.ly the 

methods developed in this study but also of the peak flow equation which was 

proposed as a result of earlier studies. The tests were nearly independent 

of the analysis portions of the study in terms of events, the events used 

for testing, the predictions were different from those used in evaluating 

coefficients. Of course, only the routing pua,:;,c;;;:: Vi... LUUV.I.." predictions was 

inv01ved. 

II!. I' 

II1IIIII 
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From Figures 18 and 19, we note first that the predicted peak discharges 

for both the Coshocton and Oxford watersheds fall more or less equally 

above and below the observed peak discharges. This suggests that neither 

the peak flow equation or the technique utilized with it are seriously 

deficient, i.e., the predictions are neither consistently high or consis

tently low. This provides some encouragement. It must be recognized, how

ever, that the method does depend on runoff data within the region in order 

to determine the ratio of to T 
CH 

It is also evident from Figures 18 and 19 that for individual test 

events, there are substantial descrepancies between the predicted and obser

ved peak discharges. These differences are probably caused by various 

inadequacies of the prediction method as compared to the actual processes. 

These probable inadequacies have been discussed earlier, in some detail, 

which wi not be repeated here, since they apply equally to the overall 

method and to its individual parts. 

It is appropriate to note once more that the actual processes occurring 

during runoff are quite complex and very difficult, perhaps impossible, to 

represent adequately by anything less than a continuous, complete mathemali

cal watershed model. At present such models are dependent on observed run

off data for evaluating coefficients also. In other words, the objectives 

adopted for this study were rather ambitious ones, particularly if one 

expects to achieve good accuracy. For the reasons stated above, it appears 

that good accuracy on individual peak flow predictions is unlikely to be 

attained in the near future. Furthermore, perhaps this type of accuracy is 

not really necessary. 

II 
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The 	more important type of accuracy, in the opi.nion of the authors, is 

represented by the i!.\Terali.':. result. In other words, the more important 

L'riterion is the consistency of the results. A more serious deficiency 

~~ists i the results are either consistently high or consistenly low by a 

slgnili(~ant. clP.lOunt. The results reported here satisfy this criterion for 

LIII' watersheds I)f the region taken as a group. By inspection of Figures 18 

, i hey to satisfy this requirement for the individual watersheds 

,1 i[-,.' dat;! for each watershed, however, are too limited to state this 

ly. 

1ft" overdll method of this st udy cannot at present be applied to an 

Illlgage,1 watershed without some analysis of runoff events from other water

i11 the same negion, which is necessary to determine the ratio of 1'50 

(tl,l' coefficient in Eqs. ::14 and 35). The only alternative would be 

" m,IKe an estimate oj LIds ratio on the basis of watershed characteristics 

tlds ratio obtained for the Coshocton and Oxford area. 

,)hv i,lus ,the experience gained in this study is not suf ficien t to recommend 

procedure. However, further experience with the method could lead to 

d se I () f genera Uzed val ues, each of which would be applicable to a region 

til" 	 V<J]W'S 

certain general watershed characteristics.;1 I 

X. 	 CONCLUSIONS 

I'I'L' uv('ra.ll proL'edure utilized and/or developed in this study is out

1 i Chapter Vll, as it would be applied to an ungaged watershed. A more 

,ic't,ti I descript is given in earlier chapters. The specifics of proced

\lfL' Iilusl b" L'onsidercd tentotive, fur reasons given and disucssed in the 

Lng chapter. Nevertheless, some important observations and conclu

"L'ns '.'an be and are given below. Some of them, however, should be 
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considered tentative, in view of the complexity of the problem, the varia

bility in the resnlts, and the fact that only two different regions were 

studied intensively. 

1. 	 A new time parameter, time to 50% of equilibrium, , was proposed. 

It can be evaluated hydrologically, i.e., from observed hydrographs in 

many but not all cases this is essential if it is to be used in peak 

flow predictions for other, ungaged watersheds. 

2. 	 TsO increases with watershed size, approximately as watershed area to 

the 1/3 power. It decreases as the mean rate of rainfall excess 

increases, varying as qs to the minus 1/3 power (roughly). The residual 

variability is substantial, indicating that other factors also affect 

significantly, 

3. 	 The channel characteristics, cross-sectional area and wetted perimeter 

can be est1mated with reasonable accuracy from measurements of bankfull 

topwidth and depth. However, a number of complete channel cross

sections must be taken or be available 1n the region in order to 

evaluate the two coefficients needed, one for area and one for wetted 

perimeter. It appears likely that these coefficients can be generalized 

through further study, and also that relationships w1ll have other 

applications in watershed engineer1ng. 

4. 	 The three methods used to divided the watershed into an upper and 

lower half hydrolog1cally gave only sl.ightly different results and, 

therefore, the simplest method (arc) appears preferable. 

5. 	 The travel time approach to evaluating the time parameter y1elds values 

(des1gnated TeH ) that are consistently and significantly lower than the 

true values (1'50)' The possible reasons have been discussed in the 

preceding chapter. Thus, a coefficient applicable to the reg10n is 

necessary to relate TSO to 
CR' 

http:uv('ra.ll


-78

6. 	 The peak flow predictions by the methods of this study were quite vari 

able, as compared to the observed values, but on the average were 

about the right magnitude, i.e., neither consistently high or consis

tently low. 

7. 	 The combination of peak flow equation (developed earlier) the time 

parameter, , and the relationship of C ' the peak flow coefficient,p 

to the ratio D/T SO ' where D is the duration of rainfall excess, appears 

to provide a satisfactory but not highly accurate procedure for esti 

mating peak runoff, given the volume of rainfall excess and its 

approximate time distribution. 

8. 	 It appears likely that further study of all parts of the procedure 

would lead to further improvements and improved accuracy in predicting 

peak flows for small watersheds. 
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10 
10 

Date of Event 

Peak 
Flow 

, (CFS) 

-40 
39.1 
29.8 

113.0 

b 

152.0 
383.6 
90.1 

330.8 
86.2 
40.8 

lS.4 
14.0 
4.2 

7 
20.8 
9.1 
8.7 

-40b 
a 

45.0 
4.3 

211.6 

b 
b 

40.4 
29.0 
34.8 

-6Sb 
103.6 

6.3 
4.6 

b 
4.1 
2.7 
3.4 

7a 
-67 
a 

3.0 
3.4 
2.2 

5-ll-67 
7-2-67a 

b 0.7 
3.2 
0.9 
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A P PEN D I X A 

COSHOCTON OHIO WATERSHEDS 

Peak 

Flow 


(In/Hr) 


.111 


.0847 


.321 


.432 

1.09 

.249 

.940 

.245 

.116 

.0439 

.040 

.012 

.OS9 
0.26 
.02S 

.366 

.035 
1.72 

.329 

.236 

.283 

.842 

.0514 

.0371 

.033 

.022 

.028 

.024 

.028 

.018 

.006 

.026 

.007 

Rain- Antecedent 
fall Soil 
(In) Condition 

Relatively
.91 	 Wet 

1.10 Dry 
2.21 Dry 

2.54 Dry 
2.96 Dry 
1.17 Snow Cover 

3.91 Wet 
1.27 Wet 
1.39 Wet 

.450 ReI Dry 
1.36 	 Normal 

.S30 ReI Dry 

1.02 	 Wet 
.430 Wet 
.800 ReI Wet 

1.14 	 ReI Wet 
.75 ReI Dry 

1.61 Dry 

2.54 	 Dry 
.920 Snow Cover 
.70 Wet 

1. 46 Wet 
.30 Wet 
.81 Dry 

.90 Wet 


.19 ReI Dry 


.67 Dry 


.38 Wet 


.70 Normal 


.79 Dry 


.16 ReI Wet 


.83 ReI Dry 


.76 Dry 


Base 
Run- Base Flow 
off 
(In) 

Flow 
(In) (~~/~~) 

