
Analysis of Runoff from Small 
Drainage Basins in Wyoming

GEOLOGICAL SURVEY WATER-SUPPLY PAPER 2056

Prepared In cooperation with the Wyoming 
Highway Department and the U.S. Department 
of Transportation, Federal Highway 
Administration



Analysis of Runoff from Small 
Drainage Basins in Wyoming

By GORDON S. CRAIG, JR., and JAMES G. RANKL 

GEOLOGICAL SURVEY WATER-SUPPLY PAPER 2056

Prepared in cooperation with the Wyoming 
Highway Department and the U.S. Department 
of Transportation, Federal Highway 
Administration

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1978



UNITED STATES DEPARTMENT OF THE INTERIOR 

CECIL D. ANDRUS, Secretary

GEOLOGICAL SURVEY 

H. William Menard, Director

Library of Congress Catalog-card Number 78-600090

For sale by the Superintendent of Documents, U. S. Government Printing OfEce 
Washington, D. C. 20402

Stock Number 024-001-03106-0



CONTENTS

Page

Symbols_________________________________________ V
Abstract_________________________________________ 1
Introduction ________________________________________ 1

Purpose and scope _______ ____________________________ 1 
Limitations of study _______________________________ 5
Acknowledgments ________________________________________ 5
Use of metric units of measurement ________________________ 6

Data collection ____________________________________ 6
Description of area __________________________________ 6
Instrumentation __________________________________ 7
Types of records _________________________________________ 7

Station frequency analysis _________________________________ 9
Runoff volume ____ _ ___ ___________________________ 9
Rainfall-runoff model---____________________________ 9

Modification of model applied to Wyoming _ ___________ _ _____ 10
Use of the model ___________________________________ 13

Transfer of long-term rainfall data _________________________ 16
Transfer of long-term evaporation data ___________________ 21

Regional frequency analysis ____________________________ 22
Basin characteristics ________ ___ _____________ ________ 24
Regression analysis ______________________________ 26

Relation of peak discharge to runoff volume ______________________ 45
Other runoff parameters ______________________________ 48
Comparison of results ___ ___________________________ 48

Mean dimensionless hydrograph _ _________________ ___ _______ 49
Composite mean dimensionless hydrograph __________________ 50
Description of the method-________________________      51
Selected comparisons _____ ___ ___ _ _______________ ___ 53

Ponding behind highway embankments _ _ ___________ _____________ _ 55
Embankment storage _______ ___ __ _ _____ _______________ 55
Method of analysis __________________________________ 57

Application of results.._________________________________ 65
Limitations ________________________________________ 66
Summary and conclusions ________________________________ 68
Selected references __________________________________ 69

III



IV CONTENTS

ILLUSTRATIONS

Page

FIGURE 1. Index map of Wyoming showing locations of 49 small basins studied 4 
2. Example of graphical record from a stage-rainfall recording instrument 8 

3-5. Graphs showing:
3. Relation which determines rainfall excess as a function of 

maximum-infiltration capacity and supply rate of rainfall _ _ 11
4. Relation of rate of decay of CK to time ______________ 12
5. Variations in the relation which determines rainfall excess as a 

function of maximum-infiltration capacityand the supply rate of 
rainfall ______________________________ 14

6. Map of Wyoming showing the locations of Weather Bureau stations 
used in the comparison of seasonal precipitation to annual 
precipitation _____________________________ 20

7. Graph showing relation of seasonal evaporation to seasonal precipita­ 
tion for 15 years of selected records ____________ ______ _ 23 

8-13. Graphs showing relation of flood peaks to basin characteristics:
8. Relation of 2-year flood peak ___ ______ ____ ____ _ 33
9. Relation of 5-year flood peak _____________________ 34

10. Relation of 10-year flood peak __________________ 35
11. Relation of 25-year flood peak ___________________ 36
12. Relation of 50-year flood peak ____________________ 37
13. Relation of 100-year flood peak ____________________ 38 

14-19. Graphs showing relation of flood volumes to basin characteristics:
14. Relation of 2-year flood volume ___________________ 39
15. Relation of 5-year flood volume _________                 40
16. Relation of 10-year flood volume ____________________ 41
17. Relation of 25-year flood volume __________________ 42
18. Relation of 50-year flood volume _____     ______        _ 43
19. Relation of 100-year flood volume _____________________ 44

20. Graph showing relation of runoff volume to peak discharge _____ 46
21. Composite mean dimensionless hydrograph _____________   51

22-24. Observed and synthetic hydrographs for:
22. Pritchard Draw near Lance Creek, Wyo_______________ 54
23. Areas in Wyoming _______________________-____ 55
24. Runoff occurrences in Arizona and New Mexico ___________ 56

25. Schematic representation of wedge-shaped ponding area with box- 
culvert relief _______________________________ 57

26. Culvert discharge rating curves for the culvert sizes investigated __ 60 
27-29. Comparison of a natural double-peak runoff hydrograph to a synthe­ 

sized single-peak hydrograph of the same magnitude and volume 
when routed through the ponding area and a 4 x 4-foot culvert:

27. Low-head flow condition, peak of June 22, 1967 __________ 61
28. High-head flow condition, peak of July 25,1965 __________ 62
29. High-head flow condition, peak of June 14, 1967 __________ 63

30. A comparison of single-peak hydrographs of equal magnitude but dif­ 
ferent volumes routed through the ponding area and a 4 x 4-foot 
culvert _________________________________ 64

31. Computations and resultant hydrograph for Hay Draw near Midwest, 
Wyo ______________________________________________ 67



CONTENTS 

TABLES

TABLE 1. Comparison of approximate standard error of estimate of the volume
objective function as determined from the two models ______ _ 10

2. Optimized values of parameters f, g, and C for four calibrated drainage 
basins __________________________ _  _  12

3. Final modeling parameters used in long-term synthesis of runoff 
volumes __________________________________ 15

4. Modeling parameters used in long-term synthesis of peak discharge 16
5. Volume frequencies for the 22 modeled basins __             17
6. Peak frequencies for the 22 modeled basins __________-_____ 18
7. Ratios used for transferring long-term rainfall data __ _  _  19
8. National Weather Service stations with evaporation data used in this 

study_____________________________________22
9. Characteristics of 22 basins _______________ _  -  25

10. Mathematical model and applicable coefficients for use in determining 
a design discharge or volume______________ _  -  27

11. Results of flood-volume regression analysis _____ _  ____28
12. Results of flood-peak regression analysis ___________ _-_ 30
13. Results of two-variable regression on peak discharge and runoff volume 47
14. Determination of time, t, and corresponding discharge, q, for points on 

the synthetic hydrograph for Pritchard Draw near Lance Creek, 
Wyoming ____________________________ _-- 53

15. Results of routing single-peak synthetic hydrographs through the var­ 
ious reservoir and culvert sizes_________             59

SYMBOLS

A Drainage area, square miles.
a Constant of regression.
61 Drainage area coefficient.
bi Basin slope coefficient.
ba Maximum basin relief coefficient.
bt Channel slope coefficient.
C Empirical value which determines rate of decay between g and f.
CK Exponent dependent on the day of the year.
f Minimum value ofCK.
FR Infiltration capacity for a unit time.
g Maximum value of CK.
IWW Number of days in year.
MDH Mean dimensionless hydrograph.
N or n Frequency of an event.
q Point discharge in cubic feet per second used in MDH.
q' Flow units.
Q Peak discharge in cubic feet per second.
Q' Discharge constant.
0 Peak discharge, estimated from equations using basin characteristics.



VI CONTENTS

0 Peak discharge, computed from equation 9 using a specific volume frequency.
Qn Peak discharge of specific frequency; n = 2, 5, 10, 25, 50, or 100.
QR Rate of runoff generated from excess precipitation.
Rm Maximum basin relief, feet.
Sg Basin slope, feet per mile.
S10/85 Channel slope, feet per mile.
SR Supply rate of rainfall for infiltration.
t Time in minutes.
t' Time in units.
T Day of the year.
T' Time constant.
V Volume of runoff in acre-feet
V Volume constant.
Vn Volume of runoff of specific frequency; n = 2, 5, 10, 25, 50, or 100.
W Number of days from beginning of record.
X Seasonal precipitation.
Y Seasonal evaporation.



ANALYSIS OF RUNOFF FROM 
SMALL DRAINAGE BASINS IN WYOMING

By GORDON S. CRAIG, JR., and JAMES G. RANKL

ABSTRACT

A flood-hydrograph study has denned the magnitude and frequency of flood volumes 
and flood peaks that can be expected from drainage basins smaller than 11 square miles 
in the plains and valley areas of Wyoming. Rainfall and runoff data, collected for 9 
years on a seasonal basis (April through September), were used to calibrate a rainfall- 
runoff model on each of 22 small basins. Long-term records of runoff volume and peak 
discharge were synthesized for these 22 basins.

Flood volumes and flood peaks of specific recurrence intervals (2, 5, 10, 25, 50, and 
100 years) were then related to basin characteristics with a high degree of correlation. 
Flood volumes were related to drainage area, maximum relief, and basin slope. Flood 
peaks were related to drainage area, maximum relief, basin slope, and channel slope.

An investigation of ponding behind a highway embankment, with available storage 
capacity and with a culvert to allow outflow, has shown that the single fast-rising peak 
is most important in culvert design. Consequently, a dimensionless hydrograph defines 
the characteristic shape of flood hydrographs to be expected from small drainage basins 
in Wyoming. For design purposes, a peak and volume can be estimated from basin 
characteristics and used with the dimensionless hydrograph to produce a synthetic 
single-peak hydrograph. Incremental discharges of the hydrograph can be routed along 
a channel, where a highway fill and culvert are to be placed, to help determine the most 
economical size of culvert if embankment storage is to be considered.

INTRODUCTION

PURPOSE AND SCOPE

Streamflow data have been collected for many years on large per­ 
ennial streams in Wyoming and other western states, thus providing 
information for road and bridge designers. However, very little in­ 
formation is available on small ephemeral streams. Because there are 
more small drainages, than large streams to deal with in most road
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construction projects, they are a major concern to the designer. In 
1964 the U.S. Geological Survey, in cooperation with the Wyoming 
State Highway Department and the Federal Highway Administra­ 
tion, initiated a study of flood hydrographs in Wyoming. The purpose 
was to investigate runoff from small drainage basins, less than 11 
square miles, and to develop methods that would be helpful in the 
design of hydraulic stuctures.

Previous reports concerning the estimation of flow characteristics 
for Wyoming streams include statewide reports by Carter and Green 
(1963), Wahl (1970), and Druse and Wahl (written commun., 1972). In 
addition, a series of published reports that cover entire river basins, 
parts of which are in Wyoming, include: Thomas, Broom, and Cum- 
mans (1963), Snake River Basin; Patterson (1966) and Matthai (1968), 
Missouri River Basin; Patterson and Somers (1966), Colorado River 
Basin; and Butler, Reid, and Berwick (1966), the Great Basin. These 
reports are concerned only with the frequencies of flood peaks and are 
not applicable for use on very small drainage basins. Lowham (1976) 
has prepared a statewide report on flood-peak frequencies that super­ 
sedes the above-mentioned reports. There are no known studies or 
reports about total storm runoff volumes on ephemeral streams, as 
presented in this report, that are applicable to streams in Wyoming.

