DRAINAGE PRINCIPLES AND APPLICATIONS

Il SURVEYS AND INVESTIGATIONS



;J}C [

DRAINAGE PRINCIPLES AND APPLICATIONS

I INTRODUCTORY SUBJECTS

II THEORIES OF FIELD DRAINAGE AND WATERSHED
RUNOFF

II SURVEYS AND INVESTIGATIONS

IV DESIGN AND MANAGEMENT OF DRAINAGE SYSTEMS

Edited from:

Lecture notes of the

International Course on Land Drainage
Wageningen

0000 0021 6180

B S I ! -
VY .f‘-“-“‘\vfﬁz%:r_

INTERNATIONAIL INSTITUTE FOR LAND RECLAMATION AND IMPROVEMENT
P.O. BOX 45 WAGENINGEN THE NETHERLANDS 1974



PREFACE (to Volume III)

The International Institute for Land Reclamation and Improvement has been orga-
nizing the International Course on Land Drainage in Wageningen, The Netherlands,
each year since 1962. In 1969 the Board of the course decided to have the entire lecture
notes re-edited and issued by the Institute in a simple four-volume publication,
Readers interested in the reasons for this decision are referred to the Preface and Intro-
duction of Yolume I, which was issued in 1972, followed by Volume II in 1973. These
two volumes deal with introductory subjects and the theories of field drainage and
watershed runoff. )

This book is the third volume in the series and describes the various surveys and
investigations required before an artificial field drainage system can be planned and
designed.

After an introductory chapter on surveys and their sequence (Chapter 17) currently
applied methods for the analysis of rainfall data are treated in Chapter 18 and the
methods for determining evapotranspiration in Chapter 19.

In general, common soil surveys do not provide an adequate factual basis for drainage
designs. An addittonal or special survey is usually necessary to determine such hydro-
logical soil properties as infiltration and percolation rates, the storage of water in the
soil, and the movement of the groundwater through the soil layers. These aspects are
presented in Chapter 20. Chapter 21 describes the basic elements of a groundwater
survey for drainage purposes. The assessment of a groundwater balance, presented in
Chapter 22, can be regarded as a means of determining the actual cause of the drainage
problem.

Determining the physical and hydrological properties of a soil (soil moisture tension,
soil moisture content, hydraulic conductivity, transmissivity of aquifers, hydraulic
resistance of confining layers, and effective porosity) are important subjects in nearly



all land drainage studies. Field and laboratory methods for determining these charac-
teristics are discussed in the remaining Chapters 23 through 26,

Although each volume can be used separately reference is often made to theother
volumes to avoid repetition. The four volumes complement one another and it is
hoped that they will provide a coverage of all the various topics useful to those
engaged in drainage engineering.

Most of the chapters of this volume underwent minor or major editorial changes, some
chapters even being completely revised or rewritten because another lecturer had
taken over the subject (Chapter 19) or because the subject matter had to be updated
{Chapter 20).

The members of the Working Group who contributed to the editing of Volume III
wWere:
Mr. N. A. de Ridder, Chairman, Editor-in-Chief
Mr. Ch. A. P. Takes, Editor
Mr. C. L. van Someren, Editor
Mr. M. G. Bos, Editor
Mr. R. H. Messemaeckers van de Graaff, Editor
Mr. A, H. J. Békkers, Editor
Mr. J. Stransky, Subject Index
Mrs. M. F. L. Wiersma-Roche, Translator
Mr. T. Beekman, Production

I would like to express my thanks to everyone involved — the members of the Working
Group, authors, lecturers, and draughtsmen — for their combined efforts in achieving
this result. May this volurme be received with the same interest as the previous ones.

Wageningen, March 1974 F. E. Schulze
Director
International Institute for
Land Reclamation and Improvement
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Surveys

17.1 OBJECTIVES AND PHASING OF PROJECT SURVEYS

The cases will be rare where drainage would be the only and exclusive operation
te achieve a project's purpeses. Even in temperate humid regions & land improve-
ment or reclamation project usually implies a number of combined actions involv-
ing water management, infrastructure, land consolidation, agricultural extensiom,
ete, In arid regions the emphasis will be on the water supply by irrigation,
while the drainage system - although in many cases an essential and integral part
of such prcjects — is z secondary item in the whole. Elsewhere one may find ex-
tensive project areas where a combination of measures is needed in varying inten-
sity.

It may occur as well that, in a valley where the original problem was seasonal
waterlogging, the groundwater table is considerably lowered after the introduction
of irrigation by pumping from wells, sc that finally drainage provisions can be

disregarded.

These few examples indicate that drainage works have varying degrees of importance
in a land develepment plan but seldom give rise to a project on their own. Tt

therefore has limited sense to speak about 'drainage projects"” as such.

Much of the information needed for considering drainage works is the same as that
needed for any land development project, both requiring geological, topographic,
and soil maps, climatic and agricultural data, and so on. Howsver, the introduction
of drainage involves scme specific studies and surveys. It will, for instance,

call for special analyses of climatic data and groundwater balances; it will
require detailed information on hydraulic conductivity and moisture characteristics
of soils; and it presupposes knowledge about the practical applicatien of various
possible drainage systems. Other chapters in these volumes deal with those ques-
tions in detail; the present chapter aims only to introduce some organizational

principles concerning the surveys needed.

To arrive at a final answer whether or not a project propesal is technically
feasible and econcmically sound, a sequence of studies of increasing intensity will
usually be required, Each phase in itself will invclve successive actions: the
collection of data, their analysis, the formulation and design of one or more

project proposals, and their evaluation.
As a general rule three phases of study are to be recommended:

- at reconnalissance level
- at semi-detailed level

- at detailed level.



Such an approach is a safeguard against spending time, energy, and costs on studies
that might afterwirds prove to have been superfluous. The whole of this sequence

of studies sheuld start with a clear statement of the objectives one is aiming at,
giving due regard to the country's development objectives and immediate priorities:
this should form the basis for programming the studies at the reconnaissance level,
If the outcome of the first phase is favourable, it should be followed by recom-—
mendations for the programme cof the following phase of study, or finally for im—
plementation. The programme at each level should specify the time, manpower,
equipment, and costs involved. If the conclusion at any phase is negative, due to

insurmountable technical or economic problems, the studies will be finished.

The recommended phasing may be slightly different in each individual case depend-
ing on the nature and extent of the project area. In large areas and projects of
a complex nature, more phases may be needed tc allow frequent consultations with
all interested organizations; after the definition of a master plan for the whole,
the area may be split up into smaller units that are studied separately and exe-
cuted in a certain order of priority. This procedure may also be indicated from

a viewpcint of spreading investments and continuity of work for the agencies

concerned.

On the other hand, in regions or countries where much information is available
on the conditions in the area, or where much experience exists with the criteria
of the particular imprcvement measures, the three phases may be reduced to two,

or in the case of small areas, even to one.

