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FOREWORD

————

¢And with water we have made all which is Ildving?®® ...

Man, throughout history, has been able to develop skilis to deal with his environment.
He has developed plants and improved crop varizties adapted to his needs. He has developad
suitable practices to use water, fertilizers and pesticides most effectively to increase
crop production. But he has not been able to master climate and has remained under the
threat of drought. With limited water and with the increase in population and the need for
more and better food production, water has become the most precious natural rescurce in most
regions of the world; so there is now an imperative need for veally effective planning of
water utilization in crop production.

Methodologies have been developed to pradict the correct amounts of water needed to
obtain optimal production of crops. Such methods are developed for climatic, agronomic and
soil conditions prevailing in a given area. The transfer of methodologies from one area to
another far different from that in which they wers developed remains problematic; time and

"labour=consuming field experiments, sometimes also costly, are frequently required to test

and calibrate the methods in a new set of conditious.

The quantitative prediction of irrigation needs in respect to crop production must be
accurately known for identification and feasibility analysis of proposed irrigation projects.
Guidance is needed on the most promising prediction methods to be applied in determining the
most effective use of available water for irrigation. In this paper four widely known pre-
diction methods have been calibrated for different climatic conditions. There are descrip-
tions of the extent to which local conditions, including variations in weather, advection,
soil and soil-water, agronomic and irrigation practices and production potential, may affect
crop water requirements. The application of derived crop water requirements data to deter=
mine irrigation requirements and supply schedules for planned irrigation development project
is summarized. PFor the actual operation of schemes and for water application at the field
level still more detailed field research data will be required.

The appreach presented in this paper was formulated by the FAD Consultative Group on
Crop Water Requirements held in Lebanon 1971 and Reme 1972, It is a pleasure to record our
appreciation for the continuing advice and assistance received from Drs A. Aboukhaled of
Lebanon, C. van den Berg and P.E. Rijtema of the Netherlands, N.G. Dastane of India and
J. Damagnez of France. Guidance in outlining the document was received from Dr. O.M. Ashford
(WMO) and Mr. M. Frare (FAO). Much help was obtained from an intensive use made of published
and unpublished research results collected by leading research institutes ilgcated in differ-
ent geographic and c¢limatic zones; direct contact was established with prominent researchers
in Denmark, Ethiopia, France, Haiti, India, Israel, Kenya, Lebanonm, Nigeria, the Netherlands,
Philippines, Senegal, Sudan, Syrian Arab Republic, Thailand, Tunigia, U.X., U.5.A., Zaire,
Venezuela, and with WMO, IAEA and vegional FAO offices in the Near East and Agia and the
Far Fast. Within FAO, the preparation of the paper has been the responsibility of the
Water Resources, Development and Management Service of the Land and Water Development
Division. An impressive contribution in developing the methodologies for detesrmination of
crop water requirements was made during his six-month stay in Rome as a FAQ Censultant, by
Mr., W.0, Pruitt, University of California, Davis, California, U,8,A, and we gratefully
acknowledge his invaluable help, Mr. J. Doorenbos acted as coordinator and editor in all
stages of the preparation and contributed the chapters dealing with the effect of local
conditions and the application of crop water raquivements data in planning irrigation

projects.
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In this paper thes main alm has been to gather together from many sources guidance
for the field expert. The methodologies presented ars considered adequate for praliminary
project planning and can be applied to determine average and peak irvigation requirements
for project design purposes. Caution and a critical attitude should be adopted and aware-
ness maintained of the extent to which the presented approach is likely to £it local condis
tlons and experience and, conversely, the infiuence they may exert om the chosen method.

Tt follows that the methods given should never be used om a pursly routine basis.

We would welcome comments and suggestions for improvement of the paper and ultimately
we hope that a revised and more complete edition may meet the ambitious goal of presenting
methods covering all possible conditions where planning the cptimum utilization of water in
crop production is most essential,

Edouard Saouma
Director
Land and Water Development Division
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CONVERSION FACTORS

y Length Velocity
é 1. foot = 30,48 cm 1 knot =0,515 m/sec
2 1 foot = 0,305 m =1.85 km/hr
~ 1 inch = 2,54 cm 1 foot/sec =0.305 n/sec
1 yard = 91.44 cm =1,095 km/hr
1 statute mile = 1.61 km 1 foot/min =0.51 em/sec
1 US naut, mile = 1.85 km =0,18 km/hr
1 Int, naut., mile = 1.85 km 1 mile/min =2 682 cm/sec
=1.61 km/min
Area 1 m/sec {24 hr) =86.4 km/day
1 1in - 6.45 cmz 1 foot/sec (24 hr) =26.33 km/day
i} 1 £i2 - 929.03 cm? ! mile /hour (24 hr) =38.6 km/day
- 1 ydz = 0,835 m2
1 acre = 0,405 ha Fressure
1 sq. stat. mi = 2,55 ka 1 atmosphere =76 cm Hg
1 bar =1 013 atm
Volume 1 inch Hg =0.,0334 atm
= 1 1n - 16.39 CmB 1 inch 320 =2.49 m har
E 1 £¢2 - 28316.8 cm ! mbar, =0.75 mm Hg
| el . 28.32 1 1 1b/1n" =51,72 mn Hg
1 gallen (US) = 3,79 1
1 gallon (Imp) = 4,55 1 Radiation
1 acre foot = 1 233,5 m3 1 inch/day =25.4 mn/day

, ) ‘
1 cal/em™ /min =1 mm/hour (equivalent

&

i evaporation)
femperature 2
i cal/em / day =39 mm/day
°p = (CF-12)0/9°C 2 :
" mW/ em =0.083 mm/day

3
Joule/em” /min

=14.2 mm/day
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CLIMATOLOGICAL NOMEWCLATURE

Where climatic data are not used as
direct input data but general lavels
of climatic variables are needed,
the following nomenclature is used:

: TEMPERATURE
i
% General tmean s EEEEH%HEgig
3 data collected from max/min thermo=
hot tmean > 30 C meter or thermograph records,
cool tmean < TSDC
HUMIDITY

RHmin, minimum relative humidity

Blaney-Criddie (I) Crop coeff, (Chapter L.2)
REmin is lowest humidity during day-
low < 20% dry < 20% time and is reached usually at 14,00
: . . to 16,00 hrs. From hygrograph or wet
i - =
: med fum 20-50% humid 70% and dry bulb thermometer. For rough
high > 50% estimation purposes when read at 12,00
hrs subtract 5 to 10 for humid climates

and up to 30 for desert climates.

RHmean, mean relative humidity

Radiation method {(II) Pan method (IV)
REmean is average of maximum and
low <40% low <:40% minimum relative humidity or RHmean =
. ) ‘ {Rimax + RHmin)/2. Whereas for most

mediun-low  40-55% ) % ¢limates RHmin will vary strongly,
medium=high 55-70% medium 40-70 RHmax equals 90 to 100% for humid

, ] climates, equals 80 to 100% for semi-
high >70% high >70% arid and arid climates where tmin is

20=25°9C lower than tmax. In arid
areas Rilmax may be 25-40%}when tmin is
156C lower than tmax,
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WIND
General
light < 2 m/sec < 175 km/day
moderate 2=5 m/sec 175=425 km/day
strong 58 m/sec 425=700 km/day
v, strong > 8 m/sec >700 km/day
Radiation
Rlaney-Criddle (I}
sunshine n/N
Low < .6
medium L6=,8
high >.8
or
Blaney-Criddle (I)
cloudiness tenth oktas
low >5 >4
medium 2-5 1.5=4
high < 2 < 1.5

For rough estimation purposes sum of

several windspeed observations divided

by number of readings in m/sec or multiplied
by 86.4 to give wind run in km/day.

With 2 m/sec; wind is felt on face and
leaves start to rustle :

With 5 m/sec; twigs move, paper blows away,
flags fly

With 8 m/sec; dust rises, small branches
move

With > 8 m/sec; small trees start to move,
waves form on inland waters etc.

Ratio between daily actual (n) and daily
maximum pessible (N) sunshine duration.

n/N > 0.8; near bright sunshine all day;

n/N = 0.6 to 0.8; some 40% of daytime hours
full cloudiness or partially clouded
for 70% of daytime hours.

Mean of several cloudiness observations per
day on percentage or segments of sky covered
by clouds.

4- oktas: 50% of the sky covered all day=
time hours by clouds or half of
daytime hours the sky is fully
clouded,

1.5 oktas: less than ZO%Jof the sky covered

all daytime hours by clouds or
@ach- day the sky has a full
cloud cover for some 2 hours.
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This publication is intended to provide guidance to arvive at criteria for irrigation
supply in design, construction and operation of irrigation projects. Methods are presented
to predict crop water requirements; the effect of local climatic, soil, crop, soil water
and agricultural practices is discussed. The use of crop water requirement data to determine
irrigation requirements and supplies for overall plamning and operation of irvigaiion projects
is given,

It is hoped that the publication will be used by the practiging irrigation engineer
who is not a metecrologist, a soil physicist or a plant physiclogist by training., The work=
ing tools presented should nct be used on a purely routine basis; to avoid wrong conclusions
and snwarranted generalizations, caution and a critical attitude should be maintained when
considering whether the devived dats can be applied to 2 particular situstion with the
scanty information available,

It is recognized that climate, crop; cropping pattern and intensity, envirvomment and
exposure, soils, soll water availability, scil fertiliry, cultivation and irrigation method
and practices should all be inciuded in the determination of crop water requirements,
Because'qf the need to determine crop watsr requirements data prior to irrigation project
design and the difficult and time-consuming procedures involved in obtaining direct measure-
ments of water use by crops under field conditions, a large number of crop water requirement
prediction methods have been developed. Beveral of these methods with the input data needed
are given in Tablie 1, Most of them have been tested and used with varying degress of success.
Frequently, however, they arve applied undex wery different agronomic and envirommental con-
ditions to those for which they were developed. It is felit that guldance is requirved for
the user of these methods,

The approach presented in this publication was fovmulsted by the FAQ Group on Crop
Water Requirements during its meetings held in Lebanon in 1971 and Rome in 1972, The appli-
cation is defined for different climatic conditions of four widely known prediction metheds,
and these are: Blanev=Criddle, Radiation, Pemman and Pan Evaporation. The choice of method
should primarily be determined by the type of climatic data available, This approach was
selected bhecause it did not prove feasible to anazlyse the advantages and disadvantages and
give general recommendations as to which of the numerous formulae svailable for estimation
of crop water requirements (mentiomed in Table 1) should be preferred under certain, but
often ill-defined conditiocns.

In Part 1 Chapter I.1 the four methods are calibrated against standard reference crop
evapotranspiration ETo for a wide range of climates. A definition of ETo is gquoted in the
Introduction éf Part T and is used throughout the publication. Although the choice‘of_
methed 15 primarily determined by the type of climatic data available, the methods proposed
can be classified accordiné to their level of accuracy for predicting ETo. The Pemman and
Radiation methods offer the best rvesulte for pradiciing wmean crop water requirements fox
pariods as short as 10 days. Depending on the lccaticn of the pan, the Pan Evaporatien

E
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Table 1 FORMULARE TO FESTIMATE CROP WATER REQUIREBMENTS
Formula Variables Result
TR IR TN ROV SR R ol | oy -l
Dldlninlg o U e ol|lal|lg o
ER AL A T R R
1] =} oo e @ o aj o o |
U (s I ) I =V Bl el mim |9 B [Ad M
o im | x|l @ ) U o |l
= ] — w 2+ 10 [SY =8 I~ A Ji o
JE R R A EE
Hid|olajnwoligl=z|®R| O[O0 0 |0 Inm
Makkink 1957 Holland X X ETp{grass), monthly,
Blaney~Criddle 1964 USA[: X X CJ crop, monthly.
Jensen-Haise 1963 USA |} X X L X (x> ETp crop and ET crop.
Penman 1948=-56 UK A1 X GO XXX (X) Eo or ET crop.
Bouchet X1 X X X ETp crop.
Halkais 1955 USA X X CU crop.,
Lowry=Johnson 1942 USA | X X ET of valley, entire
growing season,
Thornthwaite 1955 UsSA 1 X (X) X ET crop, monthly, under
60-70% avail,soil water,
Turc=Langbein 1954 X X ¥o or ET crop, annual
France river basin,
Sarov USSR X . X ET for optimum product,
Haude 1952 Germany X (X (X} X ET crop.
Skvortsov 1950 USSR £ X ET crop.
Blaney-Morin 1942 USA [|X X X X ET crop, monthly.
Prescott 1949 USA FIEIX X ETp crop.
Halgtead 1951 USA XIXIX1X ETp crop.
Rehwer 1931 USA i X X X X 1ET crop.
Ivanov 1957 U3SR 1 X ET crop under optimum
water conditions.
Kostiakeov USSR X1 X X ET crop.
Tarc 1934 France XX X1 X G ET crop,
Hargreaves 1956 USA X1X X X Eo (A pan) or ET crop.
Turc 1953 France X i XX X ET crep.
Christiansen 1966 USA X X X JX1X X Eo (A pan).
Thornthwalte-Mather X {30 X X X ET and water balance.
Munson 1960 USA X X XX X X PE index, CU.
Walker X Xy X OE X Eo (A pan) or ET crop.
Olivier 1961 UK KK () {1 X X Basic water requirements
for erop/land unit.
Riftema 1957 Holland XX INEITE X X ETp crop.
McIlroy 19671 Australia (X | X KNGO GO K X X ETp crop.
Linacre 1967 Australia {X !X X1 ¥ X1 X X ET crop.
Varn Bavel 1956 USA b Ty X 1 X ETp crop.
Sverdrup 1952 USA XIENX X X X iET per unit surface.

O =

when essential parameters are unavailable.
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method may be graded next, although this method could be superior for pans with excellent
giting and for light winds. TIn many climates the Blaney=Criddlz method is best
of one month or more. To reach the relationships presented, use was made of data cobtained
from many research stations and publications listed in the Appendices. In Chapter I.2 the
reletionship between crop evapotranspiration ET{crop) and the reference crop ETo is given

by crop coefficients ke for the different crops, stages of growth, length of growing season
and prevailing climatic conditions. Since ETo is used as the standard reference for the

four methods presented, one set of kc values applies to all methods. To arrive at the ke
values presented, the sources mentioned in Appendix TT were consulied and extensive use was
made of pubiished material., Once ETo and kc have been determined for a given period ET{crop)
can be found as shown in Chapter I.3. 1In Chapter I.4, the extent to which loecal conditions
can have an appreciable effect on crop water requirements is given; these include loeal
variations in climate, advection, soil water availability, irrigation methods and practices,
agronomic practices and production level.

In Part II, the use of crop water requirement data in determining field irrigation
requirements is discussed. Methods are suggested to calculate the variables composing the
field water balance, which in turn forms the basis for predicting seasonal and peak fisld
irrigation reguirements, and field irrigation schedules. Attention is given to water
required to compensate for inefficiency in field application, and for cultural practices
and leaching of salts.

In Part IIT discussions are centred around the use of crop water requivrement data to
determine seasonal and peak project water supply for the purpeose of project planning.
Methods are suggested for evaluating field supply schedules while considering different
nethods of water delivery, Suggestions are also made for applied research which may be
necessary and fof the refinement of field supply schedules once the project is in operation,

The methbds proposed in this publicatioh for determining crop water requirements,
field irrigation requirements and irrigation éuppiy are conslderad adequate for praliminary
project planning. It should be realized that local practical, technical, sccial and econo-
mic considerations may have a great effect on the final planning criteria seliectad,

It will be noted that certain information or calculation procedures ars repeated under
different headings; this has been done intantionally to maintain continuity or sequence,

Throughout the text or in tables and figures an asterisk indlicates the example or
calculation being discussed. Abbreviations such as Rimax, ETo and Vs are given on the same

line for ease of presentation (i.e. not RH_.. ET, or Vg which is the common practice),
L
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PART I. CALCULATION OF CROP EVAPOTRANSPIRATION, ET (Crop)

INTRODUCTION

It is generally recognized that climate 1s one of the most important factors determin-
ing the amount of water loss by evapotranspiratiocn from the crop. Apart from the climatic
factors, evapotranspiration for s given crop is also determined by the crop itself and so
are growth characteristics. Local enviromment, soil and soil water conditions, fertilizers,
insect and diseass Infestations, agricultural and irrigation practices and other factors
may also influence growth rates and resulting evapotranspiration.

Methods are usad to predict evapoitranspiration from climatic variables owing to the
difficulty of chtaining accurate direct measurements under field conditions. Most predic=
tion formulae use a differentiation between the components of climate and crop. Such
formulae often have to be applied under climatic and agronomic conditions very different to
rhose for which they wers originally developed, It is therefore important to test the
accuracy of the formulae bafore using them under a new set of conditions. ©Not only the
degree of accuracy required for predicting evapotranspiration, but also the choice of
formula is conditicned by the climatic variables obtaining which must have been measured
with sufficient accuracy over a certain number of years.

Testing prediction formulae in a new set of conditions is laborious, time consuming
and costly. Yet crop water requirement data are frequently needed at short netice for
regional and preliminary project plaoning and to determine average and peak water require-
ments for overall irrigation project design. In order to overcome the limitations that
different climatic conditions have on the accuracy of the prediction formulae and to dis=
seminate the wealth of information avallable on the growth characteristics of the crop in
relation to crop evapctranspiration, four widely used prediction formulae have been taested
against measured evapotranspiration data for different geographic areas and climatic
conditions.

The approach followad was to relate magnitude and variation of evapotranspiration to
one or more climatic facrors (day length, temperature, humidity, wind, sunshine). For this,
measured evapotranspiration data from a grass cover were used, assuming that evapotranspira-
tion of grass occurs largely in response to climatic conditioms, A reference value, ETo,
was Introduced and defined as *‘the rate of evapotranspiration from an extended surface of
8 to 15 cm tall green grass cover of uniform height, actively growing, completely shading
the ground and not short of watev®’, Four prediction formulae are presented to calculate
ETo, viz.: adaptations of the Blaney=Criddls, the Radiation, the Penman and the Pan Evapora-
tion method. FEach metheod was calibrated sgainst measured ETo data collected from different
Jocations and climates. Choice of method to be used to calculate ETo is primarily based on
the type of climatic datz availsble for the arsa of investigation. Applying one of the
four formulae describad, ETo can be computed for each 30 or 10 day pericd using the mean

d
climatic data for the pericd comsiderzd, ETo is expressed in mm per day and represents the
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mean value over that peried, Since for a given climaie ETo will vary from year to vear, an
analysis should be made of magnitude and fraquency of extreme values of ETo for which a
frequency distribution analysis on ETo may be reguired,

To know the evapctranspiration of the crop, ET{crop), the relation between ETo and

[w

ET{crop) was studied using data from different locations and climates., For the selecte
crop, its stage of development and prevailing climatic conditions 1s given by the crop
coefficients, ke. ET(crop) is found for a given 30 or 10 day period by ET{crop)} = ke ETo.
Since the four prediction formulae to calculate ETo have been calibrated against the same
reference crop evapotranspiration, the presented crep coefficients apply to sach method,
ET{crop} thus determined refers to evapotranspiration of a disease-free crop, growing
in a large field (one or more hectares) under optimal scil conditions including sufficient
water and fertility and achisving £full production potential of that crop under the given
growing environment. Local conditions and agricultural practices may have a substantial

effect on ET(crop) which might require some correcticn.

CALCULATION PRCCEDURES
Before calculating ET{crop), a review should be made of completad climatological and
agricultural surveys and of specific studies and research carried out on crop water require-

ments in the area of investigation. Available measured climatic data should be reviewed;

if possible, meteorclogical and research stations should be visited and enviromment, siting.

type of instruments and cbservation and recoerding practices appraised to evaluate accuracy
of available dats. Data relevant to types of crops grown, cropping pattern, and agricultural
and irrigation practices should be cellected,

After this review, the procedure is to determine EI(crop) from avallable meteorclogical

and crop data.

1. Calculation of reference crop evapotranspiratiom, ETo

Based on meteorological data available, select prediction method to caleulate
reference crop evapotranspiration, ETo, If a complete set of metecrological
data is available, the choice of method should be based on the recuired level
of accuracy in predicting Elo, The Penman and Radiation method offer the best
results for periocds as short as 10 days. Depending on the location of the pan,
the Pan method may be graded nexi, although for pans with excellent siting and
for light winds, pan data may be superior. In many climates the Blaney-Criddle
method is best applied for periods of one month or more. Minimum iaput data
for each method are given below, indicating measured data requived and general

knowledge of weather needed for each method:
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Method Temperature Humidity Wind Sunshine Radiation Evaporation Environment
Blaney~Criddle * 0 it G 0
Radiation ® G 0 L {(*) 0
Penman % * * * (%) 0
Pan 8] 0 * *

* measured data; O estimated data; (¥) if available, but not essential

Compute ETo for each 30 or 10 day period using mean climatic data,
Analyse magnitude and frequency of extreme values of ETo for given climate;

present frequency distribution on ETo,

Selection of crop cecefficient, kc

Select crop growing periocd.

Determine crop characteristics, time of planting or sowing, rate of crop
develeopment, growing period.

Select crop coefficient, ke, for given crop and stage of crop development under

ptevalling climatic conditions, and prepare for each a crop coefficient curve,

Calculation of crop evapotranspiration ET(crop)

Calculate for each 30 or 10 day period crop evapotranspiration or

ET(crop) = ke ETo,

Conslderation of factors affecting ET(crop) under prevailing local conditions

Determine effect of climate and its variability over time and space on ET(crop).
Derermine the effect of soil water availability on ET{crop).
Determine the effect of agricultural and irrigation practices on ET(crop).

Consider relationship between ET(crop) and level of crop production,
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cHAPTER T.1 CALCULATION OF REFERENCE CROP EVAPCTRANSPIRATION, ETo

METHOD 1 - BLANEY-CRIDDLE

The Blaney=Criddle equation (1950) is one of the most widely used methods to estimate
crop water requirements. An adaptation of this method is suggestad to calculate the refer-
ence Crop evapotranspiration, ITo, for areas where only meagured alr temperature data are
available,

The original Blaney=-Criddie approach involves temperature, t, and percentage of day-
cime hours, p, as climatic variables to predict the effect of climate on evapotranspirationm.
This is called the consumptive use factor £, whereby £ =25.4 (p x £) /100 when temperature is
in degree Fahrenheit (OF) and p is the percentage of annual daylight hours which occur during
the period considered, or £=p (0.45 t+8,13) when temperature is in degree Celsius (°cy. An
empirically determined consumptive use crop coefficient (K) is then applied to establish the
cunsuﬁptiﬁe water requirement, Consumptive water requirement is defined as *‘the amount '
of water potentially required to meet the evapotransplration needs of vegetative areas so that
plant producticn is not limited from lack of water?®’.

Crop water requirements will however vary widely between climates having similar air
temperature; for example, between very dry and very humid climates, or between generally
calm and very windy conditions. The effect of climate on crop water requirements is thus
not fully defined by the temperature and day length related f factor alone. Consequently
the consumptive use creé coefficient ¥ will need to vary not only with the crop but also
with climatic conditions. The value of K is thus very much time and place dependent and
local field experiments are normally required to determine the value for K,

In crder to define better the effect of climate on crop water requirements but still
applying the original consumptive use factor f, for this publication, the factor f was
calculated for a large number of locations and different climstes, In addition to tempera=
ture for thesa locations, humidity, sunshine and wind data were available as well aé_grass
evapotranspiraticn .data locally measured, Relationships were developed between the Blaney~
Criddle f factor and reference crop (grass) evapotranspiration ETo taking into account
general levels of humidity, sunshine and wind, The results are shown in Figureﬂn

Having calculated the f factor for a given locatlon using temperature and day length
data, the value of ETo can then bs determined graphically from Fig. 1. Since general levels
of humldity, wind and sunshine are to be considersd, an improved prediction of tﬁe effect
of climate on evapotranspiration sheuld be obtainable.

Recommended relatrionships

The Blaney=Criddle factor f in mm is expressed as

faop (0,46 ¢ +8,13) using °C

or £ = 25,4 Ef%ﬁE using °r

: - . . ; .0 o}
where t ig the mean of the daily maximum and minimum temperature in C or F over the month
considerad; p is the mean daily percentage of annual daytime hours obtained from Table 2 for
a given month and latitude. TFactor f is expressed in mm per day and represents the mean

value over the given month.
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For the Blanev=Criddle £ wvalues thus determined, Figure 1 depicts recommended relation-
ships to determine Flo estimates. The wvalue of f is given on the X-axis and the value of
FTo can be read from the Y=axis, Relationships are presented in Fig, 1 for three levels of
daytime minimum humidity (RHmin) and three levels of thé ratio actual to maximum possible
sunshine hours {(n/WY, Additionally, relationships are given for three ranges of daytime wingd
conditions (U) at 2 metre height. Informaztion on general weather conditicns, including

RHmin, n/N and ¥, may be cbtained {rom published weather descriptions or from local sources.

2

The nomenclature used to depict general levels of humidity, sunshine and wind is given
under Climatological Nomenclature in the introductory pages of this publication.

Several selected relationships would normally be required for the same locatlon since
one or more of the three climatic variables comsidered would probably show major changes
according to season. Alsc the combination of weather conditions selected for Fig, 1 may
require interpclation between the ralationships given. For example, the dotted lime in
Fig. 1, Block IT invelves light to moderate wind.

Since Factor f is expressed in mm per day ETo is also expressed in mm per day and
represants the mean daily value of the period considered, which is usually one month. To
find menthly ETo in wm, the value needs to be multiplied by the number of days of each month.

After determining ETc from Fig. 1, ET(crop) can be predicted using the appropriate

crop ceafficient ke, or ET{crop) = ke x ETo. Crop coefficlents are given in Chapter T.2,

Additional considerations

The adaptation of the Blaney=-Czriddle method presented should enly be used when tempera+
ture data are the only specific weather dats availabla. The empiricism involved in any ET
prediction method using a single weather factor is inevitably high. Only for weather con-
ditions similar in nature does a generally positive correlation seem to exist between
Blaney-Criddle f values and FTo. As shown in Fig. T, the relation between factor £ and ETo
therefore varies widely between climates, for example, very dry as compared to very humid
ciimates, or between light and strong winds,

In this publication the use of crop coefficients (K) normally employed in the original
Blaney-Criddle approach is rejected because: (i) the original crop coefficients (K} are
heavily dependent on local conditions, and the wide variety of K values rveported in litevature
makes the selection of this value rather difficulr; (ii) the relationship between Blaney-=
Criddle f values and ETo can be adequately described for a wide range of temperatures for
arsas having only minor variations in Rimin, n/N and U; and (iii) once ETo has been deter-
mined by each of the methods proposed, one set of crop factors {ke) can be used to determine
ET{crop).

The use of the Blaney=Criddle method to calculate mean daily ETo should normally be
applied for periods no shorter than one montﬁ° Unless verification of the general prevail-
ing weather counditions (RH{min), n/W, and U2} can be obtained, predictions are obvicusly

highly guesticomable, Considerables care is thus needed ia the use of this method since for



a particuiar month n/¥ may vary greatly from vear to year and consequently ETo. Hence, it

;g suggested that ETo should be calculated for each calendar month for each vear of record

rather than by using mean temperatures based on several years’ records.

This method should not be used in equatorial regions where temperatures remain fairly
constant but other weather parameters will change. It should not be used either feor small
islands where air temperature‘is generally a function of the surrounding sea temperature
showing little response to seasonal change in radiatioen, At high altitudes the approach
pecomes uncertain due to the fairly low mean daily temperature (cold nights) aven though

daytime radiation levels are high. Also in climates with a high variability in sunshine

v tRMcl ifel Rl

hours during transition months (e.g. monsoon climates, mid-~latitude climates during spring

and autumn) the method could be misleading.

sample calculations

First using mean daily temperature and daylength data for one month only, an example
provides the necessary simple calculation procedure to obtain the mean daily wvalue of
f = p(0.46 t + 8,13) in mm for the given month. Then mean daily data for each month and for
the whole year are given to illustrate the selection of relationships between prevailing
weather conditions and of the value of ETo for each month using Fig. 1. ETo can be deter=
wined graphically or by machine calculations using coefficients indicated for each relation-
ship shown. A format for the necessary calculation procedures is given at the end of this

- sub=chapter.

Figures and tables to be used:

Fig. 1 Prediction of ETo from Blaney-Criddle f factor for different conditions of relative
humidity, daily sunshine hours and daytime wind.