.217 

.244 

.459 

.026 

.091 
0 

.003 

.004 
0 

.398 
1.54 
2.16 

0 
0 

.140 

0 
0 

.012 

1.25 
.515 

LOS 

.153 

.214 
.020 
.003 

.044 

.209 

.043 

.098 

.186 

.052 

.006 

.007 

.OOS 

.167 

.101 

.077 

.138 

.177 

.094 

.012 

.Oll 

.006 

.388 

.180 

.96 

.012 

.0575 
0 

.OOS 

.004 
0 

.457 

.653 

.169 

0 

.218 

0 
-

.04 

.63 

.187 

.011 

.276 
-
0 

.04 
-
0 

.105 

.049 

.049 

0 
0 
-

0 
.011 
.006 

.174 

.222 

.141 

-
-
0 

-
-
0 

.0lD 

.087 

.0131 

0 

0 

0 

o 

Rainfall 
Duration 

(Min) 

68 
300 
400 

170 
467 
504 

344 
ISO 
631 

300 
764 
413 

3S7 
431 
330 

79 
60 

156 

170 
192 

35 

105 
335 
285 

388 
240 
221 

172 
600 
513 

73 
488 

57 
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Date of Event 

Peak 
Flow 
(CPS) 

Peak 
Flow 

(In/Hr) 

Rain- Antecedent 
fall Soil 
(In) Condition 

Run-
off 
(In) 

Base 
Base Flow 
Flow at Qp
(In) (In/llr) 

Rainfall 
Duration 

- (Min) WTSD I Date of 

95 6-28-,29-40 415.9 .150 .55 Wet .363 .120 .004 150 

WTSD 

92 6-18-40 75.1 .081 .91 ReI Wet .303 .0240 .004 70 95 9-23-45a 1003.8 .362 1. 33 Dry .72 o 90
92 6-28,29-40 71.4 .077 1.10 Dry .266 .085 .004 365 95 6-12-57 959.4 .346 2.54 Normal .79 o o 170
92 9-23-45 212.4 .229 2.21 Dry .50S o 0 400 

95 1-21-59a 970.5 .350 1.19 Snow Cover 1.17 489
92 6-12-57 261.6 .282 2.54 Dry .408 o o 170 95 1-21-5911 854.1 .308 .92 Snow Cover .92 19092 6-28-57b 558.5 .602 2.08 ReI Dry 1.183 o o 250 95 1-21-59<: 740.4 .267 .68 Snow Cover .66 375
92 1-21-59b 213.4 .230 1.15 Snow Cover .708 .260 .on 240 

95 8-21,22-60 1103.6 .398 3.4 Dry 1. 00 .119 .01 33592 8-21-60 447.1 .482 3.91 Wet .66 .313 .06 342 95 4-25-61 1167.4 .421 1.46 We t .757 .241 .03 10592 4-25-61 395.2 .425 1.27 Wet .58 .6342 .045 90 95 3-9-64 582.3 .210 1. 39 Wet 1. 39 63192 3-9-64 180.9 .195 1.39 ReI Wet 1. 39 631 

95 2-25-65 66.5 .024 .24 Wet .057 .174 .024 200
92 2-24-65 33.4 .036 1. 36 Wet .289 .208 .008 837 95 4-24-66 49.9 .018 .67 Wet .160 .064 .018 362
92 2-25-65 36.2 .039 .36 Wet .087 .208 .013 200 95 4-27-66 227.4 .082 1.02 I-Jet .251 .294 .012 577
92 4-24-66 50.1 .054 .670 Wet .054 .093 .008 362 

95 4-30-66 69.3 .025 .63 Normal .074 .032 .004 209
92 4-27-66 36.2 .039 1.02 Wet .244 .167 .011 577 95 3-5-67 77.6 .028 .59 Wet .278 0 o 304
92 3-5-67 27.8 .030 .430 Wet .149 .220 .011 311 95 5-11-67 63.8 .023 .80 Wet .103.129 .005 330
92 5-11-67 23.2 .025 .800 Wet .083 .122 .008 655 

95 7-19-67 30.5 . Oil 1. 33 Dry .025 0 () 125
94 6-18-40 243.7 .159 .91 Wet .341 .021 .006 70 97 6-18-40 52 .9 .113 1. 14 Wet .434 .017 .003 100 
94 6-28,29-40 131.8 .086 1. 55 Dry .310 .086 .004 260 97 6-28-40 92S.S .201 1. 55 Wet .614.126 .00.5 154
94 9-23-45a 608.5 .397 1.41 ReI Dry .62 o o 90 

97 6-4-41 1662.5 .360 1. 13 Wet .697 82 
94 6-12-57 669.8 .437 2.54 Dry .692 o o 170 97 7-11-46 974.4 .2 2.78 Dry .501 0 () 144
94 6-28-67 1407.0 .918 2.96 Wet 1. 94 o o 247 97 6-12-57 12007 .260 2.54 Dry .690 0 o 180
94 1-21-59b 493.5 .322 1.17 Wet .76 .283 .012 250 

97 1-21-59a 1625.6 .352 .19 Snow Cover 1. 19 485
94 8-21-60 898.1 .586 3.91 Wet 1.02 .313 .040 374 97 1-21-59b 1630.2 .353 .92 Snow Cover .92 192
94 4-25-61 720.4 .470 1.27 Wet .74 .383 .030 150 97 8-21,22-60 1256.1 .272 3.40 Dry .76 0 o 337
94 3-9-64 378.6 .247 1. 39 Wet 1. 39 631 

97 4-25-61 2383.0 .516 1. 46 Wet .26 .040 315
94 2-9-65 30.7 .020 .45 Wet .060 .096 .007 300 97 3-9-,10-64 859.0 .186 1.47 Wet 1.47 498
94 2-11-65 29.1 .019 .55 Wet .105 .111 .006 336 97 2-25-65b 2263 .049 .30 Wet .139 215
94 2-24-65 58.2 .038 1.36 ReI Wet .243 .208 .008 765 

97 10-21-65 60.0 .013 .700 Normal .068 460
94 2-25-65 53.6 .035 .36 Wet .243 .208 .0lD 200 97 1-2-66 184.7 .040 .900 Dry .141 390
94 9-1-65 26.1 .017 1.63 Wet .066 496 97 1-6-66 184.7 .040 .700 Dry .177 246
94 4-24-66 35.8 .024 .67 Wet .118 .075 .006 362 

97 2-13-66 175.5 .038 .95 Dry .199 603
94 4-27-66 151. 7 .099 1.02 Wet .274 .230 .011 577 97 2-28-66 50.8 .011 .62 Dry .OSl 282
94 4-30-66 42.9 .028 .63 Wet .076 .046 .005 209 97 3-5,6-67a 115.5 .025 .80 Normal .316 688
94 3-5-67 55.2 .036 .43 Wet .163 .304 .011 551 

97 3-20-67 101. (, .022 .70 Norma1 .21 720
94 5-11-6i 41.4 .027 .80 Wet .148 .112 .005 655 97 3-28-67b 27.7 .006 .16 Wet .010 80
94 7-19-67 29.1 .019 1. 33 Dry .031 o o 125 97 5-11-67 110.8 .024 .83 Dry .176 484
95 6-18-40 454.8 .164 .91 Wet .369 .025 .003 70 



Peak I Rain-I Antecedent Run- Base 
Flow fall Soil off at Qp 

(In/Hr) (In) Condition (In) (In/Hr) 
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Peak i Peak Antecedent \ Run- Peak 

Flow i Flow Soil off 
 Flow IDUldLicn

Date of Event (CF~~n/Hr) Condi!~~n (In)_ WTSDI Date of Event I (CFS) (Min) 

5 12-6-57 344.0 .281 2.11 Dry .669 0 0 102D 
196 6-28-40a 52.9 .173 .80 Wet .270 .081 .007 242 
196 6-18-40 35.1 .115 1.06 Dry .176 .089 .005 40 