The fact that the costs of these types of studies are not negligible stresses

the usefulness of investigating in stages; it moreover pleads feor a relatively not
too small project area sc as to maintain a reascnable rate for the costs of stu-
dies per unit area. This is of particular importance for projects of a complex
nature where an expert team of various disciplines has tc be recruited, especizally
if they are to come from outside the country, From this viewpoint a 10,000 hecta-
res area might be considered a rather small project. As a rough guideline, the
order of magnitude of the costs for land development studies may be 5 to 10 per-—
cent of the actual project costs; this rate covers the three levels of study
together, but excludes the costs of control and supervision of the construction,
and disregards the normal operating costs of the associated government agencies.
The same argument in favour of a minimum project size is true if foreign loans

are to be attracted for the implementation of the project {from the World Bank

for instance); for a small area the costs of guidance and control would be rela-

tively too heavy.
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17.2 THE MAIN STUDY PHASES

Without claiming completeness the following paragraphs are meant to elaborate the
purpose and the nature of actions for each of the recommended study phases, spe-

cial regard being given to their drainage aspects.

17.2.1 RECONNAISSANCE SURVEY

The main objective of a reconnaissance survey is to identify the feasibility of
the proposed project, first of all on technical, but also on economic grounds.

This survey should give an answer to the following questions:

- What area or areas can be considered for improvement?

- What advantages and disadvantages can be expected from the intended change
of the existing state?

- What are the alternative possibilities for improvement?

- What technical and organizational measures have to be taken for the alter-
native solutions?

- What will roughly be the proportion of costs to benefits in each case?

In most cases only part of the advantages and disadvantages can be expressed in
terms of money-value. There are often important imponderable factors which should
alsc be taken into account, e.g. the creation of new employment possibilities,
the better accessibility of the area or the development of shorter transport
routes, the creation or destruction c¢f attractive landscapes, recreational faci-
lities or cultural values; the improvement of public health by the elimination of
breeding grounds of diseases (e.g. malaria and bilharzia by the reclamation of
marshes), etc. Hence the proportion of the costs to the benefits in this stage

is only one of the factors to be considered in taking a decision for or against

moving to the second stage of investigation: the semi-detailed survey.

A study at reconnaissance level will be mainly based on exzisting information but
includes some limited field work. Documents concerning the area under consideration
should be collected from all agencies which ever worked in the area. Very welcome
are earlier studies, which shcould be analysed and re-evaluated from the present-—

day viewpoint. Other pertinent data are:

- zerial photographs

- all kinds of maps: geological, topographic (scale preferably not smaller
than 1/25,000 or 1/50,000), elevation maps of the land surface, road maps,
land utilization and owmership maps, etc.

- existing data on soils, surface water, groundwater, climate, crops, crop
vields, etec.



The maps should cover the whole of the watershed basin in which the area under
consideration is located. These will serve as the basis for water regime studies
and water balance computations. If the area covers only a small part of the basin
the data should allow estimates to be made of the hydrologic, and possibly other,

consequences of mutual interaction with the other part of the basin,

The field work in this stage is mainly te enable the investigator to familiarize
himself with the general conditions and to collect some complementary information

through inquiries or through incidental cobservations.

One of the first things tc be dome is a provisional delimitation of the area to
be identified as a project. For large areas sub-units may be identified and a pri

ority order defined for further studies.

With respect to the drainage features the reconnaissance survey should determine
the extent of excess water occurrence, trace all various causes of this excess,
and try to estimate quantitatively their inputs, frequencv, and duration. In this
connection it may be useful to outline the extent of inundated spots as they have
oceurred over a series of years, for instance through inquiring of local inhabi-
tants. Such data can possibly be related to precipitation or level and discharge
data of near-by rivers. In case of inundations obviously flood protectiom or
ccastal embankment may be more essential than a drainage system, although such

measutres are often complementary.

Any indications about depth-to-groundwater—table in relation te precipitation and
near-by surface water levels will be invaluable. If no systematic water table
observations are yet available, inquiries directed to lotal inhabitants who are

using wells may provide useful information.

For low-lying areas and natural depressions an obstacle to the discharge of excess
water may be the location and condition of the natural "ocutlet™. This item may
need particular attention. For inland areas solutions for gravity discharge are
sometimes found by blowing up a threshold in a river bed or constructing a tumnel

to a near-by lower outlet.

For low-lying coastal land one may take advantage of the tidal effect by means of
tide locks, which discharge during lowv tide and close automatically when the

outside level rises.

Where the gravity outlet does not offer good prosmects, discharge by pumping may
be a possible alternative; a pump installation mereover can advantageously be

installed at a different place than the natural cutlet. Being rather decisive for
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the project, such a solution should be carefully studied at the reccnnaissance
level; consideration should be given not only to the installation of the pump but
also to the operational costs, which will require estimates of the volume of water
to be lifted annually and the maximum per day, height of the 1lift, expenditure on
energy and perscnnel, etc, Criteria for the water control system and its management
should be established for the proposed cultivation programmes, taking soil condi-
tions intc account, after which one or more project designs can be developed. Due
attention should also be given in this stage to possible constraints with regard

to water levels, water quality, discharge, or otherwise, which might limit the

choice of solutions or would require special provisions. Some examples are:

~ built-up areas and rcoad systems may demand extra deep drainage; in contrast

wooden foundations may need a shallow groundwater level to prevent them from

rotting;

- if polluteé water from urban areas is discharged into surface water, pro-
visions might have to be made to safeguard the interests of public health, fishe-

ries, wildlife, and recreation:

- lowering the phreatic level in the area under consideration by drainage

might adversely affect the hydrologic circumstances of neighbouring areas;

- parts of the area may be situated in different administrative units or

different water districts, and may not be subject to the same regulations.

The reconnaissance survey should devote a substantial part of its investigations
to the collection of hydrelogic data on the existing water regime, as this will

provide the basis for future water management.

Hydrologic data, due to their natural variations, will usually be expressed in
terms of probability per time unit and sheuld therefore cover a reasonably long
period tc be of any value; a ten years range might be considered a strict

minimum but much depends on their relative variability and the purpose of use.
Correlatiens can be sought between available climatic data and other data that
may be scarce: for instance between precipitation and river discharges or between
temperature and evaporation. In this manmer one may arrive at an estimated longer
range of data. If, however, sufficiently relliable data are not available to allow
an estimate of the water balance components, an immediate programme of appropriate

observations will have to be set up.

Similarly an early verificaticn of the response of proposed crops te the assumed

water management conditions will be needed. If no local experience is available



and nmo compariseon with near-by areas is possible, one might seriously consider

the lay-cut of experimental fields for this purpcse. 0f course, such field experi-
ments cannot be completed during the phase of the reconnaissance survey. Hence
conducting such experiments should only be considered seriously if,on other grounds,
there is sufficient evidence for the technical feasibility of the project. Field
experiments, if conducted for a number of consecutive years, will be of invalua-
ble help in studying crop response under controlled conditions. A supplementary
advantage of such experimental fields, if used fer longer periods, is that they
cffer the prerequisites for a demonstration and education centre for the farmers

in the area, The extent and number cf the experimental fields should be chosen in
proportion to the size of the project area and the variety of problems to be atu-
died: sometimes it is worth-while to include trials with different types of field
drainage systems.

The study at reconnaissance level should conclude with a report which summarizes

all existing knowledge and formulates possible alternative solutions to the problem.
Accompanying the report should be maps showing the borders and sketch—plans of

the area, including the approximate location of the main elements of the water

management system.

