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PREFACE
 

Procedures, scientific and otherwise,normally are explained in terms of concepts and methods.You need to understand where you are going, why you are
going, and how to get there. 

Volume 1 of DIAGNOSTIC ANALYSIS OFIRRIGATION SYSTEMS examined the conceptual framework ofthat specific investigative procedure. The framework isstructured so as to incorporate interdisciplinary teamwork,
farmer involvement, field-level data collection, and asystem perspective. The methodology essential to implementthe procedure also was outlined. Upon reading Volume 1, aworkshop participant or an individual reader wou'd possess
a solid understanding of Diagnostic Analysis. 

Volume 2 is intended to expand thatunderstanding--particularly the "how" of investigation.
Indeed, the draft version of this present volume was
entitled the "How-To-Do-It Series". That original volume 
was the result of extensive professional involvement andlabor in Pakistan and Egypt. The primary focus was,continues to be, the improvement of disciplinary skills. 

and
 

As such, the articles 
are grouped now into disciplinarysections, an arrangement which also makes field use of the
manual easier. 

Despite such disciplinary grouping,however, there is nothing to stop the agronomist from
venturing into the economics section thereby becoming morefamiliar with another area of expertise. Particular
articles also may be located under one discipline, butapplicable to others. For example, the article dealing
with sampling techniques is located in the sociologysection, but is of use to economists and agronomists as
well. 

If this manual, therefore, is approached asa companion to Volume 1; an inseparable companion, it canonly strengthen the interdisciplinary process while improving disciplinary skills. You then will understand where you are going, surely why you are going, and above all, how 
to get there! 



SOCIOLOGY
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FIELD DATA COLLECTION* 

by M. Lowdermilk, R. Laitos, 
and J. Wilkins-Wells 

INTRODUCTION 

Data collection is one of the most important steps in the early phases of any project. It is then that ateam must define a problem and begin to search for solutions. Aninterdisciplinary team's aim is to study the interrelated system ofirrigation, crops, soils, marketing, and social relationships.
Because these factors influence each other, they are of equalimportance to the engineer, agronomist, economist and sociologist. 

The social scientists' understanding ofeconomic conditions and social relationships enables the engineersand agronomists to determine the type of physical technology mostacceptable and beneficial to ihe farmer. A watercourse may betechnically efficient with concrete-lined channels and an optimalroute. However, it may not be beneficial to the farmer if the highprice of cement makes construction costs too great. It also maynot be acceptable, for example, if the channel runs through
property belonging to opposing kinship groups who refuse coopera
tion in repairing or cleaning it. 

Accurate information collected-by an interviewer helps the project team know which technology will be mostuseful to the farmers. Inaccurate or incomplete information maycause the wrong technology to be used which may harm rather than
help farmers and their families. The interviewer has direct contact with a large number of farmers. The goodwill he or shecreates can contribute greatly to a project when the team orgovernment attempts to implement new technology in the villages. 

Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. 1J.S.Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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Interviewing requires skill. Interviewersmust understand completely the meaning of the questions they asks.They must also understand enough about the subjects to know if theanswers are reasonable. They must understand the farmer so as togain his cooperation. Developing these skills requires a greatdeal of training: the work is hard. However, there are rewards.Interviewers can again better understanding of other people and
learn much about the problems of farmers. They also
may form lasting friendships with the peop!e in the area where they
work. 

The work done during a Diagnostic Analysiswill involve primarily the use of two separate, but related, datacollection techniques: qualitative field studies and quantitativesurvey questionnaires. The techniques of the field study includeinterviewing one or more key informants. These procedures are mostuseful in gathering qualitative data formalon status positions,roles, and rules of behavior. Survey questionnaires, on the otherNand, are best for gathering quantitative data the distributionon
of certain population traits. 

FIELD STUDIES 

An excellent method for gathering certaintypes of data is the more informal, non-structured interview which
helps to describe a particular social 
setting. These interviewsare qualitative in nature, meaning that they are not concerned withnumbers, but with socialthe actual processes in a rural village orirrigation system. These studies emphasize systematic observationand informal interviewing that provides much in-depth knowledgeabout thc farmer's social setting. These interviews take place inthe local rural area and offer an opportunity to examine a farmer's
environment in very rich detail. 

What is Studied? 

Although any number of possible issuesbe examined by using this unstructured interview approach, 
can 

there are four primary areas of study: 

1. Life Histories - A participant inDiagnostic Analysis may study the social experience andduties of the individual as a community member. This mightinvolve questioning a farmer about his role as the head of 
a farming family. 



2. Cultural Patterns - One could alsostudy the attitudes and values of a culture. For 3xample,
how does the village culture deal with the issue of
tenancy? What values placedare on land ownership? 

3. Community Organizations - Such
organizations may or may not have written rules and/or anorganizational charter. The investigator may study therights and duties associated with different roles (coopleader, irrigation association official) in order to under
stand the sti-ucture of relations between people. Another 
area of study might be the rules of behavior associated
with various positions and roles, in order to understandthe dynamics of social interaction. Finally, the par
ticipant might study the social patterns that occur in
different social settings. For instance, how are socialarrangements different in an area of high tenancy compared
to an area of low tenancy? 

4. Behavior Patterns - What patterns ofbehavior occur over and over again, either in the villageor the irrigation community? Is it common and proper for alarge landholder to take more water than smaller farmers?
Does this pattern of behavior occur at all times? When 
does it not occur? 

All these major areas of qualitative fieldstudies deal with some aspect of social relationships. Examining
the history, rules, and consequences of tenure and land useparticular area, for instance, might be done 

in a 
with the use of these 

more unstructured interviews. 

How Are These Issues Studied? 

Before beginning the actual unstructuredinterview, there are some preliminary issues that need betoconsidered. Properly dealing with these issues will help to ensure
the quality of the field studies. 

1. Before entering the field, the participants in the Diagnostic Analysis should participate indeveloping guidelines for possible issues and problemsask about. Variables and concepts should be clearly 
to 

defined before the informal interviewing begins. Forexample, the participants may wish to expand their investigation of water distribution, system maintenance,
flict management--topics mentioned in Volume 

con-
I of this 

manual. 

2. The farmers, officials, or organizations to be studied should be clearly defined and carefully
selected as representing the general population. The 
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specific observations and interviews needed should be 
decided upon before entering the field. 

3. Some preliminary planning is always 
necessary, including defining the objectives and time table 
for the study. A field reconnaissance shouid be carried 
out, in which the Diagnostic Analysis participant looks for 
significant variables and decides what kind of questions
would be useful for the sample survey techniques. 

4. Some attempt should be made to seek a 
variety of contacts in the group or community being
studied, to check with leadership groups, and to enter the 
community with an unbiased attitude towards any party.
Both farmers and officials should be informed as to what 
the investigator is doing; the investigator should be 
honest and consistent. 

5. The ideas expressed by the interviewer 
need to be culturally relevant to the person being
interviewed. For instance, "water use efficiency" may be 
defined one way by the interviewer, and another by the 
local farmer. 

Once these issues have been addressed, the
open-ended interviewing can begin. The questions asked should be 
formulated so as to examine the issues and perceptions that 
facilitate an understanding farmer behavior. 

Perhaps the most relevant people to inter
view are key informants. Any member of a group under study who
provides information to the Diagnostic Analysis participant is 
called an informant. A key informant, however, is an individual 
who is selected deliberately to provide detailed information on 
various special topics or areas of knowledge. Such people as 
village leaders, local elected officials, and/or the staff of local
irrigation organizations can be used as key informants. These same
people also can help the investigator to gain the trust of the 
local community. 

Key informants are useful in several ways.
They can help the participant develop a local perspective of the 
social organization of irrigation. A group of key informants can 
be selected and interviewed to gain an in-depth picture of a par
ticular issue, such as the structure and function of the local
irrigation organization. Key informants can be used to provide
background information, or to investigate problem areas in the 
community. 

Finally, an investigator also can aim for 
an equal number of key informants, as well as comparable role 
representation, in each of the community sectors studied. As each 
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key informant is interviewed he or she should be asked about other 
important people in the area who could provide valuable data for 
the Diagnostic Analysis. 

The choice of key informants does not
involve a random sample from the farmers and officials under study.
Rather, the researcher is selectively sampling specialized
knowledge. The successful use of key informants greatly depends on
the 	use of proper interviewing techniques and field diaries as 
discussed in. later chapters. 

Advantages/Disadvantages of Qualitative Field Studies 

There are a number of advantages to usingrelatively unstructured interviews of key informants to collect
 
certain data.
 

1. 	 Qualitative field studies put the 
Diagnostic Analysis participant in 
close touch with the phenomenon under 
study. 

2. 	 Such studies provide much rich,
detailed information about the village 
or irrigation system under study. 

3. 	 These interviews and observations have 
the potential to reveal patterns of 
farmer behavior that a structured 
questionnaire might not discover. 

4. 	 The investigator studies irrigation
behavior in its social setting. The 
participant is not removed from the 
farmer's world, but comes into close 
contact with that setting and resulting 
behavio:,. 

All 	of the above factors make qualitativeinterviews a valuable tool for a Diagnostic Analysis of an irriga
tion system. These same types of studies, however, also have 
certain disadvantages. 

1. 	 If a participant is conducting these 
studies in the field, he or she likely
affects the farmers' behavior and 
responses. Simply by being in the 
field, the participant's presence
alters the behavior of the farmer. 
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2. 	 The inves,;9ator takes interview notes
from his/hei own perspective. The 
biases each interviewer takes into the
field unintentionally can alter later 
interruption. 

3. 	 The overall design of such studies
often can be very unsystematic; later,
the participant may have trouble making 
sense out of recorded observations. 

4. 	 The unintended selection of community
elites as key informants may result in 
an elite bias in the data. 

A second, and somewhat different type of
 
data gathering technique is the survey questionnaire.
 

DEVELOPMENT OF THE SURVEY QUESTIONNAIRE 

The 	structured questionnaire is the mostfrequently used instrument for collecting socio-economic data.Understanding its design and purpose helps project personnelthe 	best use of it. Most socio-economic surveys 
make 

are 	designed toobtain information from single structureda 	 interview. The singleinterview reduces the cost of obtaining data, both in terms ofmoney and time. Information not asked for or not recorded during
the 	first interview usually is lost, therefore, it is essentialthat the questionnaire be designed as carefully as possible beforeinterviewing ever begins. It is far less costly to spend additional time designing the questionnaire than to for a secondreturn 
interview to obtain important missing informaton. 

DEFINITION 

A questionnaire is a written form with 1) aset of questions to be answered by a respondent, and 2) instructions for the interviewer on how to ask the questions and recordthe 	answers. The questions are organized so the answers becan
easily tabulated and statistically analyzed. 

The questionnaire usually contains openended questions that require the respondents to give their opinionsand 	closed-ended questions that contain predetermined answerC3tegories into which the respondents' answers are placed. Otherquestions directed to the interviewer ask for objective and subjective 	observations. There also may be requests for information
about the interview, such as identity of interviewer, location of
the interview, date, and time. 
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DESIGNING THE QUESTIONNAIRE 

The person most responsible for the questionnaire is the social scientist. He or she should have extensive
training and experience designing questionnaire formats that are 
used easily by the interviewers and data analysis personnel. The
questions also need to be formulated so as to be easily understood 
by the farmers and key informants. 

All team members, however, should beinvolved in determining the topics to be covered in the question
naire and should be encouraged to submit questions. Team members 
can provide technical background and insights related to their 
disciplines. 

People familiar with computers should be

consulted if the data are to be mechanically tabulated and
 
analyzed. They may suggest format designs that 
reduce tabulation 
error or increase flexibility for cross tabulation of data. 

The host country's workshop coordinator 
should receive a draft of the questionnaire to ensure that the

project's personnel and sponsor are in agreement. The final draft

of a questionnaire should be reviewed and approved by all 
team
 
members.
 

WHO USES THE QUESTIONNAIRE? 

1. An interviewer uses the questionnaire
to obtain information. An interviewer must understand the 
questions (know the correct interpretation) and be able to 
follow the instructions. 

2. A field supervisor or training officer
is responsible for seeing that the interviewer completes
the required number of interviews and for ensuring that 
each of these interviews is of high quality. He/she also 
must edit the questionnaires for accuracy and completeness,
and may be required to do some of the preliminary
tabulations. 

3. Data processing personnel transfer the
data from the questionnaire to the computer. These people
must be familiar with many computer applications. 

4. The data analyst uses the statistical 
information to write a report reflecting the conditions cf 
the survey area. 

Often, all four of these roles will be 
assumed by the same individual. 
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A PROFESSIONAL CREED 

A creed expressinq the general attitudesthe interviewer should have in regards to his/her job and thefarmers should be kept in mind at all times. The creed shouldreflect the cultural and professional emphasis for the specificregion and project. Following is an example of a creed that mayprovide general guidelines. 

&I come as a guest to the village andinto the house of the farmer. I wil; accept hospitalitygraciously, but never demand it. I will pay all debts andin no way take unfair advantage of my position. 

*I shall respect the farmer, his familyand all villagers. I will ,ever be discourteous when I am
with them. I will respect the opinion of others, no matter 
what that opinion is. 

eAt all times my personal conduct willreflect respect for religious, social and familytraditions. Whenever invited and appropriate, I willparticipate in religious and social celebrations. I willfollow village customs. I wili wear appropriate clothing.I will treat villagers with proper courtesy and respect:
will speak with the villagers as equals. 

I 

* Because my work will be of service tothe people of the area and my nation, I will fulfill myresponsibilities to the best of my ability. This will bedone with honesty and goodwill to reflect honor on myselfand on those with whom I work. I will work always in such a manner that when I leave, researchers who follow me willbe welcomed in the village because the people will know
that we have come to help. 

CONTENT OF THE QUESTIONNAIRE 

The questionnaire should require the following information at the beginning of the interview: 1) name ofinterviewer; 2) name of the respondent(s); 3) location ofinterview; 4) datc of interview; and, 5) time of interview. 

Introduction 

Alanguage should be provided
short paragraph written in the localat the top of the questionnaire to beread by the interviewer as a basic introduction to the interview.The paragraph should include: 1) what the interview is about andhow the information will be used; 2) how the respondent was chosen;3) that names will not be associated with answers; and 4) who is 
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sponsoring the survey. The interviewer should be prepared to spend
time expanding on the introduction and answering any questions the 
respondent may have. 

Questions: Nature and Sequence 

Questions should be short and to the point.Ideally, they should bc written in the language of the country and,
as much as possible, ii the local dialect. Time constraints,
however, may make this impossible. It is useful to have a person
from the local area read the questions and suggest changes to make
them more understandable. Questions should use local units of 
measurements and weights. Farmers or respondent may become unir
terested or uncooperative if they have trouble understanding the
questions. They also may become defensive if they think the ques
tions are unreasonable or if the answer is obvious. For example,

if an interviewer is 
 standing near the farmer's electric irrigation

pump, one does not need to ask how the farmer pumps his waterl

Many questions can be answered by observation.
 

Closed-ended questions provide the respon
dent with a set of alternative answers to choose fron, ,.. provide

categories into which the interviewer can fit the answer. Fo.r

example, how many hectares of land do you 
own: 1) none; 2) one to 
two; 3) three to five; 4) six or more. 

A major advantage of closed-ended questionsis that the interviewer can accurately recordeasily and answers.
If the question is ambiguous, the interviewer immediately sees it
does not fit a category and can clear up any misunderstanding. In

addition, it is easy to hand tabulate data in the field for
 
preliminary reports.
 

The biggest disadvantage of closed-endedquestions is that they force intoanswers pred(-termined categories
thereby losing some of the richness and variation that can provide
insight into areas being explored. As a result, the categories
themselves must be carefully designed. Categories usually are
based on the designer's experience and knowledge of the subject
areas, and on the pretest responses. When the survey is done in an area in which little is known about the socio-economic variables,
it is easy to miss important information by using inappropriate
categories. Experience shows multiple choice questions are not
easily understood in some cases. Multiple choice questions also 
may bias the respondent's answer in a certain direCtion so as to 
distort replies. 

The open-ended question usually asks forthe farmer's opinions. For example, the interviewer may ask, "Do 
you think it is fair for the government to charge the farmer
directly for the amount of water he uses?" "Why?" Open-ended
questions encourage the farmer to share his opinion. 
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An important advantage of such questions isthat the respondent has the opportunity to provide an answer fromhis own perspective. The cultural perspectives of the project team may be entirely different from those of the farmer whom theyinterview. The farmer may have a different rationality set fromwhat was expected by the project team. 

The open-ended question, however, moredemanding for respondent, interviewer, and analyst. A "What 
is 

is your opinion about..." may bias the respondent to an answer that heLhinks will satisfy the interviewer. The interviewer is expected
to distinguish between relevant and irrelevant answers and probe
vague or ambigious answers. If data are used for statisticalpurposes (rather than for case studies), answers must be coded.Coding open-ended questions requires careful interpretation of

replies: errors reduce reliability.
 

The order in which questions are asked canadd to the quality of the answers as .'ell as increase tIherespondent's cooperation. Morst sui veys require several differenttypes of information that can be thought of as information blocks.Questions should be ordered oneso block of information is obtained
before going on to another. Questions should progress from the
general to the specific. If events involve some 
chronological
sequence, questions should follow the chronological order. 

An exception to the above is the sequenceof sensitive questions. Such questions may differ within differentcultures, but usually include most dealing with family and income.
The most sensitive questions should be asked at the end after the
interviewer has gained the trust of the respondent and the respon
dent is more at ease.
 

Well-trained and experienced interviewersmay be able to disregard the question order on the interview form.
If the interviewer guides discussion toward the questionnaire
topics, the farmer may provide much information without being askedfor it directly. The natural flow of conversation puts the farmer 
at ease and helps insure his cooperation. 

L.ENGTH OF THE QUESTIONNAIRE 

A long questionnaire is tiring for both theinterviewer and the respondent. It may cause the farmer to becomerestless or give incomplete answers. The interviewer, on the otherhand, may hurry through the questions without giving adequateexplanations and become less alert to answers that should bechallenged. The questionnaire should be limited so that the interview lasts an hour or less. If the survey requires more than anhour, it may be necessary to make a second appointment with the 
farmer.
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The 8-1/2 x 11-inch paper size, e.g. thesize of this page, usually is easier to handle than larger sizes. 
Paper quality should be good as questionnaires are handled a great
deal. Lost or torn pages occur more frequently with low grade 
paper. If there are subsamples within the survey, the question
naires may be color coded. 

SURVEY PRETEST 

What Is a Pretest? 

The survey pretest is much like the first
test flight of a new airplane. It is the research team's oppor
tunity to try out on a limited scale the questionnaire,
interviewing, sampling, tabulation, and logistics before doing the
actual survey. The pretest should be carried out under the same 
field conditions as anticipated for the main study. In a
Diagnostic Analysis study, the field reconnaissance is often used 
as the pretest. 

Purpose of the Pretest 

Most socio-economic surveys are designed tobe carried out over a short period of time and involves single
contact with each respondent. Once the survey interviewing is
begun, major problems may be costly in terms of money and the 
quality and quantity of information. 

The purpose of the pretest is to discover
and correct problems before the full-scale survey begins. The 
survey design at this point is not finished, but it should have
progressed to nearly a complete stage. Discussion_ with informants,
interview training, and small-scale trials for each category should
be complete. Results will show where modifications still need to
be made. If serious faults are revealed and major changes are 
necessary, a second pretest is conducted following revisions. 

The number of pretest interviews should belarge enough that each category has an adequate review. Following
is a more detailed review of specific areas of pretesting. 
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Questionnaire Pretest 

1. 	 There may be possible problems with the 
questions. 

a. 	 The question may be vague or 
unclear. 

b. 	 The question may be too long making
it difficult for the farmer to 
follow. 

c. 	 The farmer may not understand some 
of the words because the dialect of 
his 	village is different. 

2. 	 Measuring devices may be necessary to
obtain better estimates. The farmer 
may have difficulty accurately estimat
ing crop yields, the amount of feed 
given to animals, and so forth. 

3. 	 Memory aids may be necessary to help
the farmer with certain questions.
Such aids include records he has kept 
or information previously obtained from 
the reconnaissance survey. 

4. 	 Change in the sequence of the questions 
may increase the farmer's willingness
to give answers or improve the quality
of his answers. 

5. 	 Sensitive questions may need to be 
worded or positioned differently in thequestionnaire. In some cases, they may
need to be deleted. 

Interviewing Pretest 

1. 	 The interviewer will become familiar 
with using the questionnaire. 

2. 	 The interviewer can report problems
back to the field supervisor or train
ing officer. 

3. 	 Field supervisors have an opportunity 
to evaluate the interviewer's training,
honesty, and enthusiasm. 
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Sampling Pretest 

1. The pretest can provide important 
sampling information concerning 

a. Population size, 

b. Geographic dispersion, 

c. Settlement patterns, and 

d. Suitability of stratification 
classifications 

2. Adequacy and accuracy of maps 
sampling lists can be checked. 

and 

Tabulation Pretest 

1. Frequency tabulations may indicate data 
consistency problems or a need for a 
change in closed-ended question 
categories. This is especially evident 
by examining the "other" category in 
these questions 

2. Coding and tabulating open-ended ques
tions may make it possible to change 
these questions to closed-ended 
questions. 

3. Further training of the interviewer may
be indicated if the tabulator has 
difficulty understanJing the responses 
or the interviewer's handwriting. 

4. Pretest tabulations should indicate 
significant differences in responses 
among different sample groups which 
affect how the questions are worded. 

may 
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Operations and Logistics Pretest 

1. 	 Pretest can 	 provide a realistic 
estimate of the average number of 
questionnaires per day that can be 
completed. 

2. 	 The training officer can determine the 
amount of supervision necessary to 
maintain quality control. 

3. 	 Realistic deadlines can be set from the 
above information. 

4. 	 The pretest period is a goud time to
listen to interviewers' complaints
caused by the stress of living and 
traveling in strange surroundings. 

CONCLUSION 

uses 
Whether the participant in the DiagnosticAnalysis a qualitative, unstructured field study, or a morequantitative, structured survey questionnaire, there are somegeneral rules to follow. These rules help to ensure that the data 

are both valid and reliable. 

1. 	 Cross-check the data gathered from key
informants with other key informants. 

2. 	 Use different strategies of collecting
and analyzing data. For instance, try
both a qualitative and quantitative
approach to the data. 

3. 	 Use different times, persons, and
social situations to provide several 
accounts of the same event. 

4. 	 Use communit,' members to verify the 
meanings of important concepts. For
instance, does your meaning of "system
maintenance" havethe same meaning as
it does to the farmer at the tail of a 
watercourse? 

5. 	 Use personal observation whenever 
possible to verify interview data. 

6. 	 Use interdisciplinary research teams to 
evaluate interpretations. 
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Although in this article we have dividedthe data collection techniques into two general catagories, thebest overall strategy is to combine the methods to take advantageof the strengths of each approach. Though more time-consuming,such an approach most likely will produce a better and moreaccurate final product. 
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FIELD DIARIES* 

by J. Layton and M. Lowdermilk 

Field diaries are used to record the
researcher's observations and thoughts during the research process.
A field diary provides an organized method of observation which
supplements formal measures of the research design. For a field
diary to serve a useful purpose, it must meet four major
objectives. 

OBJECTIVES FOR THE FIELD DIARY 

1. A field diary should help the inves
tigator understand the physical and social setting. The diary can
be used to describe the situation so th3t the participants can view 
the setting from a proper perspective. For instance, before start
ing a research program a researcher must be aware of the social and 
physical situation of the rural area. Aspects of the situation
that can help place the research program in its proper perspective
include such factors as average age and level of education of the
population to be studied, the degree of complexity in the society,
the degree and type of stratification and the values and beliefs of
the population. The physical environment of the population to be
studied also can reveal many things about the population. Writing
down observations and impressions of the social and physical 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.
Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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environment sensitizes the researcher to the botndaries of the
 
research activity.
 

2. A field diary should describe the
research process: who, what, why, where, when, and how. Who
refers to the sample being surveyed. If the sample includes

specific persons, 
 the diary can be a record of the relationship
between the researcher and the people studied. Questions can be
explored such 
as: What effect does the researcher have on the
people and how does that influence the answers that they give him?
Is the researcher an outsider, a member of the group, a leader, or 
someone else? 

The what question concerns the informationgathered. Does the surveyed information create conflict, make

people suspicious, or is it perceived by the farmers 
and officials
 
to be of help?
 

The questions of why, where, when, and howare procedural questions. When a researcher begins to interpret
information surveyed about of people,a selected group for example,
farmers, the information has greater meaning when the researcher
 
can interpret that data from a particular perspective. The diary

helps the researcher recall various influences that were present
when the information was obtained. 

3. A field diary should be able toevaluate the research activity. The researcher can record succes
ses and failures, unique events, andproblems, other conditions
that shape the form of the research activity. Such information
helps the researcher evaluate how the project is proceeding. 

4. A field diary should sensitize theresearcher to conditions affecting the project. Recording observa
tions and beliefs enables a researcher to pick up clues about how
the project is progressing. The researcher then can begin action
to modify an activity and thuz, feel closer to the project and its 
workings. 

PROCEDURE FOR WRITING A FIELD DIARY 

In writing the field diary, there is nospecial format. Three general considerations, however, should be
addressed: schedule, administrative support provided for writing
diary, and the method of recording. Field diaries should be writ-

a 

ten daily in chronological order so information is not forgotten or
changed because of forgetfulness. Various administrative incen
tives help motivate a researcher to keep a diary. Forms containing
a checklist of what to consider when writing a diary can be
printed. Information for diaries can be directly written into
notebooks or recorded on tapes which are then transcribed. The 
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critical concern is that a diary is written on a regular schedule 

according to a systematic outline. 

CONTENT OF THE FIELD DIARY: OBSERVATION 

Diary content should be organized under twogeneral categories: observations and impressions. Observations

include the more formal descriptions of the physical setting, the
demographic setting, and the organizational setting of 
an area.
The physical setting includes climate, geographic area, resources,
and so forth. Demog.aphic setting includes descriptions of theconcentration of people, movement of people, and general charac
teristics of the people (e.g., age, sex ratio, fertility).
Organizational setting includes a description of the different

social levels in the social system, the communication network, and
the degree of complexity in the system. These observations place

the research project in the perspective of the researcher.
 

Within the situation, units of analysis areobserved such as, individuals, small groups, clans, families,
tribes, villages and so on. Observations can be made of situations
and interactions. Observation of interactions include that between
team members, between the team 
 and pertinent governmental agencies,
and between the team and the studied population. 

Observation also should focus on theresearch process Thisitself. involves evaluation of how theresearch is being implemented; how thinking about the problem is
progressing; and, how data collection and analysis are being

conducted. This again includes observation of personnel

interaction.
 

CONTENT OF THE FIELD DIARY: IMPRESSIONS 

The second general category in a field
diary is the more subjective impressions of the recorder.

Impressions are important in that they provide a perspective forthe researcher to evaluate the observations. Thus, impressions
should be given on all observed aspects of the research process:individual opinions, concerns, and general comments on variousconditions of the research project. As a result of this exercise,new ideas may emerge and a better understanding of the dynamics of
the research process way occur. 

In conclusion, field diaries are instruments by which personal observations and impressions recordedare
in an organized manner. Diaries should be written daily. The
diaries are personal and subjective: they supplement the formalmethod of the reseach process. Field diaries make thecan research process more complete and thus more responsive to its stated goals
and objectives. 
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FIELD INTERVIEW TECHNIQUES* 

by M. Lowdermilk, J. Layton and W. Smith 

OBJECTIVE 

The objective of a field-level interview isto obtain information that reflects the farmer's actual socioeconomic conditions. The farmer's "social web", that is, familygroup, community affiliations, and organizations is part of that
desired information. 

RESPONSIBILITY 

The primary responsibility of the interviewer is: 1) interview all the assigned respondents; 2) recordall responses accurately, but be alert for answers that may not befully correct (The interviewer then needs to ask for furtherexplanation of. the answer, for example, "Do you mean.." or "Doesthis include all..?"); and 3) obtain all data required by thequestionnaire. You also must understand how the data will be usedso you can report questionnaire design problems to the supervisor
early in the data collection process. 

* Modified from an article in The Problem Identification Handbook.
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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GUIDELINES 

Good interviewing is a combination ofcarefully following instructions and using good personal judgment.
The following section contains instructions to use as guidelines
rather than as unbreakable rules. Although the instructions shouldbe followed whenever possible, each interview situation is
different, so the interviewer's technique must be flexible.
 

1. Meet with key opinion leaders andauthorities in the village before interviewing. Explain who issponsoring the survey and how the information will be used. In some cases, village leaders may wish to be interviewed to show thefarmers that they approve of the survey thereby adding status to
those chosen to be interviewed. 

2. Be sensitive to the traditions andcustoms of the village. Interviewers often will work among farmers
whose lifestyle and customs differ from own.their Interviewers
 
can do several things to minimize these differences and gain
greater acceptance. Wear appropriate informal work clothes when
interviewing farmers. When speaking to farmers treat them asequals, not as an officer might treat one of his subordinates. Try
to use the language dialect of the village in which you are

interviewing. Carefully all local with
follow customs regardreligious observances. Although 

to 
a village generally may be receptive to the interviewer, political events may occur that temporarily make the interviewer unwelcome. Announcements by the
government or other countries may make farmers unwilling to give

interviews for a few days. 

3. Take time to explain the purpose of theinterview. Farmers often are suspicious of strangers. They may be
afraid an interviewer will be responsible for increasing theirtaxes or will discover illegal activities in which they are
involved. Before beginning the questions, explain how the farmer was chosen and why the study is being done. Answer honestly allthe questions the farmer may have. Assure him that the data willbe kept confidential, that reports will refer only to summaries of
numbers, and that no one will to tracebe able answers to a
specific respondent. Then be sure to keep these promises. 

4. Be thoroughly familiar with the questionnaire. Complete familiarity with the questionnaire helpsdetermine the relevancy of an answer and helps you interpret questions for the respondent. When answering a question, a farmer maycontinue his discussion and provide answers to other questions
without being asked. These answers should be noted in the 
appropriate places on the questionnaire. 
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5. Be sure to have adequate directions forlocating the farmer-respondent. Valuable time be lostcan search
ing for a respondent. Village leaders are a good source of infor
mation about the location of a respondeht's house or farm. They
also may know if the respondent is likely to be at his fields. A
guide who lives in the area may be hired. He may not only know the
farm of the respondent, but also where he most likely can be found.
If the guide is well liked in the village, he may be useful in 
introducing the interviewer to the respondent. 

6. Interview the family member best ableto answer the questions. The head of the household often is an
uncertain term when extended families are involved. The oldest
male member of the family may be the head in terms of social 
status, but have little decision-making power or knowledge of farm
operations. Crop and irrigation data may be known only by a person
who works in the field. Marketing, price or cost dat- may have to come from a different person. Older family mermbers may be bestqualified to answer questions about sociological relationships. 

7. Put the farmer at ease and gain hisconfidence. Offers of cigarettes to adults and candy to children
 
help to gain the farmer's cooperation. Walking with the farmer

through his fields and discussing farm topics show him you have a

sincere interest in his work. At the same time, you can make

observations that relate to information required by the
 
questionnaire. 

8. Whenever it is appropriate, make actualcounts or take actual measurements. LiVestock mdy be counted and 
storage areas measured. Field areas may be estimated by counting
the steps required to walk around the field. Amounts of livestock
 
feed fed daily may be weighed.
 

9. Interview the farmer in private ifpossible. The presence of other persons, especially other farmers, 
may cause the respondent to give answers he wants his neighbors to
hear rather than true answers. Interview the farmer in his fields 
to ensure a private interview. However, if others are around, do 
not make the farmer or others persons uncomfortable by insisting
the two of you be left alone. Use your best judgment. 

10. Think critically about the information 
you receive. The farmer may misinterpret a question, an answer may
not be complete, or an answer may not be consistent with other 
answers or with what you observed on the farm. Use your best
judgment in rephrasing the question or probing for a better answer.
Do not confront the respondent with the suspicion that he is not
answering honestly. Note inconsistencies on the margin of the 
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questionnaire and finish the interview. It is better to lose one
piece of information than to have the respondent become angry and 
stop the interview before it is finished. 

11. Ask to complete the questionnaire at a
later time if the farmer wishes to stop the interview before it is
complete. Farmers may riot have time to complete the questionnaire
during the first interview. In that case, make an appointment to
complete it at another time, but as soon as possible. The ques
tionnaire must bi completed, even if it requires a second visit. 

12. At the end of the interview check tosee that all questions are answered. At this time, you may discuss 
any inconsistencies you may have noted; however, avoid antagonizing
the respondent. Write comments you may have about the interview 
that may be useful to those who tabulate and analyze the d:ta. 

13. Thank the respondent for his cooperation. It is important that the interview be concluded on a note of
good will. Other farmers will ask the respondent about toe
interview. Their cooperation may depend on the attitude of the
respondents already interviewed. In addition, you may need to 
return to obtain further information or clarify an answer. 
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SAMPLING 

by J. Wilkins-Wells 
/and R. Laitos 

INTRODUCTION 

Perhaps the first question to ask whenconsidering sampling is why do we do sampling in the first place?Why is sampling stressed so much not only in the social sciences,

but in agronomy and engineering as well?
 

Very often, people involved in DiagnosticAnalysis studies need to study some specific population: a groupof farmers within a command area, rice plants in a paddy field, ortubewells in an improvement project. By using correct samplingprocedures, we do not have to study every farmer, every rice plant,or every tubewell. Instead, we can accurately study the farmers,rice plants, and tubewells by choosing only a limited number ofthem for study. Sampling is easier and less time consuming because
fewer units need to be examined. 

It is generally acknowledged that samplingis the best way to make generalized statements about populationcharacteristics without entering into the costly and time-consumingtask of surveying a whole population. Sampling also can providegreater accuracy than large-scale population surveys. The logistics of sampling are more manageable; better quality data isprovided; and follow-up research is easier. 

As mentioned previously, sampling is basedon the assumption that you can select and examine a small sectionof the larger population that accurately reflects all the important
characteristics of that population. What we discover about thesample also should be true for the population. However, this isknown as a probability statement for with sampling, there is always 
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a small chance of being wrong. You abandon certainty and replace
it with probability,,but you also know the chances of being wrong. 

Sampling involves selecting or randomly
choosing a set of units from a larger population or subpopulation
for statistical purposes (Figure 1). 

POPULATION ++++++++++++++++++++++ 
++++++++++++-I++++++++++++++++
 

+++++++ SUBPOPULATION +++++++++++++ 
+++++++ +++++++++4-+++++++,+++++ 
++++++++++++ SAMPLE +++++++++,-++ 
+++++++++++++++++++++++++++++ 

UNIT 

Figure 1. Diagram of the Sampling Process 

For example, a population would include all
the farmers who use water from one particular irrigation system.
The subpopulation would include all the farmers within one par
ticular command area. The sample would include all the farmers 
selected or randomly choosen from the population and subpopulation 
to be interviewed. An individual unit is simply one particular
farmer within the sample. 

In other words, a population is simply a
specified collection of things to be surveyed: farms, income 
levels, soil or plant features, irrigation command areas, kinship 
groups, people, or simply a collection of numbers. A population is 
whatever the researcher wishes it to be. A subpopulation is a
special category within a population. A unit is the individual 
object drawn from a population or subpopulation. It is the basic 
unit of analysis. 
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There are two important scientific andtheoretical goals to sampling. The first is to maximize the
ability to generalize findings. The goal is to have the values of
the sample match the values of the population as closely as
possible. For instance, if the mean landholding size of the
population is one hectare, a proper sample also would show a mean
landholding size of approximately one hectare. The second goal is
to maximize the opportunity for new insights by guaranteeing that
the sample chosen truly represents the variation found in the
population. A scientifically useful sample is representative of
the population. For example, if the plant height in the population
in a selected field ranges from 20 to 50 centimeters, then a cor
rect sample also should contain plants from 20 to 50 centimeters. 

The individual units chosen also must bequantified in some way, that is, be given a number so that statis
tical methods can be utilized (See the subsequent article on 
reliability and validity measurement checks.) 

PROCEDURES FOR SELECTING A SAMPLE 

Certain rules and procedures must be followed if sampling is to have any scientific value. The following
brief discussion will cover the most important rules and procedures
needed when selecting a sample from within a population. From this
presentation, the reader should achieve a basic understanding of
how to organize methods of sampling. 

Various sampling rules and procedures mustbe followed to control research bias and statistical error. In
establishing a specific sampling design, one must ask the following
general questions: 

1. 

2. 

What resources are available for the 
study? 
How much does the researcher already 
know about the population? 

3. How acccessible is the population? 

4. How does the researcher want to 
generalize the results of the sample 
findings? 
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APPROPRIATE SAMPLING PROCEDURES 

Certain sampling rules can guide the
researcher in choosing the appropriate sampliny procedures. 

* Define the Population. A clear defini
tion of the population is needed along with a concise

definition of the 
 sample units. What do we want to
generalize from the sample to the whole population? It is

important initially to make some statements about the

population under evaluation and the units being examined.
 
If ones does not have an adequate understanding of the

population in advance, it is difficult to select an
 
appropriate sampling procedure. 
 This also allows future
researchers to replicate the sampling procedure and 	statis
tical analysis. 

* Choose the Sampling Frame. If a

Diagnostic Analysis participant wanted to study the

behavior of irrigation officials in a particular area,

list of all those officials would 

a
 
have to be made. This iscalled a sampling frame. From this list, the participant

would select a representative sample of officials using one
of the methods outlined later in this artic!e in Tables 2 
or 3. A sample is only as accurate as the list o, units
from which it is drawn. All members of a popuiation must
have an equal chance of being selected. Potential omis
sions from the list must be identified. The reason for
this is that sample survey findings are representative of a
population to the degree the units include all the 
variability in the population. 

* Select the Sample Size. The task ofchoosing the sample size, one of the most important aspects
of a sample survey, varies greatly depending upon the
selected sampling frame and procedure. Thirty units or 
values are usually considered the minimum for statistical 
purposes. Many researchers, however, advocate larger
minimum numbers. There are four important points to remem
ber when considering sample size: 

1. 	 The greater the estimated variability or 
variance around a population mean, the larger
the sample size needed. This is illustrated in
the following diagram, where the larger
variability displayed in (b) would require a 
larger sample size than (a). 
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(a) (b) 

X Estimates n Estimates7 n 
More Accurately Less Accurately 

Populution Mean -- n (Frequently Estimated) 
Sample Mean -- i 

Any population element has an average (mean)
frequency, and a spread (variance) around that 
average. It is helpful to note that if every
unit in a population had the same value, then a 
sample of one would be sufficient. Conversely, 
a wide distribution spread of measurement 
values for a population of units would require 
a large sample. For instance, if all farmers 
in the selected population owned only one 
hectare of land, and landholding was the impor
tant variable studied, then only one farmer 
would need to be selected. Conversely, if a 
field contained many different heights of 
plants, ther, many plants (the units in this 
case) would have to be chosen. 

2. The greater the heterogeneity (diversity) in a 
population of elements, the larger the sample
size needed. However, large samples from 
populations of dissimilar units tend to 
increase the probability of sampling error-
the degree of error between the known or 
unknown population values and the sample 
values; however, these large populations can be 
effectively sampled by more controlled 
procedures. Such procedures include developing 
special categories called sub-populations. For 
example, a population of farms could be broken 
down into ioint versus individual operation, 
land holding size, tenure pattern, type of 
irrigation water source, cropping pattern, or 
head versus tail in the distribution of water. 
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3. The greater the number of categories in the 
population the larger the sample size needed. 
Although using categories reduces the 
diversity, and therefore reduces potential
sampling error, each category must be repre
sented in the overall sampling procedure-
unless the population is redefined as simply a 
given category. To generalize from the sample
to the population, a sample must contain the 
same variation that exists in the population
defined. An acceptable rule is that sampling 
error is reduced by an increase in the sample
size and a decrease in internal diversity of 
the units. 

4. The greater the precision desired, the larger
the sample size needed. For a sample to be 
truly meaningful, !-Nth its value and its prob
ability of representrrig the population value 
need to be stated. The probability value 
represents the degree of precision with which 
the sample statistic estimates the population 
value. 

With a probability of .95, it is estimated that 
some sample value, such as farmer age, will 
occur within one standard deviation of the 
unknown farmer age in the population. A prob
ability of .99 implies that this sample value 
will occur within two standard deviations of
the unknown population value. These are con
fidence limits (intervals) for sample estimates 
of population values. 

For example, if the sample values (such as age)
should not exceed a 1%or 4% difference from 
the population values, then to guarantee a 
probability of .95, the researcher would have 
to choose a population size of 9,604 or 600 as 
shown in Table 1. 
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Table 1. Simple Random Sample Sie for Several Degrees of Precision 

Confidence Limits (intervals)Tolerated 95 Samples 	 99 Samples
Error in 100 	 in 100 

2 
1 	 9,604 16,587

2,401 4,147
3 1,067 	 1,8434 600 	 1,037
5 384 	 6636 267 	 4617 196 	 339 

Source: Parten, Mildred. 1958. Surveys, polls, and samples.
Harper and Row, NY. 

eReduce Sampling Error. There areseveral common sources of sampling error which cannot be
corrected by increasing the sample size. Some of these 
are: 

1. 	 An incomplete population list and/or 
sampling frame; 

2. 	 Non-responses in a questionnaire sam
* pling frame; 

3. 	 Non-coverage of units that should 
properly belong in the sample; and 

4. 	 Poor sampling distribution assumptions. 

In such cases, sampling error is reduced by
improving the quality of the sampling procedure. 

*Reduce Non-Sampling Error. The major 
sources of non-sampling error include: 

1. 	 Non-randomized features in the overall 
sampling procedure; 

2. 	 Error in measurement; 
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3. 	 Error in the assigning of numerical 
values to units sampled from the 
population; and 

4. 	 Data processing errors. 

PROCEDURES (DESIGNS) 

Tables 2 and 3 present a brief description
of several sampling procedureE or designs that are often used in

Diagnostic Analysis studies. are
They equally applicable to soil, 
crop, and water analysis. The main distinction between the various
procedures involves the notions of probability and of chance selec
tion of popLlation units. 

PROBABILITY VERSUS NON-PROBABILITY 

The 	basic difference between probability
(Table 2) and non-probability (Table 3) sampling is that, in the

former, the probability of selecting each unit is both known and
 
non-zero, whereas in the latter it is not. In probability
sampling, it is expected that every unit chosen has 	a known, non
zero probability of being in the sample, yet it is not necessary
that these probability values be equal. We can apply weighting

procedures to those that are not.
 

Probability sampling allows one to utilizegood statistical inference tests by avoiding conscious or uncon
scious biases in the selection of population members.

Non-probability sampling does not have this facility despite having

good samples. Probability sampling maximizes the ability to

generalize the sample findings to the whole population.
 

Sampling procedures that do not involve
chance selection are called non-probability designs.
Non-probability sampling is generally less complicated and
expensive, and is clearly adequate for exploratory studies and even 
theory construction. However, it often limits the researcher's 
ability to generalize from the sample to the population. 

RANDOM SAMPLING 

Random sampling refers to a selection 
process in which each unit of a population has an equal chance of
being selected. There is random sampling with or without
replacement. The most commonly used form of random sampling is
that without replacement, often called "simple random sampling". 

If the population size is relatively largeand/or one has a small sample size, the effects of random sampling
without replacement are very small. Each draw out of a sample
frame increases the probability value of remaining population 
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Table 2. Types of Sampling Designs: Probability
 

Type of Sampling 


A. 	Simple Random Sampling 


B. 	Systematic Random 

Sampling 


C. 	Stratified Random 

Sampling 


D. 	Cluster (Area) 

Sampling 


E. 	Multi-Stage Cluster 

Sampling, Stratification 


Brief Description 


Assign each population unit a 

unique number. Randomize, and 

select units with or without 

replacement. 


Choose sampling ratio (propor-

tion of units to be sampled from 

the 	population). Then, choose 

units from the randomized sampling 

frame in a specific order, i.e.
 
every 10th unit.
 

Select a simple random sample 

from each defined category of 

the 	population. Maximize inter-

category variation, and minimize 

intra-category variation.
 

Sampling of groups or clusters, 

followed by the selection of 

units within each of the select-

ed clusters. Maximize the 

number of clusters selected, and
 
minimize the number of units with
in each cluster.
 

The successive random sampling of 

clusters and groups within clusters, 

with the addition of defining 


stratification variables for 

clusters. Maximize heterogeneous 

clusters. 


Advantages 


1. Minimum knowledge of 

population character-

istics needed. 


2. Free of possible class-

ification errors.
 

1. Same results as simple 

random sampling, using 

smaller sampling frame. 


1. Assures representation 

of all research cate-

gories in population, 


2. Reduces sampling error.
 

1. Good for very large pop-

ulations and/or when 

sampling frame is diffi-

cult to consider. 


1. Good for large popula-

tions. 


2. Can handle several rele-

vant stratification
 
variables at same time.
 

3. Reduces variability of
 
simple cluster sampling.
 

Disadvantages
 

1. Does not make use of
 
of knowledge of popu
lation possessed by
 
researcher.
 

1. Sampling may be biased
 
by an unobserved
 
periodicity in the
 
population.
 

1. Increases sampling bias
 
derived from classifi
cation procedures.
 

1. Larger errors for com
parable size than
 
other probability
 
samples.
 

1. Sampling errors are
 
cumulative in multi
stage cluster designs.
 



(Table 2. (continued) 

Type of Sampling 


F. Probability Proportionate 

to Size Sampling (PPS) 


G. 	Disproportionate 

Sampling and Weighting 


Brief Description 


A two-stage sampling procedure,

where clusters are given a chance 

of selection proportionate to

their size, then followed by the
same number of units being chosen
 
from each cluster.
 
Giving units a disproportionately

better chance of selection, or 

making sure that the units in the 

sampling frame are represented by

the same proportions that exist in

the overall population.
 

Advantages 


I. Reduces selection bias
 
of most cluster (area)
 
sampling designs.
 

1. Allows manipulation 

of sampling frame for 

research purposes, 


Disadvantages
 

1. Weighting affects
 
statistical infer
ence tests con
siderably.
 



Table 3. Types of Sampling Designs: Non-Probability Sampling
 

Type of Sampling 


A. 	Quota Sampling 

(Stratified) 


B. 	Dimensional Sampling 


C. 	Purposive (Judgemental) 

Sampling 


D. 	Snowball Sampling 


E. 	Contrast Sampling 


Brief Description 


Each category chosen for sampling 

is generally represented in the 

sampling list in the same propor-

tion as exists in the entire popu-

lation. 


Developing a research typology, 

then choosing randomly from each 

cell of the typology. 


Select units in the population 

which, on the basis of available 

information, can be judged to be 

representative of the total popula-

tion; take a complete count or sub-

sample of these units.
 

Conducted in stages. The first 

stage involves selecting units 

(people) having requisite charac-

teristics for research. The 

second stage involves selecting 

people recommended by first stage
 
informants.
 

Sampling from the extreme values
 
of a trait or variable in the
 
population, or drawing samples

from groups which contrast in the
 
variables most important to re
search.
 

Advantages 


1. Guarantees inclusion 

of minority population 

groups in sampling frame. 


1. Frequently useful for 

developing research 

hypotheses. 


1. Good for exploratory 

studies on population, 


1. Good for sampling sub-

cultures or particular 

networks, or when the 

distribution of population
 
categories is not known.
 

Disadvantages
 

1. Requires considerable
 
knowledge of popula
tion trait distribu
tions and/or propor
tions.
 

2. Can result in consid
erable sampling error.
 

1. No generalizability
 

from sample to popula
tion.
 

1. Variability and bias
 
cannot be controlled.
 

2. Requires considerable
 
krowledge of population
 
and/or units selected.
 

1. No generalizability
 

from sample to popula
tion.
 



members. However, longas as the sample remains small enough, theeffect of these higher probability values for remaining population
members is negligible unless the sample size is equal to or morethan one-fifth of the population. If this is so, then there are
correction formulas that can be used to estimate the appropriate
standard error. 

In the samplingi designs presented in Tables2 and 3, most are probabilistic, although a few popular non
probabilistic designs are described. Depending on the situation
and the research problem at hand, the more effective samples will
include a combination of these various types of sampling designs orprocedures. Depending upon the overall goals of the research, it
should always be remembered that both probabilistic and random 
sampling may or may not be warranted. 

CONCLUSION 

The size of the sample is of nrimary concern when selecting a sample plan. The population must beprecisely defined to construct an appropriate sampling frame. Inaddition, the type of data required must be determined. 

Previous studies on the selected populationwill need to be reviewed. Degrees of precision are established inadvance. The relative efficiency of various sampling procedures
then are evaluated in relation to how they apply to the problem,
the data, and the available financial and human resources. 

The form of data collection, having beendetermined, is pretested on the sampling frame. A regular sample
survey follows the pretest and includes the final step of data
intrepretation, that is, the ability to generalize. 

For more in-depth descriptions of samplingplease see the following references. 
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RELIABILITY AND VALIDITY CHECKS: 
INTERVIEW DATA* 

by M. Lowdermilk and J. Layton 

When evaluating a questionnaire, theprimary concern is whether the information obtained ro-flects what
is truly occuring in the world. Two types of tests are used todetermine how well an interview achieves what it is intended toachieve: reliability tests and validity tests. 

Reliability is the consistency, stability,or dependability of a measuring instrument. Exampl" whet. .woindependent investigators use the same interview insL ument and come to the same results, the reliability of the instrument is rfidto be good. Validity, on the other hand, is a test to see if a measure does in fact measure what it is supposed to measure.
Example: in asking farmers to rank their farm problems in terms ofimportance, they may give ihe highest ranking to water because theinterviewer is involved with water management. This results in atow degree of validity because the answer is based on the farmer's
perception of what the interviewer can do for him. 

Tests ha-. been designed t':- evaluatereliability and validity. The outlne which follows addresses 
these procedures. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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1. 	 Reliability Tests 

a. 	 External Consistency Procedures 

- Test-Retest 

- Parallel Form 

b. 	 Internal Consistency Procedures 

- Split-Half 

2. 	 Validity Tests 

tency procedures and (b) 

a. Face Validity 

b. Content Validity 

c. Criterion Validity 

RELIABILITY 

As 
the degree of reliability of 

indicated, two procedures help determine 
a questionnaire: (a) external consis

internal consistency procedures. External 
consistency procedures compare the cumulative test resL.its against
themselves to verify the reliability of a measure. Two examples of
this procedure are the test-retest measure and the parallel form of 
the 	same test. 

With 	test-retest, the researcher interviews a farmer for the first time after a predetermined time period, the 
interviewer (or another interviewer) returns to the same farmer and
conducts the same interview. The purpose is to see if there is
measurable agreement between the first and second tests. If there 
is, it can be inferred that the questions have a degree of 
reliability. 

Table 1 presents an rxample of the test
retest measure of reliability. As the table indicates, the vari
ables "Nitrogen Fertilizer Applied to One Crop" and "Nitrogen
Fertilizer Applied to Second Crop" had a lower reliability than the
other variables, based on the "r" correlation figure. The farmers 
retested, then, gave very similar figures for the other variables 
listed in Table 1, but not so similar figures for "Nitrogen
Applied." A participant in Diagnostic Analysis would treat these 
two variables with a great rleal of caution. 

With the parallel form of the same test, afarmer's knowledge, for example, of watercourse management is 
measured during an interview; after a period of time, he again is 
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Table 1. Test Re-test Reliability of Selected Measures
 

Number 

Item 	 of Farmers 


Interviewed 


Total Acres Owned 75 

Acres Cultivated This Watercourse 76 

Cropping Intensity (Wet & Dry Seasons) 74 

Nitrogen Fertilizer Applied to One Crop 73 

Crop Yields (Acre) 69 


STrading Full Irrigation Turns 74 

(Wet & Dry Seasons)
 

Nitrogen Fertilizer Applied to Second Crop 74 

Percent Increase in Yields 75 

Percent Increase inAcreage 72 


Pearson Product 
Percent of Sample Moment Correlation 

Retested 

19.3 .996 
19.6 .978 
19.1 .814 
18.8 .680 

17.8 .840 
19.1 .826 

19.1 .686 

19.3 .926 
18.6 .846 

*A fuller discussion of Pearson's "r"as well as Spearman's rho immediately follows this article.
 



interviewed measuring the same knowledge, but using differentquestions. If there a measurableis agreement between theresponses, a degree of reliability can be inferred for the surveys. 

Several problems occur in determiningreliability from the above two procedures. The major problem isthat the first test affects the farmer's subsequent responses byexposing him to the points brought out by the questions. When thesecond test is administered, the farmer's awareness of the questions may 
cause him to change his answers. The interviewer shouldbe sensitive to this problem when interpreting the results of such 
procedures. 

The second major procedures measuringreliability are internal consistency procedures. Such procedures
attempt to increase the reliability by seeing if respondents'
answers to various questions are based on some pattern
agreement. 
In other words, if a number of questions are 

of 
used to
measure one variable, a respondent who 
answers low on one questionshould also answer low on other related questions. One techniqueto measure such agreement is the split-half technique. 

The split-half technique uses a largenumber of equivalent questions. After the data is collected, thequestions are divided into two halves and compared for theirequivalence. For example, a researcher wishes to measure the
degree of innovativeness of farmers 
 based on their income,education, and so forth. To do this, a questionnaire is constructed that contains a list of innovations adopted in the region.
The list then is presented to a respondent who checks the innovations he uses. In testing the reliability of the instrument,
list of innovations is divided into two equivalent parts 
the
 

(that is,both parts have an equal number of easy and difficult innovations).A reliable instrument would be one where a farmer who scores highon one set of innovations also scores high on another set of variables that measure the same degree of innovativeness. 

In addition, two types of errors, randomand non-random, can occur which affect the reliability ofquestionnaire. Random errors the most 
a 

are difficult to recognizeas they lack any pattern. Non-random errors, the other hand,on occur consistently throughout the questionnaire and can be moreeasily detected and corrected by a supervisor. 

There are three reasons why either type oferror transpires: 1) the questionnaire is not pre-coded; 2) theinterviewer incorrectly codes the responses onto the questionnaire;and/or 3) the data is inaccurately entered in the computer. 

Reliability is a practically criticalproblem when open-ended questionnaires are converted into quantitative data. Those persons coding and/or entering the information 
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must be instructed and supervised carefully to insure consistency
of coding responses. A check should be made of the process after a
few questions have been coded to see if there is standardized 
unity. If errors are discovered such as, coders making individual
decisions about answers, they must be corrected and the responsible
persons once again must be instructed according to the defined 
procedures. 

VALIDITY 

(a) face va!idity, (b) 
There are three types of validity tests: 

content validity, and (c) criterion 
validity. 

perhaps most subject 
The procedure that is 

to error is face validity. 
least objective and 

One simply looks 
at the concept to be measured and makes assumption basedan on
observation. For example, measuring a farmer's wealth by counting
the amount of equipment he has on his farm would be a measure 
having face validity. 

With content validity, the questionbecomes: 
 is the substance or content of the measure representative
of the content of the property being measured? For example, if a
questionnaire measuring a farmer's degree of wealth only asks
questions regarding the number of items in his house while neglect
ing the ownership of farm equipment, the measure would not have
high content validity. A measure with a high degree of content 
validity includes all aspects of a concept it is to measure. 

Criterion validity is measured by comparingthe researcher's test with another test known to measure the con
cept under study. For example, if a researcher measures and com
pares results of a test with a previously used and recognized 
measure that also was used and the results are equivalent, then it 
can be said that a high degree of criterion validity is present. 

EVALUATION OF MEASURING DEVICE 

Evaluations concerning validity andreliability are used to determine if any biases occurred in the
data gathering. The following questions should be asked when
constructing a measuring device (such as a questionnaire) to deter
mine the degree of validity and reliability. 
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1. 	 Does the form of the questionnaire
 
introduce any bias?
 

- Is the questionnaire too long? A
respondent may become tired toward 
the end of a long questionnaire and 
provide poorly thought out answers. 

- Are the sensitive questions placed
in an appropriate position within 
the questionnaire? Inappropriate
placement may cause the respondent 
not to answer truthfully. 

- Do the questions actually extract 
the information desired, either 
directly or indirectly? 

- Do questions parallel other ques
tions so as to see if the answers 
given are consistent? 

2. 	 Does the cultural aspect of the
 
measuring instrument lead to patterned

biases?
 

- Are the questions appropriately 

worded so as not to offend anyone? 

- Is the phrasing inappropriate? 

- What bias emerges from an open-ended
questionnaire versus a closed-ended 
one? 

3. 	 What mechanical factors may emerge to 
create a patterned bias? 

- What is the reading and writing
abilities of the respondent? 

- What is the time schedule for each 
interview? If time is too short, 
the interviewer may hurry to corn
plete his assignment and negatively
affect the quality of the answers. 
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4. 	 What environmental factors impede the 
validity and reliability of the 
measure? 

- Is the personal interaction between 
the respondent and the interviewer 
appropriate? The following 
questions, among others, need to be 
addressed: Does the interviewer ask 
questions in a leading manner; does 
the socio-economic (class) dif
ference between the two parties 
affect the questions; does the 
ethnic difference or similarity 
affect the interview? 

- Do the questions call for a respon
dent to depend on his or her memory 
and if so, over what period of time? 

- What are the physical facilities in 
which the interview is conducted? 
Is the atmosphere comfortable, 
hostile, or friendly? 

5. 	 Does the interpretation of the data 
lead to patterned biases occurring? 

To ensure a proper degree of reliability
and validity these questions must be considered when preparing the 
instruments and gathering data. Every effort should be made to 
alleviate conditions brought out by these questions that interfere 
with proper reliability and validity. 
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AUXILIARY INFORMATION:
 
RELIABILITY MEASUREMENT
 

When using reliability measurements, twopossible statistics to employ are Pearson's "r"or Spearman's"rho". Both of these are correlation coefficients, which examine
how a change in one variable is related to the change in another 
variable. 

Pearson's "r" 

Pearson's "r" is a measure of association
that indicates the strength and direction of a linear relationship
between two variables. This measure of association ranges from +1 
to 0 to -1. An r = *1.0 indicates that as variable "x" increases,
variable "y" also incre,-ses in a straight line. An r = -1.0 indicates that as variable "x" increases, variable "y" decreases in astraight line. This is referred to as statistical dependence. If
there is no relationship at all between an increase in variable "x"and variable "y", there is statistical independence and r = 0.
Interval level data is required for Pearson's "r". This correla
tion coefficient is calculated by the formula:
 

=_ (Xi-X) (Yi - ) 

where Xi = ith observation of variable x 

Yi =ith observation of variable y 

X =mean of variable x 

7- = mean of variable y 

Spearman's Rank-Order Correlation (rho) 

Spearman's rho is a measure of associationused to determine whether two sets of rank-order data are related.
To calculate the statistic rho, at !oast an ordinal level ofmeasurement is required for both variables. The correlation coefficient for rho, however, can to 0 tovary from -1 +1. Complete
statistical independence would be indicated by a rank-order c'.,relation of 0, while complete inverse statistical dependence would
be indicated by -1, and complete positive statistical dependence
would be indicated by +1. Spearman's rho is calculated by the 
formula: 
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- 6 Z D2 
rho = 1 

N(N2 -1) 

where D = difference score between each X and Y pair 

N = number of pairs of scores 
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FARM ENTERPRISE BUDGETING 

by A. Madsen and 
M. Haider 

A farm enterprise budget is a systematic

collection of relevant costs and returns associated with a specific
 
crop, livestock, or other farm enterprise. Enterprise budgets do 
not remain the same from year to year. Continuous effort is 
required to keep input costs and product prices current and to 
accurately estimate production costs and potential revenue. 
Without current information, serious errors may be made in evaluat
ing the economic consequences of available alternatives. 

In some countries, public agencies assume 
responsibility for preparing enterprise budgets for major crop and 
livestock enterprises. Where this service is not available, 
producers or local organizations must prepare the budgets to the 
best of their ability. 

Individual cost items are different for 
each enterprise budget: see Tables I and 2 which are budgets
prepared by the Egypt Water Use Project teams for rice and wheat. 
The monetary unit is Egyptian pounds (LE). For example, the wheat 
budget identified seed costs and planting seeds by hand. The rice 
enterprise budget, on the other hand, identified costs for nursery
plants pulling and transplanting. Cost items are different because 
there are various production input items and production operations
that are unique to each crop. However, certain costs categories
called variable costs and fixed costs, are common to all enterprise
budgets. 

Variable costs (or operating costs) are 
those that change with the production level during a given time 
period. As the production of rice increases, the farmer has to 
purchase more seed, use more labor, apply more water and 
fertilizer, and so forth. Thus, such costs vary with the rate at 
which they are used up in the production of crops or livestock. 
Variable costs are avoidable in that they need not incur when 
production is not undertaken. 

53
 



The second cost category is fixed costs.
Fixed costs also are referred to as ownership or overhead costs
because it is often difficult to allocate some costs to specific

products or enterprises. Fixed costs are costs not related to thelevel of production--they continue to incur whether or not production occurs. Such costs include depreciation, interest, taxes, andso forth. The crop enterprise budgets shown in Tables 1 and 2 haveclassified land rent and a management overhead charge as fixed
 
costs.
 

To minimize economic losses, producers mustreceive returns sufficient to at least cover all variable costs andmake some contribution to fixed costs in the short run. If vari
able costs are not covered, 
 other things being equal, it is better
 
not to produce the particular product.
 

Tables 3 and 4 provide information on labor
and water use to help decision makers select enterprises and plan
labor and water use. The irifc;'mation identifies labor and water
requirements by month for each crop. After noting the crop mix,the total monthly requirements for labor and water can be estimatedfrom the relevant tables. The next step is to estimate the amountsof labor qnd water available to the farm each month. By relating

the input requirements and the input availability, it is possible
to identify when there is surplus labor or water that can be used

for other purposes or where there may be shortages of labor and
water. If shortages occur in a particular month, the farmer must
 
arrange to hire additional labor and 
 to acquire additional water
when possible. If financial or other constraints prevent farmersfrom obtaining the necessary inputs, different enterprise combinations must be considered. Although labor and water flow budgetsare much simpler than cash flow budgets, they are important to the
farm's overall success. 

Enterprise budgets in Tables 1 and 2 can beused by individual producers as basing points for on-farm
Diagnostic Analysis. When costs,farm production, or returns seem 
to be out of line with those of enterprise budgets, in-depthanalysis of management and production practices can be made toidentify where problems may exist. Such analysis involves consult
ing with engineers to evaluate water application and drainage
practices, and with agronomists to consider the adequacy of
cultivation, seeding rates, fertilization. Sociologists also canhelp determine why certain practices followedare that may reduce
production or family income. 
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Table 1. An Example of Cost and Return Per Feddan* of Rice Production:
 
Abu Raia, Egypt, 1980
 

Item 
 Unit 


INCOME
 

Rice Grain Sold to Government Kg

Rice Grain Consumed/Marketed Kgt 

Rice Straw C.L. 


Total Income 


VARIABLE COSTS
 

Purchased Inputs:
 

Seed 
 Kaila 

Ammonium Sulfate, 20.6% N Kg 

Ammonium Nitrate, 33.5% N Kg

Urea, 46.0% N Kg

Super Treble, 42.0% P Kg 


Production Practices:
 

Plowing Feddan 

Seeding Man Hr. 

Rice Puddling Man Hr. 


Cow Hr. 


Transplanting
 

Pull and Transport Man Hr. 

Planting Woman Hr 


Weeding B&G Hr.§ 

Chemical Fert. App. Man Hr. 

Organic Fert. Transport D.L. 

Irrigation
 

Water Lifting Cow Hr. 

B&G Hr. 


Water Application Man Hr. 

Ditch Maintenance Man Hr. 


Harvesting and Transportation
 

Harvesting Man Hr. 

Threshing Mach. Hr. 

WinnowingJl Kaila 

Bundling Man Hr. 

Loadingj Man Hr. 
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Number 

of 


Units 


900.00 

900.00 


3.50 


6.00 

141.00 

5.00 


12.00 

14.00 


1.00 

1.00 

3.00 

3.00 


20.00 

40.00 

24.00 

6.00 


50.00 


58.00 

58.00 

29.00 

12.00 


35.00 

3.00 

7.50 

8.00 


10.00 


Price Total
 
.or Income
 

Cost/Unit or Cost
 

0.075 67.50
 
0.085 76.50
 
1.400 4.90
 

148.90
 

1.080 6.48
 
0.048 6.77
 
0.074 0.37
 
0.108 1.30
 
0.089 1.25
 

5.400 5.40
 
0.300 0.30
 
0.300 0.90
 
0.080 0.24
 

0.300 6.00
 
0.200 8.00
 
0.050 3.60
 
0.300 1.80
 
0.050 2.50
 

0.080 4.64
 
0.150 8.70
 
0.300 8.70
 
0.300 3.60
 

0.300 10.50
 
3.000 9.00
 
0.850 6.38
 
0.300 2.40
 
0.300 3.00
 



Table 1. (continued)
 

Number Price Total 
Item Unit 

of 
Units 

or 
Cost/Unit 

Income 
or Cost 

Harvesting & Trans., cont. 

Transporting 
Taxes, Marketing and 
Weighing 

C.L. 

Tun 

10.00 

1.80 

0.500 

0.68 

5.00 

1.22 

Total Variable Costs 108.65 

Return Over Variable Costs 40.25 

FIXED COSTS 

Sakia (waterwheel) 
Land Rent 
Land Tax 
Management 

Hour 
Month 
Month 
Month 

58.00 
6.00 
6.00 
6.00 

0.110 
6.000 
0.830 
1.000 

6.38 
36.00 
5.00 
6.00 

Total Fixed Costs 53.38 

Grand Total 
162.03 

Return Above all Costs 
 (13.13)
 

Source: EWUP Farm Management Survey, Farm Records, Staff Paper No. 21.
 

and Abu Raia Cooperative.
 

*Feddan = .42 hectare.
 

tC.L. = Camel Load.
 

TOne Kaila of rice - 10 kg.
 
§B&G Hr. = Boy and girl hour.
 

ljPaid in Kind at the rate of half kaila per ardab (150 kg),
or 5 kg for every 120 kg of rice processed.
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Table 2. An Example Cost and Return Per FEddan of Wheat Production:
 
Abu Raia, Egypt, 1980
 

Item 
 Unit 


INCOME
 

Wheat Grain 
 Ardab 

Wheat Straw C.L. 


Total Income 


Harvesting 


VARIABLE COSTS 

Purchased Inputs:
Seed Kaila 
Ammonium Nitrate, 33.5% N 
Urea, 46.0% N 
Super Phosphate, 15.5% P 
Super Treble, 42.0% P 

Kg 
Kg 
Kg 
Kg 

Production Practices: 
Plowing Feddan 
Smoothing Feddan 
Seeding Man Hr. 
Weeding B&G Hr. 
Organic Fert. Transport. D.L.* 
Chemical Fert. App. Man Hr. 
Organic Fert. App. Man Hr. 
Irrigation
Water Lifting Cow Hr. 

B&G Hr. 
Water Application Man Hr. 
Ditch Maintenance Man Hr. 

Harvesting and Transportation: 
M&W Hr. 


Threshing Mach. Hr. 

Winnowing t Kaila 

Loading 
 Man Hr. 

Transporting C.L. 


Total Variable Costs 


Return Over Variable Costs 


Number 

of 


Units 


7.70 

5.00 


6.10 

60.00 

33.00 

5.00 

8.00 


1.00 

1.00 

3.00 


12.00 

100.00 


4.00 

4.00 


20.00 

20.00 

20.00 

12.00 


36.00 

3.00 

7.70 

8.00 

8.00 


Price Total
 
or Income
 

Cost/Unit or Cost
 

11.100 85.47
 
9.600 48.00
 

133.47
 

0.910 5.55
 
0.074 4.44
 
0.108 3.56
 
0.046 0.23
 
0.089 0.71
 

5.400 5.40
 
2.200 2.20
 
0.300 0.90
 
0.150 1.80
 
0.050 5.00
 
0.300 1.20
 
0.300 1.20
 

0.080 1.60
 
0.150 3.00
 
0.300 6.00
 
0.300 3.60
 

0.250 9.00
 
3.000 9.00
 
0.930 7.12
 
0.300 2.40
 
0.500 4.00
 

77.91
 

55.56
 

57
 



Table 2. (continued)
 

Item 


FIXED COSTS
 

Sakia 

Land Rent 

Land Tax 

Management Charge 


Total Fixed Costs 


Grand Total Costs 


Return Above All Costs 


Number Price Total 

Unit 
of 
Units 

or 
Cost/Unit 

Income 
or Cost 

Hour 
Month 

?0.00 
6.00 

0.110 
6.000 

2.20 
36.00 

Month 6.00 0.830 4.98 
Month 6.00 1.000 6.00 

49.18 

127.09 

6.38 

Source: EWUP Farm Management Survey, Farm Records, Staff Paper No. 21,
and Abu Raia Cooperative. 

*D.L. = Donkey Load. 
tPaid in kind at the rate of one kaila per ardab (150 kg) of wheat processed. 
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Table 3. Monthly Labor and Water Requirements Per Feddan of Rice:
 
Abu Raia, Egypt, 1980
 

Month 
 Labor Requirements in Hours 
 Water Requirements

Man Woman Boy/Girl M3
 

May 
 21 
 18 
 732*
Jun 
 42 40 
 31 
 2,188t
Jul 
 22 

Aug 16 1,762
12 
 12 
 1,378
Sep 
 5 
 5 
 534

Oct 
 53
 

Season 
 155 
 40 
 82 
 6,594
 

Source: EWUP Farm Management Survey and Farm Records.
 
