
Utah State University Utah State University 

DigitalCommons@USU DigitalCommons@USU 

All Graduate Theses and Dissertations Graduate Studies 

5-1976 

A Model for Designing Surface Drainage Systems In Nearly Level A Model for Designing Surface Drainage Systems In Nearly Level 

Agricultural Lands Agricultural Lands 

Rafael Maria Rojas 
Utah State University 

Follow this and additional works at: https://digitalcommons.usu.edu/etd 

 Part of the Soil Science Commons 

Recommended Citation Recommended Citation 
Rojas, Rafael Maria, "A Model for Designing Surface Drainage Systems In Nearly Level Agricultural Lands" 
(1976). All Graduate Theses and Dissertations. 3681. 
https://digitalcommons.usu.edu/etd/3681 

This Dissertation is brought to you for free and open 
access by the Graduate Studies at 
DigitalCommons@USU. It has been accepted for 
inclusion in All Graduate Theses and Dissertations by an 
authorized administrator of DigitalCommons@USU. For 
more information, please contact 
digitalcommons@usu.edu. 

https://digitalcommons.usu.edu/
https://digitalcommons.usu.edu/etd
https://digitalcommons.usu.edu/gradstudies
https://digitalcommons.usu.edu/etd?utm_source=digitalcommons.usu.edu%2Fetd%2F3681&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/163?utm_source=digitalcommons.usu.edu%2Fetd%2F3681&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/etd/3681?utm_source=digitalcommons.usu.edu%2Fetd%2F3681&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/




ii 

ACKNOWLEDGMENTS 

would like to express my deep gratitude to the Interamerican 

Center for the Integral Development of Land and Water Resources (CIDIAT) 

and the Organization of American States (OAS) for their economic sup

port. To the Department of Soil Science and Biometeorology of Utah 

State University for giving me the opportunity of working with them, 

my sincere appreciation. 

Special thanks to Dr. R. J. Hanks and Dr. J. Paul Riley for their 

advice, suggestions, and encouragement. am also thankful to Dr. 

Lyman Willardson, Dr. Fred Gifford, and Dr. Alvin R. Southard for 

their advice and participation in the preparation of this report. 

I wish to thank German Uzcategui for his constant encouragement 

and moral support and Francisco Plata for the valuable discussion of 

my work. My sincere appreciation to Mrs. Betty Smith for the careful 

typing and preparation of the manuscript. 

To my wife, Milagros, my deepest gratitude for her patience and 

moral support and to my daughters, Mariana and Roxana, my loving thanks 

for their refreshing presence. 

Finally, I would like to dedicate this work to the memory of my 

mother. 

Rafael Maria Rojas 



TABLE OF CONTENTS 

LIST OF SYMBOLS 

ABSTRACT 

INTRODUCTION 

REVIEW OF LITERATURE 

PROCEDURE 

Surface drainage principles and practices 
Rainfall simulators 
Hydrology of small watersheds and surface drainage 
Crop production and surface drainage 

Data Collection and Analysis 

Data collection . 
Analysis of data 

Developing the Model 

First model 

Testing the Model 
Second Model 

iii 

Page 

ix 

xi 

4 

4 
6 

11 
20 

23 

26 

26 
27 

39 

39 

42 
48 

Application of the model to surface drainage system 57 
Steps in surface drainage design 61 
Some assumptions and considerations regarding 

surface drainage design 64 

Practical Application of the Model 

The area 
Design parameters 
Surface drainage simulation 

DISCUSSION AND CONCLUSIONS 

SUGGESTIONS FOR FUTURE RESEARCH 

LITERATURE CITED 

APPENDIXES 

66 

66 
67 
67 

73 

76 

77 

81 



VITA 

Appendix A 
Appendix B 
Appendix C 
Appendix D 

TABLE OF CONTENTS (Continued) 

iv 

Page 

82 
94 

106 
114 

119 



v 

LIST OF TABLES 

Table Page 

1. Sample table for rainfall simulator analysis 29 

2. Mean values of some climatological factors for Majaguas 
and Agua Blanca, Portuguesa, Venezuela 70 

3. Simulated variation of total runoff and time of runoff 
with slope and length of run 71 

4. Compute r program for different variables and parameters 
in the model 84 

5. Soil and watershed characteristics for rainfall simulator 
plots of Illinois trials. All plots are 12' x 6 ' . 96 

6. Soil and watershed characteristics of rainfall simulator 
sites. Arizona trials. All plots are 24 ' x 12' 97 

7. Soil characteristics of Arizona desert plots (Beutner, 5) 98 

8. Rainfall simulator data for Illinois plots 99 

9. Rainfall simulator data for Izzard's (25) experiments 100 

10. Rainfall simulator data for Arizona plots 101 

11. Sample of rainfall simulator data 102 

12. Soil and hydrological characteristics of small watershed 
utilized in testing the model 108 

13. Hydrological data for \Vatershed 3H, Hastings, Nebraska 109 

14. Hydrological data for event of June 25, 1961, P-1, 
Waco, Texas 110 

15. Hydrological data for events: April 24 and May 13, 1957, 
SW-17, Waco, Texas 111 

16. Runoff curve numbers for hydrologic soil-cover complexes 117 

17. Curve numbers (CN) and cons t ants for the case I = 0.2 S 118 
a 

18. Modification of AMC (antecedent moisture conditions) to 
include 24-hour antececent precipitation 119 



vi 

LIST OF TABLES (Continued) 

Table Page 

19. Infiltration characteristics of different soil hydrological 
classes. No cover (Sl) 119 



LIST OF FIGURES 

Figure 

1. Rainfall simulator hydrograph . 

2. Typical storage-runoff relationship during recession. Data 
from Plot 1-1-1 of Arizona plots . 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Schematic curves of accumulated P, Q, and F + Ia 

Typical (S/26t + q/2) vs q relationship 

Computation of the routing coefficient, m 

Rainfall-Runoff System for small plots . 

Recession curve for Trial 17-1-81, Ramona clay loam, 
4-19-1939 

Infiltration potential versus routing coefficient m1 

Length of run versus routing coefficient m
1 

Slope versus routing coefficient m1 . 

Computed m
1 

(equation [27]) versus measured m 

Computed n (equation [29]) versus measured n 

Flow diagram of the surface drainage model 

Observed and simulated runoff hydrographs using m, m1 , and 
m

1
/2 as routing coefficients. Events of May 13, 1975, SW-17, 

Waco, Texas . • . . . . 

Observed and simulated runoff hydrographs using different 
values of m (m, m1, and ml/2). Event July 18, 1958, 3-H, 
Hastings, Nebraska 

16. Simulated and observed hydrograph using measured m and 
different infiltration estimates. Event May 13, 1957, SW-17, 
Waco, Texas . 

17. Simulated and observed runoff hydrograph for event May 13, 
1957 at SW-17, Waco, Texas 

18. Simulated and observed runoff hydrograph for event May 15, 
1960 at WS-3H, Hastings, Nebraska 

vii 

Page 

8 

10 

14 

17 

18 

25 

30 

32 

33 

34 

37 

38 

40 

46 

47 

49 

53 

54 



viii 

LIST OF FIGURES (Continued) 

Figure Page 

19. Simulated and observed runoff hydrographs for event April 24, 55 
1957, SIV-17, Waco, Texas 

20. Simulated and observed runoff hydrograph for event June 25, 56 
1961, at P-1, Waco, Texas 

21. Simulated runoff hydrograph for different slope values 57 

22. Simulated runoff hydrograph for different lengths of run 59 

23. Si mulated runoff hydrograph for different values of S 60 

24. Simulated runoff hydrograph for different cover densities 61 

25. Idealized surface drainage system layout 63 

26 . Steps in surface drainage design . 66 

27. Design storm for Agua Blanca, Portuguesa, Venezuela. 
Return period = 5 years 69 

28. Simulated total time of runoff with varying slope and 
length of run 

29. Computer program for the surface drainage model 

30 . Sample of output data 

31 . Sample of hydrograph plot 

32. Map of Watershed 3-4, Hastings, Nebraska 

33. Map of watersheds Pl, P2, P3 and P4, Waco, Texas 

34. Map of IVatershed SW-17, Waco, Texas 

35. Soil Conservation Service hydrologic soil groups 

72 

85 

92 

94 

112 

113 

114 

116 



PARTIAL LIST OF SYMBOLS 

a Exponent in Kostiakov's infiltration equation 

AMC Antecedent moisture condition 

b Intercept for t=l in Kostiakov's infiltration equation 

Bd Bulk density 

C Intercept of the recession equation for Da=l 

CN Soil Conservation Service curve number 

CV Vegetative cover 

Da Storage in inches 

F Accumulated infiltration 

Infiltration rate 

fc Constant infiltration rate 

L Length of plot 

1 Residual length after rainfall 

m Routing coefficient 

ml Computed routing coefficient 

n Exponent of the recession curve 

P Accumulated precipitation 

Pe Excess precipitation 

PT Total precipitation 

pe Average precipitation excess 

Q Accumulated runoff 

qc Constant runoff rate 

qd Design runoff rate 

qe Runoff rate at the end of rainfall simulation trial 



PARTIAL LIST OF SYMBOLS (Continued) 

q Runoff rate 

qr Recession runoff rate 

Potential infiltration 

Slope of land 

TP Rainfall duration 

tp Time to peak 

w Width of plot 

X 



ABSTRACT 

A Model for Designing Surface Drainage Systems 

In Nearly Level Agricultural Lands 

by 

Rafael M. Rojas, Doctor of Philosophy 

Utah State University, 1976 

Major Professor: Dr. R. J. Hanks 
Department: Soil Science and Biometeorology 

xi 

The increasing demand for reclamation of periodically waterlogged 

nearly level agricultural lands in humid tropical areas and the hazard 

of soil deterioration and soil moisture balance disturbances by current 

land forming methods suggests the need for investigations of new 

surface drainage design procedures. This report presents a rainfall-

runoff model for simulating hydrographs from ungaged agricultural plots. 

The model is based on routing procedures and utilizes common soil and 

hydrologic data. Tests made with several small agricultural water-

sheds indicate that the model could be a useful tool in simulating 

surface drainage design. 

Input data for the model consists of (a) rainfall data, (b) 

infiltration, (c) watershed characteristics, and (d) soil parameters. 

The model could be used with any computer or desk calculator. Since 

the model was developed for surface drainage purposes, its use is 

limited to wet conditions in homogeneous and rectangular plots. 

(131 pages) 



INTRODUCTION 

Surface drainage has been one of the most important problems in 

the development of intensive agriculture in humid nearly level lands, 

especially in tropical and subtropical regions. 

Surface drainage problems are commonly related to high precipita

tion, level topography, and fine textured soils. In most tropical 

regions, lands with surface drainage problems are generally regarded 

a s marginal lands and are mainly cropped to rice and pasture. In 

recent years, the increasing demand for food has forced farmers to use 

some of these lands to produce more valuable crops, but the water

logging condition associated with poor surface drainage is a limiting 

factor to producing economical benefits. 

Research in surface drainage has been limited to the search for 

some method of improving land slope for a faster removal of excess 

water. The results, although good, generally can only be applied to 

those areas for which they were developed. Current methods of surface 

drainage design were developed for the main surface ditches. To insure 

a rapid water conveyance to these ditches, land reshaping is accomplished 

by land forming methods. Overdesign of these land surface changes are 

common and, therefore, soil disturbances occur. For deep soil, this 

is not a problem, but in shallow soils, it could be irreparable. 

Although, in most cases, yields increase after drainage, they still may 

not be optimum . 



There is a need for a method to estimate runoff from agricultural 

plots which accounts for the minimum land surface changes necessary to 

provide an adequate removal of excess water and at the same time main

taining an acceptable moisture s tatus for all crops in a rotation. The 

method should also apply to ungaged watersheds and, therefore, could be 

used in planning surface drainage works. 

Objectives of the study 

The purpose of this research was to develop a reliable surface 

drainage model for the design of surface drainage improvements. The 

model was proposed to be based on the rainfall-runoff relationship and 

flood routing procedures. Efforts were made to make the model as simple 

as possible to be used with common calculating facilities, and flexible 

enough to be applied to ungaged agricultural plots and requiring easily 

measurable soil and hydrological parameters and variables. Specifically, 

the main objectives of the study are: 

1. To develop a surface drainage model with the following 

characteristics: 

a. The model should be simple to be used with common 

calculating machines. 

b. The model should be applicable to ungaged small water

sheds. 

c. The model should use only those data commonly found in 

soil surveys and hydrological data publications. 

d. The model should be sensitive to those design character

istics as: slope and length of run. 



2. To test t he model with available small watershed data . 

3. To devel op a me t hod fo r applying the model t o surface drain

age design . 



REVIEH OF LITERATURE 

Surface drainage design for small areas has not been considered 

before as an individual research topic. The literature used to con-

ceive the ideas for this research has been divided into four categories: 

(a) surface drainage practices, (b) rainfall simulator analysis, (c) 

hydrology of small ~atersheds, and (d) crop production and surface 

drainage. 

Surface drainage principles and 
practices 

Surface drainage has been practiced for many years in a practical 

trial and error manner by means of land forming works. The first 

technical approach to the problem was made by McCrory and associates 

(30) when planning drainage improvements in the Cypress Creek Drainage 

District, Desha and Chicot Counties, Arkansas. McCrory developed the 

so- called "Cypress Creek Formula:" 

Q = 36M516 [1] 

in which Q is the ditch capacity in cfs, M is the area in square miles 

and 36 is the value of a certain coefficient that represents the 

characteristics of the drainage area and excess precipitation to be 

removed by surface drainage. The units of M (sq mi) indicate that this 

equation applies to large areas to calculate the capacity of the main 

outlet. 

Stephen and Mills (45) obtained a relationship to apply the for-

mula to other locations: 



Q ~ (16.39 + 14.75 Re) M516 

and can be applied to any location provided Re is known. Re is the 

excess rainfall in inches, and according to Stephen and Mills (45), 

should be de termined in accordance with the SCS National Engineering 

Handbook, Section 4, Hydrology, Chapter 10 (48) . 

The Cypress Creek Formula, as mentioned before, applied only to 

the des i gn of the main surface drainage ditch network and gives only 

the ditch capacity to remove the excess water in a given time, generally 

24 hours. This equation could work satisfactorily providing that each 

of the individual small plots in the drainage area has the capacity to 

conduct the excess water to the collector drains and then to the outlet 

ditch, but the equation does not provide enough evidence to insur e 

that this will occur, mainly becaus e of the absence of certain water

shed parameters and variables, such as (a) rainfall intensity and 

duration, (b) absolute slope of land, (c) time variation of infiltra

tion, (d) microrelief, ( e ) vege tative cover, and (f) soil moisture 

content at the time of the design event. The absence of these fa c tors 

in the design l eads to the uncertainty as to whether the watershed 

characteristics and conditions at the time of the rainfall occurrence 

will prevent the removal of the excess water in the desired time. 

The computation of Re considers vegetative cover and antecedent 

moisture condition, but as will be discussed later, the method has 

several limitations regarding the evaluation of cover and antecedent 

moisture. The main limitations are that it was developed mainly from 

large and fairly well drained Ha tersheds Hith slopes generally greater 



than 1 percent, which is opposite to the recommended use of the Cypress 

Creek Formula (49). 

Most of the current surface drainage design procedures are based 

on the Cypress Creek Formula and, therefore, have the same limitations. 

Among these, the most commonly used are: Bureau of Reclamation (46), 

Soil Conservation Service (49), and American Society of Agricultural 

Engineers (1). 

Several practical handbooks, bulletins, and technical journal 

articles have been written to indicate, propose, and delineate methods 

for designing surface drainage systems. Most of them show methods of 

land forming to accelerate the disposal of excess surfcce water 

(Zwerman, 52; Coote and Zwerman, 11; Savenson, 41; Luthin, 29; 

Beauchamps, 4; and many others). Most of the textbooks on drainage 

give some indications of the methods for outlet design. 

The most recent surface drainage methods for agricultural lands 

are those of Salamin (38) and Seginer (43). Salamin pr~sents a hydro

logical approach to the solution of the problem and gives some consider

ations to the crop resistance and yield under different flooding 

conditions, but like the other authors, he considers only the design 

of the system for a large area. Seginer developed a mcdel of surface 

drainage for agricultural lands, but his approach is more applicable 

to urban areas than to agricultural lands. 