Tak, 2 Mean dally percentage of annual daytime hours for different latitudes.

il

i

EXAMPLE:
given: Cairce, Arab Republic of Egypt;
latitude: 30° N

altitude: 95 m

month July
tmax ¥ tmaz daily values/31 35%
tmin X tmin daily values/31 22%¢
tdaily mean = th?ean or 21;1.182{ + Z;z;zin}+ 2 28.50(1
o select from Table 2 fox 30°% 0,31
= = p{0.46 £ + 8,13) 0,31 (0.46 x 28,5 + 8.13) 6.6 mm/day
B RE(min) from Climates of Afyrieca, 35% (medium)
Griffith (1972} Table XXVIIXL
n/N : >0.8 (aigh)
U2 daytime from Rijtema and Aboukhaled (1973) 3 m/sec (moderate)
ETo Fig. 1 = Block T1 8,1 mm/day
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Razed on general informetion and references {Climates of Africa, Griffith 1972)
the following breakdown for {airo can be made:

RH{min) n/N ' U2 daytime Block Line
Jan = March Madium Medium Light to v 2
moderate
April = May Low to High to Moderate (v, v, 2
medium medium T & 31) 1/
June = July Medium High Moderate II 2
Aug = Sept Medium High : Light to II 1 -2
moderate
Oct = Dec Medium Medium Light to v 1 -2
mederate

Jan Feb Mar  Apr May June July Aug Sept Oct Nov Dec

tmean °C 15 17.5 21 25,5 27.5 28.5 28.5 26 24 20 15,5
pmean 0.24 0.25 0.27 0.29 0,31 0.32 0.31 0,30 0.28 0.26 0.24 0,23
p(0.46£48,13) 3.5 3.8 4.4 5,1 6.1 6.6 6.6 6.3 5.6 5.0 4.2 3.5

1/

ETo mm/day 2.3 2.6 3.4 5.8~ 7,31/ 8.1 8.1 6.9 5.9 4.2 3.2 2.3

1/ Borderline RH(min) and n/N conditions suggest a compromise between Blocks IV | ¥
T using curve 2 for moderate wind in all cases, II i1’

April (f = 5.1 mm) May (f = 6,1 mm)
5,8 5,8 7.4 6.2
5ty OF ETo = 5.8 mm/day 7173 °F ETo = 7.4 mm/day

Tf machine calculation is used, expressions are presented which directly predict
reference evapotranspiration ETo for mean dail percentage of annual daytime -
hours {p) and mean daily temparasture {(t).

or E¥o = a + b [p (0.46 £ + 8,13)7

Values of a and b for different comwbinations of RH(min) n/N and U
Fig. 1. :

EXAMPLE:

o are given in

given: Cairog
latitude: 30°N

altitude: 95 m

Jan - Mar ETo = =2.17 + 1.29 /p (0.46 t + 8.13)7 1/

Apr = May ETo = =2.25 + 1.59 [p (0.46 t + 8,13)7 2/

June = July ETo = =2.50 4 1.81 /p (0.46 t + 8.13)7 n
July ETo = =2,50 + 1.61 [0.31 (0.46 x 28,5 + 8.13)7 = 8.1 mm/day
Aug - Sept ETo = =2.45 + 1,49 [p (0.46 t + 8,13)7 1/

Oct = Dec ETo = 2,17 + 1,20 [D.46 ¢ + 8.13)7 1/

l/ interpolation for wind speed of arcund 2 m/sec {light to moderate)

E/ average of constants in 4 equations, curve 2 in Blocks T, TI, IV and V

2
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Table 2 MEAN DAILY PERCENTAGE (p) OF ANNUAL DAVTIME HOURS
. POR DIFFERENT LATITUDES |

Latitude North Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
Seuthl/ July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June

60 .15 .20 .26 .32 .38 .41 240 34,28 22 17 .13
58 L6 .21 .26 .32 ,37 L4000 .39 .34 .28 .23 18 15

56 17 .21 .26 .32 .36 .39 .38 .33 .28 .23 .18 16

54 .18 22,26 .31 .36 38 .37 »33 .28 .23 .19 17

52 .19 220,27 .31 .35 .37 .36 .33 .28 24 200 17

50 .19 .23 .27 J1 0 .34 .36 .35 .32 .28 24,20 18

48 .20 .23 .27 31 .34 .36 .35 .32 .28 24,21 19

46 .20 .23 .27 30 .34 .35 .34 .32 .28 24 21,20

L .21 24 27 .30 .33 .35 34 .31 .28 23 .22 .20

42 .21 240,27 .30 .33 .34 .33 L3128 .25 .22 .2

40 S22 .24 .27 .30 .32 .34 .33 .31 .28 .25 ,22 .21

35 .23 .25 27 .29 .31 32 .32 .30 .28 .25 .23 ,22

30 .24 .25 .27 .29 .31 .32 .31% .30 .28 .26 .24 .23

25 24 ,26 .27 .29 .30 .31 .31 .29 .28 260 .25 .24

20 .25 26,27 .28 .29 .30 .30 .29 .28 .26 .23 .25

15 .26 .26 .27 .28 .29 .29 ‘,29 .28 .28 27 .26 .25

10 .26 27 .27 .28 .28 .29 .26 .28 .28 27 .26 .26

5 W27 27 27 .28 ,28 .28 .28 .28 .28 .27 W27 .27

G 27 27 .27 27 .27 .27 » 27 27 .27 27 W27 .27

l/ Southern latitudes: .apply 6 month difference as shown.
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Table 2a VALUE OF BLANET-CRIDDLE f VAIUE FOR DIFFERENT TEMPERATURES AND DAILY PERCENTAGE OF ANNUAL
DAYLIGHT HOURS

e 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 3B 40

,?ﬁ To1 1.3 1.4 1.5 1.7 1.8 1.9 2,0 2,2 2.3 2.4 2.6 2.7 2.8 2.9 3.0 3.2 3.3 3.5 3.6 37
.16 1.3 1.4 1.6 1.7 1.9 2.0 2.2 2.3 2,5 2.6 2,8 2,9 3,1 3.2 3.4 3.5 3.7 3.8 4.0 4.1 4.2
.18 1.5 1.6 1.8 2.0 2.1 2.3 2.5 2.6 2.8 3.0 31 3.3 3.5 3.6 3.8 3.9 4.1 43 4.4 4.6 4.8
+20 1.6 1.8 2,0 2.2 2.4 2.5 2.7 2.9 3.1 3.3 5 3.7 3.8 4.0 4.2 4,4 4.6 4.8 4.9 5.1 5.3
.22 1.8 2,0 2,2 2.4 2,6 2,8 3,0 3.2 3.4 3.6 38 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8
W24 2,0 2,2 2,4 2.6 2.8 3.1 3.3 3.5 3.7 3.9 4.2 4.4 4.6 4.8 5.0 5.3 5.5 5.7 5.9 6.1 6.4
26 | 2.1 2.4 2.6 2.8 3.1 3.3 3,5 3.8 4.0 4.3 4.5 4.7 5.0 5.2 5.5 5.7 5.9 6.2 6.4 6.7 6.9
.28 2.3 2.5 2.8 3.0 3.3 w6 3.8 4.1 4.3 4.6 4,9 5.1 5.4 5.6 5.9 6.1 6.4 6.7 6.9 T.2 7.4
230 2.4 2.7 3.0 3.3 3.5 38 A1 44 4.6 4.9 5.2 5.5 5.8 6.0 6.3 6.6 6.9 T.1 T.4 T.7T 8.0
032 2.6 2.9 3.2 3.5 3B 4.1 4.4 4.7 5.0 5.3 5.5 5.8 6.1 6.4 6.7% 7.0 T.3 7.6 7.9 8.2 B.5
<34 2,8 3.1 3.4 3.7 4,0 4.3 4.5 5.0 T3 5.6 5.9 6.2 6.5 6.8 T.1 7.5 1.8 8.1 B.4  B.T 9.0
36 2.9 32,3 3,6 3.9 4.3 4.6 4.9 5.2 5.6 5.9 £.2 6.6 6,9 T.2 7.6 7.9 B.2 8.6 8.9 9,2 9.6
<38 3.1 3.4 3.8 4.1 4.5 4.8 5.2 5.5 5.9 6.2 6.6 6.9 T.3 T.6 8.0 8.3 8.7 9.0 9.4 9.7 10.1
40 3,3 3.6 4.0 4.4 4T 5.1 5.5 5.8 6,2 6.6 6.3 7.3 7.7 B.0 B4 BB 9.1 9.5 9.9 10.2 10.6
«42 3,4 3.8 4.2 4.6 5.0 5.3 5.7 6.1 6.5 6.9 T.3 1.7 8.1 8.4 8.8 9.2 9.6 10.0 10.4 10.8 11,1
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FOEMAT TOR CALCULATION OF BLAFEY-CRIDDIS HETHOD

DATA

Country: 4 4 R Flacs: 5/ 0 Latitude
Period 3f/u£f7r 972

3o M

H
Lengitudey 3p°

Altitudes

~£

oy

+ mean sgg,fc

latitude =35 W

8% (min) (34 %

v/ ={0,33)

t mean data o
288

D Table 2 .37
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m/sec
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i
Fig. 1 EfTo __%j! [?’ 7 e fday
FCRMAT FOR CALCULATION OF BLANEY-CRIDDLE METHOD
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Period : ) Longitudet
t mean = OC t mesn  data
latitude = ° P Tatls 2
4 Table 2a L:e{ S
RE {min) = % estimate -
n/¥ = estimate -
U, daytime = estimate |
m/sec
Fig. 1 Block/line Lo 5 -
1
Fig. 1 . ETo s mm/dmy
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METHOD II = RADIATICHN

lude measured aily remperature and sunshine

e

Tor areas where available c¢limatic data in

or cloudiness or radiation, bub not wind and etmidity, the radiatien method is suggested

to predict the effect of climate on crop water reguiremenis, Direct measurement of the duration
of bright sunshine hours or iI not available, cloud observations can be used to obtain a

measure of solar radiacion, In addition, only general lavels of humidity and wind are required
and such information may be cbtained from published weather descriptions or from local

gources.

The method predicts the effect cf climate on crop water requirements. For this
publication the radiation formula was calculated for a large number of locatiens and different
climates, For these locations, apart from measured data on fempsrature and solar radiationm,
wind and humidity data were also available, as well zs locally measured grass avapotrans-
piration data, Relationships were developed between the radiation term and referance crop
{grass) evapotranspiration, ETo, taking into account humidity and wind conditiocns. The result
ig shown in Figure 2,

Results from the Radiation Method should be more reliable than those from the Blaney-
Criddle approach outlined earlier. In fact, in equatorial zones, oOn small islands, or at
high elevations, the radiation method should be more raliable even if measured bright
sunshine or cloudiness data are not available, in which case data from sclar radiation maps

prepared for most locations in the world would provide the necessary solar radiation data. 1/

Recommended relationships

The relationship suggested to calculate reference crop evaporaticn Elo from temperature

and radiation data is:

o = a % b.W. Es

fd

where ETo is reference crop evapctranspirvation in mm/day and represents the mean value over

the period comnsidered, i.e. 30 oy 10 days, Rs is the solar radiation expressed in equivalent
evaporaticn in mm/day, and W a weighting factor which depends on temperature‘and altutude;

a and b are coefficients for which the values are given In Figz. 2. The relaticnships presented
in Fig. 2 between the radiation terms W.Rs and ETo take into accouni general weatherx
conditions, nctably mean relative humidity and daytime wind. From available measured data on
temperature and radiation the radiation term W.Rs is calculated first. For the prevailing
conditions of mean relative humidity and daytime wind the value of the radiation term if

given in Fig. 2 on the X-axis and the value of ETo can be read from the Y-axis. Both are

expressed in mm/day and represent the mean value for the period concerned.

1/ Ses for instance Sclar Radiation and Radiation Balance Dataj routine obseyrvations for the
whole world published under WMC auspices in Leningrad, U.S.5.R.
WMo, Data of the Intern. Geoph. Year, Forms E1, EZ and E3.
J.N, Black (19536). Distribution of solar radiation over the earth’s surface.
J.F, Griffich {1971}, Woxlid Survey of Climatolegy, Elsevier,



The following procedure is suggested to calculate values of solar radiatiocn Rs and

welghting factor W and to selact the appropriate relatiomship between W.Rs and ETo.

i) Solar radiation,Rs

Selar radiation Rs is only a porticn of the radiation received at the top of the
atmosphere, The latter is referred to as extra=-terrestrial radiation Ra. It is a function
of latitute and. time of the vear only and hence can be calculated without reference to
weather conditions. Values of Ra& can be expressed in equivelent evaporation in mm/day
which is a measure of the intensity of radiation; converted into heat it can be related
to the energy required to evaporate water from an open surface, l/ Values of Ra for different
latitudes and times of the year are given in Table 3. Only a portiom of the extra-terrestrial
radiation received at the outer atmosphere penetrates to the earth®s surface since a part
is scattered and absorbed when passing through the atmosphere. The radiation received at
the earth’s surface is referred to here as solar radiation, Rs,

Selar radiation can be measured directly but recording is generally restricted to main
agricultural stations and research centres. Frequently such data is not available for the
area of investigation. Howaver, solar radiation can be adequately predicted from available
bright sunshine duration records or from cloudiness observations. From sunshine data, solar
razdiation can be derived as follows:

(0.25 + 0.50 n/N} Ra 2/
where n/W is the ratio between actual to maﬁimum posgible brighi sunshine hours, . Values of
# for different months and latitudes ave given in Table 4. Observations on daily brignt
gunshine hours n using, for instance, the Campbell Stokes sunshine recorder, should be made
locally, Both n and N are expressed in mean daily value, hours, and Rs is obtained in mean

equivalent evaporztion in mm/day for the perlcd considered,

EXAMPLE: '
Given: Cairo; July; latitude 30N
sunshine n, mean = 11.5 hr/day
Calculation: extra-terrestrial radiation Ra for latitude 30° N

and month of July from Table 3 is 16.8 mm/day
Value of ¥ for latitude 30°N and month of July f£rom
Table 4 is 13.9 hxr/day
Zplarx rqdiation Re from Ra = 16.8 mm/day, ¥ = 13.9 hr/day
and n = 11,5 hy/day is (0.25 + 0.50 x 11.5/13.9) 16.8 = 11.2 mglgéz
Cloudiness observations can be used to calculate solar radiation, Several daily visual
observations of cloud cover are needed for 2z sufficiently long period, Cloudiness is

expressed either in tenths (0 to 10) cor in oktas {0 to 8) which must first be comverted to

1/ Radiation can be measured in several wnits, For uqulvalent evapotransplratlon mm/day

see Coneer51on Factors im the 1ntroductory pagesB

L/ For practical purposes values of 0.25 and 0.50 can be used., For some regions locally
determined values have been determined and are listed in Appendix IV,
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¢he n/N ratio. To shorten correlations between cloudiness and solar radiation, for some
areds the direct relationship between cloudiness and the ratfio Rs/Ra has been established

(Frére and Riiks, 1974):

Cloudiness ~ oktas 0 1 2 3 4 5 6 7 3
Humid equatorial highlands, Rs/Ra .66 ,B2 .59 56 52 49 46 42,139
gemi~arid climate, Rs/Ra .70 .a7 .64 .61 .58 .58 ,53 .50 .46

values of Ra for a given latitude and time of the year can be obtained from Table 3.

gowever, it is preferable to use locally derived data on the relationship between cloudiness
and sunshine. Sometimes sky cbservations are made which are expressed in four classes;
conversion is approximately: clear day = 1 okta, partial cloud = 3 oktas, clouds = 6 oktas,
overcast = 8 oktas. The conversicn of the visual observations of cloudiness into equivalent
values of n/N can be obtained from the following table, Scatter in conversion factors from

location to location has been noted which indicates a degree of inaccuracy when using

cloudiness data for obtaining daily bright sunshine hours.
Cloudiness 0 .2 LG .6 .8 | CGCloudiness 0 .2 A W6 «8
(tenths) ‘ (oktas)*
0 .95 9 .9 .9 9 0 .9 .9 .9 .85 .83
1 .85 .85 .83 .85 .3 1 .85 . 85 . 8% .8 .8
2 .8 .3 .8 75 .75 2 .75 75 W75 o7 o7
3 .75 o ol o7 . 65 3 .65 .65 .65 .6 . b
4 .65 .63 .6 .0 .6 4 255 .33 .3 . 3 A5
5 s 535 $ 33 ] ! . D 5 -5 iy o4 .35 .35
6 .} 45 %) o ft A 6 .3 W3 «25 .23 .2
7 ol 35 .35 ] ) 7 .15 .15 - - -
3 03 25 225 .2 W21
9 15 0 .15 .15 - - | % pktas: a scale where 8,0 is full
10 - - - - - eloudiness
EXAMPLE:
Given: Latitude 34° 8, month of June
_ Cloudiness, oktas = 1.4

Calculation: Extra~terrestrial radiation Ra for latitude 34° 3§ for month of June

from Table 3 is 6.8 mm/day

Value of n/N for cloudiness equal to 1.4 oktas from table above or
locally determined conversion factor is 0.8

Solar radiation Rs for Ra = 6.8 mm/day and ratio n/N = 0.8

ig (0,25 + 0,50 x 0.8) 6.8 = ﬁié_mm/daz

ii) Weighting factor,W

The weighting factor W includes the effect of temperature and elevation in the .relation

between the radiation received cu the sarth surface, Rs, and reference crop evapotranspiration,
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titude

f2H)

BT 1/ ¥alues of W as e given in Table 4. Temperature

reflects the mean temperatuzrs inm ¢ for the period ceonsidered, Where temperature is given

as tmax and rmim, the semperature to be used equals (tmax + tmin)/2.

ERAMPLE;
Given: Cairo; altirude 95 m
tmean 28,5°C
iculation: from Table 6 for altitude = %95 m and tmean = 28,5°
the value of W is equal 0.77

Prediction of reference crop evapogranspiration, ilo

As shown in Fig. 2, the relationship betwsen the radiation term W.Rs and reference
crop evapotranspiration, ETo, depends greatly on climate, The relaticnship between W.Rs

and ETo 1s given ia Fig, 2 for four general levels of mean relative humidity and four

o]

levels of daytime wind {07.060 = 1%.00 hr).
The nomenclature used o depict generxal levels of mean humidity and daytime wind
ig given in the Table of Climatic Nomenclature at the beginning of the publication.

¢ the radiation term W.Rs and selecting the appropriate humidity and

After calculating
wind conditions, the value of ETo cgn be determined graphically using Fig. 2, The value
of W,Rs is given on the X~axis and the value of ETo is given in the Y-axis, They are

expressed in mm/day and yepresent the mean daily value for the period considered.

EXAMPLE;

Given: Cairo; Julys; latitude BOON; altitude %5 m,
tmean: 28.5%C
Sunshine n mean: it.5 hr
Wind daytimes moderate {some 3nm/sec)
Rel, humidity mean: medium (some 55%)

Calculation: ¥or given condition solay radiatiocnm Rs = 11.2 mm/day and weighting
factor W = 0,77 or W,Rs is equal 8.6 mm/day
Wich mean relative humidity equal to 55% Biocks II and ITT of Fig, 2
should be used. For W.Rs equal 8.5 mm/day on X-axis, from Y-axis
the ETo wvalue rvead 1s vespectively 8,0 and 7.3 mm/day or average is
7 I, /

Additional considersations

Specific conditions of wind and humidity are not included and ounly general levels of
these two climatic variablies are considered. Except for equatorial regicns, the amcunt of
radiation received at the earth’s surface, Re, varies considerably from season to season and
for each season from year to year. The radiation method suggested must of necessity remain
empirical in nature. One distioct advantage of this approach to the Blaney~Criddie is
that, with the inclusion of =zalculated or measured radiation and with a partial consideration

of temperature, only zeneral levels of daytime wind and mean relative humidity need to

selected,

1/ Wa=A4/{4 +7) where A is the vate of change of the saturation vapour pressure with
temperature and Y is the psychrometric comstant,

2/ Instead of obtaining the value of ETo by graphlcal means, machine calculation can also be
T used. ETo can be calculated selescting the appropiate b value from general knowledgs of
Bl mean and daytime wind or ETc = a + b,W.Rs., The value of a is in all cases - 0.3,

In the above example ETe T — 0,3 & 0,28 4 0,98 = 8,6 = 7.7 mm/day.,
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into general levels of temperaiure is needed as long =8 mean relative humidity is used rather
than the minimum relative humidity 2e in the Blaney-Criddie formula. The inciusion of the

ramcove the seascnal cyecling effsct that normally
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weighting factor W appears furthar

) exists between ETo and sclar radiation Rs. For similar conditions of daytime wind and

. mean relative humidity, a good correlation was shown to exist between measured ETo and W.Hs
: % for a wide range of tamperature conditlons,
é : Sinca climatic conditions for each month or shorter peried wvary from year to year

o}
and consequently ETo, it is suggested that ETo be calculated for each month or peried for
d

each year of recerd rather than use mean radiation and mean temperature data based on severa

years of record. A higher value of ETo then is obtainesd by using mean data may have to be
selected to ensure that water requirements will be met with a high degree of certainty.

As mentioned before, the method is considered more rellable than the Blaney- ={riddle

approach, particularly in equatcrial regions, on small islands and at high elevations,
Fven if measured radiation, sunshine data or cloudiness observations are not available, the

radiation data should be obtainable from solar radiation maps.

Sample calculations

An example provides the necessary calculation procsdurs to obtain the mean daily wvalue
of ETo = & + b W.Rs in mm for the whole month by using mean daily temperature and sunshine
hour data. Then mean daily data for each month for the whole year are given to illustzate
the selection of relationships beiween prevailing humidity and wind conditions and of the
value of ETo for each month using Fig, 2. In the latter case measured solar radiation and

temperature data are available., As is shown, Elo can be determined graphically or by

e 4 il

machine calculations using a and b coefficients indicated for each relaticmship Shown.,

A format for the necessary calculation procedures is gilven at the end of this sub-chapter.

Figures and tables to be used:

Number Variable Descripricn Input data
Fig, 2 ETo Relationship for cbtaining ETo from caloculated values of W.Bs
W,Rs and general knowledge of mean zelative humidity and humidicy
dayhime wind . wind
sunshine
Tab, 3 Ra Ewrrartervestrial radiation Ra in eguivalent evapovation Latitude
in mm/day for different menihs of the vear and latitude month
Tab, 4 W Maximum possible sunshine duvation in hours {N} for Latitade
- different months of the ;ea& and latitude nth
‘ Tab, 5 Rs Conversion factor for exira-terrestrial radiation Ra to n/N
solar radiation Rs for different ratios of actual ¢o
maximum possibls suashine hours (0,25 + 50 n/N)
o
Tak., 6 Y Yalues of weighting factor W for the esifect of radiation A
on BT at differsni temperaturss and alticudses altitude
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' bright sunshine data and geneval levels of mean rvelsative humidity and dayvtime wind,

EXAMPLE:

Calculation of mean daily ETo in mm/day for given month from measured temperature ang

Given: Cairo; July: latitude SGON; altitude 95 m

tmean

Sunshine n mean
Wind, daytime, UZ
Rel, humidity mean

Calculation:

il

1}

28.5%C

11.5 hr

moderate {3 m/sec)
medium (55%

Ra
extra=terrestrial radiation

lat.

30°N July Table 3 Ra = 16,8 mm/day

Rs lat. 307N July data n = 11,5 hr/day
solar radiation Table 4 ¥ = 13,9 hr/day
Rs = (0.25 + 0,50 n/N) Ra 1/ calc n/¥ = 0,83
= o.Ra - Table 5 c = 0,67
cale Rs = 11,2 mm/day
W
temperature correction on Rs tmean = 28,59¢ ‘Table 6 W= 0.77
altitude = 95 m
L,
i
W.Rs
radiation term calce W.Rs = 8.6 mm/day
ETo
reference crop evapotranspira-
tion wind = mod. Fig, 2
RH = med, Blocks IT & III curve 2

Efo = a + b.W.Rs

ETo = 7.7 mm/ﬁix

ohservation,

1/ If measured sunshine data is not available, n/N can be obtained from visual cloudiness
0.25 and 0.50 represent averages; for local coefficients see Appendix IV,
1f avadilable, of course, use measured solar radiation data.
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EXAMPLE:
Calculation of mean monthly ETo data based on measured temperature and sclar radiation
data and approximate levels of daytime wind and mean relative humidity,

Jan, Feb, Mar. Apr, May June July  Aug, Sept, Oct, Nov, Dec,
tmean QC © 14 15 17.5 21 25.5 27.5 28.5 28.5 26 24 20 15,3
Rs, mm/day 4,96 6.41 8§.52 9,85 10,86 11.41 11.24 10.43 9,11 7,12 5.45 4,55
W .61 .62 .65 .70 o Tl .76 W77 W77 75 W73 .68 .63
W.Rs 3.02 3,97 5.3 6,89 8.04 8.67 8,65 8§.03 6,83 5,24 3,71 2,87
- Approx. III  Iir  irr  Ii 11 II  av,IT av,IT IIT IIT av,III av,III
RH mean & TTT & TII & IV & 1V
Approx, av, av. av, av, av, av, av,
wind 1&2 1 &2 2 2 A 2 2 1&2 1&21&21&216&2
ETo :
mm/ day 2.1 2.9 4,6 6.4 7.5 8.2 7.7 6.6 5,3 4.0 2.5 1.9

from W.Rs. Values of b for different ranges of RH mean and wind are given in Fig. 2,

In all cases a = -{0.3,

Cairo

June, ETo = -0,3 + 0.98 W.Rs = 8,2 mm/day
July, ETo = -0.3 + 0.93 W,Rs = 7,7 2 i/

August, ETo = -0.3 + 0,86 W,Rs = 6.6 22 2/

1/ 0.93
2/ 0.86

average b for curve 2, Blocks IT & III

average b for curves 1 & 2, Blocks II & III

_1f machine calculation is used, expressions are presented which directly predict ETo
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Table 3
I EXTEA-TERRESTRIAL RADIATION Ra
EXPRESSED IN EQUIVALENT EVAPORATION IN mm/DAY
ﬁf;thern Hemisphere Southern Hemispheve %
Jan, Feb. Mar. Apv. May June July aug. Sept. Oct. Nov. Dec. o Jan. Feb, Mar. Apr. May June July Aug. Sept. Oct. Hov, Dec. |
. N Lat '

3.8 6.1 G.4 12.7 15.8 7.1 16,4 3401 16,9 7.4 4.5 3.2 50 {17.5 14.7 10.2 7.0 4.2 3.1 3.5 5,5 8.9 12,9 16.5 18,
4.3 6.6 9.8 13.0 5.9 17,2 16,5 1&.53 11.2 3.8 5.0 3.7 48 17.6 14.9 11.2 7.5 4.7 3.5 4.0 6,0 .3 13,2 16,6 14,
4,9 7.1 10,2 13.3 16,0 17.2 16.6 14,5 11,5 8.3 5.5 4.3 46 17.7 15.1 11.5 7,9 5,2 4,0 4.4 6.5 9.7 13.4 16,7 18,
5,3 7.6 10,6 13,7 16,1 17.2 t6.6 4.7 1.9 8.7 6.0 4,7 44 17.8 15.3 11.9 8.4 5.7 44 4.9 6.9 16.2 13.7 36.7 18.3%
5.9 8,1 1.0 14,0 16,2 17.3 16,7 15.0 12.2 5.1 6.5 5.2 42 17.8 15,5 12.2 8.8 6.1 4.9 5.4 7.4 40.6 14,0 16.8 18.2 E
6.4 8.6 Vi.h 14,3 16,4 17,3 16,7  592‘?205 .6 4.0 5.7 40 17.9 15.7 12.5 9.2 6.6 5,3 5.9 7.9 11,0 14.2 16,9 18,3 i
6.9 9.0 11.8 14,5 16,4 17.2 16.7 15.3 12.8 16.0 7.5 6.1 1 38 |17.9 15.8 12.8 2.6 7.1 5.8 6.3 8.3 11.4 14.4 i
7.4 9.4 12,1 14,7 16.4 17.2 16.F 15.4 13.1 10.6 8.0 6.6 36 17.9 16.0 13.2 10.1 7.5 6.2 6.8 8.8 11.7 14,6

7.9 9.8 12.4 14,8 t6.5 17,1 1.8 15.5 13.4 16.8 8.5 7.2 34 17.8 16,1 13.5 10.5 8.0 6.,8% 7.2 9,2 12.0 4.9

8.3 10,2 12,8 15.0 16.5 17,0 6.8 15.6 13.6 1.2 9.0 7.8 32 17.8 16.2 13.8 10.9 8.5 7.3 7.7 9.6 12.4 15.1 ¢
B.8 10,7 13,1 15,2 16.5 7.0 16,8%15.7 13.9 i1.6 9,5 &.3 30 17.8 16.4 14.0 11.3 8.9 7.8 8.1 10,1 12.7 15.3 17.3 18.1 "~
.3 11.1 13,4 15,3 16.5 16.8 16.7 15 4.1 12,0 5.9 &.8 28 17.7 16.4 14,3 11,6 9.3 8.2 8.6 10.4 13.0 15.4 17.2 17.5
9.8 11,5 13.7 15.3 16,4 16,7 16,6 15.7 14,3 12.3 10.3 9.3 26 17.6 16.4 14.4 12,0 9.7 8.7 9.1 10.9 13.2 15.5 17,2 17,86
1G.2 11,9 13,9 5.4 16.4 16.6 16.5 15.8 14.5 12,6 10.7 9.7 24 17.5 16.5 14,6 12.3 10.2 9.1 9.5 11.2 13.4 15.6 17,1 18,7
10,7 12,3 14,2 153.5 16.3 16.4 16.4 5.8 14.6 13.0 11.1 10.2 22 17.4 16,5 14.8 12,6 10,6 9,6 10.0 11.& 13.7 15,7 17,0 7.5
11,2 12,7 14,4 15,6 6.3 16,4 6.3 15.9 14.8 13.3 11.6 10,7 20 17.3 16.5 15.0 13.0 11.0 10,0 10.4 12,06 13.9 15,8 17.0 7.4 |
11.6 13,0 14,6 15.6 16.1 16,1 16.1 15.8 14.9 13.6 12.0 11.1 15 7.1 16.5 15,1 13.2 11.4 10.4 10.8 12.3 14,1 15.8 16,8 17,1
12,0 13.3 14,7 15,6 16.0 i5.9 15.9 15.7 13,0 13.9 12.4 11.6 t6 16.9 1604 15,2 13,5 11.7 10.8 1.2 12,6 14.3 15.8 16.7 16.¢
12,4 13.6 14,9 15,7 15.8 15.7 SOAROT 50T a1 1208 4200 14 16.7 16.4 15.3 13.7 12,17 11.2 11.6 12.9 14.5 15.8 16.5 16.6
12.8 13.9 15.1 15.7 15,7 15.5 15.5% 15,6 15.2 14.4 13.3 12.5 12 16.6 16.3 15.4 14,0 12,5 11.6 12,0 13.2 14.7 15.8 16.4 16.53
13.2 14,2 15,3 15,7 15.5 15,3 15.3 15.5 15.3 14.7 13.6 12,9 10 16,4 16.3 15.5 14,2 12,8 12.0 12.4 13.5 14.8 15.9 16.2 6.2
i3.6 14,5 15.3 153.6 15.3 15.0 15,71 15.4 15.3 14,8 13.9 13.3 (& 16.1 16,1 15.5 t4.4 13,1 12.4 12,7 13.7 14.9 15.8 16.0 16.0
13,6 14.8 15.4 15.4 15,1 14,7 14,9 15,7 15.3 15,0 14.2 13.7 G 15.8 16.0 15.6 14,7 13.4 12.8 13.1 14.0 15,0 15,7 15.8 15,7 i
14,3 15,0 15,5 15,5 14.9 §4.4 14,6 15,1 15,3 15.1 14,5 14.1 4 15,5 15,8 15.6 14.9 13,8 13.2 13.4 14,3 15.1 15,6 15.5 1i5.4
14,7 15.3 15.6 15.3 14.6 14.2 14.3 14,9 15,3 15.3 14.8 14.4 2 15.3 15,7 15.7 15.1 14,1 3.5 13,7 4.5 15,2 15,2 i5.3 153.1
15,0 15.5 5.7 15.3 14,4 13.9 4.1 14.8 15.3 15.4 15.1 14,8 0 15.0 15,5 15.7 15.3 T4.4 13.9 14,1 14.8 15.3 15,4 15,1 14.8 |
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Table 4
MEAN DALLY MAXIMUM DURATION OF BRIGHT SUNSHINE
HOUES B FOR DIFFERENT MONTHS AND LATITUDES
Northern _
lats Jan, Feb, March April May June July Aug, Sept. Oct, How. Dec,
Southern :

Lats. July A, Sepi, act, Howv, Dec. Jan, Feb. Mar, Apr. May June
50 7 8.5 0.1 1.8 15.8 15.4 16.3 15.9 14.5 12.7 10,8 9.1 8.1
48? 8.8 10,2 1.8 3.6 5.2 16,0 15.6 14.3 12.6 10,9 9.3 8.3
46v 9.1 1.4 1.5 2.5 14.9 5.7 15.4 14,2 12,6 1G.9 9.5 8.7
449 9.3 i0.5 1.8 13.4 14,7 15.4 15.2 14.0 12,6 11.0 3.7 8.9
42° 9.4 10,6 1.5 13.4 14,6 15.2 14,9 13.9 12.9 1.1 2.8 9.1 £
409 9.6 H 11,9 13.3 Th. & 15,0 14,7 13.7 12.5 11.2 10.0 8.3
350 10.1 11.0 1.5 3.1 14,0 14,5 14.3 13.5 12,4 1.3 i0.3 9.8
30° 10.4 11,1 12,0 12.9 13.6 14,0 13.9% 13.2 12.4 11.5 10,6 10,2
250 1G.7 19.3 2.0 12.7 13,3 3.7 13.5 13.0 12.3 11.6 10.9 10,6
209 11.0 1.5 12,0 2.0 3.1 13.3 13.2 12,8 i2.3 11.7 11.2 1G6.9
15¢ 11.3 171.6 12.0 12.5 12.8 13.0 12.9 12.6 12.2 11.8 11.4 1%.2
109 11.6 1.8 12.0 12.3 2.6 12.7 2.6 12.4 12.1 11.8 11.6 1.5

50 11.8 11.9 2.0 12,2 12.3 12.4 12.3 12.3 12.1 12.0 11,9 11.8
0o 12.1 12.1 12,1 12,1 12.1 12,1 12,1 2.1 12.1 12,1 2.1 12.1
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Table 5
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CONVERSION FACTOR FOR EXTRA-TERRESTRIAL RADIATION Ra TO SOLAR RADIATION Rs FOR DIFFERENT
RATIOS OF ACTUAL TO MAXIMUM POSSIBLE SUNSHIWE HOURS (0.25 + 0,50 n/N)

n/N 0.0 0.05 .1 L5 0 .2 25 .3 35 L4 45 .5 55 .6 65 7 .75 .8 .85 .9 .95 1.0
1.25 + 0.50 n/N .25 .28 .30 .33 .35 .38 L4043 45 4B 50 3 .53 .58 .60 63 ,65* 68 .70 .73 .15
Table 6 VALUES OF WEIGHTING FACTOR W FOR THE EFFE(CT OE RADIATION ON ETo AT DTFFERENT TEMPERATURES AND ALTITUDES
Temperature 0C Z 4 6 8 10 12 14 16 18 20 2 24 26 28 30 32 34 36 38 40
W at altitude m

0 0.43 .46 49 .52 .55 .38 .61 .64 .66 .68 .71 .73 .75 .777 .78 .80 .82 .83 .84 .85

500 L4548 U571 54 57 .60 .62 65 .67 .70 .12 .74 .76 .78 .79 .81 .82 (84 .85 .85

1 000 L4649 .52 55 .58 .61 .64 66 69 .71 .73 .75 .77 .79 .80 .87 .83 .85 .86 .87

2 000 .49 .52 ,55 .58 61 .64 .66 .69 .71 .73 .75 .77 .79 .81 .82 .84 .85 .8 .87 .88

3 500 .52 .55 58 .61 .64 .66 .69 71 .73 .75 .77 .79 .8t .82 .84 .85 .8 .88 .88 .89

4 000 .55 .58 .é1 .64 66 .69 71 ,73 .76 .78 .79 .81 .83 .84 .85 .86 .88 .8% .90 .90

= %7 =
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METHOD III ~ MODIFIED PENMAN

]

or areas where measured data on temperature, humidlty, wind and bright sunshine hourg
or vadiation are available, the modified Penman method is suggested since it is likely <o
provide the most satisfactory results to predict the effect of climate on crop water
requirements.