Costs and production figures needed for the preliminary appraisal at this stage
can be derived from experience elsewhere (expressed in units of area or length),
if possible adapted to the prevailing local conditiens. The most important items
in the report are the recommendations on the next steps to be taken; if one or
more of the proposed alternative solutions are considered to be feasible, it
should be indicated whether or not additional investigationms at reconnaissance
level are needed and/or what programmes of surveys and studies are needed in

the semi=detailed phase.

17.2.2 SEMI-DETAILED SURVEY

This study comprises the additional activities needed to work out the alternative
sketch plans retazined from the reconnaissance study up to a '"semi-detailed™

level {also indicated as "preliminary plans'). The main difference between this
and the earlier stage is that more detail is needed, for which field surveys

{defined in the reconnaissance report) will have to be conducted.

The data to be collected should be sufficiently detailed to permit a design of the
project works, the costs of which can be estimated to an accuracy of scme 10 per
cent. At this level the costs and benefits are determined on the basis of calcu-

lated gquantities and locally checked prices.
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The topographic and soil maps required at this stage are usually at scales

1/25,000 or 1/10,000; conteur lines of 0.25 m maximum interval will be needed.

At the location of projected canals, ditches, and structures, the necessary de-
tailed levelling for length and cross—sections should bhe performed, and all further
surveys needed for the design should be completed. A sample survey outline is

found in Natiocnal Engineering Handbook, Section 16 (see list of literature).

These semi-detailed studies correspond to the level of what is frequently called
"feasibility studies™. This term, introduced by the International Bank for Re-
construction and Develcpment (IBRD) and associated bodies, is nowadays widely used
for studies where the Bank is called upon to assist in financing. Guidelines have
been prepared by the Bank for various types of projects, including one for irriga-
tion and drainage. To illustrate the approach they take in- judging the viabiliry
of project propesals, the Introduction of the latter document is annexed to this
chapter. For readers interested in more details of a semi-detailed study report,
nc better reference could be given at the moment than the above—mentioned "guide-

line" prepared by FAO/IBRD {seze list of literature).

On the basis of the results of the semi-detailed study, the competent authority
should finally select one of the plans and decide on execution. But here again, it
should be mentioned that the final decision cannot bhe taken without attenticm

being paid to the imponderable advantages and disadvantages of the undertaking,

17.2.3 DETAILED SURVEY

The best plan for the area under comsideraticn is cheosen after conclusion of the
semi-detailed studies. What remains to be done, if one has decided on implementa-
tion, is the final revision and in particular the elaboration - through calcula-
tion and drawing - of the details of structures (bridges, culverts, pumping sta-

tions, etc.) to complete the "definitive design'.

Estimates for construction costs in this stage will not differ greatly from those

estimates made at the semi-detailed level,

The maps now required are at scale 1/10,000 to 1/2,500: structures will require

even larger scales,

The final step is to prepare specifications to be put out te tender.



ANNEX
INTRODUCTION!

As for all types of project, the objective of a feasibility study for am irriga-

tion or drainage project is to demonstrate that the project is:

- in conformity with the country's development objectives and immediate
priorities;
- technically sound, and the best of the available alternatives under

existing technical and other constraints;
- administratively workable:

- economically and financially viable.

In the context of this paper, a feasibility study is a comprehensive document
which will provide all the answers to questions on the above points which might

be put by an appraisal team of the World Bank Group,

In formulating {designing) a project there should be a constant effort to minimize
costs (but not at the expense of safety), maximize returns, and bring about utili~
zation of the investment in the quickest possible time. The latter will usually
necessitate a rapid transformation of the farming practices in the project area.
From these consideraticns stem the main themes of an irrigation preoject feasibi-

lity study:

~ A thorcugh study of the physical resource base, particularly the prcject
area soils, climate, and water supply, in order to ensure that the cropping pat-
terns proposed and the yields predicted can be maintained for a sustained period

and in order ro derermine the scale of the project.

~ A thorcugh examination of the pecple likely to be involved in the project
in order to ensure that the proposed development is appropriate to their attitu-—

des and capacities.

- A thorough study of the engineering alternatives for serving and draining
the project lands, and their phasing, in order to ensure that the most appropriate

economical but safe solutien is achieved.

- An adequate preliminary design of, and a construction schedule for, the
works, both project works and on-farm werks, in order to demonstrate their suita-

bility and to estimate their costs and the phasing of those costs.

' Introduction, copied - after approval from editor - from: FAO/TIBRD Cooperative

Programme. Guidelines for the preparation of feasibility studies for irrigation
and drainage projects. Rome, December 1970. Rotaprint. 25 pp.
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— The determination and scheduling of the apgricultural pattern {size and
type of farm enterprise, crops and their yields) on the basis of physical and hu-

man resources, present land use, market projections and prices.

- The determinaticn and phasing of the various measures and inputs necessary

to achieve the agricultural plan.

- The determination of the management and organization necessary to construct

and implement the project to the time schedules predicted,

- The determination of the economic bhenefit to the ccuntry, the financial
returns to the farmers, the financial results of the operating authority, and the

repayment of project costs by beneficiaries.

It must be stressed that the main themes of the study are not separate exercises.
The finalizatien of each, and its amalgamation intoc the whole, is a process of
successive approximation reached after cross—consideration of the interim results

of the others.

No two projects are the same. There is clearly a wide difference between, for
instance, a project using groundwater and sprinklers for the intensive production
of vegetables by sophisticated commercial farmers and a project using a simple
river diversion for surface irrigation of rice by peasant farmers. These projects
are not only different physically, but also in non-physical terms (organization,
markets, need for credit, extension effort, etc.). Therefore, any geqeral guide-
line, such as this paper presents, must be used with intelligence and adjusted to
the needs of the particular project under investigation. The guidelime is written
on the assumption that the main project works will be constructed and owned by a
public authority. In the case of groundwater prejects, the main works (wells and
equipment) may be, and indeed often are, privately ocwned and financga through a
credit operation. For this type of project the forthcoming guidelines to be pub-—
lished on agricultural credit projects should be largely used instead of this

guideline.

The guideline does not attempt to deal with special questions of cost allocation
which arise in the case of a multiple-purpose project (e.g. when a reserveir is to
be used for flood control and/or power in addition tc its irrigation purposes).

It is assumed in the sections on eccnomic analysis that a cost allocation-to irri-
gation has been made of the jeint cests of such a project, but it is recognized

that a cost allocaticn of this nature may itself require a major analytical effort.

11
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Rainfall data
18.1 INTRODUCTION

For the design of drainage and flood control works, the amounts of water that

have to be discharged must be known. If possible, these amounts should be assessed
by direct measurements. If not, indirect methods, such as the calculation of
discharges from rainfall data, will have to be used. As rainfall is extremely
variable in time and space, the rainfall data covering leng pericds and recorded
at various stations will have to be studied. These records can be used in one of

two ways:

- All rainfall data, from moment to moment, are fed into a model of the
natural system, which has rainfall as input and discharge as cutput (Chap.15,

Vol.11). A design discharge is then selected from the cutputs cof the model.

- A design rainfall is selected from a range of rainfall values and is then

transformed into a design discharge.

This chapter is mainly concerned with the processing c¢f rainfall data and with
some statistical techniques that enable a proper design rainfall to be selected.
In principle, the same statistical techniques allow a proper design discharge to

be selected.