* 
Water applied in the rice nursery.
 
t Includes the irrigation for rice transplanting.
 

Table 4. Monthly Labor and Water Requirements Per Faddan of Wheat:
 
Abu Raia, Egypt, 1980
 

Labor Requirements in Hours 

Month 
 Man Woman Boy/Girl 


Nov. 
 22 
 3
Dec 
 3 
 3
Jan 
 2 
 14
Feb 
 11 
 7
Mar 
 5 
 5 

Apr

May 
 26 18
 

Season 
 69 18 
 32 


Water Requirements
 

M3
 

410
 
334
 
205
 
755
 
529
 

2,233
 

Source: EWUP Farm Management Survey and Farm Records.
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el PREPARING A CASH FLOW BUDGET 

by A. Madsen 

Preparation of a cash flow budget, whether
formal or informal, is critical to decision-making on farms. A
budget that shows the sources, amounts and timing of cash income
and expenses is espccially relevant to decisions concerning invest
ments for irrigation systems. Partial budgets may show the
economic benefits from improvements in water application or
drainage, but do not show the ability to pay off debts that may be
incurred to make the improvements. 

A cash flow budget may consists of two
tasks. The first is to identify the actual cash flow during the
previous year. This involves documenting monthly income and expen
ditures for each of the last 12 months. The information may be
prepared from farm records or from the farmer's best estimate. The
second, and more difficult, task is to project next year's cash
flow. The estimate may be guided by historical results and crop
and livestock plans for the future. For major investments, such as
land leveling, installing lined ditches and irrigation water pumps,
or land purchases, it is necessary to pay off loans over time
periods of more than one year. Therefore, this requires projecting
expenditures and incomes for longer time periods to better estimate 
the ability to repay investments. 

The following worksheets provide a step-by
step procedure to construct the cash flow budget. The entries are
mostly self-explanatory, but every area of the world and every farm
has its own particular cash flow characteristics. The forms may
have to be adjusted to meet the conditions of individual producers. 
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To illustrate the use of the worksheets formonthly cash planning, a hypothetical example of an Indian farm ispresented. The 2 hectare case farm is assumed to produce paddy and
wheat. The monetary unit is rupees (Rs). 

CASH FARM RECEIPTS 

Worksheet IA, "Estimation of Cash FarmReceipt:: Crop and Other Income", indicates that paddy soldwasNovember. Note that only one fourth of the paddy 
in 

is sold; the restis kept for family consumption. All wheat produced is used in 
family consumption. 

For Worksheet lB, "Estimation of Cash FarmReceipts: Livestock Products and Livestock Sales", it is assumedthe farm has two cows which are used as draft animals and for milkproduction. Only cow shown produceone is to milk dur;ng Junethrough November which provides time for each cow to be dry for aperiod and produce a calf. It is assumed tiat one calf is soldeach year in September and the other may die or is butchered forthe family. The totals in last columnthe of Worksheet lB are
included in the final column of Worksheet lA. 

Because only two crops are produced, it isnot necessary to use Supplemental Worksheet 1, "Estimation ofReceipts from Crop Sales", to compiete Worksheet IA. However,Supplemental Worksheet 1 is included to show the type of informa
tion it provides.
 

CASH FARM EXPENSES 

Worksheets 2A through 2E and Worksheet 3are used to estimate cash farm expenses. All expenses should berecorded when they are expected to be incurred. The expensecategories commonly are used in farm records. Interest expensesare not included in this series of worksheets because it is difficult to separate the principal payment and interest in futuredebt payments. Debt payments including interest expensesentered in Worksheet 6 
are 

and Supplemental Worksheet 3. To projectfuture costs, estimate the inflation or deflation for each categoryand then make further adjustment according to individual circumstances for a particular farm. For example, labor wage rates andthe amount of labor used may increase. Therefore, the expectedcost of labor would be larger than the simple adjustment for wage 
rates.
 

Labor, feed and livestock purchase cashfarm expenses are estimated on Worksheet 2A. It is assumed thatthe cows are fed farm produced feed and some purchased feed. Oneanimal was purchased in September in this example. The labor expenses are distributed among the months whichin labor must be 
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hired as shown in the first columns. Worksheet 2B, "Estimation ofCash Farm Expenses: Machinery", contains entries for custom work.No custom work was hired in the example. The farm has no machinery
repairs or fuel expenses. 

Worksheet 2C, "Estimation of Cash Farm
Expenses: Crops", identified cost estimates for fertilizer, seeds,
sprays and land rent. It is assumed the farm does not rent. The
estimated change in fertilizer costs reflects the expected ten
 
percent price increase of this input. 

"Estimation of Cash Expenses:Farm RealEstate Expenses" identified in Worksheet 2D are not substantial

because the farm does not have buildings. Property taxes are not
 
large.
 

Worksheet 2E, "Estimation of Cash FarmExpenses: Utility, Marketing, Misc.", identifies farm expenses for
utilities. This hypothetical farm does 
 not have any utility expenses or marketing expenses, but water charges are shown in the

miscellaneous column.
 

Worksheet 3, "Summary of Cash Farm
Expenses" pulls together all farm expenses identified to this
point. The worksheets from which the monthly data are taken are
identified with parentheses at the top of each column. The row
column data can be summed to check accuracy. 
and
 

Worksheet 4, Purchases"Capital Planned",provides for detailed itemization of expected capital purchases.

The hypothetical farm does not anticipate such expenditures during

the coming year. 

The preparation of Worksheet 5, "CashInflow and Outflow for Next Year: Including Non-farm; ExcludingCredit", is a critical step in arriving at potential cash flow for a farm. The "Cash Farm Receipts" in Column 1 are taken from thelast column of Worksheet IA. The "Net Non-farm Cash Income" inthis case is assumed to be zero. The sources of information forother columns are identified within parentheses. Care must betaken in calculating Column 8, "Cash Inflow Minus Cash Outflow."
Negative results should be enclosed by parentheses. Family expenses must be estimated for each month and entered in Column 6.
Families frequently find it difficult to estimate expenses, soSupplemental Worksheet 2, "Family Living Expenses", is provided toact as a guide in preparing the estimate of monthly family
expenditures. 

Worksheet 6, "Projected Cash Flow Budget",is the end product provided by preparing the previous information.
It is a guide for the use of short-term credit and for decision
making in assuming long-term debt. The manager .nust evaluate 
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constantly the ability of the farm and family to service debt.
Followinj is a column by column explanation of Worksheet 6. 

OCash inflow less outflow excludingcredit transactions (Column 1): The numbers in this column aredifference between cash inflow and cash outflow on 
the 

Worksheet 5,
Column 8. 

* "Scheduled Debt Payments" (Column 2):Listed on this column is the principal and interest the business isrequired to pay each month. Supplemental Worksheet 3 can be used
to project debt payments for next year. 

S"Capital Purchase Loans" (Column 3):For many capital purchases, the farm manager knows in advance thathe will borrow all or part of the money from a bank, a governmentagency, machinery dealer, or other source. When this is the case,the amount of the loan is included in this column. When he startsmaking payments on the loan (probably the following month),
amount of the payment (principal and interest) is included in 

the 

Column 2, "Scheduled Debt Payment" (Supplemental Worksheet 3 also 
can be used).
 

* "Uncommitted Cash Flow" (Column 4):
This is the money projected to be that must
left over or beobtained after the cash inflow-outflow, debt payments and new
capital loans are considered. If figures in the column are
positive, money is available: 1) to pay back short-term borrowings
or make additional payments on longer term 
debt, or 2) to add tothe family's ready cash fund. (Family living expenses have been
accounted for already.) If these data are negative, the deficit
must be covered: 1) from reductions in the family's ready cashfund, or 2) by short-term borrowing from a bank, individual, or
some other source, and/or by charging teed, fertilizer or other
 
bills.
 

9 "New Short-term Debt" (Column 5): Thiscolumn is used to record new short-term debt which is projected to
be required to cover a negative uncommitted cash flow. 

* "Additional Debt Payments" (Column 6):These are payments of interest and onprincipal short-term debt aridadditional principal payments on longer term debt. (It is assumed
that interest paid on longer-term debt is covered in the scheduled 
debt payments). 

* "Cash Flow This Month" (Column 7): Thisis the projected change in the family ready cash fund for the 
month. 
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9 "Cash Flow Balance" (Column 8): Notethat the farm ended the past year (or started this year) with Rs
400 in the family ready cash fund. The column is the running
balance of cash on hand. Remember that transactions occur daily,
not monthly, and that a significant balance may be required to meet
day-to-day fluctuations. The August balance of Rs 75 may be too 
low and additional borrowing required. 

In parentheses at the top of each column
the sequence of adding and subtracting is identified as follows:
 

Cash Inflow Less Outflow Excluding Credit 

- Scheduled Debt Payments 

+ Capital Purchase Loans 

= Uncommitted Cash Flow 

+ New Short-Term Debt 

- Additional Debt Payments 

Cash Flow: This Month 

+ Balance from Last Month 

= Cash Flow: Balance 

Good short-term credit management is indi
cated if at least one of the columns, "New Short-Term Debt" or
"Additional Debt Payments," is zero for each month. Short-term
credit should be managed to maintain a somewhat constant cash flow
balance without paying back money and then turning around and
reborrowing it immediately. One rule of thumb is to repay short
term debt whenever the money will not be reborrowed for at least 
two months; otherwise, the money could be left in the family ready
cash account to cover the cash flow deficit in the following month. 

REFERENCES 

Milligan, R.A., Smith, E.L. LaDue. 1976.S.F. and Monthly cash
flow planning. Department of Agricultural Economics,
Cornell University, AE Ext. 76-2, Ithaca, NY. 
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WORKSHEET IA. ESTIMATION OF CASH FARM RECEIPTS: 
 CROP AND OTHER INCOME
 

Farm Identification: 
 2 Hectare Farm
 

Crop Sales 
 Other 
 Cash
 
Farm Incomet 
 Farm
This Year 
 Next Year
Month This Next Operating
Crop Quantity 
 Price Value Quantity Price Value 
 Year Year ReceiptsT
 

Jan 

Rs 100
Feb 

Rs 100


Mar 

Rs 100
May 

Rs 100
Jun 


Jul Rs 100
 
Rs 55 Rs 55 Rs 105 

oa Aug 
Sep ____ Rs 50 
Sep 

____ 

Rs 50

Oc ___ ____ ____Oct ___ ____ ____ ___ 1250RsRs 50
 

Nov Paddy 1.5 T Rs 1500 Rs 2250 
 1.5 Rs 1500 Rs 2250 
 Rs 2300
 
Dec 


Rs 50
 
TOTAL 
 Rs 2250 
 Rs 55 Rs 55 
 Rs 4405
 
* From Supplemental Worksheet No. l--Estimation of Receipts from Crop Sales.
 
t Includes ir'm 
from work performed for others, rental of land, water, draft animals, or machinery to others
and the sales of used machinery of equipment. 
 Do not include income from livestock or livestock products.


Value of next year's crop sales plus other farm income next year plus total expected receipts for livestock

products (from Worksheet 1B).
 

NOTE: 
 Although 2 hectares of wheat and 2 hectares of paddy are grown only 25% of the paddy is sold. 
Also,
none of the wheat/paddy straw is sold.
 



WORKSHEET 1B. ESTIMATION OF CASH FARM RECEIPTS: LIVESTOCK PRODUCTS AND LIVESTOCK SALES
 

Farm Identification: 2 Hectare Farm 

"-

Month 
(Produced) 

Dec 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

O:t 

Nov 

Number 
of Cows 

2 

2 

2 

2 

2 

2 

1 

1 

1 

1 

1 

1 

Livestock Products Sales: 

Production Total Price 
Per Cow Production Per £* 

60 £ 120 £ Rs 0.8 

60 9 120 £ Rs 0.8 

60 £ 120 £ Rs 0.8 

60 k 120 . Rs 0.8 

60 £ 120 £ Rs 0.8 

60 £ 120 £ Rs 0.8 

60 £ 60 £ Rs 0.8 

60 £ 60 £ Rs 0.8 

60 £ 60 £ Rs 0.8 

60_£ 60 £ Rs 0.8 

60 £ 60 £ Rs 0.8 

60 £ 60 £ Rs 0.8 

Milk & Eggs 

Receipts 
This Year 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 50 

Rs 50 

Rs 50 

Rs 50 

Rs 50 

Rs 50 

Month 
(Received) 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

Expected
Receipts 
Next Year 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 50 

Rs 50 

Rs 50 

Rs 50 

Rs 50 

Rs 50 

Receipts 
Livestock Total Receipts 

Sales From Livestock
This Next Products & Live-
Year Year stock Next Year 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 100 

Rs 50 

Rs 50 

Rs 1200 Rs 1200 Rs 1250 

Rs 50 

_ Rs 50 

Rs 50 

TOTAL 1080 Rs 900 Rs 900 Rs 1200 Rs 1200 Rs 2100 

* £ = liter(s) 



WORKSHEET 2A. ESTIMATION OF CASH FARM EXPENSES: 
 LABOR AND FEED AND LIVESTOCK PURCHASE
 

Farm Identification: 
 2 Hectare Farm
 

Labor 
 Feed Purchase
Percent Change 0 Livestock Purchase*
Percent Change 0 
 Percent Change 0
 
This 
 Next 
 This 
 Next
Year Year This Next
Year
Month Year
Rs Year
Rs Year
Rs 
 Rs 
 Rs 
 Rs
 

Jan 

15 
 15
 

Feb 

15 
 15


Mar 

15 
 15
 co Apr 

15 
 15


May _ 15 
 15
 
Jun 


15 
 15

Jul 
 15 
 15 
 15 
 15
Aug 


15 
 15

Sep 


15 
 15
 
Oct 


15 
 15
Nov 
 10 
 10 
 15 
 15 
 900 
 900
Dec 

15 
 15
 

TOTAL 
 25 
 25 
 180 
 180 
 900 
 900
 
* Livestock purchased for feeding  growing and later resale should be included here.
Livestock purchased for draft or herd expansion should be included as 
capital 
items in Worksheet 4.
 



WORKSHEET 2B. ESTIMATION OF CASH FARM EXPENSES: MACHINERY 

Farm Identification: 2 Hectare Farm 

Custom Work Hired 
Percent Change 

Repairs 
Percent Change_ 

Fuel 
Percent Change_ 

Total 
Machinery 

Month 

This 
Year 
Rs 

Next 
Year 
Rs 

This 
Year 
Rs 

Next 
Year 
Rs 

This 
Year 
Rs 

Next 
Year 
Rs 

Expense
Next 
Year 
Rs 

Jan Not Applicable This Farm Not Applicable This Farm NotApplicable This Farm 
Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct. 

Nov 

Dec 

TOTAL 



WORKSHEET 2C. ESTIMATION OF CASH FARM EXPENSES: CROPS 

Farm Identification: 2 Hectare Farm 

Month 

Jan 

Feb 

Lime and Fertilizer 
Percent Change 10 

This Next 
Year Year 
Rs Rs 

____ 

Seeds and Sprays
Percent Change 0 

This Next 
Year Year 
Rs Rs 

Land Rent 
Crop Percent ChangeExpense 

Next This Next 
Year Year Year 
Rs Rs Rs 

Not Appli This 

O 
Mar 

Apr 

May 
J.Jin 

Jul 

314 345 80 80 425 

Aug 

Sep 

Oct 
Nov 

Dec 

157 

___ 

172 300 300 472 

TOTAL 471 517 380 380 897 



WORKSHEET 2D. ESTIMATION OF CASH FARM EXPENSES: REAL ESTATE EXPENSES 

Farm Identification: 2 Hectare Farm 

Land & Building Expenses (Repairs, etc.)
Percent Change 0 

Property Taxes 
Percent Change 

Month 

This 
Year 
Rs 

Next 
Year 
Rs 

This 
Year 
Rs 

Next 
Year 
Rs 

Jan Not Applicable to This Farm 

Feb 

Mar 

Apr 
8 8 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

TOTAL 
Rs 8 Rs 8 



WORKSHEET 2E. ESTIMATION OF CASH FARM EXPENSES: UTILITIES, MARKETING, MISC. 
Farm Identification: 2 Hectare Farm 

Month 

This 

YearRs 

UtilitiesP tCitnePercent Change 

Near 

RR 

Marketing
(Transportation, etc.)Percent Change 

Year Next 
R YearsR 

Miscellaneous 
Percent Change 0(Water Charges-

This NextYear Year
sR 

Jan Not Applicable to This Far Not Appicable to This Farm 

Feb 

Mar 
Apr 

152-152 

May 152 152 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 
Dec 
DecAL 

TOTAL 
212 2 12 

Rs 364 Rs 364 



WORKSHEET 3. SUMMARY OF CASH FARM EXPENSES
 

Farm Identification: 2 Hectare Farm
 

Month Labor Feed Livestock Machine Land
 
(2A) (2A) (2A) (2B) 

Crop Rent Buildino Taxes Utilities Marketing Misc. Total
(2C) (2C) (2D) - (2D) (2E) (2E) (2E)
 
Jan 15 


15
 
Feb 15 

15
 
Mar 
 15 


15
 
Apr 15 
 8 
 152 175

4ay 15 


15
 
Jun 15 
 425 _ 

440
 
Jul 15 15 


30
 
Aug 15 

15
 
Sep 15 __ 

15
 
Oct 15 " 

15
 
Nov 10 lj 900 
 472 
 1397
 
Dec _ 15 _ 

212 227
 

TOTAL 25 180 900 
 897 
 -8 
 364 2374
 



__ 

-- -

WORKSHEET 4. CAPITAL PURCHASES PLANNED
 

Draft and
Producing Total
Land & Building 
 Machinery
Month Item Costt Item 	 Item 
Livestock* Capital
Cost 
 Cost Purchase3
 

Jan
 
Feb 
 No capital purchases are anticipated tilis year.
 
Mar
 

Apr
 

May
 

Jun
 

Jul
 

Aug _ _ _ _ 

Sep ___ 

Oct 

Nov 

Dec 

TOTAL
 

* 	 Capital purchases of livestock include all livestock purchases for planned expansion. Replacement purchases arelivestock expenses and should be entered in Worksheet 2A.
 
t Cost is monthly payment on loans.
 

Cost is 
cost after trade-in is deducted.
 



WORKSHEET 5. CASH INFLOW AND OUTFLOW FOR NEXT YEAR: 
 INCLUDING NONFARM, EXCLUDING CREDIT
 

Cash Farm 
 Total
Cash Farm Capital
Receipts Net Outflow
Total Cash 
 Expenses Purchases Family (Ex. Prin-
(From Work- Non-Farm Inflow Ex. (From Work- Cash Inflow
(From Work- Living cipal Pay-
Month sheet IA) Cash Income* Borrowing sheet 3) 
(Col. 3) - Cash
 

(1) 
sheet 4) Expenset ments) Outflow (Col. 7)
(2) (3) 
 (4) (5) 
 (6) (7) 
 (8)
 

Jan 100 
 None 100 15 
 None 70 85 
 15
 
Feb 100 
 I0___100 15 
 70 85 
 15
 
Mar 100 
 __ 100 15 70 85 
 15
 

-4 Apr 100 
 100 175 
 70 245 (145)

May 100 
 100 15 _ 70 85 
 15
 
Jun 100 
 100 
 440 70 510 (410)
 
Jul 105 
 105 30 
 70 100 
 5
 
Aug 50 
 ____ 50 70
15 85 (35)
 
Sep 1250 
 1250 15 
 70 85 
 1165
 
Oct 50 _ 50 15 
 170 185 (135)
 
Nov 2300 
 2300 1397 
 70 1467 
 833
 
Dec 50 _ 50 227 _ __ 70 297 (247)
 

TOTAL 4405 
 .4405 2374 
 940 3314 
 1091
 
* All non-farm receipts minus non-farm business expenses. 
 Family living expenses are included in Column 6.
i Supplemental Worksheet 2 is provided to assist in calculating family living expenses.
 



___ 

___ 

WORKSHEET 6. PROJECTED CASH FLOW BUDGET
 

Cash Inflow 
Less Outflow Scheduled 
Excluding 
Farm Credit 

Debt Payments: 
Principal 

Month Transactions and Interest* 
(Worksheet 5) (-) 

(1) (2) 

Jan 15 _ 

Feb 15 

Mar 15 

Apr (145) 

May 15 

Jun (410) 

Jul 5 

Aug (35) 

Sep 1165 

Oct (135) 

Nov 833 

Dec (247) 

TOTAL 1091 

Capital 

Purchase 

Loans 

(+) 

(3) 


Uncommitted 

Cash 

Flow 

(± Sum) 

(4) 


15 


15 


15 


(145) 


__ 15 


(410) 


5 


(35) 


1165 


(135) 


833 


(247) 


1091 


New Short 

Term Debt 


(+) 

(5) 


200 


200 


Additional 

Debt 


Payments 

-) 

(6) 


206t 


206
 

This
 
Month 

(+ Sum) 

(7) 


15 


15 


15 


(145) 


15 


(210) 


5 


(35) 


959 


(135) 


833 


(247) 


Cash Flow
 

Balance
 
Rs 400
 

(8)
 

415
 

430
 

445
 

300
 

315
 

105
 

110
 

75
 

1034
 

899
 

1732
 

1485
 

* Supplemental Worksheet 3 is provided to assist in projecting monthly debt payments.
 
i"Rs 200 x 11% interest x 3 month = Rs 6.
 



SUPPLEMENTAL WORKSHEET 1. ESTIMATION OF RECEIPTS FROM CROP SALES 

Crop 

Production 

Hectares Yield 

Total 

Production Month Quantity 

Sales 

Expected 

Price Value-

Not Necessary for This Farm. 



SUPPLEMENTAL WORKSHEET 2. FAMILY LIVING EXPENSES 

Farm Identification: 2 Hectare Farm 

Month Food Clothing 

Dwelling & 
Household 
Expense 

Property 
& Income 
Taxes 

Utility & 
Transport.
Expense 

Payment 
into 
Savings 
& Non-Farm 
Investments 

Other 
Family
Expenses 

Credit 
Payments 

Total 
Family 
Living
Expense 

co 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nuv 

Dec 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

100 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

None None None 5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

None 70 

70 

70 

70 

70 

70 

70 

70 

70 

170 

70 

70 

TOTAL 600 100 180 60 940 



SUPPLEMENTAL WORKSHEET 3. SCHEDULED DEBT PAYMENTS
 

Farm 	Identification: 
2 Hectare Farm
 

Debt 	Payments - Principal and Interest* 

Total
Month 
 Scheduled
 
Debt Payments
 

Jan
 

Feb
 

Mar
 

Apr
 

k 	 May 

Jun 

Jul 

Aug
 

Sep
 

Oct
 

Nov
 

Dec
 

TOTAL
 

* Include all scheduled payments: Real 
estate loans, liens on livestock and equipment, payments to machinery dealers,
etc. 
 Be certain to include payments on loans that will be added during the year.
 



PARTIAL BUDGETS 
/ 

by A. Madsen 

Farmers often face choices between two
alternatives. Such choices may involve such questions as: Should 
I purchase a new diesel water pump or continue with the animal 
powered irrigation wheel? Should I line irrigation ditches or 
maintain ditches in the traditional manner? Should I produce corn 
rather than rice? These types of questions can be evaluated using
partial budgeting procedures. 

Partial budgeting is an organized method
for appraising the effect a proposed change may have on the net 
returns of the farm. The four main steps in constructing a partial
budget are: 

1. 	 State the change contemplated; 

2. 	 List a) key information required to 
estimate the impact of the potential 
change and b) the assumptions made; 

3. 	 Make the economic analysis to estimate 
the net effect of the changes on 
income; and 

4. 	 List all considerations or factors on 
which placing a monetary value is 
difficult. 
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The typical partial budget consists ofseven key parts (see the attached "Partial Budget Form" for basic 
format): 

* Part I is a listing of additional costs
that will be incurred if a new enterprise or factor is
introduced. For example, identify and add all costs
will increase if the decision is made to introduce a new

that 

diesel powered irrigation pump. Fixed costs include an
alloWance for depreciation, interest on borrowed funds,taxes, shelter, and so forth. Variable costs include fuel,
oil, grease, repairs, and labor. The hypothetical example,
which follows this article, uses American dollars, andshows the added costs to be $2,000 during the expected
useful life of the pump. 

o Part II identifies the reduced receipts-returns that no longer will be received after the change.
In our example, returns may not be reduced because thefarmer would still be able to maintain the previous level
of production and combination of products with the new 
means of lifting water. Thus, total reduced returns are zero in Exhibit 1. If a certain crop or product can nolonger be produced after the diesel pump is installed, thesacrificed income is the valuu of the product not produced. 

0 Part III of the partial budget is asummation of the estimate of total additional costs from

Part I and the reduced returns 
from Part II. In Exhibit 1 
this value is $2,000. 

0 Part IV is a listing of all additional
returns expected if the new enterprise or factor is

introduced. In our example, it is the total value of
additional crops or livestock produced from the

availability of more irrigation 
water and more timely
application because of the diesel pump. In the example,
increased yields or higher value crops are assumed toincrease returns by $1,650 during the pump's useful life. 

0 Part V consists of estimates of allcosts eliminated if enterprise factorthe old or is
replaced. In our example, when the animal powered water
wheel is replaced, a reduction in the number of draftanimals to feed and irrigation wheel repairs, and perhaps
in irrigation labor requirements would occur. In the
example these cost savings equal $1,020. 

0 Part VI contains the total of the gains-additional returns (Part VI) plus reduced costs (Part V).
In the example these gains are $670 over the useful life of 
the pump. 
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0 Part VII shows the net change in income
from the potential introduction of the new enterprise orproduction input. The change is calculated by subtracting
Part III (the negative impacts) from Part VI (total gains).
If Part VII shows income can be significantly increased
through the proposed change, action can be taken to makechanges considered. If Part VII indicates income will be
reduced or there will be little positive impact, the farmer 
can see the risk in making the change before action is
taken. It is best to identify potential benefits or costs
before money or labor is committed to an unprofitable
project. In the example, there was benefit ($670) fromintroducing the irrigation pump. But before a final deci
sion is made, the producer should make a "sensitivity
analysis" of the proposed change by testing various levels
of crop yields, prices, or costs to see the effect on net
changes in farm income. Non-monetary considerations also
should be carefully examined before the final decision is 
made. 

CAUTION: Partial budgeting is only asaccurate as the data used. A positive net change implies it may bewise to proceed with the alternate plan. A negative amount impliesit would not be profitable to proceed with the change. Erroneous 
data lead to serious mistakes. 

REFERENCES 

Budgeting a change. University of Nebraska, Neb Guide, G77-333. 
Lincoln, NE. 

Partial budgeting in farm management. Ohio State University,
Extension Facts, No. 142. Columbus, OH. 
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PARTIAL BUDGET FORM
 
STEP 1. 

STEP 2. 

Proposed Change: 
Key Information and Assumptions: 1. 

2. 

3. 

ITEMS THAT REDUCE NET INCOME 

Part I. Added Costs: 

STEP 3. Economic Analysis: 

ITEMS THAT INCREASE NET INCOME 

Part IV. Added Returns: 

$ $ 

0 Total Added Costs $ Total Added Returns $ 

Part II. Reduced Returns: 
Part V. Reduced Costs: 

7-$ 
$ 

Total Reduced Returns $ 
 Total Reduced Costs 
 $ 

Part III. Total Added Costs and 
 Part VI. 
 Total Added Returns and
Reduced Returns 
 $ 
 Reduced Costs
 

Part VII. 
 Net Change in Farm Income (Part VI minus Part III): 
 $
 

STEP 4. Non-monetary Consideration:
 



PARTIAL BUDGET FORM
 
STEP 1. Proposed Change: 
 Replace animal powered waterwheel with a diesel powered water pump.
STEP 2. Key Information and Assumptions: 1. More irrigation water will 
be made available.
 

2. Fuel costs will increase at about the 
same rate as 
the past 5 years.
 

3. Crop prices be about the same as 
the past 5 years.
 

STEP 3. Economic Analysis:
 
ITEMS THAT REDUCE NET INCOME 
 ITEMS THAT INCREASE NET INCOME
Part I. Added Costs: 


Part IV. Added Returns:
 
Variable costs: fuel, grease, 
 $1500 
 Maize (better yield) 
 $ 400repairs, oil, etc. 


Forage (better yeild)
Fixed costs: interest on loan, If.
500 Rice (better yield)

depreciation, taxes, etc. 

300
 
Tomatoes (increased acreage) 
 800
 

Total Added Costs 
 $ 2000 
 Total Added Returns 
 $ 1650
 
Part II. Reduced Returns: 


Part V. Reduced Costs:
 
All crops & livestock produced 
 $ 0.0 
 Draft animal feed 
 $ 500
when waterwheel was used can be 
 Waterwheel repair

produced using a diesel pump 

100
 
Labor 
 420
 

(Milk & meat may be reduced if 
 _____ 
animals used for power are sold) 
_ _ 

Total Reduced Returns 
 $ 0.0 
 Total Reduced Costs 
 $ 1020
 
Part IIi. Total Added Costs and 
 Part V. Total Added Returns and
 

Reduced Returns 
 $ 2000 
 ReducedCosts 
 $ 2670 
Part VII. 
 Net Change in Farn Income (Part VI minus Part III): 
 $ 670
 

STEP 4. Non-monetary Consideration:
 
Diesel pump repair parts may be difficult to obtain. Farmers 
are more familiar with animals than with machinery.
 



/1/~V\\~ DISCOUNTING 

by A. Madsen 

p 

CONCEPT EXPLAINED 

of investments When farmers evaluate the potential payoffsuch as land leveling, a water drainage system, or
lining canals and ditches, they want the investments to eventually
pay for themselves. As a consequence, 
 the time value of money mustbe considered- -both the cost and income aspects of an investment 
must be weighed over time. 

If money is borrowed to finance a projectand repayment made at different periods through time, certainquestions arise. What is the present value of the future payments?
What is the present value of the future income that will be earned 
during the useful life of the investment item? 

An associated problem is evaluting the netresults of two alternative investment possibilities, i.e., ditchlining versus installing a drainage system. Project alternatives 
may have different earnings each period, different amounts of timeduring which the investment is useful in producing farm in'come, anddifferent loan repayment arrangements which complicate efforts tomake comparisons. Discounting is an economic tool whichfacilitates comparing investment alternatives when future income or 
costs are a factor. 

Using an Egyptian farmer as an example, thebasic concept to consider when understanding income is that a poundreceived today is worth more than a pound received one or more 
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years from now. The income received today can be invested forfuture profit or loaned to earn interest. Thus, income recoived inthe future must be discounted by some factor to estimate the comparability between having a pound now versus a similar amount inthe future. If the farmer must pay 20 percent interest to borrowfunds to purchase seed, fertilizer, and other inpu'ris, the borrowingcost becomes burdensome. In view of this cost, 1 Egyptian pound(LE) available one year from now is worth only .83 LE compared to 1LE today. The discount formula for this future value is: 
PV " 1.0 LE where 

1.0+ r 

PV = present value of the future income 

r the discount rate (the same as the 
interest rate percentof 20 in this 
case).
 

Thus, 1.0 LE = .83 LE 

1.0 + .20
 
Present Value of 
a Fixed Income for Indefinite Future Time 

If a farmer expects to earn the same amounteach year from an investment for the foreseeablk uture, thepresent value of each 1 LE annual income is 1/r. If the discountrate (r) is 20 percent, each pound per year has a present value(pv) of 5 LE (1/.20) = 5 LE. If a farmer invested in a drainage
system that increased the value of crop production 100 LE each year
indefinitely into the future, the present value of this incomestream is 100 LE/.20 = 500 LE. Farmers should compare this presentvalue to the cost of the drainage system. Other things beingequal, if present value of the investment exceeds the present valueof the income stream, the investment should not be made. 

Present Value of a Different Income Amount Each Period 

Frequently,investments the expected earnings fromin land, machinery, equipment, or capital improvement.ivary from period to period. The discounting formula for this 
situation becomes: 

LE1 , LE2 LE3 LEPV=-- + + _ n+.
(1+r) 1 0+0)2 (+r) 3 (1+r)n 

where LEi = I to n) represents amounts earned during Period 1 
through n. 
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For example, assume that an Egyptian farmerinvests in a water pump which he expects to increase crop produc
tion valued at the equivalent of: 

50 LE the 1st year 

200 LE the 2nd year 

100 LE the 3rd year 

75 LE the 4th year 

At the end of the fourth year, the pump will be sold for 150 LE.So the farmer can determine how much he should consider paying forthe pump, discount the annual returns as follows, assuming a dis
count rate of 20 percent:
 

PV 50 LE . 200 LE2 + 100 LE + 75 LE + 150 LE salvage(1+.20) l (1+.20) (]+.20) 3 (1+.20) 4 (1+.20) 4 

The present values of the income each year summedare to obtain the 

total present value of the pump. 

PV = 41.67 + 138.89 + 51.87 + 36.2" + 72.46 = 353.12
 

In this example, 
 the farmer should not pay more than 353 LE for the 
pump. 

The Present Value of Alternative Investments 

Assume that farmers in a one sakia(waterwheel) command area decided to pool their money to improvethe irrigation system. They can raise up to 10,000 LE forinvestment. The group must choose between purchasi'ng a large pumpor lining the main feeder ditches. It will cost 9500 LE for a pump. The yearly increase in net value of the command area's crop
production is: 

4000 LE the Ist year 

3000 LE the 2nd year 

2000 LE the 3rd year 

1500 LE the 4th year 

1000 LE the 5th year 

900 LE the 6th year 
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After the sixth year, the used pump will be sold for 2500 LE.present value of the investment, assuming a discount rate of 20 
The 

percent, would be: 

PV = 4000 LE + 3000 LE + 2000 LE . 1500 LE + 1O00 LE 
(1+.20)1 (1.2)2 (1.2) 3 (1.2)4 (1.2)5 

+ 900 LE 2500 LE s vageS(1.2)6 
 (1.2)6
 

The second investment considered is liningthe main feeder ditches at a cost of 9700 LE. This ditch improvement is expected to increas3 net crop returns 2000 LE per year for
the next 11 years.
 

The present 
value of lining the ditches isthe sum of each year's discount value, i.e., years 1 through 11: 

PV = 2000 LE + 2000 LE + ... + 2000 LE = 8653.59 
(l+.20)1 (1,2)2 
 (1.2)11
 

To eliminate such laborious computations, tables were constructed
to include conversion factors by which 
 the expected costs orreturns can be multiplied to obtain the present value. Usethe-e tables is explained 
of 

in the section below entitled "Using
Disc.',unt Tables". 

In comparing the present value of the twoinvestment alternatives, it can be seen that the pump is the betterinvestment because it yields the highest returns above investmentcost (3045 LE for the pump versus a loss of 1046 LE for ditch 
lining). 

Discounting Future Csts 

A concept parallel to discounting futureincome to estimate present value of an income stream is discountingfuture costs o estimate a present value of the future costs.Using the previous rrjtionale, it can be seen that paying a bill oneyear from now is cheaper than paying Delayed payment allowsnow.
the investor to deposit his money in a bank .and earn interest or toinvest in a profit-making enterprise for one year before making the 
payment. 
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The procedure for estimating present valueof a series of future payments (costs) is the same as the procedurefor estimating present value of future incomes. To obtain a true
picture of net benefits from investments that have payments and
incomes over time, both costs and 
 returns should be discounted.
The discounted costs must be subtracted from the discounted

benefits to arrive at the benefit figure.
net For example, if thediscounted cost of an investment is 1200 LE and the discounted
income is "1500 LE, the net benefit from the investment is 300 LE or 
1500 LE minus 1200 LE. 

U:,ing Discount Tables 

Using discount tables saves time andsimplifies calculating present values of future returns or coits.
Tabl. 1 can be used when the same amount of money is rec ;ved eachtime period (an annuity), as was assumed in our example for liningfeeder ditches, or when payments are the same e,-h period. To use
Table 1, identify the applicable discount rate at the top of the
 page and go down the appropriate column to the number of years 
orperiods considered. For example, aassume discount rate of 15
percent and a 5-year period of earrings. The conversion factor is

3.353. This factor was derived by summing 

1 1 + 1 + 1__ + 1 
4
(1+.15) + (1+.15)2 (1+.15) 3 (1+.15) (1+.15)5 

If 100 LE is received each year, the present value of the invest
ment is 100 LE x 3.353 = 335.30 LE. 

different amount income isIf a of receivedeach year, the discount rate conversion factor for each individual 
year must be taken from Table 2 and multiplied by the income
received that year. The multiplied totals then are summed. Forexample, assume a discount rate of 12 percent and returns of 50the first year, 100 LE the second year, and 150 LE the third year.

LE 

The 12 percent rate column is identified at the top of the tableand conversion factors for each year noted. The computations are 
as follows: 

1 
50 LE x .89 or (1/1+.12) = 44.50 LE 

2 
100 LE x .80 or (1/1+.12) = 80.00 LE 

3
 
150 LE x .71 or (1/1+.12) = 106.50 LE
 

Present value of three years income 231.00 LE
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It was previously demonstrated that the
investment has a salwjge value, the relevant income should be
considered in the year the item is sold and the r. i./ant conversion 
factor selected from Table 2. 
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Table 1. Present Value of a Uniform Income Each Period
 

n* 8% 9% 
 10% 11% 12% 13% 14% 
 15% 16%
 

1 .926 .915 
 .909 .901 
 .893 .885 .887
2 1.783 1.759 1.736 .870 .862
 
3 1.713 1.690 1.668 1.647 1.626
2.577 2.531 2.487 2.444 2.402 1.605


2.361 2.322 
 2.283 2.246
4 3.312 3.240 
 3.170 3.102 3.037 
 2.974 2.914 
 2.855
-5 3.993 3.890 3.791 2.798
3.696 3.605 
 3.517 3.433 3.353
6 4.623 4.486 4.355 4.231 3.274

4.111 3.998
7 3.889 3.784 3.685
5.206 5.033 
 4.868 4.712 4.564 
 4.423 4.288
8 5.747 4.160 4.039
5.535 5.335 
 5.146 4.968 
 4.799 4.639 4.487
9 6.247 5.995 5.759 5,537 4.344

5.328 5.132
10 4.946 4.772 4.607
6.710 6.418 
 6.145 5.889 5.650 
 5.426 5.216
11 7.139 6.805 6.495 r.207 5.019 4.833
5.938 5.687 5.453 
 5.234 5.029
12 7.536 7.161 
 6.814 6.492


13 6.194 5.918 5.600 5.421 5.197
7.904 7.487 
 7.103 6.750 6.424 
 6.122 5.842
14 8.244 5.583 5.342
7.786 7.367 
 6.982 6.628 
 6.302 6.002 5.724
15 8.559 8.060 5.468
7.606 7.191 
 6.811 6.462 6.142 
 5.847 5.575
16 8.851 8.313 
 7.824 7.379 
 6.974 6.604 6.265
17 9.122 5.954 5.668
8.5,44 8.022 
 7.549 7.120 6.729 
 6.373 6.047
18 9.372 8.756 5.749
9.201 7.702 
 7.250 6.840
19 6.467 6.128 5.818
0.604 8.950 
 8.365 7.839 7.366 
 6.938 6.550
20 9.818 6.198 5.877
8.129 8.514 
 7.963 7.469 
 7.025 6.623 6.259
24 10.529 9.707 5.929
8.985 8.348 
 7.784 7.283
25 6.835 6.434 6.073
10.675 9.823 
 9.077 8.422 7.843 
 7.330 6.873
30 11.258 1C.274 0.427 6.464 6.097
8.694 8.005 7.496 
 7.001 6.566
36 11.717 10.612 0.677 8.879 6.177

8.192 7.598
40 7.079 6.623 6.22%
11.925 10.757 
 9.779 8.951 8.244 
 7.634 7.105
48 6.642 6.233
12.189 10.934 9.897 9.030 
 8.297 7.671 
 7.130 6.659
50 12.233 10.962 6.245
9.915 9.042 
 8.304 7.675 
 7.133 6.661 6.246
60 12.377 11.048 
 9.967 9.074 
 8.324 7.687 7.140 
 6.665 6.249
 

* Years or periods. 



Table 1. (continued) 

n* 17% 18% 

1 .855 .848 
2 1.585 1.566 
3 2.210 1.174 
4 2.743 2.690 
5 3.100 3.127 
6 3.589 3.498 
7 3.922 3.812 
8 4.207 4.078 
9 4.451 4.303 

10 4.659 4.494 
11 4.836 4.656 
12 4.988 4.793 
13 5.188 4.910 
14 5.229 5.008 
is 5.324 5.092 
16 5.405 5.162 
17 5.475 5.222 
18 5.534 5.273 
19 5.584 5.316 
20 5.628 5.353 
24 5.746 5.451 
25 5.766 5.467 
30 5.829 5.517 
36 5.862 5.541 
40 5.871 5.548 
48 5.879 5.554 
50 5.880 5.554 
60 5.882 5.555 

* Years or periods. 

19% 

.840 
1.547 
1.140 
2.639 
3.058 
3,410 
3.706 
3.954 
4.163 
4.339 
4.487 
4.611 
4.715 
4.002 
4.876 
4.938 
4.990 
5.033 
5.070 
5.101 
5.182 
5.195 
5.235 
5.253 
5.258 
5.262 
5.262 
5.263 

20% 

.833 
1.528 
2.106 
2.589 
2.991 
3.326 
3.605 
3.837 
4.031 
4.192 
4.327 
4.439 
4.533 
4.611 
4.675 
4.730 
4.775 
4.812 
4.843 
4.870 
4.937 
4.948 
4.979 
4.993 
4.997 
4.999 
4.999 
5.000 

21% 

.826 
1.509 
2.074 
2.540 
2.926 
3.245 
3.508 
3.726 
3.905 
4.054 
4.177 
4.278 
4.362 
4.432 
4.489 
4.536 
4.576 
4.608 
4.635 
4.657 
4.71--
4.721 
4.746 
4.757 
4.760 
4.761 
4.762 
4.762 

22% 

.820 
1.492 
2.042 
2.494 
2.864 
3.167 
3.416 
3.619 
3.786 
3.923 
4.035 
4.127 
4.203 
4.265 
4.315 
4.357 
4.391 
4.419 
4.442 
4.460 
4.507 
4.514 
4.534 
4.542 
4.544 
4.545 
4.545 
4.545 

23% 

.813 
1.474 
2.011 
2.448 
2.803 
3.092 
3.327 
3.518 
3.673 
3.799 
3.901 
3.985 
4.053 
4.108 
4.153 
4.189 
4.219 
4.243 
4.263 
4.279 
4.318 
4.323 
4.339 
4.345 
4.347 
4.348 
4.348 
4.348 

24% 

.806 
1.457 
1.981 
2.404 
2.745 
3.020 
3.242 
3.421 
3.566 
3.682 
3.776 
3.851 
3.912 
3.962 
4.001 
4.033 
4.059 
4.080 
4.097 
4.110 
4.143 
4.147 
4.160 
4.165 
4.166 
4.167 
4.167 
4.167 

25% 

.800 
1.440 
1.952 
2.362 
2.689 
2.951 
3.161 
3.329 
3.463 
3.571 
3.656 
3.725 
3.780 
3.824 
3.859 
3.887 
3.910 
3.928 
3.942 
3.954 
3.981 
3.985 
3.995 
3.999 
3.999 
4.000 
4.000 
4.000 



Table 2. Present Value of 1.00 LE In A Specific Period
 

n* 8% 9% 
 10% 11% 12% 
 13% 14% 
 15% 16%
 

1 .926 .917 .909 .901 .893 
 .885 .877 .870 
 .862
2 .857 .842 .826
3 	 .812 .797 .783 .769 .756.794 .772 .751 .731 .712 	 .743
 
4 	 .693 .675 .658 .641
.735 .708 
 .683 .659 .636
5 .681 .650 	 .613 .592 .572 .552.621 .593 
 .567 .543 
 .519 .497 .476
6 .630 .596 .564 .535
7 .583 	 .507 .480 .456 .432 .410
.547 .513 
 .482 .452 .425 .400 .376
8 .540 	 .354
.502 .467 
 .434 .404 .376
9 .500 .460 	 .351 .327 .305
.424 .391 .361 .333 .308 
 .284 .263
O10 .463 .422 .386 
 .352 .322 .295 .270 .247
11 	 .227.429 .388 .350 
 .317 .287 .265
12 .397 .356 	 .237 .215 .195
.319 .286 
 .257 .231
13 	 .208 .187 .168
.368 .326 
 .290 .258 
 .229 .204 .182
14 	 .163 .145.340 .299 .263 .232 
 .205 .181 
 .160 .141 .125
15 .315 .275 
 .239 .209 
 .183 .160 
 .140 .123 .108
16 .292 .252 
 .219 .188 
 .163 .141 .123
17 .270 	 .107 .093
.231 .198 
 .170 .146 
 .125 .108 .093
18 .250 .212 	 .080
.180 .153 
 .130 .111 .095 .081 .069
19 .232 .194 	 .164 .138 .116
20 .215 	 .098 .083 .070 .060
.178 .149 


24 	 .158 .126 
.124 .104 .087 .073 .061 .051
.102 .082 .066 .053 .043 
 .035 .02825 .146 .116 	 .092 .074 .059
30 .099 	 .047 .038 .030 .024
.075 .057 
 .044 .033 .026 
 .020 .015
36 .063 .045 	 .012
.032 .023 .017 .012 .009 
 .007 .005
40 .046 .032 
 .022 .015 .011 .008 .00548 .025 	 .004 .003.016 .010 .007 .004 .00350 .021 	 .002 .001 .001.013 .009 .005 .004 .00260 .010 .006 	 .001 .001 .001.003 .002 .001 .001 .000 .000 .000 

* Years or periods. 



Table 2. (continued)
 

n* 17% 18% 


1 .855 .847 

2 .731 .718 

3 .624 .609 

4 .534 .516 

5 .456 .437 

6 .390 .370 

7 .333 .314 

8 .285 .266 

9 .243 .225 


10 .208 .191 

11 .178 .162 

12 .152 .137 

13 .130 .116 

14 .111 .099 

15 .095 .084 

16 .081 .071 

17 .069 .060 

18 .059 .051 

19 .051 .043 

20 .043 .037 

24 .023 .019 

25 .020 .016 

30 .009 .007 

36 .004 .003 

40 .002 .001 

48 .001 .000 

50 .000 .000 

60 .000 .000 


• Years or periods.
 

19% 


.840 


.706 


.593 


.499 


.419 


.352 


.296 


.249 


.209 


.176 


.148 


.124 


.104 


.088 


.074 


.062 


.052 


.044 


.037 


.031 


.015 


.013 


.Q05 


.002 


.001 


.000 


.000 


.000 


20% 


833 
.694 

.579 

.482 

.408 

.335 

.279 

.233 

.194 

.162 

.135 

.112 

.093 

.078 

.065 

.054 

.045 

.038 

.031 

.026 

.013 

.011 

.004 

.001 

.001 

.000 

.000 

.000 


21% 


.826 


.683 


.564 


.467 


.386 


.319 


.263 


.218 


.180 


.149 


.123 


.102 


.084 


.069 


.057 


.047 


.039 


.032 


.027 


.022 


.010 


.009 


.003 


.001 


.000 


.000 


.000 


.000 


22% 


.820 


.672 


.551 


.451 


.370 


.303 


.249 


.204 


.167 


.137 


.112 


.092 


.075 


.062 


.051 


.042 


.034 


.028 


.023 


.019 


.008 


.007 


.003 


.001 


.000 


.000 


.000 


.000 


23% 


.813 


.661 


.537 


.437 


.355 


.289 


.235 


.191 


.155 


.126 


.103 


.083 


.086 


.055 


.045 


.036 


.030 


.024 


.020 


.016 


.007 


.006 


.002 


.001 


.000 


.000 


.000 


.000 


24% 25% 

.806 .800 

.650 .640 

.524 .512 

.423 .410 

.341 .328 

.275 .262 

.222 .210 

.179 .168 

.144 .134 

.116 .107 

.094 .086 

.076 .069 

.061 .055 

.049 .044 

.040 .035 

.032 .028 

.026 .023 

.021 .018 

.017 .014 

.014 .012 

.006 .005 

.005 .004 

.002 .001 

.000 .000 

.000 .000 

.000 .000 

.000 .000 

.000 .000 



THE PRODUCTION FUNCTION AND FARM
PROFIT MAXIMIZATION 

by A. Madsen
 

FACTORS INPUTS AND PRODUCT OUTPUTS 

The physical relationships between the
application of dif..rent levels of the factors of production
(inputs) and assor'iated product output levels are concepts
generally understood by most producers. Producers in arid regions,
for example, may not have detailed measures of productio-. response
to variable inputs, but they understand that if water is not 
applied, crops will be lost. They also recognize that as addi
tional increments of water are correctly applied, total crop yield
increases until a point is reached when total production actually
decreases as overwatering occurs. Similar input-output relation
ships can be evaluated for inputs such as fertilizer, labor,
pesticides, seed, etc. (It should be emphasized that the response
to selected inputs is related to the present level of production
and thr, kind of farming practices used.) 

In the following diagram, a hypothetical
production function or total product (TP) curve with associated 
average product (AP) and marginal product (MP) curves and three 
stages of production are shown. The total product (TP) curve 
represents the total amount of lucerne produced with the applica
tion of different amounts of water. The average product (AP) curve 
is the total production at each water application level averaged 
over all irrigations (TP + the number of irrigations) or product
output per irrigation. The marginal product (MP) curve represents
the additional quantity of lucerne is produced by adding each
additional irrigation (change in total product + the change in 
number of irrigations). For example, Table 1 following this 
article shows that with five irrigations, the farmer produces 28.0 
units of lucerne and by adding the sixth irrigation 28.5 units will 
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be produced (Table 1, Columns 1 and 2). The added lucerne production is 0.5 units (28.5 - 28.0) and the added irrigation is 1(6-5). Therefore, MP is .5/1 or .5 units. 

IT 
 TP 

STAGE STAGE STAGE
U Mr 

Figure 1. Hypothetical Production Function a Singlefor Input
(Water) and a Single Output (Lucerne) 

Three stages of the production are evident: 

In Stage 1, the marginal product (theincrease in total lucerne production from the last additionalapplication of water) is higher than the average lucerne production(total product divided by total inputs). All other things equal,it is not rational to produce in Stage 1 because the output fromthe last unit of input is higher than the average production of allinputs. The average product of all inputs will be increasedlong as asthe marginal product is higher than the average product.In Table 1, note that the marginal product exceeds the average
product of lucerne up to the second irrigation. 

Stage II begins where AP = MP"a") in Figure (at point1 and at about the second irrigation in Table 1. Atthis point in the lucerne production function for the input water,the average production of lucerne is at its highest level. StageII is considered the rational stage of production and extends tothe point where total production of lucerne is maximized. Themaximum is where the marginal product is zero (the last increment 
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Table 1. Basic Input-Output Data and Related Costs and Returns for the Production of Lucerne with
an Alternative Number of Irrigations* 

Physical Input-Output Data 
Eoonomic Data 

Total Costs-- 2 3 Average Qts4 5 Marginal Costs6 7 8 9 Returns1- II 12 13 14 15
Units Units Marginal Average Water All 
16
 

Total Average Average Averageof Cost per Cost perof Product Product of Cost Other Tbtal N-t Marginal MarginalCost Variable Fixed TotalWater Unit of Unit ofLucerne of Water Water Per (Variable Costs Col. Return Returns Return Return5 Cost CostApplied (Total Per Unit Unit cost Add'l Add'l (TR) (Profit)Cost) (Fixed + Col. 5 Col. 6 
Per Unit Per Unit

(Input) Product) Col. 8 Input Output Col. 2Cl. 2- COl. 1 x Costs)t Col. 6 -
Col. 13 of Input of Output

MFC) (Rr)Col. 1 Rs 40 x - (MVP) (MR)Col. 2 Col. 2 Col. 9 Cl. 5 Col. 11 Rs 2 Col. 7 Col. 3 Col. 15 
Col. 14r Col. 3 Re 2 Col. 3Irrigation Unit/Ha 


Rupees
 
0 0.0 
 0.0 
 0 400 400 
 -
 -
 - 0 -4001 8.0 8.0 8.00 40 
 400 440 
 5.00 50.00 55.00 40 
 5.00 1600 1160 1600 
 200
2 18.0 10.0 9.00 
 80 400 480 
 4.44 22.22 26.66 40 
 4.00 3600 3120 2000 
 200
3 24.0 
 6.0 8.00 120 400 
 520 5.00 16.67 21.67 
 40 6.67 4800 4280 
 1200 200
4 27.0 3.0 
 6.75 160 
 400 560 5.92 14.81 20.73 
 40 13.33 5400 4860 
 600 200
5 28.0 
 1.0 5.60 200 
 400 600 
 7.14 14.29 21.43 40 
 40.00 5600 5000 200 
 200
6 28.5 0.5 4.75 240 400 640 8.42 14.04 22.46 40 80.00 5700 5060 100 2007 28.8 0.3 
 4.11 280 
 400 680 9.72 13.89 23.61 40 
 133.33 5760 50808 29.0 bU 2000.2 3.62 320 400 
 720 11.03 13.79 24.82 
 40 200.0 5800 5080
9 40 200
29.1 0.1 
 3.23 360 
 400 760 12.37 13.75 26.12 
 40 400.00 5820 5060 
 20 200
10 29.1 0.0 
 2.91 400 
 400 800 13.75 13.75 
 27.50 40 undef. 5820 5020 
 0 200
11 29.0 -0.1 
 2.64 440 
 400 840 15.17 13.79 28.96 40 
 -400.00 5800 4960 20 200
 

* The data do not represent actual output, costs acnd returns for lucerne production. 
t Fixed costs per hectare are assured to be Rs 400. 
t Difference between successive total products divided by differenos between successive total input units. 
p Each unit of variable input costs Re 40. 



of water added does not produce additional lucerne). This point isreached at irrigation number ten as indicated in Column 2, Table 1 
or at point "b" on the diagram. 

Stage III is an irrational level ofwater application because the total production of lucerne isdecreased and the production response to the last irrigation of
water applied is negative. (Note the results of the tenth irriga
tion presented in Column 2, Table 1.) 

Agronomists and engineers must provide thecoefficients for production response at different levels of inputapplication. Farmers notdo have the expertise or income toexperiment with different crops and variable inputs. They havegeneral information from historical events but not the detail
information that may be desirable. 

In the absence of specific productionfunction data, farmers or researchers can recognize whether or not a particular farm is producing within a range of acceptable
results. This evaluation may be based on community-wide averages
with regard to yields, input use, net returns, capitalavailability, and so forth. Such data provide a first approximation of the potential range for improvement of the farm operation. 

Farmers must decide within their own familygoals the amount of water (or other inputs) to apply. If survival
is the only objective and inputs "free",are the maximization ofbasic food production per hectare may be a rational decision. 

COST AND RETURN CONSIDERATIONS 

The physical input-output relationshipsidentify the stage of production in which production should beconducted, but this stage can extend over a wide range of input
levels. To identify the more 
 exact level of input application, orlevel of output production (assuming the objective is profitmaximization), it is necessary to establish the cost of factors ofproduction and the prices of products produced. Table 1 again isan example to demonstrate the relationships between the productionfunction and profit maximization from the point of view of addinginputs in incremental amounts or increasing production by incremen
tal amounts. 

Conversion of Farm Products to Monetary Values 

From the hypothetical production function,we obtain the total amount of an established crop of lucerne thatcan be produced from increasing irrigations (Columns 1 and 2, Table1). Again note the production response waterto will vary according to the current level of application of other inputs. For eachirrigation, the average product and marginal product or amounts of 
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lucerne produced have been cnlculated and identified in Columns 3 
and 4. If each of the quantities in Columns 2, 3, and 4 are multi
plied by the price per unit of lucerne (assumed to be Rs 200) the 
total retu~rns or total value products are obtained and presented in 
Column 13. The marginal value product (MVP) or marginal returns 
are shown in Column 15. 

Identifying Costs 

Variable costs are costs that change as 
production increases or decreases. The variable cost equals the 
cost per hectare at applying different numbers of irrigations. In 
this example, it is assumed that it costs Rs 40 per irrigation to 
apply water to lucerne. (The variable costs are shown in Column 5, 
Table 1.) It is assumed only the amount of water is varied and all 
other inputs are fixed or do not vary with the level of lucerne 
production. Such fixed costs could be taxes, family labor, long
term debt payments, among others. The fixed costs are assumed to 
equal Rs 400 per hectare and are shown in Column 6. The total 
costs are the sum of the variable and fixed costs (Column 7). 

Another critical cost f.ctor needed to
 
identify the level of inputs which maximize profits is marginal

factor cost (MFC), which is the cost of each added input. If the
 
cost of the last unit of input is the same as the cost of the first
 
unit of input, the MFC remains constant as demonstrated in Column
 
11. 

Deciding Upon the Most Profitable Level of Input 

Through trial and error, one can find the 
most profitable level of input application namely, where Tctal 
Return (TR) less Total Cost (TC) = Profit is the greatest. The 
calculation can become laborious and time-consuming. A more direct 
way to identify the level of input application which maximizes 
profits is to apply inputs to the point where the marginal value 
product (MVP) shown in Column 15 is equal to the marginal factor 
cost (MFC) shown in Column 11. In our example, that occurs at 
eight irrigations which is proven by computing the net revenue 
(profit) for each irrigation. Table 1 shows the net rc:turn at the 
7th and 8th irrigations are equal. The optimum point is between 
these two points. If additional irrigations are applied,, profits
will not be maximized. 

Deciding Upon the Most Profitable Level of Output 

Frequently it is desirable to determine the 
most profitable level of crop or livestock production. The mar
ginal principle again provides the most direct solution to the 
problem. In this case, however, the two elements .required are 
marginal cost (MC) (the cost of producing an additional ton of 
lucerne) and marginal revenue (MR) or the price at which the addi
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tional unit of lucerne can be sold. To maximize profits, theproducer will increase production to the point where MCother words, the cost = MR. Inof producing theequal the price at 
last unit of lucerne shouidwhich the last unit of productionIn the hypothetical example presented 

can be sold. 
in Table 1, every unitlucerne sold (T) ofby the farmer can be sojd at Rs 200 (Column 16,1). The marginal costs Tableare calculated by dividing the costlast unit of input (each of theirrigation costsmarginal product (units 

Rs 49 per hectare) by theof lucerne
irrigation). produced by the additionalThe result is shown in Column 12, Table 1. In
example presented, the
the profits are maximized ai an output of 29units of lucerne per hectare. Note that this production levelthe level of production achieved when the 

is 
most profitable amountwater was applied (MFC = MVP). Thus, 

of
it mattersanalysis is done not whether thefrom the point of view of input applicationfrom the point of orview of product output. The solution is thesame. The main factors affecting the level of production at whichprofits are maximized within Stage II of the production functionare: 1) the production function itself, 2)of production (inputs), and 3) the 

the cost of the factors 
price of the output (product

price). 
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CROP SURVEY METHODS* 

by M. Lowdermilk 

Crop survey methods, when related to com
mand areas of farm irrigation systems, are designed to document, 
over an extended time, the crops cultivated in each farmer's field 
for each cropping season. Documentation becomes complex when three 
or more crops are cultivated in succession under intensive methods, 
or when more than one crcp is cultivated in a single irrigation 
basin or farmer's field. 

PROCEDURES: 

1. Obtain or develop a precise map of the 
command area. 

2. Choose the best time for a crop survey. 
If the survey is done during the transition of crops, 
invalid data may result because what appears to be fallow 
may be cultivated within a short period. 

3. Measure the irrigation basins for each 
farm with tape measurements or by pacing the field 
boundaries. If the pacing method is used, each inves
tigator must calibrate his pace in terms of feet and inches 
or meters and centimeters per pace. 

4. Select a section of the command arei. 
Station one person with a map near the center, use two 
people to take measurements and to call out the crop or 
crops in each unit as the party systematically moves down a 
command ared. 

Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S. 
Agency for International Development, Contract No. AID/TAC-1100. 
Fort Collins, CO. 
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5. Use codes for each crop such as W forwheat, F for fallow, and so forth. 

6. If the mapthere is of adequate scale andare several crops in a given unit, record the cropsin order of dominance, such as Ca = cabbage, To = tomatoes,W = wh3at. If relay crops are used,berseem to show note them as Co +that berseem is interplanted in cotton(Co). 

Returnto at the proper time inrecord the the crop cyclenext crop.seasons, for example, 
If there are two distinct croppingcotton (Co) followed by wheat, (W), itnoted as Co/W. may beThere 

farmers 
is, however, sometimes a problem becausechange the size of their irrigation basins andrelationship to fields inthe crop3 they cultivate at any given time. Also,farmers rent land from time to time. 

CROP SURVEY DATA 

Crop survey dataping intensities, patterns, provide records of cropand rotations over time. Thieshould note intercropping patterns data 
arid the shift in field sizes inrelation to crop selection. 
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SOIL TEXTURE DETERMINATIONS 

by L. Nelson 

Particle size distribution or soil textureundoubtedly is the most informative single property measured in anagricultural study. Soil texture is so important in directly
influencing other soil properties that soil classification schemes
include texture in the soil name. Simply knowing the soil texture
allows one to predict many of the chemical and physical properties
to be found in the field. One important example concerns the
relationship between available water and soil texture (Table 1)--a
relationship often used in evaluating irrigation methods. 

Particle size analysis involves measuring
the particle size distribution of a soil according to a set of
standard procedures. Unfortunately, a number of classification 
systems dealing with particle size limits exist throughout the
world. It is necessary, therefore, to specify the classification
system used when reporting data. Two classification systems
shown in Tables 2 and 3. Three methods 

are 
for particle size analysis

in this section were developed for use with the USDA classification 
system: texture-by-feel analysis, particle size analysis by
sieving, and soil texture by hydrometer method. 

Soil texture-by-feel analysis is asimplified approach designed to supplement or, under certain
conditions, replace laboratory testing methods. Particle size
analysis by sieving is restricted to analysis of sand, gravel, or coarse texture soils. Particle size analysis by' the hydrometer
method may be used for any type of soil, but requires a well
equipped laboratory for large numbers )f samples..
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Table 1. Approximate Total Available Water (TAW) in "I
mm cm as a Function
of Soil Texture
 

Textural Classification TAW cm cm -1 

Very coarse sands 0.04 to 0.07 
Coarse sands, fine sands, and loamy sar'ds 0.07 to 0.10 
Sandy foams and fine sandy loam 0.10 to 0.15 
Very fine sandy loams, foams, and silt foams 0.12 to 0.19 
Clay loams, silty clay loams, and sandy clay loam 0.15 to 0.21 
Sandy clays, silty clays, and clays 
Peat and mucks 

0.13 

0.17 
to 

to 

0,21 

0.25 

Table 2. The U.S. Department of Agriculture Particle Size Classification
 

Function 
 Diameter, mm
 
Gravel 


>2
 
Very coarse sand 
 2 -1
 
Coarse sand 


1 - 0.5
 
Medium Sand 


0.5 - 0.25
 
Fine sand 


0.25 - 0.1
 
Very fine sand 
 0.1 - 0.05
 
Silt 


.05 - .002
 
Clay 


<0.002
 

Table 3. The International Classification of Particle Size
 

Fraction 
 Diameter, mm
 

Gravel 

>2
 

Coarse sand 

2 - 0.2
 

Fine sand 

0.2 - 0.02
 

Silt 

0.02 - 0.002
 

Clay 

<0.002
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TEXTURE-BY-FEEL ANALYSIS 

Tha flow diagram shown in Figure 1 providesstep-by-step directions for determining the textural class of a
 
soil sample.
 

PARTICLE SIZE ANALYSIS BY SIEVING 

Equipment: 

1. A balance or weighing device sensitiveto 0.01 grams. The balance should be able to weigh at 
least 500 grams of material. 

2. A set of standard sieves of size numbers 4, 10, 20, 40, 80, 100, 200 and a pan. The cor
responding sieve openings 4.75, 2.00, 0.425,are 0.850,
0.180, 0.150 and 0.075 mm, respectively. The pan catches
all material finer than a number 200 sieve. Sizes other
than those listed can be used as long as they adequately 
cover the range of sizes. 

3. A sieve shaker. The sieves can beshaken by hand or by a sieve shaker machine. Use a cover 
to prevent loss of material during shaking. 

Method: 

1. Air-dry a representative sample of the 
soil. Avoid separation of the soil during handling. 

2. Carefully split or divide the soilsample to obtain an average sample weighing 300 to 500 
grams. Use a sample splitter or divide the sample by hand 
on a paper or plastic sheet. losing small orAvoid large
particles from the sample. 

3. Weigh the sample to the nearest 0.01 
gram. 

4. Put the sample into the top of a stackof standard sieves. The coarsest mesh sieve should be on
top and the pan for collecting the finest materials theon 
bottom. 

5. Jar and shake the sieves vertically and
horizontally until there is less than percent changea one
in the weight of the material on a sieve during one minute
of shaking. Overshaking can grind the material on the 
:reens to powder. Do not rub the soil sample to make it 

go through the screens. 
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Place approxtmately 25 g soil in palm.

Add water drcowise and knuad the soil
 
to break down all aggregates. Soil is
 
at the proper consistency when plastic 
 Add dry soil to
and moldable, like moist putty. 
 soak up water.
 

YES 
 YES
 

Does soil remain in a 
 Is soil 
 Is soil
 
ball when squeezed? to dry? to weND
 

YES
 

Place ball of soil between thumb and forefinger,
 
gently pushing the soil with the thumb, squeezing
it upward into a ribbon. 
 Form a ribbon of uniform
 
thickness and width. 
Allow the ribbon to emerge

and extend over the forefinger, breaking from its
 
own weight.


(AN NO Does soil form a ribbon? 

weak ribbon less mediu ribbon N strong ribbon 5 sm

than 2.5 cm long 2.-5 cm long or longer before
 

. Excessively wet a small pinch of soil in palm and rub with forefinger.
 

f Agoo E a i o. Mion, W i 
Fgurefor1. Is ructin Dg ra bforeDeemingfeel SoilaTexturfeel ve

SANYther grittines AN ESte gritt nes SAD Net grittnes 
nor smothnes 

by Fel (M der om Thiel Sery Jouf979.r 
Figureoe ils.Intrc a o D es soerinin oTextures 

by feel vMder frome ry Jo feel rv99.yof~ Eductio~ Agooi Maisn8:055 W 
h? ~~]0 h m ?
 



6. When shaking is completed, weigh the 
amount of material retained on each screen. The of allsum 
the weights should be nearly equal to the weight of 
material placed in the sieves at the beginning. 

7. Clean the sieves, especially the fine
sieves, with a brush to avoid damage. 

8. Determine the cumulative weight
retained by adding the weights retained on each screen 
progressively. The results are tabulated as shown in the 
following example: 

Sieve Opening Weight Cumulative 
Number mm Retained Retained 

4 4.75 0 0 

10 2.00 0 0
 

20 0.850 9.10 9.10
 

40 0.425 16.95 26.05
 

80 0.180 23.40 49.45
 

100 0.150 17.30 66.75
 

200 0.075 3.90 70.65
 

Pan --
 1.32 71.97
 

Total 71.97
 
Original Weight 72.00
 
Loss 0.03 grams
 

9. Followin9 this procedure, a table can 
be prepared for opening sizes and percent finer. An 
example follows: 
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Opening 	 Percent 
mm Finer 

2.00 
 87
 
0.850 64 
0.425 
 31
 
0.180 7 
0.150 2 
0.075 
 0
 

10. Plot data on semi-log paper with the
vertical linear axis as percent finer and the 	horizontal
logarithmic axis as particle size or sieve opening. 

A very 	steep curve indicates a uniformmaterial. A flatter curve indicates a graded material. The usual
soil particle size distribution curve is an "S" shape. 

SOIL TEXTURE BY THE HYDROMETER METHOD 

The hydrometer method, most commonly usedto determine the reh,:ive percentages of sand, silt, and clay,
involves reading the density of the soil-water suspension at pre
determined times with a hydrometer. The density of the suspension
decreases as the lar .ier, heavier soil particles settle out. Thedensity r-f tLe solution at the predetermined times is proportional
to the sand, silt, and clay remaining in suspension. 

Equipme12J 

1. Hydrometer, 

2. 1000 	ml sedimentation cylinder, 

3. Centigrade thermometer, 

4. Dispersion cup mixer, 

5. Dispersion cup, 

6. 	 Sodium hexametaphosphate solution (40
g/l buffered to pH 8-9 with sodium 
carbonate) or 5% Calgon solution, 

7. Plunger for sedimentation cylinder, 

8. 250 ml Erlenmeyer flask, and 

9. Squeeze bottle. 
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Method: 

1. Place 50 grams of air-dried, 2 mmsieved soil and 100 ml of 5%Calgon solution into a 250 mlErlynmeyer flask. Stir and allow to soak overnight. 

2. The next morning add 100 ml of 5%Calgon solution to a liter sedimentation cylinder and bring
to volume with distilled water. 