This report provides methods to estimate runoff-volume and flood- 
peak frequencies for small drainage basins in Wyoming. The area of 
investigation was confined to the large valleys and plains, where 
most roads are built and where very little streamflow information is 
available. The study was made on a seasonal basis (April 1 to Sep­ 
tember 30), because this is the period of thunderstorm activity and 
high-intensity rainfall, which cause the high-runoff events. Snow- 
melt runoff is usually not significant on small drainage basins at 
lower elevations although exceptions occasionally are possible.

A total of 49 drainage basins were instrumented for this study (fig. 
1); 14 of these basins were omitted from the analyses because of in­ 
sufficient data. During the 9-year period of record, the number of hy­ 
drographs recorded on any one basin ranged from none to as many as 
30. Three hydrographs from each of 35 basins were used in the peak 
discharge-runoff volume study. Seven or more hydrographs from each 
of 28 basins were used in the study of dimensionless hydrographs. 
Twelve or more hydrographs, with associated rainfall from each of 22 
basins, were used in the calibration of the rainfall-runoff model. The 
following is a list of the 49 study basins in Wyoming:
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Basin 
No. Basin name

1 Monument Draw at upper station, 
near Hudson. 1

2 Monument Draw at lower station, 
near Hudson.

3 Coal Mine Draw tributary near 
Hudson.2

4 West Fork Dry Cheyenne Creek at 
upper station near Riverton.

5 West Fork Dry Cheyenne Creek tri­ 
butary near Riverton.

6 West Fork Dry Cheyenne Creek 
near Riverton. 1

7 Dead Man Gulch tributary near Ly- 
site.2

8 Dead Man Gulch near Lysite.2
9 Badwater Creek tributary near Ly­ 

site.
10 Gillies Draw tributary near Grass 

Creek
11 Murphy Draw near Grass Creek.
12 North Prong East Fork Nowater 

Creek near Worland
13 North Prong East Fork Nowater 

Creek tributary near Worland
14 Nowood River tributary No. 2 near 

Basin.
15 Dead Horse Creek tributary near 

Midwest.
16 Dead Horse Creek tributary No. 2 

near Midwest.
17 Bobcat Creek near Edgerton.2
18 Coopers Draw near Edgerton.2
19 Seven L Creek near Edgerton.2
20 East Teapot Creek near Edgerton.
21 Dugout Creek tributary near Mid­ 

west.
22 Headgate Draw at upper station, 

near Buffalo.
23 Headgate Draw at lower station, 

near Buffalo. 1
24 Powder River tributary near Buf­ 

falo2

'Not used in analyses insufficient data. 
2Basins not modeled limited data. Used in some 

analyses.

Basin 
No. Basin name

25 Box Draw tributary near Gillette.2
26 Rawhide Creek tributary near Gil­ 

lette. 1
27 Lance Creek tributary near Lance 

Creek.2
28 Pritchard Draw near Lance Creek.
29 Ogden Creek near Sundance. 1
30 Sundance Creek tributary at Sun- 

dance. 1
31 Third Sand Creek tributary near 

Medicine Bow.2
32 Third Sand Creek near Medicine 

Bow.
33 Medicine Bow River tributary near 

Hanna.
34 Willow Springs Draw tributary near 

Hanna.
35 McKenzie Draw tributary near 

Casper.
36 Frank Draw tributary near Orpha.
37 Sage Creek tributary near Orpha.
38 Deadmans Gulch near Guernsey. 1
39 Fish Canyon near Guernsey.2
40 Black Canyon near Guernsey. 1
41 Sparks Canyon near Hartville.2
42 Piney Creek tributary at upper sta­ 

tion, near Wheatland. 1
43 Piney Creek tributary at lower sta­ 

tion, near Wheatland. 1
44 Rabbit Creek near Wheatland.2
45 Telephone Canyon near Green 

River. 1
46 Telephone Canyon tributary near 

Green River. 1
47 Mud Spring Hollow tributary near 

Lyman. 1
48 Mud Spring Hollow near Church 

Butte, near Lyman.
49 Twin Creek tributary near Sage. 1
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FIGURE 1. Locations and numbers of 49 small basins studied.

The objectives of this study were to:
1. Define the magnitude and frequency of flood volumes to be 

expected from small drainage areas in Wyoming.
2. Define the characteristic shape of flood hydrographs in rela­ 

tion to the physical characteristics of the basin.
3. Develop a rational method of accounting for the effect of em­ 

bankment storage (ponding behind highway embank­ 
ments) which will be useful in culvert design.

The general procedure for this study to attain the above objectives 
was based on the following assumptions:

1. The time allotted to data collection (10 years) would be suffi­ 
cient to determine the frequency of volumes of runoff events.

2. The characteristic shape of runoff hydrograph could best be 
described by a dimensionless hydrograph for each basin and 
possibly by a single dimensionless hydrograph for the entire 
study area.

3. The type of dimensionless hydrograph that uses values of 
peak discharge and runoff volume for simulating hydro- 
graphs would be usable with the volume-frequency rela­ 
tions.
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4. There should be a relationship between peak discharge and 
runoff volume to provide a method of determining one from 
the other.

5. Embankment storage could best be studied by routing dis­ 
charge hydrographs of various shapes through a hypotheti­ 
cal ponding area with a simple culvert opening for relief. 

The general procedure indicated above was not considered at the 
beginning of the study but evolved as the study progressed. At times 
new concepts or changes in old concepts forced a change in procedure. 

This report summarizes the project activities in chronological se­ 
quence. The first sections describe procedures of data collection and 
techniques of frequency analysis on available records. Subsequent 
sections define techniques of estimating floodflow characteristics as 
follows:

1. Relations for estimating flood peaks and flood volumes of 
specified frequency at ungaged sites.

2. Relations for estimating flood volumes where flood peaks are 
known from other information, or for estimating flood peaks 
from known volumes.

3. The average flood hydrograph to be expected from given vol­ 
ume and peak information.

These sections are followed by descriptions of the effects of storage 
behind highway embankments and techniques for using this storage 
in culvert design.

LIMITATIONS OF STUDY

The following limiting conditions were used in the study. It is rec­ 
ommended that methods and procedures described in this report not 
be used beyond these limits.

1. The size of drainage areas studied ranged from 0.69 square 
miles to 10.8 square miles.

2. The area of investigation was confined to the plains and 
large-valley areas of Wyoming.

3. The study was made on a seasonal basis (April through Sep­ 
tember) to investigate runoff from rainfall. Runoff from 
snowmelt, generally not significant, was not studied.

4. Some selectivity was used in determining hydrographs to use 
in developing the mean dimensionless hydrographs to avoid 
multipeak events or unusually shaped hydrographs.

5. The investigation of flow through culverts was restricted to 
simple box culverts with inlet control.
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USE OF METRIC UNITS OF MEASUREMENT

The computations and compilations in this report were made with 
English units of measurements. The equivalent metric units are 
given in the text and illustrations where appropriate. English units 
only are shown in tables where, because of limited space, the showing 
of both English and metric units would not be feasible. To convert 
English units to metric units, the following conversion factors should 
be used:

English Multiply by Metric 
Depth or diameter in inches (in) _____ 2.540 centimeters (cm) 
Length in feet (ft) ______________ .305 meters (m) 
Length in miles (mi) ___________ 1.609 kilometers (km) 
Area in square miles (mi2)________ 2.590 square kilometers (km2) 
Volume in acre-feet (acre-ft) _______ 1233. cubic meters (m3 )

1.233 x 10 3 cubic hectometers (hm3) 
Discharge in cubic feet ______________

per second (ft3/s) _____________ .0283 cubic meters per second
(m3s)

DATA COLLECTION 

DESCRIPTION OF AREA

The State of Wyoming is large and rectangular and has variable 
topography. Several mountain ranges, part of the northern Rocky 
Mountains, are quite prominent within the State. The greater part 
of Wyoming consists of large intermontane valleys and high plains. 
An unusual feature of Wyoming is that major rivers flow out of the 
State in all four directions. Most precipitation occurs in the 
mountains, mainly as snow in the fall, winter, and spring. The ac­ 
cumulated snow or snowpack is the main source of streamflow for 
the major rivers. The intermontane valleys and high plains usually 
receive less than 16 inches of precipitation each year; many areas 
receive less than 10 inches. Although some of the precipitation in 
these areas is snow, the greater part is rain from thunderstorms, 
which are quite variable in intensity and frequency, during summer. 
Aside from the major rivers and a few smaller ones originating in
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the mountains, practically all other streams are ephemeral or in­ 
termittent.

The areas of investigation are the larger intermontane valleys 
and the high plains. Areas not included in the study are Yellowstone 
and Grand Teton National Parks, the Great Divide Basin, all 
mountain ranges, and much of eastern Wyoming where many stock 
ponds affect natural runoff. The study basins are in remote areas, 
invariably on land used for cattle and (or) sheep grazing. Ground 
cover is mainly sagebrush, grass, and cactus, with some low brush 
thickets and few, if any, trees. Watercourses in the area are grassy 
swales, erosion gullies and alluvial channels.

Although relief does not vary greatly in most of the basins 
studied, a few have sharp increases in relief near their perimeters 
where erosion gullies are quite prominent. The generally open expo­ 
sure of the basins to sun and wind result in rapid drying and high 
evaporation of soil moisture in the basins.

INSTRUMENTATION

Instrumentation and data collection on 49 small drainage basins 
(fig. 1) was begun in 1965. An inexpensive recorder that would col­ 
lect rainfall and graphically record both rainfall and stage was in­ 
stalled on the bank of each runoff channel at the basin outlet. A 
similar instrument, modified to collect and record only rainfall, was 
installed near the upper end of each basin, except when two or three 
adjacent basins were selected as a cluster; then only one common 
rainfall-recording instrument was installed. Plastic wedge-shaped 
storage gages were placed on basin divides to supplement the rain 
gaging network, but because interpretation of individual storms was 
difficult, they were not very helpful.

TYPES OF RECORDS

The stage-rainfall instrument graphically recorded on a circular 
chart the runoff hydrograph, originating at zero and eventually re­ 
turning to zero. The graph of the rainfall rose continuously, circling 
continuously after each rainfall, but not returning to zero until the 
reservoir was drained during a field inspection when the chart was 
changed. With the two styluses opposite each other, the rainfall for a 
runoff occurrence would be fairly obvious on the chart (fig. 2). The 
recording rain gage at the upper end of the basin graphically rec­ 
orded the rainfall for each event, which required correlation with 
runoff. Rainfall at the recording rain gage requires some interpreta­ 
tion because it can occur earlier or later than at the runoff gaging 
point. It also can occur in greater or lesser amounts or intensity
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than at the runoff gaging point. For many thunderstorms, rainfall 
recordings of two gages were averaged and assumed to represent 
uniform rainfall on the basin.