Rainfall simulators 

In the late thirties and early forties there was a great concern 

for the study of infiltration and erosion, and consequently, runoff 

from small watersheds. This started the rainfall simulator era. Many 



rainfall simulator trials were made on small plots, generally 24 x 6 

feet. One of the advantages of these plots is that the surface remains 

undisturbed and is thus similar to natural conditions. These rainfall 

simulator studies provided material for hydrological studies and very 

good results were gained from them. The pioneer of rainfall simulator 

analysis was Horton (18,19) who created the techniques for such 

analysis, and his method is still in use by hydrologists. 

After Horton, many other researchers utilized rainfall simulator 

data for different hydrological studies which have become the basis for 

many hydrological methods (Izzard, 24,25; Duley, 12,13; Beutner, 5; 

Borst, 6; Wishmeir, 51; Neal, 33; and many others). 

In a rainfall simulator, water is artificially applied at a known 

rate for a certain period of time. Accumulated runoff as a function 

of time is measured at the end of the plot until runoff stops. Data 

collected from these plots are: runoff measurements, initial moisture 

content, time to runoff start, surface detention, vegetation, and 

sediment production. 

Figure 1 shows a sample hydrograph of a rainfall simulator trial. 

Horton suggested that when runoff becomes constant, it is because 

infiltration is also constant. This may not be strictly true, but for 

practical purposes this assumption is probably reasonable. This 

assumption is the key point in rainfall simulator analysis. If both 

runoff and infiltration rate are essentially constant, 

fc = constant1 
qc 

1All symbols refer to Figure 1. 

[3] 
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and when rainfall stops 

fe = i£ = constant. 
qe qc 

In the recession part of the hydrograph q is measured. 

[4] 

Since 

rainfall stopped, qr is a function of the storage on the plot Da, and 

therefore fr is also a function of the storage. From these, Horton 

also assumed that 

[5] 

The storage Da at the end of the trial can be computed from the 

measured qr as 

i i 
where qr and qr -1 are the measured runoff rates. 

~t is the time interval between qi and qi -1. 
r r 

Infiltration rates during recession are computed by the equation 

fr 

[6] 

[7] 

i fi Knowing qr and r' Da can be computed by successive subtraction of 

average qr's and fr's for each time interval. 

9 

Plotting Da vs qr gives the recession curve which in log-log paper 

results in a straight line (Figure 2). From this line the regression 

equation is obtained: 

n 
qr = C Da 

where C is the intercept when Da 

[8] 

1 and n is the slope of the line. 
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Analysis of many recession curves indicates that m is fairly constant 

for a particular place and depends mainly on the soil cover complex and 

slope of land, whereas C depends more on the length of the plot and 

soil-cover conditions. 

Hydrology of small watersheds 
and surface drainage 

The availability of hydrological data from small watersheds and 

the relative uniformity of those watersheds gave many hydrology 

researchers the opportunity to study the rainfall-runoff relationships 

and, therefore, to develop many of the present methods of hydrologic 

analysis. The literature on rainfall-runoff relationships is so 

extensive that it would be impractical to discuss it completely, there-

fore, only those works that most concern this research will be discussed. 

Chow (9) gives an extensive review of present knowledge. 

Horton (18,19) and Izzard (24,25), as mentioned before, were two 

of the pioneers in the study of infiltration and runoff. Horton's 

infiltration equation is still widely used in hydrologic models, 

especially for its applicability in mathematical analysis for long dura-

tion storms. Izzard started the studies of overland flow by means of 

rainfall simulators and developed very good relationships between 

rainfall and runoff, especially for paved surfaces. 

Izzard suggested that runoff was a function of surface storage 

Da and some watershed characteristics as given in the following equa-

tion similar to equation [8]: 

q C Da1.67 [9] 
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where 1.67 substi tutes for n in equation [8] and is equal to the value 

of that exponent in Manning's equa tion for shallow flows. As is known 

for shallow flow in wide channels, the hydraulic radius R is approxi-

mated by the depth of flow Da. Mannings equation could be written as 

= 1.486 [Da)
213 

1/2 
V n 12 S [10] 

or 

v [
Da) 2/3 

c 12 [11] 

Equation [11] could then be written as 

q [
Da) 5/3 

c 12 [12] 

where 5/3- 1.67 and C will include s112 , nand the conversion factors. 

The flow rate will then be in cubic feet per second. 

Equation [12] could be used to synthesize a hydrograph providing 

that C could be evaluated and Da could be obtained by means of a 

continuity equation and values of precipitation, infiltration and 

previous Da, but the exponent is not really constant for all soil-cover 

complexes and n also changes during the storm. Finding the changes of 

this factor with respect to time and other variables will lead to very 

sophisticated mathematical analysis that until now has not been done. 

After Horton's and Izzard's pioneer works, many studies have 

been made on rainfall runoff relationships, but most of them have been 

too theoretical or difficult to apply in cases of non-steady infiltra-

tion and precipitation. Eagelton (15) describes several methods, based 

on the kinematic wave theory, that are difficult to apply on ungaged 

watersheds. 
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Mockus (48), after analyzing data for a large number of small 

watersheds, developed a method for estimating runoff from precipitation 

data and watershed characteristics. He started with the basic assump-

tion 

[13] 

in which F actual infiltra tion after runoff started (inches) 

s potential infiltration (inches) 

Q actual runoff (inches) 

Pe Potential runoff (inches) or precipitation excess. 

He defined Pe and F as follows: 

Pe P - Ia [14] 

F Pe - Q [15] 

For practical reasons he considered Ia as the cumulative precipi-

tation prior to runoff start, Ia is a function of interception, depres-

sion storage, and infiltration occurred before runoff started. Figure 

shows all variables in Equation [13] as accumulative mass curves. 

Combining equations [13], [14], and [15], 

-~ 
Q - Pe + S · 

From plot of Ia vs S, Mockus found that Ia 

substituting into equation [16] gives 

Q 
(P - 0. 2S) 

2 

(P + 0. 8S) 

[16] 

0.2S, which upon 

[17] 
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This equation could be used to estimate total runoff in inches. 

Q could be used as precipitation excess on instantaneous hydrograph 

analyses, in this case, P is substituted by the cumulative P at the 

time of the estimate. The main limitation of this equation is the 

estimation of S which is made by using soil- cover complex, treatment 

or practice and antecedent soil moisture. Mockus made up tables to 

estimate values of CN (curve number), anfecedent moisture conditions 

and hydrologic conditions. After finding the value of CN for a given 

condition, S can be computed as: 

= 1~0 
- 10. [18] 

Some other limitation of equation [17] are : Ia = 0.2S is not a 

good estimation, especially for dry conditions; antecedent moisture 

conditions (AMC) are grouped only in three categories and hydrologic 

soil classes are only four. 

15 

Chiang (8) modified the hydrologic soil classes into seven classes 

and provided a procedure to classify soils utilizing data from a 

detailed soil survey . 

Assuming that precipitation excess could be computed by sub

tracting infiltration from precipitation or by Mockus's method when 

infiltration is unknown, synthesis of the hydrograph is still a 

problem due to the many factors involved in the transformation of the 

excess precipitation into runoff. Of the many techniques available, 

runoff routing is possibly the most simple and practical to utilize. 

Chow (9) and Carter (7) describe several methods of flood routing, 

in all cases a previous storage-outflow relationship has to be known 
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and one to several coefficients must be obtained. Even in the case of 

a sin gle peak hyd rograph and rainfall simulator hydrographs, there is 

a hysteresis in the storage-runoff relationships. This hysteresis is 

responsible for the difficulty in synthesizing the rising part of the 

hydrograph. 

Holtan and Overton (22,23) developed routing equations based 

di r ectly on the continuity equation and storage-runoff relationships 

t aken from the recession part of the hydrograph not sustained by rain-

fall. In essence, their equations are modifications of the "Plus 

Method" of routing. Their first equation is: 

(pel + pe2) + [sl + ql) - q = [s2 + q2) 
/::,t 2 1 lit 2 

[19) 

in which pe average precipitation excess 

s storage 

q outflow 

lit time increment 

1 and 2 refe r to routing periods. 

With a q vs (;t + t) relationship (Figure 4) obtained from the recession 

part of the hydrograph unsustained by rainfall, q
2 

can be obtained, 

providing all values for period 1 are known. These authors found that 

routing through half of the storage and making two routings, hysteresis 

can be overcome. 

The limitation of this method is that the q vs (;t + t) must be 

known, therefore the method could not be applied to ungaged watersheds. 

The authors also utilized what they called the routing coefficient, m, 

which was defined as the slope of the S versus q relationship which 

is considered to be a straight line (Figure 5). 
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m S/q [20] 

where m routing coefficient in hours 

s storage (cfs/hr) 

m is considered to be constant, therefore there is a linear relation-

ship between storage and outflow. 

Taking S = mq and considering half of the storage and two routings 

to minimize hysteresis, they obtained the equation 

1 1 
where q

1 
and q

2 
are the outflow for the first routing. For the second 

routing, equation [21] becomes 

q = ( 1 + 1) ( At ) + (m - At) 
2 ql q2 m + At (m + At) [22] 

q
2 

is the final outflow for the period. 

The example in their paper shows a very good fit between computed 

and observed hydrographs. 

Overton (35), in a later paper, discussed the use of equations 

[21] and [22] and suggested that this was one of the most convenient 

ways of runoff routing for ungaged watersheds. He also suggested the 

importance of research to find a method of estimating m from soil and 

watershed parameters . 

Narayana (32) and Amisial (2) developed analog models for surface 

runoff for short time intervals . These models were used in small 

watersheds, but the size of the watersheds was still too large for 

surface drainage of small plots (about 1 hectare). Another problem 

of the models is that they cannot be used, or are difficult to use 



in ungaged wa tersheds and an analog computer is needed to perform 

the simulation. 

Crop production and surface drainage 

The literature on crop damage due to flooding is not abundant. 

The research done is so diversified that good conclusions cannot be 

taken from those studies. Luthin (28) describes some of the studies 

on crop yield and flooding prior to 1957. Salamin (38) conducted a 

flooding damage study for conditions in Hungary which gives a list of 

crops yield reduction due to different flooding conditions. 

Recently, Kramer (27) studied the flooding tolerance of tobacco 

plants and found that a 24-hour soil saturation could cause permanent 

plant injury. Rhoades (37) found that grasses are very tolerant to 

flooding for long periods of time. Beard (3) studied flood tolerance 

and temperature for four grasses and found that temperature had a 

great influence on flooding damage; with 30"C most of the plants died 

before 10 days. Williamson (50) found that most of the crops studied 

began to suffer from flooding in less than 24 hours of continuous 

flooding. Most of these research studies do not quantify the damages 

enough to compute monetary losses to justify any drainage improvement. 
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Savenson (41) working in sugarcane in Louisiana found that with 

surface drainage, yields could be increased by 2 tons of sugarcane per 

acre with a cost of less than $6.00 per acre. Salazar (39,40) studied 

surface drainage benefits on heavy soils in Venezuela where he found 

yield increases up to 100 percent in pasture and corn yields for 4.8 

kg/ha with no surface drainage, to 1314 kg/ha with surface drainage. 

Surface drainage experiments in heavy soil in Portuguesa, Venezuela 



(17) indicate yields could be increased up to 300 percent with furrm• 

s urface drainage. 
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The last four studies are examples of benefits from surface drain

age works. The main objection to these data is they they were made 

only on a one-year basis, not considering that in a normal cycle there 

are wet and dry years. If the experiment '\Yas done in a YTet year, it 

would be a success, but if it "as a dry year, the results could be insig

nificant or negative . In the case of tropical humid countries with t"10 

crops, i f a system is overdesigned, the second crop could suffer from 

moisture stress, especially if it is an end-of-rainfall season crop 

like sesame seed and beans. 

The statements made in the last paragraph are s upported by an 

experiment conducted by Miller (31) in Venezuela and by some trials in 

the Portuguesa study . Hiller found that because of a dry year, surface 

drainage had negligible or negative results. In Portuguesa, the plots 

with wider collector drain distances gave better yields than the closer 

ones. 

In Surinam and Trinidad (10), it was reported that lands formed 

in "beds" needed ten years to reach normal yields. This is because of 

soil dis turbances during grading and leveling. 

Summarizing , crop yields could be improved by surface drainage 

providing the design could be made in such a way that: 

1. Minimum land leveling or grading is made. 

2. Hater removal should be fast enough to minimize crop 

drainage due to flooding and permit a reasonable infiltration 

to maintain a normal moisture balance throughout the cropping 

season. 



3. The design storm, which is used for the basis of the design 

of the drains, should be selected considering both flood and 

drought return periods. 

22 
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PROCEDURE 

In order to be consistent with the objectives of this research and 

after the review of literature and several initial trials, it was 

decided to adopt the routing procedure developed by Holtan and Overton 

(22,23). Since this method required the elimination of the routing 

coefficient, m, from the storage-outflow curve of the recession hydro

graph, it was also decided that the best source of reliable recession 

data was rainfall simulator studies. The routing coefficient, m was to 

be obtained for multiple regression analysis of the rainfall simulator 

data. 

Precipitation excess, Pe, which is the input to the surface run

off component of the hydrologic system, was computed by subtracting 

infiltration from gross precipitation. Cumulative values of precipi

tation and infiltration were considered instead of instantaneous values. 

Precipitation excess, therefore, is defined as 

Pe p - F 

in which 

Pe precipitation excess 

P cumulative rainfall 

F cumulative infiltration 

[23] 

Infiltration, F, is represented by any available equation, such as 

Horton's (19), Philip's (36), or Kostiakov's (26). Horton's equation 

has been widely used in hydrologic modeling and its coefficients can 



24 

be estimated from soil pa rameters (20,34). In the event that infiltra

tion data are not available, Mo ckus ' method (48) could be used. 

The conceptual model is represented in schematic form by Figure 

and it consists mainly of the following system blocks: 

a . A set of initial conditions and watershed parameters data 

(soil, cover, antecedent moisture conditions, slope, length 

of field, width of plot, etc.) . Data for this block are 

obtained from soil surveys and hydrologic data. 

b. Infiltration potential, obtained from infiltration studies 

or Soil Conservation Service method (48). 

c. Precipitation, obtained from rainfall frequency data. 

d. Precipitation excess, computed from b and c. 

e . Storage , computed from excess rainfall and runoff. 

f. Storage-runoff system. This is the routing model based on 

recession curve analysis. 

g. Outlet conditions. Since the routing model is designed for 

infinite outlet capacity, any outlet limitation will affect 

the runoff hydrograph. 

h. Runoff. Final output from the hydrologic system. 

Following the development of the conceptual model, the next step 

was to simulate a procedure for synthesizing the storage-runoff system 

from watershed parameters. The routing coeff icient, m, proposed by 

Holtan and Overton was the main objective of this search. These 

authors said that m could be estimated by plotting storage against 

runoff, where storage was equal to the area under the hydrograph from 

a given time to the end of the runoff. In other words, storage at a 
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Figure 6. Rainfall-Runoff System for small plots . 
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given time is equal to total runoff less cumulative runoff at that time. 

This is not entirely accurate because infiltration during recession is 

not considered. Since infiltration from natural watersheds is difficult 

to estimate, the only way to reproduce a real storage-runoff relation-

ship is with a controlled watershed. To meet this requirement, a rain

fall simulator is frequently used to generate the needed data. 

Data Collection and Analysis 

Data collection 

Time and climate conditions, cost, and availability of adequate 

equipment are the main factors that were considered in obtai ning da ta 

for the development of the model. The existence of adequate data was 

the decisive factor in selecting rainfall simulator studies as the main 

source of information for this research. Unfortunately, these data 

were taken more than thirty years ago, therefore most of the original 

documents could not be found. 

data: 

Four different sources were used to collect the rainfall simulator 

1. Izzard's: "Preliminary Report of Analysis of Runoff Resulting 

from Simulated Rainfall on a Paved Plot" (24). 

2. Professor Fletcher's files. 1 

3. Beutner's "Sprinkled-plot-runoff and Infiltration Experiments 

on Arizona Desert Soils" (5). 

4. Holtan's "Plot Samples of Watershed Hydrology" (21). 

1Joel Fletcher. Personal files on rainfall simulator data, 1975. 
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Data utilized for testing the model were obtained from the ARS 

publication, "Hydrologic Data for Small Agricultural Watersheds" (47). 

Rainfall simulator data were tabulated and ordered for further analysis. 

Small watershed data were tabulated and interpolated when necessary. 

Analysis of data 

Rainfall simulator data were analyzed following Horton's method. 

Computations were made to obtain recession curves and such values as: 

potential infiltration, S, initial abstractions, Ia, constant infiltra

tion rate, fc, and available porosity, ap. The data were selected so 

as to discard those trials which were incomplete or contained inconsis

tencies. All data are presented in Appendix B in Tables 5 through 

11. 