3. Transfer the sample from the flask tothe dispersion cup. Be sure all of the sample from the
flask is transferred. Place the dispersion cup in the
 
mixer and mix for five minutes.
 

4. Transfer the sample from the dispersioncup to another sedimentation cylinder. Be sure all of thesample is transferred. Bring the sedimentation cylinder to
volume with distilled water. 

5. Allow both sedimentation cylinders tostand until their temperatures have equilibrated with air
 
temperature.
 

6. Thoroughly mi., the soil-water suspen
sion in the cylinder with a plunger.
 

7. Begin timing when the plunger isremoved from the sedimentation cylinder. 

8. Carefully insert the hydrometer into
the soil-water suspension and read after 40 seconds. The
hydrometer should be inserted approximately 10 seconds

before the reading is taken. Carefully remove the
hydrometer from the cylinder. Take a temperature reading
of the soil-water suspension. Do not leave the thermometer 
in the suspension. 

9. Take a temperature and hydrometer

reading of the Calgon solution.
 

10. Repeat steps 8 and 9 two hours after
the starting time. 

11. Correct the Calgon and soil-water
suspension hydrometer readings for temperature by adding.11 for every degree over 200C or subtracting .11 for every
degree under 200C (.20 for degrees F). 

12. Subtract the corrected Calgon readings
from all corrected soil suspension readings. 
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13. Use the final corrected values to make 

the following calculations: 

a. 100 - 40 sec. reading = % sand 

b. 40 sec. 
% silt 

reading - 2 hours reading 

c. 2 hours reading % clay 

14. 
soil textural class. 

Refer to Figure 2 to determine the 
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GUIDE FOR TEXTURAL CLASSIFICATION 
May 1.1950 

100 

so 
800 

*v, 

/Y,YeIt* 
v. I .' . I 
11v .

7 r v "e 4 :--" : -e£7,d 

80 .~#.4 cly eoav, ., , 

sandY Iom Y itla 

perclent sand 

Figure 2. 	 Textural Classification Guide, U.S. Department of
Agriculture, Bureau of Plant Industry, Soils, and
Agricultural Engineering. 1950. 
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//= SOIL MOISTURE SAMPLING* 

ij by A. Early 

The King Tube Sampler is a useful tool to
the water management specialist. When 
 properly constructed and
correctly used, it provides volumetric samples of soil to calculate

dry bulk density, soil moisture percentages, and plant food
analyses. However, extremes in soil moisture percentages may limit
density accuracy. In very dry soil, some of the sample often maybe left at the bottom of the hole, and 	very wet soil will stick to
the 	sides of the tube. In either case, lower-than-actual-density
 
values may result.
 

A few precautions and suggestions were
developed to assist in avoiding these pitfalls. 

1. 	 Clean and polish the tube regularly to 
be sure it is clean and free of rust. 
Cover with a light film of oil if tube 
is not used regularly. 

2. 	 Measure the inside diamete- of the 
cutting edge of the tube and check the 
exterior depth calibrations above the 
cutting edge. Reject the tube if any
of the measurements are not within 
0.005 ft (.01 centimeter). 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 

117 



3. 	 Select representative sites from the 
field to be sampled. Areas within the 
field which appear different from the"average" should be sampled separately. 

4. 	 Align the tube vertically and strike 
the tube vertically into the ground so 
the pointed edge of the hammer moves 
inside the tube in an up and down 
motion. Never swing the hammer as a 
driving device. 

5. 	 Place a straight edge on the ground 
next to the hole as a reference point
to stop the sample tube at each depth
graduation. 

6. 	 Remove the hammer from inside the tube
and orient it horizontally (perpen.
dicular to the tube), passing the 
hammer slot over the end of the tube. 
Rotate th.'i hammer 900 in a horizontal 
plane and ift the tube slowly, verti
ca!ly from the soil. 

7. 	 Place your left index finger over the 
cutting edge of the tube as it emerges
from the surface of the soil to prevent 
sample spillage. 

8. 	 Invert the tube with top of tube over
 
the container (a moisture can with
 
tight fitting lid or a plastic bag) to
 
keep the sample in proper moisture 
condition until weights are determinecl. 
Force the sample loose by pushing it 
loose with the index finger. A clean,
polished tube, properly constructed,
easily releases the sample into the 
container. Close the container 
immediately to prevent the loss of 
moisture. Do net allow unweighed
sample to be exposed directly to the 
sun, especially samples collected in 
plastic bags. 

9. 	 Repeat steps 4 through 8 for as many

different depth increments as needed.
 

10. 	 Repeat steps 3 through 9 for at least 
two replicates in other representative 
sites of the field being zampled. 
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11. Weigh and record the weight of the wet
sample in the field. Samples placed in 
plastic bags should be weighed
immediately. 

12. Dry the sample. 

13. Reweigh the sample after predetermined
drying time. (The sample is considered 
dry when no further weight changes 
occu r.) 

14. Make necessary calculations using the 
following procedures. 

a. 	 Volume = 3.14 (D/2) 2 H. 

b. 	 Water Weight = (wet weight of 
sample and container) - (dry weight
of s-niple and container). 

c. 	 Net dry weight of sample = dry
weight (sample and container) 
weight of container. 

d. 	 Percent moisture by weight = 

net 	weight of water x 100 
dry 	weight of soil 

e. 	 Field dry bulk density = 

net 	dry weight of soil (gm) 
volume of sample (cc) 

f. 	 Percent moisture by volume
field dry bulk density x percent moisture 
by weight or 

weight of water x 100 
volume of sample 

g. 	 Approximate available moisture 
(inches per foot) ASM = 12 x % MC 
Volume - Volume at wilting point
where %MC-Vol. at the wilting
point is to come from laboratory 
analysis of soil moisture 
characteristic. 
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SOIL MOISTURE DETERMINATION* 

by A. Early 

Water management proficiency requirestechnicians to learn 1) the water requirements of the plants to be 
grown, 2) how much of that water can be furnished from the soil's
stored moisture, and 3) how much and how often water must be
applied through irrigation. Soil moisture determination,
therefore, is important as soon as soil samples are collected and 
prepared. 

The sample must be protected against moisture loss from the time it is collected until the initial weight is
recorded. Airtight metal or plastic containers provide such 
protection. 

There are two types of moisture determina
tion methods. The gravimetric (measurement by weight) determina
tion involves determining weight differences at the time the sample
is collected and after it is dried to measure the amount of the 
water in the soil. The touch and feel method is a field procedure
used to make quick, practical estimates of moisture resources and 
requirements. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.
Agency for International Development, Contract No. AID/TAC-1100. 
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GRAVIMETRIC DETERMINATIONS
 

The Oven
 

determine 	 The oven is used in the laboratory tosoil 	moisture analyses. It provides an exact analyticalmeasurement of the amount of moisture in the soil and, throughcombining the results from samples representing various segments ofthe 	soil profile, the water content of the field within zone the root
of the crop to be produced can be calculated.
 

Standard procedure for use 	of the oven is: 

1. 	 Weigh and record weights of the air
tight containers and the soil they
contain. 

2. 	 Open the containers and place them in 
the oven which is set at 1050 C. 

3. 	 Dry for 24 hours. 

4. 	 Record dry weight. 

5. 	 Subtract dry weight from weight of the
field-collected sample. The difference 
is water. 

Because some soils dry more readily thanothers, this procedure may be repeated as necessary until the
weight becomes constant. 

The Sun Drying Method 

to workers 
Because ovens generally are not availablein the field, an alternate method was developed whichuses solar energy for drying soil samples. In areas where theclimate is warm and 	dry, results have been close to those obtained

from oven-dried samples. 

Plastic sheets or the same plastic bags inwhich the samples are stored are exposed to the sun after thesample is weighed. The procedure for sun-drying of samples is: 

1. 	 Determine weight of sheet or bag by
weighing 100 of them and determining
the 	average weight. 

2. 	 Spread the sample out and break any
clods present to provide maximum 
exposure of soil to the sun. 
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3. 	 Place the samples in a convenient, 
protected area where maximum exposure 
to the sun is available. 

4. Exposure time:* 

Time of Year Sheet Bag 

Hot 	Season 3 hours 5 hours 
Cool Season 4 hours 7 hours 

These tabulated times assume the number ofhours of bright sunshine. Drying cannot be done during cloudy or
partly cloudy weather. 

Overnight drying is not recommended because 
wind or storms can ruin samples quickly. 

Specifications of drying sheets or bags: 

Sheets 

Sheets should be 2-to-6-mil. 
polyethel3r,e plastic, 24-inches square. 

Sheets need not be weighed if a special 
weighing dish is used. 

Bags 

If the same bag in which the sample is 
collected is used, larger bags are 
needed. 15" x 15" plastic bags are 
recommended so they may be folded to 
provide a two-inch rim around the 
exposed sample. Usirg bags provides
somewhat more protection against spil
lage than use of sheets and requires
fewer supplies and less handling. 

* These exposure times have been found to arproach 1%of oven-dry
weights in Pakistan, where the climate is warm and dry and the sun
intensity is high. 
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THE TOUCH AND FEEL 	 METHOD 

The touch and feel method is not intendedto replace field samplings and laboratory techniques. Rather, itis intended to enable the technician 	to develop a practical, quickestimate in the field when decisions 	about water use or irrigation
planning are necessary.
 

A detailed explanation of the touch and
feel method is presented 	 in the previous article, "Soil TextureDetermination" (L. Nelson). Figure 1 (page 18) of that articlegives the step-by-step procedure for this method.
 

Once the basic textural group is
determined, the samples in the field moisture randition isexamined. Squeeze the 	sample into a ball about an inch indiameter. Test the ball 	for strength and compare its strength withthe descriptions given 	in Table 1 representing the textural gradeof the sample. Estimate 	 the soil moisture deficiency in inchesper-foot of depth using 	the last column of the table. 

Note: the chart assumes the average soil'savailable so;l moisture, at field capacity, for the four textural
 
classes to be:
 

Coarse - 0.7 inches per foot
 

Light - 1.3 inches per foot
 

Medium - 1.6 inches per foot
 

Fine 2.0 inches per foot
 

These values can be divided by 12 and
multiplied by 100 to convert to available moisture on a volumebasis. The figure divided by the bulk density of the soil providesavailable moisture on a weight basis (which the gravimetric proce
dure provides). 

Comparison of the Three Techniques 

The three techniques discussed here notaredesigned to replace one 	another. They are each used in a manner toexpedite the management program most efficiently. 

Use of the oven provides the true analytical analyses of soil moisture availability. The other methods Wei'edeveloped to supplement, not replace, the oven. The accuracy ofthe sun drying method depends on the care with whicli the sample ishandled, temperature, humidity and intensity of the sun. Itsaccuracy might not be 	dependable in cool or humid climates, 	 but inwarm, dry areas such as Pakistan, the results were found beto 
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Table 1. 
Soil Moisture Deficiency and Appearance Relationship Chart* 
 (This chart indicates approximate
relationship of soil moisture deficiency between field capacity and wilting point. 
 For more
accurate information the soil must be checked by drying samples.)
 
Moisture 


Deficiency Coarse 

(in/ft) (loamy sand) 


0.0 
 Leaves wet outline 

on hand when 

squeezed


0.2 

Appears moist 

makes a weak
0.4 	 ball 


Appear slightly

0.6 
 moist sticks 


together 


0.8 	 Dry, loose, flows 

thru fingers. 


-.0(wilting point)

N 1. 


Lightly colored 

1.2 	 by moisture, will 


not ball 


1.4 


1.6 


1.8 


2.0 


Soil Texture Classification
 

Sandy 

(sandy loam) 


Appears very dark,

leaves wet outline 

on hand, makes a 

short ribbon 


Quite dark color,

makes a hard 	ball 


Fairly dark color, 

makes a good ball 


Slightly dark 

color, makes 	a 

weak ball 


Slightly dark, 

forms weak ball
 

Very slight color 

due to moisture 

(wilting point) 


Medium 

(loam) 


Appears very 	dark, 

leaves wet outline 

on hand, will ribbon 

out about one inch 


Dark color, forms 

a plastic ball,

slick when rubbed 


Quite dark, forms
 
a hard ball
 

Fairly dark, 

forms a good 	ball 


Lightly colored, 

small clods crumble
fairly easily 


Slight color 	due
to moisture, small 

clods are hard 

(wilting point) 


Moisture 
Fine 

(clay loam) 
Deficiency 
(in/ft) 

Appears very dark, 0.0 
leaves slight moisture,
 
on hand when 	squeezed,

will ribbon out about 
 0.2
 
two inches
 

0.4
 
Dark color, will

slick and ribbons
 
easily 
 0.6
 

Quite dark, will 
 0.8
 
make thick ribbon,
 
may slick when
 
rubbed 
 1.0
 
Fairly dark, makes
 
a good ball 1.2
 

Will ball, small 1.4
 
clods will flatten
 
out rather than
crumble 
 1.6
 

Some darkness due
to unavailable 
 1.8
 
moisture, clods are
 
hard, cracked
(wilting, point) 2.0
 

*From Merriam, J.L. 1960. 
Field method 	of approximating soil moisture for irrigation. 
 Transactions 	of
The American 	Society of Agricultural Engineers 3(l):31-32. 
 St. Joseph, Mi.
 



practical and accurate when samples were properly handled and 
protected. 

The touch and feel method is not intendedto replace gravimetric procedures. It was developed to make quick,practical field decisions. If the procedure is to be accurate andeffective, the person using it should constantly calibrate his
"feel" against gravimetric results. 

126
 



/' 

PARTICLE DENSITY AND BULK DENSITY/ by L.Nelson 

Two methods are used to express soil 
weight: particle density and bulk density. 

weight measurement 
equation: 

Particle density (specific density), a 
concerned with soil solids, is defined by the 

D = Ws 
Vp 

where: 

Dp = particle density (g/cc) 

Ws = weight of oven (g) dried so:l 

Vp = volume of the particles (cc) 

Although particle densities of soils may range from less than 2.40
g/cc in organic soils to greater Uhan 2.75 g/cc in heavy mineral 
soils, most mineral soil particle densities are around 2.65 q/cc.
While exact particle density of a mineral soil is relatively easy
to determine in the laboratory, it is normally assumed to be 2.65 
9/cc for most purposes. The small errors incurred by assuming this 
value have little effect on calculations which involve particle
density. 

Bulk density, which takes into account the 
entire soil, volume is defined by the equation: 
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Db = Ws 
Vb
 

where: 

Db = bulk density g/cc 

Ws = oven dry weight of the soil 

Vb = bulk volume of the soil 

Thus, bulk density measurements take intoaccount both solid particles and pore spaces of a soil. Bulk

density values of clay, 
 clay loam and silt loam soils normally
range from 1.00 to 1.60 9/cc while sands 
from 

and sandy oams may range1.20 to 1.80 g/cc. Very compact subsoils, regardless oftexture, may have bulk densities as high as 2.00 9/cc or greater.
Bulk densities vary within a field and 
 often increase with depth. 

Field and/or laboratory bulk densitymeasurements are useful for pinpointing compacted soils which mayrestrict root growth of crops and impair plant-soil-water
relationships. The extent and thickness of hardpans a givenover area are determined easily with bulk density measurements. Even
variations in management practices of farmers may be associatedwith changes in bulk densities. Bulk density data also can be usedto calculate soil porosity which closely approximates the maximumpercentage of water the soil will hold (saturation percentage) 

P = 100 - Db x 100 
Dp 

When average porosity of a soil is determined, estimates of waterholding capacities and irrigation requirements can be made from
soil moisture determinations. 

CORE METHODS FOR DETERMINING BULK DENSITY 

A. Double Cylinder Sampler Method 

Because larger samples are collected (fewererrors), the double cylinder apparatus is preferred to an opensided probe for collecting bulk density samples. However, if adouble cylinder apparatus is unavailable, the open-sided probe willsuffice if extreme care is taken in obtaining the sample and if
replications are increased. 
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Equipment: 

1. Double cylinder sampler 

2. Spatula or knife 

3. Soil moisture cans (one/sample) 

4. Shovel 

5. Drying oven 

6. Balance 

Method: 

The instrument is composed of a doublecylinder, connecting rod, and a sliding hammer. To obtain bulk
density samples, drive or press the sampler into either a vertical 
or horizontal soil surface far enough to fill the sampler without
compacting the Then the sampler sosoil. remove the structure andpacking of the soil are not disturbed. This may require the use of 
a shovel to loosen the soil and the sampler. After removal,
separate J-he two cylinders from the sampler. The undisturbed soil 
is retained in the inner cylinder. Trim soil extending beyond the
ends of the cylinder flush. The soil sample volume is the same as 
the volume of the sampler holder. 

v 2hV =Tr r h 

where: 

V = volume of the soil sample 

7T 3.14 

r = radius of the cylinder 

h height of the cylinder 

Note: the cutting edge of the sampler normally has a slightly
smaller diameter than the sample holder to reduce friction as the
soil enters the inner cylinder. Therefore, usethe diameter of the 
cutting head for volume calculations. 

Once a satisfactory sample is collected,
transfer the soil to a soil moisture can, dry in an oven at 105"C
for 24 hours, and weigh. Then calculate the bulk density of the
sample using the formula presented in the introduction of this 
section. 
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B. 	 The Open-Sided Probe Core Method 

Equipment: 

1. Open-sided probe, 

2. Spatula or knife, 

3. Centimeter ruler, 

4. Soil moisture cans, 

5. Drying ovens, and 

6. Balance. 

Method: 

The sampling procedure is somewhat similarto that of double cylinder method. Carefully press the open-sidedprobe vertically into the soil and withdraw the probe to avoidshearing of the exposed soil. Compaction of the soil sample isobserved easily by comparing the depth the probe was inserted withthe length of the soil sample. Discard compacted samples. Theinside walls of the probe may be coated with a lightweight oil

reduce friction and compaction problems. 

to
 

Once a satisfactory sample is collected,lay the probe on the ground with the exposed soil up. Then use aruler to measure a predetermined length of the sample (> 10 cm).
Carefully trim each end of the sample core with a spatula or knife,making sure the cuts are vertical. Remove excess soil 	 from eitherside of the sample core and place the incore a soil moisture can.
Then treat the known sample volume in a similar manner to that
described in the double cylinder core method. 

EXCAVATION METHOD FOR DETERMINING BULK DENSITY 
Equipment: 

1. 	 5 kg of standard size sand (sand par
ticles passed through a Number 20 sieve
and retained or a Number 60 sieve are 
recommended) or a rubber-balloon 
apparatus* 

2. 	 1000 ml graduate cylinder, 

* The rubber balloon apparatus does not require a graduate cylinder 
or a template. 
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3. 	 A template consisting of a thin, flat 
metal plate approximately 30 cm square,
with a hole 10 to 12 cm in diametei., 

4. 	 Centimeter ruler, 

5. 	 Spoon (large), 

6. 	 Large metal soil containers, 

7. 	 Drying oven, and 

8. 	 Balance. 

Method: 

Lay 	the template on a previously leveledsoil 	surface cleaned of loose soil. Excavate a hole 12 cm 	 indiameter and approximately 12 deep. Place the excavated soil ina large soil 	
cm 

can for later determination of oven-dry weight. Then
fill the hole with 
sand to the bottom of the template. By using agraduated cylinder, the volume of sand used to fill the hole isknown and bulk density may be calculated after oven-dry weights of
the soil are determined.
 

The rubber-balloon apparatus follows asimilar procedure except a balloon replaces the sand in theexcavated hole and 	 is attached to a specially designed water-filledcylinder. A isvalve turned on to expand the balloon and fill thehole. Graduated readings on the cylinder permit easy volume
 
determinations.
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SOIL FERTILITY AND SALINITY 
ANALYSES SAMPLING* 

by B. Stewart 

The analyses of the soil sample provides aquick, practical way for the farmer and the field supervisor toobtain advanced information about the fields with which they willbe working during the following production season. Cultural deci
sions can be made in advance, thus allowing for more efficient
planning prior to when the soil is being prepared for planting. 

If the tests are to be of value to thefarmer, he must be able to associate each of them with a particularset of field conditions. Familiarity with the fields and with the
situations that the tests represent will enable the farmer toformulate his production plan ahead of time. The manner in whichthe soil sample is collected and prepared, therefore, becomes veryimportant. Rather precise techniques have been developed which,
when followed, will provide accurate information about the fieldsunder the conditions which the soil sample represents. It must beemphasized that samples that are not representative, or that are
improperly handled are worthless. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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Equipment: 

or spade, 
The sample can be collected with the shovelnormally used on the farm for other work (Figure 1).Soil sampling augers and tubes, however, simplify the collection.In Pakistan, the King Tube Sampler is widely used. Sampling equipment must be clean and free from rust to eliminate contamination.Clean, well-kept equipment also is easier to use. If micronutrientanalyses are to be performed, stainless steel and plastic tubes andbuckets are recommended to eliminate any possibility of introducingiron and zinc into the sample from the equipment. 

SOIL SOIL
TUBE AUGER SPADE 

Plow 
Depth 

Figure 1. Possible Tools for Taking Samples to the Plow Depth 

Method: 

The field supervisor who is responsible forsampling procedures gradually will develop a routine whichsimplifies the sampling procedure and reduces the time involved. Arather definite procedure is followed: 

1. The person who is sampling the fieldmust become familiar with the various situations withinfield and sample accordingly. the 
Each sample must represent aspecific field situation and condition, and be labeled,bagged, and packaged accordingly (Figure 2). 
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Figure 2. Illustration of How a Field Might be Divided So All Uniform 
Areas Are Represented 

2. U~sing clean equipment, collect 10 to 20 
cores fro~m each selected ara. (If the spade is used, the 
"core" is a sample of the plow slice, 1 inch wide, from the 
center of the blade.) Most of the fertility elements are
normally contained in the upper six inches of the soil, so
sample to the depth of the "plow slice"- -usually 6 to 8 
inches. When necessary for salinity analyses, additional 
samples may be taken at intervals from the entire root 
zone.* If subsoil samples are to be taken, either for 
fertility or salinity analyses, collect a second sample
from the same bore from the 6" to the 12" level, etc.,
until the desired depth is reached. Label and submit these 
samples separately. 

3. Thoroughly mix the sample, breaking up
any clods which might be present. Dry the sample (air dry,
do no heat). Spread the sample upon a flat, clean surface 
and divide the sample into quarters until about a quart
(about 1 liter volume) of soil remains for fertility
analyses. Samples about twice this size should be col
lected for complete salinity analysis. 

4. Package the sample in a strong, clean 
container. 

*For salinity analyses, subsoil samples are always required. 
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5. Be sure to fully identify each sample
and record the information needed to identity it with the 
field situation from which it was collected. 

6. Submit complete information to the
laboratory. (Their information can only represent that
which they are given.) Package the si'mples and deliver them 
to the laboratory with that information. Be sure that
samples are protected against breakage and mixing on their 
way .to the laboratory. 

This completes the sampling process for onefield condition. Repeat the process for each segment of the field 
which is to be sampled. 
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* 7 SOIL SALINITY DETERMINATION 

by L. Nelson 

The 	electrical conductivity, EC, of thesoil solution is commonly used to indicate the salinity status of a
soil. Electrical conductance is expressed in mhos and is the
reciprocal of electrical resistance which is given in ohms.
Electrical conductance is used to describe the salt concentration
of soil solution because the conductance varies with salt content. 

Most solutions have electrical conductivity
much less than one mho. It is, therefore, customary to expresselectrical conductivity of soil solutions in millmhos/cm (mmhos/cm)
and electrical conductivity of irrigation waters in micromhos/cm
(umhos). One mhos/cm consists of 103mmhos/cm and 	 1O umhos/cm. 

Equipment: 

1. 	 Conductivity meter for electrical 
conductivity measurements, 

2. 	 Conductivity cell, pipet type, which 
consists of a pair of 1 cm square
platinum electrodes separated by 1 cm. 
(The cell usually has a capacity of 2 
ml.), 

3. 	 Extractor or vacuum system, 

4. 	 Balance, 

5. 	 Filtration flasks, 

6. 	 Buchner or Richards funnels, 

137 



7. 	 Thermometer, 

8. 	 Mixing bowls or 500 ml beakers, 

9. 	 Spatula, 

10. Distilled water, 

11. Thermometer, 

12. 100 ml graduated cylinder, 

13. .01 N KCl solution, 

14. (2) 100 ml beakers, and 

15. 50 ml beaker.
 

Procedure: 

1. 	 Weigh approximately 100 g of air-dried,
sieved soil for a gravimetric soil 
moisture determination. 

2. 	 Weigh another sample, approximately
200 g of air-dried, sieved soil into a
mixing bowl or beaker. Record weight
of soil and weight of the soil p!us 
mixing bowl. 

3. 	 Prepare the saturated paste by slowly
adding distilled water to the soil 
sample while stirring with a spatula.
At saturation, the soil paste glistens
as it reflects light, flows slightly 
when the container is tipped, and
slides freely and cleanly off the
spatula. This true for allis 	 soils 
except those with high clay content. 
Record the amount of water used to make
the soil paste. Seal the bowl with a
plastic wrapper and allow to stand for 
four or more hours. 

4. 	 Place a medium grad! filter paper in
the funnel of the Buchner funnel-vacuum 
flask assembly and dampen the filter 
paper with distilled water. 
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5. 	 Spread the saturated paste over thefilter paper and gently apply a vacuum. 
Terminate vacuum extraction after 15 to
20 ml of soil solution are collected. 

6. 	 Turn the conductivity meter on and 
allow it to warm up for 2 to 5 minutes. 

7. 	 Determine the cell constant with a 0.01
N KCI solution. Fill and empty the
cell twice with the 0.01 KCI (a .01 N
KC1 solution = 0.7456 g KCI dissolvedin 1 	liter of distilled water) solution 
to avoid contaminations from solutions 
previously used in the cell. Fill the
cell a third time and follow the 
manufacturers instructions for balanc
ing 	the bridge. Read the electrical
conductivity and correct the reading
with the temperature conversion factor 
fl (Table 1). Calculate the cell 
constant, k, as follows: 

k ECKC1 250 
1.4118 mmhos 

where EC KC1 250 	is the measured electri
cal 	conductivity of the 0.O1N KC1 
solution corrected to 25*C and 1.4118
mmhos is the known electrical conduc
tivity of a .01 N KC1 solution at 250 C. 

8. 	 Fill and empty the cell twice with
 
distilled water.
 

9. 	 Fill and empty the cell twice with the

soil solution (saturated paste
 
extract).
 

10. 	 Refill the cell with the soil solution
and record the electrical conductivity 
reading. 

11. 	 Measure the temperature of the soil
solution and record. 

12. 	 Repeat steps 8-11 for subsequent
samples. 

13. 	 Turn off conductivity meter. 
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Table 1. Temperature Conversion Factors, ft, for Converting Conductivity
Data on Soil Solution Extracts to the Standard Temperature of 
250C 

C ft °C °Cft ft 

3.0 1.709 
 22.0 1.064 
 29.0 0.925

4.0 1.660 22.2 1.060 29.2 
 0.921
5.0 1.613 22.4 1.055 29.4 0.9186.0 1.569 22.6 1.051 29.6 0.9147.0 1.528 22.8 1.047 29.8 
 0.911
 

8.0 1.488 23.0 
 1.043 30.0 
 0.907
9.0 1.448 
 23.2 1.038 
 30.2 0.904

10.0 1.411 23.4 1.034 30.4 
 0.901
11.0 1.375 23.6 1.029 30.6 
 0.897
12.0 1.341 23.8 1.025 30.8 
 0.894
 

13.0 1.309 
 24.0 1.020 
 31.0 0.890
14.0 1.277 24.2 1.016 31.2 
 0.887

15.0 1.247 
 24.4 1.012 
 31.4 0.884
16.0 1.218 
 24.6 1.008 
 31.6 0.880
17.0 1.189 
 24.8 1.004 
 31.8 0.877
 

18.0 1.163 25.0 1.000 
 32.0 0.873
18.2 1.157 
 25.2 0.996 
 32.2 0.870
18.4 1.152 
 25.4 0.992 
 32.4 0.867

18.6 1.147 
 25.6 0.988 
 32.6 0.864

18.8 1.142 25.8 0.983 32.8 
 0.861
 

19.0 1.136 26.0 0.979 33.0 
 0.858
19.2 1.131 26.2 0.975 34.0 
 0.843
19.4 1.127 
 26.4 0.971 
 35.0 0.829

19.6 1.122 26.6 0.967 36.0 
 0.815

19.8 1.117 
 26.8 0.964 
 37.0 0.801
 

20.0 1.112 
 27.0 0.960 
 38.0 0.788
20.2 1.107 27.2 0.956 39.0 
 0.775
20.4 1.102 27.4 0.953 40.0 
 0.763
20.6 1.097 27.6 0.950 41.0 
 0.750
20.8 1.092 27.8 0.947 
 42.0 0.739
 

21.0 1.087 28.0 0.943 43.0 
 0.727
21.2 1.082 28.2 0.940 
 44.0 0.716

21.4 1.078 
 28.4 0.936 
 45.0 0.705
21.6 1.073 28.6 0.932 46.0 
 0.694
21.8 1.068 28.8 0.929 
 47.0 0.683
 

Source: Richards, L.A. (Ed.). 1954. 
 Diagnosis and improvement of saline
and alkali soils. U.S. Department of Agriculture, Handbook 60. Washington,

D .C . 1 4 0
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14. 	 Fill and empty the cell two or more times and 
store cell filled with distilled water. 

Calculations: 

Percent water in the air dry soil: 

% H 	0 = (air dry soil weight + tare - oven dry soil weight + tare) 
(oven dry soil weight - tare) 

Percent water in saturated paste: 

% H20 = (grams water added) + (f, 1-1O air dry soil)(air dry soil weight)
(air dry soil weight) - (% H20 air dry soil)(air dry soil weight) 

Electrical conductivity of the soil solution: 

EC = ECR x ft x k 

COMMENTS 

In areas where irrigation waters of lowsalinity are used, the concentration of soil solution extracts

frequently range in electrical conductivity below 4 mmhos/cm. In

these situations, little or no evidence of salt injury has 
 beenfound and almost any crop adapted to the climatic conditions may be
 
grown (Table 2). In areas where the soil solution extracts range

in conductivity to 8 mmhos/cm, many of the more sensitive crop

plants do not thrive, but such crops asotton,--alfalfa,_sugar__


.beets and ce-re-als,_including grain sorghums, may grow well and
produce excellent crops. 

Table 2. Crop Condition Related to the Electrical Conductivity of
Soil Solution Extract From the Saturated Soil Paste 
(Richards, 1954) 

Scale of Conductivity mmhos/cm 

0 
 4 	 8 16 

All crops thrive Sensitive crops Crop growth Only a few
 
no evidence of do not thrive. restricted, species

salt injury. Tolerant crops 
 yield usually survive.
 

may do well. poor.
 



f MEASURING pH 

by L. Nelson 

The determination of the hydrogen ionactivity or pH of a soil is a common measurement used to charac
terize soils. Although the amount of H+ 
 in soils is normally small
(10- 3. 5 to 10-12 moles/liter), the H+activity is extremely
important. The chemistry of the soil, both organic and inorganic,
is so closely related to pH that no other single measurement con
veys as much chemical information.
 

Field measurements of pH are either electrometric or colorimetric. Electrometric methods require use
portable, battery-operated pH meter. Colorimetric methods 
of a
 

use aseries of indicators or a single indicator that change colorsdepending on the pH range found in the soil. Although colorimetric
methods are not as precise as the electrometric methods, they areeasily made in the field and therefore quite suitable for field surveys. Only within the specific ranges of pH 4.5 to 5.5 and
pH-8-to-9 (borderline areas for problem soils) is it necessary totake samples to a laboratory for more precise electrometric 
determinations. 

INTERPRETATION OF pH MEASUREMENTS 

Interpretation of pH measurements requiresan understanding of chemical dissociation of water and its dis
sociation constant. 

+ OH- 10,14H20OH +and 
-14
 (H+ ) (OH) = 10
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In a closed system (no gas exchange), the hydrogen ion activity(H +) and the hydroxyl ion activity (OH-) bothare 10-7moles/liter. Examination of the equation reveals that (H+) ano (OH + )can vary from 100 to 10-14 long as toas they sum 10-14. 

By convention, pH is defined as the negative log of the hydrogen ion activity and p OH as the negative logof the hydroxyl ion activity. The pH scale varies from 0 to 14.
At a pH of 7, H+ and OH'activities are equal 
and the solution issaid to be neutral. When the pH of a solution is less than 7, thesolution is said to be acidic; that is, the activity of H is
greater than the activity of OH . Conversely, when the pH of a
solution is greater than 7, it is basic or alkaline and theactivity of OH is greater than the activity of H . Terminologyused to describe pH values for solutions is directly transferableto soils. Thus, a soil with a pH of 7 is a neutral soil, whilesoils with pH values less than more7 become acidic and those withpH values greater than 7 become more alkaline. 

It is important to realize that much information provided by pH measurements of soils is inferential.However, when the pH of a soil is combined with other chemicaltests and field observations, the agronomist can be fairly certainthe picture he presents of a given field will be confirmed by themore time-consuming, detailed research procedure involved in thesolution phase of a project. 

NUTRIENT AVAILABILITY 

Because pH directly and indirectly affectsthe availability of minerals essential to plant growth, certaininferences about nutrient availability can be made from pHmeasurements. Figure 1 shows 1) the relative availability of someof the mineral nutrients as a function of pH and 2) that neutraland near neutral soils are capable of supplying nutrients at morefavorable levels than soils falling in either acidic or alkaline pHranges. It is important to realize, however, that other soilproperties, determine the actual fertility of a given soil. They
include the organic matter content, cation exchange capacity, the
types of primary and secondary minerals in the sand, silt and clayfraction, and soil depth. In other words, improved availability ofmineral nutrients, normally associated with pH ranges of 5.5 to 8,are unimportant if they are in low supply to begin with. The moi-,acidic soils, usually associated with high rainfall areas,generally deficient in aremajor nutrients, while the more alkalinesoils of the arid region often are incapable of supplying iron andzinc in quantities needed by some field crops. Furthermore,increased availability of iron and manganese in acid soils (pH < 5)and boron in strongly alkaline soils may cause toxicity problems in many field crops. 
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CHEMICAL PROPERTIES 

In addition to nutrient availability,pH determinations provide useful soilinformation about the chemicalpropert;es of a soil. Very acidic soils (pH < 5) contain significant amounts of exchangeable hydrogen and aluminum,extremely low base saturation values and 
have 

are unfavorable for thegrowth of field crops. Serious aorrninum toxicity problems oftenare apparent in such soils. Extremely acidic soils, developed incoastal march areas, may be acid sulfate soils with very seriousagricultural problems. Soils with pH values of 5 to 6 have sufficient exchangeable hydrogen to affect acid sensitive crops such asalfalfa. Soils with pH values varying from 6.5 to 8 are fully basesaturated, with no exchangeable aluminum and are usually quitefavorable for most field crops. Soils with pH values of 8 to 8.5often possess free calcium carbonate with calcium and magnesium asthe dominant exchange cations. When soil pH values exceed 8.5,exchangeable sodium percenta9es are greater than 15% and the soilis classified as either sodic or saline sodic, depending upon theamount of salts present in the soil profile. The agriculturalproductivity of a -;odic, saline-sodic soil is seriously impaired by
structural degradation associated with 
 high sodium levels. 

THE COLORIMETR1C METHOD FOR DETERMINING pH 

Equipment: 

1. Indicator solution(s), 

2. Porcelain test plate specially designed
with two indented compartments con
nected by a channel, 

3. Standard color chart of the appropriate
indicator(s), and 

4. Glass rod or spatula. 

Method: 

A number of test kits are on the marketthat may contain a universal indicator or a series of indicators.Procedures differ only slightly between the two types of
indicators. 

1. A small representative sampleplaced in the upper compartment of the porcelain of soil is
test plate andtreated with a slight excess of the indicator solution. 2. Afterabout one minute, the plate is tilted slightly so the solutiondown the channel runsinto the second compartment. A glass rod orspatula can be used to draw the fluid down the channel. 3. Thecolor of the solution then is compared with that given on the color 
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chart. Multiple indicator tests have color charts for each

indicator. 4. If the pH should fall near 
the end of the color 
range for one indicator, repeat the test using another indicator
 
that has an overlapping pH range.
 

THE ELECTROMETRIC METHOD FOR DETERMING pH 

Equipment: 

1. 2 standard buffer solutions, 

2. 2 - 50 ml beakers, 

3. 2 - 100 ml beakers, 

4. Chem wipes or tissue paper, 

5. 1 wash bottle, and 

6. Saturated paste sample.* 

Method: 

Before using a pH meter, immerse the electrodes in distilled water for 5 to 10 minutes to reduce the poten
tial of needle fluctuations when calibrating the pH meter. Where

pH meters are used daily, store the electrodes in distilled water.
 

1. Turn the function selector to standby. 

2. Lift the electrode out of the storagebeaker and replace the storage beaker with a rinsing beaker
(100 mll). Rinse the electrode with distilled water. 

3. Remove the storage beaker and place astandard buffer solution (50 ml beaker) under the
electrode. Place the electrode in the buffer solution and
turn the selector switch to pH. The needle on the pH meter
should read the pH value corresponding to that of the
buffer solution. If it does not, adjust the needle to the
pH of the buffer solution with the calibration knob. Turn
the selector switch to standby. Lift the electrode from
the buffer solution and rinse the electrodes with distilled 
water. Repeat the procedure with a second standard buffer
solution to insure the instrument is functioning properly. 

* Saturated paste and sample may be replaced by 1:25 or 1:5 soil to 
water ratios, but the pH of the sample may be increased by as much 
as 1 pH unit upon dilution. 
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Turn the selector switch to standby, lift the electrode
from the buffer solution and rinse the electrode with the 
wash bottle. 

4. Remove the collector beaker and placethe saturated paste sample under the electrode. Carefully
lower the electrode into the saturated paste and turn the
selector switch to pH. 

5. After the meter has stabilized, record
the pH reading on the sheet. 

6. Turn the selector switch to standby,
remove the electrode from the. saturated paste and rinse theelectrode off with the wash bottle, making sure all soil is 
removed. 

7. Repeat steps 4, 5, and 6 for additionalsamples. After every 5 to 10 samples, the pH meter should
be checked with one of the standard buffer solutions (Step
3) to avoid errors due to drift in the instrument. 

8. Return the electrode to the storage
beaker and turn selector switch to off. 

REFERENCES 
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Peech, Michail. 1965. Hydrogen ion activity in methods of soil
analysis, Part 2. pp. 914-925. In Black, C.A. (ed.).
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DETERMINING NUTRIENT DEFICIENCES 

by L. Nelson 

The sixteen elements essential for mosthigher plants are shown in Table 1. Three of the elements, carbon,hydrogen, and oxygen, constitute over 95% of the dry weight of
plants and are obtained primarily from atmospheric gases and 
water.Although the remaining thirteen elements comprise less than 5%ofthe dry weight of plants, agricultural soils often are incapable ofsupplying one or more of the nutrients in the quantities needed for
desirable crop yields. 

Mineral nutrients thr limit c, yieldsmay be identified by foliar observation (visual diagnosis), chemical analysis of plants and soils, fertilizer trials, and tnefarmer's management records. Research projects dealing with soilfertility often use all four of the above methods to investigatedisorders. However; survey projects concerned with the identification of production constraints within an agricultural area oftenare limited by time. As a result, less quantitative field testingprocedures may be used to identify potential nutritional disorders.Data gathered from such a survey usually is adequate to identifynutrient deficiencies limitino crop yields. 

As part of the survey,' collect backgroundinformation concerning soils, crop varieties, fertilizer requirements and on-going research from local, national and/or international research centers. During the survey, schedule interviewswith farmers to obtain records of fertilizer inputs and to identifyfertility-related problems encountered by the farmers. Wheneverpossible, encourage farmer participation in the field survey tobenefit from the farmers' intimate knowledge of their fields andimprove the relationship between the farmer 
to 

and project. 
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Table 1. Elements Essential for Most Higher Plants (Modified from

Salisbury, F.B. and C. Ross. 
 1969. Plant physiology,

Wadsworth Publishing, Belmont CA.)
 

Chemical 
Element symbol 

Molybdenum MO 

Copper Cu 

Zinc Zn 

Manganese Mn 

Iron Fe 

Boron B 

Chlorine Cl 

Sulfur 5 

Phosphorus P 

Magnesium Mg 

Calcium Ca 

Potassium K 

Nitrogen N 

Oxygen 0 

Carbon C 

Hydrogen H 

Form available 

to plants 


MoO 4 


Cu+, Cu++, Cu(OH)+ 


Zn++ Zn(OH)2 


Mn++ 


Fe+++, Fe++ 


=
BO B407


Cl-


SO4 


H2P04-, HP0 4 


Mg++ 


Ca++ 


K+ 


+
NO3-, NH4
 

02, H20 


CO
2 


H20 
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Translocated 
between 

plant tissues 

Yes 

Concentration 
in dry 

tissue (%) 

0.00001 

No 

No 

0.0006 

0.0020 

No 0.0050 

No 0.010 

No 0.002 

Yes 0.010 

No 0.1 

Yes 0.2 

Yes 0.2 

No 0.5 

Yes 1.0 

Yes 1.5 

Yes 45 

Yes 45 

Yes 6 



PROBLEMS AND LIMITATIONS 

Awareness of potential problems and limitations of visual diagnostic techniques is important when conductinga field survey. Problems with visual diagnostic technique are: 1)the expression of a particular mineral deficiency may differ fromone type of crop to another; 2) the problem of identification of adeficiency becomes especially difficult, if not impossible,
multiple deficiencies are present; 	

when 
3) disease and insect damage mayinduce nutritional disorders or the damage may be mistaken for 	anutrient deficiency; 4) symptoms of toxicities, overirrigation orhigh watertables may 	 forbe 	mistaken a nutrient deficiency; 5)induced deficiencies may develop from abnormal changes in the
environment or from management practices unrelated 
 to soil

fertility. 

Because oF such potential problems andlimitations, visual diagnosis of a deficiency should be confirmedby other methods. Whenever possible, confirmation may be made bycollecting plant and soil samples for laboratory analysis. If soiltesting laboratories are not available, the 	research must rely onless quantitative methods for 	confirming a deficiency. Two suchmethods are described later in this section. 

A general key to plant nutrient deficiencysymptoms is outlined below. This key will not replace a goodtextbook dealing with nutrient deficiency symptoms of a particularcrop. Neither chlorine nor molybdenum are included in the keybecause deficiencies of these micronutrients are relativelyuncommon. In addition, a general description of common toxicity
symptoms is included to reduce potential confusion of toxicity
symptoms with deficiency symptoms. 

GENERAL KEY TO PLANT-NUTRIENT DEFICIENCY SYMPTOMS 

A. Older or lower leaves of plant mostly affected; effects local
ized or generalized. 

1. 	 Effects mostly generalized over whole plant; more 
or less drying or firing of lower leaves; plant
light or dark green. 

a. 	 Plant light green; lower leaves yellow,
drying to light brown color; stalks 
short and slender if element is defi
cient in later stages of 
growth .... Nitrogen 
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b. 	 Plant dark green, often developing red
and purple colors; lower leaves sometimes yellow, drying to greenish brown or black color; stalks short and 
slender if element is deficient in
later stages of growth .... Phosphorus 

2. 	 Effects mostly localized; mottling or chlorosis
with or without spots of dead tissue on lowerleaves; little or dryingno up of iower leaves.Lower leaves mottled or chlorotic (yellowed), withor without dead spots; leaf 	margins sometimestucked or cupped upward or downward. 

a. 	 Mottled or chlorotic leaves typically,
may redden, as with cotton; sometimes 
with dead spots; tips and marginsturned or cupped upward; stalks
slender.... Magnesium 

b. 	 Mottled or chlorotic leaves with largeor small spots of dead tissue; spots of
dead tissue small, usually at tips andbetween veins, more marked at marginsof leaves; stalks slender.... Potassium 

B. 	 Newer or bud leaves affected; symptoms localized. 

1. 	 Terminal bud dies, following appearance of distortions at tips or bases of young leaves. 

a. Young leaves of terminal bud at first
typically hooked, finally dying back attips and margins, so that later growth
is characterized by a cutout appearance
at these points; stalk finally dies at
terminal bud .... Calcium 

b. Young leaves of terminal bud becoming
light green at bases, with final break
down here; in later growth, leavesbecome twisted; stalk finally dies back
at terminal bud.... Boron 

2. 	 Terminal bud commonly remains alive; wilting orchlorosis of younger of bud leaves with or withoutspots of dead tissue; veins light or dark green. 
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a. 	 Young leaves permanently wilted (wither
tip affect) without spotting or marked
chlorosis; twig or stalk just below tip
and seedhead often unable to stand
erect in later stages with shortage is 
acute.... Copper
 

b. 	 Young leaves not wilted; chlorosis 
present with or without spots of dead 
tissue scattered over the leaf. 

i. 	 Spots of dead tissue scattered over 
the leaf, smallest veins tend to
remain green, producing a checkered 
or 	reticulated effect.... Manganese 

ii. 	 Dead spots not commonly present;
chlorosis may or may not involve 
veins, making them light or dark 
green in color. 

--	 Spot!; generalized, rapidly
enlarging, generally involving 
areas between veins and even
tually involving secondary and 
even primary veins; in corn 
commonly broad yellowish to 
whi~ish band between mid-rib and
leaf edge; leaves thick; stalks 
with shortened internoted; 
rosetting .... Zinc 

--	 Young leaves with veins and 
tissue between veins, light 
green in color.... Sulfur 

--	 Young leaves chlorotic, prin
cipal veins, typically green;
stalks short and slender.... Iron 

FIELD TESTS USED TO 	 CONFIRM NUTRIENT DEFICIENCIES 

Tissue Testing 

Tissue testing has some merit for 	confirming 	nutrient deficiencies identified by visual diagnostics. By
using specific indicator chemicals, one can qualitatively estimate
the 	amount of an element in plant sap. Results showing a highcolor intensity usually indicate a high content of the nutrient.Major proLlems associated with tissue testing are 	that the-indicator test 1) varies from one part of the plant to another and 
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2) varies in each stage of the life cycle of the p;ant. Recent
environmental conditions such as drought can change the testresults by reducing utilization of nutrients by the plant.
Detailed instructions are enclosed in the tissue test kit. 

Fertilizer Evaluation: Granular 

Nutrient deficiencies observed in the fieldoften are confirmed with a series of short-termed fertility trials.
Mark off two or three rows approximately 3 meters long or I meter square plots in the field. Then add a single element fertilizer
into the soil of each plot. After one or two weeks, compare plants
in the plots with the rest of the field. Improved growth
disappearance of deficiency symptoms 

and 
in the fertilized treatment 

supports the original diagnosis. 

Whenever field observations suggest morethan one nutrient is deficient, similar plots may be constructed
using various combinations of fertilizers to pinpoint each of the
deficient nutrients. 

Fertilizer Evaluation: Foliar 

The application of fertilizer as foliar sprays often is preferable to soil applications because the plantresponse time may be shorter. In addition, mineral nutrients which are immobile in the plant (Table 1) are easily identified by spray
ing only a portion of selected plants. Absorption of the nutrient 
occurs within a few days and contrast between foliage sprayed with
the fertilizer and foliage not sprayed is quite visible. However,
foliar spray applications require a three- or four-day period
without rainfall to be successful and must be applied carefully toavoid toxi," symptoms from excessive additions of the nutrient.
Approximate solution concentrations are listed below for several 
elements. 

Nutrient solution concentrations for foliar 
sprays: 

N 4% solution of Urea 

P 0.3% solution of P 

K 0.5% solution of K 

Fe 20 solution of FeSO 

Zn .5 to 1.50 solution of ZnSO 

Mn .2 to 2%solution of MnSO with small 
amount of lime 

154
 



Cu 0.5%solution of CuSO with small 
amount of lime 

B 0.1 to 0.3%0 solution of H BO 
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GENERAL DESCRIPTION OF COMMON TOXICITY SYMPTOMS 

Symptom 	 Description 

1. 	 Soil Salinity Symptoms and effects vary widely 
with species. High salinity causes 
stunted plants commonly charac
terized by a deep bluish green
color which results from an 
unusually heavy wax coating on the 
surfaces. The color may be very 
pronounced for sugar beets,
crucifers, alfalfa, beans, clover 
and grasses. Cereals and milo may 
show a reddish color as the plants
approach maturity. Salt accumula
tions in the leaves of many fruit 
trees cause a burning or necrosis 
(commonly called "tipburn") on the 
margins. Chloride (CI-) or sodium 
(Na+ ) frequently is involved. 

2. Chloride Injury 	 Chloride injury is described for 
woody and some other plants as an 
initial burning and necrosis of the 
leaf tips. As injury intensifies,
burning progresses along the mar
gins and may extend with greater
severity into the interveinal area 
of the leaf. 

3. Sodium Injury 	 May appear as a "spot burn" or 
necrotic interveinal areas midway
between leaf margin and midrib. 
Such damage has been reported for 
avocado, raspberry, blackberry,
grapefruit, 7-d others. Excessive 
ex-hangeable sodium, commonly
associated with soil salinity, may 
cause Ca deficiency. The symptoms 
are described in the general key to 
nutrient deficiencies. 

4. 	 Excessive Boron Boron toxicity may occur on plants 
grown in irrigated ,ils where the 
irrigation water contains 1 ppm B 
or more. With many species, exces
sive B causes a tip or marginal 
burn or a gene,-al chlorosis of the 
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leaves. As the leaves mature,
continued toxicity causes a dying
of the leaf from the tip inward. 
Plants may show slight to medium 
toxicity symptoms without a depres
sion in growth. With broadleaf 
plants, there is marginal necrosis 
and the leaf may be cupped because 
of restrictions in the growth of 
the margins. 

5. Excessive Fertilizer Excessive amounts of highly water 
soluble fertilizer used over time 
can cause salinity damage similar 
to that reported for saline soils. 
When fertilizer is placed too near
the seed, damage or death may occur 
in the seedling stage. Where 
excessive fertilizer has been 
applied to a normally growing 
plant, the damage appears first as 
a wilting of leaf margins or the 
entire leaf, depending on the 
fertilizer rate. In a few days,
the leaves dehydrate and dry with a 
marginal necrosis. With very high
fertilizer rates, the plant may
die. 

6. Aluminum Toxicity Plant growth is stunted in strongly 
acid s,ils. The principle cause of 
poor growth is Al toxicity with Mn 
toxicity and Fe toxicity occurring
in some soils. With Al toxicity,
the seedlings are very slow to 
develop and the leaves are a gray
green to reddish-purple charac
teristic of phosphate deficiency.
The leaves are stubby and die back. 
Sensitive plants may fail to grow
beyond the seedling stage. Root 
growth is severely restricted. 

7. Manganese Toxicity In cereals, Mn toxicity causes leaf 
tips to die and interveinal 
necrotic spcts called "leaf 
freckle". With brassica, there is 
necrosis or scorching or chlorotic 
mottling of leaf margins; there may
be interveinal chlorosis and 
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necrotic spotting; the leaves may 
curve or cup upward. With clover 
and alfalfa, Mn toxicity causes 
marginal spotty chlorosis and 
necrosis that proceeds inward as 
the toxicity increases; leaf mar
gins are distorted and the leaf is 
cupped downward. Mn toxicity may
resemble mild Fe deficiency. 
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TOPOGRAPHIC MAPPING USING GRID METHOD 
AND LEVEL* 

by 	W. Clyma and A. Early 

Experience reveals a shortage of mapsneeded to provide essential background for farm planning andengineering design (scale 1:5000 or less). A map that shows
horizontal distances, horizontal angles, and elevations is called atopographic map. The addition of elevation to a map results in the map showing topography (relief of the land surface). A contour map
is the simplest way to show elevation on an otherwise two
dimensional sheet of paper. A contour is an 	 imaginary line ofconstant elevation on the 	surface of the earth. The shoreline oflake is 	 a 

a contour of constant elevation seen frequently in nature as the waterline. A contour line is linear connecting points on a 
map which represents points on the surface of the ground having thesame elevation. The elevation of the contour line 	usually is
indicated by numbers on the line. 

The following characteristics of contourlines are useful guides in drawing and interpreting maps: 

1. 	 Evenly spaced contours show a uniform 
slope. 

2. 	 The distance between contours indicates 
the steepness of the slope. Wide 
spacing denotes -flat slopes; close 
spacing, steep slopes. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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3. 	 Contours that increase in elevation 
represent hills. Those that decrease 
in elevation represent valleys.
Contour elevations are shown at breaks 
in the contour to avoid confusion. 

4. 	 Irregular contours signify rough,
rugged country. 

5. 	 Contour lines tend to parallel each 
other on uniform slopes. 

6. 	 Contours never meet except on a verti
cal surface such as a wall or cliff. 
They cannot cross except in the unusual 
case of an overhanging shelf. 
Knife-edge conditions seldom are found 
in natural formations. 

7. 	 Valleys usually are characterized by
V-shaped contours, ridges by U-shaped 
contours. 

8. 	 The V's formed by contours crossing a 
stream point upstream. 

9. 	 The U's made by contours crossing a 
ridge line, point down the ridge. 

10. All contour lines must close upon
themselves either within or without the
borders of the map. 

METHODS OF MAPPING 

There are three methods of making
topographic maps for agricultural engineering surveying: gridmethod, angle and stadia method, and plane table and alidade method
(telescope alid3de with stadia hairs). The particular method used
depends upon several factors: 

1. 	 Ability of the personnel, 

2. 	 Equipment available, 

3. 	 Personnel available, 

4. 	 Topography of the land to be mapped, 
and 

5. 	 Size of the area to be mapped. 
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Another method of mapping, which hasagricultural application, is aerial photography. The aerialphotography furnishes topographic details unavailable in othermethods of mapping. By using stereoscopes, contours can be addedto the aerial photograph with a minimum of field surveying forhorizontal and vertical control. Aerial photographs may or may notbe available in all areas. 

THE GRID METHOD 

The grid method of topographic mapping hasseveral advantages. It can be done with a farm level and a steeltape, both of which are readily available. The grid method lendsitself to topographic mapping of individual fields and farms wherethe ground surface is relatively flat. The effort spent in thefield doing the survey is about equal to the effort spent inoffice preparing the map. Because the 
the 

running of contour linesacross very flat ground is difficult, takinc. elevations at
regularly spaced intervals should result in a better topographic
map. The grid method is the most widely used method of surveyingfor land leveling because the relocation of each point is simple.The relocation of each point is essential in checking elevations as
leveling progresses. 

Procedure for the Grid Method of Mapping 

Where possible, the area to be mappedshould have two sides that intersect at right angles (90') witheach other. If that is not the case, the diagonals and all foursides of the field need to be measured, or if the fields areirregular in shape, a plane table survey of field boundaries necessary before location of the grid points 
is 

is possible. Two
sides of the field then can be staked at regular intervals for the
grid and the surveying can be done in the same manner as for twosides that intersect at 90 degrees. After a preliminary survey ofthe area to be mapped, two sides are selected to establish thegrid. Each side is staked with tall stakes at regular intervals.The length of the interval depends on the use of the map. Generaltopographic maps frequently are staked at 25 meteror 30 intervals.Maps for land leveling design and computations usually are staked

at 10 to 15 meter intervals.
 

One side of the thenarea is numbered ateach st.ke location from zero to the end of the stakes. The otherside is lettered at each stake location from A to the end of thestakes. The stakes used at each grid point should be a minimum of1 meter high; 2 meters is preferred. 

After the two sides are staked, two additional sides are staked. The stakes start at one and continue tothe end of the lettered points. The other row starts at B andcontinues to the end of the numbered stakes. The rodman then can 
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locate himself at any grid point by sighting along the four stakesthat form the two lines that intersect at his particular grid

point.
 

After the four rows of stakes are established at the grid points, the elevation of each grid point isestablished by profile leveling. Each grid point is designated bythe appropriate letter and number. The survey is closed by returning to the bench mark after the elevation of each grid point isdetermined. • It is important that the arrangement of the grid beshown in the notes on the right side of the page to assure the mapis properly oriented when prepared in the office. 

For watercourse survey purposes, staking isnot necessary. General watercourse surveys require the use of aone-acre grid. The approximate location of the center of an acrecan be obtained visually by pacing, but without taping or stakingthe location. A portable turning point is used at this location togive a representative elevation for the acre. Surveying begins andends at a beoch mark determined in the initial bench mark survey ofthe watercourse are"a. 

required for 
A more intensive data collection scheme isthe detailed survey of sample farmers' fields. Fourelevation determinations per irrigation unit are required for this
purpose. Each might
acre have 2 to 10 of the smallest irrigationunits. The intensity thus increases to 8 to 40 shots on a per acrebasis, depending on the number of units per acre. 

MAP PREPARATION 

The topographic map is prepared from fieldnotes. A map and the field notes from which they were prepared(Figure 1 and 2) immediately follow this article. For relativelyflat areas, a contour interval of 0.25 meters is used. For a more
rolling topography, 
 0.50 meter or 1.00 meter intervals can be used. 

For watercourse mapping, a contour intervalof 0.25 feet is required for general use. For land levelingdesign, a grid spacing of 50 feet is desirable on small levelingjobs and 100 feet is onacceptable large-scale leveling jobs.required precision of leveling is 
The 

+ 0.05 feet (0.10 maximum difference across the irrigated unit). Thus, if topographic maps areto be used for land leveling design work, the contour intervalshould be a maximum of 0.5 feet, with 0.25 feet the preferred
interval.
 

Note that certain information is includedon the topographic map. A title, location of the mapped area,survey personnel, date of the survey, scale, person preparing themap, date of map preparation, legend, north arrow, and important 
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natural and man-made topographic features always should be included 
on the map. 

Maps frequently are prepared with onecontour more heavily accentuated than the others. In Figure 2, the even meter contours, 99.00, 100.00, and 101.00 are more heavilyaccentuated to provide better contrast between the general relief
and the detailed topography of the area. 

The contcurs are entered on the map byplacing a triangular scale or ruler between grid points of knownelevation. The point of even numbered contour is propoitionedbetween the two points, a procedure which assumes a uniform topog
raphy or slope in the vicinity. 
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Topographic Leveling 

No. BS HI FS 

BM, 1.20 101.20 
Ao 2.21
Al 2.47 
A2 2.11A3j 1.38B3 	 1.44
B2 1.86 

BI 2.08 
BO 2.21CO 2.05
C, 2.00 
C2 1.65 
C3 1.25 
C4 0.53
D4 0.53 
D3 1.06
D2 1.27 
1 1.77 

Do 1.85Eo 1.44 
El 1.04 
E2 	 0.90 

0.60 
E4 0.26 

TPI 	 2.51 102.42 1.29 
B41.14 

0.70 
BM, 	 2.44 

BS=3.71 FS=3.73 

Error of closure = FS- BS 
= 3.73 - 3.71 
= 0.02 0.02 Check 

Elev. 

100.00 
98.99 
98.73 
99.09
99.8299.76 
99.34 

99.14 
98.99 
99.11 
99.20 
99.55 
99.95 

100.67 
100.67 
100.14 
99.93 
99.43 
99.35 
99.76 

100.16 
100.30 
100.60 
100.94 
99.91 

101.28
101.72 

99.98 

100.00 

Cloudy, windy Tewolde W.Aug. 19, 	1965 Hailu S. 

BMI - Apoint x, marked on the 
pole stand on the pole next to the 
bridge on the roed to the 
horticulture area - about 4 meters 
from the road and 52 meters from 
the southwest end of the bridge. 

. 
I 6 

U"E 3 3-" 

* a £ • C 
: ' a 

- 4 3 2 0 Ato HO l2cullur. 

Flb 
8M
 

X-I----


I 
Gd 

a Oen01es Grid Slolion 

Figure 1. Field Notes for Topographic Map Using Grid Method 
of Mapping 
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Figure 2. Topographic Map Based on 

Table 1 

167 

Field Notes Contained in 



DIFFERENTIAL LEVELING FOR BENCH MARK
/ SURVEY OF THE WATERCOURSE* 

by W. Clyma and A. Early 

Differential leveling is the process offinding the differences in elevation of any two points. It usuallyrequires several setups of the instrument along a general linebetween the two points. Each setup requires a rod readin9 on a
point of unknown elevation. A bench mark survey is conducted to
provide 
a widely spaced series of points (e.g., headgates,
culverts, bridges) of known elevation from which a topographic
survey is conducted at a later date. 

THEORY OF LEVELING 

Leveling is the process of determingrelative elevation of points some distance apa-t. Figure 1 
the 

illustrates the basic procedure. 

A level is set up at. a locationapproximately between a bench mark (BM) and a turning point (TP).A bench mark is relatively permanent, natural or artificial object
bearing a marked point whose elevation is known or assumed. A 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project.Agency for International Development, 

U.S. 
Contract No. AID/TAC-1100.

Fort Collins, Colorado. 
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H.I. 104.15
 

Linefgto FS 0.55 

H. 1. !02.40 0J 

Line of Sight C BM 

FS 0.45 CI 1;103.60 

E 
0 
,w TP Elev. 101.95 

BM
 
Elev.
 
100.00 

Figure 1. Theory of Differential Leveling 
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turning point is a temporary bench mark for the purpose of continu
ing a line of levels. Portable turning points are provided for 
field watercourse surveys. 

For example, referring to Figure 1, if the
elevation of the bench mark (BM1) is assumed to have an elevation

of 100.000 meters, the elevation of the turning point (TP1) can be
 
determined by leveling. First, the instrument is set up

approximately half-way between 
 BM1 and TP1 and is leveled. A rod 
reading is taken on BM1 of 2.40. This rod reading is termed a
backsight (BS). A backsight is a rod reading taken on a bench mark 
or turning point of known elevation: it is the vertical distance 
between the BMvl and the line of sight of the instrument. The line
 
of sight of the instrument is higher than the bench mark or 
the
turning point. Therefore, the backsight is positive and could be 
described as a plus sight. 

The height of instrument (HI) is the eleva
tion of the line of sight when the instrument is level and cor
responds to the line of sight of the instrument. The height of
instrument is obtained by adding the backsight to the elevation of
the BM1, 100.00, to obtain the HI, 102.40. By turning the teles
cope to bring into view the rod held on TP1 a rod reading called a
 
foresight (FS) is obtained. A foresight is a rod reading taken on
 
a turning point of any other point of 
unknown elevation for which 
the elevation is to be determined. The foresight is subtracted 
from the height of instrument and could be described as a minus
sight. In the example of Figure 1, the FS, 0.45, is subtracted 
from the HI, 102.40, to obtain the elevation of TP, 101.95. 
Therefore, by a process known as leveling, we have determined the
difference in elevation of two points. This method may now be used 
to check the elevations shown in Figure 1, and to determine the 
elevation of TP2. 

Leveling Equations 

From the above definitions, we can derive 
two equations that are beneficial in leveling. The equations are
repeated many times during i leveling exercise, so a person who is 
learning to use the level should become thoroughly familiar with 
them. They are: 

Elev. + BS = HI 

HI + FS Elev. 
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PROCEDURE FOR DIFFERENTIAL LEVELING 

Several procedures and precautions should
be observed for accurate differential leveling. Refer to Figures 2
 
and 3 for sample rod readings and a sample set of notes from a
 
differential leveling exercise.
 

To begin a differential survey, the rodman

holds a rod on BM1 while the levelman goes forward a convenient

distance (not over 100 meters for a Bostrom-Brady farm level) and
 
sets up the level. The levelman takes a reading on the rod and
 
determines where the middle cross hair strikes the rod, in Figure 2

this is at 0.34. This is a backsight and the notekeeper records
 
0.34 in the BS column of the notes. Now the HI is determine.- by
adding the BS to the elevation of the BM, (100.00 # 0.34 = 100.34),

and is entered in the 
notes in the HI column. For the convenience
 
of one who is learning the procedure, a plus sign can be placed

above the BS column and a minus sign above the FS column to indi
cate how that column is used in note computations. 

After the BS has been obtained, the rodman
 
steps the distance from the BM to the instrument and then steps the
 
same distance away from the instrument in the direction of BM2.

Pacing is one of the acceptable methods of balancing the horizontal

distances betweei the backsight and the foresight. The distance

also can be measured by stadia, but the accuracy obtained by taping
is not considered necessary. The effects of refraction, curvature 
of the earth, and lack of instrument adjustment are thereby
eliminated. On slopes, a zigzag path may be taken to utilize the
longer rod length available on the downhill sights. 

CLOSED SURVEYS 

To verify the accuracy of the leveling, a 
return check must always be made. That is, the line of levels must
be continued from BM2 back over a slightly different route to BM1,
the initial starting point. To make the return check independent
of the first line of levels, after the FS is taken on BM2, lift the
level slightly and relevel it so that the HI will be at a slightly
different elevation. This results in a BS on BM2 different fron
the FS and should result in a better check of the line of levels. 
When the survey party has returned to BM1, a closed survey has been
Gompleted. All leveling exercises should be closed surveys so a
check of the accuracy of the survey can be made. Figure 4 gives a
sample traverse for a bench mark survey of a watercourse. Note
that all available permanent structures are used as bench marks. 
These bench marks must be marked with both a waterproof maker and 
with a nail or screwdriver scratch for permanence. Figure 5
provides the sample survey notes for the traverse of Figure 4.
Note the double tabling of points which are both turning points
(TP) and bench marks (BM). Portable turning points are labeled 
PTP. 
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~Elev.~2o2.47 
o 	 0 

4-

IDatumPlane Elev. 	0.00 (Mean Sea Level)I 

Figure 2. 	 Illustration of Procedures for Taking Backsights and 
Foresights of Differential Leveling 



Differential Leveling for Benchmarks 

Sta. BS HI FS Elev. 

BM1 0.34 100.34 100.00 
TP1 2.45 101.16 1.63 98.71
TP2 0.81 101.91 0.06 101.10 
BM2 3.98 101.91 3.98 97.93
TP3 0.00 101.19 0.81 101.10 Sunny, calmTP4 1.98 100.71 2.46 98.73
 
BM1 0.69 100.02 Haily S. & N.
 

Tewolde W.BS = 9.65 FS = 9.63 Aug. 18, 1965
 

Error of closure = 9.65 9.63 0.02- = check 

BM,: the southern bolt on the pole nearest to the 
irrigation lab -- about 5 m from eastern side door. 

BM2:Steel rod on the northeast corner of the 
cattleguard into the livestock area across from 
poultry. 

~BMI 

STORAGE
 
SHED
 

-J 

z 

fl~BM Iz 
0 BM2 

PUMP 
HOUSE
 

BRIDGE 

Figure 3. Example of Differential Leveling Notes 
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( ', culvert 

Sconcrete field outlet 

[] square stone 

Awater- li fting device 

[3 concrete base of power line 
0portable turning point 

y instrurrent setup point 

Figure 4. Sample Traverse for Bench Mark 
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Watercourse Benchmark Survey by

Differential Leveling Area Commanded by
 

an Outlet 11O/JB, Lyallpur 

Sta. 
Sunny, Hot, Calm 

TP, 
TP 2
TP3 
TP4 
TP5 
TP6 
TP7 
TPa 
TP9 
TPo 
TP11  
TP12 
TP13 

TP14 
TP15  
TP16 

TP17 
TP18 
TP19 
TP2o 

BM, 
BM2 
TP2
BM3 
BM4 
BM5 

TP6 
TP7 
BM6 
TP9 
BM7 
TP 1 
BMa 
TP13 

TP14 
BM9 
BIN1o 
BM11 
TP17 
BM12 
BM13 
TP20  

3.02 
4.22 
3.89 
6.87 
4.48 
4.32 
5.10 
4.88 
3.37 
3.85 
4.71 
4.85 
5.17 
4.37 
3.99 
4.00 
6.02 

6.27 
5.33 
4.81 
4.68 

103.02 
103.17 4.07 
102.05 5.01 
104.85 4.07 
102.44 6.89 
101.75 5.01 
101.60 5.25 
101.50 4.98 
99.61 5.26 
99.28 4.18 
99.98 4.01 
99.56 5.27 
99.44 5.29 
98.81 5.00 
98.28 4.52 
98.37 3.91 

100.77 3.62 
/5.91/ 

101.77 5.27 
102.82 4.28 
103.74 3.89 
104.72 4.51 

100.00 
98.95 
98.16 
97.98 
97.96 
97.43 
96.50 
96.62 
96.24 
95.43 
95.27 
94.71 
94.27 
94.44 
94.29 
94.37 
94.75 
94.86 
95.50 
97.49 
98.93 

100.11 

Wanyam 
Zahid 
Aug. 18, 1975 

Outlet Scratch Mark - Upstream Side 
Concrete Corner of Squares 3,4,7and 8 
Sq. 6: CBPL - Scratch 
Sq. 14: CBPL- Scratch 
Sq. 13, 14: Concrete Culvert - Upstream 
Sq. 15, 16, 17. 18: Square Stone - Scratch 
Sq. 25, 26, 28, 29: Square Stone - Scratch 
Concrete Corner of Squares 25, 26, 28, 29 
Sq. 23: CBPL - Scratch 
Sq. 21: CBPL - Scratch 
Sq. 20: CBPL - Scratch 
Sq. 11: Concrete Culvert: Scratch -

Downstream 
Sq. 9: Steel Frame on Water-LIfting 

Device Base - Scratch 

Outlet 

BS = 98.20 FS = 98.09 0.11 = Elev. Diff. 