Stage

frZ

12 ' Precipitation 

EXPLANATION

Peak of Sept. 2, 1973 
Stage = 7.03 ft 
Peak discharge = 970 ft 3/s 
Volume = 65.53 acre-ft 
Precipitation = 2.44 in

FIGURE 2. Example of graphical record from a stage-rainfall recording instrument. 
Scale of runoff record: 1 ft = 2 spaces; scale of precipitation record: 1 in = 4 spaces.
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Stage-discharge relations were developed by current-meter mea­ 
surements of low flows when possible, by indirect measurements of 
peak flows, and by step-backwater analyses through a range of 
flows. The remote stations were inaccessible during high flows and 
had no facilities to allow for direct current-meter measurements of 
peak flows. Discharge hydrographs were obtained by applying the 
stage-discharge relations to values of stage picked from the charts at 
5-minute increments.

STATION FREQUENCY ANALYSIS 

RUNOFF VOLUME

One objective of this study was to define the magnitude and fre­ 
quency of flood volumes to be expected from small drainage basins in 
Wyoming. Data collected for small basins in Wyoming indicated 
considerable variation in runoff volume from like amounts of point 
rainfall data, even for the same basin. One problem is that while 
point rainfall data are projected as uniform rainfall over a basin, in 
many cases rainfall distribution is not uniform. The assumption of 
uniform rainfall is considered reasonable because point data can be 
too high as well as too low and over a period of time it is expected to 
average out. Usually, the greater volumes occur from the larger 
total rainfalls, permitting the assumption that the annual 
maximum runoff volume does result from the annual maximum 
rainfall occurrence. This is not always correct, however, because 
other conditions change sufficiently to increase or decrease the 
runoff volume from a particular rainfall. A procedure for ap­ 
proximating changes in conditions within a drainage basin and es­ 
timating runoff volume or peak discharge from rainfall has been de­ 
veloped and is used in the digital models described in this report.

RAINFALL-RUNOFF MODEL

Rainfall-runoff modeling has been used to synthesize long-term 
runoff records from long-term rainfall records. The long-term rain­ 
fall records are available from National Weather Service stations 
throughout the United States. Short-term rainfall and runoff data, 
collected simultaneously on small drainage basins, are used to cali­ 
brate the model. Each basin is calibrated separately. Once calib­ 
rated, the model utilizes the long-term rainfall record to generate a 
synthetic long-term runoff record, equivalent in time.

A model developed by D. W. Dawdy, R. W. Lichty, and J. M. 
Bergmann (1972) was adapted for use in this study. This parametric 
model originally used seven parameters to simulate physical condi­ 
tions in a drainage basin in the process of estimating rainfall excess.
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Four parameters were used to account for antecedent moisture con­ 
ditions and three were used to determine infiltration. For this study, 
three additional parameters were incorporated into the model to ac­ 
count for a variation in infiltration with time. This modification, de­ 
scribed in the next section, considers a change in soil conditions as a 
seasonal variation to reduce infiltration, and is applicable in a 
semiarid region. The interpretation was based on visual observation 
of a consistent change in soil appearance through each field season 
and the consideration of many high-runoff events that occurred in 
late summer.

MODIFICATION OF MODEL APPLIED TO WYOMING

Since the first attempt at basin-model calibration in March 1971, 
many attempts were made to change the model to improve the 
results. Converting the probability distribution of infiltration in the 
rainfall-runoff relation to a nonlinear relation and adding time- 
distribution equations were the only changes to show a modeling 
improvement. The results of testing the two models for four small 
drainage basins in Wyoming are given in table 1.

TABLE 1. Comparison of approximate standard error of estimate (in percent) of the 
volume objective function as determined from the two models

Model

Modified _ .

North Prong 
East Fork 

Nowater Creek

___ ___ 65
_____________ 68

East Teapot 
Creek

25
32

Pritchard 
Draw

59
84

Dugout Creek 
tributary

30
44

The rainfall-runoff model simulates runoff from rainfall for small 
drainage basins. A basic assumption is that rainfall occurs uni­ 
formly over a drainage basin. When rain falls on a soil, it either 
infiltrates, goes into detention storage, or becomes surface runoff. 
Infiltration occurs throughout a basin at varying rates; however, 
Dawdy, Lichty, and Bergmann (1972) used a method first presented 
by Crawford and Linsley (1966, p. 210) to convert point potential 
infiltration to net infiltration over a basin, with net infiltration 
being the average throughout the basin. The relations used consider 
SR, the supply rate of rainfall for infiltration, and QR, the rate of 
runoff generated from excess precipitation that does not infiltrate; 
the equations are:

QR = for dry conditions SR<FR (la) 
2JrR

QR =SR - Y~ for wet conditions SR>FR (Ib)



STATION FREQUENCY ANALYSIS 11

0 25 50 75 100
PERCENTAGE OF AREA WITH INFILTRATION CAPACITY

EQUAL TO OR LESS THAN INDICATED VALUE

FIGURE 3. Relation which determines rainfall excess (QR) as a function of maximum 
infiltration capacity (Fft) and supply rate of rainfall (SR). (From Dawdy and others, 
1972, p. B7.)

where FR is the infiltration capacity for a unit time. The schematic 
representation of the relations is shown in figure 3.

Although a straight-line relation is implied, this is not necessarily 
true. It is more likely that such a relation is nonlinear in both dis­ 
tribution and time.

Calibrations of several small drainage basins in Wyoming were 
improved in simulation when nonlinear relations were used. The 
nonlinear effect is suggested because of a change in soil conditions 
through the period of investigation, May 1 to September 30. The 
fluffy soil of May is gradually compacted by rainfall intensity to a 
hard surface by late summer. The surface is further hardened by 
drying. If comprehensive data on rainfall were available, the com­ 
paction could be computed. Because these data are not available, a 
suggested approach to the problem is to use time as a variable and 
to develop relations of QR to SR, for given FR, for conditions 
modeled by equations la and Ib.

SR CK
for dry conditions SR<FR (2a)CK-lCK(FR) 

QR = SR-(CK-1) FR 
CK

for wet conditions SR>FR

and the exponent CK would be determined by:
CK = f+(g-f)e-TIC 

which is a time-decay equation with:

(2b)

(3)
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CK = Exponent dependent on the day of the year 
T = The day of the year 
f = Minimum value of CK 
g = Maximum value ofCK
C = Empirical value which determines rate of decay between g 

and/".

In the rainfall-runoff model, values of f, g, and C are entered as 
parameters, and final values are determined through an optimiza­ 
tion procedure. The resulting values for four calibrated basins are 
shown in table 2.

A schematic representation of the decrease in infiltration capacity 
for the time period is shown in figure 4.

TABLE 2. Optimized values of parameters f, g, and C for four calibrated drainage 
basins. These values are used to determine CK

North Prong 
Parameter East Fork 

Nowater Creek

f   ____ _ __ 1.41
g ____ __ ______ 1.91
C 26.4

East Teapot 
Creek

1.62
1.63

24.8

Pritchard 
Draw

1.34
1.91

16.5

Dugout Creek 
tributary

1.30
1.83

17.6

g - maximum value of CK 
f - minmum value of CK

17 78 

T (DAY OF YEAR)

FIGURE 4. Relation of rate of decay of CK to time.
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The computation of T (day of the year) is from the FORTRAN 
statement:

T = W-(W/IWW)*IWW-45 (4)

where
W = Number of days from beginning of record 

IWW = Number of days in year

All variables should be declared integers.
The study of small drainage basins in Wyoming started April 1, 

1965, used as day 1. Because the study was primarily of runoff from 
thunderstorms and these occur from late May to September, storms 
prior to May 15 invariably are associated with snow and were not 
used. For this reason, equation 4 subtracts the 45 days from April 1 
to May 15. In figure 4, May 15 is shown as the starting time of 0, 
June 1 becomes day 17, and August 1 becomes day 78.

It should be emphasized that equation 4 is a FORTRAN statement 
and must be computed sequentially. The term in parentheses (W/ 
IWW) is computed first and must result in an integer (decimals less 
than 1 become 0 and decimal parts of a number are dropped). The 
asterisk denotes multiplication which is computed second, then sub­ 
tracted as indicated. A sample computation for June 1, 1965 would 
be:

W = 62 days (April 1,1965 to June 1,1965) 
IWW = 365 days in year

T = 62- (-J^) *365-45

T = 62-(0)* 365-45
T = 62-0-45
T = 17 day of year.

The value of CK will vary for the date of each runoff event. The 
probability distribution of infiltration also changes as shown 
schematically in figure 5.

USE OF THE MODEL

The model is used with data from a point rainfall gage and data on 
daily potential evapotranspiration to predict flood volumes and peak 
rates of runoff for small drainage areas. To generalize, there are two 
phases to the model:

1. An input of daily rainfall, daily pan evaporation, unit dis­ 
charge for a specified event, and unit rainfall for the precipi­ 
tation that caused the event, are used to determine values of 
10 specified parameters. The parameters theoretically rep­ 
resent physical aspects of a drainage basin whose applied
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Original CK=2.0 
CK for June I

0 25 50 75 100
PERCENTAGE OF AREA WITH INFILTRATION CAPACITY

EQUAL TO OR LESS THAN INDICATED VALUE

FIGURE 5. Variations in the relation which determines rainfall excess (QR) as a 
function of maximum-infiltration capacity (FR) and the supply rate of rainfall (SR) 
for Wyoming.

effects can best simulate runoff volumes. Unit data are dis­ 
charges and accumulated rainfall at 5-minute time inter­ 
vals. Values of three additional parameters for simulating 
peak flows by means of a routing procedure are also 
determined.

2. An input of the optimized values of the above-mentioned pa­ 
rameters, together with long-term daily rainfall, daily 
evaporation, and unit rainfall for selected annual rainfall 
events from a long-term rainfall record at a major National 
Weather Service station, are used to simulate an equivalent 
long-term record of annual runoff events.

Table 3 gives the final values of the modeling parameters used in 
the long-term synthesis of runoff volumes. Table 4 gives the final 
values of the modeling parameters used in the long-term synthesis of 
flood peaks. The reader is referred to U.S. Geological Survey Profes­ 
sional Paper 506-B by Dawdy, Lichty, and Bergmann (1972) for a 
comprehensive explanation and derivation of the parameters.