The procedure for obtaining the recession characteristics of each 

rainfall simulator trial, shot>n in Table 1, consists of the following 

steps: 

1. From the rainfall simulator data (see Table 11, Appendix B), 

all data pertaining to the recession portion of the hydrograph 

are tabulated similar to Table 1. The' data needed are time, 

accumulated time, time interval, and computed runoff. Other 

data to be taken from rainfall simulator trails are initial 

abstractions, rainfall rate, total precipitation, total run

off, constant rate of infiltration, and final runoff. 

2. In this particular case, the final rate of infiltration is 

utilized instead of the constant rate. Since precipitation 

is constant, infiltration at the end of the rainfall is: 



in which f e is the final rate of infilt rat ion , p is the 

precipitation rate and qe is the final runoff rate . From 

equation [3 ], the value of fe/qe is then computed. 

3 . Da a t the end of rainfa ll is computed from equation [6] and 

its value is recorded a t the time correspondinf, to the end 
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of the r a infa ll, which is a lso the beginning of the r ecession 

period. 

4. Infiltration during recession is computed by equation [7 ] and 

recorded in Table l. 

5. 1vith qr and fr being known, Da for each point of the recession 

can b e computed by the fo llowing relationship: 

[26] 

in which Da
1 

is the previous value of Da; qr and fr a re, 

r espectively, average runoff and infiltration for the period 

in con s idera tion and ~ t is the time interval for the period. 

6. Finally Da is plotted against q on log-log paper (Figure 7) 

for the example in Table l. After the plot is completed and 

the best fit line is drawn , recession characteristics values 

are determined. In the example of Table l, these values are 

m
1 

= 0.091 

n = 0.761 

c 6.3 

Final computation for regr ess ion analysis consists in the deter

mina tion for S, which i s obtained by equation [35]. Orig inal rainfa ll 
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Table l. Sampl e t able f or r a infa ll s i mulator analy si s 
l 

Time 
Accumulated 

lit f Da 
time qr r 

(min) (sec) (sec) (iph) (iph) (in) 

60:00 2.04 1.180 0.1935 
09 9 9 l. 76 1.018 0.1860 
26 26 17 1.67 0.966 0.1733 

61:04 64 38 1.43 0.827 0.1474 
25 85 21 1.36 0.787 0.1346 
48 108 23 1.31 0. 7 58 0.1211 

62 :12 132 24 1.15 0.665 0.1082 
40 160 28 1. 03 0.596 0 .0948 

63:10 190 30 0.94 0.544 0. 0819 
45 225 35 0.81 0.469 0 .0684 

64:25 265 40 0.68 0.393 0.0554 
65:15 315 50 0.55 0 . 318 0.0419 
65:20 380 65 0 .40 0.231 0.0284 
67:22 442 62 0.31 0.179 0.0187 
68:25 505 63 0.19 0.110 0.0118 
70:01 601 96 0.13 0 . 075 0.0051 
71:47 707 106 0.06 0.035 0.0007 
72:35 755 48 .00 0.000 0.0000 
------------------------------------------------------------------------
Plot data: Site= 17, Plot= 1, Run= 81, Slope= 1.60%, Precip. rate 

3.22 iph, Total precip. = 3.22 in, 8w = 7.1%, Runoff 

0.946 in, Cover= Heavy stand of tobasa chopped to 1 in . 

Da computations 

fc = 3.22 - 2.04 = 1.18; fc/qc = 1.18/2.04 = 0.5184 

l. 5184 \' Da= ----nD0 L (2.04 + 1.76)9 + (1.76 + 1.67) 17 + (1.67 + 1.43) 38 
+(1.43 + 1.36) 21 + (1 . 36 + 1.31) 23 + (1.31 + 1.15) 
24 + (1 .15 + 1.03) 28 + (1.03 + 0.94) 30 + (.94 + .81) 
35 + (.94 + . 81) 35 + (.81 + .68) 40 + (.68 + . 55) 50 
+(.55+ .40) 65 + (.40 + .31) 62 + (.31 + .19) 63 + 
(.19 + .13) 96 + (.13 + .06) 106 + (.06) 48 = 

882.85 X l. 584 
7200 0.19354 . (Equation 6) 

1Data for this example was taken from Table B-7, Appendix B. 
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A study was made to identify a procedure for estimating hydrograph 

recession charac teristics from watershed and soil parameters. In this 

study four particular characteristics were consider ed , namely (a) the 

routing coefficient , m, (b) the slope of the recession curve, n, (3) 

the intercept, C, of the recession curve for Da = 1, and (d) the value 

of Da when q = 1. 

The routing coefficient, m, as defined by Holtan (24) is 

Da/q [24] 

in which m is the routing coefficient i n hours, Da is the average 

storage depth in inches and q is the runoff in inches per hour corre

sponding to that Da . Assuming a linear relationship between storage 

and runoff, m can be computed if any value of Da and its corresponding 

q are known. A preliminary analysis of rainfall simulator dat a showed 

that the routing coefficient, m, is affected by the length of the plot, 

the slope of the land, the coefficientS, and vegetative cover. 

Length of slope determines the volume of water left on the plot. 

Slope affects the velocity of flow and water surface profile. S is 

used as an indicator of infiltration and soil characteristics, and 

cover reflects both infiltration capacity and roughness of the field. 

Since these four watershed paramet ers can be obtained rather easily , 

it was ass um ed tha t if a good correlation could be obtained between 

them and the routing coefficient, then utilizing a multiple correla

tion, m could be estimated. 

A multiple regression analysis was then conducted, and from this 

the following equation was developed: 
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0 . 24 L0.274 s-0.131 CVO.l89 S~0.0535 [27 ] 

in which m
1 

is the value of Da when q = 1 is numerically equal to m in 

equation [24] . The reason for using m
1 

instead of m is that informa-

tion for defining recession curves usually is available in most of the 

da ta sources. Figure 11 shows a plot of computed versus measured m. 

The intercept of C of equation [8] usually gives very unrealistic 

results, probably because it represents an extrapolation of the curve 

and the doubtful assumption that the relationship continues to be a 

s traight line. In this manner m
1

, which is always present in the 

recession curve, was chosen to represent the intercept . C was computed 

from m
1 

and n by the following equation: 

c [28] 

Equation [28] results from substituting m
1 

for Da in equation (8] and 

making q- 1. From equation [24], when q = 1, Da = m
1

. 

If m
1 

is already available, to reproduce the recession equation, 

only n is needed. An analysis of the rainfall simulator data indicates 

then is affected by vegetative cover and S . Izzard's data (24), in 

which S and cover are both equal to zero, indicates that n is not 

significantly affected by l ength of run and slope of land. In view 

of the previous findings, a multiple regression analysis was conducted 

to correlate n to S and cover. The resulting equation is as follows: 

n = l . OCVO . Ol3 S-0.19 [2 9] 
1 

Figure 12 shows plots of computed versus measured values for n. 
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Developing the Model 

The development of the model was based on previous r esearch with 

rainfall simulators and hydrology of small watersheds . The tools used 

were mainly taken from Horton's (18) rainfall simulator analysis, 

Mockus' (48) runoff method and Holtan and Overton's (22,23) routing 

procedures. Infiltration, being the most important factor affecting 

the runoff hydrograph, was given the highest priority in the development 

of the model. Mos t of the ideas used on infiltration relationships 

came from Horton's work (18,19) and Hanks' Soil Physics class material.
1 

All phases of the model were synthetized on the Utah State 

University's Burroughs 6900 computer and its built-in library. The pro-

gram for the model was written in Fortran IV. 

First model 

After some preliminary trials, a mathema tical-numerical method 

was developed. This model was based directly on Holtan-Overton's 

routing method (22,23) and consists of four main sections as follows: 

(a) an input section in which the input data are read, (b) a section to 

compute recession characteristics, (c) a routine to compute rainfall 

excess and perform the runoff routing, and (d) an output or writing 

section. Figure 13 shows the flow diagram of the model. 

The input to the model consists of watershed, precipitation, and 

infiltration data as follows: 

Watershed data . (a) length of plot, 1, (b) width of plot, w, 

(c) slope, s, (d) vegetative cover, CV, (e) antecedent moisture 

1
R. J. Hanks, Soil Physics 565 and 614 class material . Department 

of Soil Science and Biometeorology, Utah State University, Logan, 1973. 
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condition, AMC, (f) soil type, and (g) bulk density (apparent specific 

gr avity) . 

Precipitation data (a) storm duration, TP, (b) cumulative precipi-

t a tion array, PAC(I), (c ) total precipitation, PT. 

Infiltration da t a (a) infiltration equation or (b) equations to 

es timate S and Ia, and (c) initial abstraction (only for tests). 

Recession characteristics a re computed by equations [24], [27], 

and [28]. The routing section is the main part of the model. It first 

computes precipitation excess by equation [23], then calculates average 

excess precipitation, pe, and performs the routing utilizing equations 

[21] and [22]. 

The routing coefficient utilized in the model is m
1 

which is 

computed in the preceding section by equation [27]. 

Average excess precipitation is computed as: 

in which 

Pe excess precipitation from equation [23] (in) 

pe average excess preciptitation (iph) 

subscripts 1 and 2 refer to routing times. 

Making 

_6_t_ = 
cl m+ st 

and 

m - st 
c2 m + st 

[30] 

[31] 

[32] 



42 

By substituting equations [30] and [31], e qua tions [21] and [22] become 

[33] 

[34] 

The final section of the model writes the results and plots the 

runoff hydrog r aph. 

Testing the Model 

The model was tested wi th data from several small watersheds at 

Hastings, Nebraska and \Vaco, Texas. In Appendix B, all watersheds 

utilized in t es ting the model are extensively described. 

Because some of the data needed for the model were not available 

for the selected watersheds, estimates were made. For example, 

vegetative cover was evaluated on the basis of its density and some 

coefficients sugges ted by Holtan (20). Potential infiltration, S, 

was computed from storm data as: 

Pe
2 

= Q- Pe [35] 

in which Pe = P - Ia (16). 

Ia initial abstraction, es timated from the hydrograph. 

Q total runoff, t aken from the hydrograph 

S could also be computed by the Mockus procedure (48), but 

when suffi cient information is available, equation [35] gives a more 

r ealistic estimate. For ungaged watersheds, it is necessary to estimate 

S by the Mockus method or some other procedure. 
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Infiltration was compute d from the hydrograph data and the r eces 

s ion curve. The Kostiakov equation: 

F b 
a t [36] 

was chosen because of its simplici t y and applicability to situations 

where data a r e not complete . Equation [36] is not recommended for 

application over long periods of time because it assumes that infil

tration continuously decreases. It is well established that the 

capacity of infiltration rate eventually reaches a constant equa l to 

the saturated hydraulic conduct ivity. In spite of this limitation, 

however, equation [36] yields realistic results for short time periods. 

Sharp [44] developed a graphical method to estimate infiltration from 

watershed storm data but it us a tediou s and complicated procedure that 

requires storms of more than one peak and the model of this study is 

not intended to apply for complex storms of this natur e. 

Since equation [36] plots as a straight line on logarithmic paper, 

it is assumed that if two points are determined, the equation can be 

synthesized . The first point cons ide r ed was Ia which i s determined 

directly from the hydrograph. The second point corresponded to the last 

point in time on the hydrograph when the area subject to precipita tion 

was entirely covered by water. Since the only point in the recession 

curve in which all the watershed is still covered with water is at the 

end of r ainfall, this was chosen as the second point. Cumulative 

infiltration at this point is as follows: 

F 
H 

[37] 



in which 

F cumulative infiltration at end o f rainfall 
er 

PT total precipitation 

0 cumulative runoff at end of rain ·er 

Da er 
(qe/C)l/n 

where qer is the runoff rate at the end of the rainfall. 

Hith all values in equation [3 7] being known, Fer is then 

compu ted and b of equation [36] i s determined as 

b 
log Fer - log Ia 

log TP - log Tla 

[38] 

[39] 

where TP is the duration of the rainfall in minutes and Tla is the 

time to start of runoff, or time to Ia. 

[40] 

Equation [36], as used here, does not give infiltration but 
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r a ther total rainfall abstractions. Because Ia includes infiltration, 

depression storage, and interception, its value cannot be taken as 

accumulated infiltration up to the start of runoff. However, since 

Fer also includes the same initial abstractions, equation [36] can be 

assumed to be valid for routing purposes. 

The model was tested with watershed data from Waco, Texas and 

Hastings, Nebraska (46). Data are in Appendix C. The reasons these 

watersheds were chosen were: (a) they were fairly uniform in soil, 

cover, and geometric features, and (b) slopes were not so steep and 

contour lines were moderately uniform. 
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3. All watersheds have good rainfall and runoff data. 

The objectives of the test were to observe the behavior and 

limitations of this first model. Tests were designed to check the 

following: 

1. Accuracy of the model and to synthesize the runoff hydrograph. 

2. To test the validity of using a constant value of the routing 

coefficient, m. 

3 . To test the accuracy of infiltration estimates. 

Initial trials were made to check point 2 (constant routing coef-

ficient) . These tria ls were made utilizing data from events with small 

unfiltration volume, to avoid discrepancies due to failures in infiltra-

tion estimates. Three different values for the routing coefficient were 

utilized: (a) Holtan's routing coefficient, m, (b) m
1 

obtained from 

equation [27], and (c) m
1

/2. The last value was included to test the 

influence of a smaller m value on the shape of the hydrograph . 

Holtan's routing coefficient, m, is computed from the recession 

limb of the hydrograph as the time lag in hours from a value q
0 

to the 

occurrence of another value equal to q
0

/e. This value should be equal 

to the slope of the storage runoff relationship presented in Figure 5. 

The value of m
1 

should be equal to m as demonstrated in a previous 

discussion. 

Figures 14 and 15 present the simulated hydrographs obtained by 

using the different values of m. An analysis of those hydrographs 

shows the following: 

1 . Computed and estimated values of m do not give similar 

hydrograph patterns. 
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Figure 14. Observed and simulated runoff hydrographs using m, m , and 
m

1
/2 as routing coefficients. Event of May 13, 1975; SW-17, 

Waco, Texas. Data from USDA (46). 
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2. 

3. 

4. 

Routing with m
1 

as the routing coefficient, gives a better 

simulated hydrograph sha pe and and timing. 

Smaller values of m give a larger and earlier peak. 

All simulated hydrographs have a shorter recession limb than 

the observed hydrograph. 

5. Computed values of m give a shorter peak and a longer tail 

which suggests that this value of m is larger than the true 

value. 
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The second test was done to observe the variation due to different 

infiltration pa tterns. The event of May 13, 1957 at SW-17, lvaco, 

Texas, was chosen for this test . Since this event occurred under 

wet conditions, it could be assumed that infiltration rate was nearly 

constant . Figure 16 shows the difference in hydrograph shape obtained 

when using different ].nfiltration values. It is observed that infiltra

tion does not greatly change hydrograph shape and timing. 

All previous tests indicate that the routing coefficient is more 

responsible for hydrograph shape and timing than infiltration. Infil

tration has more influence on the magnitude of runoff. Another obser

vation obtained from the tests was that the routing coefficient is not 

constant and that it probably should increase as storage decreases. 

Second Model 

The tests made on the first model suggested that the routing 

coefficient was not constant and that, in order to reproduce the 11 tail" 

of the hydrograph, m should increase as runoff decreases. An analysis 

of equations [33] and [34] clearly demonstrates that in the last part 
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Figure 16. Simulated and observed hydrograph using measured m and 
different infiltration estimates. Event May 13, 1957, SW-17, 
Waco, Texas. Data from USDA (46). 
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I 

of the hydrograph, when runoff is decreasing, C2 should be large and 

Cl small. In equation [32], it is noted that as m increases, C2 

increases. 

Regression curves of natural larger watersheds show the same 

phenomena described before. To overcome the change of m, equation 

[24] was introduced in the model, and then the routing coefficient was 

computed for each new value of q. At the beginning of the routing, 

since q is zero, a modification of equation [24] was developed by 

combining the recession equation [8] and equation [24]. From equation 

[10] Da can be defined as: 

1/n 
Da = (~) [41] 

and substituting this equation [24], equation [42] is obtained: 

1-n 
Da 

m = ---
C 

After several trials it was found that there is a different 

[42] 

behavior of runoff in the rising and falling limbs of the hydrograph. 