5 4-3-58 375.8 .307 .690 Wet .501 .120 .018 )(i 

196 9-23-45b 140.5 .460 .73 Wet .240 160 5 6-10-59 743.0 .609 1.30 Wet .713 .034 SO 
5 6-11-59 610.8 .499 1. 31 Wet .846 .044 !4) 

196 6-16-46 580.5 1.90 3.38 Wet 1. 44 196 5 1-17-60 155.5 .127 .930 Normal .410 0 0 345 
196 8-16-47 179.0 .586 1.24 Rela. Wet .249 0 0 38 5 8-31-61 415.0 .339 1. 81 Dry .419 0 0 IKU 
196 8-1-50 540.8 1.77 4.42 ReI Wet 1. 78 0 0 238 

5 9-4-62 222.8 .182 1. 95 Dry .250 0 0 
196 6-12-57 1136.5 3.72 3.25 ReI Wet 1.47 134 5 8-29-63 564.3 .461 3.26 Normal 1.05 0 0 
196 6-28-57 424.7 1. 39 2.80 Dry 1. 63 0 0 427 5 3-4-64 1456.7 1.19 3.00 ReI Wet 2.13 0 0 1"; 

196 1-21-59a 151. 5 .496 1.54 Snow Cover 1.61 .20 .008 240 
5 3-1-65 252.2 .206 1.18 Normal .749 0 0 46) 

196 1-21-59b 66.9 .219 .570 Snow Cover .66 .20 .008 308 5 3-3-66a 189.1 .166 1.13 Normal .512 0 180 
196 8-21-60 41.8 .137 1.81 Wet .098 .064 .0003 306 5 5-24-66 115.1 .094 1. 57 Dry .260 0 0 
196 4-25-61 320.8 1.05 1.83 Wet 1.26 .400 .027 101 

5 5-31-67 465.2 .380 1.52 Dry .461 0 0 
196 5-13-64 156.1 .511 1.07 ReI Wet .336 0 0 219 10 5-22-59 524.4 .094 1. 25 ReI Dry .091 0 0 

196 2-25-65b 13.1 .043 .270 Wet .136 0 0 298 10 1-17-60 474.0 .085 1.03 Wet .264 0 () 

196 3-23-65 7.6 .025 .72 Normal .171 689 
10 8-31-61 2414.4 .433 2.40 Normal .668 0 J .' c, 

~ '-,10 9-4-62 730.5 .131 1.74 ReI Dry .186 0 
196 3-5-67a 15.9 .052 .350 Wet .307 312 
196 10-22-65 5.5 .018 .23 Wet .111 0 0 120 

10 8-29-63 1957.2 .351 2.85 Dry .653 0 0 1'.G 
196 3-5,6-67 22.3 .073 .400 Wet .317 360 

10 3-4-64a 1070.6 .192 .80 ReI Wet .248 .099 .014 
196 3-12-67 11.0 .036 .46 Normal .193 0 0 18 10 3-1-65a 239.8 .043 .63 Wet .180 
196 3-17-67 9.8 .032 .60 ReI Dry .203 0 0 94 10 12-28-66 652.4 .117 1.47 ReI Dry .473 0 0 /, 

196 3-20-67 11. 6 .038 .61 Wet .531 0 0 843 
10 5-31-67 908.9 .163 1. 33 Dry .277 0 ]:'0 

196 3-28-67b 6.1 .020 .26 Wet .050 295 12 5-22-57 5701.5 .248 2.84 Dry .691 0 0 240 
196 4-13-67 4.6 .015 .72 Dry .181 0 0 420 12 11-13-57a 4184.2 .182 2.15 Dry .790 0 0 795 
196 5-6-67 16.5 .054 .61 Wet .263 540 

12 11-13-57 758.7 .033 .181 Wet .181 
196 5-11-67 19.2 .063 .78 ReI Dry .352 0 0 308 12 4-3-58 1931. 2 .084 .690 ReI Wet .121 
196 5-29-67 8.2 .027 .61 Dry .088 0 0 135 12 3-2-60 2482.9 .108 1.65 ReI Wet .560 0 0 
196 7-28-67 10.4 .034 .86 Wet .140 483 
196 10-21-67 6.7 .022 1. 27 ReI Dry .112 0 0 720 12 8-31-61 1241.5 .054 1.68 Normal .126 0 0 Is(' 

12 9-4-62 1563.3 .068 1.81 Dry .125 0 0 270 
12 8-29-63 3632.4 .158 3.21 Dry .432 0 0 345OXFORD MISSISSIPPI WATERSHEDS 

12 3-4-64 5402.6 .235 2.01 ReI Wet .725 .154 .001 300 
4 4-3-58 292.4 .145 .550 Wet .305 .01 50 
4 5-22-57 494.1 .245 1.35 Dry .424 0 0 140 

12 3-1-65 1586.3 .069 .97 Normal .397 () 0 4HO 
4 9-9-59 586.8 .291 2.15 ReI Dry .294 0 .01 75 12 5-24-66 2482.9 .108 1. 74 Normal .454 0 0 345 

12 5-31-67 1701. 3 .074 1.32 Wet .140 .017 .013 120 
4 8-31-61 94.8 .047 1.09 Dry .054 0 0 105 
4 1-17-60 133.1 .066 .980 Dry .156 0 0 225 

28 6-30-57 144.8 .133 .83 Dry .105 0 0 75 
28 7-22-58 263.5 .242 1. 39 ReI Wet .230 0 0 8~4 9-4-62 290.4 .144 2.04 Dry .187 0 0 132 

4 8-29-63 568.7 .282 3.15 Dry .459 0 0 165 

4 3-4-64 1706.1 .846 2.38 Normal 1.59 0 0 285 

5 1-22-57 184.8 .151 .560 Wet .395 0 0 135 




- ,% 

Peak Peak R' I Ant dent I R B B Flow I Rainfall 
( \ ~eaKr-r----- Flow at Qp !Duration 

WTSD _Date of Event (CFS) (In/Hr) (Min) 

28 9-9-59 610.9 .561 2.76 Normal .656 0 0 120 
28 1-17-60 51.2 .047 .950 Wet .083 0 0 270 
28 11-15-61 159.0 .146 1.56 Wet .134 0 0 165 

28 9-4-62 108.9 .100 2.12 Dry .115 0 0 150 
28 8-29-63 153.5 .141 3.21 Dry .229 0 0 150 
28 3-4-64 302.7 .278 2.17 ReI Wet .466 0 0 345 

28 3-1-65 34.8 .032 1.12 Normal .124 465 
28 5-24-66 22.9 .021 1.31 Normal .039 0 0 240 
28 5-31-67 132.9 .122 1.23 Dry .120 0 0 120 

32 11-18-57 6131. 5 .283 1.27 Wet .920 345 
32 4-14-58 1776.6 .082 1.34 Dry .380 0 0 435 
32 5-22-59 1928.3 .089 1.11 Dry .175 0 0 150 

32 3-2-60 4636.5 .214 1.81 Wet 1.15 0 0 1080 
32 8-31-61 4658.2 .215 1.91 Dry .420 0 0 135 
32 9-4-62 2274.9 .105 1. 70 Dry .195 0 0 240 

32 8-29-63 4116.5 .190 2.28 Dry .431 0 0 165 
32 3-4-64 4983.2 .230 1.26 ReI Wet .694 0 .013 270 
32 3-1-65 1841.6 .085 .63 Normal .33 0 0 405 

32 5-24-66 6348.1 .293 2.11 Normal .912 0 0 345 
35 11-18-57 1773.8 .233 1.18 Wet .803 0 0 190 
32 5-31-67 3054.9 .141 1.24 Dry .303 0 0 135 