The speed of the digital computer facilitates the modeling process of 
combining parameter values with available long-term rainfall data to 
predict long-term runoff data. The synthesized long-term runoff data 
are then used to develop frequency relations for flood volumes or peak 
rates of runoff for the drainage basins being investigated. In this 
study a 73-year rainfall record for the National Weather Service sta­ 
tion at Cheyenne was used to generate an equivalent long-term
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TABLE 4. Modeling parameters used in long-term synthesis of peak discharge

Station

W. F. Dry Cheyenne Cr

Frank Draw trib

Dead Horse Cr trib No. 2
Sage Creek trib
Nowood R trib No. 2

W. F. Dry Cheyenne Cr trib
Willow Springs Draw trib
McKenzie Draw trib
NPEF Nowater Cr trib
Murphy Draw
Medicine Bow R trib
Headgate Draw
NPEF Nowater Cr
Pritchard Draw
East Teapot Cr
Badwater Cr trib
Monument Draw

Third Sand Cr _ _____ _ _ _ __

Storage

KSW

__  _ 0.276
______ .161

__ _ .638
_ __ .384
___ _ .547
______ .354
______ .225
______ .639
_ __ .341
_____ _ .225
______ .289

.231
______ .387
______ .339
______ .082
______ .330
______ .226
___ .213
___ .170
_____ .446
___ _ .857
___ .347

Routing parameters

Translation hydrographs

Tc

81.84
33.85 
52.98 
11.46 
11.91 
50.99 
40.87 
58.78 
87.66 
28.97 
83.66 
65.67 
11.35 
68.08 
19.21 
82.08 
41.85 
52.48 
76.50 

147.74 
8.22 

68.18

Tp

2.86 
31.02 
21.74 

1.39 
9.28 

11.86 
34.86 

1.87 
8.88 

22.70 
14.20 

7.01 
7.14 

66.22 
15.49 
73.11 
5.99 

.98 
15.49 

1.49 
.17 

48.86

runoff record for seasonal flood volumes and peak discharges. Ac­ 
tually, the study was concerned with rainfall from thunderstorms, 
which invariably have the high-intensity rainfall that produces the 
high-runoff events on small drainage basins. Because snowfall and 
snow accumulation are not predominant on small nonmountainous 
basins in Wyoming and snowmelt runoff does not produce the 
significant events, this study was limited to the rainfall season, April 
1 to September 30. Table 5 provides a listing of volume frequencies for 
each modeled basin. The climatic adjustments (described in the fol­ 
lowing section) to the long-term rainfall and evaporation data are 
also given. Table 6 provides a listing of peak frequencies for each 
modeled basin. The basins are listed in tables 5 and 6 according to 
increasing drainage area.

TRANSFER OF LONG-TERM RAINFALL DATA

The accuracy of the rainfall-runoff model in synthesizing a flood 
record is dependent on how well the model parameters (determined 
through calibration) represent the physical conditions of each drain­ 
age basin. That is, runoff-producing effect of the long-term rainfall 
data, when the data are transferred to the remote basins, are con­ 
trolled by the values of the basin parameters. Furthermore, the accu­ 
racy of results is also dependent upon the accuracy of transferring
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long-term rainfall data, made difficult by a lack of National Weather 
Service stations with long records in locations near the study sites.

Because Wyoming has many mountain ranges and large plains, it 
cannot be expected that identical rainfall patterns will occur at all 
sites in the State. Also, the long-term National Weather Service sta­ 
tion for rainfall data, located in Cheyenne in the southeast corner of 
the State, cannot be considered as ideally situated to represent the 
entire State. However, the Cheyenne station does have the longest 
available record, 73 years, and it can be related to the other Weather 
Service stations in the State.

The daily amounts of precipitation used in calibrating the model to 
each small drainage basin were recorded at 13 sites, which are in the 
vicinity of the basins (see table 7). Daily precipitation was used in the 
model to determine antecedent conditions for runoff and, in Wyo­ 
ming, runoff was found to be quite sensitive to antecedent conditions. 
Mean annual precipitation for the 13 weather stations ranges from 6 
to 14 inches while Cheyenne has a mean annual precipitation of 15 
inches. To use Cheyenne as a long-term station, an adjustment to the 
daily amounts of precipitation was needed to better reflect conditions 
on the small drainage basins in the study. The adjustment used at 
each of the 13 stations was the ratio of the mean annual precipitation 
to that of Cheyenne. These ratios, from 41 percent to 90 percent, when 
applied to the long-term daily data, provided more realistic antece­ 
dent conditions for generating long-term runoff on the study basins.

TABLE 7. Ratios used for transferring long-term rainfall data from National Weather 
Service stations to the study basins

Precipitation

Mean annual

Station

Cheyenne

Church Butte _
Echeta _ __
Glenrock
Grass Creek
Lance Creek
Lander
Lost Cabin .
Medicine Bow_
Midwest _ _
Riverton _
Seminoe Dam _

Elevation
(ft)

6,126
.___ 3,837
._._ 7,075

4,000
.... 4,948

5,579
.___ 4,412

5,563
5,415
6,560
4,850
4,954
6,838
4,061

(in)

15.06 
6.21 
7.35 

UO.O 
12.34 
8.83 
12.61 
13.58 
J 7.0 
10.44 
12.85 

8.81 
12.18 
7.76

Ratio to 
Cheyenne

1.00 
.41 
.49 
.66 
.82 
.59 
.84 
.90 
.47 
.69 
.85 
.58 
.81 
.52

50-year, 6-hour

(in)

2.6 
1.6 
1.5 
2.2 
2.3 
1.9 
2.6 
2.1 
1.7 
1.6 
2.0 
1.7 
1.9 
1.7

Ratio to 
Cheyenne

1.00 
.62 
.58 
.85 
.88 
.73 

1.00 
.81 
.65 
.62 
.77 
.65 
.73 
.65

'From map of mean annual precipitation in Wyoming as of 1965 (National Weather Service, Cheyenne, Wyo., 
written commun., 1966).
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Data for this project were collected seasonally April through Sep­ 
tember 30. Data from 73 weather stations in Wyoming were com­ 
pared using a ratio of mean seasonal precipitation to the Cheyenne 
mean seasonal and a ratio of mean annual precipitation to the Chey­ 
enne mean annual. A relationship among 55 stations, representing 
the areas where the study basins are located, indicated no significant 
difference between seasonal and annual ratios. The remaining 18 
stations are in mountainous areas or are outside the area of investi­ 
gation. Figure 6 shows the location of the 73 weather stations.

The largest storm generally will produce the greatest runoff. How­ 
ever, the two factors, high total rainfall and high intensity, do not 
always occur together; when they do, that combination will produce 
the greatest runoff. A study of runoff volumes showed that storms 
with the largest total rainfall can produce the greatest volumes, 
while lesser storms with high rainfall intensities can produce the 
highest peaks. It was previously determined that Cheyenne had a 
higher mean annual precipitation than the stations used in the cali­ 
bration. The records also show that Cheyenne had larger storms and 
(or) higher intensity storms. From the long-term record for Cheyenne,

^~T2

FIGURE 6. Map of Wyoming showing the locations of Weather Bureau stations used in 
the comparison of seasonal precipitation to annual precipitation. Cross-hatched 
areas are mountainous or outside the area of investigation.
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the largest storms for each year were selected as potentially capable 
of producing the annual peak runoff. When a single storm had un­ 
questionably produced the annual maximum rainfall, only that one 
storm was used. Generally, two or three storms were chosen. The 
same rainfall data are used in the rainfall-runoff model to generate 
either long-term annual peaks or long-term annual runoff volumes. 
When two or more storms in the same year are used, it is not unusual 
for one storm to produce the annual peak while a different storm 
produces the annual volume.

In order to transfer rainfall recorded at Cheyenne to each remote 
drainage basin for generating runoff, an adjustment was considered 
necessary. Rather than use the ratios of the mean annual precipita­ 
tion, as was done for daily values of rainfall totals, an adjustment was 
needed that would have a lesser effect on rainfall intensity. From the 
73-year precipitation record for Cheyenne, 133 storms were used to 
simulate runoff. The average duration per storm was 4.7 hours. An 
analysis was made of depth-duration frequency maps of Wyoming 
(National Oceanic and Atmospheric Admin., 1974) for 6-hour and 
24-hour durations and 2-, 5-, 10-, 25-, and 100-year recurrence inter­ 
vals. By interpolation, the 50-year, 6-hour frequency duration was 
selected as most applicable. The ratio of the 50-year, 6-hour occur­ 
rence at each weather station to that at the Cheyenne weather sta­ 
tion provided the adjustment factor. Values for the 50-year, 6-hour 
frequency duration at each station and for the ratio to Cheyenne are 
given in table 7. For 9 of the 13 stations, this ratio was higher than 
the ratio of the mean annual precipitation and, when applied, would 
have a lesser effect on the intensities than would the ratio of the 
mean annual precipitation. Intensities for the remaining four sta­ 
tions would be reduced by using this ratio, but these are stations with 
comparatively high ratios of mean annual precipitation, so the reduc­ 
tions are not great.

TRANSFER OF LONG-TERM EVAPORATION DATA

Only seven weather stations in Wyoming have evaporation data for 
20 years or more and only 12 stations have any evaporation data. The 
longest evaporation record available (60 years through 1973) is for 
Archer, located about 9 miles east of the Cheyenne weather station. 
The proximity of this station to Cheyenne and the length of record 
made it ideal for use in the long-term runoff simulation phase of the 
rainfall-runoff model. However, because the same period and length 
of record are needed for precipitation and evaporation, the evapora­ 
tion record for Archer had to be extended backward from 1913 to 1901. 
This extension was made by developing a correlation between



22 RUNOFF FROM SMALL DRAINAGE BASINS IN WYOMING

6-month periods of evaporation and 6-month periods of precipitation, 
for 15 years of selected record as shown in figure 7. Certain years were 
selected to increase the range of the comparison. Two years of exces­ 
sive precipitation with high evaporation were considered nonrep- 
resentative and were not used. The equation determined from a corre­ 
lation of 13 years of record was

y = 49.40 - 1.217 x
where:

x = seasonal precipitation 
y = seasonal evaporation

with a correlation coefficient of 0.93 and a standard error of 13 
percent.

The same 13 years were used to compute the average evaporation 
for each day. The daily values were adjusted by a ratio of the com­ 
puted evaporation from the equation and the mean evaporation for 
the 13 years. This procedure resulted in reduced evaporation values 
for seasons of above-normal precipitation and increased evaporation 
values for seasons of below-normal precipitation.

The evaporation data for Archer were not used in the initial cali­ 
bration of the study basins. Instead, four stations closer to the basins 
were used (table 8).

Evaporation data are collected only during warm weather, or sea­ 
sonally, which fits the seasonal aspect of this study. Because tempera­ 
ture and wind greatly effect evaporation, there is considerable varia­ 
tion in evaporation in Wyoming. The long-term evaporation record 
for Archer was adjusted using a ratio of mean evaporation at the 
calibration station to mean evaporation at Archer. This ratio is given 
in table 8.
TABLE 8. National Weather Service stations with evaporation data used in this study

Station

Archer
Gillette 2E
Green River
Heart Mountain _ 
Pathfinder

Years of 
record

60
11
15
22 
31

Elevation
(ft)

6,010
4,556
6,089
4,790 
5,930

Mean 
seasonal 

evaporation
(in)

41.54
43.75
52.09
34.71 
49.10

Ratio to 
Archer

1.00
1.05
1.25
.84 

1.18

Area covered

Eastern Wyoming

Bighorn Basin

REGIONAL FREQUENCY ANALYSIS

Regional analysis deals with extending records in space, as opposed 
to extending them in time. Regional analysis provides a method for 
transferring information obtained at gaged sites to an ungaged site, 
where information is needed. According to Riggs (1973),
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multiple regression is directly useful as a regionalization tool because the discharge 
(or volume) can be related to basin characteristics, leaving residuals that may be 
considered as due to chance. The regression line averages these residuals. Thus, in one 
operation, the effects of differing basin characteristics are preserved and the chance 
variation is averaged.

BASIN CHARACTERISTICS

Basin characteristics, used as independent parameters in the re­ 
gression analyses, are summarized in table 9 and are defined below. 
Areas were planimetered from the best available topographic maps. 
Measurements of length along channel, basin perimeter, or contour 
lines were obtained by stepping with draftsman's dividers set at a 
scale interval of 200 feet.