This is probably due to the hysteresis of the storage-runoff rela-

tions previously described. It was also found that using equation [42] 

in the rising limb and equation [24] in the falling limb of the hydro-

graph minimizes hysteresis effects. 

To compute Da, a simple application of the continuity equation 

was used: 

in which 



liD a 

liQ 

PE
2 

- DE
1 

q lit. 
ave

1 

Subscripts 1 and 2 indicate routing periods. 
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Equation [43] does not give an accurate value of Da, but it is only 

utilized in the routing section to evaluate m. 

Theoretically , the rising limb of the hydrograph ends at the peak 

rate of runoff. The time to peak tp could be es tima ted by the time 

lag between peak rainfall excess and peak runoff, this time lag is 

usually very small for short watersheds. 

Since the model is intended to be used with small watersheds and 

time intervals lit of 5 minutes, it was assumed that peak runoff will 

probably occur at lit after peak excess precipitation. For practical 

reasons, this time was considered to be a time interval after q' 

becomes smaller than q . 

With all considerations previously explained, model II was 

assembled . This model had all basic components of the first model, 

except for the inclusion of equation [24] , [4 2], and [43] in the routing 

section. 

The same data used in the first model was utilized to test model 

II. The only modification in the data was the adoption of a different 

relationship to compute Daer' because equation [38] was found to give 

some unrealistic values. A modification of equation [6] was utilized 

to compute D~r: 

Da 
er 

[(fc) + 1] Qer 
qe 

Figures 15 and 16 show the sensitivity of the model in simulating 

[44] 

peak runoff, time base and time to peak. From these graphs, it is 
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observed that the model is more sensitive in the lower values of slope 

and length of run. This is very important because surface drainage is 

required in very flat lands and for a faster removal of excess water, 

length of run has to be generally short. 

Figures 17 through 20 show different hydrographs from four small 

watershed events. Comparing the results of these tests with those 

of the first model, it is clear there is a great improvement in hydro

graph shape and timing. This test also proved that infiltration esti

mates utilizing potential infiltration S as an indicator of 

infiltration, gave better results than any other infiltration method . 

After the model was considered to be sufficiently tested for its 

accuracy in synthetizing the runoff hydrograph, a series of sensitivity 

tests were performed. Those tests included: 

1. Sensitivity to length of run changes 

2. Sensitivity to slope changes 

3. Sensitivity to infiltration changes 

4. Sensitivity to cover changes . 

Figures 21 to 24 show the results of those tests. All tests 

indicate a good response of the model to changes of soil and water

shed parameters and the resulting simulated hydrographs showed a 

logical behavior . Increasing length of run causes a smaller peak 

and a delay in the time of peak . An increase in slope produces an 

earlier and larger peak rate. Vegetation or cover changes a delay 

in the peak and a reduction in peak rates. Infiltrat ion changes 

affect the magnitude of the peaks and total volume of runoff. 
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Figure 17. Simulated and observed runoff hydrograph for event May 13, 
1957 at SW-17, Waco, Texas. Data from USDA (46). 
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Figure 18. Simulated and observed runoff hydrograph for event May 15, 
1960 at WS-3H, Hastings, Nebraska. Data from USDA (46). 
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Figure 19. Simulated and observed runoff hydrographs for event April 24, 
1957, SW-17, Waco, Texas. Data from USDA (46). 
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1961, at P-1, Waco, Texas. Data from USDA (46). 



2.0 . 

1.6 

T I H & ( 1111in.) 

P.. 1.62 in . 
' L- 1000 ft 
cv- 90 1 
s-o.Jto 
••I.Ol.-

0.!5-
0.1 ..-....... 

Figure 21. Simulated runoff hydrograph for different slope values. 

57 



58 

Figures 17 through 20 show different hydrographs from four small 

wate rshed events. Comparing the results of these tests with those of 

the first model, it is clear that there is a great improvement in hydro-

graph shape and timing. This test also proved that infiltration 

estimates utilizing potential infiltration, S, as an indicator of 

infiltration, gave better results than any other infiltration method. 

After the model was considered to be sufficiently tested for its 

ccuracy in synthetizing the runoff hydrograph, a series of sensitivity 

tests were performed. Those tests included: 

1. Sensitivity to length of run changes 

2. Sensitivity to slope changes 

3. Sensitivity to infiltration changes 

4. Sensitivity to cover changes 

Figures 21 to 24 show the results of those tests. All tests 

indicate a good response of the model to changes of soil and water-

shed parameters and the resulting simulated hydrographs showed a 

logical behavior. Increasing the length of run causes a smaller peak 

and a delay in the time to peak. An increase in slope produces an 

earlier and larger peak rate. Vegetation or cover changes causes a 

delay in the peak and reduction in peak rates. Infiltration changes 

only affect the magnitude of the peaks and total volume of runoff. 

Application of the model to 
surface drainage system 

Design of surface drainage improvements consists of the 

determination of such design characteristics as (a) collector drains 

capacity, (b) drain spacing, and (c) land grading requirements. 
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Figure 25. Idealized surface drainage system layout. 



b. Physica l properties of soils 

c. Hydrological soil group (A, B, C, D) 

3 . Crop flooding tolerance data 

4. Topographical data 

a. Planimetry 

b. Altimetry 

c . Outlet conditions 

With all these basic data, three main sets of computations have 

to be made. The first one will be the determination of the design 

storm; second, infiltration patterns; and third, the watershed runoff 

characterist i cs. 
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1 . Design storm . The design storm will be selected, taking in t o 

account: (a) frequency, and (b) duration. The frequency 

of the storm will be decided on economical consideration . The 

duration of the storm will be chosen according to the crop 

tolerance to flooding, taking into account prevailing 

tempera tur e conditions . 

2. Infiltration patterns. Infiltration measurements and/or soil 

physical characteristics will be utilized to determine the 

infiltration pattern to be expected for a given set of condi

tions under which a storm is supposed to occur . In the event 

that pertinent information is not available, the SCS method 

could be utilized, always having in mind the limitations of 

the procedure. 

3. Watershed runoff characteris tics. These will be determined 

from soil, cover, and topographic parameters. The model has 

a built-in capacity for computing these characteristics. 



The model will then be fed with those three sets of values and a 

runoff hydrograph is produced. After this, a technical-economical deci-

sion has to be made regarding the duration of the runoff hydrograph and 

the crop d r ainage requir ement previously decided. If an adequate 

drainage is not reached under the present circumstances , a topographical 

change has to be made and another simulation will be performed; this 

will be repeated until an optimum design is obtained. Figure 26 shows 

a flow chart of all mentioned steps. 

Some assumptions and considerations 
regarding s urface drainage design 

It will normally be i mpossible and uneconomical to design a system 

for an optimal surface drainage performance under all conditions . 

Because of this, some practical considerations and assumptions have 

to be made . 

1. Soil moisture at the time of the designing event is considered 

to be at a point between field capacity and saturation. This 

will correspond to AMC III of the SCS method (48). 

2. The design s torm will have a frequency of 5-1 0 years (10-20 

percent). 

3. Drainage requirement will include crop resistance and farm 

tillage requirements. 

4. The design storm is assumed to be single-peaked. 

5 . For the initial trial, drain capacity will be estimated by 

the SCS (49) method. 

6. Initial surface condition will be considered as smooth. 

This will be the minimum land surface improvement. 
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7. Topography changes should start with those characteristics 

more easily to be implemented such as outlet capacity and 

spacing . Only if these changes are not sufficient, slope 

change will be attempted. 
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8. Spacing of field drains should be selected in such a way as 

to permit a reasonable farm machinery operation and to obtain 

a uniform plot size . 

Practical Application of the Model 

To test the model applicability to real surface drainage design 

problems, an area of flat land in the Venezuelan Llanos was selected. 

The main characteristics of the area are: 

The area 

General. The problem area is located in the Portuguesa State on 

a recently developed agri~ultural area which is mainly cultivated with 

corn, cotton, rice and sesame seed . Surface drainage is one of the 

limiting factors to more intensive agriculture. 

Topography. The general topography is nearly level with slopes 

ranging from 0 . 05 percent to 1.0 percent. The micro-relief is very 

irregular with many small depressions . 

Soils. A recent soil survey shows that soils are inceptisols and 

and are classified as: vertic tropaquepts, fine, mixed, isohyperthermic. 

Land use. Most areas are cropped to corn and rice. Corn is 

cultivated in the less affected areas and rice in those areas with 

severe surface drainage problems. 



Nature of the problem. The problem is caused by high precipita

tion and heavy soils. Surface depressions aggravate the situation. 

Some experiments in the area have proven that surface drainage could 

improve corn yields about 200 percent. 

Hydrology . Annual precipitation ranges from 1000 to 1500 rom. 

Precipitation in the corn growing season ranges from 734 to 1342 mm. 

Individual storms reach values of more than 90 mm with durations of 

6 to 12 hours. Table 2 and Figure 27 describe some climatological 

values for a nearby climatological station. 

Design parameters 

Considering all the information in the area, it was decided 

that the design was to be made based on the following criteria: 

1. Slopes: Maximum, 0.2 percent 

2. Length of run: To facilitate land preparation and other 

tillage practices a minimum length of 150 feet was adopted 

3. Design storm: A design storm of 12 hours duration and 5 

years return period was selected (Figure 27) 

4. Maximum time for drainage was selected as 12 hours 

5 . Infiltration : To estimate excess precipitation, the Soil 

Conservation Service method ~9) was adopted 

Surface drainage simulation 
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With the design parameters, several trials were made to represent 

some combinations of slope and length of run. Results are presented 

in Table 3 and Figure 28. From these results it was established that 

optimum design is that which combines a length of run of 330 feet and 
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Table 2. Mean values of some climatological factors for Majaguas and Agua Blanca, Portuguesa, Venezuela
1 

Item Jan Feb Mar Apr May .Tun Jul Aug Sep Oct Nov Dec Year 

Precipitation 
(mm) 

Majaguas 8 .1 5.4 4.2 43.3 19.15 224.6 224.0 159.3 166 . 1 91.5 186.1 43.3 134 7. 5 

Agua Blanca 13.4 8.6 13.6 80.0 180.6 250.0 256.0 200.0 168 . 8 131.1 81.1 40.0 1432.2 

Evaporation 
(mm)* 223.4 244.6 293.6 239.6 169.2 139.0 140.6 141.7 142.1 164.1 168.5 197.0 2263. 2 

Temperature 
(C)* 26.8 27 . 8 28 . 5 28.9 28 . 2 27.5 26 . 8 27.4 27.1 27.1 27.8 27.6 

iMajaguas station 
See Footnotes 1 and 2, page 73. 
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0 



71 

Table 3. Simulated variation of total
1
runoff and tilne of runoff 

with slope and length of run 

Length RO QP TP TT DA Veloc. 
Slope of at at 

Run (ft) peak peak 

150 2. 972 2.25 40 645 

330 2.971 2.18 50 720 0.821 
0.0005 

465 2.970 2.15 50 750 

660 2.970 2.11 50 790 
-----------------------------------------------------------------------
0.001 150 2.973 2.28 40 605 

330 2.972 2.22 45 675 

465 2. 971 2.19 45 710 .817 

660 2. 970 2.16 50 745 

150 2.974 2.38 30 510 
o. 01 

330 2.973 2.33 35 555 

495 2 . .973 2.31 35 580 

660 2.973 2.28 40 605 

1Design :earameters 

s = 1. 60" PT = 4. 00" 

s1 = o. 989" TP 360 min. 

cv = 10% DT 5 min. 

Precipitation is given by: 

PAC(I) = 14.0*TH0· 65*PT/100 T < 15.5% of TP 

PAC (I) = 61 X TH 0"13*PT/100 T > 15.5% of TP 
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a slope of 0.05 percent. For steeper slopes a greater length of run 

could be used (see Figure 28). 

Marcano, in a nearby experimental station, found that a length 

of run of 57 m (173 ft) with a slope of 0.8 percent was adequate for 

disposing of excess run-off water in a corn experiment .
1 

De Leon, 

evaluating Marcano's data found that the surface drainage system was 

overdesigned and because of that corn yields in dry years were lower 

than the expected. In further analysis, De Leon found that the design 

was made for a 12-hour storm with a return period of 10 years .
2 

To compare the above data with those obtained with the model, 

the 10-year storm, when correlated with the 5-year storm, was found 

to be equivalent to a year-7 hour storm. According to Figure 28, 

the length of run for this storm (540 minutes) and a slope of 0.8 

percent is 200 feet, which is close to Marcano's 173ft (57 m). 

The results show that the model may provide an acceptable criteria 

on surface drainage design. 

~arcano, Filipe L. Mejoramiento del Drenaje Superficial de Suelos 
Pesados para la produccion de maiz. Foremaiz, Venezuela. Unpublished 
r eport, 1975. 

2
ne Leon, Alfredo. Evaluacion de un Sistema de Drenaje Superficial 

en los Altos Llanos Occidentales de Venezuela. Unpublished report, 
1976. 



DISCUSSION AND CONCLUSIONS 

The results from the tests made on the model indicate that it 

could be a useful tool in simulating surface drainage design alterna

tives. Limited sensitivity to slope and length of run changes does 

not indicate that a model fails to simulate those changes; actual data 

from small agricultural watersheds indicate that it is what happened 

in nature. One limiting factor in simulating runoff hydrographs is 

the estimation of infiltration; the soil conservation method developed 

by Mockus (48) seems to be a fairly good approach to substitute infil

tration estimates in the cases of wet antecedent moisture conditions. 

Estimation of recession curve characteristics by using equations 

[27] and [29] does not give an accurate measure of the real values, 

but for routing purposes they are probably acceptable. In most cases 

they are in the range of measurement accuracy. Moreover, measurements 

of those recession characteristics will require very bulky equipment 

and a large number of determinations . 

The model proved to be fairly accurate in simulating runoff 

hydrographs for single-peaked storms on homogeneous, rectangular, small 

agricultural watersheds under wet conditions. Those conditions are 

similar to those for which surface drainage is designed . Although the 

model was not intended to estimate peak runoff, it gives a very good 

measurement of peak magnitude and timing. Applications of the model 

to dry conditions are subjected to more accurate infiltration esti-

mates. 
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It is possible that if more controlled and diversified rainfall 

simulator trials are made, a better relationship of recession character

istics and soil parameters could be found. The parameters used in the 

model were those common to all data and, therefore, were limited to 

four. Future experiments should include more variety of slope and 

length values, more accurate vegetation estimates and more soil para

meters such as soil moisture, bulk density, saturated hydraulic conduc

tivity, soil textural analysis, organic matter, etc.; some of those 

parameters are commonly evaluated in detailed soil surveys . 

One of the most interesting things observed in the tests is the 

fact that water removal is possible even with a very flat slope which 

demonstrates that the main obstacle in a rapid removal of excess water 

is not slope, but a lack of an appropriate water disposal system. It 

is to be noted that the tests were made assuming a fairly smooth 

surface and that the design supposes that at least a land smoothing 

job has to be made. 

It is suggested an improvement in the Soil Conservation method 

here described be made to obtain better infiltration estimates under 

dry conditions. Most of the research in infiltration is directed 

toward an application to irrigation, but with the increasing demand 

for agricultural lands, surface drainage could be the key to opening 

new agricultural frontiers. 

The following conclusions resulted from this study: 

1. The developed model proved to be adequate to simulate surface 

drainage alternatives . 

2. The model is limited to: 



a. Single-peak storm events 

b. Homogeneous rectangular plots 

c. Wet conditions 

3. The most limiting factor in successfully applying the model 

is infiltration. 

4. The model could be improved if additional rainfall simulator 

experiments are conducted. 

5. Tests on the model indicate tha t surface drainage problems 

are probably more affected by micro-relief conditions (depres

sions) than by flat slopes. 

6. Land smoothing and proper surface ditch network design should, 

in most cases, solve waterlogg ing problems. 

7. In spite of not being developed to estimate peak runoff, the 

model could be utilized successfully in estimating peak run

off from small plots. 

8 . All parameters used in the model are easily obtained. In the 

event of the absence of a detailed soil survey, these para

meters could be estimated or measured directly on the field. 



SUGGESTIONS FOR FUTURE RESEARCH 

The importance of surface drainage for agricul tural development 

in humid tropical regions and the findings of the model described in 

this report suggest the following future research topics: 

1. Rainfall simulator studies to better understand the infil

tration and hydrological characteristics of small agricul

tural watersheds. 

2. A more detailed study of recession characteristics of 

agricultural plots. 

3. Agroeconomical studies of surface drainage benefits for 

long periods of time. 
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4. Soil moisture balance under various surface drainage patterns. 