18.1.1 DETERMINING A DESIGN RAINFALL

The amount of rain that falls on the ground in a certain period is expressed as
a depth P (mm, inches, etc.) to which it would cover a horizontal plane on the
ground. The rainfall depth may be considered a statistical varlate, its value

depending on

- the season of the year,
- the duration selected,

- the area under study.

In a design, the frequency, seasen, and duration chosen depend on the type of

problem under consideration.

The cheoice of a design frequency

The higher a rainfall, the less often it cccurs. Consequently the higher the
design rainfall, implying a more costly project, the less risk there is of failure,
There is, however, a certain point at which the cost of ensuring more safety
outweighs the benefits of a further reduction in the number of failures. Therefere

the choice of a design frequency is an optimization problem.



For large-scale flood protecticn works, where failure may endanger human life or
vital material interests, an average failure of only once in 1000 years or even
10 000 years may be accepted. In this case long-term records have to be available
to allow return periods of exceptionally large floods to be predicted with suf-
ficient accuracy by extrapclation (Section 7). If failure is to be understoocd in
an agricultural sense only, i.e. a loss or reduction in agricultural production
as may cccur in irrigation and drainage projects, an average failure of once in

5 or 10 vears is generally accepted. Records covering 20 years may suffice in
this case. The statistical techniques to be used may then be relatively simple

and restricted to a frequency analysis {Sections 2 and 3).

The critical season

The rainfall analysis for drainage design can be restricted to that part of the
hydrological year during which excess rainfall may cause damage (Fig.l1). This
critical period in The Netherlands is the winter seasen when rainfall exceeds
evaporation. Drainage in winter is necessary to preserve soil structure, to

ensure the trafficability and workability of the land, and to enable early

seedbed preparation in spring. Drainage in the summer season is of less
importance, due to relatively high evaporation rates and consequently good storage

facilities for water in the soil.
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In Roumania, where the monthly rainfall and evaporation pattern is similar te
that in The Netherlands, the critical season appears to be the summer season, due
to the very high intensity of summer rainstorms, for which the soil dces not offer

sufficient storage.

When the drainage problem concerns surface drainage for crop protection, it is
the growing season that may be eritical. If, on the other hand, the problem
concerns surface drainage for erosion centrol, the off-season may be critical
because of the erosion hazard on bare soils. Unlike drainage, for which maximum
rainfall design values are important, irrigation requires a minimum rainfall
design value (maximum evapotranspiration minus effective rainfall). The critical

season then is the growing season with a rainfall deficit.

The critical duration

The rainfall intensity is expressed as a depth per unit of time. This unit can be
an hour, a day, a month, or a vear. The type of problem will decide the duration
to be selected fer analysis. In a study of the water availability for crop growing
or of generzl water excess, monthly rainfall values may suffice (Fig.2). For ir-
rigation purposes the critical duration depends on the waterholding capacity of
the soil and crep response to drecught, and is of the order of some weeks. In
studies of subsurface drainage, the critical duration depends on the storage capa-
city of the soil, the design frequency, and the crop response to waterlogging,

and is of the order of some days. For main drainage systems the critical duration
is often also of the order of some days, depending on the storage allowances of
the system and the discharge intensity of the drainage area. For ercsion control
and the drainage of small, steep watersheds or urban areas, the storage capacities

are small; information on hourly rainfalls may then be required.

The analysis of rainfall with respect to duration shows that, with the same

periods of recurrence, rainfall intensities decrease as duration increases (Fig.3).

The area under study

Rainfall is measured at certain peoints. It is likely that the rainfall in the
vicinity of a point of measurement is approximately the same everywhere, but
farther away from the point this will not be true, It appears that peint rainfalls
with high return periods are often considerably higher than the srea-average
rainfall with the same return period {(Fig.4). Therefore, the design rainfall for
main drainage canals and cutlets of large areas can be taken lewer than the

corresponding point rainfall.
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18.2 FREQUENCY ANALYSIS OF RAINFALL AND RECURRENCE PREDICTION

The frequency of rainfall can be analysed directly, as will be discussed in this
section, or indirectly through adaptation of data to a probability distribution,
as will be discussed in Section 7. The direct frequency analysis is based on the
assignment of a frequency to each measured rainfall or to a group of rainfalls

in an observation record. Two main procedures of frequency assignment can thus be

discerned:

~ frequencies based on depth ranking of each measured rainfall; to be used

when there are relatively few data,

- frequencies based on depth intervals {grouping of rainfalls); to be used

when there are many data.

These procedures will be illustrated below with the data given in Table 1, which-
presents daily rainfalls for the month of Nevember in 19 consecutive years. This

table will also be the basis for all further examples presented in this chapter.

18.2.1 FREQUENCIES BASED ON DEPTH INTERVALS
The procedure is as follows:

- Select an appropriate number (k} of depth intervals (serial number i,
lower limit a., upper limit bi) of a width suitable to the data series

and the purpose of the analysis,
- Count the number (mi) of data in each interval,

- Divide m, by the total number (n} of data in order to obtain the frequency
(F) of rainfalls in the i-th interval

m,
i

F(a. <P <£b,) = —

(al bl) a (1)

The frequency thus obtained is called the frequency of cccurtence in a certain

interval.

How this procedure has been applied for the daily rainfalls given in Table 1 is
shown in Table 2, Columns (1), (2}, (3), (4), and (5}. This last column gives the
frequency distribution of the intervals. It can be seen that the bulk of rainfall
values was either zero or from 0-1 inches. Greater values, which are of more
interest for drainage purposes, are recorded on far fewer days. Lt appears that

the chosen intervals allow a fairly regular grouping of the data,



Table 1I. Daily rainfall in inches for the month of November in 19 comsecutive

years
Date 1 2 3 4 5 6 7 8 g 10 13 12 13 14 15
Year
1948 - - - 12 .10 1.78 .59 - 04 L1 - - 16 .22 -
1949 - - 07 .40 .36 .05 .38 - - - - - - - -
1950 .42 .12 - 07 .50 - 331,03 L47 .02 .20 .25 - - -
g5l da1h - .23 3.89 .16 .13 - - - - - - L8 .10 08
1952 4,37 .32 .32 .84 .03 - 46 .43 1,01 02 - - 01 - -
1953 - - - - 04 W57 .16 1,28 .10 - 48 - 45 60 .10
1954 - - - - - - - 05 - 05 .21 04 .26 - 02
1955 - - - A0 - L9010 - 1.94 .49 2,325 06 - .05 -
1956 - - 08 .35 - - - 23 oz - - .09 - - L34
1957 .15 - 1.61 1.80 - - - - - - 80 .29 .02 .71 .32
1958 .64 .13 - 07 - - - L35 .24 .18 - .52 - - .05
1956 - 2.55 .76 - 1,38 .13 1.05 .38 .0l .50 1.26 .03 .62 .06 -
1960 - - - - 37 .38 - - - - - - - - -
1961 1.61 6.23 .05 - 40 - 23 .43 - - 03 - 260,02 .52
1962 - 3 - 38 - a6 - - 06 .18 - .50 .63 .94 .07
1963 2,93 .26 - .06 14 - .39 - - - - 1.64 W43 - -
1964 .26 .90 .17 - 04,50 1,16 1.57 .51 .56 .05 .15 - - -
1965 .44 .50 - 08 - - - e - .33 2,21 .13 1,73 .21 -
1966 .42 - - - - 0 - - 06 2,12 2.57 .64 - - -