Error of Closure = 98.20 - 98.09 = 0.11 

Figure 5. Watercourse Benchmark Survey Notes by Differential Leveling 
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ERROR OF CLOSURE 

If no errors are made in a closed survey orif the errors have compensated, the elevation determined for BM1 bythe return check will be the same as the original elevation of BM1.Generally, these elevations are not exactly the same due to errorsin rod readings or instrumental errors. The amount by which theoriginal BM elevation and the BM elevation observed upon the returncheck fail to. agree is called the error of closure. 

Allowable errors of closure for a surveyare a function of the accuracy of the instrument and the length ofthe survey or the number of times the instrument is set up. For aBostrom-Brady level, the allowable error of closure equals 0.01
meters per two instrument 
setups (0.01/2 setups). For the notesshown in Figure 3, there were four instrument setups so the allowable error of closure was 0.02, the actual error for the survey.For general leveling purposes with available equipment, the allowable error in English units (feet) is given by: 

Allowable error = 0.007 \length of traverse in feet 
100 

If the sample traverse for Figure 4 were20,000 feet, then the allowable error is 0.0989 or 0.10 feet.Bench mark surveys that do not meet this standard must be resurveyed completely until the error of closure is less than the allowable error. The survey notes provided in Figure 5 does not meetthe standard and must be repeated. 

CHECKING THE LEVEL NOTES 

The computations of the level notes alwaysshould be checked by comparing the difference between the sum ofthe backsights and the sum of the foresights with the differencesbetween the initial and final elevation of the bench mark. Thiscomputation checks the notes for errors in arithmetic. The twodifferences must agree or an error in arithmetic has been made. Noset of leveling notes is complete without an error of closurecomputation and check of the arithmetical accuracy of the notes
before leaving the field. 
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USE OF THE BENCH MARK SURVEY 

The bench mark survey, when completedthe required standard of accuracy becomes 
to 

a basic reference forsubsequent field surveys. The permanent bench marks then canbecome starting points for any portion of the profile levelingsurvey of the watercourse and of the topographic survey of thewatercourse. This set of bench marks is then a set of known elevations which facilitate the completion of these other surveys. 

PORTABLE TURNING POINTS 

While profile leveling, bench marking ortopographic surveying, the need for intermediate turning pointsarises frequently. The placement of the staff rod on the ground oron the bed or the watercourse can lead to errors of major magnitude
if changes in rod elevation occur when the rod is rotated in contact with the soil. To avoid that problem, portable, stable turning points are provided for field use. Figure 6 shows this simplesurveying item which is nothing more than a 4-inch square pieca of#14 or #16 sheet metal with one-inch corners bent down at 90degrees from the face to form four legs. A rivet in the centerholds a chain handle to the bottom side. The rod is rotated on therivet after the turning point is forced into the ground. 

Figure 6. Portable Turning Point for Field Use 
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PROFILE LEVELING OF MAIN AND LATERALCONVEYANCE CHANNELS* 

by W. Clyma and A. Early 

Profile leveling is the process of determining the elevation of the ground surface at a series of points atmeasured intervals along a drainage ditch, terrace, waterway, road,or any other ground surface where it is necessary to consider
 
changes in elevation.
 

TAPING PROFILES 

It is necessary to tape or otherwise

measute the horizontal distances 
 for a profile. Vertical distancesalong the profile have no meaning without the corresponding
horizontal distances between changes in elevation. 

Stakes or caining pins usually are set
along the fixed line for a profile survey. These stakes or chain
ing pins usually are set before the survey is made. Stakas areplaced at fixed distances along a survey, i.e., 25 feet, 50 feet,or 100 feet, depending upon the detail required for the survey. Inaddition, stakes are set at points where the line changes direction
and at every full station. For the profile survey of the water
course main and the major branches, chaining pins should be used to
mark the stations at 25 feet distance intervals. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. .. S.Agency for International Development, Contract No. AID/TAC-1100. 

179
 



A full station is 0 + 00, 1 + 00, 2 + 00,and so forth. Stakes set at any other point between the fullstations are called plus stations and are designated, for example,1 + 25. Note that 0 + 00 designates the beginning of the line.Distances along the line indicate the full stations and the plus
stations. For instance, 160 feet is written as 
 1 + 50 feet. Thus,the digits to the left of the + designate the distance in multiples
of 100', while those to the right indicate less than 100'. The
station number is marked usually upon that side of the stake facing0 + 00. Stakes are arranged, when possible, so the wide part ofthe 2 inch x 5 inch stake points to the next station on the line. 

A stake is driven at each station locatedon the profile. Each station is entered in the field notes. Pinsare no longer necessary to count tape lengths because the length ofthe line is recorded in the notes. For other than 100 feet tapes,two pins may be used to measure full tape lengths. When other thana full tape length is measured, the rear chainman holds the partialtape length at the appropriate point. The stake is located forthat station. The notekeeper adds the partial tape length to hislast station and records the new station. Because the head chainman has the zero end of the tape, the intermediate distances areread directly on the tape without subtraction. 

Intermediate Sights 

The purpose of the profile survey isdetermine the true slope of the ground surface or watercourse 
to

bedsurface. This that where anmeans there is obvious change in theslope of the ground or bed surface, a stake is placed and an intermediate sight (foresight or minus sight) Is taken so the elevationof the ground surface at that point can be determined. Theforesights for a profile are called intermediate sights because
they are foresights intermediate or between the foresights taker on
turning point (TP) for a continuing line of levels. 
 The studen'-,beginning to take profiles has a tendency to make more intermeaiaterod readings than necessary. The guide to remember (so none i:
left out) is to take an intermediate shot wherever the ground
surface changes slope. If in doubt, take the rod reading. It issimpler to have an extra rod reading than to leave out a necessary
reading. 

PROCEDURE FOR PROFILE LEVELING 

Establish the centerline of thewatercourse, terrace outlet channel, or road to be profiled.Measure the line accurately, setting stakes at all points where rodreadings are to be taken. Set up the level near the line to beprofiled. It is normai to offset the instrument from the line soas more nearly equal horizontal distances from the instrument tothe rod can be obtained. A rod reading is obtained on the bench 
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mark (BM) and the height of instrument (HI) is determined. 
Frequently, the bench mark is located so more than one instrument 
setup is required before the rod can be read at the 3takes located 
on the profile line. When this is necessary, the turning points 
are selected and the notes are as for a differential survey. Rod 
readings are observed on the ground or bed with the portable turn
ing point adjacent to the stake of chaining pin for the inter
mediate shots. For turning points, all rod readings are taken on 
top of a stake, if the stake is used, or on the portable turning
point, if chaining pins are used. When placing the rod adjacent to 
a stake for an intermediate shot, always try to select average
ground. That is, the rod should not be placed in a hole on the top
of a hill or on a clod. The location should represent the average
of the ground surface immediately around the stake. 

For an example of a ground surface prcf;i e
and corresponding rod reading, see Table 1 and Figure 1 immediately
following this article. After the instrument is leveled, a rod 
reading is obtained on the bench mark and the height of instrument 
computed. In the example, a backsight (BS) of 1.02 gives a height
of instrument of 101.02, a rod reading then is obtained near 0 + 00 
for the first shot, 0 + 38.03 for the second shot, and so forth,
until station 0 + 72.56 has been read. A turning point then is 
necessary; being selected, a foresight of 1.60 is obtained on the 
top of the stake. The instrument is carried to a new position
along the line, releveled, a backsight of 0.98 obtained on the 
turning point, and a new height of instrument computed. Now we are
ready to take additional intermediate shots along the profile line. 
The process is continued until the profile is complete. A sample
of a complete set of profile leveling notes is shown in Figure 2. 

CLOSED SURVEYS 

In profile leveling, as in differential 
leveling, a closed circuit of levels must be made to check the 
accuracy of the survey. This is done, as in differential leveling,
by running a line of differential levels back to the bench mark 
from which the survey began. 

ERROR OF CLOSURE 

The method of checking the note computa
tions and computing the error of closure is shown in Figure 2. 
Note that for a profile survey, the foresight (FS) and the back
sights (BS) used for computing the error of closure are only those
taken on the bench marks (BM) and turning points (TP). The inter
mediate rod readings are not used in the computation for error of
closure. The only method of checking the intermediate rod readings
is to rerun the entire profile. 
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PLOTTING PROFILES
 

Profiles usually are plotted on paper; theresult is called a cross section (Figure 3). Special profile papercan be obtained to simplify plotting, but any ruled paper may beused. Because vertical distances in elevation usu~ally are muchless than horizontal distance covered by the profile, the verticalscale of a profile generally is exaggerated with respect to thehorizontal scale to make differences in elevation more pronounced.The exaggeration usually is on a ratio of 10/1. That is, for ahorizontal scale of 1:500, (i.e., 1 foot equals 500 feet) thevertical sca!a would be 1:50 (1 foot equals 50 feet). Because thepoints plotted on the paper from the profile represent "averageground", it is normal practice to draw smooth lines (not straight
lines) from point to point. 

The plotted profile is used for manypurposes, such as: determination of depth of cut for a drainage orirrigation watercourse; determination of fill for a farn. pond;and/or selection of grades for a drainage ditch, irrigation
watercourse, or culvert. 
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Table 1. Notes For Profile Shown in Figure 1 

(Left Side) 

Profile Leveling 

Sta. BS HI FS Elev. 

BM1 1.02 101.02 100.00 
0+00 1.21 99.81 
0+38.03 1.47 99.55 
0+50.14 2.11 98.91 
0+72.56 1.50 99.44 
TP1 0.98 109.40 1.69 99.31 
1 + 80 1.09 99.31 
1+42.43 1.21 99.19 
1+89.75 2.12 98.28 

-H.I.= 101.02
 
Line
_ -Of Sig_h_ 

in -- M W M H.I.= 

BMI U:0 "'  Line. of !LisghL_I100.40 
_-

0+00 
038.03 +00 ,"

0+ 50.14 1+42-43 U: 

1+89.75 

Figure 1. Rod Reading for Profile Leveling 
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Profile for Ag. Engr. Culvert 

No. BS HI FS Elev. 

BM1
0+00 
0+4.12 
0+8.75 
0+12.50 
0+ 15.96 

1.62 101.62 
0.51 
0.86 
1.14 
1.39 
0.92 

100.00 
101.11 
100.76 
100.48 
100.23 
100.70 

0+20.58 
0 + 27.85 
0+30.00 
0 + 36.90 
0+39.42 

1.65 
1.98 
2.16 
2.39 
2.25 

99.97 
99.64 
99.46 
99.23 
99.37 

0+42.30 
TP1 
0+48.4 
0+58.56 
0+60.00 
0+65.83 
0 + 69.90 
0+72.18 
0+72.65 
0+73.19 
0+76.49 
0+81.55 
TP2 
0+83.15 
0+85.30 
0+88.10 
0+90.00 
0+93.40 
0+97.31 
TP 
TP4 
BM1 

0.23 

0.54 

3.32 
1.72 

99.70 

96.93 
96.93 

99.70 
100.93 

2.76 
2.15 
1.26 
1.91 
1.95 
1.93 
3.05 
3.44 
3.60 
3.48 
3.30 
3.50 
3.31 
1.27 
1.49 
1.56 
1.83 
1.90 
2.21 
0.55 
0.49 
0.92 

98.86 
99.47 
98.44 
97.79 
97.75 
97.77 
96.65 
96.26 
96.10 
96.22 
96.40 
96.20 
96.39 
95.66 
95.44 
95.37 
95.10 
95.03 
94.72 
96.38 
99.21 

100.01 

,BS = 7.43 .1FS = Y.42 100.00 

Error of closure = IBS - I FS 
= 7.43 - 7.42 
= 0.01 0.01 check 

Tewolde W. R&N 
Mehary T. 

Cloudy, shower 
Oct. 7, 1965 

BM: an x mark on the retention wall 
at the north side of the Agri. Engr.
building, about 2.60 m above the 
first step, under a lamp post. 

Figure 2. Complete Set of Profile Leveling Notes 
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Figure 3. Cross Section Plot for a Profile Leveling Exercise 



FIELD AND WATERCOURSE ORIENTATION 
MAPPING USING PLANE. TABLE AND 

PEEP-SIGHT ALIDADE* 

by W. Clyma and A. Early 

The plane table and alidade frequently are
used where layout maps of irregular field and watercourse orienta
tions are needed. They permit 1) the map to be prepared while
surveying is done; 2) watercourse and field layout are shown on map
to be checked with the actual layout; and 3) design and staking is
completed in one operation, thereby avoiding return trips to the
office and/or field. The principal disadvantage of using the plane
table and alidade is the extra field time necessary. When bad 
weather occurs, no work is possible. 

The basic equipment consists of a tripod,
drawing board, alidade equipped with peep-sight alignment hairs,
rod, tape, and pencil, paper and scale for preparing the map.
Paper is fastened to the board and positions plotted on the paper
by sighting through the alidade for direction and d.termining the 
distance by taping. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.
Agency for International Development, Contract 'No. AID/TAC-1100.
Fort Collins, CO. 
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THE PLANE TABLE 

The plane table (Figure 1) is a rectangularboard (1) usually 18 x 31 inches (46 x 79 cm) that can be attached
to a tripod. The table is leveled by changing the legs' position
and lengths. A spirit level is used to level the table (2). 

The alidade also is illustrated in Figure 1and has two peep-sight brackets (3). The vertical hairs are 18
inches apart; The alidade has a linear base (4) for support whenresting on the table. The sighting edge of the support (5) usually
is leveled. A small magnetic compass (6) properly orients the
 
plane table.
 

SETTING UP THE PLANE TABLE 

Set up the tripod and plane table at anappropriate central location with respect to the line of sight for
the field layout or the watercourse to be mapped. Level the table
using the level bubble on the separate level provided. Then rotate
the table in a horizontal plane until magnetic north is at the top

of the map or until another reference direction is selected.

Designate the location of the instrument on the map arbitrarily or

by using other known points to determine instrument location. A
 
map then can be prepared using the alidade to sight locations and
 
the tape to determine distances. 

Other types of alidades can be used to

determine both elevation and stadia distances. Because it is

difficult to maintain a precisely leveled table, it may be advan
tageous to use the plane table for locations and the farm level for

elevations. Though this procedure may duplicate equipment, the

level eliminates most of the difficulties for good elevation
 
control.
 

ORIENTING THE PLANE TABLE 

Locating the instrument on the map to bemade usually is accomplished by either compass or backsighting. 

To orient the table by compass, place thealidade in the direction desirable for a north-south line. Then 
rotate the table until the compass needle points to magnetic north.
Change the board and draw a line on the paper for future reference
and to periodically check the orientation of the board. 

Orientation of the board by backsighting
requires two points be located in the field. The points may or may
not be located on the map. If not on the map, the orientation of
the line is assumed for best use of the paper in the construction
of the map. Distances in all directions may be estimated and 
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Figure 1. The Plane Table and Alidade 
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scaled to make sure the scale selected permits inclusion of all the
 
area to be mapped.
 

If two points (A and B) already are locatedon the map, the instrument can be located at either point. Thenpoint the alidade along the A-B line and rotate the table until A
(or B) is sighted and aligned with the vertical hair.
 

If point A is located on the map and pointB is a more desirable instrument location, set up the instrument at
point A. The table initially may be oriented by compass or by 
someother known line. You then sight the instrument at point B and

draw a line. The distance to B can be measured by pacing 
ortaping, depending upon the accuracy required. Mark point B. Movethe instrument to point B, set up, and point the alidade along lineB-A on the map. Rotate the table until the vertical hair is
aligned on point A. 

After the table is oriented, locate severaldistance objects and identify short lines at the edge of the mapwith a description of what the objects are. The orientation of thetable then can be checked periodically without having the rodmanreturn to point A. By carefully selecting well-defined objects onthe skyline, reorientation of the table is more accurate. Largedistances require minute adjustments for proper orientation. Place a straight pin in the table at the point representing instrument
location. Keep the alidade against the pin when sightinglocations. Even with the pin, care is required to keep the line of
sight of the alidade radiating from the station.
 

Locate points on the map that requireprecise locations by intersection or triangulation. With theinstrument at one location, draw lines to represent the line ofsight to the desired points. Relocate the instrument by carefullytaping the distance to the new location. Draw the line of sightlines from the location to the desired points. The location of thepoint is where two lines intersect. By using three instrument
locations, a triangle of is formederror around each point. The
methods are indicated in Figure 2. 

ILLUSTRATION OF METHOD 

A sample field and watercourse layoutsurvey and map are illustrated in Figure 3. Points A and B arepoints of known location. The distance between the points istaped. The plane table is set up over point A and the mappingsheet set up with the points A and B separated by the scaled length(usually 1' = 220'). The alidade is aligned to sight from A toand the dotted line rays then 
B 

are made to the corners of the field(1, 2, 3, and 4), the centerline of the watercourse (5 and 6) andthe boundaries of the next field (7 and 8), centerline of the bund. 
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6 Plane Table Location . ,, 
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Intersection 

Figure 2. Illustration of the Intersection and Triangulation 
Methods of Locating Points 
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Figure 3. Step Number One in Plane Table Mapping (Plane Table 
over Point A) 
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The plane table is moved and set up overpoint B and oriented to point A (Figure 4). The points 1, 2, 3, 4,5, 6, 7, and 8 are resighted and appropriate dotted line rays drawn as illustrated. Once the intersecting rays are obtained, the field
boundaries are drawn, as shown, with solid lines. In a like 
manner, points B and D are chosen in the next field (Figure 4).The distances from B to C and C to D are taped and the procedure

ontinues for mapping the entire area. 
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Figure 4. 	 Step Number Two in Plane Table Mapping (Plane Table 
over Point B) 
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CUTTHROAT FLUME: 

INSTALLATION AND USE 

by D. Molden 

INTRODUCTION 

T'he importance of being able to accure ly 
measure the flow in open channels has led to the development of 
many types of flow measuring devices including flumes, weirs, and 
flow meters. The cutthroat flume is a recent addition to these. 
There are many advantages to tie cutthroat flume which make it well 
suited for use in irrigation channels. These include: 

1. 	 good accuracy for Loth free flow and 
submerged flow conditions, 

2. 	 low head loss through the flume, 

3. 	 good for low gradient channels such as 
irrigation channels, 

4. 	 simplicity of fabrication, and 

5. 	 easy installation. 

THEORETICAL CONSIDERATIONS 

The cutthroat flume is a flat-bottomed 
flume with conva,-ging and diverging sections m'eet'ng at the throat 
(Figure 1). Unlike the Parshall flume which has parallel vo, ical 
walls at the throat, the cutthroat flume has no throat length; thus 
the name "cut"-throat. All cutthroat flumes of different sizes are 
geometrically similar resulting in similar flow patterns: this 
facilitates calibration of the flumes. 
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Figure 1. Sketch of a Cutthroat Flume 



Free Flow Analysis
 

Free flow 
occurs when the flow is critical near the xhroat section (Figure 2). When free flow exists, thedownstream depth does not influence the upstream depth resulting in 
a direct relationship between the upstream depth and the discharge.
Only the upstream depth need be measured. 

The relationship giving discharge as afunction of upstream depth and flume geometry is an empirical
formula. It is necessary to measure only the upstream depth. The
discharge can either be found on a table (See Auxiliary 	Tables 3
and 8following this article) or with the following r-ating equation: 

KIW 1.0 2 5 hanQ = 

where 

Q = discharge (cfs),
 

W = throat width (ft),
 

ha = upstream depth (ft), and
 

K, nj = coefficients. 

The coefficients for selected flume sizes are 	given in Table 1. 

Table 1. 	 Summary of Coefficients and Transition Submergence for 
Selected Flume Lengths 

Coefficients Flume Length in Feet 
1-1/2 3 6 9 

K1 6.40 4.500 3.740 3.500
 

n 2.00 1.840 1.645 1.560
 

K2 3.75 2.580 2.040 1.700
 

n2 1.60 1.475 1.390 1.380
 

S t 	 .50 0.650 0.740 0.800
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Submerged Flow Analysis 

The flow becomes submergeo when at allpoints through the flume the depth of flow is greater than critical
depth (Figure 2). bothIn ths case, upstream and downstream
depths need to be measured. Discharge can 

flow 
either be obtained from a table (Auxiliary Tables 4 to 7, and 9 to 11) or from the follow

ing equation: 

Q = K2W1 
025(hahb)l 

log (hb/ha)] n2
 

where:
 

hb = downstream depth (ft). 

The coefficients used in the equation are given in Table 1. 

Transition Submergence 

The question arises, how do I know if afree flow or submerged condition exists? To answer this question,
the submergence (S) which is the ratio of downstream to upstream
flow depths (hb/ha) must be determined. The submergence is compared to the transition submergence (St) given in Table 1 which is
the value of submergence where 
 free flow changes to submerged flow.If the value of measured submergence is less than the transition
submergence, then free flow exists. If the value of measuredsubmergence is greater than the transition submergence, submerged

flow exists.
 

FLUME SELECTION 

Site Selection 

There are many reasons for using fl.,ns andmany questions that can be answered by their use. With the purposeof measurement in mind, an appropriate site needs to be selected.There are a few important considerations to be taken into account
before the flume is installed. 

Installation of flumes will cause water tobe stored behind the flume and the water level upstream from theflume to rise. Be sure enough freeboard (i.e., the extension ofchannel banks above the water surface) is available so that the
channel banks will not be overtopped. 

If you place the flume near an inletstructure, be careful that the inlet does become as anot submerged
result of increased flow depths. Submergence of the outlet changesthe flow which is being measured. Chances of inlet submergence are 
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greater on a flat gradient channel than a steep gradient channel.Operating the flume under free flow conditions will cause the rise
in water level to be greater than if operating under submergedconditions. The fall in the channel bed is the difference between
the elevation of the channel bed at the inlet structure and the
channel bed at the flume. 
 If the rise in water level at the flumeapproaches the fall in the channel bed, submergence may be a
 
problem.
 

To determine if inlet submergence isoccurring, before and after flume installation record the water

level in the channel delivering water to the inlet structure just
downstream of the inlet structure. If there is a change in these
 
water levels after flume installation (assuming the flow in the
delivery channel remains constant), inlet submergence has occurred.
The flume then should be moved further away from the inlet 
structure.
 

A second method used to determine submergence calls for the installation of a second flume about 1000 feet(300 meters) downstream from the first flume. You then remove theupstream flume. If there is an increase in discharge in the downstream flume, the upstream flume is causing inlet submergence. If
inlet submergence occurs, place the flume further upstream and 
check again for inlet submergence. 

The direction of flow entering the flumemust be parallel with the flume. The flume should be placed in astraight section of the channel away from any bends or flow constrictions (e.g., culverts). It is a general rule that a flumeshould be placed at least ten channel widths from a bend or
structure. Water stored upstream from the cutthroat flume often appears to the farmer that the flume is "eating" water (that is,reducing the flow). This perception does not make for happy
farmers! As it is important to maintain good relations with the
farmer, the following suggestions might prove beneficial. 

Completely explain your project to the
farmer. Try to convince the farmer that 
the project's purpose is to help him to 
achieve better water management. 

Never make false promises (for example,
getting the water supply increased). 

If the farmer is still unhappy and uncon
vinced of the impact of the flume, it isbetter not to argue. outSeek a more
cooperative farmer. 
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Sizing the Flume 

When considering flume selection, operatingconditions and economy must be balanced. The following steps

present a procedure for determining the flume size.
 

1. 	 Obtain the dimensions of the channel. 

2. 	 Determine the maximum expected 
discharge. 

3. 	 Obtain the maximum flow depth cor
responding to this discharge. If 
necessary, use the high water mark on 
the channel. 

4. 	 Find the maximum allowable channel 
water level without infringing greatly 
on the freeboard. This is especially
important if the flume is to be 
installed for a long period. 

5. 	 Determine the increase in upstream flow 
depth. The downstream flow depth will 
remain approximately the same after 
flume installation. The rise in chan
nel depth is then given by ha - hb. 

6. 	 Choose the throat width that will not 
cause overtopping of the channel banks. 
Overtopping of channel banks by an
increase in the flow depth provides a 
limiting condition for selecting the 
minimum sized flume. (See Example 
Number One following article.) 

Dimensions Check 

The equations and tables relating flowdepth to discharge were all determined in the laboratory with
flumes of specified geometry. In order to obtain accurate flow 
measurements in the field, it is imperative to select flumes with
dimensions meeting specifications. Each flume Is geometrically
similar so the dimensions can be found by using Figure 1.Auxiliary Table 2 lists dimensions of commonly used flumes. 

Before accepting the flume each dimension
should be carefully measured and 	checked against the specified
dimensions. A tolerance of 1/16 inch (0.2 cm) is allowable, If
the 	difference between measured and specified dimensions is greater
than the tolerance, reject the flume. 
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In addition to checking the dimensions ofthe flume some qualitative observations should be made. The fol
lowing checklist insures selection of a reliable flume. 

1. Staff gages are perpendicular to the 
floor. 

2. 	 The distances to the staff gage or 
stilling well inlet are precisely La 
and L.b• . If a staff gage is used, the 
distance is measured from the middle of 
the gage markings. 

3. If stilling wells are used, the zero 
point of the staff gage in the stilling
well coincides with the flume flcor
inside the converging and diverging
sections of the flume. 

4. 	 Sides of the flume are perpendicular to 
the floor. 

5. 	 Sides are plane surfaces, free of
 
buckles and bulges.
 

6. 	 The floor bottom are a plane surface', 
free of buckles and bulges. 

7. 	 The flume walls come to a point at the 
throat section of the flume 

8. 	 There are cross braces across the top
of the flume parallel to the flume 
floor at the center of both the inlet 
and 	outlet sections. 

9. 	 Metal strips have been placed on top of 
the flume walls on both sides of the 
flume and near the center of the inlet 
and outlet section. 

10. 	 If bolts or other means of attaching
staff gages to flume walls are used,
make sure these do not protrude into 
the flow. 
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Flume Installation 

The 	flume should be level both in thelongitudinal and transverse directions. The bottom of the flume is
the 	point of reference to level the flume. In cases where the
flume is to be installed in flowing water or the flume is already
in flowing water, it is not possible to use the bottom of the flume 
as a reference point. Reference points should be made on the top
of the flume to check if the flume is level. To establish these 
r- <erence points: 

1. 	 Level the flume in both longitudinal
and transverse sections using a 
carpenter's level near the throat of 
the flume. 

2. 	 With the flume bottom level, find a 
location on top of the flume either at 
the throat section or the crosspiece at 
the start of the throat section. Mark 
this location. 

3. 	 For the longitudinal section find a 
place on the walls of the inlet or 
outlet section that is level. Mark 
this location. 

The flume can be installed for either free or submerged flow. The advantages of submerged flow conditions are 
that the flume can be placed directly on the channel bottom.
Secondly, there is less head loss than in free flow since there is
less increase in the flow depth upstream of the flume for submerged
flow conditions. The advantage of free flow is the ease of 
measurement because only the upstream depth need be measured. 

If free flow conditions are desired, the
flume must be raised frequently from the bottom of the channel. To 
assure free flow, first determine the maximum expected flow depth
(h i ) without the flume in place. Obtain the upstream flow depth
( 	 ) for the maximum expected flow rate using the appropriate
tabe or equation. Place the flume at an elevation of at least (hi-h a x St) from the channel bottom where St is the transition
submergenco. Remember: installation of a flume causes water to
rise behind it. The upstream flow depth corresponding to the 
maximum discharge with the flume in place is ha plus the elevation
of the flume above the channel bottom. (See Example Number Two 
following this article.) 
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To install the flume, follow the steps
below: 

1. 	 Place the flume in the center of the 
channel parallel to the direction of 
flow. 

2. 	 Adjust the flume until it is level in
both longitudinal and transverse 
directions. 

3. 	 Properly seal the sides and bottom of 
the flume so that all the 	water passes
through the flume. Plastic sheets or
cloths can be used as cutoff walls. 

4. If the flume has been in the channel
for 	an extensive period its orientation 
may change. Occasionally check the 
flume to make sure it is level. 

DISCHARGE DETERMINATION 

Either stilling wells or staff gauges canbe 	used to measure flow depth. In either case, they need to belocated at the correct locations for accurate dischargedeterminations. Stilling wells have the advantage that the flowdepth can be measured at a calm water surface as opposed to a staffgauge placed directly in the flow. In addition, continuous recorders 	can be used with stilling wells. If a 	staff gauge is used, itmust be set vertically at the measuring points (Figure 1). 

Reading a Staff Gauge 

Staff gauges have a scale from which thtdepth of water can be determined from a fixed reference point (the
bottom of the flume 

is 	

in this case). The divisions on a staff gaugealways in tenths independent of whether English or metric units 
are 	used (Figure 3). 

The 	key to reading a staff gauge is recognizing that the markings are different from those on a ruler. Lookclosely at the markings between the 	tenth markings on the staffgauge. At the foot and tenth of a foot marks the black marks aretrapezoidal with the point on the 	upward side of the trapezoid.There are four black markings between each tenth marking. On thethird black mark from the bottom, there is another trapezoidal withthe 	point on the downward side. This point marks the halfway pointbetween tenths. After these observations, verify that the bottomedge of the black mark represents the 1/100 mark and the top edge 
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of the black mark corresponds to the next 1/100 reading. Note thatthe top of the black mark corresponds to an even number and the
bottom of the black mark corresponds to an odd reading. 

The 	following procedure demonstrates how to
read a staff gauge. 

1. 	 Determine the water level at the staff 
gauge. If the water is "bouncing", try
to take the average of high and low 
depths. In this example, assume

4- .	 water level is at AA 1 . 
thei 

2. The reading is above 3 feet but less
9 than 4. 

8 	 3. The reading is between six-tenths and8 -seven-tenths of a foot. 

= 	 4. The water level is at the bottom of: the 
. 1second black mark from the 	bottom1A- - -	 corresponding to 3/100.

6 =
 

5. 	 From Steps 2, 3, and 4 the total read
ing is obtained:5-
Step 2: 3.00
 

4 Step 3: .60 

3 	 Step 4: .03 
2, 	 3.63 

The 	final reading is 3.63. 

B--- - B 1 For practice, verify1 that the readingsB corresponding to BB is 3.06 and CC] is 
.3.95. 

Figure 3. Staff Gauge 
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Finding the Discharge 

To 	determine the discharge through theflume, it is necessary to find whether free flow or submerged flowexist. This will indicate the appropriate tables or equations
be used. The steps are 	

to 
as follows: 

1. 	 Determine whether free flow or sub
merged flow exists. 

- Measure ha and hb.
 
- Calculate the submergence (S = hb/ha)
 
- Find the transition submergence (St)


from Table 1. 
- If S > St then submerged flow exists. 
- If S < St then free flow exists. 

2. Determine the discharge from the
appropriate table (see Auxiliary Tables 
3-11), or equations using the correct 
measurements. 

Examples: 

1. Given: 8 in x 3 ft flume (W 	= .67 ft) 
ha = .40 ft 
hb 	 = .30 ft 

- Determine whether free flow or sub
merged flow exists. 

- S hb/ha = .30/.40 = .75 

- St .65 (from Table 1) 

Submerged flow exists. 

- From Table 5 find the discharge. 

- ha-hb = .40".30 = .10 ft 

- Find the column under ha-hb cor
responding to 10 feet. Find the 
row listing values of ha cor
responding to .40 feet. At the
intersection of the row and column 
the 	dischargB is given. 

The discharge is .5 cfs. 
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- The discharge could also be found
 
using Equation 2.
 
Q K2wl025(ha-hb)nl
 

- log(hb/ha2
 

2.580 x .671.025(.4-.3)1.84 

- log (.75 J1.475 

= .53 cfs 

2. Given:
 

- 4 in x 3 ft flume (W = .333 ft) 
- ha = .80 ft 
- hb = .40 ft 

- Determine whether free or submerged 
flow exists 

S = ha/hb = .40/.80 = .50 

St = .65 (From Table 1) 

Free flow exists. 

From Table 3 for free flow, the 
discharge through the flume is 
found. 

- Locate the column corresponding 
to a 4 in x 3 ft flume. 

- Locate the row corresponding to 
h = .80 ft. 

- The discharge is given at the inter
section of the rcw and column. 

Q = 0.97 cfs 
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The discharge can be found using
equation 1. 

Q K1W1 0 25 han 

4.5(.3331.025)(.801.84) 

= 0.97 cfs. 

APPLICATIONS 

Determination of losses in a conveyance

channel requires installation of two flumes. For example, if the
 
conveyance loss fro"i irrigation channel
the inlet to the field 
turnout is desired, a flume should be placed as close as possible
to the channel inlet (avoiding inlet submergence). The second
flume should be placed as close as possible to the farm outlet.
The length of channel between the two flumes shou!d be walked and
 
notes should be made of any losses including spills, leaks, trading

between farmers, and water diversions into other branches. After

installation of flumes, the flow will take time
some to adjust
itself. Wait until steady-state conditions (ha gauge reading
remains constant with time) before taking readings. 

Water Delivery Efficiency 

Water delivery efficiency (Ed) is the ratio 
of flows of the downstream flume to the upstream flume. 

Ed (%) = 100 x Q downstream 
Q upstream 

where: 

Q upstream = flow measured in the upstream flume 

Q downstream = flow measured in the downstream 
flume. 

Channel Losses 

Channel losses consist of seepage to the
gaoundwater, spills, leaks, overtopping of the banks, and any other 
means by which water leaves the channel in an undesired manner. 
Losses may be reported in many ways. A few are given: 
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1. Percent Loss,
 

Loss(%) 	= 100 - Ed(%) 

= Q upstream - Qdownstream x 100 
Q upstream 

2. 	 Loss as discharge rate per unit length of 
channel, 

Loss = Q,	upstream- Qdownstream (5) 
length of channel 

The loss can be reported for a specified 
length of channel by multiplying by the specified length. For 
example, loss in I/s per 100 m can be found be multiplying the loss 
by 100 m. This method can be used to compare different channel 
lengths. 

3. Seepage Rate (length/time), 

To get the seepage rate determine 
an average wetted perimeter over 
the length of the channel section. 
The seepage rate is given by: 

Seepage 	rate = 

Q upstream - Q downstream (6) 
(length of channel)(wetted perimeter) 

Water Application Depth 

Using a flume placed as close as possible 
to the field outlet, the average depth of water applied to the 
field can be found by setting the volume of water applied to the 
field equal to the area of the field multiplied by average depth: 
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Qt -iA (7) 

whei-e 

Q inflow rate on to field (L3 /T) 

t time (T) 

d = depth applied to field CL2 ) 

A = area of field (L) 

The depth is then given by 

d = (L) (8) 

Application Efficiency 

Application efficiency (Ea)isthe percent of water defined asdelivered that is added to root zone storage,
given by the equation: 

Ea(%) = 100 x dr 
dwhere 

dr = the average depth of water infiltrated 
and stored in the root zone. 

See subsequent article on "Evaluation of Fur;-ow Irrigation Systems"and "Evaluation of Graded Border Irrigation Systems" for a more
complete discussion. 

REFERENCES
 

Skogerboe, G.V., R.S. Bennett, 
 W.R. Walker. 1972. Installationand field use of cutthroat flumes. Water ManagementTechnical Report No. 19, Colorado State University, Fort
Collins, CO. 

Skogerboe, G.V., R.S. Bennett, W.R. Walker. 1973. Selection andinstallation of cutthroat flumes for measuring irrigationand drainage water. Technical Bulletin 120, Colorado StateUniversity Experiment Station. Fort Collins, CO. 
Skogerboe, G.V., A.A. Fiuzat, R.L. 1974.Aust. Recalibration ofsmall cutthroat flumes for use in Pakistan. SpecialTechnical Report, Water Management Research Project.Colorado State University, Fort Collins, CO. 

210 



EXAMPLES 

1. 	 Sizing the Flume 

Determine the throat width for a 3 foot
length flume to be used under the following conditions: 

Submerged flow 
Maximum expected discharge = 4.0 cfs 
Depth corresponding to maximum 

discharge = 1.0 ft 

Maximum allowable depth = 1.3 ft 

For the maximum flow: 

hb = maximum expected depth = 1.0 ft 

ha - hb = maximum allowable rise 
= 1.3 - 1.0 = 0.3 ft 

ha = maximum allowable depth = 1.3 ft 

From TaLles 4, 5 and 6 	determine the discharge when ha= 1.3 ft and ha - hb 	= .3 ft. 

Flume Si Discharge 

4" x 3' flume 2.3 cfs 
8" x 3' flume 4.6 cfs 

12" x 3' flume 7.0 cfs 

A 4" flume will not pass 	 the requireddischarge with a .3 ft allowable canal rise. An 8" flume will pass
more than 4 cfs without overtopping the banks. The 12" flume will
be too large. Choose the 8" x 3' flume. 
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2. To Insure Free Flow 

How high should a 4" by 3' flume be raised
 
off the channel bed to assure free flow?
 

Given: 

Maximum discharge = 1.0 cfs 
Depth corresponding to maximum 

discharge = .8 ft 

From Table 1, St = .65 
From Table 3, ha = .82 ft when Q = 1.0 cfs 
St x ha = .65 x .82= .53 ft 
Place the flume .8 - .53 = .27 ft or more 

above the channei bed. 

After flume installation, the upstreamdepth is given by the distance from the channel bed to the flume
plus ha, the upstream depth measured from the flume bottom. Forthe maximum expected discharge of 1.0 cfs the upstream depth is .27+ .82 = 1.09 ft. The channel should be deep enough to allow well 
over 1.09 ft of flow. If not enough freeboard is available, the 
flume should be installed for submerged flow.
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+ Converging ------ WB:Section 

3U 

(, .,L082L .t . 
Measuring Point 

for h. 

ENGLISH UNITS 

Throat 
Width (in) L (ft) L, (in) 

2 1.5 6

4 1.5 6 

8 1.5 6

16 1.5 6 

4 3.0 12 

8 3.0 12

12 3.0 12 

16 3.0 12 

8 6.0 24 


16 6.0 24 

24 6.0 24

36 6.0 24 


METRIC UNITS 

Throat 
Width (cm) L (cm) L, (cm) 

5 45 15

10 45 
 15 

20 45 
 15 

40 
 45 151 

10 90 30

20 90 30 

30 90 
 30 

40 90 
 30 

20 180 60 

40 180 60 

60 180 60 

90 180 60 


Outlet Di-,-Ing Section 

Lb- 5L 

Mesrn9on 

for hb 

LL 

L, (in) L, (in) 

12 4 

12 4 

12 4 

12 4 

24 8 

24 8 

24 8 

24 8 

48 16 

48 16 

48 16 

48 16 


L, (cm) L (cm) 

30 
30 10 

30 10 

30 10. 

60 20 

60 20 

60 20 

60 20 

120 40 

120 40 

120 40 

120 40 


J
 

Lb (in) 8 (in) 

10 6
 
10 8
 
10 12
 
10 20
 
20 12
 
20 16
 
20 20
 
20 24
 
40 24
 
40 32
 
40 40
 
40 52
 

Lb (cm) B (cm) 

25 15
 
25 20
 
25 30
 
25 50
 
50 30
 
50 40
 
50 50
 
50 60
 
100 60
 
100 80
 
100 100
 
100 130
 

Auxiliary Table 2. Dimensions of Commonly Used Flumes 
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Auxiliary Table 3. Free Flow Calibrations for Selected Cutthroat Flurries 

ha, 

ft •0 4J4X3FT 


.02 * 000 

.04 * 000 

.06 001 

.08 " *01 
810 * .02 
.12 *
.03 
.14 * 004 
.16 A,s 

.18 0
.06 

.20 * .08 

.22 * ,09 

.24 * 011 

.26 * 012 

:28 014 

.30 0 .16 

.32 0 O18 

•34 - .20 


PC .36 - 022 

j, .38 * .25 


.40 * .27 


.42 * 030 

.44 *.32 


.46 * .35 


.48 * 
 .38 

No .41 

,52 * 044 

.54 * .47 

.56 .SO 

.58 .4S 

.60 * .57 

.62 e
,61 

.64 .64 

.66 e
.68 

:68 * 072 
.70 * 076 
.72 * 080 
•74 o
,84 

.76 
 s88 

.78 .92 

.80 * .97 

.82 0 1.01 
.84 0 1.06 
.86 * 1.10 
.88 0 1.15 
.90 * 1.20 
.92 0 1.25 
.94 * 1.30 
.96 * 1.35 
.98 * 1.40 

1.00 * 1.46 


8INX3FT 


100 

.01 

e02 

.03 

.04 

006 

.08 

.10 

.13 

*15 

O18 

.21 

.25 

.29 

.32 

.36 

.41 

.45 

.50 

.5S 

.60 

.66 

.71 

,77 

.83 

.89 

.96 

1.02 

1409 

1.16 

1.23 

1.31 

1.38 

1.46 

1.54 

1.62 

1.71 

1.79 

1.88 

1.97 

2.06 

2.15 

2.25 

2.35 

2.45 

2.55 

?.65 

2.7 

2.86 

2.97 


(Values Listed Are Discharged in cfs) 

121xJFT 16INX3FT
 

.00 100
 

.01 .02
 

.03 .03
 

.04 .06
 

.07 .09
 

.09 .12
 

.12 .16
 

.15 .21
 

.19 .26
 
o23 .31
 
.28 037
 
.33 .44
 
.38 .51
 
.43 058
 
e49 .66
 
.SS .74
 
e62 983 
.69 .92
 
.76 1.02
 
.83 1.12
 
.91 1.22
 
.99 1.33
 

1.08 1.44
 
1.17 1.56
 
1.26 1.68
 
1.35 1.81
 
1.45 1.94
 
1.55 2.07
 
1.65 2.21
 
1.76 2,36
 
1.87 2050
 
1.98 2.65
 
2.09 2.81
 
2.21 2097
 
d.33 3.13
 
a.46 3.29
 
9.59 3.47
 
d.72 3.64
 
2.85 3.82
 
2.98 4.00
 
3.12 4.19
 
3.27 4.38
 
3.41 I.l7
 
3.56 4.77
 
3.71 4.97
 
3.86 5.17
 
4.02 5.38
 
4.17 5.59
 
4.34 5.81
 
4.50 6e03
 



Auxiliary Table 3. (continued) 

has 
ft 

* 41 X3FT 8IX3FT 12II4,FT 16INX3FT 

1.02 * 1.51 3.08 4.67 6.25 
1.041.06 * 1.571.62 3.193.31 4.84!).01 6.486.71 
1.08 
1.10 * 

1.69 
1.74 

3.42 
3.54 .36 

6.186.95 
7.19 

1.12 
1.14 

* 
* 

1.80 
1.86 

3.65 
3.78 

..54 
!73 

7.43 
7.67 

1.16 * 
1.18 * 

1.92 
1.98 

3.90 
4.03 

.91 
-. 10 

7.92 
8.18 

1.20 * 2.04 4.15 0.29 8.43 
1.22 * 
1.24 * 
J.26 * 
1.28 * 

2.10 
2.17 
2.23 
2.30 

4.28 
4.41 
4.54 
4.68 

b.49 
b.69 
b.88 
1.09 

8.69 
8.96 
9.23 
9.50 

1.30 
1.32 

* 
* 

2.36 
2.43 

4.81 
4.95 

1.29 
1.50 

9.77 
10.05 

!.3* 2,50 5.09 1.71 10.33 

N) 
,n 

1.36 * 
1.3 * 
1.40 0 

2.57 
2.64 
2.71 

5.23 
5.37 
5.52 

1.92 
d.14 
v.36 

10.62 
10.91 
11.20 

1.42 0 2.78 5.65 S.S8 11.50 
1.44 * 2.85 5.81 s.80 11.80 
1.46 4 2.93 5.96 v.03 12.10 
1.48 * 2.00 6.11 V.26 12.41 
E.50 * 
1.52 * 

3.07 
3.15 

6.26 
6.42 

9.49 
v.72 

12.72 
13.03 

1.54 3.23 6.57 9.96 13.35 
1.56 * 
1.38 * 
1.60 * 

3.30 
3.38 
3.46 

6.73 
6.89 
7.05 

10.20 
10.44 
lu.69 

13.67 
13.99 
14.32 

162 * 
1.64 0 

3.54 
3.62 

7.22 
7.3R 

Iu.93 
11.18 

14.65 
14.98 

1.66 * 3.70 7.55 11.43 15.32 
1.68 
!.70 

* 
* 

3.79 
3.87 

7.71 
7.84 

11.69 
11.95 

15.66 
16.01 

1.72 * 3.95 9.05 Ieo2I 16.36 
1.74 * 
1.16 * 

4.04 
4.13 

8.23 
8.40 

1.47 
1.E73 

16.71 
17.06 

1.79 * 4.21 5.58 13.00 17.42 
1.80 44.30 8.75 13.27 17.78 
1.82 * 
1.84 * 

4.39 
4.4 

8.94 
9.12 

13.54 
I-J.d2 

18.15 
18.52 

1.86 
1.88 

44.57 
44.65 

9.30 
9.49 

1+.I0 
!%.31 

18.89 
19.26 

1.90 
1.92 

44.75 
4.R4 

9.68 
9.86 

If*.66 
14.94 

19.64 
20.03 

1.94 44.94 10.05 1,.23 20.41 
1.96 
1.98 

* 
* 

5.03 
5.12 

10.24 
10.44 

1,.52 
13.82 

20.80 
21.19 

e.00 * 5.22 10.63 lIb.11 21.59 



Auxiliary Table 4. Submerged Flow Calibrations for 4 in x 3 ft Cutttir at 

Flume 

ha-

(Values 
hb ,ft 

Listed Are Discharged in cfs) 

ft 

.02 * 

.04 0 

.06 * 

.08 0 

.10 * 

.12 * 

.14, 

.16 

.18 * 

.200 

.2 * 

.02 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

,0 1 
o. 
1 
.* 

.04 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

0 

.1 

.1 

. J!' 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.1 

.*1 

.2 

.2 

.08 

.0 

.0 

.0 

.0 

.0 

.0 
,0 

.1 
21 
.1 
.2 

.10 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

1 
22 
. 
.2 

,12 

.0 

.6 

.0 

.0 

.0 

.0 

.0 

.1 

,1 
.2 

.14 

,0 
.0 
.0 
.0 
.0 
.0 
.0 

.1 

.1 

.1 

.16 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.2 

.18 

.0 

.0 

.0 

. 

.1 

.0 

.0 

1 

.2 

.1 

oeu 

.0 

.0 

.0 

.0 

.0 

.0 

.O 

.1 

.. 

.1 

.22 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

ol 

.2 

.2 

.0 

.0 

.0 

.0 
SO 
.0 
S0 

.1 

,! 
.1 

.26 

.0 
SC 
.0 
.0 
.0 
.0 
.0 

.1 

.2 

. 

.28 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.1 

.2 
*1 .2 

.30 

.0 

.0 

.0 

.0 

.0 

.0 

.0 • 

1 
1l 
1 

.2 

.32 

s0 
.0 
.0 
.0 
.0 
.0 
0 

.1 

.1 

.2 

.34 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.2 

.36 

10 
.0 
.0 
.0 
.0 
.0 
.0 

.2 

. 
2 
. 

.38 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

2 
. 
.2 
.2 

,40 

.0 
s0 
.0 
0 
.0 
.0 
*0 
.2 
, 
.2 
.2 

•.3.406 
.28.30 

* 
• 

.I.1 

.11 
.2.1 
.1.1 

.2.1 

.1*1 
.201 
.3.2 

.I.3 

.1.2 
.I.1 
.1.2 

.2,1 .1.2 
.2.1 01.2 

.2.3 03,2 
.2.3 .1ad 

.2.3 .3o2 
.2.3 
.301,0d 

.2.3 ,3. 
.I3e1.2 

.2131 ,3*2 
.2,1.2 

.23.2 
*1 

.2.3.2 
.2 
,2 

.2 
,2 

.32 

.4 * 

.44 * 

.46 0 

.48 -

.50 * 

.52 * 

.8* 0 

-2 

.2 
,2 
,2 

.2 

.2 
03 

.3 

.2 

.3 
,2 
3 

,3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.4 

.4 

.3 

.3 

.3 

.3 

.3 

.4 

.4 

5 

.3 

.3 
,3 
,3 

.4 

.4 
e4 

.5 

.3 

.3 
3] 

,3 

o44 

.4 
e4 

.5 

.3 

.3 
3 

,3 

4 
4 

.5 

.3 

.3 
,3 
3 

.4 .o 

.,4 
.4 

.5 

.3 

.3 
3 
,3 

.4 

.4 
a4 

.5 

.3 

.3 
j 
.3 

. 

.4 

.4 

.b 

,3 

,3 
,3 
,3 

.o4 

.4 
5 

.5 

.d 

oj 
.3 
, 

4 

.4 
.4 

OS 

3 

.3 
,3 
,3 

.4 
4 

a5 

3 

.3 
.3 
e3 

4 

.4 
4 

.5 

.3 

.3 
,3 
,3 

.4 
,4 

.5 

0 

3 

.3 
3 

,3 

4 
e4 
.4 

.5 

3 

.3 
3 

e3 

4 

4 
e4 

.5 

3 

.3 
,3 
e3 

o4 

.4 
a4 

.5 

3 

.3 
3 
*3 

.4 

.4 
04 

aS 

.3 

,3 
,3 
,3 

o4 

4 
.4 

e5 

.0 

.62 * 

.64 

.66 * 

.68 

.72 

.74 

.76 -

.78. 

.80 * 

.82 * 

.84 * 

.86 * 

.88 

.90 * 

.92 

.)4 * 

.96 

.98 
1.00 * 

* 

* 

* 
* 

a.3 
.3 
.4 
.4 
.4 
.704.4 

.4 

.4 
a5 
.5 
.5 
.5 
.5 
.6 
,6 
.6 
.6 
.6 
.7 
.7 
.7 

.4 

.4 

.4 

.5 

.5 

.5 

.5 

.5 

.6 
as 
.6 
.7 
.7 
07 
07 
.9 
08 
.8 
a8 
.9 

.5 

.5 

.5 

.5 

.6 

.6 
.5 . 

.6 
7 
.7 
,7 
.7 
.8 
.8 
.8 
.8 
.9 
.9 
.9 

1.0 
1.0 

.5 

.5 

.5 

.6 

.6 

.6 

.7 

.7 
.7 
.7 
8 
.8 
.8 
.9 
.9 
09 

1.0 
I.O 
1.0 
1.1 
1.1 

.5 

.5 
a6 
.6 
.6 
.7 
.7 
.7 
.8 
-.8 
.8 
.9 
.9 
09 

1.0 
I.O 
Lo 
1.1 
1.1 
1.1 
1.2 

.5 

.6 

.6 

.6 

.7 

.7 

.7 

.8 
I8 
.8 
.9 
09 
.9 

1.0 
1.0 
10 
1.1 
1.1 
1.1 
1.2 
1.2 

a5 
a6 
.6 
.6 
.7 
.7 

.8 

.8 

.8 
,9 
.9 

1.0 
100 
1.0 
1.1 
1.1 
1.1 
1.2 
1.2 
1.3 

.6 

.6 

.6 

.7 

.7 

.7 
. 8 

.8 

.8 

.9 

.9 

.9 
1.0 
1.0 
1.1 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 

.6 

.6 

.6 

.7

.7 

.7 

.8 

.8 
I8 
.9 
.9 

1.0 
1.0 
100 
1.1 
101 
1.2 
1.2 
1.3 
1.3 
1.3 

.6 

.6 

.b 

.7

.1 

. 

. 
ts 

.Y 

. 

.9 
1.O 
1.0 
101 
1.1 
1.1 
1.a 
1.e 
1.1 
1.3 
1.4 

a6 
.6 
.6 

.7.7 
ea 
.8 
.9 
9 
.9 

1.0 
1.0 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.3 
1.4 

,6 
,b 
.b 

.1.1 

. 
at 
.u 
9 
.9 

1.0 
1.0 
1.0 
1.1 
1.1 
1.2 
1.a 
1.3 
1.1 
1.. 
1.4 

6 
66 
.6 

.7.7 

.8 

.8 

.8 

.9 

.9 
100 
1.0 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 

.6 
06 

,7.7 
.13 
.8 
.8 
.9 
.9 

1-0 
1.0 
1.1 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 

a6 
.6 
.6 

.7.? 

.8 

.8 

.3 

.9 

.9 
1.0 
100 
1.1 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 

.6 
*6 
.b 

.7.7 

.8 

.8 

.9 

.9 
100 
I.G 
IS! 
101 
1.2 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 

.6 

.6 

.6 

.7.7 

8 
.8 
.8 
.9 
.9 

1.0 
1.0 
i.1 
1.1 
1,2 
1.2 
1.3 
1.3 
1.4 
1.4 
1.4 

a6 
96 
.6 

.7.7 

.8 

.8 

.8 

.9 

.9 
1.0 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 
1.5 

.6 
,6 
.6 

Z?.7 

.8 

.8 

.8 

.9 

.9 
1.0 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 
1.5 

.6 
a6 
.6 

7.7 

.8 

.8 

.8 

.9 

.9 
1.O 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 
1.5 



Auxiliary Table 4. (contih ued) 
ho- b ,ft 

f .02 .04 .08 .10 .12 .14 .16.06 
.18 .110 -22 ,24 .26 .28 
 .30 .32 .34 .36 
 .38 .40
 

1.02 * .7 .9 1.0 1.! 1.2 1.3 1.3 1.4 1.4 1.4 
 1.4 I.t 1.5 1.5
1.04 * .7 .9 1.1 1.2 1.2 1.3 1.4 
1.5 1.5 1.5 1.5 1.5 1.51.4 1.4 1.'3 1.5 1.* 1.5 1.5
1.06 9 .8 1.0 1.5 1.6 1.6 1.6
1.1 1.2 1.3 1.3 1.6 1.6
1.4 1.4 1.5 
 l.b 1.5 1.6
1.08 * 1.6 1.6 1.6 1.6.8 1.0 1.1 1.2 1.3 1.4 1.4 1.6 1.6 1.6 1.6
1.5 1.5 1.b 1.6 
 1.t 1.6 1.6
1.10 * .8 1.0 1.T 1.7 1.7 1.71.2 1.3 1.3 1.7 1.7
1.4 1.5 1.5 1.6 
 1.e 1.6 1.11.12 * .9 1.0 1.2 1.3 1.4 1.5 

1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.71.5 1.6 1.6 1.1 
 1.7 1.1 1.7
1.14f .9 1.1 1.2 1.3 1.4 1.5 1.6 1.6 
1.7 1.8 1.8 1.3 1.8 1.8 1.8
1.7 1.1 1.7 1ts 1.8 1.8 1.8
1.16 • .9 1.1 1.3 1.4 1.5 1.8 1.8 1.8 1.8 1.9
1.5 1.6 1.7 1.7 1.1 1.8 1ti
1.18 .9 1.1 1.3 1.4 1.5 1.6 

1.8 1.9 1.9 1,9 1.9 1.9 1.9 1.9
1.7 1.7 1.8 1.8 
 1.8 1.9 1.9
1.20 * .9 1.2 1.3 1.(4 1.5 1.9 1.9 .1.9 2.0 2.0 2.0 2.01.6 1.7 1.8 1.8 1.t 1.9 1.Y
1.22 * .9 1.2 1.4 1.5 1.9 2.0 2.0 2.0 2.0 2.0 2.01.6 1.7 1.7 2.0
1.8 1.9 1.9 1.9 
 2.j 2.0 2.0 2.0 2.1 2.1
1.24 * 1.0 1.2 2.1 2.1 2.11.4 1.5 1.6 1.7 
 1.6 i.8 1.9 1.9 2.0 2.0 2.1
1.26 * 1.C 2.1 2.1 2.1
1.2 1.4 1.6 1.7 1.8 1.8 1.9 2.0 2.0 2.0 
2.1 2.1 2.1 2.2
2.1 2.1 2.1 2.2
1.28 0 1.0 1.3 1.5 1.6 1.7 1.8 2.2 2.2 2.2 2.2 2.2
1.9 1.9 2.0 
 2.1 2.1 2-1 2.2
1.30 2.2 2.2 2.2
1.0 1.3 1.5 1.6 1.7 1.8 1.9 2.2 2.3 2.3 2.3
2.0 2.1 2.1
1.32 * 1.0 1.3 1.5 1.7 1.8 1.9 2.0 

2.1 2.e 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.32.0 2.1 2.e 
 2.2 2.e 2.3
1.34 * 2.3 2.3 2.4 2.4
.1 I.4 1.6 1.7 1.8 1.9 2.0 2.4 2.4 2.4
2.1 2.2 2-e e.3 
 2.J 2.3 2-4
1.36 * 1.1 2-# 2.4 2.4 2.51. 1.6 1.7 1.9 2.0 2.1 2.1 2.F 2.5
2.2 2.3 2.3 
 2.4 2.4 2.4 2.5
1.38 • 1.1 1.4 1.5 1.8 1.9 2.0 2.1 
2.5 2.5 2.5 2 " 2.5
2.2 2.3 2.4 e.4
1.40 * 1.1 1.5 1.7 1.8 2.' 2.5 2.5 2.5 2.5 2.6 2.6j-.O 2.1 2.2 2.6 2.6
2.2 2.3 2.4 2.4
r1.42 1 1.5 2.t 2.5 2.5 2.5 2.6 2.6
1.2 1.7 1.9 2.0 2.1 2.2 2.3 2.4 2.4 2.5 

2.6 2.7 2.7
2.t 2.6 2.6
- 1.2 1.5 1.7 1.9 1.0 2.5 2.7 2.7 2.7 2.7 2.7
2.2 2.3 2.3 
 2.4 2.b 2.5 2.b
1.4b6 1.2 1.5 1.8 1.9 .1 2.2 
2.6 2.7 2.7 2.7 2.8 2.8 2.8 2.8
2.3 2.4 2.5 2.t 
 2.6 2.t 2.7
1.48 * 2.7 2.8 2.8 2.91.2 1.6 1.8 .0 2.1 2.3 2.4 2.8 2,9 2.9
2.4 2.5 2.6 2.b
1.50 * 1.3 1.5 1.8 2.1 2.7 2.8 2.8 2.9 2.S 2.9?.0 e.2 2.3 2.4 2.9 2.9
2.5 2.6 2.b 
 2.7 2.t 2.8
1.52 * 1.3 1.6 1.9 e.I 2.2 2.3 2.5 

2.9 2.9 2.9 3.C 3.0 3.0 3.0.2.5 2.6 2.1
1.54 0 2.8 2.d 2.9 2.9
1.3 1.7 1.9 2.1 2.3 2.4 2.5 2.6 2.7 2.8 
3.0 3.0 3.0 3.0 3.1 3.1
2.9 2.9 2.9 3.0
1.56 * 3.0 3.1 3.11.3 1.7 2.0 2.2 2.3 2.4 2.6 3.1 3.1 3.2


• 2.7 2.7 2.o 2.9 2.9 3.0 3.0
1.58 1.4 1.7 2.0 2.2 e.4 2.5 2.6 2.7 2.8 
3.1 3.1 3.2 3.2 3.2 3.2
2.9 2.9 3.u 3.1
1.60 * 1.4 1.9 2.0 2.2 2.4 2.5 2z7 

3.1 3.1 3.2 3.2 3.2 3.3 3.32.8; 28 2. 3-0 3.1 3.1 3.2
1.62 9 1.4 1.8 2.1 2.3 2.4 3.2 3.3 3.3 3.3 3.3 3.42.6 2.7 2.8 2.9 3.0 3.1 3.1 
 3.2 3.2 3.3
1.64 9 1.4 1.8 2.1 2.3 2.5 2.6 3.3 3.4 3.4 3.4 3.42.8 2.9 3.0 3.0 3.1 3.2 3.2 
 3.3 3.3 3.4
1.66 * 1.5 1.9 2.2 2.4 2.5 3.4 3.5 3.5 3.52.7 2.8 2.9 3.0 3.1 3.2 3.3
1.68 * 1.5 3.3 3.4 3.41.9 2.2 e.4 2_.( 2.7 2.9 3.0 3.1 3.2 J.2 3.J 
3.5 3.5 3.5 3.6 3.6
 

1.70 * 1.5 1.9 2.2 e.5 ,,.6 2.8 2.9 3.0 3.1 
3.4 3.4 3.5 3.5 3.6 3.6 3.6 3.73.e 3.3 3.4 3.4
1.72 0 1.6 2.0 2.3 2.5 2.7 2.8 3.0 

3.5 3.5 3.6 3.6 3.7 3.7 3.7
3.1 3.2 3.J 3.4 3.4 3.5 3.6
1.74 * 1.6 2.0 3.5 3.7 3.72.3 ?.5 .7 2.9 3.0 3.1 3.3 3.3 J.( 3.t 
3.7 3.8 3.8


3.6 3.6 3.7
1.76 - 1.6 2.0 2.4 3.7 3.8 3.8 3.9
2.6 .!.8 2.9 3.1 3.2 3.3 3.4 3.9

3.5 3.6 3.6
1.78 • 1.6 2.1 2.4 2.6 ' 3.0 

3.7 3.9 3.8 3.9 3.9 3.9 4.0
.8 3.1 3.3 3.4 3. 3.6 *.b 3.7 3.8
1.80 * 1.7 2.! 2,4 ,,1.7 ,.9 3.0 3.2 3.3 3.4 
3.8 3.9 3.9 4.0 4.0 4.0
3.5 3.6 3.1
1.82 9 1.7 3.8 3.8 3.9 3.9
2.2 2.5 2.7 J.9 3.1 3.2 3.4 4.0 4.0 4o.1 4.1
3.5 3.6 3.7 
 3.t 3.8 3.9 4.0
1.84 0 1.7 2.2 2.5 e'.9 3.0 3.1 3.3 3.4 

4.0 4.1 4.1 4.2 4.23.5 3.7 J.7 3.d
1.86 * 1.7 2.2 2.6 e.8 1.0 3.2 3.4 
3.9 4.0 4.0 4.1 4.1 4.2 4.2 4.3
3.5 3.6 3.7 3.8 
 3.9 4.0 4.0
1.83 * 1.8 2.3 4.1 4.2 4.22.6 2J.9 1.1 3.3 3.4 3.5 3.7 4.3 4.3 4.3
3.8 3.9 4.0
1.90 * 1.8 2.3 2.6 .9 3.1 3.3 
4.0 4.1 4.2 4.2 4.3. 4.3 4.4 4.4 

1.92 3.5 3.6 3.7 3.t8 3.9 4F.0 4.1* 1.8 2.3 2.7 ,1.9 j.2 3.4 3.5 3.7 3.8 3.9 
4.2 4.3 4.3 4.4 4.4 4.5 4.54.0 4.1 4.2
1.94 * 4.3 4.3 4.4 4.41.9 2.4 2.7 1.0 4.2 3.. 3.6 4.5 4.5 4.63.7 3.9 4.0 
 4.1 4.d 4.3 4.3
1.96 * 1.9 4.4 4.5 4.52.4 2.8 3.0 j.3 3.5 3.6 3.8 4.6 4.6 4.7
3.9 4.0 4.1 
 4.2 4.3 4.4
1.99 9 1.9 2.4 4.5 4.5 4.6 4.7
2.8 3.1 1.3 3.5 4.7 4.7
3.7 3.8 4.0 4.1 4.2 4.3 4.4 4.5 4.5 4.6
e.00 * 1.9 2.5 4.7 4.7 4.8 4.8
2.8 .3.1 1.4 3.6 
 3.7 3.9 4.0 
 4.2 4.3 4.4 
 4.5 4.5 4.6 4.7 
 4.8 4.8 4.9 4.9
 



Auxiliai, Table 4. (continued) 

co 

ha, 
ft 

.0 4 * 
1.04 * 
1.08 * 
1.10 * 

1.12 * 
1.14 * 
1.16 * 
1.18 * 
1.20 * 
1.22 * 
1.24 * 
1.26 * 
1.28 * 
1.30 * 

1.32 * 
1.34 * 
1.36 * 
1.38 * 
1.40 * 
1.42 
1.44 * 
1.46 • 
1.48 0 
1.50 * 
1.52 * 
1.54 0 
1.56 * 
1.58 * 
1.60 * 
1.62 * 
1.64 * 
1.66 * 
1.68 * 
1.70 * 
1.72 * 
1.74 * 

1.76 
1.78 
1.80 
1.82 -
1.84 -
1.86 * 
1.88 * 
1.90 * 
1.92 * 
1.94 * 
.96 
1.98 • 
e.00 * 

.24 
1 6 
1.6 
1.7 
1.7 

1.8 
1.9 
1.9 
2.0 
2.0 
2.1 
2.2 
2.2 
2.3 
2.3 

2.4 
2.5 
2.5 
2.6 
2.7 
kc.7 
2.8 
2.9 
3.0 
3.0 
3.1 
3.2 
3.2 
3.3 
3.4 
3.5 
3.5 
3.6 
3.7 
3.8 
3.8 
3.9 
44.0 
4.1 
44.1 
4.2 
4.3 
4.4 
4.5 
45 
4.6 

4.7 
4 .8 
4o9 
4*.9 

o44 

1 . 5 
1.5 
1.7 
1.7 

1 
1.9 
1.9 
2.0 
2.0 
2.1 
2.2 
2.2 
2.3 
2.3 

2.4 
2.5 
2.5 
2.5 
2.7 
2.8 
2.8 
2.9 
3.0 
3.0 
3.1 
3.2 
3.3 
2.3 
3.4 
3.5 
3.6 
3.6 
3.7 
3.8 
-.9 
3.9 
4.0 
4.1 
4.2 
4.3 
4.3 
4.4 
4.5 
41.5 
4.7 

4.7 
4.8 
4.9 
5.0 

....... 
.46 .48 .50 
1 6 1 .6 1 . 6 
1.6 1.6 1.6 
1.7 1.7 1.7 
1.7 1.7 1.7 

91.8 1.8 1• 
1.9 1.9 
1.9 1.9 I.9 
2.0 2.0 -.0 
2.0 2.0 20.0 
2.1 2.1 ?.1 
2.2 e.2 2.2 
2.2 e.2 -.2 
2.3 e.3 ?.3 
2.4 R.4 e.4 
2.4 J.4 4.4 
2.5 e.5 2.5 
2.6 2.6 e.6 
2.6 2.6 A.b 
2.7 e.7 d.7 
2.8 e.8 218 
2.9 2.8 2.8 
2.9 2.9 '.9 
3.0 4.0 J.0 
3.0 S.l 3.1 
3.1 .1.l 301 
3.2 3.2 j.2 
3.3 3.3 j.3 
3.3 3.4. J.4 
3.4 .. 4 3.4 
3.5. 4.5 j.5 
3.6 3.6 3.6 
3.6 1.7 j.7 
3.7 3.7 3.7 
3.8 3.8 i.8 
3.9 3.9 3.9 
4.0 4.0 4.0 
4.0 4.1 4.1 
4.1 4.1 -+.1 
4.2 4.2 4.2 
4.3 4.3 -.3 
4 4 4.4 4. 
4.4 4.5 4.5 
4.5 4.5 4.6 
4.5 4.6 4.6 
4.7 4.7 4.7 
4.B 4.8 '-,.8 
4.9 4.9 4o.9 
4,9 1,0 ).0 
5.0 '.1 n.1 

.52 
1 .6 
1.6 
1.7 
1.7 

1.8 
1.9 
1.9 
2.0 
2.0 
2.1 
2.2 
2.2 
2.3 
2.4 

2.4 
2.5 
2.6 
2.6 
2.7 
2.8 
2.9 
2.9 
3.0 
3.1 
3,1 
3.2 
3.3 
3.4 
3.4 
3.5 
3.6 
3.7 
3.8 
3.8 
3.9 
4.0 
4.1 
4.2 
4.2 
4.3 
4o4 
4.5 
4.6 
4,7 
4.8 

4.8 
4.9 
5.0 
5.1 

ha - hb ft 

.54 .56 
1 . 6 1 . 6 
1.6 1.6 
1.7 1.7 
1.7 1.7 

1.8 1.8 
1.91.9 1.9 
1.9 1.9 
2.0 2.0 
2.0 2.0 
2.1 2.1 
2.2 2.2 
2.2 2.2 
2.3 2.3 
2.4 2.4 

2.4 2.4 
2.5 2.5 
2.6 2.6 
2.b 2.6 
2.7 2.7 
2,8 2,8 
2.9 2.9 
2.9 2.9 
3.0 3.0 
3.1 3.1 
3.2 3.2 
3.2 -3.2 
3.3 3.3 
3.4 3.4 
3.4 3.5 
3.5 3.5 
3.6 3.6 
3.7 3.7 
3.8 3.8 
3.3 3.8 
3.9 3.9 
4.0 4.0 
4.1 4.1 
4.2 4.2 
4.3 4.3 
4.3 4.4 
4.4 4.4 
4.5 4.5 
4.6 4.6 
4.7 4.7 
4.8 4.8 

4.9 4.9 
4.9 5.0 
5.0 5.1 
5.1 5.1 

.58 
1 6 
1.6 
1.7 
1.7 

1.8 
!.9 
1.9 
2.0 
2.0 
2.1 
2.2 
2.2 
2.3 
2.4 

2.4 
2.5 
2.6 
2.6 
2.7 
2.8 
2.9 
2.9 
3.0 
3.1 
3.2 
3.2 
3.3 
3.4 
3.5 
3.5 
3.6 
3o7 
3.8 
3.8 
3.9 
4.0 
4.1 
4.2 
4.3 
4.4 
4,4 
4.5 
4.6 
4.7 
4.8 

4,9 
5.0 
5.1 
5.2 

b0 
l b 
1.b 
1.1 
1.1 

1. 
ley 
1oy 
2.0 
2.0 
2.1 
2., 
2.e 
2.J 
2.4 

2.4 
2.b 
2.b 
2.b 
2.1 
2.a 
2.y 
2.9 
3.0 
3.1 
3.2 
3.2 
3.3 
3.4 
3.b 
3.b 
3.h 
3.1 
3.° 
3.9 
3.Y 
4.0 
4.1 
4.2 
4.3 
4.4 
.. 4 
4.b 
4.b 
4.1 
4.8 

4.9 
5.0 
5.1 
5.2 

.62 
1 . 6 
1.6 
1.7 
1,7 

1.8 
1.9 
1.9 
2.0 
?.0 
2.1 
2.2 
2.2 
2.3 
2.4 

2.4 
2.5 
2.6 
2.6 
2.7 
2,8 
2.9 
2.9 
3.0 
3.1 
3.2 
3.2 
3.3 
3.4 
3.5 
3.5 
306 
"3.7 
4.8 
3.9 
4.0 
4.0 
4.1 
4.2 
4.3 
'.4 
4.54 
4,5" 
4.6 
4.7 
4.8 

4.9 
!.0 
b.l 
5.2 

.64 
l b 

l.b 
1.6 
1.1 

1.s 
1.9 
1.9 
2.0 
2.0 
2.1 
2.4 
2.2 
2.4 
2.4 

2.4 
2.b 
2.b 
2.b 
2.1 
2.8 
2.9 
2.9 
3.0 
3.1 
3.e 
3.2 
3.S 
3o4 
3.. 
3. 
3.6 
3.1 
3.d 
3,9 
4.0 
4.0 
4 .i 
4.2 
4.4 
4.4 
. 