5. Hydrological regional analysis of surface drainage improve

ments. 

6. Socio-economical impact of surface drainage improvements in 

humid tropical areas . 
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Table 4. Compute r progr am name for diffe r ent variables and par ame t ers 
in the model. 

Symbol i n text Computer name 

A 

a FK 

b FN 

c RK 

CV cv 
Da DA(I) 

F XF 

FR 

fc FC 

L XL 

1 XLP 

m XM 

ml XMl 

n RM 

p ACP( I) 

Pe PE(I) 

PT PT 

pe PAVE(I) 

Q AROFF(I) 

qd QDES 

q Q(I) 

s 
SG 

TP TP 

tp TPEAK 

w w 
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r--c ~--

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c - c--
c 
c 
c 
c 

i- ~--
c 
c 
c 
c 

66700/87700 FORTRAN UMPILAT!ON MARK 

MOOFL FOR RUNOFF HYO~OGRAPH SIMULATION ON S•ALL AGRICULTURAL 
•ATFRSHEDS• USING ROUTING PROCF0Ukf.5 AND "ATERSHEO AND SOIL 
PARAwEHRS ................................................................ 
Pl• TOT.t.L PAECIP. 
RO• TOTAL RUNOFF 
S• POTfNTlAL INFILTRATION cs.C.S•l 
QQES• COLLECTOR ORAIN CAPACITY (!PH) 
TP• RAINFALL OuRH!nN IN MINUHS 
OT• TIMf 11\CREMFNT IN MINUHS 
fC• CDNSTAkT RATE OF INfiLTRATION 
Sla "S" f'OR BARr SOIL 
XIA • INITIAL ARSTRACTIONS 
TX!l • •EASUREO TIM£ TO RUNOFF START 
CV• VEGETATIVE COVER S 
SG• SLOPE Of LAND FT /FT 
XL• LENGTH Of PLOT 
W•WIOTH Of PLOT 

INCHES 

P.lC C I )• ACCUMULATED PREC lP• lNCHrs---------~ ---- ·---
QR( !)• CBSERVEO RuNOFf !PH 
HO• TITLE CF GRAPH 
TO• x AXIS TITLr 
Y hiS TITLE 

c 
~ -~ c RM• £XPONHT OF RECFSSION CURVE ____ ~------ __ _ 

~ -- X•l• ROUTING COrrf, fOR O•l 
c 
c 

RK• JI\TfRCEPT OF RECo CURVE FOR OA•I 
XM• ROUTING CDFFICIFNT --- c - RRC!l• PRECIP!TATON RATE. !PH 

c Pf(l)• PRECIPITATION EXCESS 
c 

--~ c·- S•CN • "5" ESThUTF.n fRO~ SCS ~~~~----------- -
DA• STORAGE IN lNCHFS 

c Q C I l• COMPUTED RUNOFF !PH 
c 

c-c---
OQCI )•DESIGN RUNOFF ................................................................. 

----- 0! "<NS I ON - T< I 000 ), Pr C I 000 lo Q C I 000 l, PAC (I 000) ,PAVE< I 000 l> 
!QC C 1 OOOlo AROFFC 1000 I>OA C 1000 loQR C 1000 loA C I045loTOC 12loQ0(9lo 
IHO C 12) •0 1 C 1000 l •C2C 1 000) oRRC I OOOl•OOC IOOOl 

. --c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C !NPIIT DATA 

r-------~E 1.1'\ C ~~ 1 ~0) PT' RO• S' QOE~.t T~_~_Q_!~F C ,s 1 ~X l A.t T X I A-!.f_~~G..!_~L~- ~---

__ c 

100 FORMAT C "F"6, 3.-2IS,JF"Iie J,2l41F"1e4,215) 
REAn (5,80) CP.t.CCil·I~.h30,2) 
REAO (5,80) CQRCI)Il•3.t84-2) 

BO FOR•AT CIJF6oll 
O.lTA A/1045• 1 1 / 

RE.tn C 519 91 )HQ, TO, QO 
991 f0RWATCI2A6) 

••••••••• * * .... * * * •• * ••••• * ••••• * *. * ....... * ••• *. ** ••••••••••••••• 
•RITEC6o200l 

200 fORwAT( lOX• 'COwPUTEO RUNOFF HYOR0!iRAPH 1 ) 
WRITF(6,300) - --

300 FORtrHTC t x, •o~TA 1 ,2X•'PT' "4x .. 'AO' •lX• 1 CN•S* ,3~, •oos• .. 1x, 'TP •, 
t::x, 'or• ,Jx, 'Fe' '"x' •st• ,3x, • IA',2x, •TIA • ,3x, •cv•,lx, 'SG',lx, 
2 1 LONG 1 ,2x,•wTH') -

•RITfC6o•OOl 

Figure 29. Computer program for the surface drainage model. 
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400 fORI.jATC7XJ 1 1N',ux, 1 IN 1 ,)X,'IN 1 ,)X, 1 IPH 1 ,JXJ 1 141N•,JX, 1 M!N 1 ,JX, 
1 1 IPH 1 1ltX, 1 IN',JX,'lN',2X, 1 1o4IN 1 ti4X, 1 S 1 ,3X, 1 f/F" 1 tAX, 1 fT',3X, 1 fT 1 ) 

kRITF" (6,101) PT,RQ.S,QOES,fP,nTtfC,Sl,XIAITXIA,CV,SG,lc:l.•W 
101 FOR~r~~a T < 5Xo~ 4F6 • 3, ?1 5, 3f6t3,?14,f' 7 • 14,21 5) 

INITIAL CONDITIONS 
CflN•CtOOl 
PA vr c 1) •O 
OA (I) =o 
QRCI)•O 
H!l>O 
P[ (I l •O 
Q(l)aO 

QC C I) •0 
OQ (I) •O 
PACC)l-0 
ARon·(l l•O 
RR C 1) •0 

-- c -- PRELIMINARY COMPUTATIONS 
ANG.&•ATAN(SG) 
0£NaSIN CANGAl 
XNUI!h(XL•SG/6)••0,5 
SG•SG•lOO 
Nz2'i0 

- J.RtazXL•W/43560 
OTT:nT/60 
IF CR O,Lf,Ol GO TO I 
S• C c F T •XI A) ••2) /RO· C PT•X lA ,--
GO TO ;> 
XIA•O•?•S 
CO•n.O?A 
C1•n.27A 
C2••0d81 
C3•0.l89 
C4:z•0•0535 
Ut. 1• C 0 • XL • • C 1• SG * • C' •C V • •C 3 • S 1• * C4 
RJII'='l • 08•C V• * ( 0 • n 13) •S 1•• C •O .19) 
RI<•I/XM1••RH 
R!o~: 1•1/RJrl 
BOA.•CCFS/RI< 
IF CC 0FS tLE·0) ROA•1 
O:.F'•RD~••R/roll 
EXC>sS PRECIPITATION COMPUTATIONS 
DO 10 I221 N 
TC I l• FLO AT C I l •OT•OT 

- --,F- C TC I l ,L T, TP, AND ,PAC C I) ,Lr ,Q r P A"crna- (PACTl"l )>PA-CCftl l )12 --·
IF coRCI)oLEoO) ORCil•CORCI•Il•QR(!•Il)/2 
R R ( I l • C PAC ( I ) • PAC ( I • I l l I 0 TT 

-- --·--- IF CTCI>.G£,fP) PACCl)aPT 
IF CXIA,Lf:,O.A NO .TXIA.LEtO) GO TO 3 
PRECIPITATION FXCESS COMPUTFn FROM INF!!.TRA;!ON EQUATIONS 
XF CA~ BE SuBSTITUD£0 BY ANY CUMULATIVE !NFII.TRATION EQUATION 
Xf•T( I >••fi.~•FK 
PECI)•PACCI)•XF 
IF CPACC!l.LT•XIA) P£Cil•O 
H CPACCJ),LT•XF) PFC!l•O 
IF CFECJ),lT,O) PECil•O 
GC TO • 
PRECIPITATION EXCESS COMPUT£0 FROM •S• VALUS:S 
P£X.PACC!l•XIA 
IF CP(X,LT,O) PFX•O 
PEC l )•P[X••2/( PFX•S l 