16 17 18 19 20 2z 23 2% IS 26 27 28 29 30 |Total
1948 - 1.5 .49 - - - - - - o1 - - - - - 5.34
194 - - - - - - - - - - - - - - - 1.37
1950 - - - - - - - 29 14 - 83 .20 1.22 2,65 - 8.76
1951 - - 02 - - - - - - - .73 .20 .10 .81 1.81 | 9.54
1952 04 WGt - - .18 .27 14 .30 09 2.10 .13 W23 .05 .13 .83 12.29
1953 .97 .84 - - 07 .45 - 06 .72 1.51 - A8 .14 .28 .22 | 9.23
1954 1.42 .14 - - - A5 - - 04 - - a3 - - - 2.51
1955 - g0 .12 - - - - L4514 - .02 .62 .81 .58 .07 | 9.20
1956 .62 .56 .34 - - - - - - - - - - - 17 | 3091
1957 N T TR - L25 1.48 .33 .54 .07 - - - - .05 .53 | 9.06
1958 .66 .85 .12 .03 .77 ~ 78 .28 .54 .03 .04 .86 .06 .85 .47 |11.50
1959 - - - - - - - 04 - - - - L2847 - .52
1960 - 27 . a2 - - - - - 1.0 .93 .88 - - 32 | 4.48
1961 L4645 - - 08 .16 - - - - - - - - - 10.93
1962 .26 - - - - 7.83 371 6 - 21 .02 L4657 .01 - 16,57
1963 .05 .15 .02 .54 - 50 8 - - - B0 .20 - 1.7 .20 | 9.45
1964 - - 12 .08 - - - - - L8017 146 60 .26 a7 | 8.1
1965 - - - 47 07 L1 - - - L4401 - - - 6.66
1966 - 76 .55 - - L3601 - - - - - - 02 .19 | 7.90
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From the definition of frequency, it follows that the sum of all frequencies

equals unity.

k mi
F.=.§ T =1 (2)

In hydrology one is often interested in the number or freguency of rainfalls
exceeding a certain value, viz. the design rainfall. The frequency of exceedance
F{P > ai) of the lower limit 2, of a depth interval I can be obtained by counting
the number Mi of all rainfalls exceeding a;, and dividing this number by the total

number of razinfalls {see Table 2, Column 6).

=

F(2 > a) = F S®

Frequency distributions are often presented graphically by pletting the frequency
of non-exceedance F(P < x) instead of the frequency of occurrence or exceedance.
The frequency of non-exceedance F(P < ai) of the lower limit a; can be obtained
as the sum of the frequencies over the intervals below ai. The frequency of non-

exceedance is also referred to as the cumulative frequency.
From the fact that the sum of all frequencies over all intervals equals unity, it
can be derived that

F{P > ai) + F(P « ai) = 1 ‘ (4)

The curulative frequency distribution, therefore, can be directly derived from the

distribution of the frequency of exceedance (Table 2, Column 7).

18.2.2 FREQUENCIES BASED ON DEPTH RANKING

The data may be ranked in either ascending or descending order. For a descending

order the sugpgested procedure is:

- Rank the (n) data (P) in a descending order, the highest value first, the

lowest last.

- Attach a serial rank number (r) to each value (Pr, r=1, 2, ... n),

the highest value being Pl’ the lowest Pn'

~- Divide the rank number {r) by the total number of observations plus | to

obtain the frequency of exceedance as:
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F(P > Pr) ey (5)

- Calculate the frequency of non-exceedance

F(B<P)=1-FE>P)=1-—"= {6)

If the ranking order had been ascending instead of descending, similar relatioms

as above would have been applicable with an interchange of F(P > Pr) and F(P < Pr)'
An advantage of using the denominator n+l instead of n, as in Sect.2.l, is that

the results will be identical no matter whether ascending or descending ranking
orders are used.

Table 3 shows how the procedure has been applied for the monthly rainfalls of

Table 1, and Table 4 for the wonthly maximum l-day rainfalls of Table 1,

Table 3. Frequency distributions based on depth ranking of monthiy
rainfalls derived from Table 1.

izxter ?z;:iZiéing) Tear F > Pr} F(P 5 Pr) TPr (years)

r P Pi r/{nti} I-F(P > Pr) T%T
(13 (2) (31 4) {5 (6) (7N

1 16.57 275 1962 0.05 0.95 20

2 12.29 151 1952 0.10 0.90 10

3 11.50 132 1958 0.15 0.85 6.7
4 10.93 113 1361 0.20 0.80 5.0
5 9.54 21 1951 0.25 0.75% 4.0
6 9.52 91 195% 0.130 0.70 3.3
7 9.51 g1 1964 0,35 0.65 2.9
8 9.45 89 1963 0,40 0.60 2.5
9 9.23 85 1953 0.45 0.55 2.2
10 9.20 85 1955 0.50 0.50 2.0
11 9.06 82 1957 0.55 0.45 1.82
12 8.76 77 1950 0.60 0.40 1.67
13 7.50 62 1966 0.65 ¢.35 1.54
14 5.66 44 1965 0.70 0.30 1.43
15 5.31 28 1943 0.75 0.25 1.33
16 4.48 20 1960 0.80 0.20 1.25
17 3.9i 15 1956 0.85 0.15 1.18
18 2.51 6 1954 0.90 0,10 1.1
19 1,37 2 1949 0.95 0.05 1.05

n n
n=19 I P = 157.70 Fi = 1545

r=1 r=]

23
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Table 4.

Frequency distributions, based on depth ranking, of maximum
i-day rainfalls per month, derived from Table 1,

Ei;ger ‘;gi:i:;;ing) Year F(P > P ) F(P < P} TPr (years)
r P P2 £/ (n+1) 1-F(P > P) (;—)
{1} (2) (3) (4) {5) (6} (7
1 7.93 63 1962 0.05 0.95 20
2 6.23 39 1561 6.10 0.90 19
3 £.37 19 1952 0.15 0.85 6.7
4 3.89 15 1851 0.20 0.80 5.0
5 3.64 13 1958 0.25 0.75 4.0
6 2.93 8.6 1963 0.30 0.70 3.3
7 2.65 7.0 1950 0.35 0.65 2.9
8 2,57 6.6 1966 0.40 ¢.60 2.5
9 2.55 6.5 1959 0.45 0.55 2.2
to 2.25 5.0 1955 0.50 0.50 2.0
1 2.21 4.9 1965 0.55 0.45 1.82
12 1.80 3.2 1957 0.60 0.40 1.67
13 1.78 3.2 1948 0.65 .35 1.54
14 1.57 2.5 1964 0.70 G.30 1.43
15 1.51 2.3 1953 0.75 0.25 1.33
16 1.42 2.0 1954 0.80 0.20 1.25
17 1.17 1.4 1956 0.85 0.15 1.18
18 1.10 1.2 1960 0.90 0.10 11
13 0,40 9.2 1949 0.95 0.05 1.05

Tt n
n=19 L P = 51.97 T P’ = 203.6
=l T =1 T
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18.2.3 RECURRENCE PREDICTIONS AND RETURN PERICDS

An observed frequency distribution of rainfalls can be regarded as a sample of

the frequency distribution of the rainfalls that would occur in an infinitely

long observation series (the population). If the sample is representative of the
population, one may expect that future observation periods will reveal frequency
distribution similar to the observed one. Hence an ohserved frequency distribution

may be used for recurrence predictions.