4.p 
4.b 
4.1 
4.t 

4.9 
5.0 
5.1 
3.2 

.66 
1 6 

1.6 
1.7 
1.7 

1.8 
1.9 
1.9 
2.0 
2.0 
2.1 
2.2 
2.2 
2.3 
2.4 

2.4 
2.5 
2.6 
2.6 
2.7 
2.8 
2.v 
2.9 
3.0 
3.1 
3.2 
-i.2 
3.3 
3.4 
3.5 
3.5 
3.6 
3.7 
3.8 
3.9 
4.0 
4.0 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.7 
4.8 

4.9 
5.0 
5.1 
5.2 

.68
1 .6 

1.6 
1.7 
1.7 

1.8 
1.9 
1.9 
2.0 
2.0 
2.1 
2.2 
2.2 
2.3 
2.4 

2.4 
2.5 
2.6 
2.6 
2.7 
2.8 
2.9 
2a9 
3.0 
3.1 
3.2 
3.2 
3.3 
3.4 
3.5 
3.S 
3.6 
3.7 
3.8 
3.9 
4*0 
4.0 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.8 

4.9 
5.0 
5.1 
5.2 

.70
1 . 5 

1.6 
1.7 
1.7 

1.8 
1.9 
1.9 
2.0. 
2.0 
2.1 
2.2 
2.2 
2.3 
2.4 

2.4 
2.5 
2.6 
2.6 
2,7 
2,8 
2.9 
2.9 
3.0 
3.1 
3.2 
3.2 
3.3 
3.
3.5 
3.5 
3.6 
3.7 
2.8 
3*9 
4.0 
4.0 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.8 

4.9 
5.0 
5.1 
5.2 



Auxiliary Table 5. Submerged Flw Calibrations for 8 in x 3 ft Cutthroat 

Flume ,Values Listed Are Discharged in cfs) 
ha, ha- hb ,ft 
ft * 

.02 

.04 

.06 

.08 

.10 

.124 

.16 
.18 
.20 
.22 
.24 
.26 
.28 
.30 
.32 
.34 
.38 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

" 
-
* 

* 
* 

.02 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.1 

.1 

.2 

.2 

.2 

.2 

.3 

.3 

.3 

.04 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.1 

.2 

.2 

.2 

.2 

.3 

.3 

.3 

.4 

.06 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.2 

.2 

.2 

.2 

.3 

.3 
.3 
.4 
.4 

.08 

.0 

.0 

.0 

.0 

.0 

.1 

.1 
.1 

. 

.2 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.10 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

2 .2 
.2 
.2 
.2 
.3 
.3 
.4 
.4 
.5 

.12 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.2 

.2 
.2 
.3 
.3 
.4 
.4 
.5 

.2 

.14 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

2 
.2 
.0 
.2 
.3 
.3 
.4 
.4 
.5 

.16 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.2 

.2 
.2 
.2 
.3 
.3 
.4 
.4 
.5 

.18 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.2 

.2 
.2 
.2 
.3 
.3 
40 

.4 

.5 

.eo 
.0 
.0 
.0 
.0 
.0 

.1 

.1 

.1 

.2 

.2 

. 

.2 

.3 

.3 
c4 
.4 
. t2 

.22 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.2 

.2 
.2 
.2 
.3 
.3 
. 
.5 

.2+ 

.0 

.0 

.0 

.0 

.0 

.1 

.1 
*1 
e 

.e 
e 

.e 

.3 

.3 

.4 

.4 

.5 

.26 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.2 

.2 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.28 

.0 

.0 

.0 

.0 

.0 

.1 

-1 
.1 
.2 
.2 
.2 
.2 
.3 
.3 
.4 
o4 
.5 

.30 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.2 

.2 
.2 
.2 
.3 
.3 
.4 
.4 
.5 

. 

.32 

.0 

.0 

.0 

.0 

.0 

.1 

.1 
1 

.2 

.2 

.2 

.2 

.3 

.3 
o4 
.4 
.5 

.34 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.2 

.2 

.2 
.2 
.3 
,3 
.4 
.4 
.5 

.36 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 

.2 

.2 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.38 

.0 

.0 

.0 

.0 

.0 

.1 

.1 

.1 
.2 
.2 
.2 
.2 
.3 
.3 
.4 
.4 
.5 

.40 

.0 
.0 
.0 
.0 
.0 

.1 

.1 

.1 

.2 

.2 

.2 

.2 

.3 

.3 

.4 

.4 

.5 
N. .40 

-. 4 2.44 
.45 
. 48 
.50 
.52 
.54 
.55 
.58 
.60 
.52 
.64 
.56 
.58 
.70 
.72 
.74 
.76 
.78 
.80 
.82 
.84 
.86 
.8 
.90 
.92 
.94 
.96 
.98 

1.00 

" 

* 
* 

-

* 

-

* 
" 
* 
* 
* 
* 

* 
-
* 
* 
* 
* 
* 

* 

* 
* 

.4 
.
.4 
.4 
.5 
.5 
.5 
.6 
.6 
.6 
.7 
.7 
.7 
.8 
.8 
. 
.9 
.9 
.9 

1.0 
1.0 
1.0 
1.1 
1.1 
1.2 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 

.4 

.5

.5 

.5 

.5 

.5 

.7 

.7 

.7 

.9 

.9 

.9 

.9 

.9 
1.0 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 
1.5 
1.5 
1.5 
1.5 
1.7 
1.7 
1. 

.5 

.5 

.6 

.6 

.7 

.7 

.7 

.8 

.8 

.9 

.9 
1.0 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 
1.5 
1.6 
1.5 
1.7 
1.7 
1.9 
1.8 
1.9 
2.0 
2.0 

.5 

.6 

.6 

.6 

.7 

.7 

.8 

.8 

.9 

.9 
1.0 
1.1 
i.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.4 
'.5 
1.6 
1.6 
1.7 
1.8 
1.8 
1.9 
1.9 
'.0 

,.1 
;.I 
?.2 

.5 

.6

.6 

.7 

.7 

.8 

.8 

.9 

.9 
L.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.3 
1.4 
1.5 
1.5 
1.6 
1.7 
1.7 
1.8 
1.9 
1.9 
2.0 
.1 

f.1 
J.2 
2.3 
2.4 

.5 

.6

.6 

.7 

.7 

.8 

.9 

.9 
1.0 
1.0 
1.1 
1.1 
1.2 
1.3 
1.3 
i.4 
1.5 
1.5 
1.6 
1.7 
1.T 
1.8 
1.9 
2.0 
2.0 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 

.6 

.6 

.7 

.7 

.8 

.8 

.9 

.9 
1.0 
1.1 
1.1 
1.2 
1.2 
1.3 
1.4 
1.6 
1 
1.6 
1.7 
1.7 
1.8 
1.9 
2.0 
2.0 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 
2.6 

.5 

.6 

.6 

.7 

7 
.8 
.8 
.9 
.9 

1.0 
1.1 
1.1 
1.2 
1.3 
1.: 
1.4 
1.5 
1.6 
1.6 
1.7 
1.8 
1.8 
1.9 
2.0 
2.1 
2.2 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 

.6 

.6 

.7 

.7 

.8 
.8 
.9 
.9 

1.0 
1.1 
1.1 
1.2 
1.3 
;.4 
1.4 
1.S 
1.6 
1.7 
1.7 
1.8 
1.9 
2.0 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2*.6 
2,.7 

.b .5 

.b .6 

.1 .7 

.1 .7 

. .8 
.a 
.v .9 

1.0 1.0 
1.0 1.0 
1.1 1.1 
1.C 1.2 
1.C 1.2 
1.3 1.3 
I.4 1.4 
1.4 1.4 
l.! 1.5 
1.6 1.6 
1.1 1.7 
1.a '.8 
1.t 109 
1.o 1.9 
2.o Z.0 
2.1 2.1 
2L. 2.2 
2.3 2.3 
2.3 2.4 
2.4 12.5 
2.h 2.6 
2.6 2.6 
2.1 2.7 
2.o 2.8 

.8 

.b 

.b 

.1 

.7 

.a 

.s 
ov 

l.0 
1.0 
1.1 
i.2 
ie 
1.3 
1.4 
1. 
10! 
lob 
1.1 
1.8 
I.v 
I. 
2.0 
2.1 
2.e 
2.J 
2.4 
2.3 
2.b 
2.1 
?.a 
2.9 

.6 

.6 

.7 

.7 

.8 
.8 
.9 

1.0 
1.0 
1.1 
1.2 
1.2 
1.3 
1.4 
1.5 
1 
1.6 
1.7 
1.8 
1.9 
2.0 
2. 
2.1 
2.2 
2.3 
2.4 
2.5 
26 
2.7 
2.8 
2.9 

.5 

.6 

.6 
.1 

.7 

.8 

.8 

.9 
1.0 
1.0 
1.1 
1.2 
1.2 
1.3 
1.4 
1.5 

55 
1.6 
1.7 
1.8 
i.9 
2.0 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 

.6 

.6 

.7 

.7 

.8 

.8 

.9 
1.0 
1.0 
1.1 
1.2 
1.2 
1.3 
1.4 
1.5 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 

.6 

.6 

.7 

.7 

.8 

.8 

.9 
1.0 
1.0 
1.1 
1.2 
1.2 
1.3 
1.4 
1.5 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 

.6 

.6 

.7 

.7 

.8 

.8 
09 

1.0 
1.0 
1.1 
1.2 
1.2 
1.3 
1.4 
195 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 
2.7 
2.8 
2.8 
2.9 

.6 

.6 
.7 

.7 
.8 
.8 
.9 

1.0 
1.0 
1.1 
1.2 
1.2 
1.3 
1.4 
1.5 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 
2.7 
2.8 
2.9 
3.0 

.6 

.6 

.7 

.7 

.8 
8 

.9 
1.0 
l.o 
1.1 
1.2 
1.2 
1.3 
1.4 
1,5 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 
2.7 
2.8 
2.9 
3.0 

.6 

.6 

.7 

.7 

.8 

.8 

.9 
1.0 
1.0 
1.1 
1.2 
1.2 
1.3 
1.4 
1.5 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 
2.7 
2.8 
2.9 
3.0 



Auxiliary Table 5. (continued) 

ha ha-hb ,ft 

ft * 
.02 .0 .06 .08 
 .10 .12 .14 .16 .18 *.' .22 .24 .26 .28 .30 .34
.32 .36 .38 .40
 

1.02 * 1.5 
 1.9 2.1 e.3 e.4 2.6 2.7 2.8 2.8 2., 2.9 3.0 3.0 3.0 
 3.0 3.1 3.1
1.04 * 1.5 1.9 2.2 .4 .5 
3.1 3.1 3.12.6 2.7 2.8 2.9 
 3.0 3.0 3.1 3.1 3.1 3.1 3.2 3.2 3.2
1.06 9 1.5 1.9 2.2 3.2 3.2
-.4 J.6 2.7 2.8 2.9 3.0 3.1 3.1 3.e 
 3.2 3.2 3.3
3.3 3.3
1.8s * 1.6 2.0 2.3 d.5 ?.7 2.8 2.9 3.0 

3.3 3.3 3.3
3.1 3.e 3.2 3.4 3.3 3.3 3.4 3.4 3.4
1.10 * 1.6 ?.1 2.3 e.6 '.7 2.9 3.4 3.4 3.43.0 3.1 3.2 3.J 4.3 3.4 3.4 3.4 3.5 
 3.5 3.5 3.5 3.5
1.12 * 1.7 e-I 2.4 3.5P.6 '.8 3.0 3.1 3.2 3.3 3.4 J.4 3.o 
 3.5 3.6 3.6 3.6
1.14 * 1.7 3.6 3o6 3.6 3.7
2.2 2.5 e.7 .9 3.1 3.2 3.3 3.4 3.'

1.16 * 1.B 2.2 2.5 ?.8 
3.5 3.b 3.6 3.7 3.7 3.7 3.7 3.7 3.8 3.8
4.0 3.1 3.3 3.4 
 3.5 3.h J.6 3.1 
 3.7 3.8 3.8
1.18 0 1.9 2.3 2.6 ?.9 1.1 

3.8 3.9 3.9 3.9 3*9
3.2 3.4 3.5 3.6 3.1 3.7 3.t 3.8 3.9 
 3.9 3.9 4.0
1.20 * 1.9 2.3 2.7 4.0 4.0 4.0;. 1.1 3.3 3.4 3.6 3.7 3.8
3.h 3.9.
1.22 * 1.9 2.4 2.7 4.0 4.0 4.0 4.1 4.1 4.1 4.1 4.14.0 1.2 3.4 3.5 3.7 3.8 3.9 3.9 4.o 
 4.1 4.1 4.2 4.2 
 4.2 4.2 4.2 4.2
1.24 * 1.9 2.5 2.8 3.1 j.3 3.5 3.6 3.8 3.9 4.0 4.0 4.1 
 4.2 4.2 4.3 4.3 
 4.3 4.4 4.4 4.4
1.26 * 2.0 2.5 2.9 3.2 4.4 3.6 
 3.7 3.9 4.0 4.1 4.2 4.e 4.3 4.3 4.4
1.28 * 2.0 2.5 3.0 j.2 4.4 4.5 4.5 4.5 4.51.5 3.7 3.8 4.0 
 4.1 4.2 4.3 4.J 
 4.4 4.5 4.5
1.30 - 2.1 2.6 3.0 4.5 4.6 4.6 4.6 4.6
j.3 4.6 3.7 3.9 
 4.1 4.2 4.3 4.4 4.. 4.5 4.6 4.6 4.7
1.32 * 2.1 2.7 3.1 3.4 4.7 4.7 4.8 4.8
j.6 3.8 4.0 4.2 4.3 4.4 4.5 4.b 4.6" 4.7 4.7 4.8 4.8 4.9 4.9 4.9
1.34 2.2 2.8 3.2 3.5 3.9
1.7 4.1 4.3 4.4 4.h 4.5 
 4.1 46.8 4.8 4.91.36 2.22 2.9 3.2 3.6 4.8 4.9 5.0 5.0 5.0 5.o
4.0 4.2 4.4 4.5 4.b 4.7 4.8 4.9 4.91.38 2.3 S.o 5.0 5.1 5.1 5.1
2.9 3.3 J.6 1.9 5.2
4.1 4.3 4.5 4.6 4.1 4.8 4.9 5.0 5.1 
 5.1 5.2 5.2
5.2 5.3 5.3
1'.40 * 2.3 3.0 3.4 s~.7 ;6.0 4.2 4.4 
 4.6 4.7 4.9
C) 1.42 * 2.4 3.0 3.5 4.8 5.U 5.1 5.2 5.2 5.3
J.R '4.1 4.3 4.5 4.7 4.8 4.9 5.3 5.4 5.4 5.4
S.0 5.1 5.3
1.44 * 2.4 3.1 3.5 ..9 4.2 4.4 
5.2 5.4 5.4 5.5 5.5 5.5 5.6
4.6 4.8 4.9 5.0 
 b.2 5.3 5.3 5.4 5.5 5.6 5.6 5.6 5.7
1.46 * 2.5 3.2 3.6 4.0 4.2 5.74.5 4.7 4.9 5.0 5.2 t.3 5.4 5.5 5.6 5.5 5.7 5.8
5.7 5.8
1.48 * 5.8
2.5 3.2 3.7 4.0 4.3 4.6 4.8 5.0 5.1 
 5.3 5.4 5.6
1.50 * 2.6 3.3 3.9 4.1 

5.b 5.7 5.7 5.8 5.9 5.9 6.0 6.0
'.4 4.7 4.9 5.1 5.2 5.4 5.5 5.6 5.7 
 5.8 5.9 6.0
!.52 * 2.6 3.3 3.8 u.2 4.5 4.8 
5.9 6.1 6.1 6.1
5.0 5.2 5.3 S.b 5.5 5.1 5.8 5.9 6.0
1.54 0 2.7 3.4 3.9 4.3 *.6 4.9 5.1 
6.1 5.1 6.2 6.2 6.35*3 5.5 5.b 5.7 5.9 6.0 6.1 6.1 6.2
1.56 * 2.7 3.5 4.0 4.4 6.3 6.3 6.4 6.4
4.7 5.0 5.2 5.4 5.6 5.1 5.9 6.0 6.1 
 6.2 6.3 6.4
1.58 0 2.8 6.3 6.5 6.5 6.63.5 4.1 4.5 -. 8 5.1 5.3 5.5 5.7 S. 6.0 6.1 6.2 6.3
1.60 * 2.8 3.5 4.1 4.6 6.4 6.5 6.6 6.6 6.7 6.7
4.9 5.2 5.4 5.6 
 5.8 6.0 6.1 6.2 6.3 6.4 6.5 6.6 6.7
1.62 * b.8 6.8 6.9
2.9 3.7 4.2 4.6 -.
 0 5.3 5.5 5.7 5.9 6.1 b.2 6.4 6.5 6.6 6.7 6.8 6.6 6.9
1.64 * 2.9 3.8 4.3 4.7 -.1 7.0 7.o
5.4 5.6 5.8 6.0 6.2 6.4 6.5 6.6 6.7 
 6.8 6.9 7.0
1.66 9 3.0 3.8 4.4 4.8 i.2 5.5 

7.0 7.1 7.1
5.7 5.9 6.1 6.3 b.5 6.b 6.7 6.8 6.9
1.65 0 3.1 4.5 7.0 7.1 7.2 7.2 7.33.9 4.9 -.3 5.6 5.8 6.1 6.3 6.4 6.6 6.1 6.9 
 7.0 7.1 7.3
1.70 8 3.1 4.0 4.5 n.0 -.4 5.7 
7.2 7.3 7.4 7.4
5.9 6.2 6.4 6.6 b.7 6.9 7.0 7.1 7.2 
 7.3 7.4 7.5
1.72 * 3.2 4.0 7.5 7.6
.. 6 -.1 ,.5 5.8 6.0 6.3 6.5 6.1 b. 
 7.0 7.1 7.3 7.4
1.74 * 3.2 4.1 4.7 2.2 j.6 5.9 6.2 6.4 
7.5 7.5 7.6 7.7 7.8


6.6 6.h 7.0 7.1 
 7.3 7.4 7.6
1.76 * 3.3 4.2 4.8 %.3 
7. 7.7 7.8 7.8 7.9
3.6 6.0 6.3 6.5 
 6.7 6.Y 1.1 7.j 7.4 7.5 7.6 7.7 7.8
1.78 * 3.3 4.2 4.9 -.3 ,.7 b.1 6.4 6.6 7.1 

7.9 8.0 8.1
6.9 7.2 7.4 7.5 7.7 7.8
1.80 * 3.4 4.3 4.9 S.4 -.b 7.9 8.0 8.1 8.1 8.2
6.2 6.5 6.7 7.0 7.e 1.4 7.b 7.7 7.8 
 7.9 8.0 8.1 8.2
1.82 * 3.4 4.4 5.0 8.3 8.4
.'.5 -.9 6.3 6.6 
 6.9 7.1 7.3 1.5 7.1 7.8 7.9 8.1 8.2 8.3 8.4 8.5 8.5
1.4* 3.5 4.5 5.1 
 -.6 f3.0 6.4 6.7 7.0 
 7.2 7.4 7.6 7.b 7.9 8.1 8.3
* 8.2 8.4 8.7
0.S6 3.6 4.5 5.2 -'.7 11.1 6.5 6.8 7.1 7.3 
8.5 8.6


7.h 7.8 7.9 8.1 8.2 8.4 8.5 8.6 8.7
1.88 * 3.6 4.5 5.3 J.8 3.2 6.6 8.8 8.8
6.9 7.2 7.5 7.r 7.9 8.1 8.2 8.4 8.5
1.90 * 3.7 4.7 &.9 8.6 8.7 8.8 8.9 9.0
5.4 b.3 6.7 7.0 7.3 7.6 
 7.b 8.0 8.2 5.4
1.92 * 3.7 4.7 5.5 8.5 8.7 8.8 8.9 9.0 9.1 9.2
o.0 h.4 !..8 7.2 7.5 7.7 8.1
7.4 8.3 8.5 8.7 8.8 8.9
1.94 * 3.8 4,9 5.5 h.l t.6 9.0 9.1 9.2 9.3
o.9 7.3 7.6 7.8 8.1 o.3 8.! 8.6 8.8 8.9 9.1 9.3
1.96 0 3.8 4.9 516 h.2 4.7 7.0 9.2 9.4 9.57.4 7.7 8.0 8.e d.4 8.6 5.8 9.0 9.1
1.98 3.9 5.0 =."i h.3 9.2 0.4 9.5 9.6 9.7
F).8 7.2 7.5 7.8 8.1 8.3 8.
8.6 8.9 9.1 9.2 9.4 9.5
e.00 44.0 5.0 5.5 b.4 t.9 7.3 9.6 9.7 9.8
7.6 7.9 d.2 8.b 
 u.7 8.v 9.1 9.2 9. 
 9.5 9.7 9.8 9.9 10.0
 



Auxiliary Table 5. (continued) 

ha, ha-hb ,ft
 

ft
 
* .42 .44 .46 .48 .50 .52 .54 .56 *o58 .60 .62 .64 ,66 .68 .70
 

1.04 * 3.2 3.2 3.2 3.2 3.2 3.2 3.2
3.2 3.2 3.2 3.2 3.2
3.2 3.2 3.2
1.06 
* 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 
 3.3 3.3 3.j 3.3 3.3 3.3
1.08 * 3.4 3.4 3.4 3,4 3.4J.4 3.4 
 3.4 3.4 3.4 3.4. 3., 3*4 3.4 3.41.10 * 3.5 3.5 3.5 ..5 .3.5 3.5 3.5 
 3.5 3.5 3.b 3.5 3.b 3.5 3.5 3.5
1.12 * 3,7 3.7 3.7 
 3.7 3.7 3.7
3.7 3.7 3.7 3.1 3.1
3.7 3.7 3.7 3.7
1.14 * 3.8 
 3-8 3.9 1.8 J.8 3.8 3.8 3.8 3.8 3.8 
 3.8 3.s 3.8
3.8 3.8
1.16 * 3.9 3.9 3.9 s.9 J.9 
 3.9 3.9 3.9 3.9 3. 3.9 3.Y 3e9
3.9 3.9
1.18 
* 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 
 4.0 4.0 4.0
4.0 4.0 4.0 4.0
1.20 * 4.2 4.2 4.2
4.2 4.2 4.2 4.2 4.2
4.2 4.2 4,2 4.2 4.2 4.2

4e3 4.3 %.3 4.3 4.3 4.3 4.3 4.3 4.3 

4.2
1.22 * 4.3 4.3 
 4.3 4.3 4.3 4e3
1.24 * 4.4 4.4 4.4 4.4 4.4
4.4 4.4 4.4 4.4 4.4
4.4 4.4 4.4 4.4 4.4
1.2. * 4.5 4.5 4.,5 4.5 4.5 4.5 4.5
4.5 4.5 4.S 4.5 4.5
4.b 4.5 4.5
1.28 * 4.6 4.5 4.7 I,7 
 f.7 4.7 4.7 4.7 4.7 4,7 4 .7 4.1 4.7 4.7 4.7
1.30. e 4..8 
 4.8 4.8 4.8 4.8 4., 48 4.8 4.8 4.8 
 4.8 4.5 4.8 48 4.
1.32 * 4.9 4.9 4.9 
 1.0 '.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
 5.0 5.0 5.0
;.34 * 5.0 5.1 5.1 '1.1 J.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 
 5.1 5.1 5.1
1.36 9 5.2 5.2 5.2 '*.2 i.2 5.2 5.2
5,2 5.2 5,2 5.2 5.2
5.2 5.2 5.2
1.38 * 5.3 5.3 5.3 D.3 5.4
5.4 5.4 
 5.4 5.4 5.4 5.4 5.' 5.4 5.4 5.4
1.40 * 
 S,5 5,5 5,5 S.5 ,.5 5.5 5.5 5.5 5.5 5.S 5.5 5.b 5.5 .5
5.6 .6 i.7 5.7 5.7 5,7 5.7 5.1 5.1 
5.5
r 1.42 9 5.6 5.5 
 5.1 5.7 5.7 5.7
 ro 1.44 * 5.7 5.8 5.8 S.a i.8 5.8 
 5.8 5.8 5.8 5,8 5.8 5.d 5,8 5.8 5.8
1.46 9 5.9 5.9 
 5.9 S.9 -. 9 6,0 6.0 6.0 6.0 6.0 6.0 
 6.0 6.0 6.0 6,0
1.48 * 6.0 6.0 ".1
6.1 6.1 b.1 6.1 6.1
6.1 6.1 6.1 6.1 6.1 6.1 
 6.1
1.50 C 6.2 6.2 6.2 h.2 b.2 6.2 6.3 6.3 6.3 
 6.3 6.3 6.3
6.3 6c3 6.3
1.52 * 
 6.3 6.3 6.3 6.4 6.4 b.4 6.4 6.4 6.4 
 6.4 6.4 6.4 6.4 6.4 6.4
1.54 * 6.5 6.3 6.5 b.5 0.5 6.5 6.6 6e.6 6.6 6.6 b.6 6b 
 6.6 6.6 6.5
1.56 0 6.6 6.5 6.6 3.7 6.7 
 6.7 6.7 6o7 6.7 6.1 
 6.7 601 6, 6.7 6.71.58 * 6.7 6.8 6.8 h.8 b.8 6.8 6.8 
 6.9 6.9 6.9 6.9 6e9 6.9 6.9 6e9
1.60 * 6.9
6.9 7.0 7.0 1.0 7.0
7.0 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.11.62 * 7.0 7.1 7.1 '.1 I7. 7.2 7.2 7.2
7.2 7.2 7.2 7.z 7.2
7.2 7.2
1.64 0 r.2 7. 7.3
7.3 1.3 7.3 7.3 7.4
7.3 7.4 7.4 7.4 7.4 7.4 
 7e4
1.66 * 1.3 7.4 7.4 
 1.4 1.5 7.5 7.5 7.5 7.5 7.5 7.5 Y,! 7,5 7,5 7.5
1.68 0 7.5 7.5 7.6 f,6 
 1.6 7.6 7.7
7.7 7.7 7.1 1.7 7.7


7.7 7.7 7.7 1.8 7.8 7.8 7.8 7.8 7.8 
7.1 7.7 7.7
1.70 * 
 7.9 7.9 7.4 7.9 7.9 7.9


1.72 * 7.8 7.9 7.9 r.9 8.0
1.9 8.0 8.0 8.0 al
8.0 8.1 8.1 8.1 8.1
1.74 * 
 8.0 8.0 8.0 8.1 a.1 8.1 8.2 8.2 8.2 8.2 8.2 8.2
R.2 8.2 8.2
1.76 * 8.1 8.2 
 8.2 n.2 e.3 8,3 8.3 8.3 8,3 8.3 8,4 6.4 8,4 8.4 8.4
!.78 a 8.3 8,3 
 8,4 n.4 d.4 8,5 8.5 8,5 8,5 8.! tie 8.6 8.6 8.6 8.6
1.80 * 8.4 8.5 8.5 H.6 -.6 8.6 
 8.7 8,7 8,7 8.1 8.7 8.8 8.8 8.8 8.8
1.82 * 8.6 8.5 8.7 n.7 -.8 
 8.8 8.8 8.9 8.9 8.9 
 8.9 8e9 8.9 8.9 8.9
1.84 0 8,8 8.9 8.9 01.9 01.9 9.0 9.0 9.0 900 9.1 
 901 9.! 9.1
9.1 9o1
1.86 * 8.9 9.0 9.0 '.1 
 0.1 9.2 9.2 9.2 
 9.2 9.2 9.2 9.2 9.3 9.3 9.3
1.8 * 9.1 9.1 9.2 Y.2 
 Y.3 9.3 9.4 9.4 9.4 9.4 9.4
9.4 9.5 9.5 9.5
1.90 * 9.2 
 9.3 9.4 V.4 4.5 9.5 9.5 9.6 9.6 9.6 
 9.6 9.6 -9.6 9.7 9.71.92 0 9.4 9.5 9.5 
 v.6 1.6 9.7 9,7 9,7 9.8 9.8
9.8 91d 9.8 9.9 9.9
1.94 * 9.6 9.6 9.7 
 9.8 9.8 9.9
9.8 9.9 
 9.9 10.0 10.0 10.0 10.0 10.1 10.1
1.96 9 9.7 9.8 9.9 9.9 -o.0 10.0 
 10.1 J0.1 10.1 10.1 10.2 10.Z 10.2 10.2 10.21.98 * 9.9 10.0 10.0 10.1 10.2 10.2 10.3
10.2 10.3 
 10.3 10.3 10.4 10.4 10.4 10.4
,.00 * 10.1 10.1 10.2 10.3 10.3 10.4 10.4 10.5
f0.5 10.b 10.5 10.I 10.610.6 10.6
 



Auxiliary Table 6. Submerged Flow Calibrations for 12 in x 3 ft Cutthroat 
Flume (Values Listed Are Discharged in cfs) 

ft • hd-hb ,ft
".2e 


.30 .32 .34 .36 
 @38 .40*************************
 
.02 .0O .05 .08 .10 
 .12 .14 .16 .18 
 .eO .22 .2. .26 .28 .30 .32 .34 
 .36 38 .0
.02 * .0 
 .0 .0 .0 .0 
 .0 .0 .0 
 .0
.04 - .o .0
.0 .0 .0 .0 *0 .0 .0 .0 .0 .0 .0
.0 .0 .0 .0 .0
.05 * .0 .0 .0 .0 

.0 .0 .0 .0 .0 .0 .0 .0 
.0
 

.0 .0 .0 .0 .0 .0 .0 .0 .0
.08 * .0 .0 .0 .0 .0 .0 .0 .0 .0
.0 .0 .0 .0
.0 .0 .0 z0 .0 .0 .0 .0
.1O * .1 .0 .u .0
.1 .1 .1 .0 .0
.1 .1 .1 .1 .1 .0 .0 .0 .0 .0
.12 * .1 .1 .1 .1 .1 .1 
.1 .1
 

.1 .1 .1
.14 * .1 .1 .1 .1 .1 .1 .1 .1
.1 .1 .1 .1 .1 .1 .1 .1 . .1
.16 * .1 .2 .2 
.1 .1 .1 .1 .1 .1 .1 .1 

.1
 
.2 .2 .2 .2 .2 .1 .1 .1 .1
.13* .2 .2 .2
.2 .2 .2 .2 .2 .e .2 .2 .2 .2
.2 .2 .2 .2 .2
.2 .2 . .2
.20 * .2 .2 .2 .2
.2 .2 .2 .2 .2 .2 .2 .2 

.2 .2 .2 .2 .2 .2 .2
.22 . .2
* .2 .3 .3 .3 .3 .3 .3 
.2 .2 .2 .2 .2 .2 .2 .2.3 .2
.2f+ .2 .3 .3 .3 .J .3
.3 .3 .3 .3 .3
.3 .3 .3 .3 .3 .3
.26 .3 .3 .J .3 .J .3 .3
.3 .3 .4 .3 .3
.4 .*4 .4 .4 .4 .3 .3 .3 .3 .3 .3
.28 .3 .4 .4 .4 .4 .' .4
.4 .4 .4 .4 .4 .4 .4 .4 

.4 .4 .4 .4 .4 .4 .4
.30 * .3 .4 .C .4 4 *4 .4 04
.5 .5 .5 .5 .5 .4 .*4 .v4 .4 4
.32 .4 .5 .5 .5 .5 .6 .6 
.5 . .5 . .5 .5 .5 .5 .5 .s .5


.34 * .4 .5 .6 .6 
.6 .6 .h .5 . .6 .6 .6 .6 .6 

.5
 
.6 .6 .b .6 .6 o6
.36 - .5 .5 .6 .7 

.6 .6 .b .6 .6 .6 .6 .6
.7 .7 .6 .6
P .38 0 .5 .5 .7 .7 
.7 .7 .7 .1 .7 01 .7 .7 

.6 .6 .6 
.7 .9 .8 .7 .7 .7
r .40 * .5 .7 .8 .8 * .8 ,d .7 .7 .7
.7 .8 .8 .8
.8 .8 .8 .8 .8 .6 .8 .8 ,8 8 .8 .8
.42 * .6 .8 .6 .8 .8 .8
.7 .8 .8 .8 .8
.9 .9 .9 .8 .8 .8
.9 .9
.44 * .6 .' .9 .-
.9 .9 .9 .9
.9 1.0 1.0 1.0 1 .0 1.0 .9 .9 .9 .9 .9 .9
.46 * 1.0 1.0
.7 .9 .9 1.0 1.0 1.0 1.0 1.0 1 .0 1
1 1.1 1.1 1.1 .0 1.0 1.0 1.0 1.0
.48 * 1.1
.7 .9 1.0 1.1 1.1 1.1 1.2 1.2 

11 1.1 . .1 .l 1.1
.50 * . .9 1.1 1.2 1.e 1.2 I.e 1.2
1.1 1.2 1.2 1.2 1.2 1.2
1.2 1.2 1.3 l.4 1.3 1.2 1.2 1.2 1.2
.52 * .8 1.0 1.1 1.2 1.3 
1.4 1.3 1.3 1.3 13 1.3 1.3 1.3
.54 * 1.3 1.3 1..3 1.3 1.4 1.3
.8 1.1 1.2 1.*4 1.4 1.*4 


.56 * 
1.3 1.3 1.4 1.4 1.4 1.4 1.4 1.4 

1.4 1.4 1.*4 1.4 1.4 1.4 1.*4
.9 1.1 1.3 1.4 1.4 1.4 1.4 1.4 1.4 1.4
1.5 1.5 1.5 1.4 1.4 1.4
1.5 l.b 1.4
.59 * .9 1.2 1.3 I I .o 1.5 1.5 1.5 1.5
1.4 1.5 1.6 1.6 1.6 1.S 1.5 1.S 1.5
1.6 1.b
.60 * 1.0 1.2 1.4 1.5 1.6 1.7 1.7 
1. 1.1 1.7 1.7 1.7 1.7 1.7 1.7 1.7
.62 * 1.0 1.7 1.7 1.1 1.8 1.u 1.7
1.3 1.5 1.6 1.7 1.7 1.8 1.8 1.8 1.8 1.8
.64 1.8 1.8 1.8 1.9 1.9 1.8 1.8 1.8
* 1.1 1.4 1.9 1.9 1.9
1.5 1.7 1.8 1.9 1.9
1.8 1.9 1.9 1.9 2.0 1.9 1.9 1.9 1.9
.66 - 1.1 1.4 1.6 2.0 2.0 2.0 2.0 2.0
1.8 1.9 1.9 2.0 2.0 2.0 2.0 2.0 2.0 2.0
.68 * 1.2 1.5 2.1 2.1 2.1 2.1 2.1
1.7 1.8 2 .12 .12.1
1.9 2.0 2.1 2.1 2.2 2.e 2 .12 .12.1 2.1
.70 * 1.3 2.2 2.i
1.6 1.8 1.9 e.0 2.1 2.2 2.2 2.2 2.2 2.2 2.2
2.2 2.2 2.3 2.2 2.2
2.3 2.3
.72 * 1.3 1. 1.9 e.0 2.3 2.3 2.3 2.3 2.3 2.3
.1 2.2 2.3 2.3
2.3 2.3 2.4 2.3
.74 - 1.4 1.7 1.9 2.4 2.4 2.4 2.5 2.5
P.l e.2 2.3 2.5 2.5 2.5
2.4 2.5 2.5 2.5 2.5 2.5
2.5 2.6
.75 * 1.4 1.9 2.0 2.6 2.6 2.6 2.6 2.6


.78 * 1.5 
e.2 '.13 2.4 2.5 2,6 2.6 2.1 2.7 

2.6 2.6 2.6 2.6
1.9 2.1 ?.3 2.1 2.7 2.7
e.4 2.5 2.6 2.7 2.7 2.7
2.7 2.7 2.8 2.7 2.7
.80 * 1.5 1.9 2.2 eo.' 2.8 2.8 2.8 2.8 2.8 2.7

e.5 2.6 2.7 2.e 2.8
2.8 2.9 2.8 2.8 2.8
.82 * 1.6 2.0 2.3 ;.5 2.6 

2.9 2.9 3.0 3.0 3.0 3.0 3.0 3.0
2.7 2.8 3.0 3.0 3.0
2.9 3.0
.84 * 1.6 3.1 3.1 3.1
2.1 2.4 .P6 3.1 3.1
j.7 2.9 3.0 3,0 3,1 
3.0 

3.1 3.1 3.1 3.l 3.1
.86 * 1.7 2.1 2.4 3.2 3.2 3.2 3.2 3.2 3.3
'.7 2.8 3.0 3.1 3.2 3.3 3.3 3.3 3.3 3.3
3.2 3.3 
 3.3
.88 * 1.8 2.2 2.5 ?.8 3.4 3.*4 3.*4 3.4 3.4 

.90 * 

2.9 3.1 3.2 3.3 3.4 3.o4 3.5 3. 
3.4 3.4 3.4 3.4
1.8 2.3 3.5 3.5
2.6 ?.Q S.0 3.5 3.6 3.6
'.2 3.3 3.4 3.5 3,t 3.6 3.6 3.6 3.6
.92 * 1.9 3.b 3.7
2.4 2.7 J.0 3.1 .3 3.4 3.5 3.6 

3.7 3.7 3.7 3.7 3.7 3.7 3.7
.94 * 1.9 2.5 2.8 So1 3.7 3.7 3.6 3.8 3.8
j.3 3.4 3.5 3.7 3.7 3.8 3.8 3.8 3.9 3.9 3.9 3.9
.96 3.9 3.9
* 2.0 2.5 2.9 "3.2 J*4 3.5 3.7 
3.9 490 1.0 4.0 4.0 4.0 4.0 4.0:98 * 3.8 3.9 3.9 4.0 4.12.1 2.6 3.0 :1.3 j.5 3.6 3.8 3.9 
4.1 4.1 4.1 4.1 4.2 4.2 4.2 4.2
4.0 4.1
1.00 * 2.1 4 1 4.2 4.2
2.7 3.1 J.4 3.6 3.8 6.3 4.3 4.3 4.3 4.3
3.9 4.0 4.1 4.2 4.3 4.3 4.3 4.3
4.4 4.4 
 4.4 4.5 
 4.5 4.5 4.5 
 4.5
 



Auxiliary Table 6. (continied) 
ha ha - hb ,ft
hal 
ft
 

* .02 .04 .06 
 .08 .10 .12 
 .14 .16 .18 
 LIO .22 .24 .26 
 .28 .30 .32 
 .34 .36 .38 
 ..0
1.02 * 2.2 2.8 3.2 3.5 J.7 3.91.04 * 2.3 2.9 3.3 3.6 4.0 4.2 4.3 4.4 4.4 4.t 46.5J.8 4.0 4.2 4.6 4.6 4.6
4.3 4 .4 4. 4.6 4.7 4.6 4.7 4.7 4.7
4.b 4.7
1.06 * 2.3 2.9 3.4 3.7 3.9 4.1 4.3 
4.8 4.8 40.8 4.8 4.8 4.8-.4 4.6 4.1 4.71.08 * e.4 3.0 4.t 4.9 4.9 4.9 5.0 5.03.5 3.8 4.0 4.2 4.4 4.6 4.7 5.0 5.0 5.0
4.#J 4.9 5.0
1.10 * 5.0 5.1 5.1
2.5 3.1 3.6 3.9 4.2 4.4 4.6 5.1 5.1 5.1 5.2 5.2
4.7 4.8 4.9 
 5.0 5.1 5.2
1.12 * 2.5 3.2 3.7 4.0 4.3 4.5 4.7 4.8 

5.-2 5.3 5.3 5.3 5.3 5.3 5.45.0 5.1 5.2
1.14 0 2.6 5.3 5.3 5.4
3.3 3.9 4.1 -o.4 4.6 4.8 5.0 5.1 5.2 
5.4 5.5 5.5 5.5 5.5 5.5
S.3 5.4
1.16 * 2.7 5.5 5.6 5.6 5.6 5.73.4 3.9 '.02 4.5 4.8 5.0 5.1 5.7 5.7 5.7
5.3 5.4 S.5
1.19 * 2.7 3.5 4.0 5.b 5.7 5.7 5.8 5.8 5.8 5.9k.3 1.6 4.9 5.9 5.9
5.1 5.3 5.4 5.b
1.20 * 2.8 3.5 5.7 5.1 5.8 5.9 5.9 6.0
4.1 4.4 4.8 5.0 5.94 6.0 6.0 6.1 6.1
5.2 5.6 5.7 5.8 5.9
1.22 0 2.9 6e0 6.1 6.1
3.5 4.2 4.6 ..9 5.1 5.4 5.6 5.7 5.Y 

6.2 6.-2 6.*2 6.2 6.2
6.0 6.1 6.2 6.2
1.24 * 2.9 6.3 6.3 6.4
3.7 4.3 4.7 -.0 5.3 5.5 5.7 6.4 6.4 6.4
5.9 6.0 6.1
1.25 * 3.0 3.9 4.4 6.e 6.3 6.4 6.5 6.5 6.6 6.6
4.%3 .1 5.4 5.6 5.8 6.0 6.2 6.6 6-6
'.3 6.4 6.5
1.28 * 3.1 6.6 6.6 6.7
3.9 4.5 4.9 .3 6.7 6.8 6.8 6.8
5.5 5.8 6.0 
 6.2 6.3 6.5 
 6.b 6.7 6.8
1.30 - 3.2 4.0 4.6 ).o b.4 5.7 5.9 6.1 6,3 
6.8 6.9 6.9 7.0 7.0 7.0
6.5 6.6 6.1
1.32 - 3.2 4.1 4.7 n.1 ,.5 6.8 6.9 7.0 7.1 7.1 7.2 7.2
5.8 6.1 6.3 7.2
6.5 6.b 6.8 
 6.V 7.0 7.1 7.2
1.34 - 3.3 4.2 7.3 7.3 7.4
4.9 .3 *3b 7.4 7.4
5.9 6.2 6.4 6.6 
 6.t 7.0 7.1
1.36 - 3.4 7.2 7 3 7.44.3 4.9 -.. 7.4 7 5 7 6-.8 6.1 6.4 6.6 6.8 7 6 7.6
7.O 7.1 7.3 7.4 7.5
1.38 0 3.5 .f4 7.6 7.6 7.7
5.0 ,.5 -.9 6.2 6.5 6.7 7.8 7.8 7.8
7.0 7.1 7.3 7.4
1.40 * 3.5 7.6 7.1 7.84.5 5.1 -.6 n.0 6.4 6.7 7.8 7.9 7.9 8.0 8.0
6.9 7.1
PO 1.42 * 7.3 1.5 7.6 7.7 7.835 4.5 5.2 7 .2 6.5 6.8 7.1 7.3 7.5 

7.9 8.0 8.1 8.1 8.2 8.2
7.6 7.1 7.9
'..44 0 3.7 4.7 8.0 8.1 8.2
5.4 s.9 o.3 6.6 7.0 7.2 7.4 8.3 8.3 8.4 8.4
7.b 1.8 8.0 8.1 8.2 8.3
1.46 * 3.8 4.8 8.4 8.5 8.6
5.5 '.0 6.4 8.6 8.7
6.8 7.1 7,4 7.6 
 7.d 8.0 8.1
1.48 * 3.9 8.3 8.4 8.5
4.9 5.6 ".) "Q6 6.9 7.3 7.5 7.8 8.0 d.2 
8.6 8.7 8.8 8.8 8.9
8.s 8.5 8.61.50 * 3.9 5.0 8.7 8.8 8.9
5.7 k.3 ).7 7.1 7.4 7.7 7.9 9.0 9.0 9.1
8.2 d.3 8.5
1.532 * 4.0 8.7 8.8 8.9
5.1 S.8 t-.4 9.0 9.1 9.2 9.2
P.8 7.2 7.6 7.9 #.1 8.3 8.5 9.38.1 8.8 9.0
P.54 * 4.1 5.2 5.9 3.5 9.1 9.2 9.3 9.4 9.*4 9.5
1.0 7.4 7.7 
 8.0 8.3 8.b
1.56 * 4.1 5.3 5.0 8.7 8.9 9.0 9.2 9.3 9.4 9.5
h.05 1.1 7.5 9.6 9.7 9.77.9 8.2 8.4 
 8.7 d.9 9.1 
 9.2 9.4 9.5 9.6
1.58 0 4.2 5.4 6.2 '.8 1.3 9.7 9.8 9.9 9.97.7 8.0 8.3 8.6 
 8.9 V.1 9.3
1.60 4.3 5.5 9.4 9.6 9.7
6.3 0.9 1.4 1.8 8.2 8.5 9.8 9.9 10.0 10.1 10.2
8.8 9.0 9.2 9.4
1.62 * 4.4 5.5 9.6 9.8 9.9 10.0 10.1 10.26.4 1.0 1.5 8.0 10.3 10.4
8.3 8.7 9.0 
 9.e 9.4 9.6
1.64 * 4.5 5.7 6.5 9.8 10.0 10.1 10.2 10.3 10.4 O.S
f.2 1.7 8.1 8.5 8.8 9.1 9.4 10.6
 

* 4.5 9.6 9.8 10.0 10.2 10.3 
 10.4 10.6
5.9 6.6 1.3 1.8 8.3 8.7 9.0 10.7 10.8 10.8
Y.3 9.b 9.8
1.68 * 10.0 10.2 10.4
4.6 5.9 6.4 1.4 10.5 10. 7 I0.8 10.94.0 8.4 8.8 11.0 11.
9.2 9.5 9.6 10.0 10.2 10.4 10.6
1.70 * 4.7 6.0 6.9 1.6 -.1 8.6 9.0 10.7 10.9 11.0 11.1 11.2 11.3
 
1.72 9.3 9.7 9.9 10.2 10.4 10.6 10.8 10.9* 4.9 6.1 7.0 11.1 11.2 11.3 11.4
1.7 p.3 8.7 11.5
9.2 9.5 9.8 10.1 10.4 10.6 I0.8
1.74 * 11.0 11.? 11.3
4.9 6.2 7.1 1.8 11.4 8.9 9.3 11.4 11.5 11.7 11.7
9.7 10.0 10.3
1.76 10.6 lO.i 11.0 11.2
* t.O 6.3 7.2 11.4 11.5 11.7
".0 -1.6 9.1 11.8 11.9 12.0
9.5 9.9 10.2 1O.6 10.8 11.0 11.2
1.78 * 11.4 11.6 11.7
-.0 6.4 7.4 ".1 1.7 9.2 9.7 11.9 12.0 12.1 12*.2
10.0 10.4 10.1 
 11.0 11.2 11.4
1.30 0 :.1 6.5 11.6 11.8 12.0 12.17.5 M.2 1.9 9.4 9.8 10.2 10.6 10.9 12.2 12.3 12.4
 
1.S? * 11.2 11.4 11.6 11.8 12.0
5.2 5.5 7.6 n.4 -.0 9.5 10.0 12,2 12.3 12.5 12.6 12.7
10.4 10.7 11.1 
 11.3 11.6 11.8 
 12.0 12.2 12.4
1.34 * 12.5
5.3 5.8 7.7 M.5 12.7 12.8 12.9
-. 2 9.7 10.2 10.6 10.9 11.3 
 11.5 11.8 12.3
1.96 * S.4 5.9 7.9 p1.7 o.3 9.9 10.3 10.7 11.1 

12.0 12.4 12.6 12.8 12.9 13.0 13.2
11.4 11.7 12.0 
 12.3 12.5 12.7 12.8
I.9 * '.5 7.0 13.0 13.2 13.3
8.0 M.8 4.5 10.0 10.5 10.9 11.3 13.4
11.b 11.9 12.e
1.90 * n.6 7.1 8.1 '4.9 4.6 10.2 10.7 11.1 
12.5 12.7 12.9 13.1 13.2 13.4 13.5 13.6
11.5 11.o I1.1 12.4
1.92 0 :.6 12.7 12.9 '3.1
7.2 8.3 ".1 -4.8 10.3 10.8 11.3 13.3 13.5 13.6 13.8 13.9
11.7 12.0 12.3 
 12.b 12.9 13.1
1.94 * o.7 7.3 13.3 13.5 13.7
8.4 #.2 -.9 10.5 11.0 11.5 11.9 13.9 14.0 14.1
12.e 12.5 12.8
1.96 13.1 13.3 13.5
* 5.8 7.4 13.8 13.9 14.1 14.2
8.5 V. Io.I 10.7 11.2 11.7 12.1 14.4
12.4 12.9 13.0
1.98 * 6.9 ;.5 13.3 13.6 13.8 14.0
8.7 J.5 10).2 10.8 11.4 11.8 12.3 12.b 13.0 13.3 

14.2 14.3 14.5 14.6
 
e.00 13.5 13.8 14.0
* 6.0 7.5 8..8 14.2 14.4 14.6
9.7 10.4 11.0 11.6 12.0 14.7 14.9
12.4 12.d IJ.2 13.b 13.8 
 14.0 14.2 14.4 
 14.6 14.8 15.0 15.1
 



Auxiliary Table 6. (continued) 

ha, .8 5 ha- hb ,ft 
ftf
 

42 .4 .46 .48 .50 o52 .54 .56 .58 .ho .62 .64 .66 .68 .70
 
1.04 0 4.8 4.9 4.8 4.8 4.8 4.8 4.8 4.9 4,8 4.t 
 4.8 4. 4.8 4.81.06 * 4.8.O 5.0 5.0 ..o *).0 5.0 5.0 5.0 5.0 5o0 5.0 5.u 5.0 5.0 5.01.08 0 5.2 5.2 5.2 3.2 i.2 
 5.2 5.2 5.2 5.2 
 5.L 5.2 5.9 5.2 
 5.2 5.2
1.10 * 5.4 5.4 5.4 t).4 ~.4 5.4 5.4 5.4 5.4 5.4. 6.4 5.4 5.41.12 * 5.5 5.5 5.5 a.5 .5 5.5 5.4 5.45.5 5.5 5.5 5.t 
 5.5 5.! 5.5 5.5
1.14 * 5.7 5.7 5.55.7 a.7 i.7 5.7 
 5.7 5.7 5.7 
 5.f !,.7 5.1 5.7
1.16 * 5.7 5.75.9 5.9 5.9 '..9 1.9 5.9 5.9 5.9 5.9 5.Y 5.9 S.v 5.9 5.9 5.9
1.18 * bl 6.1 6.1 6.1 ,.1 6.1 6.1 6.1 6.1 6.1 6.1 
 6.1 6.1 6.1 6.1
1.20 * 6.3 6.3 6.3 ft.3 ft.3 6.3 6.3 6.3 
 6.3 6.J 6.3 6.J
1.22 * 6.4 6.5 6.5 '.5 6.3 6.3 6.3
b.5 6.5 6.5 6.5 
 6.5 6. 6.5 6.b 
 6.5 6.5 6.5
1.24 6
6.6 6.7 6.7 ft.7 6.7 6.7 6.7 6.7
* 6.7 6.1 6.7 6.1 6.7 6.7 6.7
1.26 6.8 6.8 
 6.9 h.9 M.9 6.9 
 6.9 6.9 6.9 6.v 
 b.9 6.0 6.9 6.9
1.28 0 7.o 7.0 7.1 /*1 6.9
1.1 7.1 7.1 7.1 7.1 7.1 7.1 
 7.1 7.1 7.1 7.1
1.30 * 7.2 7.2 7.3 7.3 7*3 
 7.3 7.3 7.3 
 7.3 7.4 7.3- 7.4 7.3 7.3 7.3
1.32 * 7.4 7.4 704 1.5 705 7.5 7.5 7.5 7.5 7.5 1.5 7.t 7.5
1.34 * 7.6 7.7 7.7 7.5 7.5/.7 1.7 7.7 7.7 
 7.7 7.7 7.7 7.7 7.1 7.7 7e7
1.36 * 7.8 7.9 7.9 1.9 1o9 

7.7 
7.9 7.9 7.9 7.9 
 7.V 7.9 7.v 7.9 
 7.9 7.9
1.3R * 6.1 8.1 8.1 ".1 -1.1 8.1 8.1 8.1 8.1 81 
 b.1 8.1 9.1 8.1
1.48u 
a .3 8.3 8.3 *.3 d.J4 8.4 8.4 8.4 8.4 8.4 

8.1
 
8.4 8.4
1.42 8.55 8.5 8.5 ".5 d.6 8.6 8.6 

8.4 8.4 8.4

8.6 8.6 8.6 8.6 
 8.b 8.6 8.6
1.44 * 0.7 8.7 8.7 n.7 8.6

s.7 8.8 8.8 8.8 8.8 8.8 d.8
, 1.46 * 8.9 8.9 R.9 80. 8.8 8.8 8.8v.0 J.0 9.0 9.0 
 9.0 9.0 9.0 9.0 9.0 9.0 9.0
1.49 * 9.1 9.1 9.2 9.2 9.01.2 9.3 9.3 9.3 
 9,3 9.3 9.3 9.j 9.3 9.3 9.3
1.50 * 9.3 9.f 9.4 .4 9.4 9.4 9.5 9.5 
 9.5 9.5 9,5 9.-
 915 9.5 9.51.52 * 9.6 9.5 9.6 #.6 #.6 9.7 9.7 9.7 9.7 
 9.7 9.7 9.1 9.7 9.7 9.7
1.54 0 9.8 9.9 9.8 4.9 1.9 9.9 
 10.0 10.0 10.0 10.0 
 10.0 10.0 10.0
1.55 * 10.0 10.0 10.010.0 10.1 Io.1 10 1 
 10.1 10.1 10.2 10.2 10. 10.2 10. 
 10.2 10.2 10.2
1.58 * 10.2 10.3 10.3 10.3 10.3 

1.00 

10.4 10.,. 10.4 10.4 10.4 10.4 10.4 10.4 10.4 10.4
* 10.4 10.5 10.5 10.6 10.6 10.6 10.6 10.7 10.7 10.1 10.7
1.62 0 10.7 10.7 10.7 10.7 10.7
10.7 10.8 i0.8 *L..8 10.8 10.9 10.9 10.9
1.64 * 10.V 10.9 10,9 10.9 10.9 100910.9 11.0 11.0 11.0 11.1 11.1 11.1 
 11.1 11.2 11.2 11.2
1.66 * 11.2 11.2 11I2 110211.1 11.2 11.2 11.3 
 11.3 11.3 11.3 11.4 
 11.4 11.4 11.4 11.4 
 11.4 11.4 11.4
1.68 * 11.4 11.4 11.5 11.5 11.6 11.6 
 11.6 11.6 11.6 11.1 
 11.7 11.7 11.7 11.7
1.70 * 11.6 11.7 11.7 11.8 1I.8 11.711.8 11.8 11.9 11.9 
 11. 9 11.9 11.9 11.9 11.9 11.9
1.72 * 11.8 II.v 12.0 1-.0 1'*0 12.1 12.' 
 12.1 1291 12.1 
 12.2 12. 12.2 12.2
1.74 * 12.1 12.1 12.2 !e.2 12.3 12*212.3 12.3 12.4 12.4 
 12.4 12.5 12. 12.5
1.75 * 12.5 12.512.3 12.4 12.4 12.5 
 1'-.5 12.6 12.6 12.6 
 12.6 12.h 12.7 12.1 12.7 12.7 12.7
1.78 * 12.5 12.6 12.7 !e.7 12.8 12.8 12.9 12.9 12.9 12.9 
 12.9 13.0 13.0 13.0 
 13.0
1.80 * 12.8 12.9 12.9 I3.0 13.O 13.1 13.1 
 13.1 13.2 13.2 13.2 
 13.4 13.3 13.3
1.82 * 13.0 13.1 13.2 1J.2 13.3 13.3 13.313.4 13.4 13,4 13.4 13.4 13.b 13.5 13.5 
 13.5
1.94 * 13.3 13.3 13.4 I.5 11.6 13.6 
 13.6 13.7 13.7 13.1 13.7 13.1 13.8
1.86 * 13.5 13.8 13.813.5 13.7 1-.7 
 1J.8 13.9 13.9 13.9 
 14.0 14.0 14.0 14.0 
 14.1 14.1 14.1
1.98 0 13.7 13.9 13.9 14.0 14.1 
 14.! 14.2 14.2 14.2 
 14.3 14.3 14.4 
 14.4 14.4 14.4
1.90 * 14.0 14.1 14.2 14,.3 14*3 1" 14.4 14.5 14.5 14.b 14.5 14.6 
 14.6 14.7 14.7
1.92 * 14.2 14.3 14.4 14.5 14.6 14.7 14.7 14.7 14.8 14.0 
 14.3 14.8 14.8 14.9 
 14.9
1.94 0 14.5 14.5 14.7 
 14.8 14.9 14.9 15.0 15.0 15.1 15.1 
 15.1 1501 15.1 15.2
1.96 * 14.7 15.214.9 15.0 1.0 li.1 
 15.2 15.2 15.3 15.3 15.4 15.4 15.4 
 15.4 15.4 15.5
1.98 * 15.0 15.1 15.2 i.3 1,.4 15.5 15.5 15.6 15.6 15.6 15.7 15.1 15.7
e.00 * 15.3 15.4 15.5 1-.6 1,.7 15.7 15.8 
15.7 15.8
 

15.8 15.9 15.9 18.0 
 16.0 16.0 16.C 16.1
 



Auxiliary Table 7. Submerged Flow Calibrations for 16 in x 3 ft Cutthroat 
Flume (Values Listed Are Discharged in cfs) 

ha , ha- hb ,ft
 
f 02 .0s4 .06 .08 .10 
 .12 .14 
 o16 .18 
 .20 .22 .24 
 .26 .28 .30 
 .32 .34
.02 * .0 .0 .36 ,38 .40
.0 .0 .0 .0 .0 
 .0 .0 .0
.04 * .0 .0 .0 .0 .0 

.0 .0 .0 .0 .0 .0 .0 .0
.0 .0 .0 .0 .0 .0 .0
.06 0 .0 .0 .0 .0 OU .0 .0 .0
10 .0 .0 .0 .0 .0 .0 .0 s0 .0
.08 * .1 .1 ,1 s0 .0 .0 .0 .0 .0
.1 .1 ,0 .0 .0
.10 0 .1 .1 
1 .1 .1 .1 .1 .1 .1 .1 

.0 ,0 .0

.1 .1 .1 .1 .1
.1 .1 .1 .1 .1 .1 .1
.1 .1 a1
.12 * 1 .1 .1 01
.1 .1 el .1 ,1
,1 *1 ,1 ,1 *1 .1 .1 .1 ,1 .1
.1'. ,1 *1 ,1
.1 .2 .2 .2 .2 .2 e1 *1 ,1 .1 .1
.2 .2 .2 .2 .2 .1 al .1
.2 .2 .2
.16 * .2 .2 .2 .2 2 .2
.2 .2 .2 .2
.18 * .2 .2 .2 .2
.2 .3 .3 .2 .2 .2
.3 .3 3 .2 ad! .2
.2G * .2 .3 3 .3 .3 .3 .4 .2 .2 .2 .2 .2
.3 .3 .3 .3 .3 .3 .3 .3 .3 .3 .2 .2
.3 .3 .3 .3 .3 .3
.3 ,j .3 o3 .3
.22 .3 .3 .3 .3
.3 .4 .4 ~4 .4 o3 .3
.4 .4 .4
.240 .3 .4 .4 .4 .4 .4 4
.26e .4. .4 .4 .4 .4 .4 .4 .4 .4 4 .4 .4
.5 .5 I5 .4 .4 .4
.5 .5 .5 .5 .5 .4 .4 .4 .4 .4
.28 .4. .5 .6 .5 Is .S .s .5 .4 .4 4 .4
.6 .6 .6 I5 .5 .5
.6 .6 .6 o5 I5
.30* .5 .6 .6 .6 .6 .6 .6 .6
.6 .7 .7 .6 .6 .6
32 * .7 .7 .7 .7 .7 .6 .6 e6.5 .5 .7 .7 .7 .7 .7 .7 

If .7 ,7 .7 .7 .7 .7 .7
.34 * .6 .7 .7 .7 .t .7 97 .7
.7 .9 .8 .7 .7
.8 .8 .8 .8 .a .7 .7 .7 .7
.36 0 .6 .9 .8 . .8 ab .8 .8
*9 .9 .9 .9 .9 .9 .8 .8 .8 .8 8 .8
.38 * ,v .9
.7 .9 .9 .9 .9 .9
1.0 1.0 1.0 1.0 1.0 .9 .9 .9 .9 .9
.40 0 .7 1.0 1.0 1.0 .9
 . 1.0 1.0 1.1 1.1 1.1 1.1 1,1 
1. 1.0 1.0 1.0 1.0 1.0 1.0 1.0
c.n.42 9 .8 1.0 1.1 1.1 1.1 1.1 1.1 1.0
1.1 11 1.2 1.2 1.2 1.1 1.1 1.1 1.1 1.1
.44 * 

1.2 1.2 1,I. 1.2 le 1.1
.8 1.0 1.1 1.2 1.3 1.3 1.2 1.2 1.2 1.2 1.2 1.2
1.3 1.3 1.2 1.2
1.3 l.J
.46 * .9 1.1 1.3 l.J 1.3
1.2 1.3 1,4 1.3 1.3 1.3
1.4 1.4 1.4 1*4 1*4 1.3 1.3 1.3 1.3
.48 1.0 1.2 1.3 1.4 1.( 1.4 1.4 1.4 1.4
1.5 1.5 1.5 1.4 1.4 1.4
1.6 1.6 1=4 1,4
.50 * 1.0 1.3 1.4 1.5 lb 1.6 lab 1.6 1,6 

.52 

1.6 1.6 1.7 1.7 1.7 1.1 1,7 1,1 
1.6 1.6 1,6 1.6. 1,6 1.6


' 1.1 1.3 1.5 1.6 1.7 1.7 1.7 1.7 1.71.7 1.7 1.8 1.8 1.8 I.T 1,7 1,7
.54 1.1 1. 1.9 1,b 1.8
1.f 1.6 1.7 1.8 1.9 1r8 1.8 10o 1.8 1.8
.56 o 1.2 1.5 1.9 1.9 1.9 1.9 1.9 1.9 1.8 1.8
1.7 1.8 1.9 2.0 2.0 1.9 1.9 1.9 1.9
2.0 2.1 2.1 1.9 1.9 1.9
.58 * 1.3 1.5 1.8 1.9 ".0 2.1 2.1 
2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 

1.9
 
2.2 2.2 2.e 2.1 2.1
.60 * 1.3 1.7 1.9 e.2 2.2 2.2 2.-2 22
e.0 e.l 2.2 2.2 2.2
2.2 2.3 2.3 2.2 2.2
2.3 2.4
.62 0 1.4 1.7 2.0 -1 2.4 2.e4 2.4 2.*4 2.4 2.4
-.2 2.3 2.4 2.e4 2*4
2.94 2.5 2.S 2.4 2.e4
.61 * 1.5 1.9 2.5 2.5
2.1 2.2 2.5 2.5 2.5
e.4 2.5 2.5 2.5 2.5 2.5
2.6 2.6 2.6 2.5 2.5
.66 * 1.5 2.6 2.1
1.9 2.2 F.4 P.5 2.6 2.7 2.7 2.7 2.7 2.7 2.7 2.7
.68 0 2.7 2.8 2.8 2.8 298 2.7 2,7
1.6 2.0 2.3 2.5 !.6 2.8 2.8 2.8 2.8 2.8
2.7 2.8 2.9 2.9 2.Y 2.8 2.8 2.8
.70 * 1.7 2.1 2.4 2.6 2.9 3.0 3.0 3.0 3.0
e.7 2.8 2.9 3.0 3.0 3.0 3.0 3.0 3.0 3.0
.72 * 1.7 2.2 3.1 J.1 3.1 3.1 3.1
2.5 2.7 ?.9 3.0 3.1 3.1 3.2 3.2 

3.1 3.1 3.1 3,1 3.1 3.1
.74 - 1.9 3.3 3.4
2.3 2.6 e.8 3.3 3.3 3.3
1.0 3.1 3.2 3.3 3.3 3.3
3.3 3.4 3.4 3.4 3c4 3.3 3.3
.76 0 1.9 2.4 2.7 ?.9 1.1 3.3 3.5 3.5 3.5 3.5 3.5
3.4 3.4 3.5 3.5 3 5 3.5
.7q - 2.0 2.5 2.8 3.6 3.6 3,6 3.6 3.
j.1 1.2 3.4 3.5 3.6 3.6 3.6 3.6 3.6 3.6
.90 * 2.0 2.6 3.7 3.? 3.8 3.d 3.8 3.6

2.9 J.2 .4. 3.E 3.8 3.8
3.5 3.7 3.8 3,8 3.8
3.8 3.8 3.9 3.8
.82 * 2.1 2.7 3.0 4.3 3.5 3.7 

3.9 4.0 4.0 4.0 4.0 4.0 4.0 4.0
3.8 3.9 4.0 4.0
.04 * 4.0 4.1 4.1
2.2 2.9 3.2 3.4 $.1 4.1 4.1 4.2 4.2 4.2
3.8 4.0 4.1 4.2 4.2 4.2
.96 0 2.3 4 2 4.2 49.2
2.9 3.- 3.6 4.0 4.3 493 4.3 4.3 4.4
1.8 4.1 4.2 4.3 4.4 4.5 4.4 4.4 4.4 4.4 4.4
.98 * 2.4 3.0 4.t 4.5 4.5
3.4 j.7 4.5 4.6 4.6 

.90 * 2.4 3.1 3.5 J.8 

J.9 4.1 4.3 4.4 4.5 4.6 4.6 4.? 4.7 4.7 4.7 
4.6 4.6 4*.6
 

-. 1 4.3 4.4 4.6 4.7 4.8 4.8 4.8 4.8 4.8
.92 4.7 4.8
o 2.5 3.2 4.9 4.9 4.9
3.6 4.0 4.2 4*.9 5.0 5.0
4.4 4.6 4.7 5.0 5.0
4*.8 4.9 5.0
.94 * 2.6 3.3 3.9 4.1 5.0 5.1 5.1 5.1 5.1
4.4 4.6 5.1 5.2 5.2
4.7 4.9 5.0 5.2 5.2
.96 9 5.1 5.2 5.2
2.7 3.4 3.9 5.3 5.3
c.2 4.5 5.3 5.3 5.4
4.7 4.9 5.1 5.*4 5.4 5.*4
* 5.2 5.3.99 2.8 3.5 S.4 5.4 5.5
4.0 &.4 #.7 5.5 5.5 5.6
4.9 5.1 5.2 5.6 5.6 5.6
1.00 9 2.9 5.4 S.b 5.6 5.b 5.7 5.6
3.6 4.1 '..5 4.8 5.0 5.2 5.4 
5.7 5.8 t8s5. 8 5.8 5.8 5.8
5.5 5.1 5.8 
 5. 5.9 5.9 6.0 6.0 
 6.0 6.0 6.0 
 6.0
 



Auxiliary Table 7. (continued) 

ha - hb ,ft 
has
 

.0;1 .0:. 10' .0-; 
 .1 .1e. .14 .16 .ti *u 2? .2-4 .2b .28 .30 .32 .34 .36 .38 .40
 
1.02 0 2.) 3.7 '.' -. 6 ,.0 5.? 5.4 5,6 ,.7 '.n -. 4 5.0 5.1 6.1 6.2 6.2 6.2 6.3 6.3 6.31.04 * 3.0 3., .. .1 s.' 1.4 5.6 5.80 .9 A.( o.1 6.e b.3 b.4 6.41.06 * 3*l3 -. 4..; ' * 

6.4 6.4 6.4 6.5 6.55 5. s 5.9 o.1 5. e o.3 5.* 6.5 6.6 6.6 
 6.6 6.7 6.7 6.7 6.7
1.08 3.2 f.41 '.6 -t.1 ).4 5. 7 5.v 6.1 t).3 . 4 b.5 6.t 6.7 6.8 6.81.10 3 6.9 6.9 6.9 6.9 6.93.3 4. . ".? .n S. 6.1 6.3 b.5 6.o o.7 6.8 6.9 7.0 7.0 7.1 7.1 7.1 7.1 7.2.12* s. .4 -)...7 ).0 6.3 6.5 t.7 6.n . 9 7.1 7.1 7.2 7.3 7.3 7.31.1. 7.4 7.4 7.43.5 4.4 -. 0 '.5 n.i ?.? 6.5 b.7 b . -) 7.0 1.2 7..- 7.4 7.4 7 
1.16 * 3.6 4.5 5. 2 .5 7.5 7.6 7.6 7.6 7.7.7 -'.u o*0. 6.96.6 7.1 
 7.e 1.4 1. 7.b 7.7 7.7 7.8 7.8 7.8 7.9 7.91.18 * 3.7 !.5 L.3 n.-e 6.8 1.3.. 6.5 7.1 7.4 1.5 7.1 7.8 7.9 8.0" -8.0 8.1 8.1 8.1
1.20 * J. 8.14. :.4 -. ..) 4 6.7 7.0 7.2 1.5 7.t, 1.5 7.1 8.0 8.2
1.22 J.9J 8.1 8.3 8.3 8.3 8.4 8.44.? 5.5 ,.1 -s.5 6. 7.2 7.4 1.7 7.t 0.0 5.1 8.3 8.3 8.4. 8.5 8.5 8.6 8.6 8.6
1.24! -1.4 5.0 -.. 7 -. 1. 7.1 7.4 1.6 7.9 P.U i. ? H.. 8.51.25 * 4.0 ;. I -.; '.. n.4 7.? 