Figure 29. Continued. 
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IF cPEx.LT,Ol PECil•O I 
IF CPACC!l,LToXIA) PECil•O 1 
IF cPEClloLTo0) PEC!l•O I 

~~~; ;~~· ;~~;; ~:· ........................................ ······ ..... , 
4 PAv•ci1=CPECil•PrCI•IlJ•6 0/ 0T II 

IF CFAVECiloLT.Ol PAVECil•O 
DOhFECll•PECI•tl 
IF COOA,LT.Ol DOA=O !' 

OACI )• OAC 1•1 l+OOA•ROFF 
XL PcxNUJo' •OA C 1) ••0 • 5/0EN 
F"R::rFC•xLP•OTT/xl 
IF CCDE"StGTtO•A NO ,TC!),Gf,TF'lOiCI)•OA(l)•fR 
IF CcCI•l),G[d,OOtANO.O.lCl•l),LT.XIoll) OA<l•lhXMl 
IF CT(J),LT•TPaANO•OACl).LF•O) GO TO 10 
IF CT(!l,G[,TP,ANO,OA(J),L£o0l GO TO 1? 

6 Q•EnaQ( 1•1 >•CCC 1•1 >12 
X"'•nACl)••Cl·R~l/RK 
IF coCcl•l)oLT,oci•IloANO,QMFO,GT,ol XMaOACI)/QM(D 
IF CTCl)tGTrTP,A~Q,QMEOtGT•O> XJ!oi.•QA(I)/QMEO 
Cl•OTT/CUhOlT) -~ - -- ·----------

C2• C xM•CTT) I ( XfohOTT) 
CCC I l •Cio (P AVEC I hPAVE( 1•1) l+C2•QC( !•1) 
OC I laCI•COCC I l+OC( !•I ))+C2aOC !•ll 
IF coDrS,Lf•Ol GO TO 5 
IF CQ(!),L£,QOfSoANO,QAClloL£oOAFl liD TO 5 
DQCI)•OO(S ---------- --- -·-

OPEAK•OOES 
CAVraCDE'S 
ROFFaQOfS•OTT 
AilOFFC ll•ARDHC 1•1 )+ROFF 
QCiloQDES 
GO TO 7 

5 IF tOtl),GTtOdND,QCl•l>,LE.OtAND,TCihLT•TPl TROf'F•T<Il 
IF COClloGToCCI•Ill oPEAK•O<Il 
H tc<li•E~oOPfAK,ANQ,Q(I•IloLToOfE.IKl TPE.IK•T(ll . 
iF <TCiloGToTP£AKoAND,QCiloLToOPEAKl TREC•TCll•T-PEAK 
O VF•COCil+Q(l•lll/120 

f----- ROFr:OV£•0T 
IF coDES,GT.OoANO,OC!loGToOO£Sl ROFf•ODES•OTT 
AROrF C I l•AROFF C l•ll+ROFF 
ROffoQ.C I l•CTT 

. 00 ( ll•O ( ll 
IF CCOFSoGToOoANOoOCiloGToOOESl OOC!l•OD_ES 
TENnoTCil . . - ---

IF CTCI)oGToTP,AN0oOCiloLToOFlN,.INQo00Cl1oLToOF!N) GO TO 12 
10 CONTINUE 
12 N• ( Tri\0/0l)•l 

WR!Tf(6,500l 
500 fOihtATC4X• 1 Cl 1 ,ax, 'C2 1 .tSX.t 'S' > 

WR!Tf. (6,550) Ct,C2,S 
5'50 fQQwATC1X13F6t~) 

MR ITFC6,600) 
600 F c ;:huT c 1 x, 'TIM r •, 2x, • AC P •, 3 x ~ • PA v', 4 x, 1 o c ', 4X,. • co •, 4X, • oR', 3 x, 

l'A~OFF 1 ,.3X.- 'OAf,li,X, 1 00 1 ) 

wAIH' C6,700> 
---700 fORw.& lC 2x, 1M IN •, :u, 1 IN r; 3X iTtPH'--;-3-XI 1 lPt.PilXI'fPH'i 3X, 1 IPH' '.-x, 

1 1 IN•,sx, 'IN 1 .t3X, II PHI) 

109 FORwATCIX•l5,6F6.3l 
---- WR!H C6ol09l TC!•I>•PACCI•Il,PAVEcl•lfiQtCI·D,oCl•ll•ORCl•l)• 

IARCFFC I•!),QAC l•ll 

Figure 29. Continued. 



21 WR!TrC6,960) 
9AO F"O~tr.~ATC4X, 1 XF" N 1 t4X,tfK 1 t2X, 1 X MQ1 1 ,~X.e'XM 1 ,3X,'A0 1 ,4X, 1 R~ 1 ,6X.t 

1 1 AI( I) 

WR I Tr (6,990 >F't1,f"l<, XII' 1, Xtol.tRO.RM• RK 
990 FORwATC1X•6F6.~,F'8•i') 

WR!Tf (6,997) 
9 9 7 Fa fhu T c 1 x, • r RO r r •, 1 x, • TPt A K •. l lu • T R tC •, 1 x, • T E No •, 1 x, • OPE AK • > 

-..·RITF'(I.,998) TROFF,TPE.t.K,TRf.C,JENO,cPlAP< 
998 FQR~otATC1X,!S.dX,JI5tF6,3) 

Ir coors.Lr.ol GO rn 25 
CALL PL360 Cf.i,A,T,1,3125,TO,QQ,0•,2•0'QD,H0,•1092) 
GC TO ?6 

25 CALL PL360 (NtAJT•l•3125,TO.o,o.-,z,O,QQ,HOt•109?) 
26 CALL PL360 CfoA.T,1,3125tTO,oR,0•,2•0'cO,.H0,107S) 

WR!Tf(6,999l ---

999 FORwA T c 7ox, • LEGrNO •. 3x, • cco~o~P•• ••• •, 3X .. • ooes• ••• ,' > 
5 TCP 
END 

Figure 29. Continued. 
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S. U a K C 1.< T l N l ~ l 3 6 0 ( N,. 1. ,. ",.X M"'tN,. X 1'1 A.( .o ALA d t: L .o Y ,. Y M l N ~ H1A X .o Y LA 8 i L .o HE. A 0,. 
l f'\5 YM) 

Ulll[t-.;)lQN X( 1 ).oXLAt3(L( l2J.ol < f).oYLAD£L< 'i)~HE.AIJC 12) 

LOGlCAL XlCt,~~YLUG 

~lM(t-.!:llCN AC 10'0-;) 
lfLAG' O 
!f(NSTM.LT.G} lfLA\.1:1 
IfCNSYM.Ll,U) N;)Hl:o: - N~YM 

.<L01..::: • ~ AL~l• 
YLOC.: ·f AL!i£ • 
lf (ti.~Yf"'( .L T, lUOO> GO TU 2U 
lf CN;,Yr< . GT. ~UCOJ GO TO 5 
NSY'Jo1 = 1\SYI- "" lOVO 

--- ~~0~0 = 2Q Tr>L.t.. 

If ti\>Y" oGT, 3U00l GU TO 10 
•sr,., ~ ~Sl~ •iO OO 
YLOG = • TRuE • 
GC TC 20 

__ 10 NSY!": z t-.SYM •.3 000 
XlOb =.THU£• 
':'LOG :&",TRUE• 

20 co 22 l=l.!l 
.A(I·dl = H(AOClJ 

22 CONT jnU[ 
DO 24 l:c 1.o l Oi: 

AtldOIIl• XLA"[L (ll 
24 COI'o'Tlf'IU£ 

t<i\ :~<3Y 

LlO 30 l= 1,.53 
11: l'"' l 

_ f\2= I!/6 •1 -- ---------------------------------
t-.1 =(6• ~GuCll.o6)) • 8 -1 
J.(l(t\) = tUI\'C..4T(A(K,()J1LA8ELCN4:!).o3l!.oN1,.8) 
KK= r(l'l •1, --- -·----· 

30 (QNTl'UE 
If ( ,, QT , YL OG) GO TU 100 

89 

____ YLMAX = _ ALCi~lO(Y~A.() _________________________ I 
YLMl"'· = ALOU10{YMlt~) 
H.M~Y =(YL,..~X • YLM1NJ/50 
YROO T:i = (':'MAX/YMIN)*••2 

- ,it.X:YMAX 
uo ~CJ 1 = ~0 .. 990.o190 

____ A(!)< XX -------------------------- -
XX : XX/ YRCGTS 

50 CUNT li~UE 
GO TO 200 

100 fEMPY ::(Y MAX"" YMlN)/,C 
YlN\1 = C"l!J.AX·Y~ltd/5 

XX = TMAX 
DO 150 I = 40,.~';0.ol90 

A (I l • X X 
XX::XX•Yl~V 

ISO CCNTI•uE 
200 If C,"OT, XLOul GO TO 300 

XLMA.X :: ALC\.110(XMAXJ 
XLMI~ = ALQCilO(X,.dN) 
TE•fx • CXL•.AX"ALMINl/100 

___ XP.OUT~ c ().MAX/J(I•!lr-)•••2 

Figure 29. Continued. 



XX ~ AMlN 
CG i5 0 l::lC£7dV3~ 
A ( 1) :: X,( 

r--250_ ~~N~ ~~~£ • XkUUl:; 

(i 0 l c '400 
300 TEMfX = (Att.A~-XMlNJ/lUO 

XlNV =(XMAX •AMJJ\)/~ 

XX : XMlr-. 
00 JSC l=lC£7•!032 
A (l) "'~ X X 
XX~XXTX!NV 

l50 CuNll'UE 
4CO CO 80U 1 =l.,N 

IF {Y'!>.ld.fi". AX) ~til l1< YM.ii.X 
YY: f(l~ • Y~lN 

lf(Yl.LT.0 lY! = O 
Jf (l'f.El:• 0 > GO TU 420 
If (./';QT. 'f'LOUhaO TO 420 
Y\ l'f•Y/o\l•'i 
Y Y o:: ALGCi ll.i ( l l) 
Y T :a. 'f Y - YLI'\ l r; 

420 YY s <ntT(I"iPY}•.S 
---------------------

!f (X(l) ,U l oX~ ;.X) X(l).:;: XMAX 

XX = X{})· X:lollN 

If (XA.LT.c l XX=O 
!F CXX.EO.O ) GU TU 4ot0 
IF '.1\0T.X!..OG.> UO TU ,.'10 
XX • XX • XM!I'~ 

XX :: ALCG~OCXX)•XLMIN 

0+40 XX : XX I TEMio1X 
LINE AODRt:SS 
l Y=YY 

-------------- ---------

____ !Y=SC"IY __ ________ ------------- - - - ·-------·--
K r< ~;: ( l Y • 19) • 41 
I x =xx 
,(1( • Kt!: ... tlX/6) _ -------------- - ---- -----·----
Kl z Cb•MUOCIXI(;))•t; -1 
ACKK> ::: CUI\~AT(A(I(I().~NSYM,I(l,7,8) 

_ _ eoo _CONT I••uE _ _ _ 
A ( 1) • I 1 

If { Jr-LAG.n~.l) ~ETtJRi't 
If C A< lOt:i' )_ _•.A< 10.31}) 10~1-t 10~2.- 10-t_l_ ____ __ --~ __ ---------

10•2 CO•TI ·'UE 
i\~IT£(6 .-l043JA 

r-~o•J ~~·~·:~;~~~~~------------------------------------------------

c 

,. A (I J;:: ' 
Hf. TlJRI\ 

10141 CONTII'!tJE 

h~ lTEC~,lO O OJ(A(l~,I ~ l~j~) -------------------------------------
1006 f 0i11'!Al<2t..t~ ,~X,l7A6) 

"R!~£(bd 0C9l 
lOOY FO~MAl(lt:X,lH.,., 5(lYH-·-- ................................... , lMt)) 

nriliECb,lU07) (:.(!),1:: 39 .. 908) 
1007 fCHMAf{All,Gll•"'"~tH,dtA6.-A5"1rh I 2A6"3X.dMI1l6A6"A!).-lHI I 

1 i./<61 3A" lH I.- l6A6 1 AS, ll'1) . I 211.t>~ JX1lH l1lbii.6JAS .. lH I 1--
' -'"'6"JX"lt11.,lbA61A5 .. lt1l I 2A6 131..dt1J.d6A,6.-A~hlHI I 
2A613X,.lrlJ,.l6A6,A.5"1rll I 2A6,.3x .. l H J.,16A6,A!>"1HI I 

____ ~-- _______ 2Atn3X,lr1l,lbA6,A5 .. _1J'U _L2A6!3Xt..l1U,_.l6A6,A5~1kJ ) __ 

Figure 29. Continued. 
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l'l~lTE (6,1(; 0 )>CA(ll,l::96r,~,1 00 7) 
1005 fG"I'\AT~ .'-.ti.tGllo'l,l .H •,l6A.6,/4'J,lM<t ) 

1'.11!TE (6, 10CdJ{A (!)Jl -= 1027,1Q3l; 
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175 l • 6<C 0 . 000 0 . 012 a o o~t 6 0. 0 ?5 1.3•8 0 • Oli<l O,Qlo6 
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Figure 30. Sample of output data. 
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2 75 1 • 6£C 0 • UI..C. \) . ov 1 0 0 Qjj e. 0 I 014 1 . J ~c 0 . 0 1 " ~ . 006 
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Figur e 30 . Con t inued. 
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Figure 31. Sampl e of hydrograph plot. 
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Table 5 . Soil and watershed characteristics for rainfall simula tor 

plots of Illinois trials.l All plots are 12' X 6' 

Plot Soil Depth Slope Cover scs 
(in) % Hyd. Class 

Alma 11.72 Alfalfa c 
Silt loam 

Alma 9.62 +D 
Silt loam 

3 Bogota 0.83 New alfalfa c 
Silt loam 

4 Bogota 1.30 New alfalfa c 
Silt loam 

5 Bogota 1. 22 Alfalfa +D 
Silt loam 

Bogota 1. 00 Alfalfa +D 
Silt loam 

Bogota 1.36 Pasture +D 
Silt loam 

8 Bogota 1. 30 Pasture +D 
Silt loam 

9 Alma 8. 27 Virgin c 
Silt loam pasture 

10 Alma 8.30 Virgin +D 
Silt loam pasture 

11 Bogota 1. 25 Virgin c 
Silt loam pasture 

12 Bogota 1.67 Virgin c 
Silt loam pasture 

13 Elco 15.25 Virgin c 
Silt loam pasture 

14 Elco 16.83 Virgin c 
Silt loam pasture 

15 Elco 12.11 Virgin c 
Silt loam pasture 

16 Elco 11.11 Virgin +D 
Silt loam pasture 

1. 
-Unpublished data of H. N. Holtan. 



Table 6. Soil and watershed characteristics of rainfall simulator 
sites. Arizona trials.l All plots are 24' x 12' 
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Site Soil Slope Cover scs 
Hyd . Class 

Dos Cabezas 0.84 Few plants c 
clay loam 

4 McClellan 1. 24 Sparce B 
clay loam 

5 Mohave 5.48 None B 
sandy loam 

Mohave 9 . 06 None B 
gravelly sandy loam 

Mohave 13.70 None B 
gravelly sandy loam 

13 Gila 0.80 Sparce B 
silt loam 

15 Ramona l. 32 None B 
sandy clay loam 

17 Ramona l. 60 Heavy stand B 
clay loam of Tobasa 

23- 6 White House 3 . 60 Good cover c 
gravelly silt loam of black grama 

25A Ramona 0.50 None B 
clay loam 

1
Data from original documents provided by Professor Joel Fletcher. 



Table 7. Soil characteristics of Arizona desert plots (Beutner, 5) 

Site Topography 
No. SoU type Surface Soil Subsoil & Origin Degree of Erodon 

5 Moha'\i"e gravelly Reddish brown .. Redder, ·finer texture Rolling to flat Slow sheet erosion. 
6 s&ndy lo&It gritty friaUe more oOTnpact. Lime topped te-rraces Coarse sand and 
7 calcareous aooumulationa a.nd f'a.ns. L&rge- fine gravel eroaion 

ly f'rom granite pELV61TOrct 

Gila fine sandy Light brown to Lif)lt oolom d , strat- Recent bottom Severe sheet erosion 
10 loam pinkish brOYm., iried recent stream soils . Mixed "A" horizon 2" to 4" 

calcareous, deposit• orir;in . . . w Sandy ovenmah 
ll "A" hori zoo 6" to 10" 

12 . . . . No recent erosion 
"A" horiton 8" 1:D 10" 

13 Gila silt loam . . . Uo recent eroal on 

Cajon sand Li!'i>t groyiah Simila.r to su:faoe Alluvial 1'nna an No recent erosion 
14 brown, calcar- Deep stratified., f'lood plaine 

eoua, coarse u.ndy depos1 te out:waah frol'll. gra -
1te rocks 

15 Ramona. sandy Brown to gray- Heavier moderately Upper and 1 ow-er Recen~ ovenm.ah 
olny loam ish brown, gr 1 t- compact, grad!~ to 1'ans. From gran- Sur face badly 

ty surface soil gravelly sediments itic materials checked 

16 . . . . SliQ\t erosion, 
fine e;ravelly 
erosion navem nt 

!loha.ve sandy Reddish brown Redder, finer texture Lower fan a and Slight sheet 
16 ola.y loam gritty, friable very compact terraces, Derive erosion 

o :~. lcareou s from ue..ni te 
eague atony Gr~y1.sh brcwn, Dnrk brown calcareous Alluv:ia 1 fans an Gravelly erosion 

19 loom calcareous • Very C!ay loam. Ce.liche terraces. Derive pavemut 
rocky hardpan from basalt 

~·.111 te hOUSe Friab18 , granu.1.ar Tough red olay pper tans. Moderate sheet eros-
20 stony loam dull-bro?m. Cobbly Gro.ni te ori,in ion. Stony pavement 

Sonoita sandy Reddish-brawn Compact heaVy clay .Alluvial fane Slitflt eroaion 
21 loam medium to coare loam RhY"litio origin 

Cover 

None, except tor 
very little a.nnual 
plant 11 tter 

None 

Very sparse FB1r 
burroweeda preai!Dlt 

Some annual plant• 
and 11 tter 

Some lila.ree and 
litter 

None 

Fair cover llllDUAl 
plants and litter 

Sparse weed cover 

N<>t:o 

Sparse cover of cal-
iandra a.nd trama ua.e 

Sparse cover annual 

plants, Some litter 
"' 00 
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Table 9 . Rainfall simulator data for Izzard's (25) experiments . 

Length 
(ft) 

Slope 
(%) 

s 
_llrll 

n c 
(i_l)_h) 

Cover 
(%) 

Fe 
(il2_h) 

Si 
(in) 

m I a 

1-12 o0 - -- 0 olOU---- 0 oOOO--L- ,;l4--<1.3~· -"----0• 00--U o000--0 oOl---0 oO~O --- llo000 -
f2o0 Uo500 OoOOO ~,(06 4~ / ~,4 0•00 OoOOO OoOl 0oU4J ~.uoo 
12,0 loOUU 0•000 ~.~19 Jqf2o0 0•00 0•000 OoOl Oo042 OoOOO 
72o0 2.000 OoOUO "'""~ :lOtl7o4 _____ 0oOO --- 0•000 OoOl OoOJ~ ~.000 
4tl,Q OolOO OoOOO Jo245 2J04o9 OoOO OoOOO OoOl 0.0~1 0.000 