It is a basic law of statistics that conclusions drawn for the population on
grounds of a sample will be increasingly reliable as the size of the sample
increases. Qualitatively it can be said that the smaller the frequency of occur-—
rence of an event, the larger is the sample needed to obtain a prediction of the
required accuracy. Referring to Table 2 it can be stated that the cbserved fre—-
quency of dry days (50%) will deviate only slightly {rom the frequency of dry
days to be observed in a future period of at least equal length. The frequency
of daily rainfalls of 3-4 inches (0.57), however, may be doubled or reduced by
half in the next period of record. A quantitative evaluation of the reliability

of frequency predictions will be given in Sect.é&.

Recurrence predictions are often done in terms of return periods (T), which is
the number cof new data one has to collect for a certain rainfall to be exceeded

once on the average. The return period is calculated as

T = (frequency of exceedance) (7}

1
F

In Table 2 the frequency of l~day rainfalls in the interval of 1-2 inches equals
i

1 _ -
T 0.00386 any 23 November days.

0.04386. Then the return period is T =
In hydrological practice one often works with frequencies of exceedance. The

corresponding return perlod is symbolized as

Tx = F(P > x)

(8)
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In design practice, T is often expressed in years

T
no.of independent observations per year

T(years) = (9)
For example, in Table 2, the frequency of exceedance of l-day rainfalls of more

than 4 inches in November is F(P > 4) = 0.00526. Thus the return period is

i

_ _ 1
Ty = FF S Ly - 0.00528

= any 130 November days.

As daily rainfalls can generally be considered independent of each other, it
follows, since there are 30 November days in one year, that

Té(November days) 190

T(years) = 0 T 6.33 vears

In other words one has to walit on the average 6 vears of 30 November days and 10
November days in the 7th vear to find one November day on which the rainfall ex-

veeds 4 inches,

in Fig.5, the rainfalls of Tables 2, 3, and 4 have been plotted against their
respective return periods. Smooth curves have been drawn which fit the respective
points as well as possible. These curves may be considered the most likely estim-
ates of the population frequency {probability) distributiens and of average

future frequencies.

The smoothing procedure has the advantage that it makes interpolation pessible
and that it levels off randem variations to 2 certain extent. It has the dis-
advantage that it may suggest an accuracy for prediction which dees not exist.
It is therefore useful to add confidence intervals for each of the curves in

order to judge till which point trhe curve is reasonably reliable (Sect.6).

The fregquency analysis illustrated in this secticon is usually adequate for problems
related to agriculture. If there are approximately 20 years of information avail-
able, predictions of 10 year rainfalls will be possible, whilst predictions of 20
year rainfalls or more will be less reliable. It can be concluded that for return

periods of 5 years or more there is no significant difference whether the analysis
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is carried out on the basis of all !-day rainfalls or on maximum l-day rainfalls
only, This enables the analysis to be restricted to maximum rainfalls only, thus
saving on labour but nevertheless obtaining virtually the same results for longer

return periods.
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Fig.5. Depth return period relations derived from Tables 1,2,3, and 4

18.3 DURATION - FREQUENCY ANALYSIS OF RAINFALL

The time analysis is carried out, for the appropriate season, with respect to the
duration of rainfall, which is chosen in accordance with the type of drainage

problem (Sect.2).

The season is a period with fixed date limits at beginning and end, unlike

duration, ef which only the length is fixed. For a general determination of

27



critical season, averapge monthly rainfall values usually provide sufficient
information (Fig.l). For water resources planning, seasonal frequency distributions

may have to be established (Fig.2).

In analyzing the duration of rainfalls one encounters the difficulry of moving or
sliding limits. When a 24-hour rainfall is studied, for example, this does not
necessarily mean the rainfall from 8 o'clock ome day till 8 o'clock next day, but
the ‘rainfall of any 24-hour pericd. If rainfall is measured at fixed intervals
with pluviometers, it may happen that rainstorms are recorded in two parts. The
frequencies of high 24-hour rainfalls will thus be underestimated. The drawback
of interval measurements by pluviometers is avoided by making use of continuously

recording rain gauges (pluviographs).

In the next parts of this section attention will be paid to the duration analysis
for rainfalls which are measured at regular intervals with pluvicmeters. We

distinguish:

- rainfalls equal to the interval of measurement (e.g.! day)

- rainfalls of a duration composed of k intervals {(k = 1,2, ... n).

Rainfall analysis for durations less than the interval of measurement, which is
of importance for surface drainage of small steep watersheds with short critical
durations, cannot be performed directly. In this case one has to resort to measure-
ments with pluviographs or tc generalized rainfall-duration relationships, obtained

from pluviographs elsewhere (Sect.3.4).

18.3.1 FREQUENCY ANALYSIS FOR DURATIONS EQUAL TO THE INTERVAL OF MEASUREMENT

From the l-day rainfalls presented in Table |, the frequency distribution has
been derived and presented in Table 2. With 30 November days in each vear, the

return period has been calculated as

Tx(days) 1
30 30F(Eo) (o

Tx(years) =

The frequencies eof high 24-hour rainfalls are probably a little higher than for
the I-day (8 o'clock - 8 o'clock) rainfalls, because a rainstorm may have been
recorded on two comnsecutive days. It has been found in the U.S.A. and The Nether-
lands that this effect canm be compensated for by multiplying rainfall depths with

a return period of approximately 10 vears with a factor 1.1.
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18,3.2 FREQUENCY ANALYSIS FOR DURATIONS COMPOSED OF TWQO OR MORE INTERVALS
(OF MEASUREMENT
For durations composed of twe or more intervals of measurement, there are various

techniques of composition (Fig.6):

- successive totals
- moving totals

- maximum totals.

Examples of 2li three techniques will be given below, using 5-day durations, but
the same reasoning can be applied for any other duration. Successive 5-day totals
are formed by breaking the considered period or season inte consecutive groups

of 5-days and calcuiating the total rainfall for each group. These totals have

the same drawback as have the fixed-hour observations in that they may split
periods with high rainfall into two parts of lesser rainfall, thus underestimating
frequencies of high rainfalls. A further disadvantage is that one obtains a long

series of data of which only a part is of interest.
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Fig.6. Illustration of various methods for the composition of 5-day totals

Moving 5-day totals are formed by adding to the rainfalls of each day in the
considetred period the rainfalls of the following 4 days. Thus one obtains an
overlap, each daily rainfall being represented 5 times. Although in the month
of November there are 26 moving 5-day totals to be compcsed, one can, for the
caleulation of the return period, account only for 6 independent 5-day totals,
which is the same as for the successive totals. The advantage of the moving
totals is that they take into consideration all possible 5-day totals and thus
do not result in an underestimation of high 5-day rainfalls., A drawback is the
very large number of data one has to compose and analyse, almost 5 times as much
as for the successive totals, whereas a great part of the information wmay be of

little interest.
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it is for this reason that reduced data series are often used. In these, the data
of less importance, e.g. low rainfalls when drainage projects are being considered,

are omitted, and exceedance series or maximum series only are selected.