The original Penman (1948) equation predicted the loss of water by evaporaticn from
an open water surface, Ec. Bxperimentally determined crop coefficients ranging from 0.6
in winter months to 0.8 in summer months were suggested to relate Eo to crop evapotranspira-
tion for the climate in England. The Penman equation consists of two terms, namely the
enerzy (radiation) term and aerodynamic (wind and humidity) term. The relative importance of
the two terms varies with climatic conditions. Under calm weather conditions the aerodynamic
term is usually much smaller than the energy term. In such cenditions the Penman Ee equation
using a crop coefficient of 0.8 has been shown te predict ET(grass) closely, not only in cool
humid regicns as in England but also in very hot, and semi-arid regioms. It is under windy
conditions and particulariy in the more arid regiens that the aerodynamic term becomes relative-
ly more important and thus sericus errors can result in predicting ET(grass) when using 0.8 Bo,

An adaptation of the Penman equation can be used for divect prediction of ET{(crop) by
the use of appropriate reflection coefficients for incoming solar radiation, the effect of
plant resistance to trasnpiration and by inclusion of appropriate wind functions which take
into acceunt the change in serodynamic roughness with growth of crop. This would require
additional input data and involve a level of complexity ceomsidered beyond the intended scope
of this publication.

That approach has not been used here, but in this publication a slightly modified
Penman methed is suggested to pradict the effect of climate on crop water requirements. The
formula presentad and procedure to follow will enable prediction of the effect of climate
on refarence'crop evapotranspiration ETo. The only variation to the original Penman method
{1948) propesed herein Involves a revised wind function term and an additional corrvection
for day and night-time weather conditions not representative of climates for which the wind
function was determined. To arrive at the relationship presented, use was made of climatic
and measured zrass evapotranspiration data from research stations mentioned in Appendix IT
and from references in Appendix III.

To pradict the effect of the crop characteristics omn crop water requirements, the crop
coefficients, ko, presented in Chapter 1.2 can be applied. The crop evapotranspiration,

T {crop) 1s found by ET{crop) = kc ETo. two=step approach by first calculating ETo followed
by the selection of the appropriate crop coefficient ke to predict ET{crop) is presented
vather than suggesting the use of the Penman method for a direct prediction of ET (crop).

Some compromise in accuracy may be accepted for the sake of simplicity.
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The calculation procedures to estimate ETc may seem rather complicated. This is
caused by the fact that the feormula contains components which can be derived previously from
recorded and related climatic data when no direct measurements are available. For instance,
the essential radiation component can be obtained from measured solar radiation from bright
sunshine duration or cloudiness chservations, and from measured humidity and temperature
data for places where no direct measurements of net radiation are available. Computation
techniques and tables are given here to facilitate the necessarv calculation. A format for

calculation Is given at the end of this sub=-chapter.

Recommended relationships

The form of the equation used in this method is:

ETo* = W. Rn + {1-W). £{u). (ea=ecd) (not adjusted)
radiation aerodynanic
term tarm

where: ETo* is the reference crop evapotranspiration in mm/day (not adjusted)
W is temperature-related weighting factoxr
Rn is net radiation in equivalent evaporation in mm/day
-f(u) is the wind-related-functinn

{ea~ed) is the difference between the saturation vapour pressure at mean air
temperature and the mean actual vapour pressure of the air, both in mbar.

To find ETo, the reference crop evapotranspiration, ETo* needs to be adjusted for day and
night-time weather conditicns.

Brief notes on the variables involved and examples of calculations are given below.

The data used daily in qalculating ETo are applied as the mean daily value and represent

the mean of such data over fthe period counsidered usually one month or ten days.

Additional considerations

Due to the interdependeunce of thevariableScomposiné the equation, the correct use of
units in which varlables need to be expressed is important. Of particular significanée is
the use of the wind function which is to be expressed in total wind run in km/day. Use of
the correct units for each variable is shown in the calculation examples presented below,

Nermally, total wind run per day is the only wind data available. If 24-hour wind
totals are used in the original Pemman equation there will be a2 serious overprediction of ETo
under conditions of strong day-time winds accompanied by strong night~time winds especially
if humidity remains low; conversely, for areas experiencing moderate to strong day~time wind
but calm nignts the equation will tend to underpredict ETo, especially in dry climates with
Rimax of naar 100 percent. The separation of day and night computations by matching mean
day=-time wind with day-time humidity and mean night-time wind with mean night-time humidity
would previde an improvement. The precedure is however rather complicated and is not
vecommended because of the frequent limited availabllity of the necessary data. Rather,

a4 graphic adjustment of ETo¥* to obtain ETo is recommended, as shown at the end of this

‘chapter in Fig, 4, for conditions where total wind run during the day-time {(07.00-19.00 hr)

is twice that of the total wind run at night.
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Description of variables involved and methods of calculation

given, together with the method of calculation when dirsct measurements are
This is followed by an example to calculates ETo using mean daily data for a

for which a special form hag been preparad.

A brief desecription of the variables involved and units to be used in the equatiom

for each month during a year showing examples for adiusting ETo* for day and night-time

weather conditions.

Figures and Tables to be used:

is

not available.
one~month perigg

Again using mean daily data, ETo is calculated

Mumber Variable Description Input data
Table 7 ea Saturation vapour pressure ea in mbar as
function of mean air tCemperature £toC
Table 8a ed Vapour pressure od from dry and wet bulb t9C and tOC
temperature data {aspirated psychrometer) weat bulb
Table &b ed Vapour prassure ed from dry and wet bulb £°C and t£°C
temperature data {not ventilated psychrometer)  wet bulb
[« J .
Tablae 8¢ ed Vapour presgsure from dewpclnt temperature t C dewpoint
Table 9 £{u) Values of wind function f{u) for wind run a:
a2 2 m height in km/day Us
Table 10 (1=%W) Values of weighting factor {1=W) for the toC
affect of wind and humidity on ETo at different altitude
temperatures and altitudes
Table 11 W Values of weighting factor W for the effect of
radiation on ETo at different temperatures toC
and altitudes altitude
Table 12 Ra Extra-terrestrial radiatlon Ra expressed in -
equivalent evaporation in mm/day for different month
months and latitudes latitude
Table 13 N Mean daily maximum duration of bright sunshine  moanth
hours for different months and latitudes latitude
Table 14 Ras Conversion factor for extra-terrestrial radia-
tion Ra to net solar radiation Rns for a given /N
raflection of 25 percent and different ratiocs g = 0.25
of actual to maximum Sunshine hours
/(1 = a) (0.25 + £.50 n/N) /
Table 15 £{x) Correction for temperature on net long wave
radiation Rmnl 20
Table 16 fied) Correction for vapour pressurse on long wave ed
radiation Rnl
Table 17 f{n/N) Correction for the ratio actual and maximum
sunshine hours on long wave radiation Rnil n/N
Figure 4 ETo Adjustment on calculated ETo* for day and ratio dav/nig

night«time wind and humidity conditiomns

hittime

wind and humidicy
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a) Vapour pressure {za«ed)

270 is & Tunction of alr humidity. In preference to relative humidity values, the water
yapout pressure is uead here in terms of the difference between the mean saturation water
yapour pressure, ea, and the mean actual water vapour pressure, ed.

Ailr humidity data are reported invarious ways, mostly as relative humidity (RHmax and
RHmin in percentage), as psychrometric readings (£°C of dry and wet bulb) from either ventilatad
or non~ventilated wet and dry bulb thermometers, or as dewpoint temperature (tdewpoint °Cj.
rime of measurement is impertant but is often not given. Fortunately, actual vapour pressure
ig a fairly constant element and even one measurement per day may suffice for the type of
application envisaged. Depending on the available humidity data, cases I, T or TIT will
apply. Vapour pressure.must be expressed in mbar; if ed is given in mm Hg, multiply

by 1013 = 1.33 to find mbar.

766
EAAMPLES
for all cases altitude is 0 m;
I Given: tmax = BSDC; tmin = 2200; Rmax = 80%; Rimin = 3&@@
Caleculation: tmean =28.5°¢C (35 + 22) /2
RHmean . =35 % (80 + 30)/2
2a at tmean = 28.5 C = 38,9 mbar from Table 7
ed = ea XE%%.SEE = 21.4 mbar 38.9 x 0.55
(ea-=zd} = 17.5 mbar 38.9 = 21.4
- , o A O o o 1/
11 Given tmax =35 C; tmin = 22°C; tdrybulb = 25 C; twetbulb = 20 °C -
Caleulation: tmean o = 28850C
ea at 28.5°C = 33,9 mbar from Table 7
ad ‘ = 20 mbar from Table Ba
{ea=ed} = 18,9 mbar {aspirated psychrometer)
. o , 0 , ) o
IiT Given: tmax = 35 03 tmin = 227°C; tdewpeint = 17.5°C
- g . . o On
Calegiation: tmean o w 28,50
ea at 23.3°C = 38.9 mbar from Table 7
ad 23.0 mbar from Table &c ato
dewpeint of 17.5°C
{2a=2d) = 18.9 mbhar

l/ Conversion of readings to humidity data from dry and wet bulb thermometers changes when
they are force~ventilated {Assmann type) or non-ventilated; Tables 8a and 8b to be
used respectively.
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IV  Gilven: tmax = BSOC; tmin = ZZOC; REmax = B0%:; Rimin = 30%;
Caleularion: ea at tmax =56,2 mbar from Table 7
ed at tmax = 16.9 mbar 56,2 x RH = 56.2 x 0.3
160
{ea~ed) at tmax = 39,3 mbar
ea at tmin =26,4 mbar from Table 7
ed at tmin =21.1 mbar 26.4 x RH = 26.4 x 0.3
100
(ea=ed) at tmin = 5,3 mbar
(ea~ed) mean =22.3 mbar B.3+ 5.3
2

because recommended wind function f{u) was derived ucing (ea=-ed)
as obtained in case I, II and III and dees not correspeuad to
example in case IV, much greater divergence will occur in mean
{ea~ed) between the first cases and the 4th for situations other
than evident here and errors could result if case IV was used.

b} Wind function f(u)

The term f£(u) is a wind related function; the effect of wind on ETo using the modified
Penman method has been defined in this publication as:
e

f£(u) = 0,27 {1+ ﬁﬁi)

where U2 is total wind run in km/day at 2 m height. This expression is valid when {ea-ed)
is expressed in mbar and is calculated according to the methods shown in cases I, IT or III

in the last paragraph.

Where wind data are not collected at 2 m height the appropriate corrections for wind

measurements taken at different heights are given below:

Factors for correcting wind speed at heights other than Z meter

Measurement height, m | 0.5 1.0 1.5 2.0 3.0 4.0 5.0 6.0 10.0
Correction factor 1.35 1.15 1.06 1.00 0.93% 0.88 0.85 0.83 0.77
EXHPLE
Given: wind speed st 3 m height 1s 250 km/day

Caleulation: U2 = 0,93 x 250 = 232 km/day
flu) = 0.27 (1 +_%§g) = 0.90 (from Table 9)
100
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speed during the day-time pericd, i.e,

er midlatitude.,cliimates is double
Sumi

A ul e i

hours; 1mr other werds, whevs some two
hours. Under some conditions where strong winds or exceptiomally calm cenditions prevail
at nighttime,with abnormal high or low relative humidity values, corrections 4in predicted

ETo* must be applied as given at the end of the subchapter on calculation procedures,

Weighting factor (1-W)

he given wind funciion appiies most commenly found conditicms where average wind
from 07.00 till 19.00 hr local standard time, for mid
the average speed during the remaining or night-time

thirds of the total windrun occurs during day=time

1
(1-W) is a weighting factor for the effect of wind and humidity om ETOT/ Values of (1-W)

ds related to temperature and elevation are given in Table 10.

tmax -+ Ltmin

w4 il

measured,

hours (or

Babad o dulowE

20-25 percent for most crops,

EXAMPLE
Given: alevation 95 m;

Calculation: tmean = 28.5%

Weighting factor,W

W is weighting factor for the

temperature and elevation are given in Table 11. For temperature use

EXAMPLE ¢
Given: elevation 95 mg

Caleculation: tmean = 28.500

Net radiation, Kn

For temperature use

tmax = 350C and tmin = ZZOC
(t=W) = 0.23 from Table 10

effect of radiation on ETe*. Values for W as related to

tmax 4 tmin

tmax = 350C and tmin

W = 0.77 from Table 11

Rn, net radiatiom, or difference between all incoming and outgoing radiation, can be

will be simpiified and more reliable if solar radiation is known.

but such data. are seldom available. Rn can be calculated if measured

degree of cloud cover), temperature and humidity data are avaiblable. Calculations

In Figure 3 different portions of the vadiation balance are shown. The amodint of

radiation received at the top of the atmosphere is equal to extra~terrestrial radiation, Ra.
Ra is dependent on latitude and the time of the vear only; its values are given in Table 12.
Part of Ra is absorbed and scattered when passing through the atmosphere.
including some that is scattered but reaches the aarth’s surface, 1is identified as solar
radiation, (Rs). Rs is dependent on cloud cover and length of day.
back directly by the soil and crop and is lost to the atmosphere.

on the nature.of the surface cover and is approximately 5 percent for water and around

1/ W = A/{A + ¥) where A

temperature and y In the psychrometric

The remainder,

Part of Rs is reflected

Reflection (&) depends
That which remains is net shertwave sclar radiation (Rms).

is the rate of change of the saru iom vapour pressure
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net rodiation Rp =
net solor Rp, - net longwave Rp = (1-) Rg - Ra,

Fig. 3 1Iliustration of the radiation balance

Additional loss at thé earth’s surface normally exists since the earth radiates par:
of the absorbed energy into the atmosphere as longwave radiation. This is normally greater
than the downcoming longwave atmospheric radiation. The difference between outgoing and
incoming longwave radiation is called net longwave radiation, Rnl. Since outgoing is greater
than inceming longwave radiation, Rnl rePIQSéntS an energy loss,

Total net radiation Rn is equal to the difference between net shortwave solar
radiation Ens, and net longwave radiation Rnl, or Ran Rns - Rnl. It is expressed in mm/day,

To calculate Rn the different steps involved are:

i. If sclar radiétion Rs is not available select Ra value from Table 12 for given month

and latitude in mm/day.
ii. To obtain seclar radiation Rs, correct Ra value for ratic of actual {n) toc maximum

pessible (M) bright éunshine hours; Rs = {(0.25 + 0.50 n/N) Ra l/, Values for N for
a given month and latitude are given in Table 13. Both 1 and N are expressed in mean
daily values for the period considered.
When only visual cloud observations are available, they can be used to calculate Rs,
Several daily visual observations of cloudiness over a sufficiently long period are
needed. Cloudiness is expressed in oktas (0 to 8) or tenths {0 to 10) which must first

be converted into equivalent values of n/N. The following table can be used:

l/ For practical purpeses 0.25 and 0.50 can be used. TFor some regions local values have

been determined and are listed in Appendix IV.
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Cloudiness . Cloddiness , P
{tanths) 0 .2 -4 .6 8 (oktas) 0 2 LA 6 8
0 .85 .9 .9 .9 .9 0 O .9 .9 .85 .83
1 .85 .85 .85 .85 .8 1 .85 .85 .8 .3 .8
A .8 .8 .8 .75 75 2 .75 .75 .75 o7 .7
3 .75 .7 o7 .7 .65 3 .65 .85 .65 N .6
& .65 .65 .5 b .6 4 .55 .55 .5 5% W45
5 .55 .55 W5 .5 .5 3 45 b A .35 <35
6 .5 A5 .45 A ! [ .3 .3 W25 +25 .2
7 iy .35 .35 3 .3 7 .15 .15 - - =
8 .3 .25 .25 L2 .2 8 - - - - -
9 15 .15 .15 - -
10 - - - - - % oktas: a scale where 8.0 is full
cloudiness

= 15 =

EXAMPLE: Cloudiness is 4.6 oktas;.equivalent value cf n/N is 0.5 1/

iii. To obtain net shortwave radiation, Rns, the solar radiation must be corrected for

iv.

reflectivity of the crop surface, q,or Ros = {(1~a) Rs = (1-0.25) Rs, in equivalent
evaporation in wm/day. Table 14 can be used to calculate Rns from the ratio n/N and
the reflection coefficient @ = 0,25 multiplied by the extra terrestrial radiation Ra.
Net longwave radiation Rnl can be determined frém available temperature t, vapour
prassure ed, and ratio n/N data. Values for the functiom f(&£), f(ed), and f{n/N)

are given in Tables 15, 16 and 17, respectively.

To obtain total net radiation, Rn, the algebraic sum of net shortwave radiation Rns,
and net longwave radiation is caleculated. Rns always constitutes a net loss so

Rn =z Rms = Ral.

Variations in conversionm factors from location to location have been noted when using
cloudiness data for obtaining the ratic n/N. Where available locally derived conversion
factors should be used. Sometimes sky observations are made which are expressed in four
classes; conversion is approximately: clear day = 1 okta, partial cloud :z 2 oktas,
cioud = 6 oktas, overcast = 8 oktas.
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EXAMPLE:
Given: Cairo; July, latitude 3OGN; altitude 95 m.
tmean =28.50C (Rs = 633 cal/cm?/day or 11.24 mm/day evap.)
RHmean = 55 percent :
sunshine n = 11.5 hr
Caleculation: )
Ra extra-terrestrial radiation lat, 30N, July Table 12 Ra  16.8 mm/day
;
Rns net shortwave radiation lat. 3OON, July data n =11.5 hr
Rns = (1 = @) (0.25 + 0.50 n/N) Ra o =0.25 Table 13 N = 13,9 hr
=c, Ra 1/ cale n/N  =0.83
Table 14 c =0.5
cale Rns =8.4 mm/day
Rnl net longwave radiation 5 '
Rnl = f{t).f(ed).f{n/1H) tmean = 28.5 C Table 15 £(t) =16.4
ed = 21.4 mbar g/ Table 14 fled) = 0.13
n/N = 0,83 Table 17 f(n/M)= 0.85
cale Bnli =1.3 mm/day
Bn net radiation
Rn = Rns = Rnl cale En =6.6 mEiééX

£} Calculation of unadjusted ETo*

Reference crop evapotranspiration ETo* unadjusted for day and night-time weather

conditions can be calculated using ETo* = W.Ra + (1-W). £{u).(ea~ed) in mm/day.

EXAMPLE:

Given: Cairo, July
W o=0,773 En = 6.6; (1-W) = 0.23: £{u) = 0.90: {(ea~ed) = 17.5;

o) Adjustment of calculation Penman ETo® data

For many locations the use of the apprecach given will provide adequate ETo values
for weaekly or longer periods. The conditions generally found include a wind run or mean
wind speed during daytime hours averaging about twice that oceurring during the night hours,
and highest relative humidity values during the night (REmax) of 60 percent or more. Wide
variations in measured and calculated ETo* may result in some conditions not representative
of the averages assumed in the approach cutlined thus far. However, these variations are
more rare than common. Any adjustments of ETo* necessary should be made for the following

general climatic conditions which are given in Figure 4:

lﬂ 0.25 and 0.50 represent average conditions; for local coefficients see Appendix IV.
If cloudiness data are available first convert these dara to n/N;
if measured solar radiation data, Rs,is available use Bns z (1= a ) Rs, or in this
example Rns = (1-0.25) 11.24 = 8.4 mm/day.

2/ TFrom vapour pressure calculation under (a) case I, II, or ITT.
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Imporiant in areas with moderate to high radiation (> 8 mm/day) during summer months,
which coneistently have low=humidity winds during much of the day (> 4 m/sec) and
calm night-time conditions with high night humidity values approaching 100%, Curve 1

in Fig. & applies for day-night wind vatios of about 3 te & with very high RAmax.

ETo ~ 1.05 to 1,10 ETo*

Applies in areas where daytime winds are<4 m/sec and nights are very calm and humid,

¥
TOIPE PRI R

i.a, RHmax >75%. The daily wind distributicn should give a day-night ratio of 3 or

more, To adjust ETo*, curve 2 in Fig. 4 should be used.

ETo = ETo#®

Daytime wind speeds of about twice those during the night-time are generally found and

maximum relative humidity »>60%. No adjustment of Penman ETo* is required.

ETo ~ 0,75 to 0.95 ETo¥*

ETo will be slightly over predicted in areas with modervate to high radiation and with
wind speeds <4 m/sec but about equal during the day and night. When relative humidity

during night-time i 260% curve &4 in Fig. 4 applies.

ETa ~ 0,65 to 0.80 ETo* 1/

Relatively rare but applies for spring, summer and zubumn conditions with moderate to
high raediation. and when wind speeds during the dav and night are between 5 and 8 m/sec

with mawimum relative humidity <40%, Curve 5 in Fig, 4 should be used.

ETo ~ 0.55 to 0.65 ETo* 1/

Also rare, but applies during spring, summer and autumn with moderate to high radiation
and when wind speeds during day and night are>8 m/sec and with relative humidity day

and night<<éG%L See curve 6 in Fig. 4.

ETe ~ 0,30 to 0.35 ETo* l/

Yery vave, but will apply under very strong winds of >8 m/sec during both day and
nizht, whila relative humidity, day and night, is low and<140%, Curve 7 in Fig. 4
will apply but only when radiation is low, i.e. duving late autumn and winter

(Rns <4 mm/day).

[ERN N S T3

1/ These cases seldom occur; very windy conditions accompanied by low relarive humidity
necessitating drartic corrections would persist for only a few days in wost climates.
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Using mean daily data forv sach wonth a summary of calceulation of ET

for each month of the year the mean daily ETo value in mm/day.

EXAMPLE: Cairo 197-; latitude 30°N; altitude 95 m.

o is gilven indicagiqg

Jan Feb Mar  April May 1 Aug Sept Oct How Dezh
t mean “C| 14 15 17.5 21 25.5 28.5 26 24 26 15.5
RH mean 65 63 63 50 £5 57 60 64 68 48
n  hr 9.4 8.0 8.9 9,7 10.8 11,1 10.4 9.6 8.6 7.5
U2 km/d 173 181 207 247 232 P81 164 190 164 155
ETo#*
mm/day 3.0 4,0 5.7 7.0 8.9 7.5 6.0 5.0 3.4 2.5

Adjusted ETo

Based on svailable weather data and general climaric descriptions for €airo, adjust-
ments of calculated ETo®* are £o be made using the correction relationship indicated
by curve 4 in Fig. 4. Corractions to ETo* values are needed because of the day=-night
wind ratio of around 1.0 te 1.3 produced by rather calim morning and mld-day conditions
with the onset of breezes in late afternoon and evening hours; an exception wouléd be
the ‘‘Khamaseen®? winds of April and May which blow day and night but still have a

ratio of about 1.0 te 1.5

Jan Feb Mar April May

Aug Sept Oct  Novw Dec
ETo* ‘
mm/day 3.9 4.0 5.7 7.0 8.9 7.5 6.0 5.1 3,4 2.6
ETo
mm/day 2.4 3.3 4,8 5.0 8.1 6.6 5,1 4.3 2.8 2.1

i
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Table 7 SATURATION VAPOUR PRESSURE ea IN mbar AS FUNCTION OF MEAN AIR TEMPERATURE t IN 0C

Temnermo

ature 0°C ] 1 2 3 4 5 6 7 g 9 10 11 12 13 14 15 16 17 18 19
es mbar .1 6.6 7.1 7.6 &.1 8.7 9.4 10,0 10.7 11.5 12,3 13.t 4.0 15.0 16.1 17.0 18,2 19,4 32G.6 22,0

Temper"O
ature 0°C| 20 21

N
)
i}
ot
™~
g
e

Ln

~2

(=)