8.6 8.7 8.7 8.8 8.8 8.9 8.97.S 1.p 8.1 H .j o.4 . 9 8.7 8.8 8.; 9.0 9.0 9.1 9.1 9.11.28 5. I.. .) 1.', 1.4 7.75.5 8.0 8.3 8. 6.7 8.r1.30 * 4.; 5.4 m.1 I.e 
8.9 9.1 9.1 9.2 9.3 9.3 9.4 9.4r.7 I.b 
 7.9 8.2 8.5 A.1 8.9 9.0 9.2 9.3 9.4 9.5 9.5 9.6 9.6 9.7
1.32 * ..3 5.5 
 6.3 P.4 /.4 1.8 8.1 8.4 8.7 3.y 0.1 9.3 9.4 9.5 9.6 9.7 9.8 9.9 9.9 9.9
1.34 * 4.4 5.5 5.. 1.1 '., 1.0 8.3 8.6 d.9 9.1 1.3 9.1.36 * '4.5 5.7 f'.5 f.? t.7 H.z 8.5 
9.6 9.8 9.9 10.0 10.1 10.1 10.2 10.2 

1.38 * 4.9) 
4.8 ).1 9.j ..5 9./ 9.9 10.0 10.1 10.2 10.3 10.4 10.4 10.5
5.; 6.7 '.4 1.,4 4.3 
 8.7 9.0 9.3 9.h 0.8 1l.u 10.1 10.3 10.4 10.5 10.6 10.7 10.7 10.8 r. I O 4.7 '.0 be. I . 1.I .5 8.9 9.2 9.5 Q.mrn 1.42 4.9 ".1 7.0 1.7 i.3 $4.7 9.1 9.5 1o.0 10 e 10,4 1b.5 10.6 10.7 10.8 10.9 11.0 11.09.7 10.0 10.2 10.4 10.6 10.8
1.4* 4.9 5.3 7.; 1.9 i.4 

10.9 11.0 11.1 11.2 11.3 11.38.9 9.3 9.7 10.0 IO.e- 10.5 
 10.1 10.9 11.0 11.2 11.3 11.4 11.5 11.5 11.6

1.46 * n.0 6.:. 7.3 " -. 9.i 9.5 9.9 10.2 In., 10.7 10.9 11.1 11.3 11.4 11.5 11.6 11.8
1.4O * 6.1 6.5 7.5 11.7 11.9
4.6 9.7
1*? v.3 10.1 10.4 10.1 10.9 ll.e 11.4
1.50 * ,2 6.7 11.5 11.7 11.8 11.9 12.0 12.1 12.2
7.5 ' v.0 -1.5 9.9 10.3 10.6 10., 11.2 11.4 
 11.6 11.8 11.9 12.1 12.2 12.3 12.4 12.4
1.52 * a.' 5.1 1.5 ,.S 0.2 )./ 10.1 10.5 10.9 II.e 11.4 11.1 11.9
1 .54 12.0 12.2 12.3 12.5 12.6 12.7 12.7* 5.5 5.9 7.4 m.7 4.4 L.9 10.3 10;7 ! .1 11.4 11.7 11.# 12.1 12.3 12.5 12.6 12.7 12.9 12.9 13.0
1.56 * 5.s 7.1 
 -. 1 '1.: -. 10.1 10.5 11.0 11.3 11.9
11.b 12.1 12.4 12.6 12.9
12.7 13.0 13.1 13.2 13.3
1.58 * D.7 7.? -. 3 0.l 1.7 10.3 10. i 11.2 11.5 ii.v Id.1 12.-. 12.6 12.8 
 13.0 13.2 13.3 13.4 13.5 13.6
1.bO 0 n.3 7.3 1.! #.2 
 -0.4 10.5 11.4
11.0 11.8 12.1 l.4 12.9
12.1 13.1 13.3 13.4 13.7
13.6 13.8 13.9
1.62 " n.9 7.5 8.5 v 4 
 1...1 10.1 11.2 11.6 12.0 12.3 
 12.6 12.1 13.1 13.4 13.5 13.7 14.0
1.64 6.0 13.9 14.1 14.2
- 7.5 .. 7 '.5 1,.3 10.9 11.4 
 11.8 ld.2 12.h 12.9 13.e 13.4 13.6 13.8 1,*.0 14.2 14.3 14.4
7.8 4..
1.55 - 6.1 i.9 1.1.5 11.1 11.6 12.1 12.5 12. 

14.5
 
13.1 13.&. 13.7 13.9 
 14.1 14.3 14.4 14.6 14.7 14.8
1.5 b.;? 7.9 9.1 v.9 1,1.7 11.3 11.8 12.3 12.7 13.1 13.1
13.4 13.9 14.2 14.4 14.7
14.6 14.9 15.0 15.1
1.10 * b.3 4.0 9.? 11.1 l l.s 11.; 12.1 12.5 12.9 13.J 1J.6 14.2
1.72 

13.1 14.4 14.7 14.9 15.0 15.2 15.3 15.4
b.4 .2 -).4 1". 11.1 
 11.7 12.3 12.8 13.2 13.b 13.9 14.2 14.5 14.7 14.9
1.? * b.5 4.3 ).5 I'i.5 11.3 11.Q 12.5 13.0 13.4 
15.1 15.3 15.5 15.6 15.7


11.8 14.2 14.* 14.8 15.0 15.2
1.7 * 15.4 15.6 15.8 15.9 16.0b.7 1.5 9.7 11.7 11.t 
 12.1 12.7 13.2 13.7 14.1

1.73 * 6.9 .: 4.9 

14.4 1!.1 15.0 15.3 15.5 15.7 15.9 16.1 16.2 16.4I'.Q 11.7 12.3 12.9 13.5 13.9 14.3 1-.7 15.u 15.31.80 * 6.9 
15.6 15.8 16.0 16.2 16.4 16.5 16.7R.3 IO.0 11.0 11.9 12.6 
 13.2 13.7 14.2 14.h 14.9 
 15.3 15.6 15.8 16.1 16.3 16.5 16.7 16.9 17.0
1.82 0 .0 8.9 10.? I.2 I.'.1 12.8 13.4 13.9 14.4 !..i 1.21. 4 15.: 15.9 16.1 16.4 16.6 16.8 17.0 17.2 17.3* 1.1 9.0 10.4 11.4 L.3 13.0 13.6 14.614.2 IS.1 
 1.5 15.8 16.1 16.4 15.7 16.9 17.1 17.3 17.5 17.6
1.36 * 7.. 9.2 10.s 1s.6 1-'.5 13.2 13.8 14.4 14.9 15.j 1!.7 16.1 16.4 16.7 17.0 17.4
17.2 17.6 17.8 18.0
1.38 1.3 
 Q.3 10.7 II.P 1-.7 13.4 14.1 14.6 15.1 IS.b 16.0 16.4 16.7 17.317.0 17.5 17.7 17.9 18.1 18.3
1.0 * 7.5 9.5 10.9 I-'.0 12.9 3.6 14.3 14.9 
 15.4 15., 16.3 16.6 17.0 17.3
1.92 1'.6 9.5 17.6 !7.8 18.0 18.3 16.4 18.6
11.1 -. ? £i.1 13.9 14.5 15.1 16.7 16.1 16.5 16.1
1.94 17.3 17.6 17.9 18.1 18.4 18.6 18.8 18.9
1.7 9.8 11.2 1,1.4 11.3 14.1 14.8 15.4 15.9 16.4. 16.8 17.e 17.6 17.9 18.2 18.4 18.7 18.9 19.1 19.3
.95 * 1.4 4.9 11.4 12.6 ii.b 14.3 15.0 15.6 16.2 16.6 
 11.1 17.: 17.8 18.2 18.5 
 1.7 19.0 19.2 19.4 19.6
1.98 77.9 10.1 11.5 11.7 14.5 15.2 15.9 1o.4 16.9 17.dI.4 18.1 18.5 18.8 19.3
19.0 19.5 19.7 19.9
e.00 * d.0 10.2 1J. I 1.0 13.9 14.8 15.5 16.1 1b.7 17.e 1/.5 18.1 18.4 18.8 19.1 19.4 19.6 20.119.9 20.3
 



Auxiliary Table 7. (continued) 

ha-hb ,ft 

*42 .44 .4. .48 .50 
 .52 .54 .56 
 .58 .0 .62 
 .64 .66 .68 .70
 
1.04 * 6.5 5.5 6.5 f.5 f.5 b.5 6.5 
 6.5 6.5 .5 
 0.5 .! 5.5 6.5
1.06 6.7 6.7 6.7 .7 6.5
b 
 .7 6.7 6.7 6.7 
 6.7 6.1 6.7 
 5.1 5.7 6.7
1.09 6.7
6.9 5.9 6.9 ft.9 .3.9 b.9 6.9 6.9 6.9 
 6.1 b.9 6.Y
1.10 * 7.2 7.2 7.2 I.? 6.9 6.9 6.91.2 7.2 7.2 
 7.2 7.2 7.e
1.12 1.4 7.4 7.4 1.4 

.2 7.e 7.2 7.2 7.2
I.-4 7.4 7.4 7.4 
 7.4 7.4 1.4 
 7.. 7.4 7.4
1.14 * 1.7 7.7 7.7 .7 f.7 7.47.7 7.7 7.7 7.7 
 7.1 1.7 7.1
1.15 * 1.9 7.9 7.9 1.9 7.7 7.7 7.71.9 7.9 7.9 
 7.9 1.9 7.Y
1.18 8.2d 9.2 8.2 '.2 
1.9 7.v .7.9 7.9 7.9
1.2 8.2 8.2 8.2 
 8.2 8.e 8.2 
 S.d 9.2 8-2
1.20 * 8.; 9.4 8.28.4 4.4. -5.4
1.22 d.6 9.7 8.4 8.4 8,4 8.4 A.4 d.48.7 bi.7 4.7 6.7 8.7 8.7 8.4. 3.4 83.4 8.4
8.7 R.i d.7 
 S.1 8.7 8.7 8.7
1-24 8.9 9.0 9.0 .. 0 4.0 
 9.0 9.0 900 9.0 
 9.U 9.0 9.0
1.2s5 9.2 9.0 9.0 9.0
.> 9.2 1.2 .2 9.2 9.2 9.2 9.2 9.e1.29 9.4 9.4 9.5 v.2 9.e 9.2 9.2 9.2
'.5 .5 9.5 
 9.5 9.5 9.5 
 9., 9.5 9.3
1.30 4.7 9.7 9.9 #.s 0.1 9.8 9.9 

9.5 9.5 9.5
 
9.8 9.8 9.8 
 V.9 9.8 9.8
1.32 * 10.0 10.0 9.8 9.910.0 11.1.1 10.1 10.1 10.1 
 10.1 10.1
1.34 * 10.2 10.3 10.3 10.1 10.1 10.1 10.111.1 1o.3 10.3 


1.36 
10.3 10.3 10.3 10.j 10.3 10.3 10.3 10.3 10.3
* 10.5 10.5 10.5 .6 10.6 10.6 10.6 10.6 1U.6 
 10.6 IU.5 10.b
1.39 * U.9 10.9 10.8 I1a.9 1,)., 10.6 10.6 10.510." 10.9 10.9 
 10.9 1O.v 10.9 
 10.9 10.9 10.9 10.9
1.4*D 11.1 11.1 1!-1 
 I-1.1 1.2 11.2 11.2 11.2 11.2
r\. 1.42 * 11.4 1 .e 11.? 11.e 11.2 11.2 11.o11.4 11.4 11.4 11.t II.S 11.5 11.5 11.5 11 .- 11.5 11.t 11.5 11.5Pa 1.44 11.6 11.7 11.7 11.7 11.7 11.8 11.9 11.8 11.8 1I.m 11.5 11.8 

11.5 
1.465 * 11.9 12.0 12.0 11.8 11.8 11.9le.0 e1..012.1 12.1 12.1 12.1 12.1 
 12.1 12.1 12.1
1.49 * 12.2 1?.3 12.3 1.3 12.1 12.1ie.3 12.4 12.4 
 12.4 12.4 12.4 
 12d. 12.4 12.4
1.50 * 12.5 12.4 12.412. 12.5 Ie.6 1,1.6 12.6 12.7 12.7
1.52 12.7 12.1 1d.7 12.1 12.7 12.7
* 12.8 12.9 12.9 1,1.9 1,!.9 12.9 13,0 13.0 13.0 

12.7 
13.0 13.0 13.0
1.5'f 13.1 13.1 13.? 13.0 13.0 13.0
11*.2 11.2 13.2 
 13.3 13.3- IJ.3 13.- IJ.3 13.J 13.3
1.56 - 13.4 13.4 13.3 13.3
13.5 11.5 1 o. 
13.6 13.6 13.7 13.7 
 13.1 IJ.7 13.1
1.58 0 13.7 13.7 13.7
13.7 13.9 13.9 
 11.8 11.9 13.9 
 13.9 14.0 14.0 
 14.0 14.0 14.0
1.50 * 14.0 14.1 14.1 I'.' 14.0 14.0 1-#.01,-.2 14.? 14.2 
 14.3 14.3 14.3 
 14.3 14.3 14.3 
 14.3 14.3
1.52 *14.3 14.4. 14.4. 14.; I-o.5 14.5 14.5 14.5 14.b
1.54 0 1'.' 14.7 14.6 14.5 i4.b 14.614.7 I.s' 1:..8 14.9 14.9 14.9 15.0 14.6 14.5
15.0 1,.0 15.u
4.56 15.0 15.0 15.0* 14.9 15.0 15.1 i1.1 12.e 15.2
1.58 * 15.2 15.2 15.2 15..i 1 .3 15.J1.? 15.3 1:.f 15.3 15.3 15.3
1-1.4 11.5 15.5 
 15.5 15.5 16.6 
 19.1 1-.7 1.1
1.70 0 15.7 15.7 15.7
1.5 15.5 15.7 1,1.8 12.b 13.8 15.9 159 15.9 16.0 16.0 16.U 16.0
1.72 * 16.0 16.01t. IS.: 16.0 1-.1 I.1 16.2 16.2 
 16.2 16.2 16.e 
 10.4 16.4 15.4
1.74. 16.2 Is.3 16.4 16.4
16.3 iN.4 1.05 
 16.5 16.5 16.6 
 16.6 16.b 16.7 
 15.1 16.7 16.7
1.76 16.5 15.5 16.1 1%.7 1,.b 1h.9 16.9 16.9 16.9 

16.7
 
16.9 11.1 17.1
1.79 16.9 15.9 17.0 11.1 17.1 17.1 17.1
11.1 11.2 17.2 
 17.3 17.3 17.3 
 11.3 17.4 17.4 17.4
1.90 * 11.1 17.2 17.3 I.4 17.4If., 17.5 17.6 
 17.6 17.6 17.f 11.7 
 17.d 17.8 17.8
1.32 * 11.4 17.817.5 17.7 11.7 11.8 17.9 17.9 
 18.0 18.0 1s.0 
 1d.0 18.1 18.1
1.94 111.9 17.9 16.1 18.1
18.0 !i.1 1-i.2 14.2 18.3 18.3 18.4
1.86 18.1 19.2 19.3 18.4 10.4 15.4 18.5 18.5 18.5
11-., Ii.S 1'4.6 18.6 
 18.7 18.7 18.(
1.9 !".4 19.5 14.7 1-. I-.* 11.9 19.0 19.0 

18.5 18.8 18.9 18.9 18.9
19.1 19.1 1v.1 19.1 
 19.3 19.3 19.3
1.90 18l.9 1'.9 19.0 I-.1 II.d 
 19.3 19.3 19.4
1.92 19.4 19.1, 19.5 19., 19.5 19.6
11-.1 19.2 19.3 19.5
1v.5 14.6 19.6 
 19.7 19.9 19.8 
 19.m IV.9 19.V 19.9
1.9' * 1.4 20.0 20.019.5 19.7 1-#.8 1-.9 20.0 20.1 20.1 
 20.2 20.e e0.2 20.3 20.3 20.41.95 4 l.8 14.9 20.0 -").2 .1113 P0.3 20. 20.5 20.5 2n.. 20.5 20.b 

20.4 
1.99 * eo.1 )0.2 20.4 20.6 20.7 20.9
-1 .F .6 ?0.7 20.9 50.9 20.9 e1.le.00 * L0.4 u 1.0 21.0 21.0 21.0 21.220.5 20.7 )'O.Q 81.0 21.1 21.2 1.' 
 21.3 l.J l.. 21.. 21.4 21.4 21.5
 



Auxiliary Table 8. Free Flow Calibrations for Selected Cutthroat Flumes, 
h* Metric Units (Values Listed Are Discharged in m /s)

o6g0*000 0*@0 00000000 60@eO00*mo 00000 00Q0.000 *0 ooo ~0ImoQ~~~~ImDmOo 

* IOXqOCM 20X90CH 
 30X90CM 2OXI8OCM 
40XlROCM 60X180CM 30X270CM 60X270CM 10OX270C 
.005 * .000 .000 .000 o000 .000 .000 .000 
 0000 .001
.010 * .000 .000 .000 .000 .000 .001 .000 .001 .002
.015 * .000 .000 .000 .000 .001 .001 .001 .002 .003
*020 * .000 .001 .001 -001 .002 
 .002 .001
.025 * .000 .001 .001 .001 .002 .003 

.003 .005 
.002 .004.030 * .001 .001 9007e002 .001 .003 .005 .003 
 .005 .009
.035 * o001 .002 

0 
.002 .002 .004- .006 .003 
 .007 .011
,0'0 .001 
 .002 .003 .002 .005 .007 
 .004 .008 .014
.045 * .001 .003 .004 .003 .006 .009 .005 
 .010 .017
.050 * .001 .003 .004 .003 .007 .011 .006 ,012.055 * e020.002 .004 
 .005 .004 .008 .012 .007 
 e014 .023
.060 * .002 .004 .006 .005 .009 
 .014 .008 ,016
.065 * .002 .005 e026.007 .005 .011 .016 .009 .018 ,030
.070 * .003 .006 .008 z006 .012 .018 .010 .020
.075 .034
* .003 .006 .009 .007 .014 ,021 .011 .022 .038
.080 * .003 .007 -011 .007 .015 .023 ,012 .025 e042
.085 * .004 .008 -012 0008 .017 .025
ra .090 * 9013 e027 .046.004 .009 .013 .009 .018 .028 .015
r') .095 * .005 .010 .030 ,050,014 .010 .020 e030 .016 
 .032 e054
.100 * .005 .011 .016 ,011 .022 .033 .017
.105 * .035 .059.006 .012 
 .017 9012 .024 .036 s018 
 .038 9063
.110 * .006 
 .013 .019 
 .013 .026 .039 .020 a040


.014 .021 .013 .027 ,042 
.068
.115 * .007 


.120 * .007 002i .043 9073
.015 022 .014 .0?9 .045 9023 .046
.125 * .008 
 e078
.016 *024 
 6015 .032 
 e048 .024 e049 .03
0!30 * .008 .018 ,026 .016 .034 
 .051 ,026 .052 .089
.135 * .009 ,019 .028 
 e018 .036 .054 ,027 .056 
 .094
.140 * .010 ,020 e030 .019 .038 .057 .029 .059 .099
.145 * .010 .022 .031 .020 
 .040 .061 ,031 
 .062 .105
.150 * .011 
 .023 -034 .021 .043 v064 e032 .066 .111
.155 * .012 .024 .036 .022 .045 
 .068 .034 e069 .117
6160 * .012 .026 .038 
 ,023 .047 .072 .036 .073
.165 * .013 .027 .122
.040 .024 .050 .075 e037 
 .076 9129
.170 0 .014 .029 
 .042 e026 .052 
 .079 .039 .080 .135
.175 * .014 .031 .045 .027 .055 .083 ,041 .083 4141
.180 * .015 .032 9047 9028 .058 .087 .0e43 .087 .147
.185 * .016 
 .034 .049 
 .030 .060 .091 .045 .091 
 .154
.190 * .017 .036 .052 .031 .063 .095 .047 e095 ,160
.195 * .018 .037 .054 .032 .066 .099 ,049 .099 .167
.200 * .018 .039 .057 
 .034 .068 .104 .051 .103 
 e174
.205 * .019 .041 .060 .005 .071 .108 .052 .107 .180
.210 * .020 .043 .062 .036 .074 
 .112 .055 .111 .197
.215 * .021 .045 °065 .038 .077 .117 .057 
 e115 .194
.220 * .022 .047 .068 .039 .080 .121 .059 .119 
 .201
.225 * .023 .049 .071 
 .041 .083 
 .126 .061 .123 .209
.230 * .024 .051 .074 e042 .086 
 .130 .063 ,128 .216
.235 * .025 .053 ,077 .044 
 .089 .135 e065 .132 
 .223
.240 * .026 .055 9080 .045 .092 .140 .067 .137 .231
.245 4 .027 .057 .083 .047 .096 
 .145 .069 .141 .238
.250 6 .028 
 .059 .086 .049 .099 .150 .072 .146 .246
 



* Auxiliary Table 8. (continued)
h0
 

* 1OXQOCM 2OX90CH 30X9OCH
 

*255 	 0 .029 .061 .089
 
.260 * .030 .063 0092 
*265 0 .031 .066 *096
 
.270 	* .032 .008 0099 
.275 * .070033 	 -102 
.280 0 .034 .073 .106 
.2R5 * .035 .075 .109 
.290 0 .037 .078 .113 
.295 * .038 1080 -116 
*300 • .039 .082 .120 
.305 * .040 .085 .124
 
s310 	0 .041 
 .088 .127 
.315 * .'43 .090 .131 
.320 * .044 .093 o135
 
.325 	* .045 .096 s139
 
.330 	* .046 .098 *143 
.335 * .048 .101 .147 
.340 * .049 .104 .151 
.345 * 1050 0107 .155 

r 	 .350 * 1052 .110 .159

M 	 .355 a .053 ,112 .164 
'0 	 e360 0 .054 .115 .168 

.365 * .056 .118 e172 

.370 * .057 .121 0177
 
e375 * .059 .124 *281 
.380 * .127060 	 .185
 
.385 	* .062 .131 .190
 
9390 	* .063 .134 .195
 
.395 	* .065 .137 .199
 
.400 	* .066 .140 o204
 
o405 	* .068 .143 .209
 
.410 	* .069 ".147 .213 
.415 	0 0071 
 .150 0218
 
.420 * .072 .153 *223 
.425 * .074 .157 o228
 
.430 * .076 .160 e233 
e435 * .077 .163 .238
 
.440 * .079 .167 .243 
044S * 0170.080 	 .248 
.450 * .082 .174 9253
 
.45S * *** *0* *0
 
.460 0 *0*
 
*465 * *** 
 *** *0* 
.470 * *9* •9•
 
.47S •*0* 0*e 
 *0*
 
.480 0 9*0 0*0 *0* 
.485 	 0 *0 @0* 00* 
049Q 	* 00* 0 0*0 
.495 	 * 09* 0*0 
*500 	* *0*0* 



Auxiliary Table 9. Submerged Flow Calibration for 10 cm x 90 cm Cutthr, at
Flume (Values Listed Are Discharged in m /s) 

o .005 .010 .015 .020 .025 .030 .035 .040 .045 .050 .055 .060 .065 
 *070 .075 .080 
 .085 .090 .095 
 .100

.005 o .000 
 .000 .000 .000 .000 .000 
 .00 0 .000 .000
.010 a .000 .00' .000 .000
.000 .000 .000 .000 .000 .000
.000 .000 .000 .000 .000 .000 .000 .000
.015 * .000 .000 .000 .000
.000 .000 .Ono .000 .000 .000 .000 .000 .000 .000 .000 .000
.000 .OnO .000 .000
.020 .000 .000 .000 .000
* .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
.000 .000 .000 .000 .000 .000
.000 .000 .000
.025 * .000 .000 .000 .000 .000 .000 *000 .0O .000 

.000 .000 .000 .000 .000 .000 0000
.000 .000 .000 .000
.030 * .001 .000 .000 .000 .000
.001 .001 .001 .001 .001 .001 .001 .000 .000 .000
.001 .001 
 .001
.035 0 .001 .001 .001 .001 .001 .001 .001 .001 .001 .001
.001 .001 .001 .001 .001 .001 .001 .001 .001 .001
.001 .001 .001 .001
.00 - .001 .001 .001 .001 .001 .001 .001 .001 .001
.001 .001 .001 
 .001 .001
.045 .001 .001 .001 .001 .001 .001 .001 .001 .001 .001
.001 .001 .001 .001 .001 .001 .001 .001 001
050 * .001 .001.001 .001.001 .001.001 .001.001 .001.001.001 .001 .001 .001 .001
.055 * .001 .002 .02 .002 .001 .001 .001 .001 .001 .001 .001 .001 .001 .001
.002 .002 .001 .00 .00 .002 .002 .002 .002 .001 001 .001 .001
.002 .00 0
060 * .002 .002 
.002 .002 .002 002 .001 .002 
.002 .002 .001 O0022002 .002 .002 .00 2 .00 
 00 2 .001
.065 * .002 .002 .002 
 .002 .002 .002 
 .00- .002 .002 .002 
 .002 .002 .002
e070 * .002 .002 .002 .002 .002 .002
.003 .003 .003 .003 .003 .003 .003 .003 .002 .002 .002"
.003 .003 .003 .003
.075 * .002 .003 .003 .003 .003 .003 .003 .003 .003
.003 .003 .003 .002 .003 
 .003 .003 .003
•080 *0 .003 .003 .003
.002 03 .003 .003 .003 .003 .003 .003 .003 .003 
.003 .003 .003 .003 .003 .003
.003 .003 .003
.085 * .003 .003 .003 .003 .003
.003 .003 .003 .004 .003 .003 .003 .003 .003 .003 .003
.003 .003 .003
.090 0 .003 .003 .004 .003 .003 .003 .003 .003 .003 -004 .003
.003 .003 .004 .00 .004 .003 .003
 

.095 * .003 .003 .004 .004
.003 .003 .004 .004 .003 .003
.004 .004 .005 .005 .005 .005 .005 C0 .003 .003
.005 .005 .00 
 .005 .005 .005 
 .005 .005 .005 
 .005
 

.100 * .003 .004 .004 .005.
 005 .005 .005. 005 .005 .005 .005
10 0 0 .00.0043 ..00400 4 005 .005 .005 .00 5 Oo5 00 5 .00 5 .00 5 005 .005 .005
C J .105 * ..005 .00 5 .005 .005 .005.005 .00 6 .00 5 005
.005 .006 .006 .006 .006 Oo 00s 0 5 00 5 .00500 5- .00 5 .005.00 S
.006 .006 .006 
 .006 .006 .006 
 .006 .006 .006
.110 * .004 .005 .005 .006 .006 .006
.115 * .004 .006 .006 o006
.005 .006 .006 .006 .006
.006 .006 .006 .006 .006 .006
.007 .007 o7 .006 .006 .006
.120 .007 .007 .007 .006 .006 .006
* .004 .005 .006 .007 .007 .007 .007 .007 .0C7 .007 .007 .006

.007 .007 .007 .007 .007 .007 .007 .OoT
.125 * .005 .006 .007 .007 .007
.006 .007 .007 .007 .007 .007
.007 .008 .008 .008 .008 .008 .007 .007 .007


.130 * .005 .006 .008 .008 .008 .008 .008 .008
.007 .007 .008 .008 .008 .008 .008 .008 '008
.135 .008 .008 .008
* ,005 .007 .007 .008 .008 .008
.008 .008 .009 .008 .008 .008
.009 .009 .009 .009 .009 .009 .008 .008 .008
.140 * .006 .007 .008 .008 .009 .009 .009 .009 .009 .009
.009 .009 .009 .009 .009
.009 .009 .010
.145 * .010 .010 .010
.006 .007 .0011 .009 .009 .010 .010 .010 .010 .010 .010 .010
.010 .010 .010 .010
.010 .010 .010
.150 * .006 .008 .009 .009 .010 .010 .010 .011 .011 .011 .011 .011 
.010 .010 .010 .010 .010 .010 :010 .010
.155 * .006 .011 .011 011
.008 .009 .010 .010 .011 .011 .011 .011 .011 

.011 .011 .011 .011 .01

160 .012 .01 .01
* .007 .008 .010 .010 .011 .012 .012 .012 .0:2
.011 .011 .012 .012 .012 .012 .012 .012
 

.165 * .007 
.012 .012 .012 .012 .012 .012 .012 .012 .012 .012
.009 .010 .011 .011 .012 .012
.170 * .013 .013 .013 .013 .013 .013
.007 .009 .00 .013 .013 .013
.011 .012 .013 .013 .013 .013
.013 .013 .013 .013
.013 .014 .014
.175 - .008 .010 .011 .012 .013 .013 .014 .014 

.014 .014 .014 .014 .014 .014 .014 .014
.014 .014
.180 * .008 .010 .011 .014 .014 .014 .014 .014 .014
.012 .013 .014 .014 .015 .015 .014 .014 .014 .014
.185 * .008 .011 .012 .015 .015 .015 .015 .015 .015
.013 .014 .014 .015 .015 .015 .015 .015 .015 .015
.015 .016 .016 .016
.190 * .009 .011 .012 r016 .016 .016 .016 .016 .016
.014 .014 .015 .015 .016 .016 .016 .016
.195 * .009 .016 .017 .017
.011 .013 .014 .015 .016 .016 .017 .017 

.017 .017 .017 .017 .017 .017 .017 .017
.200 .017 .017 .017
* .009 .012 .01] .015 .016 .017 .018 .018 .018 .018 .018
.016 .017 .017 .018 .018
.205 * .010 .012 .018 .018 .018 .018 1018 .018
.014 .015 .016 .017 .018 .018 .018 .019 .019 
.018 .018 .018 .018 .018 .016
.210 * .010 .019 .019 .019
.013 .015 .016 .017 .018 .018 .019 .019 
.019 .019 .019 .019 .019 .019"
.215 * .011 .013 .015 .019 .020 .020 .020 .020 .020
.016 .017 .018 .019 .019 .020 .020 .020 .020 .020 .020
-220 .020 .021 .021
* .011 .014 .021 .021 .021
.016 .017 .011 .021 .021 .021
.019 .020 .020 .021 .021
.021 .021 .021
.225 * .011 .014 .022 .022 .022
.016 .018 .019 .022 .022 .022
.020 .020 .021 .021 .022 .022 .022 .022 .022


.230 * .022 .023
.012 .015 .023 .023 .023
.017 .018 .019 .020 .021 .022 .023 .023 .023 .023
-235 * .012 .015 .017 .022 .023 .023 .023 .023 .024
.019 .020 .021 .024 .024 .024
.022 .023 .023 .024 .024 .024
.0i! .0Z4 .024
.240 -012- .015 .024 .024 .025
.018 .019 .021 .022 .023 .025 .025 .025 .025 .025
.023 .024 .024 .025
-245 * .013 .016 .018 .025 .025 .025 .026 .026 .026
.020 .021 .022 .026 .026
.023 .0)4 .025 .025 .026 .026


.250 * .013 .017 .019 .021 .022 .023 .024 .0;5 
.026 .026 .026 .026 .027 .027 .027 .027 .027
.026 .026 .026 
 .027 .027 .027 .027 .028 .02a 
 .028 .028 
.028
 



Auxiliary "Fable 9. (continued) 

h G* ha- h~ha a bb 

i OO5 .010 .015 .020 .025 .030 .035 .040 
 .045 .050 .055 .060 
 .065 .070 .075 .080 .085 .090 .095 *00
 
.Z55 * c014 .017 o0* .021 .023 .024 .025 
 -026 .026 .027 .027 .028 .028 .028 .0?8
.260 .029 ,029 .029 029 .029
.014 .018 .020 .02 .024 .025 .026 .027 .027 
 028 .028 .029 .029 .029 .029 .030 .030 
 .030 .030 .030
.265 * .014 .018 .01 .O'3 .024 
 .025 .026 .027 .028 .029 .029 .030 .030 .030 .030 .031 .031
.270 * .031 031 .031
.015 .019 .021 .023 .025 .026 .027 .028 .029 .030 .030 .031 
 .031 .031 .031 .032 .032 .032 .032 o032
275 * .015 
 .019 .022 .024 .026 .027 .028 .029 .030 .031 .031 .032 .032 .032 
 .032 .033 .033 .033 .033 .033
*2i0 * .016 .020 .023 .025 .026 .028 .029 
 .030 .031 .031 .032 .033 .033 .033 .034
.285 * .016 .020 .023 .025 .027 .029 .030 .031 

.03. .034 .034 .034 9034
 
.032 .032 .033 .033 
 .034 .034 .035 .035 .035 .035 .035 .035
.290 * .016 .021 .024 9026 .028 .029 
.031 .032 -033 .033 .034 .034 .035 o035
.295 * .017 .036 .036. .036 .036 .036 .036
.021 .024 .027 .029 


.300 0 
.030 .031 .032 .033 .034 .035 .035 .036 .036 .037 .037 .037 .037 .037 .037
.017 .022 .025 .027 .029 .031 .032 
 .033 .034 .035 .036 .036 .037 .037 .038 .038 s038 .038 .039 .039
.305 * .018 
 .022 .026 .028 .030 .032 .033 .034 .035 .036 .037 .037 .038 .038 .039 .039 .039 .040 
 .040 .040
.310 * .018 .023 .0?6 .029 .031 .033 .034 .035 .036 .037 .038 
 .038 .039 .040 .040 
 .040 .041 &041 .041
.315 * .041
.019 .024 .027 .030 .032 .033 .035 .036 
 .037 .038 .039 .040 .040 .041 .041 .041 .042 
.042 .042 042
.320 • .019 .024 .028 .030 .032 
 .034 .036 .037 .038 .039 .040 .041 .041 .042 .042 .043 .043 .043 
.043 .043
.325 • .020 .025 .028 
 .031 .033 .035 .037 .038 9039 .040 .041 
 .042 .042 s043 .043
.330 044 .044 .044 .044 .045
• .020 .025 .029 .032 .034 .036 .037 .039 
 .040 .041 .042 .043 .043 .044 .044 .045 
 .045 .045 *046 .046
.335 * .020 .026 .030 .032 .035 .037 .038 .040 .041 .042 .043 .044 .044 .045 .046 .046 .046 .047 .047
.340 0 .021 .026 .030 o031 .036 .038 .039 .041 .042 .043 .04 

.047
 
.045 .046 .046 9047 
 .047 .048 .048 .048
.345 * .021 .027 .031 .034 .036 .038 .040 .042 .043 .044 .045 

.048
 
.350 * .022 

.046 .047 .047 .040 .048 .049 .049 .049 .050
.028 .032 .035 .037 
 .039 .041 .043 .044 .045 .046 .047 .048 
 .048 .049 .050 .050
e355 * .050 .051 .051
.022 .028 .032 .035 .038 .040 .042 .044 .045 .046 .047 .048 
 .049 .050 .050 .051 
 .051 .052 .052 .OSf
.360 * .023 .029 .033 .036 .039 
 .041 .043 .045 .0,46 .047 .048 .049 .050 
 .051 .051 .C52 .052 .053 .053 .053
.365 * 
 .023 .029 .034 .037 .040 .042 .044 .045 .047 
 .048 .049 .050 .051 
 .052 .053 .053 .054
.370 * .024 .030 .034 .038 .041 .043 
.054 .054 .055
.045 .046 .048 .049 .OSO .051 .052 .053 .054
.375 0 .054 .055 .055 .056 .056
.024 .031 .035 .039 .041 .044 .046 .047 .049 
 .050 .051 .053 .053
.380 .054 .055 .056 .06 .057 .057 .057
* .025 .031 .036 .039 .042 .045 .047 .048 .050 .051 6053 .054 .055 .055 .056 .057 
 .057 .058 o058 .059
•385 * .025 .032 .037 .040 .043 .046 
 .048 .049 .051 .052 
.054 .055 .056 .057 
 .057 .058 0059 O059 .060 .060
.390 * .026 .033 .037 .041 .044 .046 .049 
 .050 .052 .054 .055 .056 .057 .058 .059 
.05q .060 .060 .061 .06i
o395 0 .026 .033 .038 
 .042 e045 .047 9050 .051 .53 .055 .050 .057 s058 .059 .060 .051 
 .061 .062 .062 .063
s400 * .027 .034 .039 .043 .046 e048 .051 .052 .054 .056 .057 .058 .059 .060 .061 .062 .063 .063 .064 .064
.405 * .027 .034 .039 .043 e047 .049 .052 
 .054 .055 .057 .058 .059 .061 .062 e062
.410 * .028 .035 9040 .044 .047 .050 

.063 .064 .064 .065 .065
.053 .095 .056 .058 .059 .061 .062 c063 
 .064 o064 .065 .066 
 .066 .067
*1415 * .028 .036 .041 9045 .048 .051 
 .054 .056 .057 .059 

.420 

.061 o062 .063 .064 .065 .066 .067 .067 .068 .068
* .029 .036 .042 .046 .049 .052 .055 .097 
 .059 .060 .062 .063 .064 .065 .066 .067 
 .068 .069 .069 .070
.4?5 * .029 .037 .042 .047 .350 .053 .056 .058 .060 
 .061 .063 .064 s065 .067 9068 .068 .069 .070
,P430 * .030 .038 .043 .047 .051 .054 .057 .059 .061 .062 .064 
.071 071
 

.065 .067 .068 .069 .070 .071 .07? .072
.435 * .030 .038 .044 .072
.048 .052 .055 058 .060 .062 .064 .065 .067 .068 .069 .070 
 .071 .072 .073 .073
.440 0 .074
e031 .039 .045 .049 
.053 o056 .059 .061 .063 .065 .066 .068 
 .069 .070 .071 .072 .073 .074 .075 .075
.445 0 .031 .040 .045 
 .050 .054 .057 

o450 4 .032 .040 o046 

.060 .062 .064 .066 .068 .069 .070 .072 .073 .074 .075 .075 .076 .077
.051 o055 .058 .061 .063 .065 .067 .069 
.070 .072 .073 .074 
.075 .076 .077 .078 .078
 



Auxiliary Table 9. (continued) 

c-, h*-h* 

aa b 

-.105 .11o .115 .120 
 .125 .130 .140 .150
.135 .145 .155
 
.255 * .029 .029
.029 .029 .029 .029 .0?9 .029
.029 .029
#260 * .030 .030 .030 .030 .030 .030 .030 

.029 
*030 .030 .030 .030
,265 - .031
.031 .031 .031 .031 .031 .031
.031 .031 .031 .031
1270 0 .032 .032 .032 .032 .032 .032 .032
.032 .032 .032 .032
1275 * .033 .033 .033 .033
.033 .033 .033 o033 .033
.033 .033
i280 * .034 .034 .034 .034 .034 .034.034 .034 .034 .034 .034
1285 0 .035 ,035
.035 .035 .035 .035 .035 .035
.035 .035 .035
j290 0 .037 .037 .037
.037 .037 .037 .037 .037 .037
.037 .037
£295 0 .038 .038 
 .038 .038 .038 .038 .038 -038 .038 .038 .038
t300 * .039 .039 .039 .039 .039 .039 -039.039 .039 .039 e039
.305 * .040 .040 .040 .040 .040 .040 .040 .040
.040 .040 .040
310 * .041 .041 .041 .041 .041 .041 .041 .041 .041.041 .041
4315 0 .042 .042 .043 .043 .043
.043 .043 .043 .043 .043 .043
.320 0 .043 .044 ,044
.043 ,044 .044 .044 .044
.044 .044 .044
•325 * .045 .045 .045 .045
.045 .045 .045 .045 .045
.045 .045
j330 * .046 .046 .046 .046 .046.046 .046 .046 .046 .046 .046
335 * .047 .047 .047 .048 .048 .048 .048 .048 e048
.048 .048
L340 * .048 .049 .049 .049 .049
.049 .049
345 .049 .049 .049 .049
p * .050 .050 .050 .050 .050 .050.050 .050 *050 .050 .oSO
.350 * .051
.051 .051 e051 .052 e052 .052
.052 .052 .052 .052
.355 * .052 .052 .053 
.053 .053 .053 .053
9053 .053 .053 .053
.360 * .054 .05S
.054 .054 .054 .054 .054 .054
9054 .054 .054
•365 - .055 .055 .055 .055
.055 .056 .056 ,056 .056
.056 .056
o370 * .056 .056 .057 .057 .057 .057.057 .057 .057 .057 s057
b375 * .058 .058.058 .058 .058 .058 .099 .059
.059 .059 .059
P380 * .059 .059 .059 .060
.059 .060 ,060 *060 .060
.060 .060
.385 9 .060 .061 .061 *061 .062
,061 ,061 *062 ,062 .062 .062
•390 * .062
.062 .062 e062 .062 ,063
9062 ,063 .063 o063
;395 * .063 .063 .064 .064 

.063
.064 .064 .064 .065 .065
.065 .065
.400 * .064 .065 .065 .065
.065 .065 .065 -056 .066
*066 .066
.405 * *066 .066 
 .066 .067 o067
.067 .067 .067 .068 .068 .068
.410 * .067 .068
.068 .068 .068 .068 .069
.068 .069 .069 .069
&415 0 .069 .069 .070 .070
.069 e070 .070 .070 .071
.070 .071
.420 * .070 .070 .071 o071
.071 .071 .072 .072 .072
.072 .072
s425 * .072 .072 .072 .073 .073 .073 .073
.073 .073 .074 .074
.430 * .073 .074
.073 .074 .074 .075 .075
.075 .075 .075 .076
.435 * .074 .075 .076
.075 .076 .076 .076 .076 .077
.076 .076
.440 * .076 .076 .077 .077
.077 .078 .078 .078 .078
e078 .079
.445 0 .077 .078 .078 
 .079 .079 .079 .080
.079 .080 .080 .080
.450r * .079 .080 .081
.079 .080 .081 .081 .081 .081
.081 .081 




Auxiliary Tabl 10. Submerged Flow Calibration for 20 cm x 90 cm Cutthroat 
Flume (Valuer, Listed Are Discharged in m /s) 

* .005 .010 .CIS 
 ,OPO .C25 .030 
 ,035 .040 .045 
 .050 .055 .060 
 .065 .070 
 .075 .080 .085 .090 .095
.005 0 .000 .000 .000 
.100
 

0-0 .000 .000 .000 .00 .000 
 .000 .000 .000 .000
.010 * .000 .000 .000 .000 .000 .000 .000 .000 .000 .000.000 .000 .000 .000 .000 .000 .000 .000

.015 q .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
.000 .000 .000 .000 .000
000 0 0000
.01 0* .001 .001 .001 .001 .001 .001 .001 .001 .t01 .001 .001 .001 .000 . 000 .000 .000 .000 .000.001 .001 .001 .001 .001 .001 .001 .001
. 0 5 •
.020 o .001.001 .001 .001 .002 .00 1 .00k 001 .001 .001
.001 001 .001 .001 .001 001 .001 .001 .001 .001 .001 .001 .001 .000 .000 .001 .001
.001 .001O .001 .001 .001 .001
.035 0 .001 .001 .001 .001 .001
.001 .002 .002 .002 .002 .002 .001 .001 .001 .001
 
.040 0.00 .00 .002 .002 .002 .002 .002 002
.00 .00 .00 2.002 .00 000 .002 .002 .002 .002 .002
.00 .00 .00
.035 .01 001 .002 .00 .00 .00 2.00 2.00 2 D00
.003 .003 .003 .002 .002 .002 .002
.003 .02 .003 
 .003 .002 .002 003
.002
.050 G .003 .002 .003 .003 .003 

3 .003 .00 .003 .002 .003 .003 .003
.003 -002 .002 .003 
 .002 .003 .003
.055 - .003 .003 .003 .003 .00 .003 
.003 .003 .003 .003 .003 .003 .003
.003 .003 .003 
 .003 .00' .003
.050 • .002 .003 .003 .003 .003 .004 .004 .003 .003.003 .003 .003 .00
.004 .004 .004 .004 .004 4 .004
.05 0.003 .004 .00' .004 .00. .1 .00' .004 .004
.005 .005 .005 .005 .003 .053 .005
.070 * .003 .005 .005 .005 .004 .005 .003 .00 *.003 .005 .005 .005.004 .006 .006 .004 
 .004 .004 .004 .0
.075 .004 .004 .006
0 .004 .005 .004 .004 .006 .004 e00 .004 .004 e00 6 006
6006 .006 .006 .00 
 .006 .006 .006
•090 * .005 .006 .006 .007 .007 .007 -007 .007 .007 

.006 .006 .006 .006 .006 .006.007 .'975007.007.085 0 .005 .006 *005 .007 w006 .006 .008 
.007 .007 .007 .007 .007 .007 .007
.008 .008 ,006.008
.090 008 .008 .00 .00 8
.006 .006 .00 8 006 .006 .008
.00 .00 .00 .006 .006 .00 00 .008
 

r .00 .o9 00 6 .00 00
.095 * .006 .00 .009 .006 .00 00.009 .009 .009 .006 9009
- 100 * .007 .008 .009 .010 .0j0 .010 .010 .010 ,010 .010 .010.010 .010 .010 .O011.008 .008 . 0 .010 .010 .010 .010 .010 .010
•105 .007 .009 .010 .008 .008 . 011 0.0 .011 .0 .011 .011
.011 .011
.0 0 .009 .01.009 e012 01' .0009 .011 .011
0120 .009 .012 .012 .01 .012
.110 .01 .012
* .00 8.010 .011 .011 . .012009 ,01v .013 .013 .013 
 .013 .013 .013 .013
.115 * .008 .00 .013 .013 .013 .013
009 .010 013 .013 .013
.013 .013 .013 .0141.01 
 4014 .01 .014
•1?0 c .00? .01 .012 .013 .011 .011 .011 .011 .01 .01 .014 .011
15 .014 .0150 .015 012 015 .015
.125 a .009 .010 .013 .011 015 .012 .016 .016 .016 .016 .016 
.015 o015 .015 015 .015 e015 .015 .015
.016 .016 .016 .016 
 .016 .016 .016 9016 .016
 

.130 e .010 .013 .014 
 .015 .016 .016 
 .0T .037 .017 .0O8 .018 .018
.135 * ,011 .013 .015 .016 .017 .017 .018 
.018 .018 .018 .018 .018 .018 .018 .016.018 .018 .019 .019
.140 .019 .019 .019
* .011 .014 .016 .019 .019 .019
.017 ,018 .018 .019 .019 .019 .019 .019 .019
e145 * 020 .0o20 .0209012 .015 .017 .018 .019 .020 .020 020 .020 .020 .020 .020 .020
.020 .020 .021 .0e0
.021 .022 .022
.150 * .022 .022 .022.012 .016 .018 .019 .022 .022 .022
.020 .021 .02k .0?2 .022 .022 .022 .022


.155 .023 .023 .b23
* .013 .016 .018 .023 .023 .023.020 .021 .022 .022 .023 .023 .023 .023 A023 .023
.023 .024 .024
.160 0 .014 .011 .019 .021 .022 .023 .124 .024 
.024 .024 .024 .024 .024 .0924 024 .024
.024 .025 .025
.165 * *014 .026 .026 .026.018 .020 .O27 .026 .026 .026
-023 .024 .025 .025 *026 *026 o026 .026 .026 .026


.170 .027 *027 .027
* .015 .019 .021 .027 .027 .027
.023 .024 .025 .026 .027 .027 *027 .027 .027.027 .028 .029
:175 * .016 .029 .029 .029
.020 .022 .024 .026 .027 .027 .028 .029 .029 .029 
.029 .029 .029 .0 9 .029


.1i0 .029 .031 .031
* .016 .021 .023 .025 .027 .028 .029 .029 .030 
.031 .031 .031 .031 .031 .031.030 .031 .031
:185 * .017 .021 e032 .032 .032
.024 .026 .028 .029 .030 ,011 .031 .032 e032 

.032 .032 .032 .032 .032
.190 0 .018 .022 .032 .03' .034 .034
.025 .02e .029 .030 .031 .032 .034 .034 .034 .634 .034
.033 .033 .034
.195 * .018 .023 .026 .029 .030 .032 
.034 .034 s036 .036 .036 .036 .036 .036 .036
.033 .034 .034 .035
.200 * .035 .035 .035.019 .024 .027 .037 .037 .037
.030 .03 .033 ,034 .035 .036 e036 .037 .037 .037 

.037 .037 .037 .037
:205 0 .020 .025 .037 .039 .039
.028 .031 .033 .034 .036 .037 .037 .038 .038 

.039 .039 .039 .039
.210 - .021 .026 .039 .039 .039
.030 .032 .034 .036 .037 .038 e039 ,040 .040 
.041 .041 .041 .041 .041 .041
.215 * .021 .027 .031 .033 .040 .041 .041 .043 .043 .043 .043.035 .037 .039 .040 .040 .041 .043 .043


.220 .042 .042 .042
* .022 .028 .032 .042 .042 .045.035 037 .039 .040 .041 .042 .045 .045 .045 .045
.043 .043 .044
. 25 * .023 .029 .033 .036 .038 .040 .041 
.044 .044 .044 .047 .047 .047 .047 .04?.043 .044 
 .044 .045
.230 0 .024 .030 .034 .037 .039 .041 

.046 .046 .046 .046 .049 .049 .049 .049 .049.043 .044 .045 .046 
 .047 .047 .048
.235 # .024 .031 .035 .038 .041 .048 .048 .048 .051 .051 .051
.043 .044 .046 .051
.047 .048 .049
.240 * .049 050.025 .050 .050
.032 .036 .040 .042 .04 .046 .050 .053 .053 .053 .053
.047 .049 .050 
 .050 .051 .051
.245 * .026 .033 .037 .041 .044 .046 .048 .049 
.052 .052 .052 .055 .055 .055 .05S
.050 .051 .052
.250 % .027 .034 .039 .042 .045 .047 .049 

.053 .053 .054 .054 .054 .05 * .057
.057 .057
.051 .052 .053 
 .054 .055 .055 
 .056 .056 .058 
 .056 .059 
 .059 .059
 



Auxiliary Table 10. (continued) 

ha*~h ho hb

* .005 .010 .O5 .020 .025 .030 o035 .040 o045 O050 .055 *060 .065 .070 .075 .080 .085 .090 .09S *10
o256 * a028 .035 
 .040 .043 .046 .049 .051
o2eO 0 .052 o054 .055 .056 .056 .057 .057 G058.028 .036 .041 .058 .058.045 .048 .050 .052 o0S4 .061 .061 .061 
.265 * 029 .037 OSS .057 .058 .058 o059 *059 9060 .060
.042 .046 e049 .052 .054 .060 .060 o063 .063
.0S6 .057 .058 
 .059 .060
.270 * .030 .061 .061 .062
.038 .043 .047 .051 .053 -056 .062 .062 .062 .066 *066
.057 .059 .060 .061 .062
4275 g .063 .063 .064 .064 .064
.031 .039 .045 .049 .052 .055 •CLS .068 .068
.057 .059 .061 .062 *063
#280 .064 .065 .066
* .032 .040 .046 .066 .066
.050 .054 .056 .059 .061 .062 .064 .065 

.067 0067 0067 .070
 
285 .066 .067 *068 .068
0 .033 .041 .047 .052 .055 .058 .060 .063 .064 .066 .067 

.069 .069 *069 *069 A073
 
.290 .068 .069 *070
* .013 .042 .048 .053 .057 .060 .062 -Oh4 .066 .068 .069 .070 .071 

.070 .071 .071 .0,1 .071 .075
 
.295 * .034 *043 .050 .072 .072 .073 .073 .013
.054 .058 .061 .064 .066 .068 .074 .074
.070 .071 .072 .073 .074
*300 * .035 .075 .075
.045 .051 .056 .060 .063 .066 .075 .076 .076 .076
 
305* .08 .070 .071 .073 .074 .075 .076 .077
.036 .046 .052 .057 .061 .077 .078 *078 .078 .078
.065 .067 .070 
 .072 .013 .075 .076 .077
.310 o .037 .047 .054 .059 .063 .066 .078 .079 .080 .080 .080 .081 .081
.069 .071 .074 
 075 .077 .078 .079 .080
.315 * .038 .048 .055 .060 .064 .068 .071 .073 .075 

.081 .082 o082 .083 .083 .083
.320 * .039 .049 .056 .062 .066 .077 o079 .080 *082 .083 .083 .084 .085
.070 .0(3 .075 .077 .079 .081 .082 .084 .085 .085 4086
.3?5 .040 .086
& * .050 .058 .063 .068 .071 .085 .086 .087 .088 .088 .088
.074 .077 .079 
 .081 e083 .085 .086 .087
.330 * .041 .051 .059 .065 .069 .073 .076 .079 .081 

.088 .089 .089 .090 .090 .091
.083 .085 .087 .058 .089
.335 * .041 .053 .060 .066 .071 .075 .078 .090 .091 ,092 .092 .093 .093
.0A1 .083 .085
.340 - .042 .054 .087 .089 .090 .092 .093
.062 .068 .072 .076 .080 .083 .085 .087 .089 .091 .093 .094 .095 
:093 .094 o095 .095 .096
 

*345.043 .055 .063 .069 .074 .096 e097 .097 .098 .098
.078 .082 .085 
 .087 .090 .092 .093 .095
.350 * .044 .056 .064 .071 .076 .080 .083, .087 
.096 .097 .098 .099 .100 .100 .101
.089 .092 .094 o095
:355 • .045 .057 .066 .072 .077 .097 .098 .100 .101 .10a .102 .103 .103
.082 .085 .009 .091 .094 .096 .098 .099
.360 0 .046 .059 .067 .074 o079 .083 .087 .Oq .093 
.101 .102 .103 .104 .0105 105 .106


:365 0 .096 .098 .100 .102 .103
.047 .060 .069 .104 .106
.075 .081 .085 .089 .002 .107 .107 .108 .109

.370 o .048 .061 09b .098 .100 .102 .104 .106 .107 .108
.070 .077 .082 .087 L 0109 .110 .111 .111
.094 .097 .100
:375 * .049 .062 .102 .105 .106 .108 .109 -111 .112
.071 .078 .084 .089 .093 .112 .113 .114
.096 .100 .102
.360 a .105 .107 .109 .110 .112
.050 .064 .073 .080 .086 .091 .095 .Oq9 .102 .104 .107 .109 .111 

:113 .114 .115 .116 .117
 
:385 * .051 .113 .114 .116
.065 *074 .082 .088 .091 .097 .11 .104 .117 ail8 .119 .119
.107 9109 .111
.390 * .052 .066 .076 .113 .115 o117 .118 6119
.083 .089 .094 .099 .1n3 .120 .121 .122
.106 .109 .111
.395 .114 .116
* .053 .067 .077 .085 .091 .096 .101 .1n5 .108 .111 

.118 o119 .121 P122 o123 .124 .125
.114 o116 .118
.400 * .120 .122
.054 .069 .079 .087 .093 .098 .103 .107 .123 .125 .126 o127 .128
.110 .113 .116 .119 .121
:405 # .055 .070 .00 .123 .124 .126 .127 .128
.088 .095 .100 .105 .In9 .112 .129 .130
 
.410 6 .116 .118 .121 .123 125
.056 .071 .082 .090 .096 .102 .107 .111 5 .118 

.127 0128 .130 .131 .132 .133

.415 0 .057 .073 .121 .123 .126 .128 .129
.083 .091 .098 .104 .109 .113 .117 .120 .131 .133 6134 .135 .136
.123 .126 
 .128 .130 01.!'
.420 * .058 .074 .085 .093 .100 .106 .134 .135 .137 o138 .139
.111 .115 .119
:425 0 .122 .125 .128 .131 .133o059 o075 .086 .095 .102 .108 .113 .' .121 .125 .128 

.13% .136 ,138 .139 .141 .142
.131 .133
.430 * .060 !35 .137 o139
.077 .088 .097 .104 .110 .115 .119 .141 *A42 .1.3 .144
.123 .127 .130
.435 0 .061 .078 .089 .133 .136 .138 .140 o142
.098 10E .112 o117 .122 .126 .129 .133 .143 o145 o116 .147
.136 0138
.440 0 .062 .079 .091 .100 *10' .114 .119 
.141 .143 .145 .146 .148 .14, .150
.124 .128 .132 .135 .138
.445 a .141 .143
.063 .081 .092 .102 .109 o145 .147 .149 .IS1 .15 .153
.116 &121 .126 .130 .134
.450 * .064 .082 .094 .o137 c141 o143 o146 .o48 .150 .152 .153
.103 ,11L .118 .123 .1?8 .133 .155 .156
.136 o140 .143 .146 .14e 
 .151 153 .155 
 .156 .158 .159
 



Auxiliary Table 10. (cortinued) 

h l# ho h~ b 

.105 -110 -115 .120 *125 .130 0135 .140 .145 .150 .155 

.255 0 
o26O 0 
o265 * 
.270 * 

.061 

.063 

.066 

.06R 

.061 

.063 

.066 

.068 

.061 

.063 

.066 

.068 

.061 

.063 

.066 

.061 

.063 

.066 
0068.068 

.061 

.063 

.066 

.061 

.063 
0066 
.068.068 

.061 .061 

.063 w063 
9066 .066 
.060.068 

.061 
s063 
.066 
.068 

.061 

.063 

.066 

.068 
.275 * 
.280 * 
,25 * 
.290 0 

.070 

.073 

.075 
s078 

.070 

.073 

.075 

.078 

.070 

.073 

.075 

.078 

.070 

.073 

.075 

.078 

.070 

.073 
0075 
.078 

.070 

.073 

.075 

.078 

.070 

.073 
-075 
0078 

.070 

.073 

.075 

.078 

.070 
073 
.Q75 
.078 

.070 

.073 

.075 

.078 

.070 

.073 

.075 
e078 

.295 * 

.300 * 

.305 * 
e31C * 
.315 * 
U320 * 
4325 * 
.330 0 
.335 * 
.340 * 
.345 * 
#350 * 
.355 * 

.080 

.082 

.081 

.083 

.086 

.088 

.091 

.093 

.056 

.098 

.101 

.10! 
,!06 

.080 

.082 

.085 

.088 

.086 

.088 

.091 

.093 

.096 

.099 

.101 

.104 

.107 

080 
.082 
085 

s088 
.090 
*093 
.096 
.093 
.09b 
.099 
9101 
.104 
.107 

.080 
0082 
e085 
.088 
.090 
.093 
.096 
.098 
.101 
.104 
.101 
.104 
.107 

.080 

.082 

.085 

.088 

.090 

.093 

.096 

.098 

.101 

.104 

.107 

.110 

.112 

9080 
.082 
.085 
G088 
.090 
.093 
.096 
.098 
.101 
.104 
.107 
.110 
.112 

.080 
9082 
e085 
.088 
.090 
.093 
.096 
.098 
.101 
.104 
.107 
o110 
e112 

.080 .080 

.082 s082 
,0R5 .085 
.O8A .088 
.OQO .090 
o0Q3 .093 
.0q6 e096 
.098 .098 
.101 .101 
.104 e104 
.107 .107 
.110.110 
.112 .112 

.080 

.082 

.085 
6088 
.090 
.093 
.096 
.098 
.101 
.104 
.107 
9110 
.112 

.080 

.082 

.085 
0088 
.090 
e093 
.096 
.098 
.101 
.104 
.107 
.110 
.112 

.360 0 

.365 0 

.370 * 

.3?5 * 

.380 * 
0385 4 
.390 * 
;395 * 
w400 0 

.405 0 

.410 * 

.109 

.112 

.114 

.117 

.120 

.123 

.125 

.128 

.131 

.134 

.137 

.109 

.112 

.115 

.118 

.120 

.123 

.126 

.129 

.132 

.135 

.137 

.110 
0112 
9115 
.118 
.121 
.124 
..126 
.129 
.132 
e135 
9138 

.110 

.112 

.115 

.118 

.121 

.12 

.127 

.130 

.133 

.136 

.139 

.110 
s113 
9115 
.118 
.121 
*124 
.127 
.130 
.133 
.136 
.139 

.115 

.118 

.121 

.118 

.121 

.124 

.127 

.130 

.133 
0136 
.139 

.115 

.118 

.121 

.124 
o127 
.131 
.127 
9130 
0133 
e136 
.139 

.115 

.118 

.121 
9124 
.127 
0131 
.134 
o137 
0140 
.136 
.139 

.115 

.118 
9121 
0124 
.127 
.131 
o134 

o137 
.140 
.143 
.147 

.115 

.118 

.121 

.124 

.127 

.131 

.134 
*137 
0140 
.143 
.147 

.115 

.1!8 

.121 
e124 
.127 
.131 
0134 
,137 
.140 
.143 
.147 

0415 0 .140 .140 .141 .142 e142 .142 o142 .142 e142 .150 .150 
e420 * 
0425 * 
.430 * 
.435 * 
.440 0 

.143 .143 
s145 .146 
0146' .149 
.z5l .152 
.154 .155 

.144 
s147 
o150 
.153 
0156 

.145 

.148 

.151 

.154 

.157 

0145 
o148 
o151 
.154 
,157 

.145 
%148 
e152 
.155 
.158 

.145 

.149 

.152 

.155 
o158 

.146- .146 

.149 .149 

.152 .152 

.155 0155 

.158 o159 

.153 

.157 
0152 
.155 
9159 

.153 

.15? 