35 4-14-58 867.9 .114 1.30 Dry .483 0 0 390 
35 5-22-59 1301. 8 .171 1.81 Wet .304 125 
35 3-2-60 1773.8 .233 1.87 Wet 1.20 0 0 1080 

35 8-31-61 258.8 .034 1.29 Normal .060 0 0 135 
35 9-4-62 837.4 .110 1.63 Dry .156 0 0 195 
35 8-29-63 228.4 .030 1.52 Dry .070 0 0 165 

35 3-4-64 3007.1 .395 1.52 ReI Wet 1.08 .209 .030 270 
35 3-1-65 609.0 .080 .620 Normal .439 240 
35 5-24-66 1515.0 .199 1.90 Normal .509 0 0 270 
35 5-31-67 1591.1 .209 1.43 Dry .477 0 0 120 

-_.__ .... 
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RainfallRainfall, I 
MeanCALCOBSMean Excess Pattern Max Mean OBS CAlCMax MeanExcess Pattern I
q's T50 Peakqs Used qs qsqs D1 D2Used q's I ISO 

(In/Hr) 
Peak D1 D21\ (Min)(In/Hr)(Min)(Min) Date of Event (Hr/ln) R,T1,T2 (In/Hr) (In/Hr) (Min) (Min) (L /Hr) [ (Min) (In/Hr) WTSD(Hr/ln) R,T1,T2, WTSD Date of Event 

I-" 

1 
, pI 	 .944 95 32 1.12 196 8-16-47 2.29 T2 2.29 1.15 13 - 1.16 d92 9-23-45 1. 89 Tl 1.89 

! 
Tl 2.42 1. 21 10 15 1.42 196 8-1-50 2.87 Tl 2.87 1. 43 80 74 1. 68 356-18-40 2.42 

1 ..18 196 6-12-57 6.54 Tl 6.54 3.27 33 27 3.88 30 
92 	

2.00 Tl 2.00 1.00 80 16
92 6-28,29-40 

1.61 19 	 15 1.71 196 6-28-57 2.63 Tl 2.63 1. 31 187 74 1.55 14592 6-12-57 3.22 Tl 3.22 
1.13 196 1-21-59a 1. 36 Tl 1. 36 .682 240 144 .795 2913.34 .949 340 75 


, 500 203 .248 318
92 6-28-57b 3.34 Tl 
196 1-21-59b .44 Tl .44 .22 308 180 .242 792 1-21-59b .418 Tl .418 .209 

141 15 3.05 196 8-21-60 .12 R .12 .12 5 - .120 60
i 1.1692 8-21-60 5.29 Tl 5.29 2.65 

196 4-25-61 3.84 Tl 3.84 1.92 101 39 2.26 
448 278 .351 

1.98 	 .990 84 3592 4-25-61 1. 98 Tl 
196 5-13-64 2.14 Tl 2.14 1.07 15 19 1. 25Tl .600 	 .300 , 92 3-9-64 .600 

, 
, Tl .07 	 .042 455 346 .042 350 196 2-25-65b .097 Tl .097 .048 250 168 .051 277 

70 87 .072 11592 2-24-65 .07 
196 3-23-65 .108 Tl .108 .054 372 190 .064 

.38292 2-25-65 .12 Tl .12 .06 
196 10-22-65 .360 Tl .360 .180 74 37 .213 

I, 
.643 .322 28 10 


130 130 .132 263
92 4-24-66 .643 Tl 

92 4-27-66 .226 T2 .135 .113 
196 3-5-67a .710 Tl .710 .355 145 52 .422 

, 106 132 .080 196 3-6-67 .196 Tl .196 .098 60 194 .115 72Tl .135 	 .06892 3-5-67 .135 
.170 .085 	 63 59 .099 196 3-12-67 2.25 Tl 2.25 1.13 7 10 1. 3492 5-11-67 .170 Tl 

Tl 2.72 1. 36 10 15 1.59594 6-18-40 2.72 
196 3-17-67 .90 Tl .90 .45 24 27 .472 

1. 947 196 3-20-67 .087 Tl .087 .043 843 736 .049 510':14 6-28-,29-40 3.30 Tl 3.30 1.65 90 11 
67 32 1. 36 196 3-28-67b .040 Tl .040 .020 210 149 .024 135

I 94 9-23-45 2.29 Tl 2.29 1.15 

II 94 	 2.194.20 2.10 17 20 
196 4-13-67 .250 Tl .250 .125 66 87 .145 

6-12-57 4.20 Tl 

196 5-6-67 1. 74 Tl 1. 74 .870 93 18 l.031. 70 185 	 68 2.0191, 6-28-57 3.40 Tl 3.40 
203 .266 	 44 196 5-11-67 .500 Tl .500 .250 213 84 .296Tl .45 .23 188 


94 8-21-60 5.82 Tl 5.82 2.91 135 21 3.27 

I 94 1-21-59b .45 

, 196 5-29-67 .310 Tl .310 .155 40 34 .183
I 
117 35 .118 
 196 7-28-67 .210 Tl .210 .105 347 80 .12394 4-25-61 2.12 Tl 2.12 1.06 

.351 377 196 10-21-67 .300 Tl .300 .150 525 45 .176.300 .300 448 27894 1-9-64 .600 Tl 
! 95 35 .12494 2-9-65 .208 Tl .208 .104 
I 

I Oxford Mississippi Watersheds
! 16 .481.810 Tl 	 .810 .405 30 


.080 .040 545 364 .047 396
94 2-11-65 4 5-22-57 .781 T2 .679 .339 90 - .404 104 
94 2-2/+-65 .080 T1 4 4-3-58 1. 39 Tl 1. 39 .695 50 28 .664II~ 94 2-25-65 .119 T2 .066 .059 88 0 .070 113 

4 9-9-59 .680 Tl .680 .340 45 52 .403 54 

.456 .228 	 27 18 .26794 9-1-65 .456 Tl 4 1-17-60 .130 Tl .130 .065 90 144 .077 16028 17 .48394 4-24-66 .813 Tl .813 .407 4 8-31-61 .161 R .161 .161 20 - .161121.130 126 	 - .14794 4-27-66 .420 T2 .260 4 9-4-62 .260 Tl .260 .130 80 86 .151 119 

.45 10 - .45094 4-30-66 .90 R .90 4 8-29-63 1. 20 Tl 1. 20 .599 45 46 .713R .142 .122 80 - .12294 3-5-67 .142 4 3-4-64 1.57 Tl 1. 57 .780 120 123 .902 88136 80 .12894 5-11-67 .220 Tl .220 .110 5 1-22-57 	 .347 Tl .347 .173 420 164 .275 228 

10 .18594 7-19-67 .390 R .390 .185  5 12-6-57 	 .490 Tl .490 .245 120 107 1. 42 722.13 	 28 15 2.50 
90 14 1. 8995 6-18-40 2.92 Tl 2.92 5 4-3-58 2.10 Tl 2.10 1.05 45 29 1. 24 

95 6-28-,29-40 3.20 Tl 3.20 1.60 5 6-10-59 1. 76 Tl 1. 76 .880 40 48 1.03 57'-----
' 



III 

Rainfall 
Rainfall 

Excess Pattern Max M~an OBS 
Peak Used qs qs D1 

wrSD Date of Event (Rr/ln) R,Tl,T2 (In/Hr) (In/Hr) (Min) 

CAlC MeanIr 	 Excess Pattern Max Mean OBS CAlC 
<l's T50Peak Used qs qs D1 D2 q s TSO j 
 (Min) (In/Hr) (Min)R,T1,T2 (In/Hr) (In/Rr) (Min) (Min) (In/Rr) (Min)

~ WTSD Date of Event (Rr/ ln) 

I 
5 6-11-59 3.73 T1 3.73 1.87 25 27 2.202.55 1.27 32 29 1.5295 9-23-45a 2.55 Tl 	 I 5 1-17-60 .225 Tl .225 .113 150 218 .132 11222 2.2895 6-12-57 4.37 Tl 4.37 2.19 50 
5 8-31-61 .58 R .58 .58 40 - .628 60.431 315 I