A Drainage area, in square miles.
Rm Maximum relief in basin, in feet; the difference in eleva­ 

tion between the channel at the gage and the highest 
point in the basin, determined from topographic maps.

SB Basin slope, in feet per mile, obtained by measuring the 
lengths (in miles) of all contour lines within the drain­ 
age boundary, multiplying by the contour interval in 
feet, and dividing by the drainage area in square miles. 
Reasonable accuracy can be obtained on most topo­ 
graphic maps by measuring only the 100-foot contour 
lines.

<S10/85 Main-channel slope, in feet per mile, determined from 
elevations at points 10 and 85 percent of the distance 
along the channel from the gaging station to drainage- 
basin divide.

Lm Main channel length, in miles, from the gaging station to
the drainage-basin divide.

Cr Circularity ratio, dimensionless; the ratio of basin area to 
the area of a circle having the same perimeter as the 
basin.

Pm Basin perimeter, in miles; the length of the drainage area 
boundary.

Lca A measured length in miles along the main-stem channel 
from the gaging station to the point opposite the cen- 
troid of the total drainage area (Chow, 1964).

Fm Maximum fall in channel, in feet; the total difference in 
elevation between the channel bottom at the gage and 
the point where the extended main channel reaches the 
drainage boundary.

The basin characteristics defined above were used in regression 
analyses to develop relations for estimating peak discharge or runoff 
volume.
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REGRESSION ANALYSIS

The purpose of regionalization is to define relations that can be 
used to estimate runoff at ungaged sites. In this study a rainfall- 
runoff model was used to produce a synthetic long-term runoff record 
from an actual long-term rainfall record. The synthesized peaks and 
volumes were used in the development of station frequency curves. 
From these curves, specific frequencies were selected for regression 
analysis of basin characteristics in a regional study. Because only one 
long-term rainfall record (Cheyenne) was used, the results of this 
regional analysis appear better than they might otherwise be. Chey­ 
enne was selected as the base rain gage because it had the longest 
record and because it had the open exposure (less influenced by 
nearby orographic effects) to provide a better analogy to the study 
basins. The adjustments described in the preceding section in 
transferring the rainfall data to other weather stations in Wyoming 
were primarily to reduce the amounts and intensity of Cheyenne 
rainfall data. The transferred data at some weather stations were 
used to develop long-term runoff records at two or more gaged sites, 
resulting in interdependency of synthesized flood occurrences among 
these sites. Because of this interstation correlation, discussed by 
Matalas and Benson (1961), the slope of a regional relation is better 
defined than that of a relation obtained from a purely random sample, 
but its position (intercept) is less well defined.

The regression model used in regional frequency analysis is of the 
form,

Qn or Vn = aA b>B b* O *****,

the log transform of which is linear. Peak discharges and runoff vol­ 
umes with recurrence intervals of 2, 5, 10, 25, 50, and 100 years for 22 
small basins were selected for analysis. Independent variables were 
chosen on the basis of logical physical relationship to streamflow for 
small drainage basins and tested for significance using a "step- 
forward" regression program. The basin characteristics were used in 
regression analyses to develop relations for estimating peak dis­ 
charges or runoff volumes. (See the section on "Basin Characteris­ 
tics.") The basin characteristics determined to be most significant in 
estimating peak discharge were drainage area, basin slope, 
maximum basin relief, and main-channel slope. The correlation coef­ 
ficients ranged from 0.89 to 0.92 and the standard errors of estimate 
from 32 to 38 percent.

Estimates of peak discharge are mainly dependent on drainage 
area and basin slope, with correlation coefficients of 0.81 to 0.88 and 
standard errors of 37 to 48 percent, respectively. The addition of 
maximum basin relief and channel slope, in that order, improved the
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correlation and reduced the standard error by small amounts of from 
1 to 6 percent. The designer would have to decide whether the in­ 
crease in correlation and reduction in standard error warranted the 
inclusion of the variables in the equation.

Drainage area, maximum basin relief, and basin slope proved to be 
the most significant parameters for estimating runoff volume. The 
correlation coefficients ranged from 0.92 to 0.93 and the standard 
errors of estimate from 30 to 32 percent.

In an analysis of residuals the residual variations indicated an 
areal randomness and were probably due to chance variation or some 
untested basin characteristics. Geographical subregions were not ap­ 
parent in this study.

Table 10 gives the regression constants, correlation coefficients, 
and standard errors of estimate for the specified recurrence intervals 
of peak discharges and runoff volumes.

The results of the step-forward regression for the significant basin 
characteristics are given in tables 11 and 12. Surprisingly, maximum 
basin relief was the second most significant parameter (drainage area 
being the first) for estimating runoff volume. It was significant 
enough to increase the correlation coefficients by amounts ranging 
from 12 percent for the 2-year volume to 5 percent for the 100-year 
volume and to reduce the standard errors of estimate similarly. Basin 
slope also had a significant effect in the volume estimations; the cor­ 
relation coefficients increased by amounts ranging from 9 percent for

TABLE 10. Mathematical model and applicable coefficients for use in determining a 
design discharge or volume

[Use of metric equivalents for basin characteristics would not provide correct answers]

Mathematical model

Flow 
char­ 
acter­ 
istic

QQ2
Q*
Q10

Q50 __ .

yz
y5

V25 ____.

y50

Regression 
constant (a )

.___ 34.06

.___ 30.77

..__ 32.99
  _ 37.73
.___ 43.88
-_ _ 50.25
-- 568
..__ 529
.___ 552
. _ 584
 _ 630
. _ 666

*,

1.134
1.105
1.094
1.086
1.084
1.082
1.242
1.190
1.168
1.142
1.128
1.115

,

1.216
1.135
1.080
1.012
.962
.914
.898
.806
.750
.687
.641
.601

,

-1.609
-1.412
-1.308
-1.192
-1.118
-1.047
-1.716
-1.490
-1.380
-1.260
-1.186

1.119

.

0.539
.588
.603
.613
.616
.615

_
_
_
_
_

Correlation 
coefficient

0.88
.91
.92
.92
.91
.90
.91
.93
.93
.93
.92
.92

Average 
standard 
error of 
estimate 
(percent)

40
33
32
33
34
37
37
31
30
30
31
32
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TABLE 11. Results of flood-volume regression analysis

[Use of metric equivalents for basin characteristics would not provide correct answers. Drainage area (A ) in square 
miles (mi2 ); basin slope (Sg ) in feet per mile (ft/mi); maximum relief (Rm ) in feet (ft); constant of regression (a); 
drainage-area coefficient (bl ); maximum-relief coefficient (62 ); basin-slope coefficient (63 1; standard error of 
estimate (SE). Levels of significance: 0.1 percent ****; 1.0 percent ***; 2.0 percent **; 5.0 percent *]

Flow 
Character­ 

istics

v,
^2

V2

V2

V5

V5

V5

v*
vlo
^10

vlo
V10

V25
V25

V25

V25

V50

V50

V50

V50

*100

100
^100

' 1 AA

Basic 
characteristics

A SB Rm
(m2 ! (ft/mi) (ft)

x    

XX  

X   X

XXX

X    

XX  

X   X

XXX

X     

XX  

X   X

XXX

X    

XX  

X   X

XXX

X    

XX  

X   X

XXX

X    

XX   

X   X

XXX

Coefficients

Correlation 
coefficient

Average 
SE 

(percent)

a b1 62 63

9.62

52.53 x

94.97 x

5.68 x

18.08

16.64 x

52.30 x

5.29 x

24.87

31.54 x

39.84 x

5.52 x

34.71

63.69 x

29.30 x

5.84 x

42.82

1.03

24.40 x

6.30 x

51.58

1.56 

20.53 x

6.66 x

io-3
103

IO2

io- 2
IO3

IO2

io- 2
IO3

IO2

io- 2
IO3

IO2

IO3

IO2

IO3

IO2

0*6*89

****
.593

1*312

1.242

.713

.627

1.253

1*190

.727
####

.646

1.226

1.168

.739

.666
1*1*95

1.142

0*748
*680

1.178
**** 

1.128

0*756

*692 

1*162

1.115

  

0.834

  

.898

  

.705

  
*806

. __
*#

.699

  

.750

  

.640

  

.687

__

0.597

  

.641

  

.560

.601

  

  

-1.630

-1*716

  

  

-1.412

-1.490

__

  

-1.307

-1*380

  

  

-1.194
-1*2*60

__

  

-1.124

-1.186

  

-1.061

-1.119

0.70

.79

.82

.91

.76

.83

.86

.93

.79

.85

.87

.93

.81

.86

.88

.93

.82

.86

.88

.92

.83

.86 

.88

.92

61

54

49

37

52

46

42

31

49

43

40

30

46

41

39

30

45

40

38

31

44

40 

38

32

the 2-year volume to 3 percent for the 100-year volume. The standard 
errors of estimate for basin slopes decreased by 6 to 7 percent.

The coefficients blt bz , and b3 used in the equations for estimating 
runoff volumes, were all found to be significant at the 1-percent level 
of significance. Of the equations for estimating peak discharges, only
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the coefficients hi and bz are significant at the 1-percent level. The 
coefficients 63 and b4 show a deterioration in the level of significance; 
63 ranges from the 1-percent level in estimating Q2 to the 10-percent 
level in estimating Q100 , and b4 ranges from the 10-percent level in 
estimating Q5-Q50 to the 20-percent level in estimating Q2 and Q100 . 

Among independent variables there is a fairly high correlation 
between drainage area and maximum basin relief. The other vari­ 
ables indicate little cross correlation. The correlation matrix is shown 
below.

S10/»

1.00

Graphical representation of the equations for each specific peak 
discharge are shown in figures 8-13 and for each specific runoff vol­ 
ume in figures 14-19. An example is shown on each graph to indicate 
the proper direction for each step. Each graph represents a specific 
equation relating the basin characteristics. The example is for 
Badwater Creek tributary near Lysite, Wyo., for which the following 
parameters have been determined:

A = 5.86 mi2
SB = 483 ft/mi
Rm = 627 ft
S10/85 = 85.5 ft/mi

Enter the graphs with drainage area (5.86 mi2 ) on the bottom scale 
and move vertically upward to basin slope (483 ft/mi). Move horizon­ 
tally to maximum relief (627 ft). On the flood-peak graphs move 
downward to channel slope (85.5 ft/mi). Move horizontally to the right 
edge of graph for the resultant discharge. On the flood-volume graphs 
move downward to the bottom edge of graph for the resultant volume. 
The following results were obtained for this example:

Q2 = 160ft3/s V2 = 21acre-ft
Q5 = 370 ft3/s' V5 = 43 acre-ft
Q 10 = 580 ft3/s V10 = 62 acre-ft
Q25 = 950ft3/s V25 = 92 acre-ft
Q50 = 1,320 ft3/s V50 = 117 acre-ft
Q100 = 1,760 ft3/s V100 = 145 acre-ft
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RELATION OF PEAK DISCHARGE TO RUNOFF VOLUME

Estimation of the flood hydrograph requires knowledge of flood- 
volume and flood-peak magnitudes. Although the values might be 
estimated from relations defined in the previous section, flood vol­ 
umes at some sites in Wyoming possibly can be estimated from more 
reliable flood-peak information if it is available. Also, it might be 
possible to estimate a flood peak from a flood volume rather than from 
basin characteristics. In this section, relations were defined to test 
those possibilities.