.160 
0163 
e167 

s445 0 
e450 * 

.157 
o160 

0158 
.161 

e159 
.162 

o160 
o163 

.161 

.164 
.161 
o164 

0161 
.165 

.1A2 

.165 
.162 
.165 

0162 
.165 

9162 
9165 



Auxiliary Table 11. Submerged Flow Calibration for 30 cm x 90 cm Cutthr,. t 
h; Flume (Values Listed Are Discharged in m /s)
 

a b
 
* .005 .010 .015 .020 *025 
 .030 .035 
 .00 .045 .050 .055 
.060 .065 
 .07C .075 .080 .085 .090 
 .095 *100
i005 * .000 .000 *oo 
 .00 .000 00o 
0oj .00 .000 .000 .000 .000
.010 0 .000 .000 .000 .000 .000 .000 .000 

.000 .000 .000 .000 .000 .000 .000 .000
.000 .000 .000 .000
.015 * .000 .000 .000 .000
.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
.00 .000 .000 .000 .000 .00
.OZO * .001 .001 .001 .001 .001 .000 .000 .000. 000 .000 .000
.001 .001 .001 .000
.001 .001 .001
.025 * .001 .001 .001 .001 .001
.001 .001 .001 .001 .001 *001 .001 .001 .001 .001 .001 .001
.001 .001 .001
.030 - .001 .001 .001
.002 .002 .002 .002 o002 .002 .002 .0n2 .002 .002 
.001 .001 .001 .001 .001 .001
.002 .002 .002
.035 * .002 .002 .002 .002 .002
.002 9002 .002 s002 9002 .002 -002 .002 .002 .002
9002 o002 o002
6040 * .002 *002 o002
.002 .003 .003 .'A2 .002 .002
.003 .003 .003 .003 .003 *003 *002 .002 *002
.003 .003 .003
&045 * .003 .003 .003 .003
.003 .004 .004 .004 .004 .004 .004 *004 .004 

.003 .003 .003 .003 .003
.004 .004 .004
S050 * .004 .004 .004 .004 .004 .004 .004 .004 .004
.004 .004 .004 .904 .004 .004 .004 .004 .004

.055 * .004 .004 .004
.004 .005 .005 .005 .005 .005 .004 .004 .004 .004 .004 .004
.060 a005 *O,.005 .005 .005.005
* .005 .006 .005 .005 .005
.006 .006 .006 .006 .006 .006 .006 .005e005 .005 *005 .005
*006 *006
.065 * .005 .006 .007 .007 .006 .006 .006 .006 .006 *006 .006
.007 .007 .007 *006 .006
.007 .007 .007 
 .007 .007 .007
,.070 * .006 .007 .007 .007 .007
.008 .008 .008 .008 .007 .007 .007 .007
.008 .008 .008 .008 .008
.075 0 .007 .008 .008 .008
.008 .009 .009 .008 .008 .008
.009 .009 .009 .009 .009 .009 .008 .008 .008
.009 .009 .009
.080 * .007 .009 .010 .009 .009 .009 .009 .009 .009
.010 .010 .011 .011 .011 .011 .009

*085 .011 .011 
 .011 .011
* .008 .010 .011 .011 .012 .012 .011 .011 .011 .011 .011 .011
.012 .012 .012 .011
.012 .012 .012
.090 * .009 .011 .012 .012 .013 .013 .013 

.012 .012 .012 .012 .012 .012 .012 .012
.013 .013 .013
.095 0 .013 .013 .013
.009 .012 .013 .014 .014 .014 .013 .013 .013 .013 .013 .013 .013
.014 .014 .014 
 .014 .014 .014
.100 .014 .014 .014
* .010 .013 .014 .015 .015 .016 .016 .016 .016 
.014 .014 .014 .014 .014.016 .016 .016
S.105 * .011 .016 .016 .016
.014 .015 .016 .017 .017 ..017 .016 .016 -016 .016 .016
i110 * .017 .017
.012 .015 .017 .017 .017
.016 .017 .018 .017 .017 .017
.019 .019 .019 .019 .019 .019 .017 .017 .017
.019 .019 .019
.115 * .013 .016 .018 .019 .019 .019 .019 .019 .019 .019
.020 .020 .020 
 *0?0 .021 *021
.120 e021 .021 .021
* .013 .017 .019 .020 .021 .021 e021 .021 .021 *021 .021 .021
.022 .022 e022 
 .022 .022 .022
.125 * .014 .022 .022 .022 ,022
.018 .020 .021 .022 .023 .024 .024 .024 .024 
.022 .022 -022 .022 .022
.130 - .015 .019 .021 .023 .024 .024 e024 .024 .024 .024 .024
.024 .025 .025 .025 .026 .026 .024 .024 .024
.026 .026 .026
.135 * .016 .020 .026 .026 .026
.023 .024 .025 .026 .027 .027 *026 o26 .026 .026
.027 .028 .028
&140 .028 .028 .029
* .017 .021 .024 .026 .027 .028 .029 .029 029 

.028 .028 .028 .028 .028 .028
.030 .030 .030
e145 * .018 .030 .030 .030
.022 .025 .027 .029 .030 .030 .030 .030 .030 .030 .030
.031 .031 .031 
 .031 .031 .031
.150 * .019 .031 .031 .031
.024 .027 .029 .030 .031 .032 .031 .031 .031 .031
.033 .033 .033
e155 - .020 .034 .034 .034
.025 .028 .030 .032 .033 .034 .035 .035 .035 
.034 .034 .034 .034 .034 .034 .034
.036 .036 .036
.160 * .021 .026 .036 .036 .030
.029 .032 .034 .035 .036 .037 .036 .036 .036 .036
.037 .037 .037
.165 * .038 .038 .038
.022 .027 .031 .038 .038 .038
.033 .035 .037 .038 .039 .039 .038 .038 .038
.039 .040 .040
e170 0 .023 .029 .040 .040 .040
.032 .035 .037 .039 .040 .040 .040 .040 .040 .040
.041 .041 .042
.175 * .042 .042 .042 .042
.024 .030 .034 .042 .042 .042
.037 .039 .040 .042 .042 .042
.042 .043 .043 
 .044 .044 .044
.160 0 .025 .031 .035 .038 .041 .042 .044 

.045 .045 .045 .045 .045 .045 .045 .045
.045 .045 .046 .046
&185 .046 .047 .047
* .026 .033 .037 .040 .042 .044 .046 .047 
.047 .047 .047 .047 .047 .041
 

e190 0 .027 .034 .038 .042 
.048 .0.8 .049 .049 .049 .049 .049 .049 .049 .049
.044 .046 .048 .049 .049
.049 .050 .050 
 .051 .051 .051
.195 * .028 .035 .040 .043 .046 .048 

.052 .052 .052 .052 .052 .052 .052
.050 .051 .052 .053 .053
.200 * .029 .037 .042 .045 .048 .050 .052 
.054 .054 .054 .054 .054 .054 .054 .054 .054
.053 .054 .055 
 .056 .056 .056
e205 0 .030 .038 .043 .047 .050 .056 .057 .057 .057 .057 .057
.052 .054 .056 .057 .058 .058 o057
 

210 * .031 .039 .045 .059 .059 .059 .060 .060 .060
.049 .052 .054 .056 .058 .059 .060 .060 .060
.060 e061 .061
.215 * .032 .041 .046 .051 .062 e062 .062 .062 .062 .062
.054 '36 .058 .062 .062
0A0 ,C61 e062
.220 w .034 .042 .048 .052 o063 .064 .064 .064 .064 .065 .065
.05r .058 .061 .062 .064 .065 .065 .065 .065
.066 .066 .067
.225 * .035 .044 .050 .054 .067 .067 e06O *068 .068 .068 

.230 * 

.058 .061 .063 .065 .066 .067 .068 .069 .070 
.068
 

*036 .045 .052 .070 .070 .071 .071
.056 .060 .063 .071 .071 .071
.065 .067 .069 
 .070 .071 *072
o235 * .072 .073 .073
.037 .047 .053 .073 .074 *074
.058 *062 .065 .067 .074 .074
.069 .071 .072 
 .074 .074 .075
.240 * .039 .048 .075 .076 .076
.055 .060 .064 .0'7 .077 .077
.067 .070 .072 .077
.034 .075
.245 .076 .077 .078 e078
* .039 .050 .079 .079 O08
.057 .062 .066 .069 .072 .074 e076 .080 .080 s080
.078 e079 .080
.250 * .041 .051 .059 .064 .081 ,081 .082 .082 .082 .083
.068 .072 .074 .083 .083
.077 .079 .080 
 .082 .083 .084 .084 
 .085 .085 .085 
.086 .OR& -A&
 



Auxiliary Table 11. (continued) 

ha ho-h;b 
h* 

* .005 .010 .015 
 .020 .025 .030 .035 .040 
 .045 .050 .055 
 .060 .065 .070 
 .075 .080 .085 
.090 .095 .100
 
e255 * .042 .053 .060 .066 .070 .074 .077 .079 .081 
 .083 .084 .086 .086 .087
*260 * .043 .088 .088 ss.054 .062 .068 .072 .076 o .089 .089.069
.079 *0e2 .084 
.086 o087 0088
*265 * .044 .056 .089 1090 .091 .091 .091.064 .070 .075 0091 0092 .092
.078 .082 .084 
 .087 .088 .090 .091 .092 
 .093 .094 .094
?270 * .046 .058 .094 .095 .096 .096.066 .072 .077 
 .081 .084 .07
o275 * .089 .091.047 .059 .068 .093 .094 .095
.074 .079 .083 .096 .097 .097
.OA7 .090 .092 .094 *096 .097 .098 .099 

.098 .098 .099 .099
.280 * .048 .100 .101 o101.061 .070 .076 .081 .086 .089 .092 .095 .101 .101 .102
.097 .099 .100 .101 .102 .103
t285 a .049 .104 .104
.063 &071 .078 .084 .088 .105 .105 .106
.092 .095 o097 
 .!00 .102 .103
.290 * .051 .105 .106 .106.064 .073 .080 .086 .090 .094 .Oq7 .00 .103 .105 .106 
.107 .108 .108 .108 .109
.108 .109
,295 * .052 .066 .075 .082 .088 .093 .097 

.110 .110 .111 .111 .112 .112.100 .103 .105
;300 * .053 .068 .077 .085 .090 .095 .099 .103 .106 
.108 .109 .111 .112 .113 .114 .114 .115 ,115 .115.108 .111 .112
6305 * .114 .115
.055 .069 .116 .117 .118
.079 .087 .093 .098 .102 .106 .118 0119 .119
.109 9111 .114 .115 .117
.310 * .056 .071 .081 .089 9095 .lO0 .105 

e119 .120 .l2l .121 9122 e122 *122.108 .112 .114 .117 .119 
 o120 .122 o123
315 * .057 .073 .083 .091 .098 .103 .107 9124 .125 o125 .126 .126.111 .114 .117 
 .120 .122 .124
63?0 * .059 .075 .085 .093 .125 .126 .127 e173 .129.100 .105 .110 .114 -117 .130 .130
.120 -123 .125
.3?5 * .060 .076 .087 .096 .102 .127 e128 .130 .131 -13 *133 .133 .134
.108 A13 .117 o120.12-
 .126 .128 .130
.330 * .132 .133 .135
.061 .078 .089 .098 .105 .111 -115 .120 .123 
.315 .136 9137 .137
.126 .129 .131
-335 * .063 .134 .135.080 .091 .100 .107 .113 .118 .122 .126 

.137 :138 .139 .140 .141 .1o1
.129 .IZ2 .135 
 o137 .339 .140
,340 0 .064 0802 .093 o102 .142 .143 .144 .144 .145
.110 .116 .121 
 .125 .129 .133 
 .136 .138 .140 
 .142 e144
6345 * .066 .083 .095 .105 .112 .145 .146 .147 .1468 149.118 .124 .1230 132 .136 .139 .141 .144
.350 * .067 .085 .098 .107 .115 .121 e146 .147 .149 .150 .151. .152 .153.127 .131 .135 .139 .142 .145
&355 0 .069 .087 .100 .147 .149 .151 .153 .154
e109 .117 .124 .129 .134 .155 .156 .157
.138 .142 .145
i.360 * .070 .089 .102 .112 .120 
.148 .151 .153 .155 .156 .158 .159 .160.126 .132 .137 .161
.142 .145 .149 e152 0154
.365 0 .071 .091 .104 .114 .122 .129 .135 .140 .145 .149 .152 .155 

9156 .158 e160 .161 o163 .164 e:65
 
.370 * .158 .160 e162.072 .093 .i06 e116 .125 .164 .165 9167 o168 .169
.132 .178 .143 
 .148 .152 .155 
 .158 .161 .164
.375 0 .C: .166 .168
.095 -108 .119 .127 .135 .141 .146 .151 

.169 0170 .172 .173
.155 .159 o162
.380 * .076 .096 .110 .121 .130 .138 .165 .167 .169 .171 .173 .174 .176 o177.144 .149 .154 .158 .162 
 .165 .168 .171
.385 * .077 .098 .113 .124 .133 .140 .147 .173 .175 .177 0178 .180 o181.152 .157 .162 
 .166 .169 .172 
 .175 .177 .179
.390 * .079 oleo .115 .126 .135 .143 .150 .181 .182 .184 .185.156 .161 .165 
 .169 .172 .176
.395 * .080 910? e117 .129 e138 9146 
.178 .181 .163 .185 .186 .188 .189.153 .159 .164 
 .168 .172 0176 
 .179 .182
.400 * .082 .104 .185 .187 .189
.119 .131 .141 .149 .156 .162 .167 .172 .191 o192 e193
 

9405 0 .176 .180 .183 .186 .188 .191
e083 e106 .122 .134 .143 .152 .1S9 .165 .170 .175 .179 
.193 .195 .196 0197
 

.410 .183 .187
* .085 .108 .124 .136 .146 9155 .162 z168 
.190 .192 .195 .197 .199 .200 .2029174 .179 .183 .187 .190
e415 * .193 .196 .199.087 .110 .126 .139 9149 .157 .165 .171 .201 .203 .205 .206
.177 .182 .187 
 9191 e194 9197
-420 0 .088 .112 .128 .141 .152 .160 *200 .203 .205 o207 .209 .210
.168 .175 .180 
 .186 .190 .194
.425 * .090 .114 .131 .198 .201 .204 .207 .209.144 .154 .163 .171 .178 -211 .213 .215
.184 e189 .194 
 e198 .202 .205
.430 * .091 .116 .133 .146 .137 .166 e208 .211 9213 .215 .217 .219.174 .11 .187 .193 .197 .202 
 .206 .209 .212
e435 0 .093 .118 .135 .149 .160 .169 .177 .215 o217 .*220 222 .223
.184 .191 .196 .201 .205 .209
.440 0 .094 .213 .216
.120 e138 .152 o163 .172 .180 .219 .222 .224 .226 .228
1R8 .194 .200 .205 .209 .213
.445 * .217 .220.096 .122 .140 .154 .166 .223 .226 .228 .230 .23Z
.175 .184 .111
e450 0 .093 .124 w143 

.197 .203 .208 .213 .217 .221 .224 .227
.157 e168 .178 .187 .194 .230 .233 .235 .237
.201 9207 .212 
 ol17 *221 .225 
.228 .232 .234 
 .37 e239 *241
 



Auxiliary Table 11. (continued) 

h;* 
 h;-h;b
 

.105
- .110 -115 
 .120 .125 .130 
 -135 .140 .145 
 .150 .155

,255 .089 
.089 .089 .089 
 .089 .089 .089
.260 0 .089 .089
.09? .092 .089 .089
.092 .092 c092
t265 .092 .092 .OQ2
* .096 .092 .092 

5270 0 

.096 .096 .096 .096 .096 .096 .096 
.092
 

.099 .099 .099 .096 .096 .096
.099 .099 
 .099 .099
•275 * .102 .09 .099 .099
.102 .102 .102 .102 .102 .102 
.099
 

;280 * .106 .106 ,1o2 .102 .102 ,102
.106 

.109 

.106 .106 .106 .106 .106 .106 .106
.285  .309 .106
.109 .109 .109 .109 
 .109 .109
&290 * .113 .113 0109 .109 .109
.113 .113 
 .113 .113 .113
v295 0 .113 .113
.116 .116 .113 .113
.116 .116 .116 
 .116 .116 
 .116 .116 .116
300 * .120 
 .120 .120 .120 .120 .120 .120 .120 
.116
 

305 .123 .120 .120
* .120
 
;310 

.124 .124 .124 .124 .124 .124 .124
* ,126 .127 ,127 .127 -127 
.124 .124 .124
 

315 * .127 .127 .127 9127 ,127
.130 

N) ;320 * 

.130 .131 .131 .131 .131 .131 
,127
 

.134 .134 .135 .135 .131 .131 .131
.135 .135 .131
.135 .135
co .325 * .138 .138 .135 .135 .135
.139 .139 
 .139 .139 .139
330 .139 .139
* .141 .142 .142 .143 .143 
.139 .139
 

e335 * .143 .143 .143
.145 .143 .143
.146 .143
.146 .147 .141 .147 
 .147 .147
.340 * .149 .150 .150 .151 .151 
.147 .147 .147
.151 s151 .151 
 .151 .151 
 .151
 

;350 - .157 .158 .154 .15z .155 1s.155 

;345 * .153 .154 .154 


.158 .158 .159 .155 .155
6355 * .159 .159 .159 .155
.161 .162 .162 .159 .159 .159
.162 .*164 .164 
 .164 .164
'360 * .165 .166 164 .164 .164
.166 .166 
 .166 .168 .168
&365 .168 .168
* .169 e170 .170 .168 .168
s170 .171 
 .172 .172
370 * .173 .172 .172
.174 .174 .172 .172
.175 9175
;375 * .78 .177 .177 .177.178 .179 o179 .177 .177 .177
.179 .179 
 .181 .1g1 
 *181 .181 .181
380 * .182 .182 .183 
 .183 .184 
 .184 .185
385 * *186 .185 .185 .185
*187 .185
.187 .188 
 e188 o188
;390 * .190 .191 .192 
.190 .lqO .190 .190 .190
.192 .192 .193 
 .193 *195
b395 * *194 .195 e196 9195 e195 .195
 

;400 
s196 .197 .197 .197 .199
.199 .200 .199 .199
* .200 .201 .201 .199
.202 .202
.405 * e204 .204 
 .204
*Z03 .04 *205 .205 .206 .206 *206 

.204
 
.410 * .207 .208 .2n6 *209
.209 .21C .209 .209
.210 .211
S415 * .212 .213 .214 

.211 .211 .413 .213 .213
.214 .215 
 .216 .216
.420 * .216 .216 .216
r217 *218 .218 .218
.219 .220
.425 * *220 .221 .221
.*220 .222 .221 .223 .223
&223 .22-
 .224 .225
@430 * .225 .226 e226
o225 .226 e228 .228
.227....,22a, 
.229 .230
6435 * .230 .230 .231 .231 .233
.229 .231 .232 .233 
 .234 .234 .235
.440 * .*35 .35
.234 .235 .235 .238
.237 .238 
 .239 .239
•445 * .240 .240 .240 *240 .243
*238 .240 e241 .242 
.243 .244 .245
.450 * .243 .245 *.2S *Z45 .246 .246
.246 .247 
.248 .249 
.250 .250 *250 
 .251 .251
 



' / GROUNDWATER OBSERVATION WELLS 

by J. Baxter 

The position or distance of groundwater

from the soil surface can have a profound influence on the design

or operation of an irrigation system. High water tables can lead
 
to waterlogged soil conditions and reduced 
crop yields; thus,

drainage will have to be provided. When drainage is required, it

is important to know the position and hydraulic gradient of the
 
water table and the hydraulic conductivity of the soil. In arid
regions, high water tables also may cause salts to accummulate on 
the soil surface from direct evaporation; thus, it is often impor
tant to keep the Water table two or more meters below the soil 
surface. Information concerning the amount of water that might be 
available from the water table for crop evapotranspiration needs 
also is valuable. If the water table depth exceeds 20 feet, con
tributions from the water table to meet crop requirements will be 
negligible. Thus, the depth of the water table and its fluctua
tions during the growi;-g season are important. 

Information concerning groundwater can be
obtained from a variety of sources. Existing wells, ponds, hand 
pumps, and so forth, throughout a given area, should be inspected.
Well drillers, hydrologists, water users, and farmers, should be 
consulted to get their opinions as to the normal annual fluctuation 
of the water table. Drillers' logs, if available, should be 
obtained in order to identify the composition and thickness of 
strata and the aquifer. 

Shallow wells (less than 5 meters) or
piezometers can be installed by hand, utilizing a screw or bucket 
type auger. Usually observation wells are installed on a grid
system and sometimes in clusters when the aquifer is stratified. 
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Clusters of observation wells are installed at differing depths sothat information on individual stratum can be identified. Whendetailed information on water levels are needed (for example, nearcanals and drains), a line of wells ma, be installed to better 
define the hydraulic gradient. 

After the observation wells have beeninstalled, information concerning hydraulic conductivity, specific
yield, transmissibility, storage coefficient, canand salinity be
collected in addition to water table levels. 

Piezometers or small observation wells aresmall dhianater pipes which are perforated only at the end, and areused to measure the water table or hydraulic potential of theaquifer at the depth of the perforations. Instructions for the
installation of piezometers are outlined below. 

PROCEDURE FOR INSTALLATION OF PIEZOMETERS 

1. Piezometers should be placed on a grid 
system, preferably at field intersections. 

2. If elevation changes and slope of thehydraulic gradient are important, elevatiorn of the soilsurface should be determined at each piezometer for 
referernce. 

3. Auger the hole. A bucket type auger issatisfactory for all soil types. Bore to a level at least 
two feet (60 centimeters) lower than the expected lowestlevel of the water table. The diameter of the augered holeshould match the outside diameter of the pipe. 

4. The bottom two to three feet (60-90centimeters) of the well casing (metal plastic pipe)or
should be perforated. If available, coarse sand or pea
gravel should be poured into the augered hole to fill the
bottom 6 inches (15 centimeters). 

5. The pipe should be set so that itextends at least four inches above the ground surface and
threaded to accept a cap. onThe cap should be screwed
with suffict,.nt force that it cannot be opened manually byunauthorized personnel who might drop soil or debris into
the well. 

6. Excavate a collar shaped area, one foot(30 centimeters) in diameter, around the pipe. Fill thisexcavation with concrete to the level of the soil surface.
The primary purpose of this concrete collar is to prevent
water from infiltrating down the pipe stem frcm che surface
and to prevent the possibility of theft. 
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/ I MEASURING TUBEWELL DISCHARGE 

by D. Molden 

There are many techniques to measure the
flow of water from tubewells. If the tubewell is discharging into 
an open channel, standard measuring devices, such as flumes, cur
rent meters or weirs can be placed in the channel to measure 
discharge. Care must be taken not to allow seepage or overflow 
from the channel in front of the point of measurement. If the 
tubewell is discharging into a closed conduit, instruments such as 
orifices or venturi meters can be used. Many times these measuring
devices are not available. The Purdue Coordinate Method and the 
California Pipe Method provide good estimates of tubewell discharge
from a horizontal pipe. 

PURDUE COORDINATE METHOD 

The Purdue Coordinate Method has proved to
be a practical, quick method of flow measurement. The method 
utilizes the fall of a stream of water flowing from the mouth of a
round horizontal pipe. The inertia of the water from the tube 
determines the trajectory of the fall. 

been determined which 
1). They are: 

Coordinates along the falling water have 
are utilized to determine discharge (Figure 

1. D (in.) - the inside pipe diameter 

2. X (in.) - the distance from the end of the 
pipe 

3. Y (in.) - the fall of the stream over 

distance X. 
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Figure 1. Purdue Method of Measuring Flow From a Horizontal Pipe 

To determine discharge with thesecoordinates, set X to a specified distance, measure Y and whenever
possible obtain the discharge from Table i mhich immediately fol
lows this article. 

For diameters other than those in Table 1,the discharge is related empirically to these coordinates by: 

English:
 

Q = 0. 0071 D2X
 

where Q is in cfs; D, W and Y are in inches. 

Metric: 

Q=0.0195 D2 X 

where Q is in I/s; D, X, and Y are in cm. 
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These empirical relationships areapproximate. For accurate relationships actual calibration should 
be done.
 

Method: 

1. 	 Check to make sure that the pipe is 
level and that the pipe length is 
straight fcr six or more diameters 
before the mouth. 

2. 	 Measu.re the inside diameter, D, of the 
pipe. 

3. 	 Using a carpenter's square or folding
rule measure a distance X from the 
mouth of the tube. To use the 	table,
set X at either 6 inches, 12 inches or 
18 inches. If the depth of water 
inside the pipe is less than 0.8 D,
take X as 0 inches. 

4. 	 Measure Y corresponding to the given X.
If X is 0, measure Y at the end of the 
pipe. 

5. 	 Using Table 1, determine the discharge
in cubic feet per second. 

Example: 

D = 5 inches 

X 	 = 12 inches 

Y 	 = 6 inches 

From Table 1, the discharge is 0.87 
cfs. 

Limitations: 

1. 	 The pipe must be straight for a dis
tance of six diameters before the 
mouth. 

2. 	 The method is accurate only when thepipe is level. The method will overes
timate discharge if the pipe slopes
upward and underestimate discharge if
the pipe slopes downward. 
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CALIFORNIA PIPE METHOD 

For pipes flowing partially full at the

mouth and when the approach velocity is at a minimum (so that the
 
jet does not shoot far from the pipe), the California Pipe Method
 
can be used (Figure 2). The coordinates used are:
 

D - the internal diameter of the pipe and 

a - the distance measured in the plane of 
the end of the pipe, from the top
inside surface of the pipe to the water 
surface. 

The discharge, Q, in cfs is given by: 
English: 

2 " 48Q = 8.69 (1 - a) 1' 88 D (3)
b 

where Q is in cfs and a and D are in feet. 

Metric: 

15 1.882.48Q = 5.14 x 10 (1 - a)1 (4) 
D 

where Q is in m3/s, a and D are in cm.. 

-A 

I*-6D or greter-m 

Figure 2. California Pipe Method of Measuring Flow 
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To use this method these steps must be followed: 

1. 	 Make sure the pipe is level. 

2. 	 Check to see that the pipe is discharg
ing partially full. 

3. 	 Check to see that the velocity of water 
is low so that there is not a large jet
coming out of the pipe. If there is a 
large jet, use the Purdue Coordinate 
Method. 

4. 	 Measure the inside diameter, D. 

5. 	 At the mouth of the pipe, hcld the 
ruler on the plane of the opening.
Measure the distance from the top of 
the inside of the pipe to the water 
surfaco to get a. 

6. 	 Use equation (3) for discharge in cfs,
equation (4) for discharge -n m/s. 

The Purdue Coordinate Method is valid also 
for this partially full, low water velocity discharge. In some 
cases, however, it may be easier to use the California Pipe Method. 

REFERENCES 

Hydraulic handbook (11th Edition). 1979. Colt Industries: 
Fairbanks Morse Pump Division. Kansas City, KS. 

Trout, T. Measuring tubewell delivery. 1981. In Monitoring and 
Evaluation Manual: Diagnostic Analysis of-Farm Irrigation
Systems, Volume III. Water Management Synthesis Project, 
Fort Collins, CO. 

Water measurement manual (2nd Edition). 1967. United States 
Department of the Interior, Bureau of Reclamation, Denver, 
CO. 

245
 



Table 1. Discharge From Horizontal Round Pipes (cfs) After U.S.B.R.
 
Water Measurement Manual (1967)
 

Horizontal Coordinate
 
Vertical X = 0" X = 61 

Y (in) Dia. 3" 4" 5" 6" 3" 4" 5" 6" 

0.5 .13
 
1.0 0.12 
 0.29 0.59 0.94 0.40 0.76 1.27 1.78
 
1.5 0.08 0.22 0.49 0.81 0.33 0.65 1.07 1.56
 
2.0 0.04 0.17 0.38 
 0.71 0.29 0.56 0.91 1.36
 
2.5 
 0.02 0.11 0.30 0.56 0.26 0.49 0.81 1.24 
3.0 0.05 0.20 
 0.45 0.22 0.45 0.74 1.11
 
3.5 
 0.12 0.33 0.20 0.40 0.67 1.00
 
4.0 
 0.07 0.27 0.19 0.37 0.61 0.95
 
4.5 
 0.17 0.33 0.57
 
5.0 
 0.16 0.30
 

X=12" X=11" 

5m
3" 4" 5" 6" 3" 411 6" 

1.0 0.71 1.27 2.23 3.12
 
1.5 0.61 1.05 1.80 2.67 0.84 1.56 2.56 3.68
 
2.0 0.53 0.92 1.56 2.34 0.75 1.34 2.12 3.12
 
2.5 0.47 0.85 1.38 2.09 0.67 1.20 1.92 2.79
 
3.0 0.42 0.78 
 1.27 1.94 0.60 1.07 1.78 2.56
 
3.5 
 0.39 0.72 1.16 1.78 '0.57 1.00 1.65 2.40
 
4.0 0.37 0.67 1.07 1.67 0.53 0.94 1.54 2.28
 
4.5 0.35 0.64 1.00 1.56 0.51 0.89 1.45 2.17
 
5.0 0.33 0.61 0.96 1.47 0.49 0.85 1.38 2.06
 
5.5 0.32 0.58 
 0.91 1.40 0.47 0.81 1.33 1.96
 
6.0 0.31 0.56 0.87 1.34 0.45 0.78 1.27 1.89
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METHODS OF MEASURING SEEPAGE RATES* 

by D. Kemper
 

INTRODUCTION 

Numerous methods measure seepage from 
channels: They include both field and laboratory investigations.
Each has unique characteristics which make it useful under certain 
conditions. Following is a description of three different methods 
of measuring seepage rates and a review of additional types of 
methods which could be used for developing water budgets. 

Factors that influence seepage rates are 
many atid complex. Among the more important ones are soil charac
teristics of the channel bed, length of time the channel has been 
operating, depth of groundwater, sediment load in the water, depth
of water in the channel, temperature of both water and soil,
barometric pressure, biological factors, and salts contained in 
both the water and soil. Although the literature contains much 
information about the relationship between these parameters and 
seepage rates, the seepage process is so complex that individual 
tests often are necessary for research studies, developing water 
budgets, or prior to and after the construction of channel 
improvements. Worstell (1976) provides an excellent review of 
seepage measurement techniques. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S. 
Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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The most common methods of measuringseepage are categorized as 1) those that yield results indicatingan average seepage from a length of channel inand 2) those which
information simply gives the permeability of a sample of the chan
nel bed. If the latter type of measurement is employed, additional
information on ishydraulic gradients necessary for the actual
 
seepage to be computed. In most salinity related investigations,

methods that indicate actual seepage rates prove to be of most
worth. Three of the most frequently employed methods include the
inflow-outflow method, andponding method, seepage-meter method. 

INFLOW-OUTFLOW METHOD 

The inflow-outflow method is reliable andcommonly used when seepage rates from relatively long lengths areto be measured. The method involves measuring the inflow and theoutflow to the channel section under investigation, including alldiversions from and return flows to the channel. By computing the
net loss in the channel, the actual seepage rate can be determined.Because the usual units of seepage rate are feet-per-day (ft /ft
/day), the conversion from the total loss i: the section requires aknowledge of the length and wetted perimeter (average) of the
channel. The seepage rate can thus be expressed as: 

SR = (Inflow-Outflow) x 8.64 x 104
 
A
 

in which SR is the seepage rate in ft/day (average for channel
section); 8.64 x 10 is the number of seconds per day; A is the

wetted area of the channel in square feet- and the difference
 
between inflow and outflow is in cfs (ft3/sec).
 

Although the inflow-outflow method indicates seepage rates under actual operating conditions, several
factors should be carefully observed or significant errors will

result. Maintenance of constant 
flow depths in the channel duringthe tests is essential to eliminate the effects of bank and channelstorage. Also, an accounting must be made of all return flows from
higher lands and diversions or leaks from the channel.
Occasionally, if seepage rates are small, it may be useful to noterainfall and evaporation, although these factors generally are
inconsequential. Finally, it is most important to consider theflow measuring devices to be employed. In the absence of measuringstructures in the system when flows are small, they generally can
be measured by small flumes or weirs. In the larger flow
situations, current meter measurements are necessary. Most
calibrated devices, if operated correctly, can be expected to measure water within at least five percent; cie.-ent meter 
measurements, however, require careful attenion by experienced
personnel to maintain accuracies bclow five percent. 
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PONDING METHOD 

The ponding method involves measuring therate of fall of t[,,e water surface in a pond created in the channel

section. Though an objec .:n often is raised that still water may

seep at a different rate th. lowing water, the difference prob
ably is small in comparison to errors associated with other
 
measurement methods regarding 
 seepage. By knowing the geometric
properties of the section, it is possible to compute the seepage
 
rate according to the following formula:
 

AE x SWa x 24SR = 

WPa x T
 

where AE is the drop in water surface elevation in feet; SWa is the 
average surface width in feet; WPa is the average wetted perimeter
in feet; and T is the time of the run in hours. The layout for
conducting a ponding test is shown in Figure 1. Further informa
tion about the analysis can be found in Skogerboe and Walker 
(1972). 

. fEnd Dom 

Staff" "":" ' " 
Gauge - _ ,.. .,,. 

J "" ... .. ... ... .. .- .:: 

:;; -. -NZS1..{T<} 

''-.. 

Figure 1. Layout for Ponding Measurements 
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The pondingbasis for comparison .. athod usually provides thewith other methods because it usually can beexpected to yield the best results. However, it does havedisadvantages. The construction of the diket, often is expensive.The method also must be conducted when the channel is not in use orduring periods of interrupted channel operation. Furthermore,providing water to fill the ponds may be a significant problem.However, if the channel discharges are very large in relation to
the seepage -rates, the ponding method is the best procedure by
which the seepage rates can be determined. In fact, under suchconditions, the errors expected in other methods (for example, theinflow-outflow method) may completely mask the seepage loss. 

SEEPAGE-METER METHOD 

Seepage meters determine seepageunder normal operating conditions, but only for 
rates 

a small area at atime. Nevertheless, by taking readings at several points along thechannel section, a fairly average value can be determined. Thomeasurements involve pressing a cylindrical bell iiato the channelbed. Attached to the bell by a plastic hose is a submerged plasticbag filled with water. The water that seeps into the channelis replaced by water bedin the bag that is under the same pressure asthe channel flows and thus represents the same head against thechannel surface. The seepage rate can be computed from a knowledgeof the area of the bell, the seepage from the bell as dtermined byweighing the plastic bag before and after the test, anc the elapsedtime of the test. The seepage rate then ma'- be det.-"iined by: 

SR 
Ax 

in which Q is thro amount sekoed through the channel bank infeet3;
A is the area- of the bell in square feet; and T is the elapsed time
in days. 

The seepage meter works well unless the bedmaterial is dista.rbed bad- causing the meter to overestimate theseepage rates. The seepage meter method is difficult to apply whenflow depths are tco great or the channel velocities are too fast.Gravel, moss, or 'Iighly vegetated channels also present difficulties in properle evaluating seepage rates. 

OTHER METHODS 

Numerous other techniques yield usefulseepage rate result, under cartain conditions. One group is classified as measurements of soil permeabilities that can be used tocompute seepage rates. These techniques include the well
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permeameter method, variable head permeameter method, and the

laboratory permeameter method ("Robinson and Rohwer, 
 1957). Thesecond group is those that use trace materials to determine seepage
loss. They include the salt-penetration technique, the radioactive

isotopes technique, and fluorescent dyes (Robinson and Rohwer,

1957; Liang and Richardson, 1971). 
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GUIDELINES FOR IRRIGArION 
EVA LUAT IONS* 

by W. Clyma and A. Early 

Good water management requires irrigation
schedules to be planned in advance to best utilize water at the
time and in the amounts it is available. The specialist can per
form valuable service by encouraging the adoption of practices thatresult in success for the irrigators. Irrigation schedules should 
be developed to: 1) provide for the best use of the water
available; 2) supply each crop during its critical demand period;
and 3) apply water in a manner that maintains root-zone moisture in
the right amount, but which avoids waste; and 4) allows for the
flexibility needed to meet differences in seasonal climatic
 
variations. When evaluating irrigation efficiency, the following

suggestions will be of benefit.
 

* Plan 

- Contact farmers at least a day in advance 
to confirm their schedule and plans.
Contact and confirm schedule a second 
time early on the day of the proposed
evaluations. 

*Soil Moisture Sampling 

- When using the King Tube Sampler, deter
mine the exact depths of soil sampled. 

- Remember to cover the cutting end of the 
tube with one hand as soon as possible
after removing the tube from the hole. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.
Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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- Close plastic bag as soon as sample is 
placed inside. 

- Weigh the sample on the evening of the 
same day in which the sample is taken. 

- Estimate moisture content of the sample
by the "feel" method immediately after 
weighing it. 

- Expose the sample to the sun only after 
weighing and estimating soil moisture. 

- Weigh the sample again immediately fol
lowing exposure to the sun. 

- Collect the samples together for a com
posite sample: mechanical and soil 
moisture characteristic analyses then can 
be completed at a later date. 

- Take care of weighing scale 

- Clean sampler periodically. 

*Water Measurement 

- Check that the flume is leveled and
 
remains level at all readings.
 

- Record the time of each reading. 

- Notes all changes in the area irrigated
and the time at which the changes are 
made. 

- Note any breakages of the watercourse and 
bunds along with the time they occurred,
duration, and actions taken by the farmer 
to correct the problem. 

* Field Book and Notes 

The following should be included in the 
evaluated data completed on each farm. 

- Date 

- Observer(s) 

- Start and stop times
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- Location (sq. no. and acre no.) 

- Sketch map 

- Ha and Hb and discharge (calculate
discharge at farm and field outlets to 
insure that the values are reasonable) 

- Crop and height 

- Outlet number 

- Distance. from outlet 

- Farmer's name 

- Date of last irrigation 

- Area of field or its dimensions 

- Flume dimensions 

*Inqguiry 

The following questions should be put to 
the person irrigating. 

- How did he decide to irrigate the crop
today? The following factors may have 
affected his decision: 

The appearance of the crop, the 
appearance of the soil, the time of 
last irrigation, the weather and 
season, or by digging in the soil. 
Note the irrigator's responses. 

- How did he choose to irrigate this
field and crop today when he has many
fields and a limited supply of water? 
Why? 
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- What are his watercourse losses? 

- What are his field losses? 

- How deep does the water go?' How deep 
do the roots go? 

- How much water is he putting on the 
field? 

- How did he decide when to shut off 
water to the field? 
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EVALUATION OF FURROW 
IRRIGATION SYSTEMS* 

// by T. Ley and W. Clyma 

INTRODUCTION 

Performance evaluation of furrow irrigation
systems requires collection and analysis of data relating to both 
operation and the management. The procedures suggested for collec
tion and analysis of data can be used at two levels, depending on 
the detail desired. The less detailed approach provides satisfac
tory evaluation of the system's performance using a minimum number 
of analyses. The more detailed approach adds information on the 
operating aspects of the system. Discussion of the procedures for 
collecting and analyzing the more detailed types of data is 
provided in a later section. An equipment list is provided. The 
following sections discuss the data to be collected, the 
chronological evaluation procedure, and suggested analyses of the 
data for an evaluation of irrigation practices. 

* Prepared under the support of the U.S. Agency for International 
Development, Contracts AID/NE-C-1351 and AID/DSAN-C-0058. All 
reported opinions, conclusions or recommendations are those of the 
authors and not those of the funding agency of the U.S. Government. 
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LESS DETAILED EVALUATION 

Preliminary Data 

Much preliminary data should be collectedand analyzed before evaluation of an irrigation system occurs.These data include physical information of the site and informationfrom the farmer concerning his particular system and its operation.Suggested questions to ask the farmer when obtaining this information are included in Auxiliary Sheet A. Other more specific questions should arise based on the farmer's answers to the generalquestions. However, all of the following categories should be 
address. 

1. Farmer operation and management: Farmermanagemert may be constraining the level of performance
which can be attained. The farmer's genera! level ofknowledge of irrigation principles and practices needsbe evaluated. Understanding why or how a farmer does

to 

certain things is vital. This aspect of evaluating irrigation performance often may be overlooked. The result isincomplete knowledge of the irrigation system. 

2. Water supply: The farmer knows theavailable water supply, source, delivery, and frequency.He may have only a genera! knowledge of the flow rate andquality, factors that should be measured during evaluation.
On-farm conveyance losses may be a big problem. Measure 
the losses if necessary. 

3. Crop characteristics: The cultivatedcrops and the planting dates of each must be known. Useavailable data in the literature on the crops' seasonal 
water requirements, rates and stages of growth, maximumpotential rooting depths, time from planting to effective 
cover, and climatic data estimating crop water use throughthe irrigation season. Measure the crop root zone at eachirrigation for crops with expanding root systems. The
measured root zone for a perennial crop (s..ch as alfalfa)often can be assumed valid for the entire season unless
there is a highly fluctuating water table. The crop root zone at each irrigation determines the available soil-water
reservoir at that time and is necessary to determine thesoil-water deficiency, the stress at the time of
irrigation, and performance parameters, e.g., water
application and water requirement efficiencies. 

4. Physical characteristics: Mesure andrecord the field dimensions. Drive stakes into the ground
at 25 meters m) intervals along the length (adjust forsize of field as necessary). Measure and record surfaceelevation at each stake (station) using a field rod and 
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level. Plot the surface profile (elevation versus length).
Measure and record furrow spacings at several locations in
the field. Determine if the downstream boundary condition 
is ponded or free outflow. Determine where and how to 
measure furrow inflow and runoff. 

5. Soil survey: If available, obtain
information on soils (at the farm level) from maps andclassifications from a local or regional office (e.g., USDA
Soil Conservation Service or similar governmental agency).
Such information aids the design of data collection 
procedures. Soil types and textures are known and maps
usually depict the variation of surface textures in a

field. If this information is not available, a soil survey

is necessary to determine the soil types and 
 uniformity in
the field studied. Collect soil samples in a minimum of 10
locations in the field (i.e., at five locations along the
length and two along the width). Take samples from a
minimum of four depths within the expected root zone (i.e.,
every 30 centimeters (cm) in an expected 1.2 m root zone,
adjust as necessary. Analyze samples to determine soil
 
types.
 

Once soil types and variations through thefield are known, the apparent specific gravity of the soil
(bulk density) and the field capacity and wilting point of
the soil must be determined. Garcia (1978) presents procedures for these measurements. Depending on the results of
the soil survey, the sample collection procedure is
defined. For a field with uniform soils, collect data on
the above soil properties in a minimum of three locations
in the field to obtain a good average. For a field with
non-uniform soils, the above soil properties must be deter
mined for each major soil type. A minimum of three

replication of samples necessary to obtainis an average.
In all cases, sample with depth. 

Accurate definition of the above soilproperties, though time-consuming, is necessary to
eliminate having to repeat any sampling. The data are most
easily collected before the crop is planted. Some change
of apparent specific gravity of the plow layer with time 
may be expected. Sampling plans for Soil-water content and
infiltration tests are functions of soil type and
uniformity. The results of the soil sirface thus should be
available before the initial irrigation evaluation. 

If soil salinity/alkalinity is expected to
be a problem (indicated by maps, previous surveys, informa
tion from the farmer), analyze samples to determine
salinity/alkalinity. Such a problem also may indicate a 
high water table. 
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6. Water table: The farmer should havegeneral knowledge of water table conditions in the area.
Soil survey results may indicate a high water table. If
the water table is high, or expected to fluctuate considerably (i.e., within the maximum potential root zone),
monitor the groundwater level through the irrigation season
with a series or grid of observation wells. 

A high water table can limit crop growththrough waterlogging. The groundwater quality also can
seriously affect crop growth and should be measured. 

Crop water use from the capillary fringe orthe water table is possible. Estimates of crop consumptive
use by evapotranspiration modeling techniques will not
correspond with measured soil-water deficits (by soil-water
content sampling) when the crop uses groundwater. Thisassumes both methods are yielding accurate results. This
is significant if the water table rises during the season
due to early overirrigation. Water table fluctuations dueto overirrigation also may contribute to crop consumptive 
use and can affect root zone expansion. 

ON THE DAY BEFORE IRRIGATION 

Infiltration Data 

W'ien the field has a uniform soil, conduct blocked furrow infiltr ,tion tests in at least four locationsalong the irrigated run. When non-uniform soils are present,
conduct a minimum of three test replications on each soil type.
Enough labor should be available so each infiltrometer (Figure 1)is manned throughout the test. The tests should not last less thanseven to eight hours, and in some cases, as long as the duration ofirrigation. Garcia (1978) presents procedures for assembly
operation of the infiltrometers. Infiltration tests must be in 

and 

furrows that will be irrigated. The tests are not necessary infurrows in which advance/recession data will be collected. 

Preirrigation Soil-Water Content Data 

Garcia (1978) presents procedures for thecollection and analysis of soil samples to determine soil-watercontent by the gravimetric method. In furrow irrigation, it isdifficult to determine average water contents in the soil profilebecause water does not cover the entire soil surface during
irrigation; there may be significant channel movement of waterthe soil. In all instances, take samples 

in 
from each of severallayers of the measured or expected maximum rooting depth of thecrop (i.e., for a 1.2 m root zone, sample each 30 cm layer, and inthe top 30 cm layer, collect samples from each 15 cm increment). 
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If the water table is higher or near the expected maximum rootingdepth, collect samples near the water table. Each sample should be150 grams or more. A problem arises in determining where to sampleat each location. When every furrow is irrigated, take samplesfrom the bottom of the wet furrow and the middle of the furrowridge (plant row) between furrows to get a representative average(Figure 2a). When alternate furrows are irrigated, take samplesfrom the bottom of the irrigated furrow, the middle of the furrowridge (plant row), and from te bottom of the non-irrigated furrow,to get a representative average of the water content below theground surface and between wet furrows (Figure 2b). In theexample, an for eachaverage water content layer sampled could be
defined as: 

+Pw,avg Pw,1 2 P w,2 + Pw,3 (1)
4 

where, 

Pw,avg average water content for the layer, 

PW, =water content for the iayer in area 1 
(see Figure 2b), 

Pw,2 = water content(see for the layer in areaFigure 2b), 
2 

Pw,3 = water content(see for the layer in area 3Figure 2b), 

Note that Area 2 in Figure 2b receives twice the weight of theothers in computing the average because that area occurs twice in

the soil volume represented.
 

Soil sampling locations in the field aredetermined by the results of the soil survey. If soils in the
field are found to be uniform, select a 
 minimum of three samplinglocations in different parts of the field (along the furrow) toobtain an average for the field. If soils are non-uniform or if
non-uniform water applications are expected; a minimum 
of threereplications of samples in each representative area are necessaryfor computing an average. For instance, the distribution ofapplied water in many fields is non-uniform. A sampling scheme todelineate the differences along the length might be three replications of samples at the head, middle and tail ends of a field. 

Evaluation Data 

Evaluation data (inflow/runoff,advance/recession, and so forth) should be collected on a minimumof three furrows. Install flumes or other flow measuring devicesat the head and tail ends of each furrow to be evaluated. Take 
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care to ensure that flumes (if used) are level, have no leaks
around them, and that furrow sides are built up in the approach to
the flume to prevent overtopping. The flume (being a critical
depth flow measurement device requiring a loss of head) may cause 
water in the approach section of the furrow to back up. This
effect is more pronounced on smaller slopes than on steeper ones.
Install flow measuring devices the day before irrigation. 

ON THE DAY OF IRRIGATION 

The following data are taken on a minimum
of three furrows as the irrigation progresses. Reco-d the clock 
time when water is introduced to each furrow studied. 

1. Advance Data--Record the clock time at
which the water arrives at each station (i.e., every 25 m)
as the waterfront moves down the furrow. 

2. Inflow Data--Periodically record the
clock time or elapsed time from the beginning of irrigation
and the reading for each inflow rate measuring device. 

3. Runoff Data--Record the clock time when 
water reaches the point (usually near end of field) where
the runoff rate measuring devices are located. Collect
runoff data at 30 sec, I min, 2 min, 4 min, 8 min, 15 min,
30 min and then every 1/2-hour from the time when runoff 
begins. 

4. Recession Data--Toward the end of
irrigation, remove the flow measuring devices from the
furrows. Record the clock time when water is shut-off. 
Record the clock time at which water recedes from each 
station. The receding water edge is hard to define. 
Recession at a particular point is assumed to occur when
approximately two-thircs of the furrow wetted perimeter is 
free of water. Very shallow flow conditions exist during
recession. Small puddles and ripples in the furrow bottom
compound the problem. Consistency is of prime importance
when taking recession data. 

Note: Check all flow measuring devices 
during the irrigation for leaks and proper operating
conditions. During the evaluation, note any unusual fac
tors or conditions. For instance, cracks in the soil
significantly affect advance rate. Note any erosion,
sedimentation and crop conditions (e.g., relative size,
color, stand, wilting,) throughout the section of the field
being irrigated. Stunted growth may indicate salinity
problems, poor infiltration rates (i.e., change in soil 
texture of the plow pan layer that reduces infiltration), 
or other problems.
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AFTER IRRIGATION 

Collect soil-water content samples anyfrom one and a half days to three days 
time 

after irrigation, dependingon soil type and the time required for the soil to drain to fieldcapacity. Garcia (1978) presents a field procedure for estimating
when (after wetting) a soil is drained to field capacity. The same 
collection procedures previously discussed apply. 

DISCUSSION AND RECOMMENDATIONS 

It is important to explain to the farmer
what will be done during the evaluation because the farmer's
cooperatiun is vital. Nothing investigators do before or during
evaluation should cause the farmer to deviate from his normal
 
irrigation practices.
 

Preliminary data coliected early in theseason must be thorough. A careful, ccordinated, determined effort 
to collect such data saves time and eliminates problems andheadaches later in the season. For instance, soil-water content of
 a field before the initial irrigation of the season generally may
be assumed to be uniform. Care in soil sampling 
and in subsequent
collection of additional samples (to increase the precision withwhich mean soil-water content is estimated) is recommended becauseestablishing the initial condition is the starting point for a root 
zone soil-water budget. 

From the initial condition, water added tothe root zone of the crop precipitation (measured by rain gaugesset up in several locations at the site) and by irrigation
(measured by irrigation evaluations) is known. Crop use isestimated using climate data, crop stage, and growth data in anaccurate, calibrated evapotranspiration (ET) model. A soil-water
budget for the next canzone thus be calculated through the season.Soil water content data collected at succeeding irrigations of theseason are used to check the predicted soil-water status whencalibration of the ET model is necessary. 

If there is a high water table in tha area,crop use from the capillary fringe or the water table itself can beestimated. The difference between calculated crop anduse measured(by sampling) soil-water deficit during an irrigation interval is an estimate of crop use from the water table during that i'iterval.If there is no reason to believe the crop uses water from a watertable, the computed difference indicates the accuracy of eachmethod and the sampling and/or predictive techniques may need to be 
improved. 
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Collecting advance/recession data may not
be necessary at each irrigation. A uniform application of water
 
may be expected on a field with shorter lengths of on
run a heavier
soil. In such cases, the distribution is assoimed uniform and all
that is required is the water on and water off to determine the
 
water added to the soil. Neverthelass it is advisable to collect

advance/recession data when any non-uniformity of water 
application
is suspected due to poor irrigation practices, non-uniform sods,
non-uniform field slopes, and so forth, in order to know the dis
tribution of applied water.
 

Durinig irrigation evaluation, conduct a
partial evaluation of the data being collected by processing data 
as it is collected in the fie!d and interpreting the results. For
instance, in evaluating inflow and runoff data, an error is obvious 
if runoff is greater than inflow. Such data checks elininate 
wasted time and effort by avoiding coloection of erroneous data. 

FIELD DATA ANALYSIS 

Field data analysis provides a basis for
understanding performance of the irrigation system and how the 
system is operated. Data may be analyzed through a number of
procedures. Those presented here represent the minimum analyses
required to understand the system's performance resulting from a
particular management scheme. 

Infiltration Data 

Data collected during blocked furrow
infiltration tests are generally of the form: total volume
infiltrated per unit length versus elapsed time. Data are plotted
on log-log or rectangular grid paper. Garcia (1978) presents
methods of analyzing the data so an infiltration relationship of 
either of the following forms can be determined: 

z = kt a, (2) 

or 

z = KtA * Ct (3) 
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where 
z = cumulative volume infiltrated per unitlength (O3 L-1]), 

=
t elapsed time T), 
C = steady-stafe cf large-time infiltration 

rate (L T"-L), 

k,a,K,A = empirical constants. 

An infiltration function of either form (Equation 2 or 3) should befound. The function usually is determined for the mean of theinfiltration data collected at particular locations in a field.
For instance, the mean is determined for infiltration data on each

major soil type or for each area where a sampling plan calls for
 
tests.
 

Soil-Water Content Data 

Garcia (197P.) presents procedures fordetermining water content (dry weight basis) of each soil samplecollected. The depth of water in the soil profile is found using

the following relationship:
 

ndM= . (pw~ b x Yi ) (4)dm i=l1 xY~ 

where 

d m = water depth in the soil profile (L), 

Pw 	 water content (dry weight basis) of 
the ith layer of the profile (MM-1), 

Ybi = 	 soil bulk density in tbe ith layer ofthe profile [ML- 3 ( ML 3 ) -1 J, 

Yi = thickness of the ith layer (L), and 

n = number 	of root zone layers sampled. 

The preirrigation water depths at each sampling location (i.e.,position in the field) are averaged and compared to the water depth
when the soil is at field capacity. Result: an estimate of theamount 	of water that needs to be applied during irrigation to bringthe root zone to field capacity. This method for determining the
soil-water deficit at irrigation time is subject to the wide 
variability observed in soil-water content 	sampling studies, and may give unreliable results. When reliable crop data and climate
data are available, obtain another estimate of soil-water deficitthrough use of an evapotranspiration modeling procedure and soil
water budgeting as discussed earlier. 
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Water depths before and after irrigation
can be compared to obtain an estimate of the depth of water
infiltrated (assuming there is no deep percolation of water past
the lowest sampling depth) at each location. This is, of course,
subject to the comment made previously concerning the reliability
of soil sampling to determine water contents. The temporal and
spatial variability in soil properties can be magnitudes and even
orders of magnitude in just a small area of a field. Thus, the 
limitation on the reliability of results is imposed. 

Advance/Recession Data 

Normally, advance/recession data are

plotted on a rectangular grid with time as the ordinate and dis
tance 
along the furrow as the abscissa (Figure 3). The difference
in time between the two curves is the infiltration opportunity
time. The infiltration opportunity time at each station along the
field should be determined. Often, the surface elevations also are
plotted on the same sheet. Non-uniformity of slope along the
usually will 

run
show up in the advance and recession curves. A plot


of the surface profile may be useful often in explaining variations
 
in advance/recession rates.
 

Inflow and Runoff Data 

Plot hydrographs showing the inflow and

runoff data versus time. The inflow hydrograph is plotted up to

the time of shut off. Graphical integration of the area under this
 
curve represents the volume of water applied, Wa(L ). The runoff 
hydrograph also is plotted lip to the time of shut off. After
shutoff, the runoff rate is assumed to decrease linearly from the
 
runoff rate at the time of shutoff to zero at the end of recession.

Graphical integration of the entire area under this curve repre
sents the total runoff volume, Wu (L3 ). The difference between the
volume of applied water and volume of runoff (as determined by tlis
method) is the volume of water remaining in the field, or the total
volume infiltrated during the irrigation, i.e., 

Wi = Wa - Wu (5) 

where Wi = total volume infiltrated (L3 ). 

The inflow-runoff method is assumed to be
the most accurate for determining total volume of infiltration
because 1) it gives the average infiltration for the entire furrow
length (as opposed to "point" type measurements from infiltration 
tests or soil-water data), and 2) flow rates usually can be 
measured more accurately than infiltration or soil-water content. 
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Subsurface Distribution of Applied Water 

The subsurface distribution of applied

water in furrow irrigation can be determined when the following

information is known.
 

1. A representative infiltration
function(s) as determined above. 

2. Infiltration opportunity times along
the irrigated run, i.e., advance/recession times at points
along the run. 

After the subsurface profile isconstructed, it is possible to characterize the performance of a
particular irrigation. However, before irrigation performance
parameters are defined, it is necessary to define several related 
quantities upon which they depend. 

Figure 4 represents an idealized profile ofinfiltrated water as a result of a furrow irrigation. The distance
AB is the field length and the line DFG is the boundary of the
infiltrated water. If the downstream boundary condition is one of
free outfall, runoff water from the field can be assumed to extend 
to the imaginary field length C, and to infiltrate according to the
profile CD. The water requirement depth at the time of irrigation
is assumed uniform along the field length and is represented by
line EFH. With these concepts in mind, the following quantities
with appropriate units (shown in Figure 4) are defined. 

1. Total volume of applied water, Wa (area
ACDGA), which is the total volume of water introduced per
furrow. 

2. Total volume of water required in the 
root zone to reach field capacity, Wr (area ABEHA), which 
is the volumetric soil-water deficit. 

3. Total volume of water stored in the 
root zone,Wrz (area ABDFHA), which depends on the field
capacity of the soil and the available storage at the time 
of irrigation. The total volume of water available for
plant use after the irrigation and drainage period equals
the difference between the field capacity (FC) and the 
permanent wilting point (PWP) of the soil, assuming the 
root zone is filled completely from the perma:ent wilting
point to field capacity during irrigation [i.e., the total
available water expressed as a depth, TAW = (FC - PWP) x
(bulk density of the soil) x (rooting depth). 
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4. Total volume of deep percolation, Wp(area FGHF). The vol'ime of water which infiltrates pastthe lower boundary of the root zone. Wp may equal zero in 
some cases. 

5. Total volume of tailwater or runofr, Wu(area BCDB). The volume of water which runs off the end of
the field if free outfall conditions exist. 

6. Total volume of root zone deficit afterirrigation, Wdf (area DEFD). Wdf equals zero if the root 
zone is completely filled. 

The infiltration relationship(s) as determined from infiltration tests and the infiltration opportunitytimes from advance/recession data usedare to plot the subsurface
distribution. The total infiltrated volume as predicted by theinfiltration function(s) should be determined from this plot.
Comparison of the total infiltrated volume with the value determined by the inflow/runoff hydrograph analysis is a check on theadequacy of the infiltration function(s) in predicting the totalinfiltrated volume. If there is significant deviation, the multiplicative constants of the infiltration function(s) are adjusted bya trial and error voiume balance procedure until the two valuescoincide. Then the subsurface distribution, as predicted by the"adjusted" infiltration function(s), is plotted. The soil-water
deficit, as estimated through soil-water content analyses orevapotranspiration studies, also is plotted on the same sheet. 

Graphical integration of each representative area of the subsurface distribution is used to find eachof the volumes previously mentioned. Values of volume applied,volume infiltrated, and volume of runoff as determined by both theinflow/runoff analyses and by the subsurface distribution shouldcorrespond (assuming the infiltration function used to construct
the subsurface profile is representative, i.e., yields good predic
lion of total infiltration water volume). 

PERFORMANCE PARAMETERS 

Four irrigation performance parameters are 
defined as follows: 

1. Water application efficiency, Ea, isthe percent of the amount of water applied that is storedin the root zone for future use. 
Ea = Wrz x 100 (6) 

Wa 

where 
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Wrz Wi Wp (7a) 

Wr Wdf (7b) 

2. Water requirement efficiency, Er,indicates the percent of the amount of water required to
refill the root zone that is supplied by an irrigation. 

Er = Wrz x 100 (8) 
Wr 

3. Runoff (or tailwater) ratio, Rt, repre
sents the fraction of the total amount applied that is lost 
as runoff from the end of the field. 

Rt = Wu (9) 

a 
4. Deep percolation ratio, Rp, represents

the fraction of the total amount applied that is lost as
deep percolation past the bottom of the root zone. 

Rp = W~p (10)
Wa 

The sum of the deep percolation ratio, therunoff ratio, and the water application efficiency (expressed as a
fraction) is unity. Each of the above volumes can be treated as average depths when divided by the product of furrow length and
irrigated furrow spacing. 

AN EXAMPLE OF SYSTEM EVALUATION 

Following are the results of an evaluatedfurrowed irrigation system using the procedures just discussed.
design of the field was formulated using the SCS furrow irrigation 

A 

design procedure (USDA, 1978 draft). The results are presented in 
a separate analysis of the design procedure (Ley and Clyma, 1980).
Thus, it is possible to compare the current system operation andperformance with the suggested design operation and performance.
Ultimately, that enables possible changes to the sy',tem design andmanagement thereby improving its performance. Recommended design
parameters are repeated here. 
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Q = 0.57 - 0.76 Ips/furrow (9-12 gpm/furrow) 

T1 = 720 min 

irrigated furrow spacing = 1.12 m (3.67 ft) 

design depth = 61 mm (2.4 in) 

The irrigated crop was sugarbeets plantedon a 0.56 m .(1.84 ft) row spacing. Soil-water content samples both

before and after irrigation were collected. However, analysis

proved them to be inadequate. At any rate, an average evapotran
spiration rate for sugar beets was determined to be near 6 mm/day
(0.24 in/day) in the general area. The elapsed time from the

previous irrigation (when the root zone was last completely filled)

to the time of the irrigation being evaluated was 12 days. The

soil-water deficit thus was 
 estimated to be approximately 72 mm 
(2.8 in). 

The farmer irrigated the furrows from aconcrete-lined head ditch using 1-1/4 inch siphon tubes. Every

other furrow was irrigated so the irrigated furrow spacing was 1.12
 
m. The average furrow grade is 0.0098 m/m. The furrow length is

365 m. Inflow and runoff measurements were taken at the head of
the furrow and at x = 350 m, respectively. Soils were found to be
uniform, although there was some variation in texture with depth.
 

Five blocked furrow infiltration tests were

conducted the day before irrigation at five locations along the

length of run. The data, 
 reduced to the form of volume infiltrated 
per unit length versus time, are plotted in Figure 5. The mean
infiltrated volume per unit length versus time was found and also
is plotted i i Figure 5. A least squares regression procedure,
outlined in Garcia (1978) determined an empirical infiltration 
function of the form of Equation (3) for the mean: 

z = 2369.4 tO .37 + 70 t (11) 

where
 

z = cumulative volume infiltrated (cm 3/m), 

t = time (min). 

This function also is plotted in Figure 5. 

Advance and recession data and surfaceelevation data are plotted in Figure 6. Infiltration opportunity
times at stations along the furrow are included. The time of
advance to the runoff measuring device (x = 350 m) was 180 minutes. 
The plot of the surface profile slope (Figure 6) indicates the 
uniformity of slope is acceptable. 
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Normally, the farmer uses a 12 hour inflow
 
or set time. For this irrigation, however, i power failure caused
 
pump shutdown and interrupted irrigation. The inflow time over
 
which measurements were taken was 7.5 hour. inflow and runoff data
for that time period are plotted in Figure 7. Graphical integra
tion of the area enclosed by each curve resulted in the following 
volumes: 

3
Total volume applied, Wa 22.86 m

Total runoff volume, Wu = 6.68 m3 

Total infiltrated volume, Wi = Wa - W u 

= 16.18 m 

An average infiltrated depth can be found by dividing by the furrow
length and irrigated furrow spacing. In this case, a furrow length

of 350 m is used because that is the distance over which infiltra
tion occurred. The average infiltrated depth is:
 

16.18 m 3 (1000 mm) 41.3 mm 
(350 m)(1.12 m) , m 

Infiltration opportunity times (from Figure 7) are used in Equation
(11) to plot the subsurface distribution (Figure 8). The ordinate
in Figure 8 is an average infiltration depth in centimeters 3
obtained by converting values obtained in Equation (11) from cm 
to m /m, then by dividing by the irrigated furrow spacing (in) and 
multiplying by 100 to obtain cm. Graphical integration of the area
enclosed by this curve results in an estimate of total volume
infiltrated per unit width as predicted by the blocked furrow 
infiltration function (Equation 11). The estimate is: 

pred. 15.19 m3/m of width 

where 

W.') = estimated total vojumi infiltrated 
W pred. per unit width (LJ L- ). 

Multiplying by the furrow spacing (1.12 m) yields an estimate of 
total volume infiltrated. Hence, 
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Wi)pred = Wi')pred. 12 

= (15.15)(1.12) 
3 

= 17.02 m

where 

Wi)pred" esiimate of total infiltrated volume(LJ). 

An estimate of the average infiltrated depth as predicted by the
blocked furrow infiltration function is: 

m317.02 1000 mm = 43.4 mm 
(350 m)(1.12 m) m
 

Comparison of the prediction of total infiltrated volume asobtained using the blocked furrow infiltration function with the
value obtained by inflow/runoff hydrograph analysis shows the 
following deviation: 

17.02 - 16.18 100 = 5.2% 
16.18 

This deviation is acceptable, considering the accuracy with whichdata can be collected in the field. Had the deviation been unac
ceptable (i.e., greater than 10-15 percent), an adjustment of the
multiplicative constants in the infiltration function would be necessary by a volume balance trial and error procedure or graphical procedure (Ley and CUyma, 1980) until the deviation was within 
an acceptable range. 

Results 

Each of the volumes associated with performance parameters can be determined with the results of theinflow/runoff hydrograph analysis and the subsurface distribution
plot. For this case, the inflow/runoff h'-drograph results 
used. The volumes are as follows: 

are 

Total volume applied, Wa = 2".86 m3 

Total runoff volume, Wu = 6.68 m3 

Total volume infiltrated, Wi = 16.18 m3 

Total volume req.:ired, W = (72 mm) ( 1 m )(350 m) (1.12 m) 
r 1000 mm 

- 28.22 id 
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http:15.15)(1.12


Total volume stored, Wrz = 16.18 m3 

Total volume deep percolation, Wp 0.0 m3 ' 

Total deficit volume, Wdf 28.22 - 16.18 

12.04 m 

Each volume can be converted to an average depth by dividing by the 
product of furrow length and irrigated furrow spacing. The perfor
mance parameters for this irrigation aro determined using Equations
(6) through (10). 

Water application efficiency, Ea = rz x 100 (6)
W
aa
 

= 16.18 x 100 
22.86 

= 70.8% 

Water requirement efficiency, Er = Wrz x 100 (8) 
Wr 

= 16.18 x 100 
28.22 

57.3% 

Tailwater ratio, Rt =Wu
W 
a 

- 6.68 
22.86 

= 0.292 
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Deep percolation ratio, =R Wp (10) 

= 	 0.0 
22.86 

= 0.0 

Because the irrigation was interrupted by apower failure, 	 it is not possible to compare the design with theresults of this 	evaluation. However, it is known that the farmernormally uses a 12 hour set time 	and that he makes no adjustment tothe 	furrow inflow oncerate the siphon tubes are 	set. Hence,referring again to Figure 7, it 	 is possible to estimate what thevolumes for 	a 12 hour inflow time would
both 	

have been by extrapolatingthe inflow and 	 runoff out tocurves 720 minutes at 	a dischargerate 	equal to their averages for the last half of the 450 minuteirrigation. Changes wile occur in Wa, Wu, Wi, Wrz 	and possibly Wp.Estimates of what the volumes and performance parameters for 	the 12hour 	set might have been are as follows:
 

Wa = 36.40 m3
 

W = 13.32 m3
 
u 

= 23.08 mWi 	
3 

3Wrz 	 = 23.08 m

= 0.0m 3 

Ea = 63.4% 

Er = 81.8% 

Rt= 0.366 

Rp = 0.00 

Table 1 provides a summary of the evalua
tion and a comparison with the design. 
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Table 1. Summary of Evaluation and Comparison with Design 

Evaluation EvaluationParameter (measured) (estimated) Design* 

Inflow time, min 450 720 720 

Average furrow inflow rate, I/s 0.847 0.843 0.57-0.76 
(9-12 g/m)
 

Design depth or requirement, 72 72mm 61 
(2.4 in.)
 

Average depth applied, mm 58.4 93.0 70.0 
(2.76 in.)

Average infiltrated depth, mm 41.4 58.9 56.5 

(2.22 in.) 
Water application efficiency, % 70.8 63.4 81.4 

Water requirement efficiency, % 57.3 81.8 92.7 

Tailwater ratio, dec. 0.292 0.366 0.186
 

Deep percolation ratio, dec. 0.00 0.00 0.00
 

*Values for average depth applied, average depth infiltrated
 
and design performance parameters are averages for tho 0.57
0.76 Ips (9-12 g/m) range of furrow inflow rates. 

Conclusions 

1. The interrupted irrigation was
 
inadequate. The was
.iniformity of application good. 

2. Extrapolation of flow rates on the
inflow/runoff hydrographs (to 720 min) anyields estimate
of what the system's performance normally would be under 
the farmer's current (12 hour zet) operation. Assuming the
results valid, the farmer is doing only a fair job of
replenishing the needed soil-water balance and has a large
runoff loss. Comparison with the suggested design
parameters indicates why this happens. First, the farmer's 
average furrow inflow rate for the irrigation is well above
the suggested range. This is a major reason for the high
runoff losses as compared to design. Second, the farmer 
irrigates at a higher soil-water deficit than suggested by 
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design analyses. This factor contributes to the under
irrigation which with hisoccurs current management. 

3. The initial design for the field was
formulated for a design depth of 72 mm (2.8 in.), the
approximate operating soil-water deficit for the farmer.
Only marginally acceptable levels of design performance
could be obtained for these design conditions. Iterations
of the design procedure for smaller design depths were
carried out and a feasible design determined for a design
depth of 61 mm (2.4 in.). The farmer can significantly
improve system performance by altering h;s system manage
ment to apply a smaller amount (61 mm) on a more frequent
basis, i.e., reducing the design depth from 72 (2.8 in.)mm 
to 61 mm (2.4 in.) shortens the irrigation interval by 1 to 
2 days. 

Recommendations 

1. The farmer should alter his systemmanagement to the smaller design application depth as
discussed. Given the range of furrow inflow rates sug
gested from the design, 0.57 to 0.76 I/s (9 to 12 g/m),
acceptable levels of system performance can be achieved. 

2. Further evaluations of the irrigation
system are necessary. If the farmer accepts the above
design parameters, an evaluation of the design andnew 
management is desired. Seasonal changes in factors and
conditions that affect the system performance also must be
evaluated so an efficient operation can be implemented
throughout the season. 

MORE DETAILED EVALUATION 

When it is desirable to obtain moredetailed information on the physical operating aspects of an
irrigation system, make the following measurements in sequence with
the procedures described previously. 

Furrow Cross Section Data 

Obtain an estimate of the furrow crosssectional area by using the device shown in Figure 9. Place the
furrow profilometer in the furrow with the sliding rods just resting on the furrow bottom. Place an identification marker of the
location next to the profilometer and take a photograph of them.
Place the markers in several (at least three) preselected pointsalong each furrow in which other measurements are made (forexample, advance/recession, inflow/runoff). Collect furrow crosssection data before and after the irrigation at the same time soil 
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water content samples are collected. Exercise care and good judg
ment so the profilometer is placed in a representative section of 
the furrow without disturbing the soil. 

IL__ _ 4 0 cm 
O em I. I I ~I * ; * ' t a, I I. el ° o I 5 

I 
Cm2c 


Sliding Rods 

Figure 9. Furrow Profilometer 

Flow Depth and Top Width Data 

Measure the flow depth and top width in
each furrow in which inflow/runoff and advance/recession data are 
taken. Take measurements at several points along the furrows 
several times during the irrigation at approximately the same 
location each time. Wh.n the data are collected, make the measure
ments as often as possible during the advance, and at 30 to 60 
minute intervals during the rest of the irrigation. 

Furrow Infiltration Data 

Another method for determining infiltration
during furrow irrigation is the inflow-outflow method presonted by
Criddle, et al. (1956). Place small flumes or other flow measur
ing devices in the furrow at spacing anywhere from 25 m to 75 m. 
Record 1)the inflow and outflow rates versus time and 2) the flow 
depth and top width measurements for each section. Use a volume 
balance procedura (discussed shortly) to determine an infiltration 
relationship. When these data are collected, make the measurements 
in furrows other than those in which advance/recession data are 
collected. 
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DATA ANALYSES 

Furrow Profiles and Surface Storage 

Once the furrow cross section photographsare ready, transcribe the data on the appropriate data form. Thedata then is analyzed and, in general, an empirical power relationship between center depth and cross-sectional area found: 

Af = ARyBR (12) 
where Af = furrow cross-sectional area (L2 ), 

y = center depth (L), and 

AR,BR = empirical constants.
 

The constants AR and BR are found using 
a least squares technique.Usually a mean relationship for the entire furrow length is deter
mined as follows:
 

1. Graphically estimate the area of each 
cross section at depths of
1, 2 and 3 cm from the furrow bottom at
the furrow centerline. 

2. Calculate the mean area for the furrow
sections of each furrow at each depth. 

3. Perform a logarithmic transformation of
Equatio.. (12) and a least squares
regression of the transformed variables 
to determine the constants AR and BR. 

Assuming the empirical relationship for thefurrow cross-sectional area (as just derived) is valid for theentire furrow length, use flow depth data to find flow areas ateach point where flow depth is measured. Because flow depth data are available through the advance phase and the remaining phases ofirrigation, an average cross-sectional flow area for the entirefurrow length is found for each phase. In turn, an estimate of thetotal volume of water in the furrow (surface storage) for a particular length is found by multiplying the average flow area by thefurrow length being considered. The volume of surface storage maybe necessary in certain volume balance analyses. 

The cross-sectional flow area relationshipand flow depth data also are used in estimating the furrow roughness in a relationship such as Manning's formula: 
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Q = Cu S I/2 R2 / 3 Af (13) 
- n 0f 

where: 
Q = flow rate 

(L 3T-I), 
at a particular section 

n = Manning's roughness factor, 

S0 = bed slope (L L1 ), 

R = hydraulic radius (L), 

Af = cross-.sectional flow area (L 2 ), and 

Cu = constant dependent on units (1.0 for 
metric, 1.486 for English). 

For such an analysis, steady uniform flow in a prismatic channel of
uniform slope is assumed. This assumption allows Manning's formula 
to be used with the energy gradient equal to the furrow bed slope.
The condition of steady uniform flow in furrow irrigation is
approximated at the time when the soil reaches its basic intake 
rate. Thus, only flow depth data for about the last half of the
irrigation is used. The flow rate at any particular section along
a furrow is assumed to decrease linearly from the inflow rate to
the runoff rate when the soil is at its basic intake rate. Hence,
Equation (13) is solved for Manning's n because the other variables 
can be estimated (i.e., R and Af are found from the furrow cross
sectional relation and flow depth data). Point estimates of n
result and are averaged to find the mean furrow roughness. 

Furrow Infiltration by Inflow-Outflow 

Criddle, et al. (1956) present a complete
method for analyzing data collected in the inflow-outflow
procedure. It involves a volume balance procedure using the
inflow-outflow rate measurements to determine the furrow infiltra
tion versus time. Because flow depth data are available for the
sections of furrow evaluated, the volume of surface storage for
those sections is fouid as described previously. The estimates of
surface storage volume are time distributed as are the inflow rate
and outflow rate measurements. A volume balance as follows results
in a time distribution of the volume infiltrated. 
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VINF(t) = VIN(t) - [VOJT(t) + VSS(t)] (14) 

wiere 

VINF(t) = total volume infiltrated at time 
t, (L), 

VIN(t) 	 = total volume of inflow to furrow 
section at time t, (L3 ), 

VOUT(t) = total volume of outflow frolp
furrow section at time t, (/7),
and 

VSS=t) volume of water in surface 
storage at time t, (L3 ). 

In general, a functional relationship for infiltration can bedetermined for the data: volume infiltrated versus time. 
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AUXILIARY SHEET A: 

SUGGESTED QUESTIONS FOR INTERVIEWING FARMERS 

Farmer operation and management 

How does the farmer decide when to irrigate?