I 95 1-21-59a .730 Tl .730 .370 489 192 

I 


5 9-4-62 1.68 Tl 1. 68 .840 35 18 .979I 	 .530 Tl .530 .270 190 209 .312 11295 1-21-59b 
5 8-29-63 1. 20 T2 1.20 .601 105 0 .648 35'I 

95 1-21-59c .600 Tl .600 .300 375 132 .354 275 I 
5 3-4-64 2.40 Tl 2.40 1.20 l35 137 .202 872.22 14 27 2.5895 8-21,22-60 4.43 Tl 4.43II 
5 3-1-65 .455 Tl .455 .228 270 198 .269 22595 4-25-61 1.90 Tl 1.90 1.44 63 31 1.71 
5 3-3-66a .512 T2 .512 .256 120 120 .262 120448 278 .351 39795 3-9-64 .600 Tl .600 .300 
5 5-24-66 .520 T2 .347 .174 165 - .178 3495 2-25-65 .109 Tl .109 .054 70 63 .065 	 i 


I 

5 5-31-67 1.38 Tl 1.38 .691 30 40 .714 5028 18 .49595 4-24-66 .833 T1 .833 .417 

10 5-22-59 .360 R .360 .360 15 - .36095 4-27-66 .404 T2 .404 .202 126 0 .135 144 
10 1-17-60 .166 Tl .166 .083 210 190 .098 18095 4-30-66 .440 R .440 .447 10 - .447 

10 8-31-61 1.14 Tl 1.14 .570 60 70 .662 7095 3-5-67 .345 T2 .345 .173 80 - .073 
10 9-4-62 .410 Tl .410 .205 45 54 .244 
10 8-29-63 .720 Tl .720 .360 120 109 .421 70

95 5-11-67 .193 Tl .193 .097 130 64 .112 

i 95 7-19-67 .150 R .150 .156 10 - .156 

10 3-4-64a .744 Tl .744 .372 45 40 .428 
10 3-1-65a .203 Tl .203 .102 180 106 .117 175

97 6-18-40 3.80 Tl 3.80 1.90 25 14 2.21 
97 6-28-40 3.60 Tl 3.60 1.80 88 20 2.13 

10 12-28-66 .320 Tl .320 .160 275 177 .167 14497 6-4-41 2.11 Tl 2.11 1.06 52 40 1. 22 
I 

10 5-31-67 .534 Tl .534 .267 30 51 .312I' 
97 7-11-46 2.88 T1 2.88 1.44 43 21 1.55 

12 5-22-57 .590 Tl .590 .295 65 141 .347 9120 2.1997 6-12-57 4.20 Tl 4.20 2.10 19 
12 11-13-57a .330 Tl .330 .165 225 287 .195 233.730 Tl .730 .365 485 196 .384 30597 1-21-59a 

12 11-13-57 .830 Tl .830 .415 25 26 .493208 .310 120I 97 1-21-59b .530 Tl .530 .265 192 
12 4-3-58 1.455 Tl 1.445 .723 37 10 .85597 8-21,22-60 3.43 Tl 3.43 1.71 155 27 1.997 
12 3-2-60 .470 Tl .470 .235 150 143 .27797 4-25-61 2.20 T1 2.20 1.10 183 61 1.31 

i 12 8-31-61 .290 R .290 .252 30 .25297 3-9,10-64 .450 T1 .450 .225 498 392 .267 372 
12 9-4-62 .240 Tl .240 .120 45 62 .139185 105 .084 263 
12 8-29-63 .820 Tl .820 .410 45 63 .467 

I 97 2-25-65b .160 Tl .160 .080 
.090 Tl .090 .045 107 90 .05397 10-21-65 

12 3-4-64 .950 Tl .950 .475 105 91 .563169 .058 17297 1-2-66 .100 Tl .100 .050 98 
12 3-1-65 .199 T2 .154 .099 255 240 .118 27397 1-6-66 .130 Tl .130 .065 182 164 .075 306 
12 5-24-66 .303 T2 .303 .152 180 180 .156 107535 140 .10197 2-13-66 .170 Tl .170 .085 

12 5-31-67 .120 R .120 .120 30 - .28097 2-28-66 .070 Tl .070 .035 63 88 .042 
28 6-30-57 .42 R .42 .42 15 .70097 3-5,6-67a .360 Tl .360 .180 466 105 .200 
28 7-22-58 .610 Tl .610 .305 35 45 .347 4397 3-20-67 .090 Tl .090 .045 468 281 .048 

28 9-9-59 1.60 Tl 1.60 .800 30 49 .935 40.010 16597 3-28-67b .010 R .010 .010 60 
28 1-17-60 .066 R .066 .066 75 - .066 114.150 T1 .150 .075 313 141 .088 


196 6-18-40 1.50 Tl 1.50 .750 14 14 .892 

97 5-11-67 

28 11-15-61 .270 R .270 .270 30 - .268 41 

28 9-4-62 .350 Tl .350 .175 30 39 .208196 6-28-40a 3.50 Tl 3.50 1.75 74 9 2.037 
28 8-29-63 .624 R .624 .624 22 - .624196 9-23-45b .790 R .790 .720 20 - .720 31 
28 3-4-64 1.00 T2 .621 .311 90 .368 912.29 37196 6-16-46 3.92 Tl 3.92 1.96 57 44 

' 
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COSHOCTON, OHIO 


Predicted 

Cross Cross Actual Predicted Actual i: Predictedl 1 i

Top Sectional Sectional Hydraulic Hydraulic Wetted I Wetted 
Width Area Radius Radius Radius Perimeter! Perimter 

~~--- ,-~ .--J___~_, 

81.0 165.8 248.8 2.0 2.9 84.2 84.9 
37.3 125.5 118.5 3.2 3.0 39.2 39.1 
27.5 29.8 29.1 1.0 1.0 29.7 28.8 

48.5 138.0 100.1 2.7 2.0 51. 7 50.8 
29.0 104.5 71.0 3.4 2.3 30.9 30.4 
29.5 79.1 68.7 2.4 2.2 32.5 30.9 

19.5 33.8 24.9 1.6 1.2 20.7 20.4 
85.0 250.3 209.1 3.0 2.4 84.6 88.0 
19.5 56.1 37.6 2.5 1.8 22.7 20.6 

9.0 11.9 7.5 1.2 0.9 10.3 8.7 
11.0 13.2 8.2 1.1 0.7 12.4 11.5 
8.3 14.1 9.2 1.1 1.1 12.7 8.7 

14.9 18.9 11.8 1.2 0.8 16.1 15.6 
10.5 12.4 11.3 1.1 1.1 11.5 10.7 
8.0 13.5 12.4 1.2 1.3 11.8 9.4 

14.0 16.5 17.9 1.0 1.2 15.9 14.8 
17.7 34.6 28.1 1.8 1.5 18.8 18.6 
33.0 72 .2 50.7 2.1 1.5 33.8 34.6 

10.2 15.2 97.7 1.4 0.9 11.0 10.7 
14.0 25.1 17.8 1.7 0.8 21. 3 22.0 
26.5 74.0 53.3 1.7 3.0 18.7 17.8 