27 28 29 30 31 32 33 34 35 36 37 38 39

j
[§3}
¢

I~

ea whbar

24,9 Z6.4  28.1 9.8 31.7 33.6 35.7 37.8% 40.1 42.4 44.9 47.6 50.3 53.2 56.2 K9.4 62.8 66.3 £0,9
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Table 8a YAPOUR PRESSURE ed IN mbar FROM DRY AND WET BULB TEMPERATURE DATA TN OC (ASPIRATED PSYCHROMETER)
Depression wet bulb tOC, altitude 0-1 000 m dry bulb Dapression wet bulb tDC, aleitude 1 000-2 000 m
4] 2 4 & § i0 12 14 16 18 t % 0 2 4 & ] 16 12 14 16 18
4.9 36,8 49,2 42,2 35.8 29.8 24.3 19.2 t4.4 40 73.8 65.2 57,1 49.8 43.0 41.8 31.0 25.6 20.7 16.2
58.1 56.3 £3.6 37.% 31.% I5.6 20.5 15.8 11.4 3B 66.31 58.2 50.9 44.1 37.9 36.7 26.8 21.8 17.3 13.2
51.9 44,9 38.4 3Z.% 26.9 21.8 17.1 12,7 8.8 36 39.4 52,7 45.2 39,0 33.3 32.% 23.0 18.4 14.3 10.4
46.2 39.8 33.8 28.3 23.2 18.4 14.0 10,0 6.2 34 53.2 46.4 40.1 34,4 29,1 24.1 19.6 15.4 11.5 8.0
41.1 38,1 39.8 24.3 19.8 15.4 1.3 7.5 4.0 32 47.% 41.3 35.5 30.2 25.3 20.7 6.6 12.6 9.1 5.8
21,1 18,7 iZ.6 8.8 5.3 39 42.4 36.7 31.3 26.4 21.9 7.7 13.8 1G.2 6.9 3.8
3.0 14.0 0.2 6.7 3.4 28 37.8 32.5 27.5 23.0 1B.9 4.9 i1.4 3.0 4,9 2.1
15,3 11.3 3.0 4,7 1.6 26 33.6 28.7 24,1 20.6 18,1 12.8 9.2 6.0 3.2 0,5
12.8 0.3 6.0 2.9 24 29,8 25,3 21.1 17.2 13.% 10.3 7.2 4,3 1.6
10.6 7.5 4.3 1.4 22 26.4 22,3 18.3 14.3 11.5 3.3 3.5 2,7 0.2
8,7 5.6 20 23.4 19.5 15.9 12.6 9.5 6.6 3,9 1.3
.9 4,1 o 18 20,6 17.% 13.7 1.6 7.8 5.0 2.5 0.1
3.4 2.7 16 18,2 14.9 11,7 8.9 6.2 3.6 1.3
4,0 T3 14 . 16.0 12,9 10,0 7.3 4.8 2.4 0.3
2.8 12 14.0 11,2 8.4 5.9 3.6 1.4
2.3 9.&  HB.7 ol 1.7 10 i2.3 9.6 7.0 4.7 2,6 0.4
G, 7 5.0 5.5 3.1 0.8 8 10.7 B.2 5.8 3.7 1.6
9.% a.8 4.8 2,1 & 9.3 7.0 4.8 2.7 0.7
&, 5.7 3.4 1.8 4 8.1 6.0 3.8 1.8
Tl 4,8 .8 4.8 2 7.1 5.0 2.9 1.0
6.1 4.0 2.0 0 6.1 L 2.1

oy
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Table 8b UAPOUR PRESSURE ed IN mbar FROM DRY AND W8T BULE TEMPERATURE DATA IN OC (NON-VENTTLATED PSYCHROMETER)
Depression wet bull, toc altitude 0~1 000 m dry bulb Depression wet bulb tDC altitude 1 Q00«2 GO0 m
3] Z 4 & 3 10 12 14 16 18 20 22 £%¢ 0 2 4 6 8 10 12 14 16 18 20 22
T3.8 4.7 56.2 4B.E 41.2 34,4 28.2 22.4 17.0 12,0 T4 3.0 40 73.8 64.9 56.7 49.1 42,0 35,6 28,6 34.1 18,9 i4.1 9.8 &
6.3 57.3% 530.0 42,8 36.0 29.B 24,0 18.6 13.6 2.0 4.6 0.6 38 66,3 58.0 50.5 43.4 36.9 31,0 25.4 20.3 15.5 1.1 7.0 3.2
59,4 51,8 Ab.h 37.6 3t.4 25,6 20,2 15.2 1.6 6.2 2,2 36 59,4 51.8 44.8 38.3 32,3 26,8 21.2 16.9 1.5 8.3 4.6 1.0
53,3 45.9 39,2 13,0 7.2 Z1.8 fe.8 (2.2 7.8 3.8 34 53,2 46,1 39,7 33.7 28,1 23.0 138.2 3.5 8.7 5.9 i.4
&7.5 40.8 34.6 28,8 23.4 18.4 3.8 4.4 3.4 1.6 32 47,5 41,0 35,1 29.5 24.3 1.6 15.2 i 7.3 3.7 0.4
52.4 36,2 30.4 25,0 20.0 15,4 11.0 7.0 3.2 30 42.4 36.4 30.9 25.7 20.9 16.6 12.4 8.7 5.1 1.7
37.8 32,0 Z26.6 21.9% 17.G iZ.6 5.6 4.3 1.2 28 37.8 32,2 272.1 22,3 17.9 13,8 0.0 6.5 3.1
33,6 28,2 23,2 18.6 14.2 10.2 8.4 2.8 26 33,6 28.4 23.7 19.3 15.1 11.4 7.8 4.5 1.4
29.8 14.8 20,2 15.8 11.8 5.0 4.4 1.1 24 29.8 25.0 20.7 14.5 12.7 6.2 5.8 2.8
.40 21.8 17.4 3.4 9.8 5.0 2,7 22 26.4 22,0 17.9 14.1 10,5 7.2 4.1 1.2
23.4 1%.0 15.0 11,2 7.6 4.3 1.1 20 23.4 19,2 15,5 11.9 8.5 5.5 2.5
0.6 16.6 12.8 9.% 5.9 2.7 18 20.6 16.8 13.3 9.9 6.8 3.9 1.1
18.2 14.4 10.8  J.3 %, .8 16 18.2 14.6 11,3 8.2 5.2 Z.5 .
6.0 12.4 .1 5.9 3.0 Bt 14 16.0 12,6 19.6 6.6 3.8 1.3 N
14,0 10.7 7.5 4.6 1.7 12 14,0 10.9 8.0 5.2 2.6 0.3 § )
i
2.3 9.1 0.1 3.3 0.7 10 12.3 9.3 6.7 4,0 1.6
0.7 7.7 4.9 2.3 8 10.7 7.9 5.4 3.0 0.6
9.3 6.3 3.9 1.3 6 9.3 6.7 4.4 2.0
8.1 5.5 2.9 0.9 4 8.1 5.7 3.4 1.1
7o 4.5 2.3 2 7.1 4.7 2.5 0.3
Gal 3.7 1.3 0 6.1 3.8 1.7
‘Taple Bc FEPOHR PRESSUNE od FRON DEWPUIHT TREHPERATURE
} S GG e} i 4 & & 10 12 14 16 1B 20 22 24 26 28 30 3z 34 36 3 40

ed mEDaT '6;1 Tol Bol o3 10.7 12.3 14.0 16,0 18.2#20.6 23.4 26.4 29.8 33,6 37.8 42.4 47.5 53.2 5%.4 £6.3 73,8
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Table 9 VALUES OF WIND FUNCTION, £(u) = 0.27 (1 155
FOR WIND RUN AT A 2m HEIGHT TN KM/DAY
Wind
in 0 10 20 30 40 50 60 70 80 90
km/day ‘
- .30 .32 .35 .38 41 .43 46 .49 .51
100 .54 .57 .59 .62 .65 .67 .70 .73 .76 .78
200 . .84 .86 . 89% .92 .94 .97 1,00 1,03 1,05
300 1.08  1.41 1,13 1.16 1,19 1,21 1,24 127 1.30 1.32
400 | 1.35 1,38 1,40 1.43 .46 1,39 1,51 1,54 1.57 1,59
500 1.62  1.65  1.67  1.70 1.73  1.76 1,78 1.81  1.84  1.80
600 1.89  1.92 1,94 1,97 2,00 2,02 2,05  2.08  2.11 2,15
700 2,16 2,19 2,21 2.24 2,27 2.29  2.32 2.35  2.38 2,40
800 2.43 2,46 2.48 2,51 2,54 2.56 2,59 2,62  2.65 2,65
900 | 2.70
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Table 10 VATLIES OF WEIGHTING FACTOR (1-W) FOR THE EFFECT OF WIND AND HUMIDITY ON ETo
A AT DIFFERENT TEMPERATURES AND ALTITUDES

Temperatura %c 2 4 & 8 10 12 14 16 18 20 22 24 26 28 30 32 34 .36 39 40

(1-W) at altitude m
0 10,57 .54 57 .48 .45 .42 .39 .36 .3& .32 .29 ,27 ,25 ,23% .22 .20 .18 .17 .16 .15

500 .56 .52 49 .46 A3 .45 .38 .35 .33 .30 .28 .26 .24 22 L2119 .18 16 .15 .14

1 000 <54 .51 .48 45 .42 .39 (36 .34 .31 .29 .27 .25 ,23 21 <20 .18 17 .15 L1413

000 51 .48 A5 A2 .39 0360 L340 .31 .29 27,25 .23 .21 19 18 .16 L1530 L1413 12

GoC LA48 .45 W42 .39 .36 .34 31 .29 .27 .25 .73 .21 .19 .18 L6 15 Jt4 0 130 L2 L1
000 <46 .42 .39 .36 .34 .31 .26 .27 .25 .23 .21 .19 .18 .16 15 .14 U130 12 Lt 10
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Table 11 VALUES GF WELGHTING FACTOR W FOR THE EFFECT OF RADIATION ON ETo
AT DIFFERENT TEMPERATURES AND ALTITUDES

Temperature °c 2 4 6 8 10 12 T4 16 18 20 22 24 26 28 30 32 34 36 38 40

W at altitude m
0 10.43 .46 .49 .52 .55 .58 .61 .64 .66 .68 .71 .73 .75 .77% .78 .80 .82 .83 84 .B5

300 LA4 V4B 51 34 57 .60 (62 .65 .67 700 72 7L .76 .78 79 .81 .82 .84 .85 .86
1 000 L6 49 52 .55 .58 .61 64 .66 .69 .71 .73 .75 .77 .79 .80 .82 .83 .85 .86 .87
0G0 A9 .52 .55 .58 .61 .64 .66 .69 11 .73 .75 .77 .79 81 .82 .84 .83 .86 .87 .88
o0 52 .55 .66 .69 .71 .73 .75 .77 .79 .81 .82 84 .85 .86 .87 .88 .89
000 .54 .58 L6971 U730 W75 .77 .79 .81 .82 .BA .85 .B6 .87 .89 .90 90
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Table 12 IXTRA-TEARESTRIAL RADIATION Ea EXPRESSED IN EQUIVALENT EVAPORATION IN MM /DAY
Jan Feb  HMar Apr  May  Jume July Aug  Sept Oet HNov Der | Lati Jan  Feb Mar  Apr  May June July Aug Sept Oct Nov Dec
3.8 6.1 9.4 12.7 15.8 7.1 16.4 14,1 10.9 7.4 4.5 3.2) 509 17.s 1407 icoe 7.0 4.2 3.1 3,5 5.5 8.9 12.9 16.3 18.2
4.1 6.6 9.8 13,0 15.9 17.2 16.5 4.3 11,2 7.8 5.0 3.7)4B 1 7.6 14,9 1t.2 7.5 &7 3.5 5,0 6.0 9.3 13.2 16.6 18.2
4.9 7.1 10.7 13.3 16.0 17.2 16.6 14,5 11.5 8.3 5.5 4.3} 46 7.7 15.1 11.5 7.9 5.2 4.0 4.4 6.5 9.7 3.4 16,7 18.3
5.3 7.6 10.6 17,7 16,1 17.2 156.6 i4.7 11.2 8.7 6.0 &.7{ 4&& | 17.8 5.3 11.9 8.4 5.7 4.4 4,9 6.9 10.2 13,7 6.7 18.3
5.9 8.1 11.0 14,0 16.2 17,3 16.7 15.0 2.z %.1 6.5 5.2F 42 | 17.8% 15,5 12.2 8.8 6.1d 4.9 5.4 7.4 10,6 14.0 16.8 18.3
6.4 B.6 11.4 14.3 16.4 17.3 16.7 15.2 12.5 9.6 7.0 5.71 40 17.8 15.7 12.5 9.2 6.6 5.3 5.9 7.9 11.0 4.2 16,9 18.3
6.9 9.0 11.8 14.5 16.4 17.2 16.7 15.3 12.% 106.0 7.5 6.1} 38 17.9 15.8 12.8 9.6 7.1 5.8 6.3 8.3 11.4 14.4 17.0 18.3
7.4 9.4 12,1 4.7 16.4 17.2 6.7 5.4 13.1 10.6 8.0 6.6} 3% i7.9 16,6 13.2 10.1 7.5 6.3 6.8 B.8 11,7 14.6 17.0 18.2
7.9 4.6 12.4 14.B 16.5 7.1 16.8° 1i5.5 13.4 10.8 .5 7.2134 1 17.8 16,1 13.5 10.5 8.0 0.8 7.2 9.2 12,0 14,9 17.1 18.2
8.3 t0.2 12.8 15.0 16.5 17.0 16.8 15.6 13.6 1i1.2 9.0 7.8] 32 17.8 16.2 13.8 10.9  B.5 7.3 7.7 9.6 12,4 15.1 17.2 18.i
§.8 10.7 13.1 15.2 16.5 17.0 16.8% i5.7 13,9 11.6 9.3 8.3} 30 17.8 16.4 14.0 11.3 g,9 7.8 8,1 10,1 12,7 15,3 17.3 18.1 ¢
.3 11.1 13.4 15.3 16,3 16.8 16.7 15.7 14,17 12.0 9.9 §.81 28 ;| 17.7 16,4 143 11.6 3,3 8.2 8.6 10,4 13.0 15,4 17.2 17.9 b
9.8 1%.5 13.7 15.3 16.4 6.7 16.6 §5.7 1£.3 12,3 10.3 9.3} 28 7.6 16.4 4.4 12.0 %.7 %.7 9.1 10.9 13,2 15.5 17.%2 17.8
0.2 ¢ 13.9 15.4 16.4 16.6 16.5 5.8 4.5 2.6 0.7 9.7 Z4 17.5 16.5 4.6 12.3 10.2 9.1 4,5 11.2 13.4 15.6 17.1 17.7
16.7 L3 14,2 15.5 16,3 16.4 16.4 i5.6 14.6 13.0 11,1 10,21} 22 17.4 16.5 14.8 12.6 10,6 9.6 10,0 11.6 13.7 15.7 17.0 17.5
11.2 12.7 1&.& 5.6 16.3 16.4 16.3 i5.6  14.8 13.3 11.6 16.7¢20 | 17.3 6.5 15.0 13.0 1.0 10.0 10.4 12.0 13.% 15.8 17.0 i7.4
11.6 131.0 14.6 15.6 6.1 16.t 16.1 15.8 14.9 13.6 12.0 11.1118 17.1 16.5 15,1 13,2 11,4 1n.4 0.8 12.3 14,1 15.8 16.8 17.1%
i2.0 13.3 14.7 15.6 16.0 15.% 15.9 15,7 15.0 13.¢ 12.4 11.67 16 6.9 16.4 3 13,5 1.7 18.8 11.2 12,6 14.3 15.8 16.7 16.8
12,4 13.6 14.9 15.7 15.8 15.7 15.7 15.7 15.1 14.1 12,8 i2.0)14 ] 16.7 16.4 15.3 13.7 12,1 1.2 ti.6 12.9 4.5 15.8 16.5 16.6
17.8 13,9 15,1 15,7 15.7 15.5 15.5 15.6  95.7 14.4 13.3 12,5112 {16.6 16.3 5.4 14,0 12.5 1i.6 12.0 13,2 14,7 15.8 16.4 16.5
13.2 14.2 15,3 15,7 5.5 1i3.3 15.3 i5.5 15.3 4.7 13.6 12,9110 16.4 16.3 15.5 4.2 12.8 12.0 12.4 13.5 14.8 15.9 16,2 16.2
13.6 14.5 15.3 15.6 1%.3 15,0 15.% 15,4 15.% 14.8 13.9 13.30 8 |16, 6.1 15.5 14.4 13.1 12,4 12.7 13.7 14.9 15.8 16.0 16.0
13.9 14.8 15.4 15,4 15.1 14,7 14.9 is.2 15.3 1i5.0 i4.2 13.7 6 15.8 16.0 15.6 14.7 13.4 12.8 13.1 14.0  15.00 15.7 15.8 15.7
14.3 15.9 15,5 15.5 14.9 14.4 4.8 15,1 15.3 15.1 14.5 14.1 4 15.5 15.8 15.6 14,9 13.8 13.2 13.4 14.3 15,1 15.6 15.5 15.4
14.7 15.3 5.0 15.3 14,6 4.2 14.3 tho9 15.3 15.3 14,8 4.4 2 15,3 15.7 15.7 15.1 4.1 13,5 13.7 14,5 1%.2 15,5 15.3 13,1
15.0 5.5 15.7 15,3 4.4 13.9 141 14.8 15.3 15,4 15.1 14,81 0 | 15.0 15.2 15,7 15.3 14.4 13.9 14,1 14,8 15,3 15.4 15,1 14.8
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Table 13 MEAN DAILY MAYTMUM DURATION OF BRIGHT SUNSHINE HOURS N FOR DIFFERENT

MONTHS AND LATLITUDES

Northern

Lats. Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Southern

Lats. July Aug Sept Oct Now Dec Jan Feb Mar Apr May June

50° 8.5 10.1 11.8 13.8 15.4 16.3 15.9 14.5 12.7 10.8 9.1 R.1

48° 8.8 10.2 11.8 13.6 15.2 16.0 15.6 14.3 12.6 10.9 9.3 8.3

46° 9.1 10.4 11.9 13.5 14.9 15.7 15.4 14.2 12.6 10.9 9.5 8.7

44° 9.3 10.5 11.9 13.4 14.7 15.4 15.2 14.0 12.6 11.0 9.7 8.9

42° 9.4 10.6 11.9 13.4 14.6 15.2 14.9 13.9 12.9 i1.1 9.8 9.1 i

40° 9.6 10.7 11.9 13.3 14.4 15.0 14.7 13.7 12.5 11.2 10.0 9.3 &
: H

35° 10.1 11.0 11.9 13.1 14.0 14.5 14.3 13.5 12.4 11.3 10.3 9.8

30° 10.4 11.1 12.0 12.9 13.6 15.0 13.9% 13.2 12.4 11.5 10.6 10.2

25° 10.7 11.3 12.0 12.7 13.3 13.7 13.5 13.0 12.3 1i.6 10.9 10.6

20° 11.0 11.5 12.0 12.6 13.1 13.3 13.2 12.8 i2.3 11.7 11.2 1¢.9

15° 11.3 11.6 12.0 12.5 12.8 13.0 12.9 12.6 12.2 11.8 11.4 13.2

1.0° 11.6 11.8 12.0 12.3 12.6 12.7 12.6 12.4 2.1 11.8 11.6 11.5

59 11.8 1.9 12.0 12.2 12.3 12.4 12.3 12.3 12.1 12.0 11.9 11.8

0° 12.1 iz.1 12.1 12.1 12.1 12.1 12.1 12.1 iz.1 12.1 i2.1 12.1

.
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Table 14 CONVERSION FACTOR FOR EXTRA-TERRESTIAL RADIATION TO NET SOLAR RADIATION Rus FOR A GIVEN REFLECTION a0
OF 259 AND DIFFERENT RATIOS OF ACTUAL TO MAXIMUM SUNSHINE HOURS (1-@) (0.25 + 0.50 n/N)

n/N 6.0 05 .10 .15 .20 .25 .30 .35 .40 .45 .50 .55 .60 .65 .70 .75 .80 .85 .90 .95 1.00

(L=a) (0.25 4+ 0.50 n/W) 0.19 .21 .22 .24 .26 .28 .30 .32 .34 .36 .37 .39 .41 .43 .45 47 49%.51 .52 .54 .56 i

EEE%EJL CORRECTION FOR TEMPERATURE £(t) ON LONGWAVE RADIATION Rnl
o . "y
£ o 2 4 & & 10 12 14 16 18 20 22 24 26 28 30 32 34 36
. 4 1 .

()= oTk 1.0 11.4 i1.7 12.0 12.4 12.7 13.1 13.5 13.8 14.2 14.6 15.0 15.4 15.9 16.3%16.7 17.2 17.7 18.1 |
table 16 CORRECTION FOR VAPOUR PRESSURE £ (ed) ON LONGWAVE RADTATION Rnl

ed mbar 6 & 10 1z 14 16 18 20 22 24 26 28 30 32 34 36 38 4D
humid climates 0.37 .34 .31 .29 .26 .24 .23 .21 .19 .17 .16 .14 .13 .11 .10 .09 .07 .06
fled) = 0.56 ~ 0.079 Jead

dry climatas .23 .22 .20 .19 .18 .16 .15 .1&% .13 .12 .12 .11 .10 .09 .08 .08 .07 .06
E(ed) = 0.34 = 0.044Jed

Lable 17 CORRECTION FOR THE RATIO ACTUAL AND MAXIMUM BRIGHT SUNSHIWE HOURS £f(n/N} ON LONGWAVE RADIATION Rnl

nfl 0 05 .1 W15 .2 .25 .3 .35 U4 45 .5 .55 .6 .65 .7 .75 .8 .B5 .9 .95 1.0

F{n/W) = 0.1 0.9 n/u A8 L35 19 .24 028 .33 .37 W42 J46 .51 .55 .60 .69 .73 .78 .B2%.87 .91 .96 1.00
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PCRMAT FOR CALCULATION OF PENMAN SETHOD

Penmen reference arop ETo = We Rn + (i1-W) f{u} {ea—ed)

Countrys (/" A R

Placet @W

Latitude 1 30°/Y

n——

DATA Period M 1972 Longitudey 30° Altitude: ?ﬁd n
t mean «285°C, ca mbar {1y 1/ 289
RH mean =55 @ RE/100 data .55 C—b
ed mbar calc — {:2 /. 4 —
t t bulb
°r d':;:'ess, or (88-)(8b)
or % dewpeint ar (8e) —
{ea~=2d) mbar calc L f/ =)
n.= £32 k_m/d. f(u) (9) LG
+2m 2%.5 % 70
alt =945 m {1-w) (10) 3
(1-%) £{u) {esn~ed) mm/day calc 3¢ L
menth -9“‘&* -
lat, =30¢°N| Ra mn/dsy  (12) /G ke
n =715 n  hr/dsy data 17.5
month ﬂw‘é/ = -
lat. =“30%/| ¥ hr/day (13} 73 ‘? ®
n,fﬂ’ ecale : . g’_))
of = 0.25 (1-2)(0,25-0,50 n/®) (14)%~ 50
Rna mm/day cale — £ 4 2/ @
vt =285% Tt 18 {6, 4 -
(+) (15) ! &
ad =24 mbar] f{ed) (18) 3
wfi =095 | 2(nf¥) (17 s -
Bnl = £{t}. £{ed), £{n/H) am/day calc s TP A
Hn = Rna-Hnl cale
t  =285% W (11)
alt =945 m :
7 W. Fn calo A, 4 H
ETo* = WRa + (1-W} f{u){es-ed) mm/day calc »{5’7
d.ay/night correction on ETo® for day and night time Fig, 4 I
U2, RE wind snd humidity ETo 79

_1_/ Humbers in brackets indicate Table of reference.

_2./ When Bs data are available Rne = 0.75 Hs.
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TORMAT POR CALCULATILR F FEpHal BETHOD

Pepman raference orob BTe = We Bn + {1-¥) #{u} {ea-sd)}
CovntTys Places Latiiude 3
DATA Period 3 Longitudes Altitudes
|t mean =  °C| ea mbar (1) 2/ —
3L
RE mesn = M RE/100 data (o)
ed mbar cale ]
$ wet bulb s
°r depresa, or {8a){8b)
ar t dewpoint or {8c) - ]
{ea~ad) mbar cale 2 "1
&
U 3‘5’;/‘1 £{u} {9} g
t =
alt = m (1=} (13) A
{1=} £{u} {en—ed) ma/day salc L; _.i
month =
lat, = Ra mm/day {12} -
n - n  hr/day data 1
month w 6
lat, = ¥ hr/day {11) — G0
nfﬁ salo i
o = 0,25 (1=e}(0.25-0.50 n/E) (14} —
Raus m/da;r cale — - & ®
t o= % | or(s) (15) » ;
© O
ed w mbar{ f(ed) {16} —d
— &
2ff « #(a/H) (17} -
Rnlz £{t). #{ed}. f{n/A) am/day aa.ls:l-ew 5
i = Rue-fnl  oale = p}
<] . PRy tod
1t = C i 111} L
alt = =3 L
¥, Bo azla b
P04 = MEm + (W) fu){es~-ed) mm/day cals L
dsg/night serrecstlsn o Efo® for day snd night time Fig, 4
U2, RE wind and hmxidity BEP

L;" Fumbers in brackeis indicate Table of refarsnvs.

g_/ ¥hen g daia ars availabls FEus » 0.7%5 Rae,
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METHOD IV = PAN EVAPORATION

Evaporation pans provide a measursment of the integrated effact of radiation, wind,
tamperature and humidiry on evaporation from an open water surface. In a similar fashion
the plant respends to the saﬁe climatiec variables but several major factors may produce
significant differences in loss of water, Reflectivity of radiation from a water surface is
only 5-8% , while that from most vegetative surfaces is 20-25% of solar radiation received,
Daytime storage of heat within the pan can be appreciable and may cause almost equal distri-
bution of evaporation between night and day, while mest crops lose 95% or more of their
24=hour loss during daytime hours., Also a great difference in water losses from pans and
from crop covers can be caused by the variance im alr turbulence just above the surfaces
and in the temperature and humidity of the air immediately adjacent to these surfaces. Tor
both above-~ground and sunken pans heat transfer through the sides of the pan can occury this
may be severe for sunken pans in fallow ground. Alsc the colour of the pan and use of
screens to protect it against birds will affect the measurement. The siting of the pan and
the pan environment influence the measured results, especially when the pan is placed in
croppéd rather than fallow fields. The importance of siting and environment of the pans will
be shown later. 1/

Notwithstanding these deficiencies, with proper siting, maintenance of a standardized
environment and condition of pans, their use to predict crop water requirements for perioeds
of 10 days or longer is still warranted. To relate pan evaporation to reference crop
evapotranspiration ETo empirically derived coefficients are suggested which take into account
climate, type of pan and pan envircnment, Of the many different types of pans, the
U.S, Class & pan and the Colorado sunken pen have been selected. A description of these
pans 1s given below,

The pan coefficients, Kp, presented together with measured pan evaporation data, Epan,
reflect the effect of climate on reference crop evapotranspiration ETo which was definsd in
Part I. To arrvive at this relationship use has been made of detailed climatic and grass
evapotranspiration data from research statlons and literature memtiocned in the Appendices.

Similar to the previous methods, theeffect of crop characteristics on crop watey

requirements is vepresented by the crop coefficlents given in Chapter I.2.

Recommended relationships

Reference crop evapoitranspiration (ETs) can be predicted by:
Efo = Kp . Epan .
where ETo is in mm/day, Epan is pan evaporation in mm/day and represents the mesnu daily

value of the period considerad; Kp is the pan coefficient.

1/ For comparison between pan and lake avaporation see C.E, Hounam (1573) WMO Note 126,
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Values for Kp are given in Tables 12 and 20 for different conditions of humidity and
wind, pan eavironment and type of pan and should be applied to pans located in an open
environment with ao crops talley than 1 m within some 50 m of the pan. Except for the bare
soll conditions {(case B), lmmediate surrvoundings, within 0 m, are covered by a green,
frequently mowed, grass cover, The pan station is placad in an agricultural area with a
cropping density of some 50%, No screens are mounted over the pan,

Nomenclaturse used to describe general levels of mean temperature, mean relative

numidity and wind are given in the Table on Climatic Nomenclature in the Introductory pages.

pescription of pans

The class A evaporationm pan is circular, 121 om (47.5 in) in diameter and 25.5 cm
(10 in) deep. It is made of galvanized iron (22 gage) or monel metal (0.8 mm). The pan is
mounted on a wooden open frame platform with its bottom 15 ecm above groundlevel. The soil
ig built up to within 5 ¢m of the bottom of the pan. The pan must be level, It is filled
with water 5 cm below the rim, and water level should not drap to more tham 7.5 cm
below the rim. Water is regularly renewed to eliminate extreme turbidity. The pan 1f
galvanized is painted annually with alluminium paint.

Sunken Colorado vans are sometimes preferred din crop water requirement studies, since
B P q 3

these pans have a water level 5 cm below the rim at soil level height and give a better

direct prediction of potential evapotvanspiration of grass than does the class A pan. The,

pan is 92 cm (36 in) square and 46 cm (18 in) deep, It is made of galvanized iron, set in

the ground with the rim 5 em (2 in) above the groundlevel. The water level inside the pan

ig maintained at or slightly below groundievel.

Additional considerations

In selecting the appropriate value of Kp to relate Class A and Colorado sunken pan
data to ETo, the ground cover of the weather station ltself, that of the surroundings
outside the station, the effect of day and night weather conditions and the pan conditlons
need to be considered.

a) In the case of pans located at a weather station with very poor grass cover OT dry
bare scii or, undesirably, a concretes or asphalt apron, aiy temperatures at pan fevel may

be 2 to 5°C higher and velative humidicy 20 o 30% lower. Under these rather too commonly
found conditioms, Epan greatly exceeds ETo, This will be most pronounced in arld and semi=
arid elimates during all but the rainy periods. This effect has been accounted for im the
figuras of Tables 19 and 20. However in cases with no agricultural development and extensive
arezs of bare soils = as are found, for instance, under desert or semi-desext condltions -
the values of Xp given in case B for arid windy areas may need to be reduced by up to 209
for arsas with moderate levels of wind; temperature and relatdve humidity by 5 to 10%; no or

little reduction in Kp is needed in humid cocl conditions. It follows that, particularly

" for truly desert aveas, the radiation methed of predicting ETo is prefersble, since the

errors invelved may ba lass severe.
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b Where pans are p n a smail enclesure bui surrounded by tall crops, for example
2.5 m high maize, the coefficients in Tables 19 and 20 may need increasing by up to 30% for
dry windy climataé, whersas only & 5 ©o 10% increase is required for calm humid conditions,
fpan decreases 4as pans are placed within increasingly large cropped areas, most of
the decrease occuring within the first few tens of metres of upwind cropped fields., This iz

clearly evident from dats in Tables 19 and 20 wheve a sepavation is made for pans located

(=

within cropped plocs surrounded by or downwlad from dry surface areas (case A) and for pans
located within a dry or fallow field but surrounded by irrigated or rainfed upwind cropped

areas {cass B).

Case A Case B
wingd
nun pan
dry surfocs Qrean  orop grean ¢vep dry surfoce
SIS g s e v VLI LAY ; ;:g
- . B
= e > l e ) 2
B0m. of more yaries S0m. or more varies
c) Since pans lose a significant portion of total evaporation at night, the inclusion of

night-time humidity appears desivable, Hence the relative humidity referred to is based on
{RHmax + REmin)/2, The ranges shown for <140¢>relative humidity thus relate to very dry
night-time as well as very dry daytime conditions, The range from &40 to 70% is typical for
summertime conditions in drier semi~arid climates although some Mediterranean areas would
tend to fall between the 40 to 70 and > 70% relative humidity range. Wind is reflected as
total daily wind run. Levels of radiation for similar conditions of humidity and wind will
affect somewhat the relationship bestween Epan and ETo, particularly in very dry and windy
conditions., The coefficients presented for such conditions reflect a linear relatiomnship
as the possible error involved in most cases would be little more than 5%.

d) The pan coefficients listed below apply to galvanized péns annually painted with
aluminium. While little difference in Epan will show when inside and outside surfaces of
the pan are painted white, an increase in HEpan of up to 10% may occur when they are painted

lack, The material fvom which the pan is made may account for variations of only a few

percent, Tarbidity of the water in the pan does not affect Epan data by more than 5%.

Overall variation in Epam is not constant with time because of ageing, deterioratiocnm and
vepainting., The level at which the water is maintained in the pan is very important;
resulting errors may bes up to 15% when water levels in Class A pans fall 10 cm below the
accepted standard of between 5 and 7.5 cm below the rim. Screens mounted over pans will
reduce Epan by up to ?Oﬁ& In an sendeavour to avoid pans being used by birds for drinking,
a pan £illed to the vim with wataer can be placed near the Class A pan; birds may prefer to

use the fully £ilied pan,
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e) The various types of evaporation pans in use differ im size, shape and installation

method. Even for the same crop environments the relatiomship between evapcraticn from any

two types of pan is acutely dependent upon weather conditiong; nc constant ratio in measu

e

nent can be expected. Caution should therefore be exercised in applying the ratics shown

in Table 18 between evaporation for the unscreened sunken pans mentioned and Colorado sunken

?ans if the two pans are placed in similar enviromments. The pan area of the Colorado sunken

2
pans is 3 ft square or 0.84 m .

Table 18 RELATION BETWEEN EVAPORATION FROM SUNKEN FANS MENTIONED AND FROM

—_— COLORADO SUNKEN PAN FOR DIFFERENT CLIMATIC CONDITIONS AND PAN
ENVIRONMENTS. COEFFICIENTS GIVEN CAN SERVE AS MULTIPLYING FACTOR
TO OBTATN ESTIMATED COLORADO PAN EVAPORATION.