Maximum 5-day totals constiture rhe highest of the 5-~day moving totals found for
each year. A straightforward frequency distribution or return peried distribution
can then be made with the interval eor ranking procedure. Heowever, the second
highest rainfall in & year may exceed the maximum rainfall recorded in some other
years., As a consequence the rainfall depths with return periods of less than
approximately.S years will be underestimated in comparison with those obtained
from complete or exceedance data series (Sect.7.4}. Although, for high return
periods, the difference between maximum series and complete series vanishes (see
Fig.5), it is recommended, for agricultural purposes, not to work exclusively with

maximum series.

Frequency analysis from pluviograph records

1f pluviograph records are available in the form of unprocessed recorder charts,
these charts will have to be processed either manuzlly or mechanically to obtain
lists of rainfall depths per unit of time {e.g.5,10,30 mip.). When punch tape

recorders are used on the pluviograph the processing can be entirely automated.

Once the lists of rainfall depths for various durations are avallable, the analysis
can, in prineciple, be performed along the same lines as was discussed for daily
tecords. There will, however, be such a mass of data that only maximum series will

be practical.

18.3.3 AN EXAMPLE OF THE APPLICATION OF DEPTH-DURATION-FREQUENCY RELATIONS TO
DETERMINE A DRAINAGE DESIGN DISCHARGE

Having analysed rainfalls for both frequency and duration, one arrives at the

depth-duration—frequency relations as illustrated in Fig.3. These relations hold

only for the point where the observations were made, but can be assumed represent-—

ative of the area surtrounding the recording station if the climate in the area is

uniform.

An example of the application of depth-duration-frequency relations is given
below. The data of Table | come from a tropical rice growing area. November, when
rice has just been transplanted, is a critical month: an abrupt rise of more than
3 inches of the water standing in the fields is considered harmful. A surface
drainage system is to be designed to prevent this happening too frequently. To

find the design discharge of this surface drainage system, we make use of the
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data of Table 1. We first determine the frequency distributions of 1,2,3, and
5-day rainfalls in the way discussed earlier in this section. From this analysis
1,2,3, and 5-day rainfalls with return perieds of 5,10, and 20 vears are selected

and plotted (Fig.7).

depth
inches Tinyears
10_ '__-___2 ——"
L @ = 1 inch/day design discharge
p -
8 R @ = 2 inch/day design discharge
x —10——
— , . *
a0 ©® = 6 inch/day design discharge
5
g - . .
B - ‘ = 5 = maximum storage
4 water stored m -
Fd -
=, max rise 3” -
e
2 Sm " water'drained . . .
- Lt 7 waterdraine Fig.7. Depth-duration~frequency relation
-//i“*"“h?my J | . derived from Tab.l and applied to determine
o 1 5 3 4 5 the design discharge of a surface drainage

duraticn in days system

To find the required design discharge in relation to the return period (accepted
risk of inadequate drainage), we draw tangent lines from the 3 inch point on the
rainfall axis to the variocus duration curves, The slope of the tangent line
indicates the design discharge. If the tangent line is shifted parallel to pass
through the zero point of the cobrdinate axes, we can see that, if a 5-year
return peried is accepted, the drainage capacity should be ! inch/day. It can
alsc be seen from Fig.7 that the maximum storage then amounts to 3 inches. If the
design frequency is taken at 10 years, the discharge capacity would be 2 inches
per day, whilst for 20 years it would be & inches per day. It can be seen that
the critical durations, indicated by the tangent points, become shorter as the

return period increases.

18.3.4 GENERALIZED DEPTH-~DURATION-FREQUENCY RELATIONS

To carry out a rainfall frequency analysis as described in the foregoing sections,
one must have rainfall records that cover a sufficient number of years. For
durations longer than one day, this will usuzlly be the case, but for durations
less than one day the available rainfall records (pluviographs) may be limited or
non-existent, and thus not allow a rainfall znalysis. kecourse should then be

made to generalized depth-duration-frequency relations such as:

- empirical formulas relating depth, duration, and frequency, as established
for rainfall stations with sufficiently long records and considered

representative of the location under study
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- maps on which, for various durations and frequencies, the isopluvials are

drawn, based on the long-record rainfall stations in the area.

The empirical formulas usually have two parameters, which may change from one

area to another.

Examples of such formulas are

P = a.tb (t > 2 hrs, frequency constant)
P = %ii (t < 2 hrs, frequency constant)
P=4log T + B (duration constant)

where a, b, ¢, d, A, and B are parameters to be determined empirically.

an
(12}
(13>

When rainfall maps are available, such as those in the Rainfall Frequency Atlas

(HERSHFIELD, 1961), the rainfall depths for any particular location a2nd a certain

combination of duration and frequency can be read from them, The Rainfall

Frequency Atlas gives twelve wazlues, namely the 30-minutes, l-hour, 6-hours, and

24-hours rainfall depths for return periods of 2 years, 10 years, and 100 years.

Any other desired value can be obtained by linear interpolation, using special

diagrams (Fig.8).

raintall
inches
10

1 2 3 & 12 24
duration in hours

rainfall
inches

10 -
i

o [
2 5 10 25 S0 100
return period in years

Fig.8., Generalized depth-duration frequency relations (Hershfield 1961).

A: Rainfall depth-duration diagram. B: Rainfall depth versus return period.

Schematical example of use
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Diagram A is used tec interpolate between durations of 1-hr and 24-hrs, and
pDiagram B is used to interpolate between return periods of | year and 100 years.
Diagram A is derived empirically, while Diagram B is based on the Gumbel probabil-
ity distribution with a correction for partial-durations when the return period

is less than 10 years.

For the linear interpolation on Diagrams A and B, four key-values only would suf-
fice. REICH (1963), in z study on the short-duration rainfall intensities of Seuth
Africa, worked with the key-values: 1-hour and 24-hours duration rainfall depths
for 2-year and 100-vear return periods. If the key-values cammot be read directly
from available rainfall maps, empirical relations are suggested to estimate the
key-value from such information as: cccurrence of thunder storms, mean of annual
maximum daily rainfalls, and the ratio between 100-year maximum and 2-year maximum

rainfalls as found from neighbouring recorder stationms.

18.4  DEPTH-AREA ANALYSIS OF RAINFALL

The analysis cof rainfall is understood here te be the analysis of area averages
of point rainfalls or the analysis of the geographical distribution of point
rainfalls. The first type of analysis will be given below, the second type has

been discussed in Sect.3.4.

A rainfall measurement is a point observation and may not g priori be representa-
tive of the area. Usually area rainfalls have a smaller variability than point
rainfalls {(Fig.4B8). For high return periods, this results in area rainfalls which
are smaller than point rainfalls and vice versa. However, area rainfalls will
differ less from point rainfalls if the duration is taken longer. Therefore mean
rainfalls taken over long periods will be approximately equal for points and for
areas, if the area is homogeneous with respect to rainfall. An area-fregquency
analysis can be made or the basis of the area averages of point rainfalls for the

chesen duration. Usually one of the following three methods is employed:

- arithmetic mean of rainfall depths at all stations,

- weighted mean of rainfall depths at all stations, the weight being.determ-
ined by polygons constructed according to the Thiessen methed,

- weighted mean of average rainfall depths between isopluvial lines, the

weight being the area enclosed by the Isopluvials.