The problem in relating peak discharge to volume lies in the many 
variations of conditions prior to and during the occurrence of runoff. 
The degree of saturation of the soil, the timing and intensity of the 
rainfall, and the direction of the storm in relation to the basin all 
affect the size of the peak and volume of runoff. In the model calibra­ 
tion of the drainage basins, it was assumed that these various condi­ 
tions were accounted for if the conditions were present during the 
period of record used in the model. It should be understood that not all 
possible conditions can be accounted for on all basins. The effect of 
modeling is that of averaging conditions and reactions for the basin.

Graphs from rain-recording instruments showing increases or de­ 
creases in the rainfall intensities may explain some of the variations 
in shape of the runoff hydrograph. A runoff hydrograph from a small 
drainage basin will usually reflect changes in the rainfall pattern, 
but these variations cannot be anticipated and cannot be incorporated 
in a design hydrograph. It can be shown that the simple fast-rising 
hydrograph has the greatest potential for causing problems at cul­ 
verts and bridges. (See section on "Embankment Storage.") The com­ 
posite MDH (Mean Dimensionless Hydrograph) (discussed in next 
section of this report) produces such a graph.

Because peak discharge and runoff volume are both essential to the 
composite MDH, a relation between peak discharge and volume is 
desirable. A study of runoff hydrographs from 35 drainage basins 
indicates that such a relation exists. Three hydrographs from each 
basin were selected on the basis of shape, with the emphasis on sim­ 
ple, fast-rising peaks. Invariably, these peak flows were the highest 
recorded events for each basin. Some culling of peak hydrographs was 
necessary because of variations in the runoff. Most peak flows with 
long runoff duration were eliminated. A few double-peak hydro- 
graphs were used, if the two peaks occurred within a short time span; 
otherwise, the peaks were separated and usually the highest one was 
used in the study. Runoff hydrographs with small rises on the rising 
or on the recession limb were used only if these features could be 
removed. If these features were too prominent, the hydrograph was 
not used.
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The 105 hydrographs used in the study defined a peak discharge- 
volume relationship with a correlation coefficient of 0.90 (fig. 20). The 
equation is:

Q = 18.66 V (9)

where

V = runoff volume in acre-feet, and
Q = peak discharge in cubic feet per second.

The standard error of estimate averages 57 percent. Table 13 shows 
computed results, equations, and resultant discharges for selected 
values of runoff volume.

While equation 9 provides a means of determining a discharge from 
a volume, it is not suitable for determining a volume from a dis­ 
charge. In hydrologic studies, it is easier to determine a peak dis-
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FIGURE 20. Relation of runoff volume to peak discharge for 35 small drainage basins
in Wyoming.
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charge than a volume for a runoff occurrence unless a graphical rec­ 
ord is available. One solution is to consider

V = f(Q)

with volume as the dependent variable and using the same 105 events 
of discharge and volume used to determine equation 9. The relation­ 
ship can be defined by

V = 0.131 Q 0 -878 (10)

which has the same correlation coefficient of 0.90 and an average 
standard error of 55 percent. This provides a reasonable value of 
runoff volume.

OTHER RUNOFF PARAMETERS

Runoff duration and hydrograph rise time were considered as other 
runoff parameters. It was found that average values of either would 
improve a relation between peak discharge and runoff volume when 
used in a multiple regression. Although the improvement was 
significant, there was no easy way to estimate these two parameters 
for an ungaged site. Basin parameters did not correlate reasonably 
with runoff duration or hydrograph rise time in this investigation. A 
relation between discharge and volume for runoff durations of 2-7 
hours was found similar to equation 9 and produced discharges 
slightly lower (within 5 percent of discharges obtained using equation 
9) in a range of volumes from 10 to 100 acre-ft.

COMPARISON OF RESULTS

A comparison was made to see how well a peak discharge for a 
specified recurrence interval, estimated from the equations using 
basin parameters, would compare with a peak discharge computed 
using equation 9, with a volume of the same specified recurrence 
interval. The 50-year peak discharge was determined for each of the 
22 modeled basins from the basin parameters. The 50-year runoff 
volume was also determined from the basin parameters for each 
basin. This value was used in equation 9 to determine a peak dis­ 
charge for each basin. The discharge computed from equation 9 was 
plotted against the Q50 estimated from the basin parameters. The 
results of comparing the N-year event are shown below:

N Relationship
2 $ = 0.767 Q 0 -963
5 0 = -905 Q  965

10 $ = -981 Q -970
25 0 = 1-026 Q -982
50 0 = 1-038 Q -"3

100 0 = 1-058 Q 1 -002
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Statistically, for the 25-, 50, or 100-year event, there is no 
significant difference between the discharge estimated from basin 
parameters and the discharge computed from the equation relating to 
volume (equation 9). At the 5-percent level of significance, the slope of 
each relation is not significantly different from 1.00 and the intercept 
is not significantly different from zero. Relations for the 2-year, 
5-year, and 10-year events are weaker, to the extent that equation 9 
predicts higher discharges from the 2-year, 5-year, and 10-year runoff 
volumes. A weakness in the discharge-volume relation is that low- 
runoff occurrences reflect the variability of rainfall more than the 
high flows.

The relation between discharge and volume for the higher flows 
shows less scatter because these occurrences are more dependent on 
larger storms that cover the entire basin. Data from the larger storms 
were used in synthesizing the long-term runoff records used in the 
development of flow frequencies. The relations of flow frequencies to 
basin characteristics would therefore be more consistent in estimat­ 
ing specific frequencies of discharge or volume, especially the 2-year, 
5-year, and 10-year events, from the basin characteristics.

This analysis indicates that for best results a design volume or 
discharge should be determined using basin characteristics in the 
appropriate mathematical model. If a hydrograph is needed for design 
purposes, the discharge and volume for the same design frequency 
should be used with the composite MDH method to develop the hy­ 
drograph, as described in subsequent sections.

MEAN DIMENSIONLESS HYDROGRAPH

Investigations of runoff resulting from rainfall on 28 small drain­ 
age basins in Wyoming indicate that a standard dimensionless hy­ 
drograph can be used to produce usable synthetic hydrographs of 
single-peak runoff occurrences. The 22 modeled basins and 6 other 
basins, all having a minimum of 7 usable hydrographs, were used to 
study hydrograph shape. As a result, mean dimensionless hydro- 
graphs were developed for individual drainage basins, following 
which a single composite mean dimensionless hydrograph was devel­ 
oped for the 28 drainage basins. The application of this hydrograph is 
similar to that of the Commons (1942) dimensionless hydrograph, 
which was based on floods in Texas and has been successfully com­ 
pared with observed hydrographs of floods in New York, Connecticut, 
Pennsylvania, and other areas. The Wyoming composite hydrograph 
(Craig, 1970) has produced synthetic hydrographs that compare 
well with observed runoff hydrographs from Wyoming, Arizona, and 
New Mexico. All streams used to develop and test the method are 
ephemeral.
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COMPOSITE MEAN DIMENSIONLESS HYDROGRAPH

The peak discharge in cubic feet per second and the volume of 
runoff in acre-feet are needed to produce a synthetic hydrograph. 
Discharge and time-factor constants are determined from the peak 
discharge and volume of recorded hydrographs. The constants then 
are multiplied by increments of discharge and time from the dimen- 
sionless hydrograph to obtain the plotting points of the synthetic 
hydrograph. The synthetic peak discharge always has the same value 
as the actual peak; therefore, the peak must be known.

Commons' dimensionless hydrograph, developed empirically, used 
a horizontal (time) scale of 100 units and a vertical (rate-of-flow) scale 
of 60 units. The area under the curve was 1,196.5 "square units" (time 
units multiplied by rate-of-flow units). The value of one "square unit" 
in acre-feet was obtained by dividing the total floodflow (volume) in 
acre-feet by 1,196.5. The value of one unit of flow in cubic feet per 
second was obtained by dividing the peak flow in cubic feet per second 
by 60. The rising limb and recession limb of the Commons hydro- 
graph appear characteristic of most streams, large or small, but the 
long recession is more indicative of large streams that are sustained 
by flow returning from overflow or storage on flood plains or from 
ground water in the stream banks.

The ephemeral streams investigated in this Wyoming study do not 
reflect this large storage effect; consequently, a few changes were 
made in developing a mean dimensionless hydrograph for each 
stream. In order to produce a characteristic hydrograph shape of 
small ephemeral streams in semiarid areas, an arbitrary value of 
1,000 square units was used for the volume, and Commons' value for 
the peak was retained as 60 flow units. However, unlike the Com­ 
mons method, in which the time scale was fixed, time was allowed to 
vary with the magnitude of the runoff occurrence. An average time 
value was determined for each dimensionless hydrograph. The values 
for volume, peak discharge, and time were used to convert individual 
observed runoff hydrographs to dimensionless form.

A dimensionless hydrograph was developed for each site by averag­ 
ing points on the abscissa (time scale) at selected ordinate (discharge 
scale) points. These 28 dimensionless hydrographs were combined by 
averaging abscissa points for selected ordinate points, making a 
smooth final composite hydrograph. Finally, ordinate points were de­ 
termined for selected abscissa points to best describe the composite 
mean dimensionless hydrograph. A total of 298 hydrographs from the 
28 drainage basins were used to develop the final composite hydro- 
graph. The planimetered volume was 970 square units with a rise 
time of 12 time units. The average time of the base was 70 time units.
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This composite hydrograph, shown in figure 21, was then tested using 
data from stations not used in its development.

DESCRIPTION OF THE METHOD

The composite hydrograph (fig. 21) is used to synthesize a hydro- 
graph, provided that the peak discharge, Q, in ft3/s (cubic feet per 
second), and the volume, V, in acre-ft (acre-feet), are known. The 
method consists of two steps. First, a discharge constant, Q', a volume 
constant, V, and a time constant, T' , are computed, using the peak 
(60 flow units) and volume (970 square units) from the composite 
hydrograph:

Q' = = ft3/s flow unit (11)

10 20 30 40

TIME UNITS (t')
50 60 70

FIGURE 21. Composite mean dimensionless hydrograph developed from data for 28 
small drainage basins in Wyoming. Dots indicate the increments of time and 
the discharge units used in producing a synthetic hydrograph.
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V =   - = acre-ft per square unit, and (12)
*J i \)

T' = 726 -¥  = min per time unit, (13) 
Q

where square units = flow units x time units, and 726 is a constant 
for converting acre-feet to cubic feet and seconds to minutes.

The second step is to compute the actual plotting points, t and q, for 
the synthetic hydrograph. Sixteen plotting points were selected to 
define the entire hydrograph, as shown in figure 21. The coordinates 
of these points on the composite hydrograph in figure 21 are desig­ 
nated ait' andq'. Once a set of values of t' andq' has been selected, it 
is used in synthesizing every new hydrograph. For each of the 16 
points

t = t'T', and (14) 
q = q'Q', (15) 

where
t is time in minutes,
t' is time in units,
q is discharge in cfs,
q' is flow units, and
T' and Q' are as previously defined.

The values of t' andq' are strictly empirical and define the composite 
hydrograph.