Climate Humid~temperate climate Arid to semi-arid
(dry seascn)
Groundcover surrounding pan Short green Dry fallow Short green Pry fallow
(50 m or more) cover cover
Pan area
m
CGI 20 dia. 5 m, depth 2 m| 20 1.0 1A 1.05 1,25"
(USSR) :
Sunken pan, dia, 12 £i, 10.5
depth 3.3 ft (Israel)
2
Symmons pan & ft, 3.3
depth 2 f£ (UK)
BPI dia. 6 ft, depth 2.6
2 £t (USA)
Kenya pan dia. 4 ft, ' 1.2
depth 14 in
Australian pan, dia. 3 ft,| - 0.7 1.0 1.0
depth 3 ft
Aslyng pan, 0,33 mz, 0.3 1.0
depth 1 m (Denmark)
CGI 3000 dia. 61.8 em, 0.3
depth 60~80 cm
Sunken pan dia. 50 cm, 0.2 1.0 .95 1.0 «95
depth 25 em (Netherlands)

EXAMPLE: CGI 20 in semi-arid climate, dry season, placed in dry fallow land;
' for given month Epan CGI 20 = 8 mm/day. Corresponding E pan sunken
Colorade is 1.25 x 8 = 10 mm/day.
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Sample calculations

First, using mean daily Epan data, an example shows the procedure to obtain the mean
daily value of ETo in mm for a given month. Then mean daily data for each month for the
whole year are given to illustrate the selection of relationships between prevailing climatip

and envirommental conditions and Xp for each month using Tables 19 and 20,
FXAMPLE: '

Given: Cairo, July; Epan = 11,1 mm/day from class A pan.
RH mean = medium; wind = moderate
Pan is located in 20 x 20 m bare soil plot with surrounding crops
of berseem or wheat in autumn and winter, and cotton in spring
and summer; the pan is not screened.

Calculation: Monthly data: since pan is surrounded by 10 m of dry fallow land
case B applies. :

From Table 19 for moderate wind and medium humidity while upwind
distance of dry fallow is 10 m, wvalue of Kp = 0.65.

Reference crop evapotranspiration ETo in July = Kp x Epan
0.65 x 11,1 = 7.2 mm/day
Yearly data: class A pan;

Jan | Feb | Mar | Apr May i June July | Aug Sept | Oct | Nov | Dec

Wind leght tow moderate ~ light to moderate ..
: moderate

Medium ] medium
RH mearn “to high~ medium ~ o high
Surrounding bare fallow land, 20 x 20 m, surrounded by irrigated crop;

Case B with 10 m upwind distance applies for all months.

Kp od o7 .65 .65 .65 .65 .65 .65 =65 .03 o7 .7
Epan 3,3 4.5| 6.4 | 8.5 1.2 12,8 | 11,1 9.7 8.9 | 6.9 4,51 3.3
mm/day
ETo 2,31 3.1 4.2 | 5.5 7.3 8.3 7.2 1 6,3 (5.8 [4.5 | 3.2]2.3
mm/day
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Table 12 PAN COEFFICIENT Wp FOR CLASS A PAN FOR DIFFERENT GROUND COVER AND
=  TEVELS OF MEAN RETATTVE HUMIDITY AND 24 HOURS WIND
Case A Case B 1/

Class A Pan

Pan surroundad

by short green crop

Pan surrounded by dry-fallow land

RH mean 9 low medium { high low medium | high
! < 40 40=70 >70 < 490 40-76 >70
Wind Upwind Upwind
km/day distance of distance of
green crop dry fallow
m m
Light 0 .35 .65 .75 0 .7 .8 .85
< 175 10 .65 .75 .85 10 .6 .7 .8
100 .7 .8 .85 100 .55 .65 75
1 000 .75 .85 .85 1 600 .5 .6 o7
Moderate 0 .5 .6 .65 -0 .65 .75 .8
175=425 10 .6 .7 .75 10 35 .65 %F o7
100 .65 .75 .8 100 .5 .6 .65
1 000 .7 .8 .8 1 0CC W45 .35 .6
Strong 0 45 .5 .60 0 .6 .65 .7
425=700 10 .55 .6 .65 10 .3 .55 .65
100 .6 .65 7 100 W45 5 .6
1 G0¢ .65 .7 .75 1 0090 A 45 .55
Very strong 0 A W45 .5 0 e .6 .65
>700 10 45 .55 .6 10 .45 .5 55
100 .5 N .65 100 Wb A5 ]
1 000 <35 .6 .65 1 Q00 .35 A 45

1/ For extensive areas of bare-fallow soils and no agricultural development, reduce Kpan
values by 20%under hot windy conditions, by 5-10¢ for moderate wind, temperature and
homidity conditions.
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Table 20 PAN COEFFICIENT Kp FOR COLORADO SUNKEN PAN FOR DIFFERENT GROUND COVER AND
— - LEVELS OF MEAN RELATIVE HUMIDITY AND 24 HOURS WIND

Sunken Case A Case B 1/
: Colorado Pan surrounded by short green crop Pan surrounded by dry-fallow land
: ! low medium § high low medium { high
RH mean % <40 | 40-70 | >70 <40 | 40-70 | >70
; Wind Upwind Upwind
km/day distance of distance of
green crop dry-=fallow
m m
Light 0 .75 .75 - 0 1.1 1.1 1.1
<175 10 1.0 1.0 1.0 10 .85 .85 . 85
=100 1.1 1.1 1.1 100 .75 W75 .8
1 000 o7 .7 W75
Moderate 0 .65 .7 .7 0 .85 .95 .95
175~425 10 .85 .85 .9 10 .75 .75 .75
=100 .95 .95 .95 100 .65 .65 . 710
: 1 000 .6 .6 .65
. Strong 0 .55 .6 .65 0 .8 .8 .8
= 425700 10 .75 .75 .75 10 DH5 .65 .65
2100 .8 .8 .8 100 .55 .6 .65
1 000 .5 .55 .6
Very strong 0 .5 .55 .5 0 .7 w75 .75
>700 10 .65 .7 .7 10 .95 ) .63
=100 o7 75 75 100 .5 .55 .6
1 000 &5 ] .55

ikl

1/ TFor extensive areas of bare-fallow scils ané ne agricultural development, reduce
Kpan by 20%under hot, windy conditieons; by 3 to 10% for moderate wind, temperature
and humidity conditiens,

dolid oAl @
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. SELECTION OF CROP COEFFICIENT, kc

CHAPTER 1.2

The four methods described in Chapter I.71 predict the effect of climate on crop water
requirements. Each method is calibrated against reference crop avapotfranspiration Elo.
To account for the effect of the crop characteristies on crop water requirements, crop
coefficients, kc, are presented to relate ETo to crop evapotranspiration ET(¢rop) . The kc
value represents evapotranspiration of a crop grown under optimum conditions producing
optimum yields. 'ET(crop) can be found by ke, ET (crop). As each of the four methods

predicts ETo only one set of crop coefficlents ke is required.

Procedures for selection of appropriate ke walues are presented, which take int
account the crop characteristics, time of planting or sowing, and stages of crop develepment.
General climatic conditions, especially wind and humidity, still need to be comsidered,
particularly as after temperature, it is the wind conditioms which will affect the rate of
transpiration due to the degree of air turbulence above the rough crop canopy. Furthermore,
rate of transpiration is higher under conditiong with dry air winds as rompared to humid

air winds.

Crop coefficients published elsewhere relating ET(crep) directly to the oviginal
prediction formulae should not be used if the approach preseunted in this publicatiocn is
followed becaus2 the ke values relate to ETo, The crop coefficlents suggested here may still
contain inaccuraciss due to the many facters involved and the problems that plagus present
day applied research om crop water use, such as sampling errvors, deep percolatiom losses
or supply from groundwater, size of experimental plet, lysimeter and other preblems, Much
data from many sources representing experisnce coﬁering many climatic, crop and growing
conditions had to be considered and may account for some of the author’s bias in the

selection or rejection of the assembled dats.

Local conditions, including agricultural and irrigation practices that affect ET{crop)

are discussed in Chapter I.4.

General considerations

Factors affecting the walue of the crop ccefficient ke are mainly the crop charac-

A

teristics, crop planting or scwing data, rats of crop development and length of growing

¥

season, climatic conditiens and, particularly during the early growth stage, the frequency

of rain or irrigatiocn.

The effect of crop characteristics on the relarionship between ET{¢rop} and ETo is
shown in the conceptual diagram in Fig. 5. The wide variations between wajor groups of crops
are largely due to the difference in plant mechanisms for resisting transpiration, such as
closed stomata during the daytime (pineappie} and waxy leaves (eitrus). Also difference in
crop height, crop roughness, reflection and ground cover produce the illustrated variation

in ET{crop}. Tor high evaporative conditicns, L.2. hoi, strong winds and low humidity,
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Vo values of up to 12 te 14 mm/day and ET(crep) values of up to 15 to 17 mm/day may be
realistic, particulariv for small fields reacting in somewhat similar fashion as laundry on
a clothesline, However, wilting of crops often occurs under such conditions as is shown for

sugarbesats in Fig. 5.

Sugarbeats
Maize
I - Cotton
Tomatopes
vy Apoles {with cover cvop)
g 124 Gross
~
£ . Sugarbeetl, severely wilted
19 @F on exiremely hot
= Citrus windy doy
e ¥
3
e 5«
}.. .
1w Pineappie
4 4 Agave
2.

¥ L3 T T

2 4 & 8 0 2 i4 ET{gross) mm/doy

Fig. 5 Magné?ud@s of ET{crop} us compared fo ET {grass)

The crop planiing or sowing date will affect the length of the growing season, the
rate of crop developmen: to full ground cover and omset of maturity. For instance, depending ou
climate, sugarbeets can be sown in autumn, spring and summer with a total growing season ranging
from 230 to 160 days, For soybeans, the growing season ranges from 100 days in warm, iow altitude
areas, to 190 days at 2 500 m alititudes in Equatorial Africa and for maize 80 to 240 days
respectively. Crop development will also be at a different pace; as shown im Fig. 6 for
surgarbeets the time needsd to reach full development or maximum water demand varies from
up te 60 percent fo the total growing season for an autumnm sown crop to about 35 percent for
an early summer sowing 1/. In selecting the appropriate crop coefficient, ke, for a given crop

for each month in the growing season, the rate eof crop development must be considered.

1/ This indicates that, when calculating water requirements, the commonly used presentation
T of ke walues as a function of percentage of tofal growing season (USDA~SCS Release
No. 21, 1967) will not suffice when attempting to include all possible variations of
growing seasocuns.
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ke | 90 days ] 3 doys ] 50 doys ;

6 ¢
1
a1 dry J ]
Py  cuiumn ﬁ spring L8 suMmmMmer
i L) T L i Ll v L L] il * L L L) b
20 40 &0 80 100% 20 40 S0 80 100% 2 40 &0 80 i00%
Growing season o~ 230 daoys e 200 days ~ 160 doy

Fig. 5 Sugarbeets | kg for different sowing dates and irrigation
and rainfall frequency.

For the same crop, fully developed, the ratio ET(erop) and ETo or the value of ke

'is mot constant but changes with climatic conditions. In relation to EToc, crop evapotrans-

‘piration is higher in hot, windy and dry climates as compared to cool, calm and humid

climates., This is clearly reflected in the kc¢ values presented for different climatic

.

conditions.

The nomenclature used in describing general levels of the climatic variables involved
has been given in the introductory pages. -

ET(crop) is the sum of tramspiration by the crop and evgporation from the soil surface,
Whereas during full ground cover 1/ evaporation is negligibly small, during the early growing
period evaporation from the soil surface may be considerable, particularly when the soil
surface is wet for most of the time from irrigation and rain. Hence the great range of ke
values during early season growth as shown in Fig. 6 for dry and wet soil surface conditions.
The smooth curves are obviously idealized since sach irrigation or raim would produce a
sharp increase in kc with a less sharp but marked dropping off afterwards, until the next
irrigation or rain. The practical significance in ferms of field irrigation water management

are described in Chapter I.4.

1/ Ground cover is expressed in parcantage of soil surface shaded by the crop when
the sun is directly overhead:; full ground cover is frequently assumed when ground cover
as defined in some 30 percent.
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change according teo the factors discussed
ies, climats, length of growing sesson, time of planting; other
20il water lewvels and agricultural practices. Also,

values ars giwven whers 100 is for grass with a2 12 month growing

season in Erost free arsas,
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APPRONTIMATE RANGE OF SEASCNAL ET(CROP) IN MM AND IN

COMPARTSON WITH ET(GRASS)

approwimate ranges of seasconal El{ecrop)for different crops are
1

PR AN

ETC{crop} seasonal jishisd . ' i %
Alfalfa 500 = 1 500 90 ~ 105| Cnions 350 = 600 25 = 40
Avocada 650 - 1 600 65 = 75| Orange 600 -~ 850 | 60 - 75
Bananas 7o - 1 700 90 - 05| Potatoes 350 =~ 625 25 - 40
Beans 250 - 00 20 « 25| Kice 500 = 800 45 = 85
Cocoa 800 -1 200 95 = 7110y 8isal 550 = B0OO | 65 - 75
Coffee 800 - 1 200 95 =~ 110| Sorghum 300 - 650 | 30 - 45
Cotton 550 - 950 53 = 65| Soybeans 450 -  B25 30 « 45
Dates 800 - 1 300 85 = 110§ Sugarbeets 430 - B850 | 30 - 65
Deciduous Sugarcane 10060 - 1 500 [105 - 120
trees 700 - 1 050 60 - 70 |Sweet potatoes 400 - 675 | 30 - 45
Flax 450 = 900 55 = 70 |Tebacco 300 - 500 | 30 - 35
Grains{small) 300 - 450 25 = 30 |Tomatoes 300 - 600 30 - 45
Grapefruit 650 - 1 000 70 = 85 |Vagetables 250 - 500 | 15 - 30
Maize 400 = 700 30 - 45 |Vineyards 450 - 9060 | 30 - 55
0il seads 300 = 600 25 = 40 |Walnuts 700 - 1 000 | 65 = .75

e,
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recommended values

a) Field and vegetabls crops

Values of kg for the different stages of crop development arve given below. The crop
growing season is divided into four stages. For each stage, cvop coefiicients ko for
different climatic conditions are presented in Table 22, Tor re
development stages and total growing season for selected crops and climate are given in
Table 23. The need to collect data locally on growing season and rate of crop development

cannot be overstressed,

The four stages in crop development are:

- initial stage : germination and early growth when the soll surfaca is not
or hardly covered by the crop;

- crop development stage : from end of initial stage to attaloment of effective
full ground cover 1/;

« mid~season stage : from attaimment of effective full ground cover to time of start of
maturing as indicated by discolouring of leaves (beans)} or leaves
falling off (cotton)., For some crops this may exitend to very
near harvest (sugarbeets) unless irrigation is not applied at
late season and reduction in ET{cvop) 15 induced o increassa
yield and/or quality (sugarcane, cotton, some grains);

- late season stage : from end of mid-season stage until full maturity or harvest.

The steps needed to arrive at the ke values for the different stages to be pletted

for simplification as straight lines are indicated in Fig. 7:

(1) establish planting or sowing date from_local information or from practices in
gimilar climatic zones;

(2) determine total growing season and length of crop development stages from local
information (for approximations see Table 23);

(3) initial stage: predict irrigation and/or rainfall frequency; for predetermined
ETo value, obtain ke from Fig. 8 and plot ke value as shown in Fig. 7;

{4) mid-season stage: for given climate (humidity and wind), select kc value from
Table 22 and plot as straight line;

(5) late-season stage: for time of full maturity or harvest, select ke value from
Table 22 for given climate (humidity and wind) and plot value at end of growing
season or full maturity. Assume straight line between kc values at end of mid-
season period and at end of growing season;

(6} development stage: assume straight line between kc valve at end of initial stage
to start of mid=-season stage.

1/ Start of mid-season stage can be recognized in the field when crop has attained 70 to
80 percent ground cover which, however, does not mean that the crop has reached its
mature height., Effsctive full ground cover refers to cover when kc is approaching a
maximum.
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For each 10 or 30 day period the ko values can be obtained from the prepared graph,
A smoothed curve might first be drawn as indicated in Fig. 7 although this may have little

effect in terms of accuracy added.

EXAMPLE:

Given: Cairo; corn planted mid-May; for total growing season winds are light to
moderate {(0-5 m/sec), and midesummer RPmin in 30-35 percent; ETo
initial stage is 8.4 mm/day; irrigation frequency initial period
assumed to be 7 days.

(1) Planting date 1ocal Late spring, early summer
information
{2 - )
(2) Length cf growth stages (or Table 23)
initial 20 days
crop development ] 35 days
nid-season : 40 days
late season 30 days
125 days
(3) Plot periods as indicated . Fig. 7
{4) ke iunitial stage
ETc = 8.4 mm/day
irrig. frequency = 7 days Fig, 8 ke dnitial =z 0.35
ke mid-season stage
wind = }ight/moderate
humidity = low Table 22 ke mid-season z 1.15
kc late season stage (end)
wind = light/moderate
humidity = low Table 22 ke end of season z 0.6
{5) Plot kc value and connect values |Fig. 7 ke development stage =z 0,35=%.15
with straight lines ke late season stage = 1.15-0.6
{(6) Read kc value from prepared graph
for each selected period at mid
point of 10 to 30 day pericd.
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Cairo |



e lid kil

bd el i

mimsidiey | g

mtmge ol -

al: IR B R L
Average kg for iniii‘ai stage das a funjion of average ETo'flevel {during
‘initial stage) and frequency of irrigation or of significant

rain.

- 55 =



e lad o 8

oonkd ud R G

«.652

Ta?”}iig CROP COEFFICIENT ke FOR FIELL AND VECETARLY CRCPS FOR DIFFERENT
STAGES OF CROP GROWIH AND PREVAILING CTLIMATEIC CONDITIONS
Crop Humidity RH min >70% R min < 204,
Wind m/sec 0=5 5=8 Q-5 5~8
Crop stage
A1l field crops initial i Use Fig. 8
£ crop dev. 2 by interpolation
rrichokes mid~season 3 .95 .95 1.3 1.05

(perennial-clean | at harvest & .9 9 .95 10

cultivated)

Barley 3 1,05 1.1 1,15 1.2

& .25 .25 .2 o2

Beans {green) 3 .95 .55 1.0 1.05

4 .85 L85 .9 N

Beans (dry) 3 1.05 1.1 1.15 1.2

Pulses 4 23 .3 .25 .25

Beets (fable) 3 1.0 1.0 1,05 1.1

4 .9 .9 .95 1.0

Carrots 3 1.0 1.05 1.1 1.15

23 .7 .75 g .85

Castorbeans 3 1.05 1.1 1,15 1.2

: & ] .5 .3 .8
| Celery 3 1.0 1.05 1.1 1.15
4 .9 .95 1.0 1,05

Corn (sweet) 3 1.05 1.1 1,15 1.2

{maize) 4 .95 1.0 1,05 1,1

Corn (grain) 3 1.05 1.1 1.15 1.2

(maize) & .53 55 5 .8

Cotton 3 .05 1,153 1.2 1.25

4 .63 85 .63 .7

Crucifers (cabbage. 3 .95 1.0 1,05 1,14

cauliflower, broccoli, & .80 .85 .4 .95

Brussels sprout)

Cucumber 3 .9 .5 .95 1.0
Fresh market & o7 .7 .75 .8
Machine harvest 4 .85 .85 .95 1.0

Hgg plant 3 .95 1.0 1.05 1.1

(aubergine) 4 .8 .85 .89 .9

Flax mid-seascn 3 1.0 .03 1.1 1.15

at harvest 4 .25 .25 .2 L2

Grain 3 1.05 1.1 1,15 1.2

& .3 o3 .23 W25

Tentil 3 1.05 1.1 1,15 1.2

4 .3 3 .25 .25
Lettuce 3 L85 95 1.0 1,05
4 .9 g 9 K]
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ey o ; Humidity RE min > 70% RH min < 20%
Crop :
Wind m/sec 0=3 3=3 O=3 F 5-8
Melons 3 .95 .95 1.0 C1.05
4 .65 .65 .75 Q .75
Millet 3 1.0 1.05 1.1 L 1.15
4 -3 .3 225 i .25
i
Oats 3 1.05 1.1 1.15 P12
4 .25 .25 .2 .2
Onion (dry) 3 .95 .95 1.05 1.1
4 .75 .75 .8 .85
{green) 3 .95 .95 .0 1.05
4 .95 .95 1.0 1,05
Peanutis 3 .95 1.0 1.05 1.1
{Croundnuts) &4 .55 55 6
Paas 3 1.05 1.1 1.15 1.2
4 0.95 1.0 1.05 1.1
Peppers (fresh) 3 .95 1.0 1.05 1.1
4 I .85 .85 .9
Potato 3 1.05 1.1 1.15 1.2
4 .7 .7 .75 .75
Radishes 3 8 .8 85 .9
4 75 .75 8 .85
Satflower 3 1.05 1.1 1.15 1.2
4 25 .25 .2
Sorghum 3 1.0 1.05 1.1 1.15
4 3 .5 55 .35
Soyvabeans 3 1.0 1,05 1.1 1.15
4 45 A5 45 .45
Spinach 3 G5 .95 1.0 1,05
4 9 .9 S5 .0
Squash mid=-geason 3 9 .8 95 1.0
at harvest & 7 o7 75 .8
Sugarbeet 3 1.05 1.1 1.15 1.2
4 9 .95 0 1.0
no irr,
last month 4 5 .8 6 .6
Sunflower 3 1.05 1.1 1,15 1.2
4 4 .35 .35
Tomato 3 1.05 1.1 1.2 1.25
4 ) .65 .65
Wheat 3 1.05 1.1 1.15 1.2
L 25 225 .2 .2

N.B. HMany cool season crops cannot grow ia drv hot cilimates,

Values of ke are

iven for latter condificns since they may occur occasionally, and resul:r
ke values, especilally far tall rough crops.

in the nesd for higher

2



LENGTH OF GROWING SEASGNVAND CROP DEVELOPMENT STAGES

OF SELECTED FIELD CROPS; SOME INDTCATICNS

Artichokeg

Barley

Beans {(green)

Beans (dry)
Pulses

Beets

{table)

Carrots

Castorbeans

Corn (maize)
{sweet)

Corn (maize)
fg:ains)

Perennial, replanted gyvery 4-7 years; example Coastal California
with planting in April, 40/40/250/30 and (360} 1/; subsequent
crops with erop growth cutback to groundlevel in late spring
aach vear at end of harvest or 20/40/220/3G and (310).

Also wheat and ocats; varies strongly with variety; wheat Central
India November plantimg 15/25/50/30 and (120); semi-arid,
35%-45° latitudes early spring sowing and Secuth Korea November
planting 20/25/60/30 and {135); wheat in East African highlands
at 2 500 w altitude sown in July and South Korea 15/30/65/40

and (150).

February and March planting California desert and Mediterranean
20/30/30/10 and (90} ; August-September planting California desert,
Egypt, Coastal Lebanon 15/253/25/10 and (73).

Continental climates late spring planting 20/30/40/20 and (1710},
Juna planting Central California and West Pakistan 15/25/35/20
and (95); longer season varieties 15/25/50/20 and {110).

Spring planting Mediterranean 15/25/20/10 and (70); early spring
planting Mediterranean climates and pre-cool season in desert
climates 25/30/25/10 and (90).

Warm season of semi-arid to arid climates 20/30/30/20 and (100},
for cool season up to 20/30/80/20 and (160}); early spring
planting Mediterranean 25/35/40/20 and (120) up to 30/40/60/20
and (150) for late winter planting.

Semi-arid and arid climates, spring planting 25/40/65/50 and
(180} . '

Pre-cool season planting semi=-arid 25/40/95/20 and {180), cool

‘season 30/55/105/20 and {210): humid mediterranean mid-season

30/40/45/15 and (125).

Philippines, early March planting (late dry season) 20/206/3G/10
and (70): late=spring planting Mediterranean 20/25/25/10 and
(80); late cool seasoun planting desert climates 20/30/30/10 and
{90); early cool seasen planting desert climates 20/30/30/10 and
{110} .

Spring planting East African highlands 30/50/60/40 and (180);
late cool season planting, warm desert climates 25/40/45/30

and (140); June plapting sub-humid Nigeria, early Octcber

India 20/35/4G/30 and (125} s2arly April planting Sevilla Spain
30/40/50/30 and (150}.

1/ 40/40/250/30 and (360) stands for respectively initial, crop develgpment,

mid-season and late season crop development stages in days and (360) for

total growing period from planting to harvest in days.
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coehd L MG

Cotton

Crucifers

Cucumber

Egg P dﬂL

Flaz

Grain

Lentil

Lettuce

Melons

Millet

Oats

Onion (dry)

Peanuts
{groundanuts)

Peas

ing Egv t, April-May planting Pakistan, September
rabia 30/36/00/33 and (195); spring planting,

e In length of season due fo varietal differences;
anting Mediterranean and continental climates

10 and (80): iate winter planting Mediterranean

l

1/ 40

Wi

=38
-
Fas

iG and fﬁr\; autumn planting Coastal Mediterranean
O and (195)

LA D

ne planting Egyoh, August~Ccioher California desert
fSP’fO;ﬁS and (105}; spring planting semi~arid and coel
ason arid climates, low deserit, 25/35/50/20 and (130).

nter desert climates 30740740720 and {(130); late
early summey planting Mediterranean 30/45/40/25 and

Spring planting cold winter climates 25/35/50/40 and (150);
pre~cool season planting Arizona low desert 30/40/100/50
and {220).

Spring planting Mediterranean 2Z0/30/60/40 and (150); Cectober-
November planting warm winter climates: Pakistan and low
deserts 25/35/65/40 and (165).

Spring planting in cold winter climates 20/30/60/40 and
{150); pre-cool season planting warm winter climates
25/35/706/40 and (170},

Spring planting Mediterranean climates 20/30/15/10 and (75)
and late winter planting 30/40/25/10 and (105); early cool
season low desert eclimates from 25/35/30/10 and (100); late
cool season planting, low deserts 35/50/45/10 and (140).

Late spring planting Mediterranean climates 25/35/40/20 and
(110} ; mid-winter planting low desert climates 30/45/65/20
and {160).

June planting Pskistan 15/25/40/25 and {105); central plains
U.8.A. spring planting 20/30/55/35 and {(140).

Ses Bazley,

Spring planti ng Mediterranean climates 15/25/70/40 and (150);
pre-warm wintey planting semi-arid and arid desert climates
20/35/110/45 an& {210).

Green = Resp, 25/30/1C/5 and (70) and 20/45/20/10 and (95).

Dry season planting West Africa 25/35/45/25 and (130); late

" spring planting Coastal plains of Lebanon and Israsl

35/45/35/23 and (140).

Cocl maritime slimates early summer planting 15/25/35/15 and
{8C}: Mediterranean early spring and warm winter desert
climates planting 20/25/35/15 and (95); late winter Mediterra=
nean planiting 25/30/30/15 and {1CO).

e
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Peppers

Potato
{Irish)

Radishes

Safflower

Sorghum

Soyabeagg

SpinaEE

Squash
(winter)
pumpkin

Squash
(zucchini)

crookneck

Sugarbeet

Sunflowgz

Tomato

Wheat

Frash - Mediterranean early spring and continental early
summer planting 30735/40/20 and (1253); cool coastal
continantal climates mid-spriag planting 25/35/40/20 and
(120); pre-warm winter planting desert c¢limates 30/40/7110/30
and (210},

Full planting warm winter desert climates 25/30/3G/20 and
(105); late winter planting arid and semi-arid climates
and late spring-early summer planting continental climate
25/30/45/30 and (130); early=-mid epring planting centval
Europe 30/35/50/30 and (145): slow emergence may incraase
length of initial period by 15 days during celd sprimg.

Mediterranean early spring and contimental summer planting
5/10/15/5 and £{35); coastal Mediterranean late winter and
warm winter desert climates planting 10/10/15/5 and (40}.

Central California early-mid spring planting 20/35/45/23
and {125) and late winter planting 25/35/55/30 and {145},
warm winter desert climates 35/55/60/40 and {190).

Warm season desert climates 20/30/40/30 and (120); mid=June
planting Pakistan, May in wnlid-West U.S5.A. and Mediterranean
20/35/40/30 and (125); early spring planting warm arid
climates 20/35/45/30 and (130).

May planting Central U.S.A. 20/35/60/25 and (140); May-June
planting California desert Z0/30/60/25 and (135); Philippines
late December planting, early dry seasen - dry: 15/13/40/15
and (85) vegetables: 15/15/30/- and {50},

Spring planting Mediterranean, 20/20/15/5 and (60},
Sept=Oct. and late winter planting Mediterranean 20/20G/25/5
and (70); warm winter desert climates 20/30/40/10 and {100},

Late winter planting Mediterranean and warm winter desert
climates 20/30/30/15 and (95); August planting California

desert 20/35/30/25 and (110); early Jume planting maritime

Europe 25/35/35/25 and (120},

Spring planting Mediterranean 25/35/25/15 and {100%); early
summer Mediterranean and maritime Europe 20/30/25/15 and
(90%); winter planting warm desert 25/35/25/15 and (110),

Coastal Lebanon, mid-november planting 45/75/80/30 and (230},
early summer planting 25/35/50/50 and (160); early spring
planting Uruguay 30/45/60/45 and (180); late winter planting
warm winter desert 35/60/70/4C and (203).

Spring planting Mediterranean 25/35/45/25 and (130); early
summer planting California desert 20/35/45/25 and (125).

Warn winter desert climates 30/40/40/25% and (135) and late
autumn 35/45/70/30 and (150); spring planting Mediterranean
climates 30/40/45/30 and (145},

Seea Barley,
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b) Rice

For submergad rice ke values are given in Table 24 for different geographical locatiens
and for different seasons including wind conditions., Relative humidity during dry season may
be important; where minimum relative humidity is more than 70%during the dry season, ke valyeg

given for the wet season should be used,

No difference is assumed in kc values between broadecast or sown and transplanted rice
since percentage cover during first month after transplantation is little different from that of

broadcast rice.

As the plant cover spreads with time, the average reflectivity of the surface ianctreases
from low values for free water surface (5%) to high values for vegetative surface (25%),
For humid areas with light to moderate wind this may tend to produce slightly lower ke values
in the succeeding months, For dry conditions with light to moderate wind this trend is reversed
due to the increased influence of the roughness of the surface, This is even more marked under
very strong winds. Therefore, little difference in ke value between the first and second months

can be noted,

There are differences in growing season according to variety, therefore the length of
mid-season growth period will need adjustment; local information on length of growing season will

need to be collected.

For upland rice, the same coefficients given for submerged rice will apply since recommended
practices involve the maintaining of top seoil layers very close to saturation. Only during initial

crop stage will ke need to be reduced by 15 to 204 .