What is his irrigation frequency? How does it change


during the season? 
How does he decide how to irrigate?
How does he decide how much water to apply?
Does the farmer know the total flow rate available 

to him? 
What are the farmer's operating hours? 
Does he irrigate at night?
How does he decide how long to irrigate a field? 
How long does he irrigate a field? 
Does the farmer have any problems with the system?
What are his cultivation and tillage practices?
Does he irrigate every furrow or alternate furrows? 
How many furrows does he irrigate in one set? 
How many sets does it take to irrigate the field? 
Does he try to compact the furrows equally? 

Water supply 

What are the sources of available water? 
Is the delivery station (point of diversion to farm) 

a problem, i.e., high losses, etc.? 
Is the on-farm distribution system a problem (i.e., 

too many in-field channels, high losses, etc.)?
What is the flow rate of each source of water? 
When is each source available and for how long?
Is the frequency of delivery and available head a 

problem? 
What is the water quality?
How is the water delivered to each field? 

Crop characteristics 

What are the crops grown?

What are the respective planting dates?
 
What cropping patterns, if any, are followed?
 
Does the farmer have any major problems in crop
 

production? 
What are the major inputs? Potential yield?
What is his expected yield? Average yield in area? 
Any obvious physical symptoms of problems? 
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Physical characteristics 

Does the farmer know the field dimensions?
 
Does he know the slope and cross-slope (if any)?

Is the field leveled to a uniform slope?

If yes, when? If nio, why not?
 
What provisions, if any, are made for surface
 

runoff? 
Does runoff leave the farm or is it used again

somewhere on the farm? 
What is the border sracing and how did the farmer 

decide on that spacing? 
What is the furrow spacing?
What is the method of diverting water into each 

furrow? 

Soil survey 

Does the farmer know the soils on his farm? 
Does he know of any trouble spots (i.e., very light 

or heavy soils or salinity problems)? 

Water table 

Does the farmer know the groundwater level?
 
Does he think it is a problem?
 
Is surface/subsurface drainage pro\"ided? If so,
 

where? 
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AUXILIARY SHEET B: EQUIPMENT LIST 

Following is a list of equipment necessary for the
evaluation of three furrows: 

1. 	 Six flow measurement devices (i.e.,
small cutthroat flumes with 1 inch 
throats); 

2. 	 Engineer's level, field rod, chain or 
tape, orange flagging; 

3. 	 Wood stakes and lathe for station 
markers, crayon for marking, and 
hatchet for driving them into ground; 

4. Soil sampling equipment: 

- soil auger or tube sampler 

- soil sample cans with tight fitting 
lids (up to 200, 2-inch diameter 
cans) 

- box for 	carrying cans; 

5. 	 Small carpenter's levels for leveling 
flumes, etc; 

6. 	 Blocked furrow infiltration equipment
(up to 10 sets, see Figure 1) plus
plastic sheeting; 

7. 	 50 small wire stakes with orange 
flagging; 

8. 	 Bulk density equipment; 

9. 	 Instruments for measuring time
(stopwatch, wrist watch with second 
hand); 

10. 	 Buckets for hauling water; 

11. 	 Shovels, sledge hammers; 

12. 	 Soil uniformity box (partitioned box); 
and 

13. 	 Pencils, clipboards and data forms. 
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For more detailed measurements include: 

14. 	 Device for measuring flow depth and top 
width; 

15. 	 Furrow profilometer (see Figure 9); 

16. 	 Camera, film and identification marker; 
and, 

17. 	 Small flow measurement devices for 
furrow infiltration by inflow-outflow 
method. 
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EVALUATION OF GRADEDIRRIGATION BORDERSYSTEMS* 

SII by T. Ley and W. Clyma 

INTRODUCTION 

To evaluate grader border irrigation systems it is necessary to collect information on both the physicaland managerial aspects. The data collected is used to determinethe performance of the irrigation. The calculation procedures are
given together with an example. 

REQUIRED DATA 

Preliminary Data 

Evaluation of any irrigation systemrequires collection and analysis of extensive data, not the leastof which is basic preliminary site data that can be obtainedthrough interviews with the farmer and by performing several basicphysical measurements. It is desirable to obtain as much information as possible from the farmer concerning his operation andmanagement of the system. (Suggested questions to assist in interviewing the farmer are given in Auxiliary Sheet A.) Each of thefollowing information categories should be addressed. The list is 

* Prepared under support of United States Agency for International
Development, Contracts AID/NE-C-1351 and AID/DSAN-C-0058. Allreported opinions, conclusions or recommendations are those of theauthors and not those of the funding agency of the United States
Government. 
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not exhaustive and often the farmers answers to some questions leadthe trained person to other more site specific questions. 

1. Farmer operation and manaqpment:Understanding why or how a farmer does certain things inmanaging and operating the irrigation system is vital. Thefarmer's general level of knowledge concerning irrigationprinciples and practices may constrain the performancelevel. This aspect of evalL ting irrigation performanceoften may be overlooked and results in in.;omplete knowledgeof the irrigation system. 

2. Water supi: The farmner knows theavailable water supply, sourcc, eleivery, and frequency.He may have oni, a general knowledge of the flow rate andquality. Mesure flow rate and quality during the courseevaluation.of an On-farm conveyance losses may be a bigproblem. Measure the losses if necessary. 

3. Crop characteristics: The cultivatedcrops and the planting dates must be known. Data in theliterature are needed on the crop's seasonal waterrequirements, rates and stages of growth, maximum potentialrooting depths, time from planting to effective cover, andso forth. Use such information and climatic data estimating crop water use through the irrigation season. Measurethe crop root zone at each irrigation for crops withexpanding root systems. The measured root z,.fie for aperennial crop (such alfalfa)as often can be assumed validfor the entire season unless a fluctuating water table isencountered. The crop root zone at each irrigation determines the available soil-water reservoir and is necessaryto determine soil-water deficiency, stress at the time ofirrigation, and performance parameters, e.g. water application and water requirement efficiencies. 

4. Physical characteristics: Measure andrecord the field dimensions. Drive stakes into the groundat 25 meters (m) intervals along che length (adjust forsize of field as necessary). Measure and record surfaceelevations at each stake (station) using a field rod andlevel. Plot the surface profile (elevation versus !ength).Measure and record cross-slope and border spacing at eachstation. Determine if a ponded or free outflow boundary(.ondition exists at the downstream end. Determine whereand how to measure border inflow and runoff. 

5. Soil survey: If available, obtaininformation on soils in the area (at the farm level) suchas maps and classifications from a local or regional office(e.g., USDA Soil Conservation Service or similar governmental agency). Such information aids the design of data 
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collection procedures. Soil types and textures are known 
and maps usually depict the variation of surface textures 
in a field. If this information is not available, a soil 
survey is necessary to determine the soil types and unifor
mity in the field studied. Collect soil samples in a 
minimum of 10 locations in the field (i.e., at five loca
tions along the length and two along the width). Take
 
samples from a minimum of four depths within the expected
root zone (i.e., every 30 centimeters (cm) in an expected
1.2 m root zone, adjust as necessary). Analyze the samples 
to determine soil types. 

Once soil types and variations through the
field are known, the apparent specific gravity of the soil 
(bulk density), the field capacity and wilting point of the 
soil must be determined. Garcia (1978) presents procedures
for these measurements. Depending on the results of the 
soil survey, the sample collection procedure is defined. 
For a field with uniform soils, collect data the aboveon 
soil properties in a minimum of three locations in the
 
field to obtain a good average. For a field with non
uniform soils, the above soil properties must be determined
 
for each major soil type. A minimum of three replications

of samples is necessary to obtain an average. In all
 
cases, sample with depth.
 

Accurate definition of the above soil
properties though time consuming is necessary to eliminate
 
having to repeat any sampling. The data are most easily

collected before the crop is planted. Some change of
 
apparent specific gravity of the plow layer may be expected

with time. Sampling plans for soil-water content and

infiltration tests functions of soilare type and
 
uniformity. The results of the soil survey thus should be
 
available before the initial irrigation evaluation. 

If soil salinity/alkalinity is expected to
be a problem (indicated by maps, previous surveys, informa
tion from the farmers), analyze samples to determine the
salility/alkalinity. Such problema also may indicate a 
high water tabl,. 

6. Water table: The farmer should have
general knowledge of water table conditions in the area. 
Soil survey results may indicate a high water table. If 
the water table is high or expected to fluctuate con
siderably (i.e., within the maximum potential root zone),
monitor the groundwater level through the irrigation season 
with a series or grid of observation wells. 
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A high water table can limit crop growththrough waterlogging. The ground'-dter quality alsoseriously affect crop growth and should be meas.--red. 
can 

Crop water use from the capillary fringe orthe water table is possible. Estimates of crop consumptiveuse by evapotranspiration modeling techniques willcorrespond with measured soil 
not 

water deficits (by soil-watercontent sampling) when the crop uses groundwater. Thisassumes both methods are yielding accurate results.is significant if the water table rises 
This 

during the seasondue to early overirrigation. Water table fluctuations dueto overirrigation also may contribute to crop consumptive
use and can affect root zone expansion. 

ON THE DAY BEFORE IRRIGATION 

Preirrigation Soil Water Content Data 

Garcia (1978) presents procedures for thecollection and analysis of soil samples to determine water contentby the gravimetric method. Depending on results of the soil survey(which should be available by this point), devise the sampling
plan. If the soil survey results show soils to be uniform, select
a minimum of three locations in different parts of the field forsampling to obtain an average for the field. However, if certainvariations are expected (e.a., non-uniform water applications) orif soils are non-uniform, collect a minimum of three replicationsof samples where the non-uniformities are or where variations areexpected. For instance, non-uniform water applications along thelength of run is common. So, collect a minimum of three replications of samples at a minimum of three representative locations

along the length.
 

In all cases, collect samples fromseveral layers of the measured or expected maximum 
each of 

rooting depth ofthe crop (i.e., for a 1.2 m root zone, sample each 30 cm layer, andin the top 30 cm layer, collect samples from each 15 cm increment).If the water table is higher than expected maximum rooting depth,collect samples to the water table. Each sample should be 150 
grams or more. 

Make other preparations for evaluation,such as installation of flow measuring devices and cylinderinfiltrameters, the day before irrigation. Contact the farmer anddetermine the time he expects to start irrigating. Arrive insufficient time to complete all preparations for the evaluation(s),such as preparation of data forms and assignment of duties. 
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ON THE DAY OF IRRIGATION 

Infiltration Data 

For uniform soils, conduct at least three,preferably six, cylinder infiltration tests in three locations
along the length. For non-uniform soils, make three test replica
tions in each area where a different soil texture exists. If
non-uniformity in distribution along the length of run isanticipated, three replications for each representative length of
the field are necessary to delineate these differences. During the season, differences in soil-water content accentuate differences in
infiltration and distribution of water. 

Start the infiltrometer measurements as the
water arrives at each infiltrometer and maintain the ponded depth

the same as the depth of flow of irrigation water. If the tests
cannot be conducted during irrigation, use a buffer ring to conduct
them on the day before irrigation. Garcia (1978) presents proce
dures for installing infiltrometers and conducting the tests.
 

Inflow/Runoff Data 

Properly install flow measurement devicesto determine inflow to and runoff from the border before
irrigation. Record the clock time* whichat water is first intro
duced to the border. Measure initial inflow rate. Periodically
during the irrigation, record inflow rate and clock time of the
observation. When reaches thewater runoff measurement device,begin runoff rate versus time measurements. To obtain runoff data
from the time runoff starts, take a reading at 30 sec, 1 min, 2
min, 4 min, 8 min, 15 min, 30 min, and then every 1/2 hour. Record
the clock time when water entering the border is terminated. 

Advance/Recession Data 

Observe and record the rate of waterfrontadvance. When the moving stream front is irregular, record the
time when an "average" front reaches each station (see Figure I).After the inflow is terminated, record the rate o-F recession. 
Ideally, this is when water disappears from each station. It isdifficult to determine the location of the receding water edge.
When water has disappeared from 50 percent of the grid surface arearepresented by each station, recession is assumed to occur at that
station. Consistency is of primary important in taking recession 
data. 

Clock times should be on a 24-hour basis (military time). 
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AFTER IRRIGATION 

Collect soil-water content samples one a half days to three days after irrigation depending 
and 

on soil typeand the time required for soil to drain to field capacity. Garcia

(1978) presents a field procedure for estimating when (after

wetting) a soil drains to field capacity. Use the same collection
 
procedures as previously discussed. 

DISCUSSION AND RECOMMENDATIONS 

Describe exactly what will be done toensure the farmer's cooperation during evaluation. The purpose ofevaluation is to determine system performance and evaluate thesystem operation as the farmer currently manages it. Avoid remarksthat may influence his management decisions. Be sure the farmeroperates his system as he usually does. Minimize crop damage and

soil disturbance.
 

Preliminary data collected early in theseason must be thorough. A careful, coordinated, determined effort saves much time and eliminates problems and headaches later in the season. For instance, soil water content of a field before the
initial irrigation of the season generally may be assumed as
uniform. Careful soil sampling and collection of more samples (to
increase the precision with which mean soil-water content is
estimated) is recommended because establishing the initial condition 'is the starting point for a soil-water budget for a root zone.
 

From the initial condition, water added tothe root zone of the crop by precipitation (measured by rain gaugesset up in several locations at the site), and by irrigation

(measured by irrigation evaluations) is known. Crop use is
estimated using climate data and crop stage and growth data in anaccurate, calibrated evapotranspiration (ET) model. A root zone
soil-water budget thus can be calculated through the season.Soil-water content data collected at succeeding irrigations of the season are to check theused predicted soil-water status when
calibration of the ET model is necessary. 

If there is a high water table in the area,crop use from the capillary fringe or the water table itself can beestimated. The difference between calculated crop use and themeasured (by sampling) ansoil-water deficit during irrigationinterval is an estimate of the crop use from the water table during
that interval. If there is no reason to believe the crop uses 
water from a water table, the computed difference indicates theaccuracy of each method and the sampling and/or predictive techni
ques may need to be improved. 
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Collecting advance/recession data may notbe necessary at each irrigation. A uniform application of watermay be expected on a field with shorter lengths of run on 	a heaviersoil. In such cases, the distribution is assumed uniform and allthat is 	 required is the water on waterand off to determine thewater added to the 	soil. Nevertheless, it is advisable to collectadvance/recession data when any non-uniformity of water applicationis suspected due to poor irrigation practices, non-uniform soils,non-uniform field slopes, soand forth, in order to know the distribution of applied water.
 

During 	irrigation evaluation, conductpartial 	evaluation aof the 	data being collected. This is bestaccomplished by processing data as it is collected in the fieldinterpreting the results. 	 and
For instance, it is easy to evaluateinflow 	and runoff data: an error is obvious if the runoff isgreater than the inflow. Such data checks eliminate wasted timeand effort by avoiding collection of erroneous data. 

FIELD 	 DATA ANALYSIS 

Field data analysis provides a basis forunderstanding performance of the irrigation system and how thesystem 	is operated. Data may be analyzed through a number ofprocedures. Those presented here represent the minimum analysesrequired to understand the systrin's performance resulting from aparticular management scheme. 

Soil-Water Content Data 

Soil water content may be estimated by twomethods: 1) gravimetric method, and 2) 	feel method. The soilwater content expressed as a depth of water per unit depth of rootzone is estimated using the results 	af the gravimetric soil-w--teranalyses in the following equation: 

n 
D 	 Z(Pw x x yi) (1)

,i
m , Yb,i 
where 

dm 	 the soil-water content expressed as 
a depth (L) for'the entire depth 
investigated, 

Pwi dry weight soil-water contentthe ith 	 for layer of the root zone (MM ), 

Ybj soil bulk density in the ith layer[(ML_3)(ML_
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Yi = thickness of the ith soil 
and 

layer (L), 

n - number of layers in the root zone 
which were sampled. 

Check preirrigation soil-water content
with the soil field capacity to estimate soil-water deficit (avail-

data 
able root zone storage) at the time of irrigation. As previously
discussed, crop water use and root zone soil-water budgeting alsoprovide a check on soil-water deficit at irrigation time. Thesoil-water data both before and after irrigation also can be useful
in analyzing depths infiltrated and adequacy of irrigation alongthe border, assuming there is no deep percolation of water below
the lowest depths investigated. 

The feel method for estimating soil-watercontent is largely subjective because it depends visual inspecon
tion of certain characteristics of the soil sample. Use the methodonly when the investigator has extensive experience and, even then,
only for a rough estimate of soil-water content. 

Advance/Recession Data 

Plot advance/recession data on coordinatepaper as shown in Figure 2. The advance curve is a plot of thetime the waterfront advances along the versusborder the length of
the border. The recession curve is a plot of the time thewaterfront recedes from the surface versus the border length. Theintake opportunity time is the difference between the advance andrecession time as shown in Figure 2. Intake opportunity times 
represent the amount of time water has the opportunity toinfiltrate at points along the border. Surface elevation data
often are plotted on the same graph to aid in explaining variations
in advance/recession rates and the effects on infiltration oppor
tunity time. 

Infiltration Relationship 

Reduce the data from cylinder infiltrationrests to the form of cumulative depth of infiltration versus time.Then plot the reduced data on log-log paper (Garcia, 1978). Ingeneral, the data plot as straight lines, but may curve slightly
and often "dogleg". Some curves steepen after a few minutes,
either because of the release of trapped air (usually in sandier
soils) or because the cylinders were not driven deeply enough.Soils that have cracks into which water disappears quickly often
exhibit curves that are initially steep and then flatten. Plow pans may cause a similar, but usually delayed effect. Compute the average infiltrated depth versus time using data from each area
where soil properties are found to be uniform (Merriam and Keller,
1978). Also plot the average infiltrated depth versus time on the 
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same log-log graph as the individual data sets for there areas.. A 
least-squares regression technique (see Garcia, 1978) often is used 
to find an infiltration function of the following form for the 
average infiltrated depth versus time: 

z = kta (2) 

where 

z = cumulative depth infiltrated (L), 

t = time CT), and 

k,a empirical constants. 

This type of infiltration function LsuaP!y is considered repre
sentative in border irrigation. In most cases, the infiltration 
relationship from ring infiltration tests is inadequate in predict
ing the actual infiltration which occurs during irrigation. Find
actual average infiltrated depth by using inflow and runoff data 
(discussed later) for the irrigation. Use the following procedure 
to find the predicted average infiltrated depth: 

1. Find the predicted infiltrated depth at 
each station by using intake opportunity times (from
advance/recession data) for stations along the border and 
the infiltration relationship. 

2. Determine the average infiltrated depth
for each reach (distance between stations) by averaging the 
predicted infiltrated depths of successive stations. 

3. Determine the predicted average
infiltrated depth for the entire border by summing the 
reach averages (found in 2) and dividing by the number of 
reaches. Remember this value is an estimated or predicted
value, resulting from the use of the empirical infiltration 
function. 

Inflow and Runoff Data 

Inflow and runoff data provide a simple 
means of determining the actual average infiltrated depth.
Construct the inflow and runoff hydrographs on the same rectangular
grid by plotting inflow and runoff rates versus time. Estimate the 
total volume of water applied, Wa(L 3) by graphically integrating
the area under the inflow hydrograph. Estimate the total runoff 
volume, W (L 3) by graphically integrating the area under the runoff
hydrograph. Estimate the total infiltrated volume, Wi (L3) by taking
the difference as follows: 
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i 

Wi = Wa - Wu (3) 
Then determine the actual average infiltrated depth by dividing W
by the product of the border width and length. 

Adequacy of Infiltration Relationship 

Once the predicted average infiltrateddepth and the actual average infiltrated depth are found, compare

them to 
check the adequacy of the empirical infiltration function
in predicting the average infiltrated depth. If the two values are

not approximately equal (i.e., less than 5 to 
10 percent
difference), adjust the iniltration relationship accordingly until
the predicted value is approximatelyi equal to the actual value.
The adjustment procedure is 
done either graphically or numericallyand involves finding a new value for the multiplicative constant inEquation (2) while the value of the exponent remains the same(Merriam and Keller, 1978). For example, on the log-log plot, theslope of the curve remains constant and the curve is either shifted
upwards or downwards. Both graphical and numerical procedures are more fully explained iii the example evaluation presented late:-. 

Runoff Data Not Available 

When runoff data are not available, checkthe adequacy of the infiltration function using averageactual
applied depth rather than actual average infiltrated depth (Merriamand Keller, 1978). This method requires extrapolation of
advance/recession curves to their intersection to estimate thewater applied. The method also estimates how far water spreads ifdownstream boundary condition at end of the border was an imaginaryextended border length. Find the predicted average applied depthby using intake opportunity times in the infiltration relationship
as previously discussed. Now, however, opportunity times for the
imaginary extended length must be included in the analysis. Findthe actual average applied depth by dividing total applied volumeby the imaginary wetted area (i.e., the product of border width andtotal imaginary extended length). Comparison of predicted averageand actual average applied depths indicates if adjustment of theinfiltration relationship is necessary. This procedure obviously
is not as accurate as that used when runoff data are available
because errors occur in extrapolation of advance/recession curves. 
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Subsurface Distribution 

The subsurface distribution of applied
 
water in border irrigation can be determined when the following

information is known:
 

-- A representative infiltration function 
(as determined above); and 

Infiltration opportunity times along 
the irrigated run, i.e., 
advance/recession times at points along
the run. 

After a subsurface profile is constructed,
it is possible to characterize the performance of a particular
irrigation. Before irrigation performance parameters are defined,
however, it is necessary to define several related quantities upon
which they depend. 

Figure 3 represents an idealized profile of
infiltrated water as a result of border irrigation. The distance 
AB is the border length; the line DFG is the boundary of the
infiltrated water. If the downstream boundary condition is one of 
free outfall, runoff water from the field can be assumed to extend 
to the imaginary field length C and to infiltrate according to the
profile (N). The water requirement depth at the time of irrigation
is assumed uniform along the border length and is represented by
line EFH. With these concepts in mind, the following quantities
with appropriate units are defined in Figure 3. 

1. Total volume of applied water, Wa 
(area ACDGA) is the total volume of water introduced per
unit width of border. 

. Total volume of water required in the 
root zone to reach field capacity, Wr (area ABEHA) is the 
volumetric soil water deficiency. 

3. Total volume of water stored in the 
root zone, Wrz(area ABDFHA) depends on field capacity of the 
soil and available storage at the time of irrigation.
Total volume of water available for plant use after the 
irrigation and drainage period equals the difference 
between field capacity (FC) and permanent wilting point
(PWP) of the soil if the root zone is completely filled 
during irrigation [i.e., the total available water 
expressed as a depth, TAW = (FC - PWP) x (bulk density of 
the soil) x (rooting depth),. 
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Distance Along Irrigated Run (x)
A 	 B C 
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I 

0) 
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AB length of border (L)
 

ACDGA 
 total volume of applied water per unit field width, W,(L 3L1l)
 
ABEHA 
 total volume of requirement per unit field width, Wr(L3L-1)
 
ABDFHA 
 total volume of actual root zone storage per unit field width,
 

Wrz (L3L I)
 

Ftotal 
 volume of deep percolation per unit field width,
 

VOL-1)
 
BCDB 
 total volume of runoff water per unit field width, W u(A3L1)
 

DEED 
 total volume of root zone deficit after irrigation per unit
 

fi.i~d width, Wdf (LA-1)
 

Figure 3. 	 Idealized Subsurface Profile/Applied Water in
Border Irrigation
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4. Total volume of deep percolation, Wp
(area FGHF) is volume of water which infiltrates past the 
lower boundary of the root zone. Wp may equal zero in some 
cases. 

5. Total volume of tailwater or runoff, Wu(area BCDB) is volume of water that runs off the end of the 
field if free outfall conditions exist. 

6. rotal volume of root zone deficit after
irrigation, Wdf (area DEFD). Wdf equals zero if the root 
zone is completely filled. 

When the data are available, cross-check 
total volume of water applied and total volume of runoff with the
hydrograph analyses discussed earlier. Convert volumes to average
depths 	by dividing by the product of border width and border 
length. 

IRRIGATION PERFORMANCE PARAMETERS 

Four irrigation performance parameters are 
discussed and may defined using either volumesbe 	 or depths. 

1. Water application efficiency, Ea, is
the percent of water applied that is stored in the root 
zone for future use. It is a measure of the effectiveness 
of the irrigation in storing water. 

Ea = Wrz x 100 = Dau x 100 (4)
 
Wa D
 

a 

where Wrz and Wa are as defined previously, and Dau and Da 
are the corresponding average depths (L) associated with 
these volumes, respectively. 

2. Water requirement efficiency, Er,
indicates the percent of the amount of water required to 
refill the root zone supplied by an irrigation. It is a 
measure of the effectiveness of the irrigation in meeting 
the crop requirement. 

Er = 	 Wrz x 100 = Dau x 100 (5) 
Wr Du 

where Wrz and Wr are as defined previously, and Dau and Du 
are the corresponding average depths (L) associated with 
these volumes, respectively. 
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3. Tailwater ratio, Rt, represents thefraction of the total amount applied that is lost as tailwater or runoff from the end of the border. 

R Wu (6) 

a 
where Wu and Wa are volumes (L0) as previously defined. 

4. Deep percolation ratio, Rp, representsthe fraction of the total amount applied that is lost asdeep percolation past the bottom of the root zone. 

S= WM(7) 
Wa 

where W is as previously defined. 

The sum of water application efficiency(expressed as a fraction), tailwater ratio, and deep percolation

ratio is unity.
 

Uniformity of spatial distributiondescribes the uniformity of water application. It may not beunnecessary to determine this parameter if 	a plot of the subsurfacedistribution of applied water (as discussed earlier) is available.Several techniques for characterizing the spatial distributioninfiltrated water were deve.loped. 	
of 

One common and easily calculatedparameter is 	 UCH, the Hawaiian Sugar Planter's Association unifor
mity coefficient (Hart, 1961): 

UCH = 1 - 2 s= ]-0.798 s 	 (8) 

where 

= 	 the mean infiltrated depth (deter
mined from several observations), and 

s = the standard deviation of the 
observations. 

AN EXAMPLE OF SYSTEM EVALUATION 

The following results of an evaluation of agraded border irrigation system, taken from Merriam and Keller(1978), show the value of being able to i) to describe systemoperation and perfcrmance through an evaluation and 2) to compareresults with an appropriate design. A design for the field wasformulated using the SCS border irrigation design procedure (USDA,1974). Design ;aaults are presented in a separate analysis of thedesign procedure (Clyma, 1980). Changes in system operation and 
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management for improved water application are recognized more 
easily when compared to the design. 

Unfortunately, for this evaluation, runoff
 
data and soil-water content data following irrigation were not
 
available. The soil-water status prior to irrigation wEs evaluated 
using the feel method previously discussed. Recommended design
parameters are repeated here for' the reader's convenience. 

Qu = 4.31 lps/m (0.0464 cfs/ft) 

Ta = 118 min 

strip width = 7.9 m (26 ft) 

design depth = 114 mm (4.5 in) 

The farmer operated the system using the
full available stream of 34 I/s (1.2 cfs) on a border strip width 
of only 7 m (23 ft) and border length of 210 m (700 cfs) to give a 
unit width stream of 4.83 I/s/m (0.052 cfs/ft) (which is larc r 
than the design value due to smaller border width). Due to harvest 
operations, the farmer scheduled a more frequent water application.
Application time was 88 minutes and soil-water deficit at irriga
tion was estimated to be 74 mmr (2.9 in). 

Four cylinder infiltration tests were 
conducted during evaluation in four locations along the length
because the soil was fairly uniform. These data, in the form of 
cumulative depth infiltrated versus time, are plotted in Figure 4. 
A wide range of initial intake rates is observed. However, after 
approximately 30 minutes, the data curves have samenearly the 
slope. The average cumulative intake versus time was determined 
from the four sets of data and also is plotted in Figure 4 (as the 
curve labeled "average"). A significant dogleg occurs in the curve 
(Merriam and Keller, 1978). Because all data plots exhibit nearly
the same slope after 30 minutes, it was decided a straight line 
typical of this condition (but also typical of the wide range of 
initial rates) was most representative. Result: the curve labeled 
"typical". The "typical" curve is considered provide adequateto 

.representation of intake data and is easy to describe functionally. 
The infiltration functioo defining the "typical" curve is: 

t0. 6 4  z = 4.27 (9) 

where 

z = depth infiltrated (mm), and 

t = intake opportunity time (min). 
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Equation (9) also was used to develop the initial design results 
presented earlier. 

Advance/recession data were collected at 30
m stations along the irrigated run. These data, with infiltration

opportunity times and surface profile slope, a-e presented inFigure 5. Because runoff data are not available, advance and

recession curves were extrapolated to their intersection in Figure

5. The imaginary extended length is about 260 m. Intake oppor
tunity times for the imaginary extended length are included.

estimate of the actual average applied depth 

An
 
now can be determined.


The inflow rate of 34 I/s (1.2 cfs) was constant for- the entire 88

minute duration. Therefore:
 

Da = Wa = QT 
W L 

(10)
WE 


Da = (34 lps)(88 min)(60 x/min)( 10 001 )(100 MM 
(7m) (260 m) I m 

Da = 99 mm
 

This value was used as a checkpoint to test the adequacy of theinfiltration function previously determined in predicting average

applied depth. The procedure is illustrated in Table 1. Equation
(9) and infiltration opportunity times from Figure 6 were used to
find infiltrated depths at stations along the run (actual plusextended length). The average depth for each 30 m reach was found.
"he last reach was only 15 m, thus the average depth was determined
proportionately to length. The average applied depth for the
entire wetted length as predicted by Equation (9) is calculated
76.9 mm. That does 

as 
not correspond with the actual average depthapplied of 99 mm found earlier, so it was necessary to adjust the

infiltration function. The procedure is illustrated in Figure 6.The "typical" curve represented by Equation (9) is shifted upwardin Figure 6 to keep the slope of the curve constant. The"adjusted" curve should have a slope equal to the "typical" curve
and should pass through the point where depth equals 99 mm and timeequals the time at which the "typical" curve has a depth of 76.9 mminfiltrated. The time (using Equation (9)) is approximately 92 
minutes. The intercept at unit time for the adjusted curve isapproximately 92 minutes. The intercept at unit time for theadjusted curve is approximately 5.48 mm. A numerical procedure for
determining the functional relationship of the "adjusted" curveinvolves finding a. new value for k in Equation (2), such that with 
a = 0.64 and t = 92 min, z will equal 99 mm: 
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= z-tak 

99- 92k = 

k = 5.48 

Thus, the "adjusted infiltration curve is represented by: 

64 (11)z = 5.48 t .

where 

z = cumulative infiltrated depth (mm), and 

t = time (min). 

A check on the adequacy of the "adjusted" curve is provided in the
lower section of Table 1 using the same procedure as before.
Equation (11) adequately predicts the total average applied depth.
 

Results
 

The subsurface distribution of appliedwater predicted by Equation (11) is plotted in Figure 7. 

Each volume associated with Figure 7 (as

previously discussed) is found by graphical integration of related
 
areas of Figure 7. On a unit width basis (for border width of 7
 
m), they are:
 

Volume applied, Wa = 25.6 m3/m 

Volume runoff, Wu = 2.7 m3/m 

Volume infiltrated, 22.9 m3 /m 

Volume required, Wr = 15.7 m3/m 

Volume stnred, Wrz = 15.7 m3/m 

Volume deep percolated, Wp = 7.2 m3/M 

Volume deficit, Wdf = 0.0 m3/m 

Each volume is converted to an average depth by dividing by theborder length of 240 m. Using he above volumes, performance
parameters for this irrigation determinedare usiny Equations (4)
through (7). 
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Table 1. Check On Infiltrated Depths and Total Applied Depth Predicted by "Typical" Infiltration
Function and "Adjusted" Infiltration Function (After Merriam and Keller, 1978)
 

Station () 
 0 30 60 90 120 150 180 210 240 
 260
 

Opportunity

Time (min) 96 118 126 123 112 
 99 84 66 
 38 0
 

Infiltration Depths /using Equation (9_/
 
Depth (mm) 79.3 90.5 94.3 92.9 87.5 
 80.8 72.8 62.4 
 43.8 0.0
 

Average

Depth (mm) 84.9 92.4 93.6 
 90.2 84.2 76.8 
 67.6 53.1 0.5 (21.9)
 

.wAverage Depth on 260 mm = 
653.7/8.5 - 76.9 mm
 

Infiltration Depths /using Equation (11_
 
Depth (mm) 101.7 116.1 121.1 
 119.2 112.3 103.7 
 93.4 80.0 56.2 
 0.0
 

Average

Depth (mm) 108.9 118.6 
 120.2 115.8 108.0 
 98.6 86.7 68.1 
 0.5 (28.1)
 

Average Depth on 260 mm = 838.8/8.5 = 98.7 mm
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Water application efficiency, 	 (4) 
Wz
Ea = 	Wa x 100 

= 15.7 
S-5.6 x 100 

= 61.4% 

Water requirement efficiency, (5)
 
W
 

E- rz X100
 

-15.7
 

= 15.7 X 100 

= 100% 

Tailwater ratio, (6)
Wu
 
1U 

t Wa
W 

_ 2.7
 
25.6
 

: 0.11 

Deep percolation ratio, 	 (7) 
Rp : 	WP
 

Wa
 

_ 7.2
 
25.6
 

= 0.28 

The 	uniformity of water application is illustrated in Figure 7. 

Table 2 compares the suggested design with 
the system as it was operated for this irrigation. The expected
runoff and deep percolation for the design are not available. 
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Table 2. Comparison of Design and Current Operation 

Parameter CurrentDesign Operation 

Unit width stream, Ips/m 4.31 (0.0464 cfs/ft) 4.83Time of application, min 118.0 88.00Border strip width, m 7.9 (26.0 ft) 7.00Design depth or requirement, mm 114.0 (4.5 in) 74.00
Average depth applied, mm 142.5 (5.61 in) 119.90
Water application efficiency, % 80.0 61.40Water requirement efficiency, % 100Tailwater ratio, dec. --- 0.11 
Deep percolation ratio, dec. 0.28 

Conclusions 

Comparing the results of the evaluationwith the suggested design yields the following comparisons: 

1. The farmer irrigateda smaller requirement than suggested. Although 
too soon, i.e., at
he was aware ofthis and tried to apply a lighter amount of water, he still over

irrigated the entire field.
 

2. By using the entire available flow on asmaller strip width, the farmer used a larger unit width stream.The smaller application time used must be an attempt at reducingthe amount applied. At 80% design efficiency and a requirement of74 mm (2.9 in), design equations yield an application time ofapproximately 68 minutes for the larger unit width stream. Thismay be too short for the given field length because the distance ofadvance for this time is about 150 m (Figure 5). Poor distributionand under'irrigation of the lower end would probably result. 

3. The anticipated advance curve for thedesign should be only slightly steeper than in Figure 5 because ofthe offsetting effects of greater application time, but higherinitial intake rate of the drier soil. The anticipated recession curve should be slightly steeper at the lower end and shiftedupward by an amount equal to the increase of application time,compared to Figure 5. Thus, if the system were operated accordingto design, the expected result would be a more uniform applicationof water, with the upper end being slightly overirrigated and thelower end being slightly underirrigated. 
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4. For the border strip width in use, the
farmer could use the larger unit width stream and decrease the 
application time to around 106 minutes and expect a value of Ea 
near 80%. The resulting irrigation, however, most likely would be 
less uniform. 

5. The non-uniformity in slope for the

first 90 m probably causes the recession curve to be steeper in
 
that section. The first 30 m, being much steeper, would cause a

short lag time; and the next, flatter 60 m section would cause the
 
recession to slow. The advance also is 
 slowed in the 30 m station
 
to 90 m station section (see Figure 5). If this section were
 
graded to the slope of the remaii, Jer of the field, the
 
advance/recession curves shoul ! be more "parallel" and 
 the amount
 
of overirrigation in that section reduced.
 

6. The extensive deep percolation is
caused by irrigating too soon. The amount ef runoff is about
right, however, indicating the farmer had about the correct inflow 
time. An efficient irrigation most likely would be impossible for
the 210 m border, the given soil-water deficit and the available 
stream. Either a non-uniform irrigation would result with the
requirement at the upper end just being met, or a large runoff on 
what would have to be very narrow borders (so the unit width stream 
would be large enough for the desired advance time). 

Recommendations 

1. The farmer should adhere to an irriga
tion schedule in which the design depth of 114 mm (4.5 in) is 
applied at each irrigation. Obviously, however, seasonal changes
in crop requirement and infiltration rate have to be considered. 

2. Land leveling to obtain a more uniform
grade in the direction of irrigation will increase uniformity of 
water application. In particular, overirrigation at the upper end 
of the border will be reduced. 

3. The combined effects of tha first two
recommendations will yield high values for Ea and Er. Runoff
losses from the border also could be effectively reduced through 
use of a tailw&.ter reuse system. 

4. The farmer should not deviate from an
irrigation schedule in which he applied 114 mm (4.5 in) at each 
irrigation. Operating at lower values of design depth for the 
given available flow rate and border dimensions reduces efficiency
and uniformity of water application. Increased flexibility in
timing and rate of water delivery is necessary to obtain a specific
unit width stream for a particula.r design depth, design efficiency,
and application time. 
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5. Using the 7 m (23 ft) width bordersrather than the design recommend 7.9 m (26 ft) width results in alarger unit width stream when the full available flow is used.

That reduces application efficiency. Assuming other design
parameters were used with this unit width stream, a reduction inefficiency from the design efficiency is expected. The farmer
could use z slightly smaller application in time than in the design
and still achieve good 
 results because the deviation in border
widths was small. The best choices are to reduce the supply rate 
to the field or to increase the width to 7.9 meters. 
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AUXILIARY SHEET A ! 

SUGGESTED QUESTIONS FOR INTERVIEWING FARMERS 

Farmer operation and management 

How does the farmer decide when to irrigate?
What is his irrigation frequency? How does it change

during the season? 
How does he decide how to irrigate?
How does he decide how much water to apply?
Does the farmer know the total flow rate available 

to him? 
What are the farmer's operating hours? 
Does he irrigate at night?
How does he decide how long to irrigate a field? 
How long does he irrigate a field?
Does the farmer have any problems with the system?
What are his cultivaion and tillage practices?
Does he irrigate every furrow or alternate furrows? 
How many furrows does he irrigate in one set?
How many sets does it take to irrigate the field?
Does he try to compact the furrows equally? 

Water supply 

What are the sources of available water?

Is the delivery station (point of diversion to farm)


a problem, i.e., high losses, etc.? 
Is the on-farm distribution system a problem (i.e.,

too many in-field channels, high losses, etc.)?
What is the flow rate of each source of water?
When is each source available and for how long?
Is the frequency of delivery and available head a 

problem? 
What is the water quality?
How is the water delivered to each field? 

Crop characteristics 

What are the crops grown?

What are the respective planting dates?

What cropping patterns, if any, are followed?
Does the farmer have any major problems in crop


production?
What are the major inputs? Potential yield?

What is his expected yield? Average yield in area?

Any obvious physical symptoms of problems?
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Physical characteristics 

Does the farmer know the field dimensions?
 
Does he know the slope and cross-slope (if any)?

Is the field leveled to a uniform slope?

If yes, when? If no, why not?
 
What provisions, if any, are made for surface
 

runoff? 
Does runoff leave the farm or is it used again

somewhere on the farm? 
What is the border spacing and how did the farmer 

decide on that spacing?
What is the furrow spacing?
What is the method of diverting water into each 

furrow? 

Soil survey 

Does the farmer know the soils on his farm? 
Does he know of any trouble spots (i.e., very light 

or heavy soils or salinity problems)? 

Water table 

Does the farmer know the groundwater level? 
Does he think it is a problem?
Is surface/subsurface drainage provided? If so,

where? 
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IRRIGATION EVALUATION PROCEDURE 
FOR FLOODED RICE CROPS* 

by A. Early 

INTRODUCTION 

The objective of an irrigation evaluation
is to determine the water use efficiency of the irrigation.
Irrigation efficiency is a useful measure of how water is being
used and can be helpful in identifying specific problem areas where 
water losses may be reduced. 

Farmers generally do not know how muchwater should be given to their rice fields. They just irrigate sothat the fields are ponded with the full supply of water. In this 
way, much water is wasted due to overirrigation. Accurate measure
ments are important to determine how much water is used in the rice
fields and how much could be saved and used for other crops. 

This article indicates the procedure forefficiency evaluations for irrigated lowland rice water use and
lists the equipment required to complete the evaluation. A blank 
data form is attached. 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S.
Agency for International Development, Contract No. AID/TAC-1100.
Fort Collins, CO. 
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METHODOLOGY
 

Flooded (lowland) rice irrigation evaluations 	are unlike other (upland) crop water use determinations

because the soil moisture reservoir is vastly different. In
lowland rice land preparation, the soil is puddled to destroy the
soil structure and to decrease the moisture infiltration and trans
mission rates within the soil. The soil itself remains close tosaturated and only under rare circumstances should the moisturecontent fall as low as field capacity. Thus, the only reservoir
considered for the lowland rice evaluation is the water stored on
 
the soil surface.
 

Because channel moisture movement withinthe soil as seepage and vertical movement as percolatin is mini
mized by puddling, further uncontrolled losses of seepage andpercolation are considered a soil requirement for water and a
 necessary part of the entire irrigation requirement for lowland
rice. The general efficiency concept is the quotient of output 
 (inthis case, useful water consumption as evapotranspiration, percola
tion and seepage) and input (rainfall and irrigation) as 

E = 	 output x 100 
inpu, 

For lowland flooded rice, the irr-igation application efficiency
generally is known as the water use efficiency (WUE) and is defined 
as:
 

WUE = ET + S&P x 100 
RN + IR 

where ET is the evapotranspiration of the crop, depth/unit time;S&P is the seepage and percolation of the soil, depth/unit time; RNis the rainfall depth/unit time; and IR is lie irrigation
depth/unit time. 

Flooded rice ten is continuously
irrigated over the entire season; therefore, the time base for anevaluation is not the usual sho. term irrigation as for other crops. Water use efficiency generally is expressec' on the minimum
time period of one week to adequately represent the field
conditions. It also is expresse-A for the two genera! stages ofrice growth: vegetative stage before panicle initiation, and tiereproductive stage of growth. Generally, it is not applied tc thedrying-off stage when irrigation is s 3pped and drainage of iields
is completed as maturation occurs. 

In the case of upland crop evajuation, theunit on which measurement and results are expressed is the bundedunit. When the continuous flow irrigation method of IVwland riceevaluations and frequent paridy.. to-paddy flow occurrence with 
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attendant difficulty in flow measurement, the basis of the irriga
tion evaluations generally is a larger block of land from the 
irrigation inlet to the drainage outlet. It can includa any
suitably bounded unit from 1 acre to 25 acres, depending on the
flow pattern. Suitab!e boundaries are cultivated or uncultivated 
land to which flow does not occur, highways, railroad right-of
ways, or irrigation conveyance structures. If drainage occurs to 
or through an-,, of these boundaries, that flow must be measured and 
accounted for in the overall moisture balance. 

The overall basis on which lowland flooded
rice irrigation evaluations are made is the water balance (other
wise known as the continuity relationship). Stated simply, for
complete accounting, the inflow minus outflow must equal the change
in storage. 

Water supplied to lowland rice fields asirrigation and rainfall can be accounted for by evapotranspiration
into the atmosphere, by surface drainage from the fields, and by
seepage and percolation into the soil as well as a change in water 
stored on the soil surface. Evapotranspiration cannot be measured 
easily in the field, but relatively accurate methods have been
developed for estimating it from open pan evaporation.
Evaporation, water depth change, surface drainage, rainfall and 
irrigation can be measured readily. Surface drainage can be
measured by use of cutthroat flumes (although usually with 
difficulty). 

Water balance accounting allows the estimation of seepage and percolation as a residual weighted average over 
a larger area. Point measurements of seepage and percolation are 
useful in finding the effects of local soil or topographical
conditions, but they are difficult to integrate into a mean value 
representative of large areas. Collecting data for the complete
water balance is, however, arduous and expensive because one must 
account for all water entering and leaving a site. The wide and
unpredictable fluctuations in the flow of the many lowland irriga
tion sources and drains make these measurements difficult and 
inaccurate. Furthermore, seepage and percolation values are some
times less than 5 percent of the accounted for total water;
therefore, inaccuracies in the irrigation or drainage measurement 
easily could result in individual seepage and percolation values 
being too high or too low by an order of magnitude. 
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PROCEDURE
 

Six components must be considered in

estimating the complete water balance for flooded 
 rice crops: 

- Irrigation (IR) 

- Rain (RN) 

- Potential Evapotranspiration (Etp) 

- Drainage (DR) 

- Change in Surface Storage (AS) 

- Seepage and Percolation (S&P) 

These components are considered sequentially as follows: 

1. Irrigation: Irrigation can be measuredby various methods. The easiest is by installation of cutthroat
flumes at the field entrance of water to measure the irrigation
flow. 

2. Ra'n: A non-recording rain gauge canbe used at the field site o.' data from a meteorological center ofless than one mile distance can be use6 only when there is no rain 
gauge. 

3. Potential Evapotranspiration: Etp
cannot be measured easily in the field, but relatively accurate

methods were developed for estimating Etp from a U.S. Weather
Bureau Class A evaporation pan. This 
can be done by installing anevaporation pan in the field with the difference in daily readings
recorded as ET, and a good estimate of E tp of a flooded rice crop,
irregardless of the stage of crop growth. 

4. Drainage: Drainage can be measured byinstalling flumes at the outlets of the rice fields from whichdirect readings are taken periodically. Drainage water outflow isfar more variable than the irrigation water inflow and is much moredifficult to measure. If drainage is to be measured, hourly readings of flow should be recorded, or flumes with water level record
ers should be used to provide a continuous record. 

5. Change in Surface Storage: Each paddyincluded in the block of land should be equipped with a staff gaugefor direct reading of the daily water surface elevation, or with asuitably stabilized reference stake from which water surface elevations can be read by means of a standard hook gauge. From thedaily 3levations and the area of the paddy, the total volume and, 
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hence, the change in surface storage for the entire area can be 
calculated (AS). 

6. 	 Seepage and Percolation:* Methods ofmeasuring seepage and 	percolation include laboratory permeability
analysis and field pumping analysis to determine hydraulic
conductivity, lysimeters, and 	field water surface level recession.
The 	latter method requires a water level recorder on a stilling
well. The stilling well generally is an empty oil drum with bothends open, buried with an open end approximately c.ne foot into thesoil. The drum is independently supplied with water from the paddy
and the surface recession is recorded continuously. 

This total recessicn includes ET, hence,the 	pan evaporation rate must be subtracted to provide the estimate
of seepage and percolation. 

The 	major problems with the lysimeter andwater recession methods are due to: 1) the discontinuities causedby the tank walls, 2) the disturbed and unrepresentative conditions
of the soil after filling the tank or permeameter, and 3) thetendency to measure only the percolation, i.e., the vertical water 
movement to deeper depths. Seepage, i.e., the channel movement of
water in the soil, often is more important than percolation, but
depends on many environmental factors that are site 	specific. 

The 	most common field method of estimatingseepage and percolation in irrigation evaluations is by use of a 
water balance. Seepage and percolation then are estimated as the
residual after all other factors are accounted for. 

EQUIPMENT 

The equipment needs for flooded rice
irrigation evaluations follows: 

1. 	 Irrigation - as many cutthroat flumes 
as there are inflow sites for the block 
of land under evaluation. They should 
be equipped for continuous flow record
ing of inflow measurements. 

2. 	 Rainfall - one standard non-recording 
rain gauge; 

* If 	seepage and percolation can be measured adequately by water 
surface recession, then drainage measurement is not necessary and 
can be estimated by the residual. 
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3. 	 Evar-oration - or'e standard U.S. Weath3r 

Bureau Class A pan 7nd hook gauge; 

4. 	 Drainige - same as for number one, 

5. 	 Change in surfacQ storage - as many
staff gauges ior water surfac-R -lev.
tioi or hook gauge bases s there are 
paddies in the area being studied; and 

6. 	 Seepage and percolation - Iy-imeter, 
water surface recession or residual as 
discussed earlier 

DATA RECORD 

The attached data sneet provides the 'nrmat
for detailed accounting of wate,," in the moisture budget and serves 
as a weekly and fortnightly summary. All measurements are in units
of water depth. The watcr use Efficiency results are expressed as 
a dimensionless percentage. 
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SUMMARY SHEET FOR FLODED RICE IRRIGATION EVALUATION*
 
Location 
 Start Date 
 Finish Date
 

Day 

Depth 
of 

Irrig. 
IR 

Depth 
of 

Rainfall 
RN 

Depth 
of 

Drainage 
DR 

Initial 
Depth of 
Surface 
IS 

Final 
Depth of 
Surface 
Storage 

Depth 
Change of 
Surface 
Storage 

Pan Evapo-
ration 
Depth 
ET 

Residualt 
Seepage & 
Percolation 

Depth 

Water Use 
EfficiencyT 
WUE % 

FS AS + IS-FS Residual S&P 
1 

2 

3 

4 

5 

6 

7 

Week Summary
 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

Week Summary
 
* Basic efficiency relationship -S&P residual calculation 
 Water use efficiency
 

output
Eff. ,100 Inflow - outflow =Inflow : IR + RN change in storage -DR
input Outflow = S&P + ET + DR (E+ ) 1 = 10 (-D I + 100IR+RN 
 I R +RN
 

Change in Storage IS - FS = AS 
IR + RN - S&P - ET - DR AS 
IR + RN - ET - DR - AS = S&P 



CONSUMPTIVE USE* 

by W. Franklin 

INTRODUCTION 

Total evaporation occurring from soil and 
plant surfaces and plant transpiration (evaporation from the 
pareachyma cells through stomatal cells) is called evapotranspira
tion (ET). In addition to ET, plants use a small amount of water 
in tissue building. The sum of ET and water use in tissue building
is called consumptive use. However, because the water removed in 
plant tissues is usually very small compared to ET, the terms 
consumptive use and evapotranspiration are commonly used 
interchangeably. 

When the evapotranspiration rate of a 
particular crop is not limited by soil-water availability, and when 
the crop is growing vigorously with full foliage, it is called 
potential evapotranspiration (Etp). Potential evapotranspiration 
usually is defined for a "reference" crop and is regarded as a 
function of climatic factors only. 

Evapotranspiration for a crop may be 
greater or less than that for the reference crop due to various 
environmental factors. This is referred to as actual 

* Modified from an article in The Problem Identification Handbook. 
(Draft Copy). 1980. CSU-Pakistan Water Management Project. U.S. 
Agency for International Development, Contract No. AID/TAC-1100. 
Fort Collins, CO. 
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evapotranspiration (Et). The ratio of Et/Et (when soil water is not a limiting factor) is called the crop coefficieit. When soil-water
 
is limiting, evapotranspiration will decrease and 
a "stress" factor
(Ks) term is introduced. An empirical equation to evaluate hasK sbeen proposed by 	 HeermannKincaid and (1974). 

COMPUTING EVAPOTRANSPIRATION 

A review of the alternative approaches toestimating the volume and rates of water evaporated from wet crop

and soil surfaces or transpired by the plants can be found in

several literature sources (Jensen, 1973; Doorenbos and Pruitt,

1977. 	 As far as this technology is applicable to the management of
irrigation return flow quality (through irrigation scheduling),
Skogerboe et al. (1974) and Jensen (1975) are good summaries. 

Evapotranspiration can be calculated many

ways. But the three most common approaches are: 1) the

Blaney-Criddle method; 2) the Modified Jensen-Haise method; and 3)
the Penman Combination method. These methods represent much of the range in sophistication available today, varying in detail from a 
temperature dependent analysis (Blaney-Criddle) to an analysis of 
energy balance and convective transport (Penman). Both the 1Jensen-Haise and equations are in t -Penman 	 calculated cal cm- and 
can be converted to an equivalent depth of evaporation by dividing

by 
an assumed value for the latent heat of vaporization of 585 cal 
gm , which yields units of length over time. The conversion is: 

Etp x 0.00i7 + cm t-

Etp x 0.000673 in t -

The Blaney-Criddle Method 

The Blaney-Criddle procedure for estimatinq
evapotranspiration has the form (Blaney and Criddle, 1950): 

Et = 	 kt k- t p (I) 
100
 

where: 

Et = 	 monthly evapotranspiration in 
inches; 

kt = 	 0.0.173t - 0.134 (2) 

k = 	 time distributed crop growth stage 
coefficient; 
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t = mean monthly temperature in degrees 
OF; and 

p = 	 mean monthly percentage of annual daytime
hours. 

Crop curves and values for p can be found in Blaney and Criddle
(1950) and USDA Soil Conservation Service, Technical Report 21.
Estimates of Etoriginally were intended on a seasonal basis, but
work by numerous individuals shortened this interval by interpolat
ing values for p and kc. 

The Modified Jensen-Haise Method 

The Jensen-Haise procedure is a temperatureand solar reduction equation adjusted for location and elevation by 
vapor pressure functions (Jensen and Haise, 1963): 

=Etp 	 Ct(T - Tx) Rs (3) 

in which, 

Etp = 	 average daily potential evapotran
spiration of a well-watered alfalfa 
crop having 30 to 50 cm of top
growth, mm/day; 

T = 	 mean daily tempature, 0C; 

Rs = 	 total daily solar radiation in 
langleys multiplied by 0.0171 to 
get mm/day; 

Tx = 	 intercept of the temperature axis 

= -2.5 - 0.14 (e 2 - e1 ) 
0C/mb 	 - elev(m)/550 (4) 

e2,e ] = 	 saturation vapor pressures at the mean 
maximum and mean minimum temperature,
respectively, for the warmest month of the 
year, in mb/ 

CT temperature coefficient 

= 	 1 (5) 
CI + C2 CH 

335
 



C = 38 - (20C x elev/(m)/305) (6) 

C2 = 7.6 0 C (7) 

CH 50 mb 
(e 2 - e1 ) 

(8) 

In order to relate Etp to evapotranspira
tion values for other crops, a crop growth stage coefficient was 
defined, 

k = Et/Etp (9) 

where 

koC= crop growth stage c,.i.cient; and 

Et = potential rivaporation for the 
specified crop. 

Kincaid and Heermann (1974) present polynomial regression equations
forkcobased on the table of coefficients presented by Jensen 
(1973). 

The Penman Combination Method 

Penman (1948) first derived an equatioo forthe evapotranspiration of a short, well-watered crop (generally
assumed to be grass) based on a combination of energy balance at
the crop surface and the heat-mass transfer processes due to air 
movements. The equation which resulted and is used today is writ
ten for alfalfa: 

(Pn+G)+15"36 (a+b0 2 )(ezEtp 	 .[A--A4 -ez)] - 0.0i71 (10) 

in which, 

A = 	 slope c the saturation vapor pres
sure curve at a specified 
temperature, d(mb)/d(°C); 

y = 	 psychrcmetric constant, mb/°C; 

Rn = 	 net radiant energy, Langleys/day 
(Ly/day); 

G = 	 soil heat flux,. Ly/day; 

U2 = 	 wind run at a height of 2 meters, 
km/day; 
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a,b 	 empirical regression coefficients 
requiring local calibration; 

ez o =saturation vapor pressure at the 
surface of the crop, mb; and 

ez = 	 vapor pressure at the crop surface, 
mb. 

The data available at most irrigated sites
employing the Penman approach include solar radiation (RS), 
temperature, wind, and relative humidity or dew point temperature.
To develop the parameters for Equation (10), a number of empirical
functions can be used. In the Grand Valley of western Colorado, 
the approach used is as follows: 

Net radiation, Rn, was determined from 
relationships presented by both Jensen (1973) and Kincaid and 
Heermann (1974). The procedure begins by defining solar radiation 
on a clear, cloudless day by plotting 
maximal values: 

a curve through the long-term 

= 
R s= 760 exp-

FDay-I07 2 
L1[-67]J (11) 

where 

Rs0 = clear day solar radiation, Ly/day; 
and 

Day 1 = March 1. 

A more recent review of Equation (11) indicates the coefficient 760 
should be increased about 10 percent, but the overall effect is 
negligible. In a similar view, it is necessary to define the clear 
day net outgoing longwave radiation: 

Rbo = E' UTk 4 (12) 

where 

R bo = net clear day outgoing longwave radiation, 

Ly/day; 

E: = 	 -0.2 + 0.261 exp 

-
[-7.77x 10 4 (273-Tk 2 ] (13) 

T	k temperature in degrees Kelvin 
Tk (CO + 273) 
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a = Stefan-Boltzmann constant = 

11.21 x 10- 8 Ly/°K 

Based on Equations (11) and (12), the longwave radiation occurring on a
particular day equals (Jensen, 1973): 

Rb = [1.2 R_s - 0.2] Rb o (14) 
R 

so 
and 

R = (1-a) Rs - Rb (15)n 
in which a = crop albedo (generally taken to be 0.23). 

The exchange in heat from the soil is based on two assumptions: 1) the soil temperature to a depth of 2 meters 
varies approximately with average air temperature and 2) the
volumetric heat capacity of the soil is 0.5 cal cm- 'C-1. The
soil heat flux, G, is then written as (Jensen, 1973): 

G = Ti-i Ti N 
t 

x 100 (16) 

where, 

G = soil heat flux, ly/day; 

Ti. ] = mean temperature 
period, C; 

for the previous 

Ti+i = mean temperature for the followi
period, 0C; and 

ng 

At = days between the preceding 
following periods (period 
interval). 

and 
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Kincaid and Heermann (1974) use of comparison of current tempera
ture with the average of the previous three days to calculate G for
irrigation scheduling. They also present convenient expressions

for A/A+y, y/A+y, and ez oas follows:
 

y/A+y = 0.959 - 0.0125T + 0.00004534T2 	 (17) 

A/A+y = 1 - (y/A+y) 
 (18)
 

0e = -0.6959 + 0.2946T - 0.005195T2 + 89 x 10- 6 T- 3 (19) 

in which 	T represents the mean daily temperature in OF. 

The elevation of the term (e 0 - ez) in thePenman equation can be made in several ways. For fhe Grand Valley
studies, the following expression was used: 

e° +er(e- e) 2 1 -eoxrh (20)z2 	 1 

in which, 
ezel =saturation vapor pressure at maximum 

and minimum temperatures, mb; and 

rh = 	 maximum relative humidity (usually
taken as the 6-8 AM values) expressed 
as a fraction. 

MEASUREMENT OF EVAPOTRANSPIRATION 

Consumptive use of water in a water balance
computation of an irrigated area is a major component of the
budget. It is, therefore, necessary that the consumptive use value
be determined as accurately as possible. It is imperative also 
that the evapotranspiration estimating formulas be calibrated for 
local conditions. Attempts to base conclusions on uncalibrated
consumptive use equations are extremely presumptuous, as is 
explained later in this section. Tanner (1967) and the World
Meteorological Organization (WMO) Technical 1, Note No. 83 (1966)
provide a good review of the procedure and methodology used for the 
measurement of potential evapotranspiration in the field. 

Measurement of evapotranspiration shouldinclude 1) the means for the actual measurement of consumptive use 
and, 2) a complete weather station to measure air temperature (plus
data, maximum and minimum) dew point temperature, relative 
humidity, precipitation, wind run, solar and. net radiation and
evaporation (Class A pan). Doorenbos (1976) presents an excellent
discussion on the establishment and operation of a weather station 
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for agricultural studies and the calibration of empirical ET 

indexes to actual ET measurements. 

Lysimetry 

Probably the most accurate measurement ofET is obtained by the use of lysimeters. Lysimetry is the only

method of measuring evapotranspiration where the investigator has
complete knowledge of all the terms of the water 
balance equation.
Harrold (1966) presents a good review of the use of lysimeters formeasuring ET. Horton (1973) compiled an annotated bibliography on
Et that includes lysimetry. 

A lysimeter is a device that is hydrologically isolated from the surrounding soil. The device contains a
volume of soil (which usually is pianted to vegetation) and some
 means to measure the consumptive use (described below). Lysimeters
must be representative of the su,-rounding conditions if they toareprovide useful ET They mustmeasurements. be representative of the
soil type. 

Two types of lysimeters, which work quitewell for calibration purposes, are the constant water table
lysimeter and hydraulic weighing lysimeters. The constant water

table lysimeter usually 
are planted to grass (such as Kentucky
Bluegrass) or other crops with shallow root systems. On the other
hand, the hydraulic weighing lysimeters usually are planted in
deeper rooted crops such as alfalfa or corn. The reference crops
used in the calculations, which are usually planted in lysimeters,

are generally considered to be well-watered grass or alfalfa.
 

Construction of a constant water tablelysimeter is shown in Figure 1. Lysimeters usually are about 1 
meter square and about 60 cm deep. The amount of water use iscalculated by using an area ratio of the lysimeter to thereservoir. The evapotranspiration rate is very sensitive to thedepth of the water table in the lysimeter (usually kept at about 15 cm from surface for grass). In addition, the crop must be trimmed
periodically to insure vigorous growth, and any vegetative growth
extending beyond the sides of the lysimetir should be trimmed back. 

Construction of the hydraulic weighinglysimeters are shown in Figure 2, and a typical calibration curveis shown in Figure 3 a short time period does not give complete
confidence in the resulting equations because temperature is only
one of many climatic factors affecting evapotranspiration. Alonger term analysis is needed before proposing a usable function
for k beyond that expressed in Equation (2). 
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Figure 1. Constant Water Table Lysimeter
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Jensen-Haise Calibration 

mean 
In the Grand Valley, the mean minimum andmaximum temperatures at the 1,4;30 meter elevation are 346. °Cand 18.1'C, respectively. At these temperatures, e2 = 55.29 mband el = 20.58 mb so that CH = 1.44. The data similarly resultCT being equal to 0.0255 and Tx= -10.05. 

in 
The Jensen-Haise equationfor the Grand Valley is, therefore (multip!ied by 0.0171 to yield

mm/day): 

Etp = 4.36 x 10 - 4 (T + 10.05) Rs (23) 

Equationtion as determined from 
f23) overestimates evapotranspirathe grass lysimeters (and divided by 0.87)by 4%to 5' over the accurnul led irrigation season. However,
during the windy periods of May and June, Equation (23) 
 can underestimate Ecp by about 10 to 15%. By solving for CT and Tcorrelating with the lysimeter data, Equation 

and 
(23) was slightly

modified as indicated below: 

Etp = .75 x 104 (T + 9.646) R (24) 

Penman Calculations 

formulas implied 
The Penman equation has several regression:.a its form as listed in Equation (10). Anevaluation of each was made, but the only effective correlation wasbetween the wind term coefficients, a and b. Interestingly, thevalues determined for alfalfa (a = 0.90 and b = 0.0062' are notsignificantly difft-rent f.om the values Penman originally suggestedfor grass (Jensen, 1973). The resulting Penman formula for alfalfa
(Etp) is:
 

Etp = 0.0171 [C1 (Rn+G) + C2(0.9,0.0062U2 ) 
(e' -ez](5 

Comparison of Methods 

The mean monthly measured values of thegrass lysimeter evapotranspiration for the Grand Valley are plottedagainst both the caibrated and original Blaney-Criddle relationships in Figure 4. These data were collected in 1975. The otheryears do not differ markedly, however. The revised functiona substantially beter monthly estimate 
allows 

of consumptive use than theversion suggested by Blaney-Criddle (1950). In fact, over theseason the measured and predicted (by the adjusted eq'iation) areidentical. The Blaney-Criddle approach is satisfactory for time
periods 
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can lead to significant errors if the method is not locally
calibrated.
 

A comparison of the measured
E values during the 1975 and calculatedirrigation season in Grand Valley, whenthe Jensen-Haise method was applied, revealed that an waserrorintroduced simply by using the reported function with an altitudecorrection too small to be significant. However, about a 4 to 5percent improvement was achieved. The lysimeters are irrigated forthe purpose of maintaining a low-tension soil moisture condition.A neutron access tube or other methods are installed to assist inmonitoring soil moisture distribution. A method of extracting thesurplus water and to provide a leaching mechanism should beinstalled. One bar ceramic candles connected to a vacuum systemwork well for this purpose. 

CALIBRATING ESTIMAT'NG FORMULAS 

Once a reliable measurement of evapotranspiration is obtained, it is then used to calibrate the evapotranspiration estimating 
formulas for the local conditions. For purposes of illustration, these formulas will be calibrated for conditions encountered in the Grand Valley of Colorado.
 

Blaney Criddle Calibration
 

The uncalibrated Blaney-Criddle equation,
as described earlier, underestimates
approximately 40 percent. 

E in the Grand Valley byGenerally, in the windy months of springthe procedure underestimates Etp by as much as 50%, wherGds laterresults show substantial overestimation. The calibrationEquation (1) involved solving for the k 
of 

term: 

Etx 100at-b = - k (21) 

In this case, kt was found to be: 

kt = -0.00268 + 1.49 (22) 

Even so, the month-to-month variations were large (i.e., Equations(1) and (22) overestimate E tp in May, July and September, while itunderestimates the values in June and August). It should be notedthat calibration of the ktparameter over so with local calibration.The Jensen-Haise method is often used in conjunction with thePenman equation in many irrigation scheduling services, primarilyfrom July on when wind is less significant. The largest error inthe time distributed estimates (5 to 6 day intervals) was less than 
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2 mm per day in the latter part of the Grand Valley's 1975 irriga
tion season. In June, a 5 mm error is noticeable. 

Although the Penman equation showsseasonal moreerror than the Jensen-Haise approach (Figure 5), it follows the lysimeter data better over the Inseason. evaluatingthese results, it appears that time intervals less than to 53 daysare not justified by the sensitivity of the approaches. In fact,the correlation between measured and predicted values on a dailybasis was less than 70 percent, whereas it was approximately 90
percent for 5 to 6 day periods. 
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ERRATA
 

DIAGNOSTIC ANALYSIS OF
 
IRRIGATION SYSTEMS
 

VOLUME 2:
 
EVALUATION TECHNIQUES
 

aR
 

154-155 	 Should read:
 

Nutrient solution concentrations for foliar
 
sprays:
 

N 4% solution of Urea
 
P 0.3% solution of P
 
K 0.5% solution of K 
Fe 2% solution of FeSO 4
 
Zn .5to 1.5% solution of ZnSO4
 
Mn .2to 2% solution of MnSO 4 with small
 

amount of lime
 
Cu 0.5% solution of CuSO 4 with small
 

amount of lime
 
B 0.1 to 0.3% solution of H3BO4
 

171 	 Should -'ead: 

HI - FS = Elev. not, HI + FS : Elev. 

207 	 Should read:
 

hb/ha = .40/.80 = .50
 

not, ha/hb = .40/.80 = .50 

210 	 Should read: 
d = depth applied to field (L) 

A = area of field (L2) 
2)not, d = depth applied to field (L


a = area of field (L) 



V(LUME 2, Errata (continled) 

Should read:
 

EtD x 0.00171 - cm t - 1
 

1
 
not, Etp x 0.0017 -* cm t-


Should read:
 

kt = 0.0173t - 0.314
 

not, kt = 0.0.173t - 0.134
 

35 Should read: 

Etn =: CT(T - Tx) Rs 

not, Etp= Ct(T - Tx ) Rs
 

Should read:
 

- -2.5 - 0.14 (e2 - el) 0C/mb
 

- elev(m)/550 

not, -2.5 - 0.14 (e2 - el) 

0C/mb - elev(m)/550 

336 Shoulj read: 

Etp L- (R +G)-15.36 ----(a+bU )(z-ez)] x 0.00171 
tpn A+y U2 

not, AA
Ep 0.17E, [_A_A+ (Rn+G)+15.365 A (a+ bU2) (ezoe)°-e )] 0,0171 

337 Should read: 

£ = -0.02 + 0.261 exp 

[-7.77 X 10- 4 (273-Tk)2] 

not, -0.2 + 0.261 exp
 

-4

[-7.77 x 10 (273-Tk2]
 

k)
 

http:Rn+G)+15.36
http:G)-15.36


338 Should read:
 

I 
11.71 x 10-8 Ly K- 4 day 

not, 11.21 x 10- 8 Ly/ K
 

Should read:
 

R 
Rb = [a S - b] R

Rso
 

in which a = 1.2 in arid regions and 1.0 in humid regions 
b = 0.2 in arid regions and 0.0 in humid regions 

R 
not, Rb = [1.2 S - 0.2] Rbo
 

Rso 

Should read:
 

=G x 100At
 

not, G =Y i1-T i1 x 100
 
t 

339 Should read: 

for A(A+y), y(A+y) and e z as follows: 

not, for A/A+y, y/A+y, and e 0 as follows: 

Should read: 

y(A+y) = 0.959 - 0.0125T + 0.00004534T2 

not, y/A+y = 0.959 - 0.0125T + 0.00004534T2 

Should read: 

.(A+y) = 1 - y(A+y) 

not, A/:+y = 1 - (y/A+y) 

4 Should read: 

Eitp = 4.75 x 10- 4 (T + 9.646) R 

not, Etp = 4.75 x 104 (T + 9.646) Rs 

Should read: 

Etp = .0 017 1[C1(Rn+G) + C2 (0.9+0.0062U2 )
 

not, Etp = 0.0171[C 1 (Rn+G) + C2 (0.9+0.0062U2 )
 

-2