The method can best be shown by developing a synthetic hydro- 
graph for an actual runoff occurrence. On June 10, 1965, a peak flow 
was recorded on Pritchard Draw near Lance Creek, in eastern Wyom­ 
ing. The peak discharge was 1,280 ft3/s and the volume was computed 
as 67.17 acre-feet. From equations 11, 12, and 13, Q', V, and T' were 
determined as follows:

Q' = = 21.33 ft3/s per flow unit,

V = 6J7 Q7 = 0.069 acre-ft per sq unit, and

T' = 726 - = 726 x -r = 2.35 min per time unit.
(cf &1.OO

Selected increments of time units, t' (table 14), and corresponding 
discharge units, q', the 16 points shown in figure 21, are multiplied by 
constants T' and Q', respectively, to determine the time, t, and cor­ 
responding discharge, q, for points on the synthetic hydrograph. The 
listed values of t' and q' were used in synthesizing all hydrographs 
shown in this report.
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TABLE 14. Determination of time, t, and corresponding discharge, q, for points on the 
synthetic hydrograph for Pritchard Draw near Lance Creek, Wyoming

[t = t'XT'; q = q'XQ'. Symbols explained in text. Plot t versus q to obtain the synthetic hydrograph]

t' 
(time units)

0 _ _
3
5
7 _ ___.

10 ______ .
11 _______
12
13 _______
14 ________
18 __ ___ .
23 _______
30 _______
40 ________
50 _______
60 _______
70 _______

T' 
(min per 

time unit)

2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35

t
(min)

0
7.1

12
17
24
26
28
31
33
42
54
70
94

118
141
164

?'
(flow units)

0
5.6

13
25
49
57
60
59
55
38
23
12
5.2
2.0
0.5
0

Q'
(cfs per 

flow unit)

21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33
21.33

(cfs)

0
119
211
533

1,045
1,216
1,280
1,258
1,173

811
491
256
111
43
11

0

Figure 22 shows the comparison of the synthetic hydrograph with 
the observed hydrograph for the above development and for another 
peak that occurred July 13, 1966. The time scales of the synthetic 
hydrographs were adjusted slightly to provide better comparison of 
the main part of the hydrographs.

SELECTED COMPARISONS

The general similarity of the shape of the hydrographs also was 
apparent from comparisons in other areas in Wyoming. Figure 23 
shows comparisons of observed and synthetic hydrographs in areas 
independent of the areas used to develop the composite mean dimen- 
sionless hydrograph.

To test the method in similar areas outside of Wyoming, observed 
runoff data were also obtained from New Mexico and Arizona. Syn­ 
thesized hydrographs are shown in comparison with selected ob­ 
served hydrographs for these areas in figure 24. The consistently 
close agreement of these and many other comparisons is quite re­ 
markable. Although only drainage basins of less than 11 square miles 
were investigated, it is possible the MDH method is valid for drainage 
basins of various sizes. A hydrograph synthesized for a peak flow on a 
drainage basin of 57 square miles in Arizona showed very close 
agreement with the natural hydrograph. Although the concept of a 
standard hydrograph shape is subject to criticism from a strictly hy- 
drologic point of view, the comparisons to date indicate that the con­ 
cept is valid for design purposes on small, semiarid, ephemeral 
streams.
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1400

1200  

I I I I 

EXPLANATION

Observed hydrograph 

Synthetic hydrograph

Peak of June 10, 1965

50 75 100 125 150 175 200 225 250

Peak of July 13, 1966

25 50 75 100 125 150 175 200 225 250

TIME, IN MINUTES

FIGURE 22. Observed and synthetic hydrographs for two runoff occurrences on 
Pritchard Draw near Lance Creek, Wyo.; drainage area 5.12 square miles.
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1200

1000

800

600

400

200

i i I r
EXPLANATION

Observed hydrograph 

Synthetic hydrogroph

Fish Canyon near Guernsey, Wyo. 
Drainage area = 1.06 ml 2

30 60 90 120 ISO ISO 210 240 
TIME, IN MINUTES

Sparks Canyon near Hartville, Wyo. 
Drainage area =0.74 mi 2

10 20 30 40 50 60 70 SO 90 100 
TIME, IN MINUTES

FIGURE 23. Observed and synthetic hydrographs for areas in Wyoming not used in 
the development of the composite dimensionless hydrograph.

PONDING BEHIND HIGHWAY EMBANKMENTS 
EMBANKMENT STORAGE

A potential exists for temporarily storing flood waters behind 
highway embankments in undeveloped areas throughout the western 
states. Many miles of roadways have been and are being built cross­ 
ing many water courses for each mile of road constructed. These 
watercourses, which range from grassy swales to deeply eroded 
gulches, may contain water only a few times a year. For small drain­ 
age areas, culverts are placed under the roadway to provide an outlet 
for this runoff. In general, the size of a culvert is such that it is 
capable of safely permitting passage of a certain design flood such as a
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EXPLANATION

   Observed hydrograph
   Synthetic hydrograph

Long House Wash near
Kayenta, Ariz. 

Drainage area - 1.6 mi'

0 20 40 60 60 100 120 140 160 180200220

Indian Creek near Three
Rivers, N. Mex. 

Drainage area = 6.8 mi'

20 30 40 50 60 70 80 90 100 110 120 I3OI40 150

Pecos River tributary near 
Puerto de Luna, N. Mex.

Drainage areo = 0.37 mi 2

v Peak of May 29, 1969

20 30 40 50 60 70 80 90 100 110 120130

Pecos River tributary near
Puerto de Luna, N. Mex.

Drainage area = 0.37 mi 2

Peak of July 2, 1968

-20-10 0 IO 20 30 40 50 60 70 80 90 100 110 120 130 140

TIME, IN MINUTES

FIGURE 24. Observed and synthetic hydrographs for runoff 
occurrences in Arizona and New Mexico.
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10-year flood, a 25-year flood- "or a 50-year flood. A reduction in cul­ 
vert size would reduce the amount of runoff the culvert could carry 
and cause ponding of water by the upstream embankment. Because 
the culvert would continue draining, the ponding would only be tem­ 
porary. In rural areas, the ponding would not cause adverse effects, 
and a savings would be realized in the cost of the smaller size cul­ 
verts. A certain amount of available storage space is necessary on the 
upstream side of the embankment to permit the ponding.

Ponding behind highway embankments was studied by routing in­ 
cremental discharges of flood hydrographs through box culverts of 
various sizes with an artificial storage area upstream. The storage 
area was a hypothetical wedge-shaped area in which the width and 
bottom slope could be varied (fig. 25).

METHOD OF ANALYSIS

Box culverts of sizes 4 x 4 ft, 5 x 5 ft, and 6 x 6 ft were used to 
investigate the flow through culverts. Critical depth was assumed at 
the culvert entrance to avoid assumptions of other culvert features 
such as slope and roughness. Various types of culvert flow are de-

= ponding oreo 

E= embonkment 
C= culvert 
h = height 
jMength 
w=width 
-6-=ongle used in

determination
of slope

FIGURE 25. Schematic representation of wedge-shaped ponding area with box-culvert
relief.
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scribed in Bodhaine (1968). Two types of culvert flow were considered. 
A low-head flow for a headwater depth ratio up to 1.2 and high-head 
flow for ratios above 1.5. A transitional change was used between 
ratios 1.2 and 1.5. The culverts were assumed to have square en­ 
trances and to be set flush in a vertical headwall. A simple type of 
culvert entrance was used to avoid the many corrections to the en­ 
trance coefficient normally used when considering rounding, bevel­ 
ing, projection, etc. The only entrance coefficient needed is for hori­ 
zontal contraction for low-head flow and vertical contraction for 
high-head flow. A constant coefficient was used for low-head flow and 
a variable coefficient was used for the transition flow to and through­ 
out the high-head flow range.

It should be emphasized that culverts with outlet control or with 
flows changing from inlet to outlet control can produce reactions dif­ 
fering from this analysis, which concerns only inlet control.

The hypothetical wedge-shaped storage area and box culverts were 
used in the analysis to simplify the computations. The water-surface 
elevation of the storage pond changes continuously as a reaction to 
the inflow and culvert outflow. The width and bottom slope of the 
ponding area are constant through a specific routing trial, but they 
can be varied prior to any trial. Several single-peak synthetic hydro- 
graphs were routed through the pond-and-culvert routine to deter­ 
mine maximum elevation of the pond and maximum outflow of the 
culvert. The initial pond width was 60 feet and the slope was equal to 
0.02 ft/ft. Other tests were made for an increase of width to 100 feet or 
an increase in slope to 0.03 ft/ft. Routing tests were made for all three 
culvert sizes. Table 15 contains the results of the tests. Figure 26 
shows culvert discharge rating curves for the culvert sizes investi­ 
gated, as determined from the data of table 15. The reactions to in­ 
creases in the pond width and bottom slope are noted. Results indi­ 
cated that for high-head flows, the pond water-surface elevation 
(head) decreased as the culvert size increased, decreased as the width 
of the pond increased, but increased as the slope of the pond bottom 
increased.

An increase in the pond head would have several effects which 
could not be evaluated in this study but should be noted; they were: 
Additional losses through infiltration into the storage area bottom 
and the highway embankment, additional water pressure against the 
embankment, and an increase in the velocity of the culvert outflow.

A comparison of the routing of multipeak runoff hydrographs with 
single-peak runoff hydrographs of the same peak discharge and vol­ 
ume showed that the single-peak flow creates a higher water level in 
the pond and, consequently, a greater culvert outflow peak than the 
multipeak flow, all other conditions being constant. (See figs. 27, 28,



PONDING BEHIND HIGHWAY EMBANKMENTS 59

TABLE 15. Results of routing single-peak synthetic hydrographs through the various
reservoir and culvert sizes

Variable volume with three culvert sizes

Reservoir
Culvert 

size
(ft)

4x4 _
5x5 _____
6x6

4x4 __ _
5x5 ____
6x6 _ __

4X4 _____
4X4 _____
4x4 _____
5x5
5x5 ____
6x6 _____

4x4 --.__
4x4 __ _.
4x4 __
5x5 _____
5x5 _____
6x6 _____

4X4 _ _
4X4 ___
5x5
5x5
6x6 __ _

4X4 _____
4x4 ._ _
5x5
6x6 ___.