It should be added that efforts to predict accurately the ke and ET(crop) values needed
to determine irrigation water requirements,are wasted when water loss through deep percolation

is not determined with equal accuracy.
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rabie 24 ke VALUES FOR_RICE
r . . .
lanting Harvest First{ Second | Mid- Last
peried periocd monthi month |{seascn 3=4 weeks
Humid Asia
Wet season (monsocn) June=July | Nov=Dec
light to moderate wind 1.1 1.1 1.05 .95
strong wind 1.15 1.15 1 1.0
Dry season Dec=Jan mid=May 1
light to moderate wind 1, . 1.25 1.0 i
strong wind 1.15 .15 1.35 1,05
Humid Australia
Wet season Dac=Jan Apr=May
light to moderate wind . 1 1.05 .95
strong wind .15 1.15 o1 1.0
Humid S, America
Wet season _ Nov=Dec Apr=Hay
light to moderate wind 1.1 ot .05 .95
strong wind 1.15 1.15 .1 1.0
Europe (Spain, southern
France and northern
Italy)
Dry season May-June |H3ept to
early Cct
light to moderate wind 1.1 . 1.2 =95
strong wind 1,15 .15 1.3 1.0
U.S.A,
Wet summer {(southern
states) May Sept=Cct
light to moderate wind 1.1 . o .35
strong wind 1.13 .15 1,15 1.00
| Dry summer {Calif,) late Apr llate Sept
ta to
early May iearly Oct
light to moderate wind . . 1,25 1.0
strong wind .15 +15 1.35 1.05

1/ Only when Rhmin >70%,

ke values for wet season arve to be used
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c} Sugarcane

Crop coefficients ke for Sugarcane may vary conslderably depending on climate and cans
varlety particularly for initial and crop/development stages, Alsc early crop development
varies according to whether it is virgin or a ratoom crop. Total length of growing season
varies with climate and according to whether the crop is virgin or ratoon. Total growing
season for virgin plantings may range from 13 to T4 months in hot Iran, to 16 months in
Mauritius and up to 20 to 24 months in come cases in Hawaii. Ratoon crop season varies from
as short as 9 months in Iran to 12 months in Mauritius and up to 14 months in other areag,

To determine ke values use of local data or information or normal rate of development
under similar climatic conditions is essential, Also, attenticn must be given to cane variety,
Data provided refer to a ratoon crop for the 12-month"crop and to a virgin cane for the

24 month period. Irrigation application usually ceases 4 to & weeks before harvest,

Table 25 ke VALUES FOR SUGARCANE
Crop age ' RE min >70% RH min < 20% -
T Growth stages light to light to '
moderate strong moderate strong
12 month | 24 month ; wind . wind
_ wind wind
0-1 0=2.5 planting to (.25 .55 .6 b &5
full canepy )
1=2 2.5-3,5 0,25=0,5 fuli .8 . 85 .75 .8
canopy
2=2.,5 3.5=4,5 0.5-0.75 full .9 .95 .95 1.0
canopy :
2,5=4 4.3=8 0.75 te full 1.0 1.1 1.1 1.2
CABODY
4=10 §=17 peak use 1.05 1.15 1.25 1.3
10=11 1722 early senescence .8 .85 .95 1.03
11=12 22-24 ripening .6 .65 .7 s 73
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.. Clover and grass=legume mixture

D) Alfalfa, clover, grass-legumes,pastures

alfa
The ke values vary similarly to these for field crops except that the inditial stage to
narvest is repeated 2 to 8 times a vear, Fig. 9 shows expected variation of kc values for

z1falfa for the total growing season under dry, amd lighf to moderate wind conditions, To

gbtain mean ET (alfalfa) for design purposes, kc(mean) shown as the smoothed curve in Fig. 9,

‘Would generally suffice, This value should be selected rather than the higher ke values of

“the 3 to 4 week period before cutting. Only for irrigation depth and frequency determinations

will the variation of ke over the irrigation interval need to be considerad, that is from
ke (low) to kc(peak). During full cover until the middle of full bloom,alfaifa grown for seed
production will have a kc value equal to ke(peak) just before cutting. Values of ko are

given in Table 26,

Grasses

e i

Grasses grown for hay reach ke(pezk) values within 6 to 8 days after cutting. The kc(low)

values are 10 to 20?6 higher than the kc{low) values shown for alfalfa since considerable

vegetation is left on the ground after cutting.

Due to some cover left after cutting, ke(low) for clover and grasselagume mixture will be

‘cleose to that of grass, while ke(peak) will be cleoser to alfalfa,

‘Pasture (grass, grass-legumes and alfalfa)

Depending on pasturing practices ke values for pastures will show a wide wvariation. The
values presented -assume excellent plant population density, high fertility and good irrigation.
For pastures kc{low) may need to be taken close to ke{low) alfalfa under poor pasturing

practices when all ground cover is destroyed.
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ke values for alfalfc grown in dey climcﬁ@ with ligth to moderinte wind with cuttings every
4 weeks. One heavy irvigation per growth period, o week before cutting,is assumed.
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fable 26 CROP COFFFICIENT kc(mean) FOR ALFALFA, GRASS FOR HAY, CLOVER AND GRASS<LEGUME MIXTURE AND PASTURE,

AND ke(peak) JUST BEFORE HARVESTING AND ke(low) JUST FOLLOWING HARVESTING

ke (mean) kc(peak) ke(low) 1/

Humid, light Dry, light Dry, strong Humid, light Dny, llght ‘Dry,_StTGHgEumid,light Dry,light Dryséifung

to mod,wind to mod.wind winds to mod,wind to mod.wind winds to mod,wind to wmod.wind wilieds
Alfalfa i . 85 295 1.05 1.05 1.15 1.25 e 3 o 5 o3
Grass for
hay ;8 .9 i.0 1.05 1.1 1.15 .6 .35 o
Clover, grass=
legume mizture 1.0 1.05 1.1 1.05 ‘ 1,15 1.2 .55 .55 .55
Pasturs 95 1.0 1.05 1.05 1.1 1.15 .55 ] 253

1/ Under dry soil surface

conditions; under wet conditions increase values by 25% or more.

LR
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Deciduous fruits and nttls

Values of kc feor deciduous fruit and nut crops for clean cultivated and for cover= crop
conditions are presented in Table 27, Coefficients given rvelate to fullwgrown trees with
spacings that provide about 70% ground cover. Fxamples are given for higher latitudes {e.g,
nertharn Europs, northern U.5.A.) with cold winters and growing seasons extending from aroupg
1 May (blosszom} to 1 Novamber (killing frosts) and others involve lower latitude and warm
winter conditione (a.g. Medirerranean}. In tha former case and at altitudes of >1 200 m 1p
lower latltude areas, trees have leaves for some 5 1/2 to & wonths, with the time of harvest
varving frem mid-Jduly for cherries to mid-October for late varieties of apples. For lower
latitudes near sea level, blossom occurs a month cor more earlier with a wide range of harvesr
dates, starrting and ending sevaral wesks earlier for respective specles and varieties than ar
the higher latitude. However, trees generally have leaves longer, e.g. well into November,
Months mentioned refer to morthern hemisphere; for southern hemisphere add 6 months,

Also indicated in Table 27 is a variation of crop coefficients with climatic variables

in particular, humidity and wind.
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ke VALUES FOR FULL GROWN DECIDUOUS TREES AND NUT TREES

Table 27

With ground cover crop 1/ Without ground cover crop 2/
: ) - - (clean cultivated, weed free)
Ph: Apr May June July Aug Sept Oct HNov Mar Apr May June July Aug Sept Oct Nov

COLD WINTER WITH KILLING FROST : GROUND COVER STARTING IN APRIL

Apples, chexries

humid, light-to-mod. wind - .5 J75 1,0 1.1 1.1 1 .85 = - 45 .55 .75 .85 .85 .8 .6 -
humid, strong wind - .5 .75 1.1 1.2 1.2 1,15 .9 - - 45 .55 .8 .9 .9 .85 .65 -
dry, light to wod.wind = .45 .85 1.15 1.25 1.25 1.2 .95 - - b .6 .85 1.0 1.0 95 .7 =
dry, strong wind = 45 .85 1.2 1.35 1.35 1,25 1.0 = - .4 .65 ,9 1,05 1,05 1.0 T

Peaches, apricots, pears, phms}

humid, light to mod. wind - .5 .7 .9 1.0 1,0 .95 .75 - - 45,5 .65 .75 .75 .7 .55 =
humid, strong wind « .5 .7 1.0 1.051.1 1.0 .8 = w W45 .55 7 .8 B .75 .6 = =
dry, light to mod. wind - .45 .8 1.05 1,15 1.15 1.1 .85 - - w4 .55 .75 .9 .9 .7 .65 =
dry, strong wind Cob- a5 .8 1.1 1.2 1.2 1.15 9 = « .4 6 L8 .95 ,95 ,9 .65 =

COLD WINTER WITH LIGHT FROST : NO DORMANCY IN GRASS COVER CROPS

Apples, cherries, walmuts '

-
humid, light to mod, wind .8 .9 1,0 1.1 1.1 1.1 1.05 .85 .8 | .6 .7 .8 .85 .85 .8 .8 .75 .65 B
humid, strong wind .8 .95 1.1 1,15.1.2 1.2 1.15 .9 .8 | .6 .75 .85 .9 .9 .85 .8 .8 .7

dry, light to mod. wind .85 1.0 1.15 1.25 1.25 1.25 1.2 .95 .85} .5 .75 .95 1.6 1.0 ,95 .9 .85 .7

dry, strong wind .85 1,05 1.2 1.35 1.35 1.35 1.25 1.0 .85{ .5 .8 1.0 1.051.05 1,0 .95 .9 ,75

Peaches, apricots, pears, plums,
almonds, pecans

humid, light to mod. wind .8 .85 .9 1,0 1.0 1.0 .95 .83 .8 .35 .7 75 .8 .8 .7 .7 .63 .55
humid, strong wind .8 .9 .951.0 1.1 1,1 1;0 .85 .8 W55 .7 75 .8 .8 .8 15 7T .6
dry, light to mod, wind .85 .95 1.05 1,15 1.15 1.15 1.1 .82 .85 ) .7 .85 .9 .9 .3 .8 .75 .85
dry, strong wind L85 1.0 1,1 1.2 1.2 1.2 1,15 .95 .85§ .5 A5 .9 .95 .95 .95 ,85 .8 .7
1/ kc values need to be increased if frequent 2/ ke values assume Infrequemt wetting by
~ rain occurs (see Fig 8 for adjustmant). T drrigation or rain (every 2 to 4 weeks).

In case of frequent irrigatlon for HMarch,
April and November adjust using Fig. 8;
for May to Oetober use ke valuszs of table
‘*with ground cover crop’’®,

For young orchards with trees ground cover
of 20 and 50‘%, reduce mid-aseason kc values
by 10 to 15% and 5 to 104 respectively.

For young orchards with tree ground cover
of 20 and 504 reduce midvseason ke values
by 25 to 35dand 10 o 159 respectively,



£ Citrus

The ke values for citrus, large maturs trses, include different rree ground cover
conditions with clzan cultivation and no weed control programme. Since citrus is grown
primarily in dry Mediterranean-type climates, only this condition is considerad., The affect
of wind stronger than moderatre is negligible since citrus has good transpiration control,
For young orchards with a low percentage of tree ground cover, ke values given for 20% and
50% tree ground cover may be assumed. For frequent rain or irrigation, k¢ values for clean

cultivation will appreoach those for no weed control programme, It should be added that certaip

L studies have indicated somewhat higher kc values, up to 10=15 % for grapefruit and lemons
compared with those given. Months mentioned refer to northern ﬁemisphere; for southern

hemisphere add 6 months.

Table 28 kc VALUES FOR CITRUS (GROWN IN PREDOMINANTLY DRY ARFAS WITH LIGHT TO MODERATE WIND)

A Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

ik

Large mature trees
providing >70% tree
ground cover

v

Clean cultivated .3 .5 455 ,55 .53 .6 ] .6 .6 ) .55 .55
No wasad control
] P.rqgramme .75 e?S o8 o8 18 .85 585 585 085 085 ;8 38

Trees providing ~ 50%
tree ground cover
Clean cultivated W45 .45 .5 5 ] .55 .55 .55 .55 .,55..,5 .5

No weed control
programme .75 .75 .8 ,8 .8 .8 .85 .8 .,8 .8 .8 .8

Trees providing < 20 %
tree ground cover
Clean cultivated A LA LA LA

No weed controi . ‘
pProgramme .85 .85 .9 ,9 .9 .95 ,95 .95 .95 .95 .9 .©

dilad 4l
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g) Grapes

The ko values for grapes will vary consi&ezably with cultural practices such as vine
and TOW spacing, pruning, trellicing height and span, and with extreme wvarietal diffsrences in
i ; vine growth. Grapes, normally clean cultivatad, use less wWater than many other crops due to
cultural practices resulting in only 30 to 50% ground cover. Alsc there maybe a scmewhat
greater degree of stomatal control of transpiration comparsd to many other crops.
In Table 29 the ke values for grapes are presented for cold winter, light winter and

! : hot, dry climatic conditions. For areas with cold winters, kc values for Concord grapes are

R R RN EE T

used, a variety which develops a somewhat greater degree of ground cover than those used for
light winter and hot dry conditiong, In the last two cases ke values need to be reduced when
ground cover is less than 35759 For all cases infrequent irrigation and dry scil surface

during most of the time are assumed. Months mentiomed in Table 29 rafer to northern hemisphere;

for southern hemisphere add 6 months.

Table 29 ko VALURS FOR GRAPES (INFREQUENT TRRIGATION, SOLL SURFACE DRY)

: 1””: _ : Jap Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Mature grapes grown in areas with
killing froat; initial leaves early
‘|May, harvest mid-September; ground
cover 40-50% at mid=season; clean

cultivated
Humid, light to mederate wind - s = = ,5 L6 L7 .7 B W5 = -
: Humid, strong wind - - = = 5 ,6 o715 .75 .65 .35 -~ -
- 1 |bry, light to moderate wind = w“ = = 4% .65 .B .85 .75 .6 = -
o bry, strong wind - - = = .5 .7 .,85 .9 .85 .65 = -

Matura grapes in areas of only
light frosts; initial leaves

early April, harvest late

Augusg to early September;

ground cover 30-35% at mid-season;
clean cultivated

Humid, iight to moderate wind = e = .5 ,55 .6 .6 .6 55 .4 .35 -
Humid, strong wind - « = .5 .35 ,65 .65 .65 .6 .45 (35 -
Dry, light to moderate wind - - w45 .6 L7 7,7 .65 .5 .3 -
Dry, strong wind - w = &5 ,65 .75 .75 .75 .7 .55 .3 =

Mature grapes grown in hot dry areas;
initial leaves late February=early
March, harvast last half of July;
ground cover 30-353%at mid=season;
clean cultivatred

Dry, 1light to moderate wind = = ,25 .45 .6 .7 .7 .65 .55 .45 .33 -
Dry, strong wind - - .25 45 .65 .75 .73 .7 .55 .45 .35 -

dlil Ll @
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h) Bananas

Values of ke fov bananas are given in Table 30 for different climates, for both firse
year with planting in mid-March and for second year with remcval ef original plants in early
Yebrvary, For the early stages of development, especlally in the first vear, kc values reflace
& considerable lack of grovnd cover and a climate where rainfall is presumed to occur at
5-7 day dintervals. For less frequent rain, lower kc values should be used; in humid tropical
zones with more frequent vain, ccefficients close to 1.0 would be likely even during the erop
development stage., Fig 8 can be used for estimating ke during the first 2 months after plantin&
taking into account rainfall frequancy and level of ETo,

The drop in ke in February reflects the removal of original large plants at that time,
Local practices should be taken into accocunt in timing the drop of ke, with subsequent Tecovary
to high levels 4-5 months later, or as ground cover again approaches 70-809% . Recovery time may
be considerably shorter than 4-5 wenths In warm or hot humid climates, Figures given in Table
30 reflect the effect of the climate on the eastern coast of the Mediterranean Sea. Months

mentioned in Table 30 refer to the northern hemisphexre; for the southern hemisphere add & monthg,

Table 30 ke VALUES FOR BANANAS

Jan ¥eb Mar Apr May June July Aug Sept Oct HNov Dec

v [P

First-year crop, based on
March planting with crop
height 3.5 m by August:

Humid, light to mod. wind | - - .65 .6 .55 .6 .7 .85 .95 1,0 1.0 1.0
Humid, strong wind - - .65 .6 .35 .6 L75 .9 1,0 1,05 1.05 1,05
Dry, light to mod. wind - - W5 245 .5 .6 75 .95 1,1 1,15 1.1 1,1
Dry, strong wind = - .5 A5 L5 65 .8 1.0 1,15 1,2 1,15 1.15

Eacond season with removal
of original plants in Feb,
and 80 ground cover by

August:

Humid, iight to mod. wind .0 .8 .75 .7 .7 .75 .9 1,05 1.05 1,05 1.0 1.0

Humid, strong wind t.05 .8 .75 .7 .7 .8 L95 1.1 1.1 1.1 1,05 1.05
bry, light to med. wind 1.1 27 .75 .7 ,75 .85 1,05 1.2 1,2 1.2 1,15 1.15
Dry, strong wind 150 .7 .75 .7 .75 .9 1.1 1.25 1.25 1,25 1.2 1.2
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1) Aquatic weeds and open water

Evapotranspiration of flcating and flat lsafad aguatic weed
a

9]

is very similar to that
of grass. Protruding types have a slightly higher rate due to incraased roughness,

particularly under dry and windy conditions. Reeds such as Papyrus and cattails appesr to

nave loewer values caused primarily by the plant charvacteristics affecting evapotranspiration.
fnder non-flooding conditions and in drying soills ET{reeds) can be expected to he congiderably

1ower. Water loss by fully submerged weeds is-equal to that of open water evaporation Eo,

1n Table 31 the kc values of different aguatic weeds for various climatic conditions are given.

Water loss by evapotranspirvation of aquatic weeds is frequently couparad to evaporation
of an open water surface Eo, Studies carriad out under natursl conditionsg show that when the
water surface is covered by aquatic weeds the water loss into the atmosphere will be lower
than that from a free water surface. This is due to a combination of the sheltering of the
water surface by the weeds, a higher reflectance of the green plants and their intemrnal
resistance to trapspiratien. The conflicting data found in literatures which show ET(aquatic
weads) to be far greater than Eo may be related to small lysimeter and pan experiments carried
out on land surfaces which are not representative of the natural conditions under which aquatic
weeds grow.

Coefficients relating coren water evaporation Eo to reference crop evapotranspliration ETo

are presented in Table 31. These values apply to shallow veservoirs and lakes with depths of

.less than 5 m and can be used to compute monthly Eo, once monithly ETo has been determined. The

presented values apply equally to deep reservoirs and lakes in equaterial zones. For areas
with a change in climate during the year, the given coefficients should be used only for
computing yearly evaporation losses, Deep watar bodies have an appreciable heat storage which
will cause a time-~lag in evaporation of 4 to 8 weeks depending on the type of climate and size
and depth of the water body. For reservoirs and lakes with a depth exceeding 25 m, due Lo heat
storage the k values during spring and early summer may be 20 fo 30% lower and due to heat

release during late summer and early autumn 20 o ﬁ}% higher.

IEEE?HEE ke VALUES FOR AQUATIC WEEDS AND COEFFICIENTS FOR CPIEN WATER

Humid Dry
Type of vegetation light to mod, strong light o mod.strong
wind wind wind wind

Submérged (crassipes) 1. 10 1.15 1,15 1.2
Floating (duck weed) T.05 1.05 1,05 1.05
Flat leaf (water lilies) 1.05 1.1 1.05 1.1
Protruding (water hvacinth) fal 1,18 1,15 1.2
Reed syamp (papyrus, cattails)

standing water .9 .9 .55 1.0

moist soil .7 o7 .8 - 85
-Epep watev Tof 1,15 1,15 1.2 7
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i) Coffee

Two species of coffee provide the bulk of the world®s supply, Coffea arabica and

Coffea robusta. The former only is irrigated on a limitad scale; much of it is grown at

higher altitudes (1 000=-2 000 m).

For mature coffee grown without shade and where cultural practices involve clean
cultivation with heavy cut grass mulching, crop ceoefficients of around 0.9 are recommended
throughout the year, If significant weed growth is allowed, coefficients close to 1.05-1,1

weould be more appropriate,

k) Tea

No direct comparison of evapotranspiration by tea with that by grass coculd be found in
literature. The water requirement of tea bushes in full preduction can he assumed to be
close tc ETo. Hence, crop coefficients ke of around .95 to 1,0 are suggested for non-shaded
plantations where more than 70?5ground cover exists. Where grown under shade trees, kc
values of 1.5-1.10 would be more appropriate for more humid periods, and perhaps 1.10-1.15

for dry periods.

1) Non=cropped or bare soils

To determine the water balance, partlcularly after winter rains, estimation of
evaporaticn losses from the goill surface E(soil) are needed. This will assist, for instance,
in the determination of the first irrigation application on a wheat crop sown in March-April
following winter rains, E(soil) will be greatly affected by the water content of the soil
surface, and frequency and depth of rain, type of soil and level of evaporative deﬁand.

To determine ke Fig. & should be used; the prediction of E{soil) follows closely the method
shown for field crops, initial stage. Data presented in Fig. 8 assume a medium-textured
soil, For light and heavy-texturad soils ke values may need a downward adjustment by some
30 %and upward by scme 15% respectively. Oﬁly a short period following the rain should be
considerad since tep scil may soom dry out and, particularly for sandy sodl, soil evaporar

tion will be severely restricted.
EXAMPLE:

Estimation of E{soil} from fallow, essentially weed«free soil.

Given: Cairo; ETo as given and obtained from Method IIT of Chapter I.71;
ficticious rainfall data on frequency.

Calculation: from ETo in mm/day and data on frequency of rainfall,
select ke value from Fig. 8.

Nov, Dec. Jan. Feb. March
ETo, mm/day 2,8 | 2,1 | 2.4 | 3.3 | 4.8 | Method TIT
Freguency of rain, days 7 7 5 7 10 Data
ke factor .5 .05 . 75 W35 .35 1 Fig. 8
E(soil) mm/day = kc x ETo 1.7 R 1.8 1.8 1.7 Calc.
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CHAPTER T.3 CALCULATION OF ET {(crop)

As stated In the introduction ET{erop) reflscts the rate of evapetranspiration of a
disease-free crop, growing in a large field (one or more hectares) under optimal soil

conditions including sufficient water and fertility and achieving full production potential

of that crop under the given growing environment,

The methods of calculating crop evapotranspiratien have been detailed and include the

effect of climate on crop water requirements as the mean daily value of ETc in mm for the

- period considered. The effect of crop characteristics on water requirements is represented

by the crop coefficient ke and its values can be obtained from the information outlined in
Chapter I.2. For a given crop, planting date, growing season and length of crop development,

ET (crop) can be determined by ET(crop) = ke . ET(crop) for each 30 to 10 day period.

EXAMPLE:

Given: Cairo; maize; sown in mid May
total length of growing season 125 days
initial stage 20 >
crop development stage : 35 ¢
mid-season stage 4 2o
late season stage e

Calculation:

May June July Aug Sept

ETo, mm/day 8.1 8.6 7.9 6.6 5.1 Method IIX
ke G.35 G.6GC 1,12 1,08 0.75 Fig, 7
ET(crop) mm/day| 2.8 5.2 8.8 7.1 3.8 Calc.

Mean 10 daily ET{crop) can be obtained from reading kc from
Fig. 7 for each 10 day period.
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CHAPTER L. 4 CONSIDERATION OF FACTORS AFFECTING ET (crop)
UNGER PREVAILLING LOCAL CONDITIONS

{cropr depends to a marked degree on leocal conditions including variation 4p
climate, size of fields and natuve of surrounds, advection, altitude, soil-water availability,
salinity, methed of irrigaitien, methods of cultivation and scme of these factors are in tuyy
partially dependent on the farming and irrigation practices followed. The prediction methodg
described so far do nei cower all possible facters prevalling under local conditicens which
may have a distinct effect oo ET{crop). Some additional considerations are therefore given
in order to alert and otvient the usar of dara when particular conditions occur. Where
possible, factors and processasz are formulated in quantitative terms; others are formulated
in qualitative tarms onlv since the present lack of data hinders adequate quantification of

the complex phenomena invelved.

I.,4.1 CLIMATE

a) Variation with time

For & given location ET{crop) will vary from year to year and for each period within
the yvear. | .

Toral annual ET(crop) on the other hand, will vary little from year to year for many
climates since it is largely dependent on the input of solar energy which, outside the
atmosphere, may be considered as a constant on a yearly basis., The variation in annual
total ET{crop) may be as low as about 10% for the humid tropics, and as high as about 25%
for midcontinental climates, depending mostly on the degree of cloudiness.

Compared with the annual variation, monthly ET{crop) values for a given month and
location will tend to be larger, the nature of distributicn being closely related to typical
variations in weather conditions. For mid-latitude continental climates the variability in
net radiation can be extreme for a given calendar month. Normal transition months for areas
having distinct dry and wet seasons alsc show significant changes for the same month from
year to vear; when rainms arrive eirher exceptionally early or exceptionally late the monthly
ET{crop) values of that month may vary from one year £o the next by Soﬂ)or more.

Daily ET{crop) may vary drastically, with low ET(crop) values registered on days that
are rainy, humid, cloudy and calm and with high values on dry, sunny, windy days.

As shown in Fig, 10, the wide range of daily, 10-day or monthly ET(crop) values
clearly demonstrates that ET(crop) for a given period should be calculated for each year of
record rather than using mean climatic data to derive mean values for ET(crop). WNot only
are extremes of high and low ET{crop) data vevealed, but also the expected variation in it
allows a better selection of the level of ET(crop) for design purposes. When sufficiently
long climatic records are available a frequency distribution analysis should preferably be
made., The methodology For making such an analysis is similar to that presented for

rainfall {(Chapter IZ.17.2).
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Long ET(crop) records will be needed when analysing the magnitude and frequency of
ET(crop) extremes but these are often not available. An irrigation system should have the

capacity to meet the adopted levels of peak ET(crop} of the crops it is to serve. Peak

.mxcrop) will vary with the length of time considered or for any given month ox

Peak ET(crop) daily - Peak ET(crop) 10~daily . Peak ET(crop) monthly
1 10 30

To allow a first estimate of maximum crop water requirements from mean monthly ET(crop)
data, comsideration must be given to the degree to which ET(crop) may vary during that
period, the possible duration of peak ET{crop) within that pericd and the length of time for
wiich peak ET{crop) can be met from available scil water. In Fig. 11 generalized curves are.
given for two climatic extremes showing the ratio of average daily peak ET(crop) to average
daily ET(crop) for the month of maximum ET(crop) and level of soll water availability.

From Fig. 11 a first approximation can be made of average peak ET(ecrop) when only
"™ean monthly ET (crop) data are available. Especially when soils are shallow and light, a
trrection is thus made which allows full water supply to the crop during peak demand.

EXAMPLE: for mid=continental climate with wvariable cloudiness, mean monthly

T ET(crop) is 6 mm/day;

depth of available soil water or irrigation per appiicatlon is 60 mm;
peak period ET(crop) is 6 x 1.175 = 7.1 mm/day.
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and 4. Mid=-continental climates with

variable cloudiness and mean ET(crop)

of 5 and 10 mm/day respactively,

Fig. 11 - Determination of peak periocd ET(crop)
from mean monthly ET(crop) data and
depth of available soil water

b) Variation with distance

Weather stations located at some distance from the area under study are frequently the
only source of meteorological data. No set of general instructions can be developed on the
use of such data. In many locatiene similar conditions may extend for hundreds of kilometers
allowing the use of data collected at distant stations. It is obvicus that in zones with
rapid changes in climate across comparatively short distances extreme caution should be used;
an example Is the case of semi-arid and arid areas just inland from large bodies of water,
such as Lake Nasser, Aswan, where Epan at an inland distance of only 250 m from the shore
is up to double Epan at the shore line of the lake, TIn areas where the alr mass 1is forced
upward as mountain ranges are approached, extreme variations in radiation can be expected.
Pogsible changes in climate over short distances should therefore always be corsidered
before applying data collected in adjacent zomes. This is shown by ETo data for California
for distances of 5, 40 and 120 km from the cosst. See Fig. 1Z,

Where available,usa should be made of climatic surveys already carried out and of
publications containing the results of calculations of derived data., A careful check should
always be made that available meteorsloglical data used in ET(crop) prediction are represanta”

tive of the area under investigation,
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Fig., 12 Change in ETo with distance from ocean, California
(Source: State of California, (1967) Bulletin 113=2)

¢) Variation with size of irrigation development: advection

Most of the raw data used in predicting ET(crop) are collected on sites located in

rainfed or uncultivated areas, or even on rocfteps or at airports. Irrigated fields will

producé a different microclimate and ET(crop) may not be equal to predicted values based on

metedrological data from sites outside of or collected pricr to the development of large
irrigation projects, The differant microclimate induced by irrigated agriculture will
depend mostly on the aridity of the surroundings, wind, size of the irrvigated area and
distribution and density of irrigated cropped and fallow fieilds. ’ _

rops grown in arid and semi~arid climates but surroundad by large dry fallow areas
are subject to advection by which air masses greatly warmed while passing over such areas
will give up heat as they pass over the irrvigared fields, Advective energy resolves into
the ¢clothesline’’ effect at the edge of the field and into the ®foasls’’ ef fect inside the
large irrigated field. Appreciably higher ET(crop) can be expected on the upwind edge of
the field and can be as much as double the predicted value for large fields. With increasing
distances dowmwind from the upwind border the air becomes cooler and more humid.

As is shown in Fig. 13, the high ET(crop) values near the edge will fall off sharply
followed by a more gradual gensral decrease. The *Sclothesline’? effect may become negligible
with distance from the border where the change of temperature, humldity and wind profiles is
complete and a near-equilibrium of air temperature, and humidity is reached. This distance will
depend on initial temperature, humidity and wind speed, and may extend in dry hot climates for
100 to 400 m from the leading edge for wind SPeeds greater than 5 m/sec, 50 to 100 m for speeds
of 2 to 5 m/sec and 10 £o 25 m for speeds of O te 2 m/sec., This aspect is of considerably less

importance in humid arzas.
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Fig. 13 Value of pan coefficient Kp under ariq
windy conditions at various distances
from upwind edge of the field; A~pan
is located in upwind dry fallow field,
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It follows that caution should be applied when extrapolating measured ET(crop) data
from irrigation experiments carried out on small plots and located in dry surroundings to
large irrigation projects, The *‘f‘clothesline’’ effect on the patchwork of different crops
and treatments within small irrigation experimental plots of 0.01 to 0.5 ha can bhe
considerable, With such small plots, especlally when surrounded by several hectares of dry
surface area, measured experimental results may predict up to double irrigation requirements
of a future large irrigation development.