LowestElov of 
Portion 

X-Sec 

813.5 
816.5 
822.0 

831.1 
840.4 
852.7 

,0 

865.5 
873.0 
879.1 

900.3 
906.8 
924.1 

929.5 
940.8 
953.6 

962.3 
988.2 
998.2 

1022.2 
957.0 
958.6 

WTSD 

97 
97 
97 

97 
97 
97 

97,95 
97,95 
97,95 

97,95,94 
97,95,94 
97,95,94 

97,95,94 
97,95,94,92 
97,95,94,92 

97,95,94,92 W+500 
97,95,94,92 Y 
97,95,94,92 Z 

97,95,94,92 Zl 
194 A-194 
194 B-194 
"-.. --~-

X-Sec 

Label 


B 
C 
D 

F 
H 
J 

L 
M 
N 

Q 
R 
T 

T+500 
V 
W 

Dist Up
stream From 

1000 

2000 

3000 


5500 

7500 

9500 


1100 

2000 

3000 


800 

1600 

3000 


3500 

800 


1600 


2100 

3200 

4000 


4800 

389 

505 


Depth 

5.8 
6.0 
2.0 

3.9 
4.6 
4.4 

2.4 
4.6 
3.6 

1.7 
1.4 
2.1 

1.5 
2.1 
2.6 

2.8 
3.0 
2.9 

1.8 
2.5 
2.6 



------------

Up- Predicted Elev of 
stream Cross Cross Actual Predicted Lowest 

Gaging Top Sectional Sectional Hydraulic Wetted Portion
WTSD Station Depth Width Area Radius Radius Perimeter X-Sec 

194 C194 927 1.2 10.5 14.6 12.1 1.3 1.1 11.2 11.0 983.3
196 A196 665 2.4 14.0 25.1 17.8 1.6 1.2 15.3 14.7 922.0
196 B196 540 3.8 26.5 74.0 53.3 2.6 1.9 28.8 27.8 929.1 

196 C196 770 1.7 13.5 16.3 12.1 1.1 0.9 14.2 14.1 937.1
97,95,94,92,5 AS -1800 .5 3.5 1.8 0.9 0.5 0.2 3.7 3.7 954.9
97,95,94,92,5 B5 -1000 1.5 6.5 5.3 5.2 0.7 0.8 7.8 6.8 966.2 

97,95,94,92,5 C5 -200 1.7 7.5 8.5 6.8 0.9 0.9 9.7 7.9 976.1 
97,96,94,92,5 DS +600 3.1 8.5 16.9 14.1 1.6 1.6 10.8 8.9 988.6 
97,96,94,92,5 E5 +1400 1.1 1.5 1.2 0.9 0.4 0.6 3.0 1.6 1005.5 

17,95,10 lOA 525 1.6 13.4 12.5 11.4 0.7 0.8 18.1 14.0
97,95,10 lOB 1500 1.4 6.3 2.7 4.6 0.4 0.7 7.0 6.6 

OXFORD, MISSISSIPPI 

4 85+00 0 5.4 61.0 288.3 280.8 4.4 4.0 65.7 70.2 452.3
4 70+00 1500 5.1 33.4 151.6 145.2 4.2 3.8 36.3 38.4 459.0 
4 40+00 4500 6.0 34.1 186.1 174.4 4.6 4.4 40.2 39.2 470.6 

4 19+76 6524 8.5 39.0 273.1 282.6 5.9 6.3 46.1 44.9 479.5 
4 -14+50 9950 11.2 39.0 349.6 372.3 7.1 8.3 49.1 44.9 499.0 
5 5O+D0 0 6.2 54.0 227.6 285.4 3.6 4.6 63.1 62.1 452.7 

5 40+00 1000 5.7 63.5 263.3 308.5 3.9 4.2 66.8 73.1 457.3
5 30+00 2000 4.2 38.1 125.1 136.4 2.8 3.1 44.1 43.8 461.3
5 10+00 4000 4.6 27.7 100.7 108.6 3.3 3.4 30.7 31.9 470.5 

5 O+DO 5000 4.0 36.5 92.5 114.2 2.5 3.0 36.5 38.6 478.5
10 437+45 0 11.9 109.3 1074.7 1108.7 8.2 8.8 130.5 125.8 395.7
10 410+00 2745 10.6 112.0 943.5 1012.0 7.4 7.9 127.8 128.9 405.7 

10 380+00 5745 9.5 39.0 310.1 315.8 6.0 7.0 51. 4 44.9 414.5
10 335+00 10245 8.8 46.5 360.7 348.8 6.1 6.5 59.3 53.5 432.9
10 310+10 12735 8.5 48.8 301.0 353.6 5.5 6.3 55.1 56.2 443.6 

,----------_..... 

I 
 I 
 Predicted 
 E1ev ofI Dist Up- i Cross Actual Predicted Lowest 
X-Sec Gaging 

Cross Ac,u"1 IP,edic,.'Istream From 
SectionalTop Sectional WettedHydraulic, Hydraulic Wetted Portion 

Depth Width AreaWTSD Label, Station Radius Radius Radius Perimeter Perimeter X-Sec 

10 295+00 14245 9.1 28.8 201.3 223.4 4.9 6.7 40.7 33.1 449.0 

12 32O+D0 0 8.8 66.5 478.3 498.8 6.5 6.5 73.5 76.5 386.0 

12 245+00 7500 7.9 37.3 260.7 251.2 5.6 5.9 46.4 42.9 407.0 


12 200+00 12000 4.7 37.5 162.3 150.2 3.8 3.5 43.0 43.1 424.0 

12 145+00 17500 4.3 42.3 128.6 155.0 2.9 3.2 45.1 48.7 441.0 

12 10O+D0 22000 5.8 33.8 139.0 143.4 4.1 4.3 33.8 33.4 455.0 


12 60+00 26000 4.8 33.6 89.6 124.8 2.7 3.6 33.6 35.1 472.7 
, 	 17A 44+85 2995 5.0 41.0 139.3 174.7 3.0 3.7 46.9 47.2 370.7 

17A 100+15 8525 5.3 42.6 173.1 192.5 3.7 3.9 46.3 49.0 390.2 

17A 130+00 11510 3.2 65.3 191.9 178.1 2.9 2.4 66.9 75.1 404.7 

17A 185+00 17010 5.5 35.0 186.1 164.1 4.3 4.1 43.7 40.3 429.0 

17A 204+75 18985 5.9 34.9 144.2 175.5 3.5 4.4 40.7 40.2 440.0 


: 
17A 223+50 20860 6.8 36.7 211.2 212.7 4.9 5.0 43.3 42.2 450.8 

19 5+00 3903 4.0 13.4 28.2 45.7 1.8 2.9 15.6 15.4 362.7 

19 25+00 1903 2.2 17.0 17.5 31.9 1.0 1.6 18.2 19.6 371.5 


'-0"',19 30+00 1403 3.2 13.1 32.5 35.7 1.9 2.4 17.4 15.1 373.4 

19 40+00 403 3.7 8.0 14.9 25.2 1.2 2.7 12.2 9.2 377 .5 

19 45+00 -97 1.8 9.4 11. 7 14.4 1.1 1.3 10.5 10.8 381.6 


24 1+15 1950 4.8 25.7 85.7 105.2 2.8 3.6 30.3 29.6 441.5 

24 15:t00 5650 4.5 29.5 87.7 113.2 2.7 3.3 32.5 33.9 450.3 

24 25+00 -435 6.0 40.0 158.1 179.0 4.0 4.5 40.0 40.3 455.0 


24 30+00 -935 5.7 23.8 104.6 115.6 3.7 4.2 28.3 27.4 456.7 

28 65+00 0 6.7 21.5 121.8 122.8 4.1 5.0 29.5 24.7 491.3 

28 55+00 1000 7.2 21.5 117.5 132.0 4.0 5.3 29.1 24.7 496.0 


28 40+00 2500 4.3 25.2 88.3 92.4 3.0 3.2 28.7 29.0 506.0 1 
28 19+75 4525 4.0 24.0 69.5 81. 8 2.7 3.0 26.2 27.6 520.0 
28 5+20 5980 3.7 17.3 47.1 54.6 2.3 2.7 20.4 19.9 533.0 

32 545+00 477 11.2 105.0 1096.1 1002.5 9.3 8.3 117.3 120.8 367.0 
~32 480+15 6932 11.5 77 .0 794.5 754.8 9.1 8.5 87.5 88.6 377.0 