4~•0 0•,00 O•OUO ~·490 2J90•2 O•OU 0•000 0•01 0•044 0•000 

,_ 46 ,o ___ l oOOO ___ Q oOQQ _ _ . , _,409 __ 2~0 lo.b ___ o, 00--0, OOQ __ U oO 1 _ _ 0, OJ 7 ·-·- 0 oOOO _ 
46oU 2.00 0 OoOOO ,,~47 5JOlo7 OoOO 0• 00 0 OoOl OoOJl OoOOO 
~4•0 OolOO 0·000 ~o082 JY92ol OoOO OoOOu OoOl Oo068 OoOOO 

. ~" .o 0. sou --- 0 .ooo --" o528 -· 30'II<!ol ___ o .oo __ o. uoo -- -- 0. ul 0 , Qj'i 0 . ooo 
24o0 loOOO OoOUO .:o201 1Y4o.6 OoOO OoOOO OoOl Oo03~ OoOOO 
~4.0 2.000 OoOOO .:oJ66 6J3f,6 OoOO OoOOO CoOl Oou25 ll oOOO 
12,0 0o100 o,ouo ____ J,o41 _29'i5o•7 _ ___ o,oo ___ o,ooo ___ o.o1 o,osy o,ooo 
l2o0 0.500 OoOOO ..:,600 57Yoo~ OoOO OoOOO OoOl OoOJo lloOOO 
12.0 loOOU OoOOO ~.520 9~b~o4 OoOO 0•000 OoOl Oou~7 OoOOO 

_J _2_, o ___ 2_t.O 0 o __ .Q_, o u_O---..£.. "II 2 __ UA.o <! • 0 OJ..O_O __ o __ , o o 0 ___ 0 , o 1 0 , 0 18 0 , o o 0 

>-' 
0 
0 



Table 10. Rainfall simulator data for Arizona plots.
1 

Site Plot Run Date Length Slope s 
h~-1 

c Cover Fe Si lD I a 
(ft) % in iph % iph in hr in 

19 11-3(}-38 .lt~ .o ___ ~.~.~eu __ o.942---l.l. 71 J __ 2l dl----0•00--0 .950--3 .e~--- u •015 - o d'S" 
20 12-1-38 .t". 0 ~ •• ~0 Oold •• u l J ~0. 0 0. 00 0•4/jU 0. 61.1 (J. v 10 0 dU~ot 

6 1 23 12-5-38 <•. 0 Y • OoO 2. 049 u. 548 d •• 0. 00 1 d>'IO ) • dll 0 I Ut:O ". <2• 
6 1 24 12-6-38 :.:! tl .o y .o 60 Uo5~4 1,1. 7~0 - - 1 d .u ---- -- 0 . oo __ a .1ru 0 'C! 4 0 ·" 1 ~ oJ.11 J 

17 1 81 4-19-39 ~ 4 ·0 I • ooo J ol16 u. f7J Cit:> YO • 00 1 ·180 J. d 9 OtVYO ~.9oo 

17 1 82 4-20-39 
"" ·0 l• 600 0 I )Yt; u. ~ 7 3 ... 1<0. 00 0. 280 0. ()4 0 • V'-' 7 I)'" 2~ 

4 1 14 11-22-38 L" .a ____ l_ ·2"a ___ a •714 __ . _~,~ _ ,e~Jl __ Jl,u ___ Q •00---0 .~90 __ J .~9 ___ o .v.ttJ o .a aJ 
7 1 27 12-7-38 ~4 ·0 1 J .700 1 •0 10 ~,~, oll l'td:' Q I QQ l. 140 3. oY 0. 0 1 J 0 ol 1\10 

13 2 66 3-25-39 t 4 I u 0 • dOO u • Su9 u. y l 0 31• 0 1 ·00 0 • 29U 0. 61.1 0 I 02 J ..: • (Jl.l J 
15 1 71 4-5-39 "~. 0 ---- l•J;tU ·-··- 0 ,,n Y __ .lo oudiJ ____ 74 •0 __ 0 •10 . __ 0 ol40 -- 3 • b 9 - --- u • 01 0 \J ·0 8;,j 
15 1 72 4-o-39 £4.0 1. 320 0 ol 0 7 .lo •Ob4 7u .o OolO 0 ol40 0. 04 0. u 1 y rJ • Cil d 
13 1 63 3-25-39 :l~t. 0 o. evo I oloQ 1.1, o'/ 1 J 1 'I) 1·00 0. 450 3. 09 0 • Oi:: 1 ~.? 4l 
13 1 64 3-26-39 l". 0 o • eoo 0•41:12 __ v•'tiJl ___ ;s; ~O ___ l•OO ___ Q•.)~O ---- tJ •614 0 • Oc: l c. 0~ J 

1 1 1 11-1-38 ~~. 0 0. 840 0 •• 215 u. y 7') 4::~d' Oo!O 0 t 620 2. >0 0 •V J 7 ~ ol4 / 
1 1 2 11-2-38 or! 4. 0 0. 84~ 0 ol20 u. 7 Jli lti•\J OoiU 0 oliO 0 ol1 0, Oi:: l 0 ol 0 > 

25A 51 370 8-19-40 24•0. ______ 0•,VO . __ 0•6~2 . -u•ll4 . __ lo•O ___ 0•00--0•340 ___ 3•o9 0. 04::1 C•OY~ 
25A 51 371 R-20-40 4:'lhQ 0. 500 0 o3 75 • • ~0 J J 1, S . 0·00 0 o3 40 0 '0'0 0. 0 J ~ ~ • 1 So 
23 61 326 6-17-40 <• .o •· ~ou 10 ·17~ u.04l 0 .:c: oO•OO ".s~o \It 99 0 tOJI:i ~. 4: Jo 
23 61 328 6-lR-40 4: ~ ! .O ___ ;s ~ 600 __ 3. -•. 00~--IJ~_q_li+ •l.! •o•.oa....__,2_o64D--2 •oo Ot04::1:i . 0 •151 

~ata obtained from Prof. Joel F.\_etcher 's files. 

f-' 
0 
f-' 
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Table 11 . Sample of rainfall simulator data. 

--- ---- .. -· - -----
iJ. S . Di:·:I-.1T·:T; 1Si:T OF z\G:;:Jc~:LJ't r t: - S01L C'CH5C:i\'/).TlON S~'"RVICE 

Hoteaa ,_JCO DIVJSICN OF t:ESE;'·.FCE fF.OJE:CT A.::~.Iz -? - 1 · 
1\unort 1 lJA RAJ ~:HLL sr:;uL.\TOF ;;x?r:n•·:;;;rs / 

10;50 !aU. Lf,;.c,( -f...,<( ,!)rj 

D•to /lp"ro 19, 1!!39 Site 17 Plot 1 :'lun 81 Slo?e l.60~ 

soil nnmona. Clay Loo.m t.t field oondi tion 

Cover l:!eavy atc.od ot Tobo1.10. oUppod to 1 inch. 

· OtCO · 1 ·1 Application atertod 

ecoo ~ - ! ! 1 1 = ~ 

231~9 v '17 o.eoo ! 
e~ 11a" 1 o.el 
e,,s1 / 'ia --o-:cso~-

25.121 ... ! ! 0.25 

. 20:61 / 60 0.;500 : 

: v ... .. 

u ... sor 
! Oo<>O 

Vo<AW ) 
I 
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Table 11. Continued. 

.---
; 0.42 

o.eoo! 
--~----~~--~--------r---------------~---

: 0.'13 

o.soo ! 

0oC00 I i 
; o.oa 

~-------r------~-l_._o_o_o~--·----~~~---------+----------------------~ 
; o.9s : 

1.soo 
! 1.20 
I 

Sa=>plo 1/fi 0 35:00 

z.ooo ! 

. 1.35 

I I 

Sample ~6 a 40r00 

13.000 

-l------111_._49~------~-------------1 
13.ooo 1 



Table 11 . Continued . 

Dute·========Sl te ?1> t---,==-=='F.un Ol 

TH.~E ~~;:JCf?" 1J NF ' lL'I'RA~ l0N ~EHAAKS 

1.58 

4.<Xlo 

l.5C 

-:..500 

1.01 

48 : 40 93 ().COO 

40:10 ' 1.68 

179 s.ooo 
51:13 . 1.7<!. 

52:39 172 7.000 

I 2 o0 0 

180 o.ooo ! 
:i6s35 · 1 

I 
I : .• so 

57 : 50?tj 
j y~./i ~ 19.000 

.. I 
'c .c4 

120lt ki .ono 
I 

·oo:oo 'l 
00:09 ": i lo7G 

17 19 .960 I 

60:28 > : 1.67 

60:35 .. ! 1B o.ogo 1 

; 1.07 

C0:5:!. - l 16 ;1.0.180 I 

01:0~ · 1 ! l.·~S 

21 . p.0 . 280 ; 

2:l 
~ --r·~6 

f o.330 I 

Gl:25 '-- ~ 

61130 ·-I 

i 

s~~lo v7 0 SOsOO 

i 
! 

! 
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Table 11. Cont inu ed . 

n_l ______ _____ ___ _ _ 

Cl:40 ! 1.31 

Gl:50 'l · 23 10.400 

€2:12 " 1.15 

G2:25 23 10.:}130 : 

62:•!0 1.03 ~.-.. 
62:[)4 I( 29 ll0.6CO i 

03rl0 ! i o.ll·:t I rep:ros.do.t :torO{',O eo~ 

63 : ~~ .J 32 i10.7SO I 
03 : (t r> o.a1 
6'.:03 37 lO.MO' 

. GG:57 ~ - 75 111.1130 i I ~opros c1on atorBI.ie 40 ,; I 
!----+----~-;---·t------+-----------1 

; 0~31 i G7:22 • /' 

! 0.19 i 

60::J;j 77 

70r.Cl ·' 

7Jr5G 115 
J :'!f>t 

11~3?0 i 
7l:l,'/ 

'/::!::55 9 7 __]_:_:•::If>:) ! C(.l'JO ! F.unoft' stopJ.00<1 

r--r-, o-: vu--.~1----· ~-~--------------~---r-c_p_r.eosion ~tor~te l~~ 

?U :JO t i I Dopl'e3a1on otor:>.ze 3:' 
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Table 11. Continued. 

Dote:====-c::-==~3 i te:-::-:-==-:-=::-?bt. ___ -=F.un:=~- - -"'·"'· ·"" .. "" .. -----·- ....... 
'! u::: I ;·..:~JCF7 - l r;~-;~L~R;_~r~;J· ___ _._ 

I 

I 
I 

.ur~n;; +"-"1 ~-tl t c.r ~tood 1 inch <1cfp 1~ ae~re3~1onn. i 
! ;r:filtrnt1on 10" 
I I 

! ''" iflU OJ; o~.P• 
! 

8c1l l.la·r>:,. :..t•· ·u.0 v. ~\'Mor v4ou. 
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Table 12. Soil and hydrological characteristics of small ,.atershed utilized in testing the model. 

scs3 

aunhed 1 
~ngth 2 Width 2 Slope 2 Serle 

Soil To 11o1l Subsoll Intt•rn8l H)·Jrc>l. 
Area Area Depth Structure Pennee- Structure Per111ea- Drainage Clna 

(acres) (!t) (£t ) (%) (%) (in) billty bility 

JH , Ra•r. l nga, Nebr. ). 77 536 306 s.se lloldredge " 12 Modernte tina Hodernte ~Ind. ftnc to 
silt loam to medium med. aubang. to moder-

granul.ar blocky ately 

Ho ldredge " ' Weak ftne Hod. to Some Sl~ 

silty cllly crumb 111od . 1lov as above 
loa~n 

!IR , Ha1!1linge, Nebr. 4.02 645 27l s.n llold redge 50 12 Hod. fine to Moderate Hod. fine to 
aUt loa111 med. granular 110d. aub-ang . 

blocky 

Holdredge 50 5 Weak fine Hod. to sa .. e Moderately 
silty chy crumb "od . alov a11 above ol~ Medium 
loam 

P-1, Waco, TeJuaa 0.243 168 63 2.82 Houaton black 100 60 Mode rate fine 
clay to •ediua~, 

granular 

SW-17, Waco, Texa1 2.99 383 340 1.7.1! Houlton bleck 
clay 100 60 Set~~e Sa111e Seme ··- Same 

1111 above 11 11 ebove ea above as above 111 ebove 

~Data fr om rehrence ( ) 

3
Avenge veluea 
Soil Conservation Service Hethod (3) , Hod if ted by ChilnJ ( ) 

.... 
0 
00 



Table 13 . Hydrologic data for Hatershed 3H, Hastings , Nebraska . 

L·l6-60 0 . 20 

I 

L- 25 . 1.1 
L- 27 . 07 
L- 23 .cs 
l - 29 . 29 

5-3 ·" I s-s 1.61 . !.7 
S-5 .u. I . Ol 

I 
•..;a t.e r shed Cone!~ t.!.or.~ 1 1~ · .:.Uc./ . 
:lo !ielo oper.:.:.ion sin>::c h::.;-.r.:.;t of 
SOJ'b.'J.U..'r.O:l 10/1.4/59; c(-of! c~ ·, ;:r . 

- 20-53 .z:. 
S- 2L , ~5 . 20 
7- 3 - ~~ 7- l. 
7- 10 .[z 

7- 12 . oa 
7 -l~ . )l 
7-16 .oe 
7- 17 1.07 

1'/<:t.er,hed Con>::lt1om; ; \o,'he;.t har
vest-ed on Jd; /j and 9 . 
l ft. high . 

6- 18- 59 
"'-19 
S-20 
" -21 
~- n,z3 

. o~ 

. J1 
~ .)1 

. 0) 
1.5) 

1 

·" 0 
J. . Cl: 

'.< <o :.ershec!:J ;;·,~.c.t.or:.:; : Scrr:-.:...-. -
a lout o r.i,;S ~r:d in rood r.o~: ~;:.o~. 

~;;;~.~:;;T":~:: :~~ I !.oo< '.d• 

S·l'"- -'10 R:l~:.,.:,;;c 5-·:;....,-R 
O:;;l:p 0 I 0 
5;~. . 96 I .16 
:L .2L I . 20 

. 0) I . 2~ 

5-1<.:: -"N 
9 : ~~p 
;sH 

l::OCl 

:!.. . 6<> ·'' : CL 
: ;':. 1.7.3 .51 :ce 
.'b ).90 • 77 

1-. ~ 1.50 . 96 
:10 
•15 

:./) L .73 1.59 : 20 

, ;.; . oJ 1. 6~ : ?~ 

~ :i l. t>O 1.81 
).00 2.11 

: s~ 
2. % 2. 28 

. lS 2 . )) 

: 31 
: 33 
· -· 
: 39 

''" ·55 
ll : VC 

: ::.0 
5- 15-:'.0 

l~ : ;C'.;. 

) : C.: 
: , (('-, 

~· .. tr.• or Julv 16 and 19 1Q5§ (Area - 3. 95 a.eres) 

7-1: - ; ~ 
:: : 2.y 

:3C 
, ;.:_ 
: }5 

:lil 
; ~J 
: L.~ 

"-1:--~~ 
1~ : L~ .. 

1-3-~9 
3 : )1;> 
:):> 
: )7 
:39 

S..i:-~:;.re 
0 

. )0 
l.)~ 
).90 

R:li:-o{;'ee 
0 
) . 00 
:> . 70 
'L lO 

~ ~ .. ·) 

. i:.l 

. )0 

. !:) 

{Area 

I 

B-~S-n 
0 

.10 

.~ 0 

.15 

i =-·:·: 

I 
l ,_ ;: 
1.;;: 

i 
l.!d 

l. 
2. :; 
L.: 

7- ::. ~ - 5:3 

l: ~ ~~p 

~ ~ 

1
1: ;;~;: 

: 05 
:13 
: )7 

2 :o6 ;J/ 

3-77 ;.cres ) 

I 

7-3-5~ 
8 : 3Lp 

: )5 
: 3-l 
:Ll 

: ~2 

:!S 
:!9 
,:;;: 
: 55 

s. ~ :{ 

: .L 

I 
i 

•• tc 
''n/hr) 

0 
. 106 
.1-29 

:. . JS 

:.oo 
2.LS 
LJ2 
2.r.c 

. 982 

l.L9 
2. 9.S 
2.52 
l.M 

. 829 

. L21 

.106 

. 0695 

. cL7i.. 

. 009 

. cd.9 

' 

: i~ i:; 
1 . 1(. • 

l.ZC 
l.;'r 
LlC 

, {-)C 
.!.:02 

0 

. 223 

. • l1 

. t..; ~ J 

.. ::;s 

.L2l 
;:.:n 
5 . L~ 

-.. ; 
.. 
;:::;, 
, , ;.7 

.. 

I 

. 07 

. r.O 

. 11 

. 2L 

. JS 

. 10 

·" 
. 91 

1.1?) 
1.2~8 
LX· 
1. :.8 

: . 1.:2 
:i.l7 
.!.:n 

:i . l9 

:..51 
1.:3 
: .56 

.:.l 

. ~:i 

. ?9 

. JI 

. )9 

. :..1 
• ..:2 
.L:) 
·'-" 

. Gl 

.05 

.J:i. 

. r::f 
, ;.;: 

l . GJ 
1.11: 

~: 

109 

I 

I 



Table 14 . Hyd r ologi cal da t a fo r ev en t of J une 25, 1961, P- 1, Haco , 
Texas . 

tt:llfT HLY PRI:CIP I TAT IO~ANO II UNOI'f' llnche •) itiESEL ( WACO ) , TEXA.5 

.. , J u ly Aus . Sep t 

;? . 02 2 . 02 1. ~~ 2 . 01 1.72 0 . 36 2 . '33 0 . '16 6 . 07 2 . ) 8 7 . 71 )4. 53 
.90 ·" .00 0 0 0 0 0 0 0 2.1 8 ) . 44 

4 . 97 4 , 74 2 - 16 2 . 18 B - ~1 3 . 86 .43 4. 70 2 . 0 4 2 .1 0 2.24 Je, J4 
2 . )7 2 . 24 0 0 1.42 . 04 0 T 0 0 .1 2 6 . 1 9 

~----J_ __ L__J __ ~ __ _L __ ~--L_~L_~ __ _L __ ~ __ i_ __ L_ __ ~ 

M'NUAL tt.U IHV1'1 DISCH.JJICIS IN INCHES PER lllUR AHD ANNUAL 1'\AXUil.IH. RIESEl.. ( WACO ), TEXAS Water shed P-1 
VOLUX!S OP' RUNOF P' I N INC HES FOR S£lf.CTE D TI Y.E I NTER VALS 

I hour l hcur s I dey 2 dlyl 

fl . )2 1 2- 7 1 2 - 7 1 2 - 7 2 . 15 1 2- 7 2 . 1 6 

,_, 

Quo.lity of r Hords: Mon t hly P, e xcellen t: ft'On thl y Q o. nd s Muo.l mo.x . d i ~ch.;.rqes a1od vo lumes , good . 
!) ib : nt:liL" ·.; . g , 

Ru nc.f f 
( lnc hu) t lnc hes) 

Ra:r.~8;';(' 
,_, 

'>·26 -61 c .os 
~ - 5 . 0> ,_, 
6 - 8 ·" 6-12 . 01 

6 - H 
6 -1 5 2 .46 . 0604 
G-16 . )9 . 00)2 
6 - 17 . 80 . 027~ 

1.92 . 6728 

0 
.0) ;; 

Wate r shed Con(Jitlor.s: 1~ Be r mudo.
grass pa c ture , good cover , grass 6" 
high . 9 . 54 Inches avalhble soil 
'mois t u r e In 0 - 60" profile J une 23 . 

f.-1C · '. i 
<: -17 

· .; 
7-': 

Ra~~:;sc(.' :;.~ 
0 . )') 

, ;,r, 

6 

lntimlity 
{ln / hr) 

!:vtnt of June 2~ 19£1 

2~-t1 Ral ngaye ;,•.g 
~ : 26a 0 

: 31 ·'' : <ol '·"' :J& J . OG 

2 .00 
, .. ~ 1.20 
::.c . 20 

'J: Oi. 1 . 50 
) . ()0 

: .'4 1.00 
: 30 . )0 

RIESE l { WACO) , Tf.XA.S 

Ace. 
(lnchu) 

0 
.o> 

·" ·" 
.5) 

·" ·" 1. ?7 

1.45 
1 . 48 

15 - 25-61 
9 : 08a 

:1 0 
:1 2 
: 15 

: 18 
: 20 
: 22 
: 25 

:31 
: J5 
: 39 
:44 
: 48 

1 0 : 05 
: 18 

11 : 30 

1 : OOp 

Evf'nt or July lC-17 19Q. 

Rlinga ')oe 1.' - 9 
'.:/o1;. c 
'~ 4 :( .2 ; 
: •'7 2.'N 
-.: ) ). )() 

. 11 

·" . )2 

" 
" ,, ,. 

Rat~ 

{ln/ hr ) 

0 
- ~12 
.1 )1 
. 465 

. a 45 
L OO 
1 .17 
1. 67 
1.2) 

. ;;. 47 
. 5)9 
.)1 0 
• 1 ~1 
-100 

.0)90 
. 0229 
. 011 0 
.001 2 

0 

' . ::.10::) 
.:r .. -:: 
.teo 

. t.. : h 

. 0>00 
, ().)(); 

. 0028 

Ac e . 
finchu ) 

T 
. 02 