The ¢‘oasis’’® effect per se will result in higher ET{crop) values for irrigated fields
surrcunded by large dry fallow areas compared to irrigated fields in extensive vegetated
areas. However, in arid and semi-arid climates, inside the irrigated fields temperatures
are generally lower and humidity higher compared to outside the scheme, Therefore, when
ET(crop)} is predicted from data collected before irrigation development, ET(crop) could be
over=predicted by 5 to 15% for fields of 5 to 20 ha and 10 to 25% for large irrigation
schemes with & cropping density clese to 100%.

In Fig. 14 approximate values for the effect on ET(crop) of size of the irrigated area
located in dry fallow surrounds is given for arid hot conditions with moderate winds. Values
shown are coefficients for correcting ET(crop) values determined from climatic data from

non-irrigated areas.



Fig. 14 Correction factors for ETf{crop} determined from
climatic data colilected cutside or T
irrigation development for different ze ir
fields under =zrid, hot, moderate wind condit

EXAMPLE: Crop is maize, climate is arid, hot andé wind is moderate;
ET(maize) from early data is 10 mm/day. FI(maize) corrected
for *f‘oasis®’ effect for a 100 ha continucus cropped field is
10 x .85 = 8.5 mm/day.

The decrease in ET (crop) over long distances is partly offset by uneven distribution
of fallow and cropped irrigated fields. This is shown in Fig, 15 presenting Epan data
(Hudson) for a given cross section over irrigated cotton and fallow [lelds in the Gezira
scheme, Sudan. .

Given an irrigation scheme where the size of the individual cropped field varies from
5 to 20 ha with an overall cropping demsity of some 50%, ET{crop) has been shown to be as
much as 10 to 20% higher than ET{erpp) for intensely cropped schemes wheve cropping densities
are close to 100%. Using ET(crop) values determined from areas previous to irrigation
development the reduction in ET(crop) over distance will thus be much less drastic as
compared to iarge continuous cropped areas. Apart from other considerations, overall

ET (crop) will be reduced by arranging cropped fields as much as possible in large continuous

w

blocks rather than in interspersed small fields.
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Only approximate values for the effect of advection are presented and these only for
arid, hot, moderate wind conditions., Advection Is much less important under cool, humid

conditions. There is no simple way of avaluating the effect of advection on ET(crop).

d) Variation with altitude

ET(crop) changes significantly with altitude in a given climatic zone. These

differences are not caused by variations in altitude as such but mainly by changes in

temperature, humidity and in the day-night distribution of wind from areas near the coast
ts high mountain Valleys‘, Also radiation at high altitudes may be rvather different than in
low-lying areas. The use of the ET{crop) predicticn methods presented will remaln
problematic for high altitude areas with the possible exception of the Pemman and Pan

method.

T,4,.2 S0LL WATER

a) Level of available soil water

ET{crop) prediction methods presented in Chapter I.1 and I.2 take into account climatic
conditions and crop characteristics and assume soil water in ample supply, In the absence of
appreciable drainage losses, after irrigation or rain, the soil water content will be reduced

primarily by evapotranspiration, As the soil dries out, the rate of water transmitted

through the soil and supplied to the roots will raduce and consequently the rate of watex

uptake by the plant will be affected. ET{crop) will fall at some stage below its predicted

level ox :
p = ETa{crop) / ET(crop}

where p 1 and ETa{crop) and ET{crop) are respeciively actual and predicted evapotransplratlio®
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and on the isvel of the evaporative demand of the air and will wvary with type of
soil. The level of available water in the scoil can be described as the foree or tension at
which water 1s held by the soll at a given soll water content; in common usage soil water
tension is expressed in atmospheres (1 atm =~ 7 bar =~ 100 centibars = 1000 cm of water).

For easa of reference, soil water tension and corresponding avallable water content in
volume percentage are given below. Available water is defined here as the difference in
gsoil water content at field capacity (soil water tension of some 0.2 te 0.3 atm) and at

wilting point (18 atm)i/_

Soil water tension 0.2 G.5 2.5 16. 0.2 0.5 2.5 16,
Heavy clay _ 18 15 8 G 0 17 53 100
Silty clay 19 17 i0 0 0 10 45 1060
Loam 20 15 7 0 0. 25 65 100
Silt loam 25 19 5 0 G 25 80 100
Silty clay loam 16 12 7 0 3] 25 55 100
Sandy clay loam 14 t 6 0 4] 20 55 100
Sandy loam 13 8 3 0 0 40 75 100
Loamy fine sand ' 14 11 5 0 0 20 65 100
Medium fine sand 5 3 2 0 (0 50 65 100
Availablé soil water in Available soil water
volume % depletion in volume %

For conditions where'evaporative demand by the air is high, the point at which soil
water supply to the roots becomes insufficient to meet prédicted ET (crop) is reached at a
lower soil water tension compared to conditions where evaporative demands by the air are
low, This will be even more pronounced in heavy textured soils compared to light textured
ones since water can be transmitted more rapidly and removed more easily from a light
textured soil than a heavy cne. Due to differences in plant charactreristics, the value of
p will vary with crop species., Alsc the value of p is not constant over the entire irriga=
tion period; p will be equal to unity during days just following irrigation and will

gradually decrsase until next irrigation.

lf The concepts of field capacity and wilting point assume static soil water conditions and
represent an equilibrium value on scil water content; in fact, soil water through con-
tinuous redistribution in the soil profile under both saturated and unsaturatad conditions
is a dynamic process and in a physical sense no static lavels can be assumed, Despite
this, the mentioned comcepts are, for practical veasons here, still comsiderad as useful
criteria for determining the soil water available,




Idealized curves zre presented im Fig. 16 indicating the relarive decrease in ET{crop)
which occurs in a drying soil Yov both a heavy and a light fextured soil at a given soil
water tension, The effact of evaporative conditions on the decreasa in ET(crop) in a drying
soil is shown for ET{grass), adapted from Rijtema, 1965. For well established grass, grown
on & deep clay or loamy sand, under low evaporative demand = 2 to 4 mm/day - ET(grass)

o+

starts to decrease af soll water tensions of 5 and 8 atmospheres respectively or, correspond-

ingly, avallable soil water depl

D
(w3

ion of some V0% for clay and about 99% for loamy sand.
Under conditions of high evaporative demand = 8 to 10 mm/day = ET{grass) starts to decrease
at a soil water tension of 1.5 and 3 atmospheres or at available soil water depletion levelg
of 35 and 75% respactively,

Timing and magnitude of ET(crop) reduciion are important criteria for predicting crop
yield and for recommending irrigation practices, In Table 32, adapted from Rijtema (1965),
data are presented on the amount of scil water available since last irrigation for a number
of soll types and climatic conditions: soil water depletion in excess of the indicated amount
will result in a decrease in predicted ET(crop). Data in Table 32 assume a rooting depth of
of 1 m; Interpolation can be used to devive estimates for different rooting depths for CTODS
given. With ET(crop) known, 2 first approximation can be made on the length of time after
irrigation that ET(crop) will be maintained at the predicted level., Since higher levels of
soll water are found during infiltration and water distribution in the soil profile during
and immediately fellowing irvigation, one or two days can be added. Table 32 clearly
indicates that under conditions of high evaporative demand the predicted ET(crop) is main-
tained for a relatively short period following irrigation. Also, total amount of soil
water available until ET(crop) begins to reduce varies with the type of crop and type of
s0il,

EXAMPLE: Alfaifa grown in & medium textured soil;

T ET(alfalfa) is 9 mm/day; rooting depth is 1.50 m.

Availsble soil water after irrigation before ET(alfalfa) will start
to reduce is 1.5 x 50 = 75 mm; E£T(crep) will start to reduce (75— 9)
+2 = 10 to 11 days following the last irrigation.

The rate of decrease in ET{(crop) is shown in Fig., 17 for cotton grown in Egypﬁ-on a
fine textured soil (Rijtema and Abeukhaled, in press). Different levels of ET (¢rop) are
assumed. When ET(cotton) iz 8 and 12 mm/day, it will rvemain at this level for some 12 and
8 days raspectively. For longer periods since the last irrigation, ET(cotton) is shown to
decrease more rapidly under high evapotranspiration conditions compared to lower ones.

The value of p will decresase with time; the mean value of p over a period exceeding 24 days
since the last irvigation becomes more or less independen:t of the evaporative conditions,
Whether the reduction in ET{cotton) is permissible during part or all of the growing season
can only be determined if sufficient data on the effect of soil water stress on yiald during

the various stages of growth are available. This is discussed in the chapter on crop yields.
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Table 32 DEPTH OF SO0IL. WATER AVATLABLE IN mm FOR DIFFERENT SOIL TEXTURES AND LEVELS OF ET (crop)
AT WHICH ET(crop) IS MAINTAINED AT ITS PREDICTED MAXIMUM LEVEL; SOIL DEPTH 1 m
sotl Predicted 1t 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
texture ET(crop)
Fine
{Toam ~ clay) Cotton 200 190 170 155 140 125 110 100 95 90 80 75 70 65 &0 60 55 50 50 50
Cereals, alfalfa
clover, grass 190 165 150 135 115 100 90 80 75 7G4 65 60 60 55 53 50 50 45 45
Sunfiower 170 145 125 110 95 80 75 65 60 55 55 50 50 45 40
Pepper, potatoes| 125 95 75 60 55 45
Medium
(sandy loam = Cotton 130 125 1190 100 90 80 70 65 60 55 50 50 45 40 40 35 35 30 30 30
sandy clay loam) Cereals, alfalfa
clover, grass 125 110 100 85 75 635 60 55 50% 45 40 40 35 35 35 30 30 30 25
Sunf lower 110 95 85 70 60 55 50 400 40 35 35 30 30 30 25
Pepper, potatoes 80 60 50 40 35 30
Coarse
{Toamy sand = Cotton 60 55 50 45 &0 35 30 30 25 25 25 20 20 20 20 15 i5 15 15 1%
sand) Cereals, alfalfa
clover, grass 55 50 45 40 35 30 25 25 20 20 20 15 15 15 15 15 15 15 16
Sunflower 50 45 35 30 25 25 20 20 15 15 1% 15 15 10 10
Pepper, potatoes 35 25 20 15 15 10

= HG e
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Mean ET lcotton) for period betwean irrigations
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irrigation iatervel, days.
Fig. 17 Mean ET {cotton) and fengih of irrigation interval for a fine
textured soil where ET {cotton) predicted is 18,14,12,10, and 8mm/days

The above examples show that no generalization can be made on the relation between
ET(crop) and soil water temsion; its effect will vary with the type of crop, soil type and
level of evaporative demand of the air, Stated very generally, under moderate evaporative
conditions and if ET(crop) does not exceed approximately 5 mm/day, a reduction in ET(crop)
for mest crops may be expected at a soil water tension exceeding 1 atmosphere {(correspoading
®proximately to available soil water depletion of some 30 volume % for clay, some 40% for loam,
some 50% for sandy loam and some 60% for leamy sand). The relation between soil water and
ET(crop) under high evapcrative conditions becomes rather complex with wilting and stomatal
ctlosure becoming more pronounced.

Information on soil water temnsion and corresponding soil water depletion levels
tolerated by different crops without causing an unacceptable reduction in ET{crop) or, saven

fere important, in yield, 18 given in Table 36 in the chapter on crop yields {I.4.5},
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b} Soll wataer uptake

Apart from the level of sqil water available to the crop, actual soil water uptake ig
aiso conditioned by the type and depth of crop root system., Rooting depth and lateral @Xtent
are mostly determined by the genetic character of the crop but alsc by seil texture and
structure, presence of impervious layers, depth of groundwater table, level of available
soll water at the time of root development and by low soil temperature, particularly in
early periods of root development, Poor soil aeration also decreases the rate and extent
of root development.

1f plants are sufficiently anchored and there are proper growing conditions (water
and nutrient availability, soil density, scil temperature), ET{crop) will hardly be affecteq
even when effective rooting.depth is severely restricted, However, the dangeyr of drought
damage {wilting) will increase and reduced utilization of the subsoil fertility may lead to
poor plant development which may subsequently affect ET(crop).

The water uptake pattern over the soil profile has been expressed as 40% of total
water uptake over the first one-fourth of total rooting depth, 30% over the second cne=fourth,
20% over the third and 10% over the last one-fourth of the total recoting depth. However,
horizontal and vertical movement of water will take place in the soil profile when portious
become dry. Also, appreciable water can be supplied to the roots from moist soil layers
below the rcot zome., Many scattered data are available on the depth over which the crop
extracts most of its water and over which an adequate level of soil water should be
maintained. The effective rooting depth over which the plant will extract water from the
soil is given in Table 33, A range of depths for each crop is given since effective rooting
depth will vary with scil water levels maintained during early growth or high groundwater

tables and other factors.

Table 33 EFFECTIVE ROCTING DEPTH FOR VARIOUS CROPS AT MATURE GROWING STACE

T GROWN IN HOMOGENEOUS DEEP SOILS

Alfalifa 90-180 cm Graihs © 60-150 em Safflower 90~180 cm
Beans 50= 90 Grapes 75=180 Soyabeans 60-125
Citrus 120-150 Legumes . 50=125 Strawbervies 20= 30
Cotton 75=170 Maize 75=160 Sugarbeet 65=125
Crucifers 30= 60 Olives 100=150 Sugarcane 75=180
Cucurbite 75=125 Onions 30« 75 Tomateces 40=-100
{cucumbers) Pastures 60=100 Tobacco - 45= 90
bec. orchards 100-200 Pappers 40=100 Vegetables an- a0
?iﬁbziggie} 75=120 Potatoes 30= 75
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¢} Groundwater tables

Soils which are too wet can be just as harmful to plant growth as soils which have
1ittle water in the root zone., When groundwater tables ave high and soils saturated, the
growth and consequent ET(crop) of most crops will be reduced., Wet soils in ccoler climates
are slow to warm in spring thus causing delays to seed germination and plant development.
also, land preparation and use of farm machlnery may have to be restricted resulting in
1ater planting and consequently different ET({crop) rates during the remainder of the
season.

The relative tolerance of some crops to oxygen deficits in the root zonme, to high

groundwater levels and to waterlogging is summarized in Table 34,

Table 34 TOLERANCE LEVELS OF CROPS TC HIGH GROUNDWATER TABLES AND WATERLOGGING
0? deficit Groundwater tables Waterlosein
- at 50 cm BEINE

High conc. 02 0-1% vield 80-100%

tolerance
rice gugarcane gtrawbervies
willow potatoes’ variocus grasses
sugarcsane broad beans - plums
various grasses

Medium conc, DZ 2~5% vield EO-BO?L

tolerance
oats sugarhbeet citrus
bariey wheat banana
onions barley apples
cotton cats pears
eltrus peas hlackberries
soyabeans cotton
apples

Sensitive conc. O£>HJ% yield < 50 %
maize maize peach
pess cherry
beans date palm
tobaceo olives

Source: International Sourcebook on Irrigation and Drainage of Arid Lands, FAD/Unesco, 1573,

Higher groundwatar tables are generally permitted in sandy soils than in loam and clay
s0ils since the latter have very limited air-filled pores in the capillary fringe above the

will econtain ailr in comparable conditlons.

1]

groundwater table. In sandy soils, more pore spac
This effect of soil type has been expressed as minimum depth of groundwater table required

for maximum yields for most crops as follows;

+
N
-

sand, rooting depth cm

o
<

elav, rooting depth -+ &0 cm

o
(=

loam, rooting depth om



Al A

d} Saliniiv

ET(crop) can.be affected by soil sslinity which is partly caused by raduction in

3}

water availability due to salinity, by reduced growth due to nutritional imbalances and by
toxic effects of specific ions in solution. Uptake of soll water by the plant can be
drastically reduced due to the higher csmotic pressure of the saline soil water l/. An
additional factor causing poor plant growth may be the poor physical characteristics of

some soils due to scdium associated with soluble salts which causes low water transmission
and lack of asration. It is impossible o distinguish the relative extent to which each of
these factors affects ET(crop). The composition of salts contained in the soil water has
an effect on plant growth {specific ion toxicity); crops like citrus and most fruit trees
are very sensitive to sodium and/or chloride. Chiorides may cause a sharper drop in ET(crop)
than an equivalent amount of sulphate.

Reduced water uptake by the plant under saline conditions is shown by symptoms similar
in appearance to those of drought such as early wilting, leaf burning, a bluish=green colour
in some plants, reduced growth and small leaves. Certain shallow rooted crops require high
soil water levels for best production, e.g. potatoes and onions, may be particularly
sensitive to reduced availability of free water. It follows that high evaporarive conditions
accentuate the effect of salinity on watar uptake by the plants and consequently the effect
on ET(crop) is evidenced more vapidly., The same level of soil salinity can be expected to
cause more damage under hot conditicns then under cool weather unless wéter management can
be adjusted to meet the added ET demand., The detrimental effect cf soil salinity on the
water uptake by the crop can be partly off-set by maintaining a high level of soil water in

rhe root zocue,

1/ High salt concentrarion will increase total soil water tension as exerted by borh the
soil and rhe salt soluticn, The approzimate relation between salt content or the soil
golution and osmotic pressurs is:

Conductivity Salt content Osmotic pressure
muhos PR meq/1 atm
1 650 10 0.3
2.5 1 600 3G 0.9
5 3 300 60 1.9
7.5 5 006 © 90 2.9
1Q 6 800 125 3.9
20 13 006 270 8.2

The osmotic effect {atmespherss) can be added to usual soll water tension {atmosphates)
to obtain approximats net effact on water availasbility.
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T,4.3 METHOD OF IRRICATION

the system iz properly

designed, installed and operated. The advantages of one method over another are therefors
ot determined by differences in total ivrigation water suppliaed but by the adequacy and
affectiveness with which cfop requiraments ars met. Selaction of the method is generally
determined by the cost of water appiication, water use efficiency, simplicity of the system,
soil erosion and detericration, salinity of irrigation water and perhaps other factors.
Different methods of irrigation generally imply different rates of water application.
In experiments to evaluate and compare the various methods in terms of water efficiency,
guch differences should be recognized; the apparent superiority of one method over another
may be merely the result of too much or too little water being applied. Thers may be no
fault in the actual method of irrigation, only in the management. There are several sources

of information for practical considerations on irrigation methods and practices 1/,

A number of practices which may directly affect ET(crop) are mentioned briefly below,

a) Surface irripation

The practice of reducing the area wetted by alternate furrow irrigation for row crops
generally has little effect on the total quantity of irrigation water needed. The positive
effect on crop growth of alternating furrow irrigation which has sometimes been noticed
should therefore be ascribed to other factors such as better soil aeration., Only in the
case of incomplete crop cover = less than 60% = and of a relatively small wetted area - less
than 307 = will there be & noticeable reduction in evaporation from the soil surface., This
practice is often followed in orchards and vineyards by means of irrigating furrows and

basins near the stems of fruit trees and vines; the net reduction in seasonal ET{(crop)

generally will not be more than 5% .

b) Sprimkler irrigation

ET(crop), imcluding the direct evaporation of water from wet leaves, of recently
sprinkled crops with full crop cover does not graatly exceed predicted ET(crop) rates.
Transpiration by the crop may be greatly reduced during application but will be compensated
by increased evaporation from the wet leaves and soil surface. Howaver, the higher evapora~
tion from wet leaves does not lead to a significant increase in water loss., The effects of
under-tree sprinkling on water savings are unlikely to be very great. With above=tree
canopy sprinkling the micro~climate can changs considerably under severe hoit dry conditions;
a remperature dLOp of up to 10°¢C and a humidisy increase of up o 30% has been noted., The
effect of irrigation on micro=climatic modification is however relatively shovi lived and

little effect on ET{crop) will be observed,

1/ Tor surface irrigation Booher (1974} and Merrlam {19687 ; far basin irvigation Slabbers
(1971); sprinkler irrigacion Pillsbuxy (1968); and trickle irrigation in FAC Iryigation
and Drainage Paper No. 14 (19732) and Kellar and Karmeldi Trickie Irrigation Design {1974).
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Evaporation losseg occur from the spray, their magnitude depending on climate (wingd,
temperaturs, humidity) and spray characteristics such as radius of spray and size of drops,
Such losses have been estimated to range from 2 to possibly 8% of the watar discharged by
the sprinklers, Strong winds will result in peor water distrvibution. Depending on sprinkler

system design, sprinkler irvigaticon should not be used when windspeeds are over 5 m/zec,

¢) Drip or trickle dirrigation

Drip irrigation syetems allow frequent application of small quantities of water which
closely follow the rate of seil water uptake by the crop., A well operated drip svystem can
provide a nearly constant low tension soll water condition in major portion of the plant
root zone. The high water usz efficiency can be attributed to improved water comveyance
and water distributien to the root zone, Evapotranspiration of & crop with wear or full
ground cover such as vegetables and closely spaced mature tree crops should be affected
little by this methed of irrigatrion unless under-irrigation is practised. It is only with
widely spaced creps and young orchards that ET(crop) will be reduced since a small proportion

of the soil surface will be wetted and evaporation from it will be restricted te that area

_kept moist near the individual plant or tree, For young orchards with 20 to 30% groundcover

on light sandy soils and under conditions of high evaporation requiring very frequent

irrigations, a reduction in ET{crop)} of up to poésibly 60% as compared to surface and sprinkler
irrigation has been observed. This reduction in ET{crop) would be considerably lower for
medium to heavy textured soils or for conditions with low evaporatilve demands requiring much
less frequent irrigation applications. For closely spaced crops the crop water requirements
under drip irrigation can be predicted using the methods described without applying any

reduction factor.

d} Subsurface irrigation

When meeting crop water demands with a subsurface water distribution system, depending
on the adeguacy of the water supply through upward water movement to the root zone, ET(crop)
should be affected little except for the early stage of growth of some crops which require

frequent irrigation.

T.4,4 CULTURAL PRACTICES

a) Fertilizers

The use of fertilizers to promote maximum plant growth and crop yields gives only a
slight affect on seasounal BT (crop), if any, unless crop growth was previously severely
affected by low soil nutwitieon., Lower water uptake is experienced during early stages
of crop growth as poor fertilization will retard vegetative growth and full crop cover is
attained at a later date. In well-fertilized soil the crop may be somewhat less suscapti-

le to droughts due to a better developed root system. Irrigation imposes a greater demand

on fertilizer nutrients; adequatal

fertilized soils produce much higher ylelds per unit of

irrigation water than do poor soils, provided the fertilizer 1s at the level in the soil
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are soll water is sxiracted by the plant, The movement of soluble nutrients and
ailability to the plant ars thus highly dependent on method and frequency of

pyigation, izer on crop yields and the relation between wateruse and
l .

f
gield for different fertilizer applications are shown in Figs. 18 and 19 for wheat and maize

Nitrogen kg/ha Wateruse mm
Fig. 18 Effect of water supply on response Fig, 19 Relation between wateruse and
of wheat to nitrogen kernel yield of maize at
(Source: E.W. Bolle=Jones and 5 nitrogen fertilizer levels
M, Rezania, Soil Institute of Iran, {Shimshi 1967).

Teheran, 196%9).

b} Plant population

The effect of plant population or plant density on ET(erop) is similar to that of
percentage of groundcover. Under conditions where the soil surface is kept wet and crop
cover is less than about 60%, the total amount of water transpired by the plant and
evaporated from the soil surface may even exceed the ET{crop) of high population crops due to
greatar overall roughness and lower reflectivity of meist scil, When top goils are relatively
dry, evaporation from the soil surface is sharply reduced and ET(crop) will be less for low
population crops than for high population crops.

The effect of population on ET(crop) and in particular the increased sensitivity of
high population crops to droughts has received much more attention in rainfed agriculture.
Few data are avallable for dense, irrigated crop populations since in irrigated agriculture
this aspect has been considered to have littie importance in terms of total water needs,

For a given crop, a high population planting would normally require more water in the eariy
stages of crop development than a low demsity planting due to guicker development of full

groundcover.,
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c) Tillage

Except for scils which tend to form deep cracks, tillage produces little if any effact
on ET(crop) unless a significant quantity of weeds is eliminated. Rough tillage will
accelerate evaporation from the plough layer; deep tillage may increase ET(crop) when the
land is fallow or when the crop cover is sparse, However other factors such as higher
infiltration rates may decide in favour of tillage., On some goils tillage may be required
to break up sealed furrow surfaces in order to achieve adequate infiltration. Soil ripping
between crop rows may result in temporarily higher infiltration rates but the crep could be

slightly set back due to root pruning.
d) Mulching

Except for specific purposes such as a reduction in ercsion by wind and in water
runoff, the use of a mulch of crop residues in irrigated agriculture to reduce ET(crop) is
often ceonsidered of little net benefit. Crop residues may even be a disadvantage where
s0ils are intermittently wetted; the water-absorbing organic matter remains wet much longer
thus increasing evaporation., As a barrier to evaporation it is rather ineffective. The
lower temperature of the covered soil and the higher reflective capacity of the organic
matter are easily outweighed by evaporation of the often rewetted crop residue layer., There
may be additional disadvantages such as the increased danger of pests and dissases, possible
slower plant development due to lower soil temperatures, and probiematic water distribution

from surface irrigation.

However, a major advantage of mulching using organic plant material is the protection
of the soil surface, preventing soil capping or sealing and it may produce a higher infiltration

rate which results in greater storage of rainfall ia the soil,

Polyethylene and perhaps also asphalt mulches are the most effective. A net reduction
in ET(crop) using waterproof covers is however largely dependent on the percentage of land
coverad as well as on thé parcentage of crop cover, The method is most effective when muich
covers more than 80% of the s0il surface and crop cover is less than 50% of the total cultivated
area. For instance, positive results have been obtained inm Tunisia on strawberries where plants
grow through holes in plastic sheets and the soil 1s kept relatively wet. Wead control and

little rotting of the frult added to the successful use of plastic.

e) Windbreaks

Due to a reduction in wind velocitlas produced by artificial and vegetative windbreaks,
ET (crop) may be reduced under windy, warm, dry conditioms by about 5% at a horizontal distance
equal to 25 timesg the height of the barrier downwind from it, increasing to 10 and scometimes
up to 30%at a distance of 10 times this height. However, ET(crop) as determined by the
overall climatic conditions is not altered., In most cases shrubs and trees are used and

thus, due to the transpiration of the vegetative windbreak, overall ET may be more.
*
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zegardiess of the benefits of reduced ET(crop). wind daﬁage to crops, such as by the mistral
;n southern Franca, may be far mors serious than the inerease in total water loss. A pro”
Auctive, low water consuming windbreak, for example citrus, or an artificial wind barrier
night be considered in order to eliminate even this last negative effect, Recent studies
; : have shown in Nebraska (i7.8.A.) that due to the protsctive physical effect of artificial

wind barriers, CTrop yields of maize can be increased by from 10 up to 30% without an

ipcrease in ET(crop).

A Wi s

£} Anti=transpirants

The use of anti-transpirant, natural or artificially induced variations in plant
foliage properties and soil conditioners to reduce ET (crop), continues to interest many

investigators, but so far is still in the experimental stage.

1.4.5 CROP YIELDS

Knowledge of the relationship between crop water raqulrements and crop yields is
needed to predict levels of production that can be achieved by varyiag the allocation and
use of available water for irrigation, Whether or not ET{crop) is to be fully met by
adequate irrigation water supply depends on set obiectives such as maximum production in
- S reiation to investmenﬁ2 greatest yield per unit of water when water is short, greatest
yield per unit of land when land is short, in assuring the greatest number of farmers to
benefit from irrigation when soclo=ecconomic factors are most pressing, or in assuring a high
pet income for the farmers. Also, in project operatiomns, particularly during periods of
water shortage, decisions neaed to be made on the best use of available water and how To
minimize reduction in crop yields due to drought. Much of the information required comcerns

the relation between periods when the crop is most sensitive to reduced water upiteke
associated with soil water stresses.

The relation between CYOp yields and water seems confusing due to the many factors
Earlier investigations suggested that for most crope 2 t1inear relationship exists

The slopne of the linear relationship

involved.
between seasonal ET (crop) and dyy matter production.

varies with each crop species. For instance, to obtain the same dry matter yield, total

seasonal ET(alfalfa) may be four times that of sorghum, and twice that of wheat. ET(rice)
of high=yielding varieties is similar to that of traditional rice varieties but vields can
be fourfold provided good water management is practised and other agricultural inputs are

supplied at the correct time. In addition, climate also affects the relationships as shown

in Fig. 20 for dry matter production of grass.

The linear relationshp between dry mattex production and seasonal ET{erop) seems to

be valiid only when other growth factors such as fertilizers, temperature, sunshine and seil

= depth ars not 1imiting. However, £or most crops dry matter production does not determine

the actual yield as this depends on the harvested part of the plant which can be either a

chemical constituent (e.,3. Sugar, 0il) or reproductive {apples, grain). Additional considera-

tion will be needsd to express the relationship between harvested vield and BT{crop).
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Cumulotive meosured growth ton/he

Fig. 20 Relation between ET{grass)

|

F L 1 ]
o 20 400 800 - 800 100C and dry matter production from
’ astures at differ i
Cumulative ET {gross} mm. %Stamhill 1063) erent latitudes

Recently developed concepts seem to show that for harvested yields the ratio of

. relative yield to relative ET(crop) may be assumed to be constant or nearly constant for a

given variety provided specific crop characteristics and growth stage effects are controlled,
and growth factors other than water are not limiting, If this is so, knowledge of the slope
of the two parameters considered, that is actual ET(crop)/maximum ET (crop) versus actual
vield/maximum yield, combined with the quantitative prediction of maximum vield and maximum
EY{crop), would enable a quantitative prediction to be made of yields to be chtained with
the selected water supply for any given location with a suitable climate (Stewart and

Hagan, 1973, 1974), This assumption seems to be supported by Downey (1972) who provides
data on 14 non=forage crops including wheat, potatoes, cotton, beans, maize, dfawiﬁg these
data from a variety of sources. Figure 21(1) shows that for dotted envelope curves repre=
senting 86% of the results analysed, yields decrease by 80% when actual ET (crop) is allowed
to drop te 0.5 ET(crop) maximum; yields decrease by 50% when actual ET(crop) is 0.7 ET {crop)
maximum. These data apply for conditions where soil water is available at a fairly constant
reduced rate for most of the growing season., It should be noted that the curve does not
bggin at the origin; there i%_a thresheld value below which produﬁtion is negligible.