32 425+00 12447 12.2 84.2 937.7 875.6 9.7 9.0 97.0 96.9 387.5 



WTSD 
X-Sec 
Label 

Dist Up
stream From 

Gaging 
Station Depth 

Top 
Width 

Cross 
Sectional 

Area 

Predicted 
Cross 

Sectional 
Radius 

Actual 
Hydraulic 

Radius 

Predicted 
Hydraulic 

Radius 

Actual 
Wetted 

Perimeter 

Predicted 
Wetted 

Perimeter 

I Elev of 
Lowest 
Portion 

X-Sec 

32 
32 
35 

35 
35 
35 

35 
35 

365+00 
320+00 
305+00 

290+00 
175+00 
160+00 

80+00 
70+00 

18447 
22947 
1000 

2500 
14000 
15500 

23500 
24500 

13.3 
16.5 
17 .5 

16.6 
12.6 
12.2 

8.3 
7.4 

91.5 
86.7 
89.4 

85.5 
56.6 
48.0 

46.5 
29.5 

1096.8 
1170.0 
1352.0 

1232.1 
577 .3 
490.9 

280.8 
152.3 

1037.4 
1219.4 
1333.6 

1209.8 
607.9 
499.2 

329.0 
186.1 

10.5 
11. 7 
12.6 

11.8 
8.6 
8.0 

5.3 
4.2 

9.9 
12.2 
13.0 

12.3 
9.3 
8.2 

6.1 
5.5 

104.4 
99.7 

107.1 

104.5 
67.2 
61.0 

53.2 
35.8 

105.3 
99.8 

102.9 

98.4 
65.1 
55.2 

53.5 
33.9 

397.0 
405.0 
407.7 

410.8 
440.3 
446.0 

475.4 
478.5 
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A P PEN D I X D 

COSHOCTON, OHIO 

I 

OES CALC QCALC I pI CALC + Ease 
WTSD 

qsDate of q' TCHD2Q T50 
(Min) (Min) (Min) D/T50 Flow(CFS)(In/Hr) (Min) CEvent (C¥S) • (6¥s)TpR/D Ctp 

5 6-18-40 40 1.38 11 1.17 8.65 33.6 .33 .72 .24 1.19 118 119 

5 6-29-40 31 .468 37 .400 9.86 38.4 .96 .64 .80 1.19 134 135 

5 9-23-45 113 .985 33 .835 8.86 34.5 .97 .78 .81 1.19 283 283 


5 6-12-57 152 1.32 19 1. 26 8.61 33.5 .57 .22 .48 1.06 226 226 

5 6-28-57 384 1. 87 54 1.58 8.49 33.0 1.64 .83 .99 1.19 655 655 

5 8-21-60 338 3.33 22 2.97 8.43 32.8 .67 .40 .59 1.14 703 724 


5 4-25-61 97 .92 22 .81 8.88 34.5 .64 .43 .56 1.15 184 199 

10 6-18-40 45 1.93 14 1.65 8.81 34.3 .41 .64 .32 1.19 77 77 

10 6-29-40b 8 1. 78 5 1.50 9.10 35.4 .14 .82 .075 1.19 16 16 


10 9-23-45a 212 1.85 30 1.55 9.00 35.0 .86 1.00 .74 1.19 168 168 
10 6-12-57 40 1.80 16 1. 70 8.72 33.9 .47 .24 .38 1.06 84 84 

-.J 
'.0 

10 8-21-60b 45 .706 16 .634 12.20 47.5 .34 .38 .25 1.13 22 27 

10 4-30-66 4 3.25 2 3.25 7.94 30.9 .06 - .03 12 13 

92 6-18-40 78 1.42 15 1. 21 16.64 64.7 .23 .66 .15 1.19 200 235 

92 6-28-40 75 1.18 16 1.00 17.01 66.2 .24 .79 .15 1.19 165 199 


92 9-23-45 212 1.12 32 .944 17.13 66.6 .48 .80 .39 1.19 406 406 

92 6-12-57 262 1.71 15 1.61 16.13 62.7 .24 .26 .15 1.07 240 240 

92 6-28-57b 578 1.13 75 .949 17.12 66.6 1.13 .95 .89 1.19 932 932 


92 8-21-60 502 3.05 15 2.65 15.82 61.5 .24 .47 .15 1.16 428 483 

92 4-25-61 436 1.16 35 .990 17.03 66.2 .53 .61 .44 1.18 477 518 

94 6-18-40 248 1.60 15 1. 36 34.69 135 .11 .66 .06 1.19 149 149 


94 6-29-40 184 1.95 11 1.65 34.57 134 .08 .77 .04 1.19 120 126 

94 9-23-45a 608 1. 36 32 1.15 34.80 135 .24 .87 .15 1.19 314 314 

94 6-12-57 670 2.19 20 2.10 34.44 134 .15 .20 .08 1.05 270 270 
 l 



OBS CALC CALC CALC Qp-
Date of qsQp Tq' + BaseD2 QTCH 

WTSD Event (CFS) (Min)(In/Hr) (Mrg)(Min) (Hin) CC (C~S)TpR/D Flow(CFS)D/T50 p t 

94 6-28-57 1407 2.01 68 1. 70 34.56 134 .51 .93 .42 1.19 1302 1302 

94 8-21-60 958 3.27 21 2.91 34.27 133 .16 .41 .09 1.14 457 518 

94 2-11-65 36 .481 16 .405 36.15 141 .11 .98 .06 1.19 44 53 


94 4-24-66 47 .483 17 .406 36.15 1«1 .12 1.00 .06 1.19 44 54 

94 4-30-66 50 .450 10 .450 35.98 140 .07 - .03 - 21 28 

95 6-18-40 435 2.50 15 2.13 28.40 110.5 .14 .69 .07 1.19 459 465 


95 6-28-40 396 1.89 14 1.60 28.40 110.5 .13 .84 .07 1.19 345 355 

95 9-23-45a 938 1.52 29 1. 27 28.60 111.3 .26 1.00 .17 1.19 663 668 

95 6-12-57 897 2.28 22 2.19 28.40 110.5 .20 .18 .12 1.04 708 708 


95 8-22-60 1065 2.58 27 2.22 28.40 110.5 .24 .51 .15 1.17 1009 1034 

95 4-25-61 1182 1.71 32 1.44 28.40 110.5 .29 1.00 .20 1.19 888 953 

95 4-24-66 62 .495 18 .417 31.30 121.8 .15 1.00 .08 1.19 103 105 


I95 4-30-66 65 .447 10 .447 31.07 120.9 .08 - .04 - 46 57 
97 6-18-40 776 2.21 14 1.90 58.00 226 .06 .54 .03 1.18 310 333 1597 6-28-40 536 2.13 20 1.80 58.00 226 .09 .82 .04 1.19 396 410 I 

97 6-4-41 1256 1.23 40 1.06 58.28 227 .18 .50 .10 1.17 570 570 

97 7-11-46 2531 1.55 21 1.44 58.16 226 .09 .29 .04 1.09 288 315 

97 6-12-57 1663 2.19 20 2.10 58.00 226 .09 .20 .04 1.05 407 407 

97 8-22-60 970 2.00 27 1.71 58.00 226 .12 .53 .06 1.17 554 554 
97 4-25-61 1201 1.31 61 1.10 58.26 227 .27 1.00 .18 1.19 1088 1088 

196 6-18-40 26 .892 14 .750 10.04 39.1 .36 1.00 .26 1.19 71 71 

196 6-28-40a 42 2.04 9 1. 75 8.20 31.9 .28 .53 .19 1.17 119 122 
196 4-25-61 339 2-26 39 1.92 8.10 31.5 1.24 .70 .93 1.19 649 667 
196 5-13-64 156 1.25 19 1.07 8.90 34.6 .55 .55 .46 1.18 177 177 