Examples of the above procedures are given in Fig.9.
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Fig.9. Methods of computing area averages of rainfall. A: Arithmetic mean
method. B: Thiessen method. C:Isohyetal method

An advantage of the arithmetic mean is its simplicity. The method can only be used
in a relatively flat area, where no irregular changes occur in isopluvial spacing
and where the stations are evenly distributed, thus being equally representative.

With this method the computation of the area average rainfall is as follows

1.46 + 1.92 + 2,69 + 4.50 + 2,98 + 5,20 _ .
3 = 3,12 in.

The Thiessen methed assumes that the recorded rainfall in a station is representa-
tive of the area half-way tc the adjacent stations. Each station is therefore
connected with its adjacent stations by straight lines, the perpendicular bi-

sectors of which form a pattern of polygons, The area which each station is taken
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toc represent is the area of its polygon and this arez is used as a weight factor
for its rainfall., The "sum of the products of station areas and rainfalls iIs divided
by the total area covered by all stations to get the weighted average rainfall.

With this method the computation of the area average rainfall is as follows:

Observed Area+) Weighted rainfall
rainfall (in.) (sq.mi) col (1)xcol (2)/626

0.65 7 0.01
1.46 120 0.28
1.92 109 0.35
2.69 120 0.51
1.54 20 0.05
2.98 92 0.45
5.20 a2 0.68
4.50 76 0.54

626 2.87 in.

The Thiessen methed can be used when the stations are not evenly distributed over
the area. As, however, the method is rather rigid, excluding possible additional
information on local meteorological conditions, its use is restricted to relatively

flat areas.

When the rainfall is rather unevenly distributed over the area, for instance due
to differences in orographic exposure, the ischyetal method may be applied to
compute the area rainfall. This method consists of drawing lines of equal rainfall
depth, isopluvials or isohyets, by interpolation between observed rainfall depths
at the stations. Any additional information available may be used to adjust the
interpolation. With this method the computation of the area average rainfall

is as follows:

Rainfall between Area++) Weighted rainfall

Lsohyet isohyets (in.) (sq.mi) col (2)xcol (3)/626
5 5.1 13 0.10
4 4,5 77 0.55
3 3.5 116 0.65
2 2.5 196 0.78
1 1.5 193 0.46
<l 0.9 a1 0.04
626 2,58 in.

+)
++)

Area of corresponding peolygon within basin boundary

Area enclosed by successive isohyets within basin boundary
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The area average rainfall is computed from the weighted mean of average rainfalls
between two isohyets, the weight being the enclosed area between the isohyets.
The reliability of the method depends on the accuracy with which the isopluvials

can be drawn.

18.5 SURVEY AND MEASUREMENT
18.5.1 MEASUREMENT OF POINT RAINFALL

Rainfall is measured with rain-gauges, which are provided with a receiver having

a horizontal opening of known area (Fig.!10). In principle any open receptacle nay
serve as a rain-gauge, Commonly used are receivers with an opening of 200 to

400 em®. The rainfall collected inm the gauge is fumnelled into a small-diameter
measuring tube, where its depth Is amplified so that tenths of a millimeter can be
measured accurately. A distinction can be made between twe types of rain-gauges:

self-recording and non-recording.

Fon-recording gauges or pluvicmeters are measured by periodical readings of the
accumulated rainfall, This is generally dome every 24 hours. Large capacity
storage gauges, to be used at remote sites, are measured only a few times a vear.
Pluviometers have the advantage that they can be made simple and sturdy; con-

sequently they are reliable and not very costly.
They have, however, certain disadvantages:

- they require personnel for reading,

- the fixed heur readings may not correspend with the occurrence of rain-
storms, which will then be divided over two consecutive intervals (see
Section 3.1},

- the distribution of rainfall within the interval of observation remains

unknown.

Recording gauges or pluviographs give continuous recordings of the rain being
caught in the gauges. They enable the rainfall depth over any peried to be read
and are a prerequisite if short duration rainfalls have te be determined. If
recerdings are made on punch cards or magnetic tapes, these records can be fed

into electronic computing equipment without further processing.
Their disadvantages are:

- they are more complicated and more expensive than pluviometers,
- they preoduce an almost unlimited amount of information which may be more

than required, making data selection procedures necessary.
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Fig.10. Cross-section of the Colenbrander rain-gauge

Although the principle of measuring precipitation is relatively simple, it is
sometimes difficult to obtain accurate measurements. There are various influences

which make rain-gauge readings uncertain, such as

- the wind shelter effect with respect to surrounding objects,
- the wind deformation effect with respect to the rain-gauge itself,

- the evaporation losses,

The wind shelter effect occurs when the rain-gauge is teco near a house, a tree,
ete. It may give rise tec an excess or deficit in cateh. The World Metecrological
Organization (Guide to Hydrometeorological Practices, 1965) gives as a rule of
thumb that the gauge should not be closer to surrounding objects than 4 times the

height of these objects.

The wind deformation effect is due to the fact that wind reduces the amount of
rain caught in the receiver by blowing the rain drops upward over the edge of the
receiver. It has been observed that wind can reduce the catch by more than 10Z
(McKay, 1954). The wind deformation effect is determined by the size of the
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opening and the height of the receiver shove the ground surface. Since the wind
deformation effect occurs at the edges of the receiver, it can be reduced by making
a larger opening by which the ratio circumference to surface becomes smaller. The
beight of the mouth cf receiver above the ground should be as low as possible
because the wind velocity increases with height, but should be high encugh to
prevent splashing in. In areas which have little snow and where the surroundings
are such that, even in heavy rain, there is no risk of the ground being covered

by puddles, a height of 30 cm is used. Otherwise a standard height of ! metre is
advised by the W.M.0. Standard heights in the USSR, the USA, The Netherlands, and
the UK, are 2, 0.75, 0.40, and 0.30 respectively.

The deformation effect can be reduced by choecsing the site so that the wind speed
is as low as possible and alsc by modifying the surroundings of the gauge so

that the airflow across the mouth is made accurately horizontal. This can be
achieved by building a circular turf wall about 3 metres across (English mounting).
The gauge is exposed in the centre of the cirecle. The inner surface of the wall
should be vertical and the outer surface sloping at an angle of about 13% to the
horizental. An alternative way is to use shields around the receiver, with the

top of the shield on the same level as the mouth of the receiver. Well known are

the flexible Alter shield and the rigid Nipher shield.

Evaporation losses are likely to occur in hot and dry climates. They can be reduced
by placing oil in the receiver and by preventing the internal temperature of the
receiver from becoming too high. The equipment and practices for rainfall measure-—
ments are standardized in most countries. It is usually advisable to fellow these
standards, even when they would give rise to systematic errors, in order to facili-
tate a comparison between newly installed and already existing stations. When more
accurate precipitation data are desirable, as in waterbalance studies, drainage
experiments ete., a second gauge with a better performance could be installed

next to the standard type, for comparison.

18.5.2 NETWORK DENSITY OF RAIN GAUGES

The required network density of rain gauges depends on the area variability of
rainfall and the required accuracy. A relatively sparse network of stations would
suffice for studies of long-duration rainfalls (e.g.annual). A very dense network
is required to determine the rainfall pattern of thunderstorms. As rainfall
characteristics in mountainous areas are more variable than in flat areas, the

network demsity has to be higher in the first case than in the second.
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