QPeak
(ft3/s)

_ 1,000
1,000

_ 1,000

_ 1,000
_ 1,000
_ 1,000

_ 1,000
_ 1,000
_ 1,000
_ 1.000
_ 1,000
_ 1,000

511
511
511
511
511
511

229
229
229
229
229

103
103
103
103

V Volume
(ac-ft)

101.26 
101.26 
101.26

54.21 
54.21 
54.21

29.00 
29.00 
29.00 
29.00 
29.00 
29.00

25.66 
25.66 
25.66 
25.66 
25.66 
25.66

22.32 
22.32 
22.32 
22.32 
22.32

10.48 
10.48 
10.48 
10.48

Width 
(ft)

60 
60 
60

60 
60 
60

60 
60 

100 
60 

100 
60

60 
60 

100 
60 

100 
60

60 
100 
60 

100 
60

60 
60 
60 
60

Slope 
(ft/ft)

0.02 
.02 
.02

.02 

.02 

.02

.02 

.03 

.02 

.02 

.02 

.02

.02 

.03 

.02 

.02 

.02 

.02

.02 

.02 

.02 

.02 

.02

.02 

.03 

.02 

.02

Eleva­ 
tion 
(ft)

28.5 
22.5 
17.7

23.1 
19.0 
15.6

18.2 
21.0 
15.0 
15.5 
13.2 
13.3

12.9 
14.4 
11.2 
10.2 
9.25 
8.31

7.16 
6.73 
5.55 
5.53 
4.87

3.80 
3.72 
3.23 
2.80

Storage 
(ac-ft)

28.0 
17.4 
10.7

18.4 
12.5 
8.38

11.4 
10.2 
12.9 

8.27 
9.94 
6.06

5.77 
4.78 
7.15 
3.61 
4.91 
2.38

1.77 
2.60 
1.06 
1.76 

.82

.50 

.32 

.36

.27

Time to peak
Inflow 
(min)

54 
54 
54

29 
29 
29

16 
16 
16 
16 
16 
16

27 
27 
27 
27 
27 
27

50 
50 
50 
50 
50

55 
55 
55 
55

Outflow 
(min)

87 
75 
67

50 
43 
38

28 
27 
29 
24 
26 
21

39 
37 
42 
34 
36 
31

59 
62 
53 
56 
52

57 
56 
56 
56

Q at time of 
outflow peak

(ft3/S,

Inflow Outflow

543 
704 
824

475 
628 
770

421 
457 
386 
564 
493 
714

323 
355 
286 
403 
371 
451

202 
190 
221 
212 
223

99 
102 
102 
102

538 
697 
818

471 
621
747

401 
444 
350 
537 
473 
659

317 
344 
283 
393 
357 
447

201 
188 
220 
210 
223

99 
101 
101 
102

Constant volume with reservoir width = 60 ft., slope = 0.02 ft/ft.

Culvert 
size 
(ft)

4x4 _________ _ ___
6x6 _ _ ___ _______ ____

4x4 ______
6x6 .__ _ _______ _ _ __

4x4 ___ _____ ___ _ _ _.
6 x 6 _ _ _ _

4x4 _____ _ _ _____ _
5 x 5 ______ _ 
6x6 _____

QPeak 
Qp

(ft3/s)

360
360

300
300

249
249

180
180 
180

V Volume 
(ac-ft)

11.71

11.71

11.71 
11.71

Reservoir 
elevation 

(ft)

6.15

7 80
5.62

5.52
4.66 
4.09

Max. Qp 
outflow
(ft3/s)

233
311

272

195
227

160
170 
173

and 29.) With single-peak flows of equal magnitude, the one with the 
greatest volume causes the highest water level in the pond. (See 
figure 30.) The MDH method was used to synthesize single-peak 
runoff hydrographs from the peak discharge and volume of multipeak 
flows so comparisons could be made of embankment ponding and 
culvert flows of each type. The results indicate that the single-peak 
flood hydrograph should be used when designing structures to handle 
flood runoff from small drainage basins.
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APPLICATION OF RESULTS

The methods described above are applicable throughout the study 
area for small drainage areas as large as 11 square miles. For exam­ 
ple, Hay Draw near Midwest, Wyoming, a small basin with a drain­ 
age area of 1.60 square miles, was tested. A crest-stage gage was 
maintained at this site and a station frequency was developed from a 
log Pearson Type III analysis of 13 years of record. Peak frequencies 
from this analysis of station data will be compared to peak frequen­ 
cies computed using basin characteristics. The 2-, 5-, 10-, and 25-year 
peak frequencies will be compared.

The computations follow:

1. The basin characteristics (drainage area, basin slope, 
maximum basin relief, and channel slope) were determined 
from the best available topographic maps.

A = 1.60 mi2
Sg = 778 ft/mi
R m =290 ft
S10/85 = 130 ft/mi

2. The equations for the desired frequencies were used.

Q2 = 3
Q2 = 286ft3/s
Q   QA 77 ,41.105 c 1.135 p  1.412 c / 0.588 

5   OU. / / A SB ttm £>io/85

Q5 = 576ft3/S

Q   QO QQ A I- 094 C I 080 I?  1308 Q . 0.603 
10 ~ O^.yy A OB fi m ^10/85

Q 10 = 827 ft3/s
Q   OT 70 yl 1-086 c 1012 T->  1.192 o . 0.613 

25   6 I. 16 A 5S Xt m 010/85

Qas = 1,210 ft3/s

The results were compared with Q2 , Q5 , Qio > and Q25 from the 
station frequency using the log-Pearson Type III distribution. 

Station frequency; Q2 = 300 ft3/s
from equation; Q2 =286 ft3/s 

Station frequency; Q5 = 634 ft3/s
from equation; Q5 = 576 ft3/s 

Station frequency; Q 10 = 920 ft3/s 
from equation; Q 10 = 827 ft3/s 

Station frequency; Q25 = 1,350 ft3/s
from equation; Q25 = 1,210 ft3/s

The maximum spread between discharges ranges from less 
than 5 percent for the Q2 to less than 12 percent for the Q25 .



66 RUNOFF FROM SMALL DRAINAGE BASINS IN WYOMING

If it were desirable to develop a design hydrograph at this site, it 
would be necessary to compute a volume to use with the design-peak 
discharge. Consider the 25-year volume for use with the 25-year peak 
discharge. The basin characteristics are available (listed above), so 
the following computations would be made:

V25 = 584 A 1 - 142 SB °-687 Rm ~ 1 - 260 (6) 
V2S = 76.4 acre-ft.

Using the dimensionless hydrograph method, the flow units and 
time units would be computed as:

Q' =±^~= 20.17 ft3/s per flow unit 

V = ®'Q = 0.0788 acre-ft per sq unit

T = 726 ^- = 726 x ^Qll = 2 '84 min per time unit

The incremental time and discharge for the synthetic hydrograph 
would be computed on a form prepared to facilitate computations. 
These increments, plotted on a linear graph, would provide the design 
hydrograph (fig. 31).

The chance of a 25-year peak and a 25-year volume occurring at the 
same time is somewhat greater than a 1/25 probability of exceedance. 
There was close agreement between 25-year peaks estimated from 
basin characteristics and peaks computed from a relationship of peak 
discharges and runoff volumes, using 25-year volumes.

LIMITATIONS

The defined relations are based on four parameters. Drainage areas 
ranging from about 0.5 square miles to 11 square miles were tested. 
Because drainage area invariably was the most significant parameter 
determined by regression analysis, limitations on the use of the equa­ 
tions should be controlled by drainage area. A test example, using a 
drainage area of 1.60 square miles (see section on "Application of 
Results"), provided results within 5 percent of the station frequency 
for Q2 and to less than 12 percent for other frequencies up to the QK . 
The empirical relations are applicable only to unregulated flow sites 
within the defined range of drainage areas.

The importance of basin slope is apparent within the defined range 
of drainage areas. The authors believe that the effect of basin slope 
decreases as drainage area increases, but the size of the area above 
which basin slope is not significant is not known. The laborious job of
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FIGURE 31. Computations and resultant hydrograph for Hay Draw near Midwest, 
Wyo., demonstrate the development of the design hydrograph.
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determining basin slope for larger basins would be a deterrent to 
proving this hypothesis. Maximum basin relief, having only a small 
effect on small drainage areas, might be ineffective on larger ones. 
Main-channel slope appears to have a minor effect on small drainage 
basins but apparently becomes more effective on larger basins; the 
size of area beyond which main-channel slope begins to be effective is 
not known. Benson (1962) found main-channel slope to be significant 
and generally second to drainage area in its effect on peak discharge 
for all sizes of drainage areas in New England.

The use of the mean dimensionless hydrograph would be limited 
only to the extent of obtaining a runoff volume for a peak flow. In this 
study the defined relations for estimating volume are limited to 11 
square miles or smaller. The mean dimensionless hydrograph method 
was developed from hydrographs of runoff events on small drainage 
basins. The method is similar to Commons' (1942) dimensionless hy­ 
drograph which was developed from hydrographs for large drainage 
basins. The main differences in the two methods is that the recession 
is reduced for the small basins and, consequently, the area under the 
hydrograph is smaller for the small basins.

SUMMARY AND CONCLUSIONS

This study has shown that long-term runoff records can be synthe­ 
sized from long-term rainfall records; that the dimensionless hydro- 
graph method can provide a standardize hydrograph shape for use in 
designing culverts and bridges; and that the potential for temporarily 
storing flood waters behind highway embankments in undeveloped 
areas can be economically beneficial.

Methods and techniques were applied or developed as follows to 
accomplish the objectives of this research project.

1. A rainfall-runoff model and a long-term rainfall record (73 
years at Cheyenne, Wyo.) were used to synthesize long-term 
runoff records of annual peak discharges and volumes for 22 
small drainage basins in Wyoming. The process involved 
calibrating a model to each basin from rainfall and runoff 
observations on each basin. Daily rainfall data from nearby 
stations of the National Weather Service were used to 
determine antecedent conditions. Model parameters were 
developed that best relate the rainfall and runoff. The long- 
term rainfall record was then used with the model parame­ 
ters to generate a long-term runoff record on each basin. 
Variations between Cheyenne and the study basin due to 
orographic effects were considered and adjustments were 
applied to the long-term rainfall for transfer to each basin.
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2. Volume and peak frequencies were defined at each of the 22 
sites through log-Pearson Type III analysis of each synthe­ 
sized 73-year record.

3. Runoff frequencies of 2, 5, 10, 25, 50, and 100 years were re­ 
lated to basin characteristics, using regression techniques. 
The basin characteristics most significant in relating vol­ 
ume frequencies were drainage area, maximum basin relief, 
and basin slope. Those most significant in relating peak 
frequencies were drainage area, basin slope, maximum 
basin relief, and channel slope.

4. A relationship between peak discharge and runoff volume was 
developed for determining a discharge from any volume. 
The relationship (Q = 18.66 Vn°<914) was defined from 105 
runoff occurrences on 35 gaged sites (three hydrographs per 
site). A correlation coefficient of 0.90 was determined and 
an average standard error of estimate of 57 percent. The 
relationship was tested by substituting the volume frequen­ 
cies (2- to 100-year recurrence intervals) determined from 
the relationships using basin characteristics. The computed 
discharges were compared with the peak frequencies de­ 
termined from relationships using basin characteristics. 
The equation Q = 18.66 Vn° -914 predicts higher peaks from 
the 2-, 5-, and 10-year volumes than are estimated from 
basin characteristics. Peaks predicted from the 25-, 50-, and 
100-year volumes are very close to those estimated from 
basin characteristics.

5. A dimensionless hydrograph was developed to define the 
characteristic shape of flood hydrographs. A peak discharge 
and a runoff volume are necessary to produce a synthetic 
hydrograph that is always a single-peak hydrograph.

6. Analyses of embankment storage indicate that the fast-rising 
single-peak runoff occurrence is most important in culvert 
design. Synthetic single-peak hydrographs developed from 
peaks and volumes of multipeak runoffs and routed through 
a culvert in an embankment caused higher water-surface 
elevations behind the embankment than did the natural 
multipeak flows.
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