196 3-12-67 4.6 1.34 10 1.13 8.11 31.5 .32 1.00 .23 1.19 94 94
196 3-17-67 9.6 .472 27 .450 11.94 46.4 .58 .22 .49 1.06 71 71 
196 5-7-67 16 1.03 18 .870 9.54 37.1 .49 .96 .40 1.19 126 126 

OXFORD, H..LS1:HS1HPPI 

WTSD 
Date of 

Event 

OBS 
Q 
(C~S) 

q'
(In/Hr) 

CALC 
D2 

(Min) 
qs 

(Min) 
TCH 

(Min) 
T50 

(Min) D/T50 TpR/D Cp Ct 

CALC 
Q 

(ctS) 

CALC Qp 
+ Base 
Flow(CFS) 

4 
4 
4 

4 
4 
4 

5 
5 
5 

5 
5 
5 

10 
10 
10 
10 
10 
10 

12 
12 
12 

12 
12 
12 

12 
28 
28 

28 
28 
28 

4-3-58 
8-29-63 
3-4-64 

3-3-66 
5-24-66 
5-31-67 

4-3-58 
6-10-59 
6-11-59 

9-4-62 
3-4-64 
5-31-67 

5-22-59 
8-31-61 
9-4-62 
8-29-63 
3-4-64a 
5-31-67 

11-13-57a 
4-3-58 
3-2-60 

8-1-61 
8-29-63 
3-4-64 

5-31-67 
6-30-57 
6-30-57 

9-9-59 
11-15-61 
9-4-62 

293 
568 

1662 

146 
532 
249 

350 
692 
569 

208 
1355 

432 

525 
2415 

730 
1960 
1070 

906 

4180 
1920 
2274 

1134 
3631 
5413 

1702 
145 
145 

611 
159 
109 

.644 

.713 

.920 

.346 

.264 

.691 

1.24 
1.03 
2.20 

.979 
1.42 

.714 

.360 

.662 

.244 

.421 

.428 

.312 

.493 

.855 

.277 

.252 

.467 

.563 

.280 

.700 

.700 

.935 

.268 

.208 

28 
46 

123 

40 
15 
35 

29 
48 
27 

18 
107 

40 

15 
70 
54 

109 
40 
51 

26 
10 

143 

30 
63 
91 

30 
15 
15 

49 
30 
39 

.560 

.599 

.780 

.295 

.334 

.287 

1.05 
.88 

1.87 

.840 
1.12 

.691 

.360 

.570 

.205 

.360 

.372 

.267 

.415 

.723 

.235 

.145 

.410 

.475 

.280 

.700 

.700 

.800 

.268 

.175 

29.14 
28.48 
26.03 

36.91 
40.47 
28.82 

20.92 
22.21 
17.20 

22.56 
20.46 
24.11 

37.72 
32.26 
43.05 
37.72 
37.30 
41. 75 

57.13 
54.37 
62.46 

64.49 
57.20 
56.30 

62.30 
25.03 
25.03 

23.92 
34.69 
35.77 

64.4 
62.9 
57.5 

81.6 
89.4 
63.7 

46.2 
49.1 
38.0 

49.9 
45.2 
53.3 

83.4 
71.3 
95.1 
83.4 
82.4 
92.3 

126 
120 
138 

143 
126 
124 

138 
55.3 
55.3 

52.9 
76.7 
79.1 

.43 

.73 
2.14 

.49 

.17 

.55 

.63 

.98 

.71 

.36 
2.37 

.75 

.18 

.98 

.57 
1.31 

.49 

.55 

.21 

.08 
1.04 

.21 

.50 

.73 

.22 

.27 

.27 

.93 

.39 

.49 

.91 
1.00 

.83 

.333 
1.00 
1.00 

.85 

.70 

.74 

.56 

.89 

.30 

-
.51 

1.00 
.63 
.48 
.61 

1.00 
.83 
.742 

.576 

.46 

.89 

-
-

.61 
-

1.00 

.34 

.64 

.99 

.39 

.10 

.46 

.55 

.81 

.62 

.26 

.99 

.66 

.10 

.81 

.48 

.95 

.40 

.46 

.13 

.04 

.85 

.13 

.41 

.64 

.14 

.18 

.18 

.78 

.29 

.40 

1.19 
1.19 
1.19 

1.11 
1.19 
1.19 

1.19 
1.19 
1.19 

1.18 
1.19 
1.09 

-
1.17 
1.19 
1.18 
1.17 
1.18 

1.19 
1.19 
1.19 

1.18 
1.16 
1.19 

-

1.18 

1.19 

457 
920 

1853 

258 
80 

317 

783 
966 

1568 

294 
1503 

566 

201 
3012 
653 

2250 
967 
808 

1346 
722 

4985 

467 
4090 
7587 

822 
137 
137 

801 
85 
91 

457 
920 

1853 

258 
80 

317 

783 
966 

1568 

294 
1503 

566 

201 
3012 
653 

2250 
1045 

808 

1346 
722 

4985 

467 
4090 
7901 

852 
137 
137 

801 
85 
91 
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WTSD 

28 

28 

32 


32 

32 

32 


32 

32 

32 


32 

35 

35 


35 

35 

35 


35 

35 

35 


Date of 

Event 


8-29-63 
5-24-66 
11-18-57 

5-22-59 
8-31-61 
9-4-62 

8-29-63 
3-4-64 
5-24-66 

5-31-67 
11-18-57 
5-22-59 

3-2-60 
8-31-61 
9-4-62 

8-29-63 
5-24-66 
5-31-67 

aBS 
Q 
(C~S) 

154 

23 


5699 


1799 

4336 

2120 


3821 

4640 

5900 


2850 

1770 

1300 


1774 

260 

837 


258 

1511 

1588 


q'
(In/Hr) 

.624 


.155 


.801 


.700 


.560 


.410 


.520 


.495 


.992 


.400 

1.23 
1.82 

.673 


.240 


.620 


.202 


.725 


.722 


CALC 
D2 

(Min) 

22 

15 

81 


30 

45 

34 


45 

100 


64 


53 

46 

10 


126 

15 

15 


15 

49 

46 


-qa 
(Min) 

.624 


.155 


.680 


.700 


.560 


.345 


.520 


.417 


.850 


.343 

1.05 
1.82 

.57 


.240 


.620 


.100 


.620 


.620 


TCH 
(Min) 

26.03 
39.53 
69.89 

69.38 
74.07 
87.33 

75.96 
81.88 
66.14 

87.50 
37.20 
30.81 

45.72 
61.34 
44.43 

65.05 
44.43 
44.43 

T50 
(Min) 

57.5 
87.4 


154 


153 

164 

193 


168 

181 

146 


193 

82.2 
68.1 

101.0 
135.6 
98.2 

143.8 
98.2 
98.2 

D!T50 

.38 


.17 


.53 


.20 


.27 


.18 


.27 


.55 


.44 


.27 


.56 


.15 


1.25 

.11 

.15 


.10 


.50 


.47 


TPR/D 

-
-

.74 


-
-

1.00 

.92 


.59 


.57 


.65 


.80 


.61 


.65 


Cn 

.28 


.10 


.44 


.12 


.18 


.10 


.18 


.46 


.35 


.18 


.47 


.08 


.93 


.06 


.08 


.05 


.41 


.38 


CALC 
Q 

Ct (C~S)I 

- 190 

- 325 

1.19 	 7180 


- 1693 
- 2033 

1.19 	 828 


1888 

1.19 	 4603 

1.18 	 7079 


1.18 	 1469 

1.19 	 4449 


1108 


1.19 	 4802 

110 

377 


38 

1.18 	 2284 

1.19 	 2134 


CALC Qp
+ Base 
Flow(CFS) 

190 

325 


7180 


1693 

2033 

828 


1888 

4875 

7079 


1469 

4449 

1108 


4802 

110 

377 


38 

2284 

2134 
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