. 05 

.oe 

·" . 19 
. 29 

. )2 

·" - ' 0 

·'' ·" 
·" ·" ·" ·'' ·" 

. Cl 

.02 

.OJ 

·" 
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Table 15. Hydrological da t a for events: April 24 and May 13, 
1957, Sl-1-17, Waco, Texas 

J -27-57 
3-31 ... ,_, 

~ - 21-57 
.: • .< ;: 
4-23 
• - 24. 

Ralnh Ll 
(lnc:heo ) 

0 . 88 
1 . )5 

0 
. 2• 
.Ol 

.o• 

. o~ 

. 02 
4 , 7) 

·" 

. ~1 

.lO 
) . 98 

.02 '!/ 

Runoff 
( 1nchu ) 

0 
0 
0 
).00 

·" 

T 
T 
J . JS 
0 

WatershrJCond!tlons: l()(ll 
Jermuda Qri&S pas ture ..-ith weed s 
;md gr .us 1 0 ~ hi9h. 

4- 13- 57 0.04 0 
4-15 . 02 0 
4-19 4, 7) J.OO 
•-20 ·" ·" 4-21 ·" 
4-22 .lO T 
4-2 3 3.98 3 . 35 
4-2• 1 . 8) '. 60 
4-25 0 T 
4-21> 1.44 

•-27 . 27 ·" 4-28 1.09 .6> 
•-29 . 06 .o• 
<-lO .o• T ,_, .l7 T 

>-2 
';) . ) ,, 

0 .o• , __ 
. C2 T ,_, 
·" . 02 

~ . l G 0 . 00 
~.11 ).92 ) . 11 
~ .1 2 0 . 06 
~ .1) 0 T ~I 

Wa trn h~J C~Mitions· 1()()'1 
:e!'-::;.u:l .o o;n a ~a sture ..-;~"1 o;nss 
&00 we..Cs 12~ high , drn~r Qr o..-th . 

J.l.ieeel. (Waco), Texaa 

Oa te a nd lntanaity "'' · Date • nd 

"- (in/ hr ) (lnc:hu) ,._ 

'" t o f ' <II 2' 1957 

•-24-57 R;~1nQ•'ile .. ,... 4.24.57 

2d2p 0 
:40 ·" 

0 2:~~p . 0) 
2.85 . 22 :4 6 
'-SO .32 ,., 

,, 5.11) . G6 
: 56 2.1 (, .eo :56 

: S':t ) . 00 . 99 3 : VO 

J: VJ l . lO 1.21 o66 

Event of A ri 24 1-95>7 - Continued 

4-2&-57 R1~~~;9e 
J:Hip 

: 22 L OO 
: 28 . lO 
.so . OS 

vent of IJ.ilvl) 

5-13-57 Ra!ngiiiJI! 
8:22a 0 

: 25 2 . 00 ,,. 1.95 
:)) 2 . 25 

,,. 
' ·"' :41 1 . 92 

:45 LSO 
:51 2.00 
: 56 .96 

:59 LBO 
9:U ·" '" . 20 

:52 . 26 
10:10 ·"' 

o20 ·" :37 ·" 

.. ,... 
'-"' 
1. 70 
1.73 
1.75 

"''- 2A 
0 

• 00 
.2J 
.)6 

.6. 

. n 

. 67 
1.11 

>.26 
1, )4 
1 . 42 

1.58 
1.62 

4- 24-57 

J~ ;: p 

:43 
: 53 

4:06 
: 21 

'" •>6 
5:45 

').1)-57 
8: 24~ 

: 28 
oJO 
:32 

:)4 
:36 
:38 
: 40 
o4S 

.so 
:56 

9:00 
: 06 
:12 

:1 8 
: 2 4 
:29 
:44 

:)6 
: 59 

11 :1 9 
:31 

12: 0 Sp 

: 40 
:':15 
3:05 

Wateuhad sw. n 

R•te Ace; . 
(lnlhr) ( lnchu) 

T . 
. 0096 T 
.222 ·" . 70) .0) 

1.)7 .08 
1 , 97 ·" 2 . 41 ·'' '·"' .70 
2.34 .96 

1.70 uc 
.no 1 . 46 
.498 1. 55 
.310 1.62 

.182 1.67 

.112 1.70 
. 07 10 l. 1J 
.0464 1. 75 
. 0202 1.77 

,0046 1.79 

·""'' 1.80 

0.0003 
. 001J 
, 006) 
.02112 

.0981 

.295 ·"' ·"'' .02 

.816 . OS 
1.48 ·" 

.26 
L66 ·" LSO .>6 
1 . 1) .69 

. 76) .78 

. 57 4 .6> 
,451 .90 
. )81 .9• 
. 266 1.02 
. 21 4 1. 13 

,178 1.21 
.115 1 . 27 
.0687 LlO 
.0444 1.31 
.0255 1 . )) 

, 0156 1.)4 
. 0046 1,)5 
. 0023 1. ) !1 

111 

I 
Motu ; T ~ c:~nnrt rundf :n to/hr to ch, ~ultiply by J. Cl ' 
]/ Ra111!"all l!rr.d ~cl 9:0'1l!. :/ P".o.noff prior to 9:42p. 

2/ f'Tec1pite.t1on prior to 2:)2p. i;R=oU prior t.o 8:21<•. 



AREA 3.77 ACRES 

0 50 100 200 

&tALE IN FEET 

CONTOUR INTERVAL- 2 FEET 

LEGEND 

BOUNDARY PRIOR 

TO JAN. I, 1959 

{3.9S ACRES) 

- - - WATERSHED BOUNDARY 
- CONTOUR 

HASTINGS, NEBRASKA 
WATERSHED 3- H 

Figure 32. Map of Hatershed 3-H, Hastings, Nebraska 
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~: £"0~ WA.TERSHEO AREA IS 0.243 ACRES 

z 
0 
iii 
0: 
w 
> 
0 

RIESEL ( WACO). TeXAS 

P-1 
P- 2 
p . J 

Figure 33 . Map of wa tersheds Pl, P2, P3 and P4, Uaco, Texas 
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@ Wote r l'leiPc>un-ia ry 

Recordln<J Rdn'J"9" 

Contours 1 foo\ 

Figure 34 . s ed SH-17, Wac Map of Hater h o, Texas 

RIESEL ( RACD), TEV.S 

.,. ~ teu htd 5"-\ 1 
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Soil Conservation Serv~ee 
Portl.~nd, Oregon 

January 7"l 

Hydrolveie soil groups are used in vatershed planninz; to est!c.1te runoff froo 
r;infall. Soil prope rt ies are conside r ed that i nfluence the rninicum rate of 
in!'iltra~ion obtained for a bare soil .1fter ~ '.Jctti~g. These ?ropertiu 
are: depth o f seasona. lly high l.'ater table, int.1ke rate and per:neability after 
prolonged '-'Ctting , and depth to very slo·.Jly permeably la ye r . The i nfluence of 
g r ound cover is treated independently- -not in hydrologic soil groupings. 

The so il s h.1ve been cla ss ified into four groups, A through D. Staterr.cnts in 
parentheses follo...,ing the Gefinition f!!.lY be helpful to soil scientists '-'ishin& 
to place soils into hyGrologic groups us ing the soi l classification s·ystem. 

A . (Lo'-' runoff potential.) Soils having high (rapid) infiltration rates 
even vhen thoroughly "Wetted and consisting chiefly of deep, '"'ell to excessively 
drained sands or gravels . These soils have a high rate of water t ransoi ssion. 
(Includes Psam=o:ents excep t those in Y...ithic, Aquie, o r Aquodic subgroups; soils 
other than thos~ in g roup C or D in f r ag:nental,. sandy - ske letal, or sandy fat=~!• 

lies; soi ls i n Gros sa renic subgroups of Udults and Uda lfs ; and soils in Arenic 
subgroups of Udult s and Udalfs ~xcept those in clayey or fine famili~s .) . 

B . (Hod~ra tely lo..., runoff potential.) Soils having moderate infiltr.!.tioa 
rates vhen thoroughly \Jetted and con."'iisting ch iefly of moderately deep to deep, 
moderate ly "'ell to '-'ell drained soil!: 1Jith t::.ade r at ely fine to moderately coarse 
textures 'Vith modera tely slow to moderate ly r.e.pid permeability. These soils 
have a moderate rate of vater transmission. (Soils other than those in · groups 
A, C, or D. ) 

C. (Moderately hi gh runoff potentia l.) Soils .having· slow infiltration 
rates 'Vhen tho::-oc gh ly vetted and consist ing chiefly of soils with a layer that 
impedes do'Wtward movement of '"'ater, soi ls Yith coderately fine "to fin?. t exture, 
so!.ls .... ·it h s lo"" infiltratio~ due to szl~s or alkali, or soils vith u:odera. te 
\J.:Jter t.ables. These soils nay be somc...,ha t poorly dra ined. \Jell and moderately 
V(!ll dr.:~incd soils \.J!th s l owly and very slovly permeable l ilyc r s (fragipa ns, ha-rd• 
pons, ha rd ·bedrock, .a nd the like) at moderate depth (20-40 inches ) . (IncluC~s 
soils in Albic or Aquic s ubgroups ; soils in Aerie subgroups of Aquents, A'uepts, 
Aquolls , Aqualfs , and Aquults in loamy fanilies; soils othe r tha n those ia 
groU? D that <lFe in fine, very fine . or clayey f amilies except those vith 
kaoli nitic, oxidic, or halloysitic t"lineral o gy ; Humods and Orthods; soils vith 
fragi?ans or pctrocalcic horizons; so ll.s in sha ll ov families th.a t have permeable 
su!>str.ata; soils in Li thic subgroups ~hat have rock that is pervious or craci<.e~ 

enough to allov vater to penetrate. ) 

D. (High runoff potent ial.) Soils hav ing very slow infiltration rates 
'lolhen thoroushly l.'e:tted and consisting chiefly of clay soils \lith a htt;h S\o'elling 
potential , soils with s pcnr.anent high vate r table, soils vith " claypan or 
clay layer at or nea r the surface , soils '-'ith very slov in filtra tion due to 
salts or alkali, and shallo"" soils over r.early i mpervious r.taterial. These soils 
have a very slav rate of \o1';He r transmission. (lndcludes all Vertisols; all 
Histosols; all Aquods; soils in Aquents, Aquepts, Aquolls, Aqu.,l£5, and Aquults 
t:xccpc for Aerie subgro"cJps in loaoy f am ilies; soils \o1'ith natric horhons; soil.~ 
in Li~!lic r;u!:lgroups that .have i operneab le t.ubstrats; and soUe in &hallov fa.td
lies that have io:permeable eub atrata.) 

Figure 35 . Soil Conservation Service hydrologic soil groups 
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Table 16. Runoff curve numbers f or hvdro logic soil-cover comnlexes. 

(Antecedent moisture condition II, and Ia = 0 .2 s) 
Cover 

and use Treatment Hydrologic !!ldrologic soil fFOUP 
or practice condition A B c D 

Fallow Straight row ---- 77 86 91 94 

Row crops " Poor 72 81 88 91 
" Good 67 78 85, 89 

Contoured Poor 70 79 84 88 
" Good 65 75 82 86 
"and terraced Poor 66 74 &I 82 
" " " Good 62 71 78 81 

Small Straight row Poor 65 76 84 88 
grain Good 63 75 83 87 

Contoured Poor 63 74 82 85 
Good 61 73 81 84 

"and terraced Poor 61 72 79 82 
Good 59 70 78 81 

Close -seeded St~aight row Poor 66 77 85 89 
l egumes y " Good 58 72 81 85 
or Contoured Poor 64 75 83 85 
rotation " Good 55 69 78 83 
meadow "and terraced Poor 63 73 &I 83 

"and terraced Good 51 67 76 &I 

Pasture 1 Poor 68 79 86 89 
or r ange Fair 49 69 79 84 

Good 39 61 74 &I 
Contoured Poor 47 67 81 88 

" Fair 25 59 75 83 
" Good 6 35 70 79 

Meadow Good 30 58 71 7s 
Woods Poor 45 66 77 83 

Fair 36 6o 73 79 
Good 25 55 70 77 

Farmsteads ---- 59 74 82 86 

Roads (dirt) 'EJ - -- - 72 82 87 89 
(hard surface ) y -- - 74 84 90 92 

y Close -drilled or broadcast . 
~ Including right -of -way . 
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Table 17. Curve numbers (CN) and constants for the case Ia = 0.2 S 
1 2 3 4 5 1 2 3 4 5 

CN for Curve* CN for Curve* 
condi- CN for S ta t condi - CN_for S starts 
tion conditions values* 8 h r 8 

tion cond1t1ons values* h 
I III w ere I III w ere 

II p = II p = 
(.inches.J \.inche~J \.inche~J \~ 

100 100 100 0 0 &:! 4o 78 6.67 1.33 
99 97 100 .101 .02 59 39 77 6.',95 l.3S 
98 94 99 .204 .04 58 38 76 7.24 1.45 
97 91 99 .309 .06 57 37 75 7.54 1.51 
96 89 99 .417 .08 56 36 75 7.86 1.57 
95 87 98 .526 .11 55 35 74 8 .18 1.64 
94 85 98 .638 .13 54 34 73 8 .52 1.70 
93 83 98 .753 .15 53 33 72 8 .87 1.77 
92 81 97 .870 .17 52 32 71 9.23 1.85 
91 8o 97 .989 .20 51 31 70 9.61 1.92 
90 78 96 1.11 .22 50 31 70 10 .0 2.00 
89 76 96 1.24 .25 49 30 69 10 .4 2.oe 
88 75 95 1.36 . 27 48 29 68 10 .8 2.16 
87 73 95 1.49 -30 47 28 67 11 .3 2.26 
86 72 94 1.63 -33 46 27 66 11.7 2.34 
85 70 94 1.76 -35 45 26 65 12.2 2.44 
84 68 93 1.90 .38 44 25 64 12.7 2.54 
83 67 93 2.05 .41 43 25 63 1) .2 2.64 
82 66 92 2.20 . 4-4 42 24 62 13 .8 2.76 
81 64 92 2.34 .47 41 23 61 14 .4 2.88 
8o 63 91 2.50 .so 4o 22 &:! 15.0 3.00 
79 62 91 2.66 -53 39 21 59 15 .6 ) .12 
78 &:! 90 2.82 .56 38 21 58 16.3 3.26 
77 59 89 2. 99 .&:! 37 20 57 17 .0 3.4o 
76 58 89 3.16 .63 36 19 56 17 .8 3.56 
75 57 88 3.33 .67 35 18 55 18 .6 3-72 
74 55 88 3.51 .70 34 18 54 19.4 3.88 
73 54 87 3-70 -74 33 17 53 20 .3 4.06 
72 53 86 3 .89 -78 32 16 52 21.2 4.24 
71 52 86 4.08 .82 31 16 51 22 .2 4.44 
70 51 85 4.28 .86 30 15 50 23 .3 4.66 
69 50 84 4.49 ·90 
68 48 84 4.70 .94 25 12 43 30 .0 6.00 
67 47 83 4. 92 .98 20 9 37 4o .o 8.00 
66 46 82 5.15 1.03 15 6 30 56 .7 11.34 
65 1+5 82 5-38 1.08 10 4 22 90 .0 18.00 
64 44 81 5.62 1.12 5 2 13 190.0 38.00 
63 43 8o 5.87 1.17 0 0 0 infinity inf. 
62 42 79 6.13 1.23 
61 41 78 6.39 1.28 

*For CN in column 1 . 



Table 18. Modification of AMC . (antecedent moisture conditions) to 
include 24-hour antecedent precipitation 

Antecedent Antecedent 5-dal EreciEitation 
24-hour precip. < 1.4 1.4-2.1 

(in) 

0.00 - 0.39 II 

. 40 - o. 74 +I +II 

. 75 - 1.1 II +II 

> 1.1 +II III 
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> 2.1 

III 

III 

III 

III 

Note: Based on the case that if all antecedent precipitation falls on the 
first day and an average of .2 in/day evaporation occurs; the value 
of AMC for the 5th day will be 2.1 - 1.0 11 inches for AMC III, 

1.4- 1.0 = .4 inches for AMC II 

Table 19. Infiltration characteristics of different soil hydroloBical 
classes. No cover (Sl) 

Infiltration Hldrologic Soil Class 1 

Characteristics A +B B +C c +D D 
Constant infiltra- .30-.45 .15-.30 . 05-.15 o-.o 
tion fc ~iEh~2 ~. 35~ (. 30~ ~.23~ ~ .16) ~.10~ ~. 06~ 

AMC 3 

I 6.95 5.38 3.89 3.25 2.50 2.20 1. 76 

+I 4.97 3.83 2.76 2.28 1. 75 1.51 1. 20 

Sl II 2.99 2.27 1. 63 1. 30 0.99 0.81 0.64 

+II 2.12 1. 57 1.14 0.89 0.65 0.54 0.44 

III 1. 24 o. 87 o. 64 0.47 0.31 0.26 0.21 

~s scs (3) Classification, modified by Chiang (26). 

3
From C. B. England (54) 
From Table D-4. 
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