The effect of water éthtage on vield is very proncunced during periods wh%n the plant
1s particularly susceptible to water stress, This is shown for malze in Fig. 21(2) for which
vields are negligible when limited soil water sharply reduces ET{crep) during the tasselling
stage, Figure 27(3) shows a generalized relationship between yvield and actual ET(sugar-=

cane) in Hawaii., Prolonged veduction in ET(cane) during the perfod of active growth from
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12 to 14 months after planting virgin cane will have a much greater negative effect on yieldg

than if the reductlun in ET(cane) 1s experienced during ‘the late growth perlod

Reducing ETf{crop) by decreasing the irrigation supply or by extending the irrigation
interval beyond the period during which soil water is freely available to the crop is thus
particularly eritical during times when the crop is sensitive to soll water sgtress; at that
time any soll water stress may have a lasting effect and could drastically reduce yields,
Critical stages of crop growth for meost field crops can be considered as any changes from
vegetative to reproductive growth«heading and flowering to fruit setting. However some
crops have no specific eritical stage, for example such vegetables as potatoes, bananas and
other crops grown for fresh weight production, but they are sensitive in any period to
prolonged water stress conditions. Critical stages for soil water of some crops are given
in Table 35.

In order to produce high yields, crops have different requirements as to maximum seil
water tension or degree of depletion between irrigations, Some crops will only produce an
acceptable vield when scil water is kept at a high level, usually well above 50% of available
soil water. Crops requiring relatively wet soils include most vegetables, potatoes, bananas,
etc., Yields from other crops including deciduous fruits, barley and sugarbeet, normally do
not respond when water is applied above the 50% depletion level. Moreover, soil water
deficits can sometimes have a positive effect on the quality of yields; slight deficits may
improve the quality of apples, peaches and plums, and increase the aromatic quality of
tobacco and the oil content of olives. An induced reduction in ET(crop) before harvesting
may alse increase the sugar content of sugarcane., Irrigations should therefore be scheduled
to bring about the specific soil water levels required by the crops.

Information on soil water temsion tolerated by different crops without causing an
unacceptable reduction in ET{crop) or, even more important, an unacceptable reduction in
yield, is given in Table 36. The corresponding level of available soil water depletion
should not be exceeded, particularly during eritical periods, Lower values apply to high
and higher values apply to low evaporative conditions; values given in the table represent
mestly vegetative periods and may not apply during critical periods where plants are sensitive
to soil water stress. A comprehensive review of the subject of crop responses to soll water
deficits at different stages of crop growth including the critical stage for soil water

stress can be obtained from the references givem 1/

1/ R.0. Slatyer, Plant=Water Relaticnships, Academic Press, 1967,

R,M., Hagan, H.R. Haise and T.W. Edminster, Irrvigation of Agricultural Lands, ASA No, 11,
1967.

T.T. Kozlowski, Water Deficits and Plant Growth I, II and III, Academic Press, 1968,

P.J. Salter and J.E. Goode, Crop Responses to Water at leferent Stages of Growth,
Commonwealth Agricultural Bureau, 1967.

Y,F. Vaadia et al, Plant Water Deficits and Physiological Processes, American Review of
Plant Physiology, 12: 265-292, 1961, :
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Small grains

Sorghum

Soybeans

Strawberries
Sugarbeet
Sugarcane
Tobacco
Tomatoes
Turnips
Water melon

Wheat

EEEEE-EE CRITICAL PERIODS ¥OE 50IL WATAEIR 3TRESS FOR DIFFERENT CROPS
e
Alfalfa just after cutting for hay and at the start of flowering for seed
production
Apricots pericd of flower and hud development
parley early boot stage > soft dough stage > onset of tillering or vipening
stage
Beans flowering and ped setting period > earlier > ripening period.
However ripening period > earvlier 1f not prior water stress.
Broccoll during head formation and enlargement
Ccabbage during head formation and enlargement
Castor bean reguires relatively high soil water level during full growing period
Cauliflower requires frequent irrigation from planting to harvesting
Cherries period of rapid growth of fruit prior to maturing
Citrus flowering and fruit setting stages; heavy flowering may he induced by
withholding irrigation just before flowering stage (lemon); °‘June
drop®’ of weaker frults may be controlled by high soil water levels
Cotton flowering and boll formation > early stages of growth > after boll
formation
Groundnuts Tlowering and seed development stages > betrween germination and
flowering and end of growing season
Lettuce requires wet soil particulariy before harvest
Maize pollination period from tasselling to blister kernel stages > prior
2 g P
to tasselling > grain filling periods; pollination period very
critical if neo prior water stress
Oats beginning of ear emergence possibly up to heading
0lives Just before flowering and during fruit enlargement
Peaches period of rapid fruit growth prior to mafurity
Peas at start of flowering and when pods are swelling
Potatoes high soil water levels; after formatiom of tubers, blossom to harvest
Radish during pericd of root enlargement
g
Sunflower possibly during seeding and flowering - seed development stage

beoot to heading stage

.secondary rooting and tillering to boot stage > heading, flowering and

grain formation > grain filling period

flowering and fruiting stage and possibly period of maximum vegetative
growth

fruit development to ripening

3 to 4 weeks after emergencs

period of maximum vegetative growth

knee high to blossoming

when flowers are formed and fruits are rapidly enlarging
when size of edible voot increases rapidly up to harvesting
blessom to harvesting '

possibly during booting and heading and two weeks before pollination.
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Efible 346 3011 WATER DEFPLETION LEVEL3Z, EAPRESSED IN SOIL WATER TENSIONS,
- TOLERATED BY DIFFERENT CROPS FOR WHICH ET{crop) REMAINS AT
PREDICTED LEVEL AND MANIMUM YIELDS ARE OBTAINED
Alfalfa 0,8 = 1.5 atm l/ Onions 0.4 « 0.7
Banana 0.3 = 1.5 Peas 0.3 - 0,8
Beans 0.6 = 1.0 1] Pctatoes 0,3 = 0,7
Cabbage 0.6 = 1.0 Rice at cr near saturation
Carrots 0.5 = 0.7 Saiflowar 1.0 - 2.0 1/
Citrus 0,5 - 1.0 Small grains 0.4 = 1,0 l/
Clover 0,3 = 0,6 Sorghum n.6 = 1.3 1/
Cotton 1.0 = 3,0 Sovybeans 0.5 = 1.5
Cucumber 1.0 - 3.0 Strawberries 0.2 = 0,5
Deciduous fruits 6.6 = 1,0 Sugarbeet D.6 - 0.8
Flowers & ornamentals G.1 = 0.5 Sugarcane G.8 = 1.5 l/
Grapes G.4 - 1,0 Tobaccoe, early 0,3 = 0,8
Grass G.4 = 1.0 T late 0.8 - 2.5
Lettuce 0.4 - 0.6 Tomatoes 0.5 = 1.5
Maize 0.5 = 1.5 i/ Wheat 0.8 = 1.5
Melons 0.3 = 0,8 2 ripening 3.0 = 4.0

l/ Higher values than those shown apply during ripening period.

Source: Taylor 1963,

Hagan and Stewart 1972, Salter and Gocde 1967, and others,
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pART II CALCULATION OF FIHLD IRRIGATION REGUIREMENTS, I

INTRODUCTION

Field irrvigation requirement is ;hgdgpgunt ?f water and timing of
its applicaticn needed to compensate soll water deficits during the growing seasen of a
given crop. Irrigation requirements are determined by crop evapotranspiration minus the
water contributed from precipitation, groundwater, carryover of soil water from earlier
precipitation or fleooding, and surface and subsurface in flow. It is expressed in mm per
growing peried (season or one month or less) for the purpose of overall planning and
evaluation of the field, project or basin water balance. Summarized over the entire
cultivated area, it forms the basis for determining the necessary supply and the adequacy
of available water resources. It is expressed in the form of an irrigation schedule in
depth of an interval between irrigation for the purpose of project operations (mm and days).

Irrigation is never 100 percent effective and allowance must be made for unavoidable
and avoidable losses including deep percolation, surface‘funoff and other managerial or
technical faults. Irrigation application efficiency Ea is normally expressed in fraction
or percentage of In or field irrigétion requirement If =z In/Ea where In is the net irrigation
requirement and If is the gross field irrigation regquirement.

In is based on the field water balance which for-a given crop and period can be

expressed as:

In = [ET(crop) + F + R/ = /Pe + Ge + N + AW/

= losses - gains

where Fe and Ge are the effective contribution to the rocofzone by rainfall and groundwater
respectively; surface and subsurface in and outfiow, N and R can be of local gignificance;
deep percolation F which takes placé after the soil has attained field capacity following
irrigation is generally but incorrecily accounted for in the correction of Ea, the field
application efficiancy;ziw 18 the change in soil water content in the eiffective root zone
which, under irrigatiom, should vary between fisld capacity and maximum available soil water
depletioﬁ-lor a given soil and erop. All variables can be expressed in units of depth of
water (mm)}. Depending on data available and accuracy required, In can be predicted for
seasegnal, monthly or 10 day periocds. .

Of importance is the periecd or time interval over which the field water balance is
made, Too long periods may obscure the oecurrence of short duration water shorfagés, For

instance, when using monthly data, monthly =ffective vainfall may be shown to meet monthly

r

ET{crop) but since rainfall is nermally not distributed evenly over the menth, shert duration
water deficits may occur. Too shovt periods may be impractical. It should be realized that
when using a monthly vrather than s daily balance this may produce vesults zceeptable for
overall planning purposes but these resulis may be far from realistic for use in detailed

design and operation of irrvigsrion works, and in scheduling field application,



in most cases, calculation of the field water balance will have to be made for
alternative cropping patterns in order to find the optimum sclution befween it
requirements and water supply. available at source.

CALCULATION PROCEDURES

3

When determining field irrigation requirements for a selected crop end cropping patiarp
for overall planning purposes certain data are required and to obtain it proceduras are
suggested. Determine;

1. for alternative crops, cropping patterns and intensities the variabkles composing the

field water balance for the growing season and for shorter periods:
crop evapotranspiration, ET(crop)
effecrive preecipitation, Pe
groundwater contribution, Ge
- surface and subsurface in and ocutflow, N and R
deep perceclaticn from rootzone, F
changes in stored soil water, AW

4. from field water balance the seasonal and monthly net irrigation requirements . In;

3. for the month of maximum net irrigation requirements, the peak period net

irrigation requirements Inpeak;

4. after selecting field irrigation application efficiency, the gross field irrigation
requirements If;

5. the water requirements for cultural practices and leaching of salts;

6. the irvigation schedules from field water balance, taking alsc intc account

water storage capacity of the soil and level of soil water required by the crop.
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(HAPTER II.! - FIELD WATER BALANCE

To calculate net lvvigation rvequirements for seasomal, monthly or shorter periods the
variables composing the field water balance must be determined first.

ERE A

11.1.1 Crop evapotranspiration,BT{crop) =~

Crop evapotranspiration, ET{(crop) can bedetermined using one of the four prediction
methods given in Chapter I.1 and selecting an appropriats crop coefficient ke from
Chapter 1.2. At this point of investigations data on ET(crop) for different crops and
cropping periods should be available, taking into gccount also the considerations given in
Chapter 1.4. Expected crops yields, agricultural inputs, socil improvements and sometimes
other opposite facets should have been investigated.

Depending on local Weather-conditionsﬂ ET(crop) will vary from year to year and for
each period thersing ET(crop) should then preferably be calculated for each year for which
climatic records are available. A probsbility analysis may be made from which ET(crep)
value can be selected.

When mean climatic data from available years of record are used to predict ET(exrop),

e correction factor on ET{crop) to account for the year to year variation in it for the
given period will be required. For overall plamning this correction is normally applied
only for the month of maximum irrigation requirements in order to derive peak water
requirements. Details are described in Chapter I1.4.1,

When elimatic data have besn used collected outside or prior to large scale irrvigation
development, a correction of the effect of advection may be required = as given in
Chapter I.4.1.

Te reduce the risk of crop failure due to water shortages or drought, in overall

pianning an amplz supply of soil water to the crop is normally assumed. Orly in the case

that detailed data on the relation between ET{crop) and level of production have been

i
[&2]

locally detsrmined, and when watexw short in supply or expensive, should a reduction in

of production below maximum be considered, This is

EXAMPIE: semiwarid, hot and moderate winds during July and Augusts
=  crop is maize sown mid May, harvested end September; size of fields
is 10 ha and cropping intemsity is 50%; surrounds are dry fallow
iands: irrigation depth of application is 80 mm; climatic daga
are collected before frrigation developmeng inm nen=agricultural arves,

May June July Aug. Sept.
ET{maize) mm 2.8 5.2 8.8 7.1 3,8 {Chap, I,1 and 2)
Correction factown
advection 2,95 0,95 0.9 0.9 3.95{Chap, I. 4.1}
Correction peak :
month 1,09 (Chap, I. 4.1
ET(maiza:} haiies} 2.7 4.9 8.0 5,4 3.6 {_{‘.alc,:
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I7.1.2 Effective precipitation,Pe

aj) Rainfall

Vital te irrigaviom pianning is knowledge of the frequency and amount of rainfall,
Since rainfall for a given period can be expected to vary considerably from vear to year,
mean rainfall bassd on short records can at best be considered a very gross approximation
and subject tec large errors. Also, not 21l rainfall is effective; part is lost by runoff,
by deep percolation or by evaporation., Methods are given below to estimate the percentage
of effective rainfall which will be avaiiable to the crop,

Future rainfall can be projected thrsugh statistical analysis of past rainfall
records. Rainfall probabilities derived from historical data will show the amount which
can be expected in any percentage of time and from this a dependable level of rainfall can
then be selectad. A practical and realistic value of dependable rainfall frequently used
is mean monthly rainfall that occurs on a probability basis three vears out of four;
however, this alsc means a shortage one vear out of four, To allow proper evaluation of
dependable rainfall the degree of shortage and the expectable frequency during the driest
years should preferably also bte given, The resulting loss in yields during driest years
may be of significant importance in the economic viability of the project,

Furthermore, the time of deficient rainfall periods is important. Some crops, as
indicated in Table 34, are particularly sensitive during certain stages of crop growth and
all crops are during germination. Water shortage during these pericds may well have a marked
negative effect on crop yields; a higher level of dependsble rain should be selected for
these periods.

For large scale irrigaticn development or where mountains or other physiograpic
features greatly influence rainfall and the occurrence of storms, the spatial distribution
of rainfall must be evaluated. Methods for interpreting areal rainfall are described in
detail in most textbooks on hydrology 1/.

i) Methed for computing rainfall probabilitias

There are several methods for determining the frequency distribution of rainfall;
most will produce similar results at o¢r near the middle of the distribution, but different
values for high and low extremes, The selection of method should thus depend on the purpose

for which the data are going to ba used, For detalled analysis the veferences given should

be consulted. Computer calculaticn may often be required for detailed analysis,
1/ Ven Te Chow, Handbookof Applied Hydrolpey, McGraw=-Hill, 1464,
- Linsley, Kohler and Paulus. Hidrology for Engineers, McGraw-Hill, 1958,
WHC, Guide to Hydrometeorological Practices, 1965,
USDA (SCS). Engineering Handbook Hydrology, Section 4, suppl. A, 1957,
Ramirez, L,E, Development of a procsdure for determining spacial and time variations of
precipitation in Venezuela, PRWG 63=3, Utgh, USA, 1871,
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A simple method to provid
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ainfall probability data is given below. From Che resultg
4 selection of the probability level and corresponding likelw depth of rainfall can be made;

ghe probablility level must be based on the crup to be grown in the area and on the CTop growing

stage »
EXAMPLE:
Computing rainfall probabilities
1} Point rainfall frequency:
Steps involved:
- tabulate rainfall totals for given period/line 2
= for number of records or items (N) arrange rainfall in order of magnitude and
give rank number {(m)/lines 3 and 4
= tabulate plotting position (Fa) using for instance Weilbull formula 100m/(¥ + 1).
(¥ is total number of items, m is number of items arranged in descending
magnitude, thus m=1 is the largest item)/line 5
- prepare vertical scale and plot rainfall according to Fa position on leog-normal
probability paper/Fig. 22
Line
(1) vear 1956 57 58 59 60 61 62 63 64 65 66 67 68 6% 70 71

(2) mmfgiven .. oo oo o 45 30 20 65 35 80 45 25 60 75 40 55
month :

1{5) plotting

(3) sequence |85 80 75 75 65 65 60 55 50 45 45 40 35 30 25 20
(4) number m 1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16

position¥Fay 5.9 11.8 17.6 23.5 29.4 35.3 41.2 47.0 52.9 58.8 64.7 70.6 76.4 82.3 BB.2 94.1

From Fig. 22: dependable rainfall 3 out of & years, or 75% probability, for given month
is 36 mm.

A skewed frequency distribution, where points on the probability paper do not
fall in a reasonable alignment, may mean either too few data are available,
data are affected by some physical securrence causing consistent bias, or,
more often, rainfall is not distributed in such a way as to allow simple
‘statistical analysis. This last factor can be overcome to some extent by
elther:

plotting on probability paper the square root of the same rvainfall data or

® particularly for pericds with spells of no rainfall, use Ga = P 4+ (1 ~ P} Fa,
where Ga is probability of occurrence and P is the portion in which no
rainfall occurred. Sample: if no rainfall is recorded in 6 out of 30 years
in the period considered then P = (.20.Then Fa is determined on a Z4~year basis
following the step method given.

2) Rainfall duratien frequenscy:

Rainfall values over consecutive days are found by moving totals, i.e. for a
period of say 5 consecutive days the totals of rainfall from 1-5 May,

2=6 May, 3=7 May ... 27-31 May are computed. In this way 27 values of

5 day-=totals of rainfall for the month of May are obtained. Then out of the
27 values the highest is selected. For a recording period of say 30 years,
this gives 30 values of highest rainfall on 5 consecutive days in May.
Frequency distribution of these values is made following the step method
glven before. The same procedure can be repeated for different numbers of
consecutive days. Rainfall duration curves are obtained by plotting, for

a given frequency of rainfall occurrence, the number of days agsainst depth
of rainfall. Cuwvves of equal probability are drawn through the points.

¥
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Drought duration frequency:

L

S

Here only the lowest values of rainfall of the moving totals of rain for
T a given number of consecutive days, say 15, 30 and 40 days, are selecied.
o The drought duration fraquency 1is cbtained by plotting values for each

selected pericd of consecutive days according teo the given method.

2 machine calculation will be required.

the plant Toliage can be important; wet plants

increased evaporation of the rain water inter-

tice, for full ground cover conditions it can be safely

is close to 100 %effective. Where a high percentage

’fphe goil surface has been dry for some time before
be considerable. Rainfall of 6 to 8 mm per

Even rains of 25 to 30 mm during initial

tage of ground cover may result in a net

mate effective rainfall as a

of the average seagonal rainfall
.- mean rainfall but excluding

a of 75 mm in 1 day and

“lowing irrigation is con-

considered ineffective, while

mber and 90% of December
iee, rainfall is

im is disregarded;

iﬁ mm, the surplus
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A more detailed evapotranspiration/precipitation ratio method to determine effective
rainfall is given in Table 37 (USDA 1969). It shows the relationship between average monthly
effective rainfall and mean monthly rainfall for different values of average monthly ET(crop);
The soil water storage capacity, 4S,1is assumed equal to 75 mm at the time of irrigation,. but
correction factors are presented where A8 is either smaller or greater than 75 mm at the

time of irrigation. The data presented do not account for variatioms in seil infiltration

‘rdates and rainfall intensity; where infiltration is low and rainfall intensities are high,

a considerable percentage of water may be lost by runoff which is not accounted for
in this method. The effect of scheduling irrigation or the net depth off irrigatiocn
application on the amount of rainfall predicted to be effective, should be considered in

relation to the amount of water stored in the soil and available at the time of irrigation.

For a more detailed prediction of effective rainfall from available rain data

reference is made to FAQ Irrigation and Drainage Paper No, 25 by Dastane (in press).

Table 3 ' AVERAGE MONTHLY EFFECTIVE RAINFALL AS RELATED TO AVERAGE MONTHLY
o ET(crop) AND MEAN MONTHLY RAINFALL (ADAPTED FROM USDA, SOIL CONS.SERV., 1969)

Monthly mean

rainfall - mm 12.5 25 37.5 50 62.5 75 87.5 100 112.5 125 137.5 150 162.5 175 187.5 200

Average monthly effective rainfall'l/

Average 25 8 1o 24
monthly -
ET(crop) 50 8 17 25 32 39 46
pNIE 75 9 18 27 34 41 48 56 62 69
100 9 19 28 35 43 52 59 66 73 80 87 94 100
125 1¢ 20 30 37 486 54 62 70 76 85 92 98 107 116 120

150 1021 31 39 49 57 66 747 81 8% 97 104 112 119 127 133

175 11 23 32 42 32 &1 689 78 86 95 " 103 11 118 126 134 147
200 124 33 44 54 64 73 82 91 100 109 137 125 134 142 150
225 12 25 35 47 57 68 78 37 9 106 115 124 132 141 150 159
250 1225 37 50 61 72 84 92 102 112 ?E{l i3z 140 150 158 167

1/ Where soil water storage at time of irrigation {A8) is greater or smaller than 75 mm,

the correction facter to be used is:

AS, mm 20 25 37.5 50 62.5 75 160 125 150 175 200

factor .73 77 .86 .93 .97 1.00 1.02 1.04 1.06 1.07 * 1.08

EXAMPLE: monthly mean rainfall is 100 mm; ET{crop) is 150 mm and;&S is 175 mm,
the average monthly effective rainfall is 1.07 x 74 = 79 mm.
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b) Dew

Thé contribution of dew to crop water needs is often comsidered very small. Sometimes
yarious types of dew formation are distinguished, the main ones being atmespheriec meoisture
condensing on cooler surfacés, or the tyapping of fog or cloud droplets by vegetatlon. For
irrigated crops much of the moisture condensed on crops by early morning comes from the
re-condensing on leaves of water evaporated from the soil, hence no real change in water
budget results.

Measured data from India and Israel show that annually measured dew accumulation is
below 30 mm, with possibly a monthly maxdimum rate of 3 to 7 mm. California data indicate
monthly maximum values of only 0.5 mm. Data from Australia show that only about 3% of
monthly ET{crep) is met by dew during summer. In arid and semi-arid regions. dew depositicn
is often too small to make any contribution to soil water. In Canada the highest guantity
of observed dew on tobacco leaves was only 1.25 mm per night. It is sometimes claimed that
dew on leaves is much greater than that actually measured. FExamples are found on high mountain
ranges and volcanoes (Canary Island) of crop water requirements being met by the intercepticn
of fog, but these are very rare. Benefits from dew include delayed warming of leaves and
reduction in wilting symptoms in the early merning. Detrimental effects include the spreading
of piant diseases (fungil). It should be noted that there has been a strong tendency to

over-estimate average dew; impossible amounts have been clalmed as researchers overiooked

absciute physical limitations involved in the prodéss’

¢} Snow

Snow remaining on the soil surface provides a considerable source for storage of water.
Normally 10 cm of snow hold approximately i cm of water and may hold as much as 1.5 cm but
hoth the amount of snow and the percentage of water content are difficult to measure. The
amount of runoff and infiltration into the goil is very dependent upon the rate of snow melt.
The contribution of snow toward future crep water requirements should be seen as a contribution

of water to the soil-water reservoelr similar teo winter rains.

a3 Carry=over of scil water: winter rains and melting snow may cause the soil profile Lo

be near or at field capacity at the start of the growing season. The contribution of winter
rain, which may be eguivalent to one full drrigation, is generally deducted when determining
seazonal irrigation requirements. An additional benefit of excess winter raim is the leaching
of salts accumulated in the root zone in the summer seasom. Carry-over of soil water 1s of
great importance in rainfed farming in water-short areas.

The amount of winter rain stored in the root zone does not necessarily have to be
100 4 effective. Soil water can be lost at appreclable rates from the wet soll surface equal
to open~water evaporation, but this decreases as the soil dries. Fvaporation losses may remain
fairly high due £o the movement of soil water by capiliary action toward the soil surface.
Attempts te control scil surface svaporation include the use of waricus mulches, but unless

comnlate seil cover is attained, such as by the use of plastic, the reduction in evaporation

i
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g often small.
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In addition water is lost from the root zone by desp percolaticn where grounduwalsr

tablas are low. Deep percolation can persist at an appreciable vate following the attaimment
of field capacity. Depending on weather, type of soil and time span consideved, effectiveness

of storved soil water may be as high as 90% or as low as 40% .

Ii.7.3 Groundwater contribution, Ge

The contribution from the groundwater table 1s determined by the depth of groundwarer
below the root zone, the capillary and conductive properties cf the scil and the scil watsr
content or soil water tensionm in the root zone. Both rate and distance of water movement are
important criteria; for heavy scils distance of movement is high and the vate low, while for

4

1ight textured soils distance of movement is low and the rate high. Very detalled experiments

-y

will often be vequired te determine the groundwater contributicon under fie conditions.

In the absence of impervious lavets, the depth qf groundwater below the root zone, at whig
the contribution to the moist root zome is reduced to less than 1 mm/day, may be taken approxi-
mataly at some 50 to 90 cm for coarse and heavy textured soils and about 120 to 200 cm for
most medium textured soils. In Fig. 23 some examples of the contribution of water are given

in mm/day for different depths of groundwater below the root zone and variocus scil types; the

oll in the root zome is assumed to be relatively moist or soil water temsion equal to about

0.5 atm. Tt should be added that to obtain lasting benefir from relatively high groundwater
tables, their level and fluctuations must be controlled.

IT.1.4 Surface and subgurface in and outflow, N and R

Caleulation of surface inflow normally does not apply, sxcept for arsas subjest to
occasional flooding. Under good irrigation practices surface outflow should be small; managsement
losses and waste of water due to technical faults should normally be accounted for in irri-
gation efficiency.

SBubsurface inflow d{s only of local significance in areas whers there is upward movement

of water from deeper subsoil caused by seepage from veservoirs and canals. Subsurfzce inflow

may also occur locally on or near the toe of sloping lands. Detailed field iavestigations will
be required to datermine total depih of water involved.
I1.%.% Deep percolation below root zone, ¥

Deep percolation or drainage out of the root zona can continue for a long time affer

decreases with time. Total water luss by desp vercolation in Irrizated condizicna can account
for 20% or more of the total amount of water applied (Millal 1972). However, soll water movement
in and below the root zone, after an initially net downward cutflow, can later be raversed to

a net upward inflow from the wet sub-soil to the drying root zone above. Detailed field in-
vestigation will be requirad to determine the net rate of downward Fflow of water. In calculating

monthly Irrigation requirements deep percolarion is often, but incorrectly, accounted for in

irrigation application efficiency.
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© the gmount of soil water available

. Where the deep drainage compons ¢ is appreciably high,

more fraquent irrvigstion may be required than is dindicated by simply dividing th

watar available to the crop between irrigaticn (mm) by the rate of evapotranspiration {(mm/day)
under given climatic and crop conditions.

If.7.6 Changes in stored soil water, 4W

Changes in stored scoilwater AW may vary between absolutz dry soil or W =z 0 and field
capacity or W = S8fc. The water storage capaciiy of the soil feflects the balancing between
water outflow (losses) and water inflow {gains). Soil water storage capacity will change with
type of soil and depth of rooct zone. Since soils are rarely homogsneous over the entire root
zone, their storage capacity is the sum of the storage capacity of the different lavers

composing the soil.

For irrigation purposes the water storags capacity of the soil is freguently axpressed
as total available storage capacity 485 taking into account only the water that is available to
the crop between field capacity Sfc and wilting point Sw. Approximate data on total available
soil water are given for different soil textures in Chapter I.4.2.

To calculate available soil water storage at given soil water tension or soil wéter
content the fecllowing data should be available:

s0il and rooting depth, D

soll texture and structure of soil layers and their depth, D1

soil water content in volume percent at field capacity, Sfc

soil water content in volume percent at given soil water tension, Si

When seil water content is given in weight percentage, the apparent specific gravitcy of
the soil As (ranging from 1.1 to 1.6) should be known te calculate soil water content in
volume percent or S in vol% = As x § in weight% .

The available storage capacity of the soil at given soil water tension is the summation
of storage capacity of each soil layer or:

Asi =3[ SECC81 0p1 ]

D is frequently taken as effactive vooting depth of the given crop-

TXAMPLE:

Soil depth 1s >7140 cmy crvop rooting depth is 140 cm.

Soil texture is sandy loam over first 60 cm and sandy clay loam over next 80 cm:

From megsured data or from the table in Chapter I.4.2a, 3fc is respectively 13 and

14 vol % and Si at 2 selected soil water tsmsion of 1.5 atm. is respectively 5 and B'valﬁm
Available storage capacity at time of irrigation is:

. 13 ~ 5)Y4¢( T4=8)8
d8i = (“TEE*M}OJ 4 (?56§} 0 = 9.6 cm or EE i -

Soil data should include a zeal distribution of the soil type for which a seil survey
of the area under inmvestigation will be vequired. For each soil type the physical scil data

need to be determined including field capacity and wilting point, soil apparent specific

1=

gravity, fnfilcration rate and hvdraulic conductivitv. Such data arz essentisl for selactin

i}

the methed of irvigation and for determining irvigation schadules.
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ATTER 1.2 P wT T BT RTINS T
CHAFTER II.2 NET FIFLD TRRIGATION REQUIREMENTS, In

E

11.2.1 Seasonal and meonthly data

In drawing up the seasonal or monthly ner irvigation requirements for a given crop ar
crepping patter the main varlables composing the field water halance to be considered include
{i) crap water requirements as determined by climate and crop characteristics, {ii) contri-
sution from precipitation, (ii1l) groundwatrey and (iv) carry-over of soil water and, where
applicable (v) in= and outflow of water, either surface or subsurface. The deficit in the
goil water bhalance is compensatéd by the net irrigation requirements. For overall planning
purposes, examples to predict monthly met irrigation requirements are given in which the
balancing effecto of the water storage capacity of the soil is accounted for. Apropos the
latter, knowledge of soils found in the area under investigation is essential. A quick approach
to determine monthly requirements excluding the balancing effect of the soil water storage
is also given., Generally, for planning purposes, mean data are used for a pericd in which records
are available. Whers one or more variables may differ significantly from year to year, the
ponthly field balance should preferably be calculated for each year of record; after which the
level of momthly irrigation requirements is selected that will meet water deficits say three out
of four or four cut of five years.

EXAMPLE:

Given: crop is cotton with effective rooting depth of 140 cm; soil texture 60 cm
of sandy loam over sandy clay loam; irrigation is applied at soll water tension of
1.5 atm. or available storage capacity at time of irrvigation is some 100 mm; soil
assumed to be near field capacity at start of growing seasonj ET(crop), effective
rainfall Pe, and groundwater contribution Ge, have been predetermined from
available data.

Calculation:
) Apr May June July Aug Total
AS 1nitial mm + 90 + 80 + 30 | & 50 | .*F 60
Pe & 60 +. 40
Ge + 20
ET{crop) = 90 - 1990 - 280 - 290 = 150
!/ 0 £ 100 | -4+ 300 | + 300 + 100 800 wm
AS end of meonth + 80 + 30 w50 + 60 + 10

l/In, net i{rrigation requirement, needed to keep a positive balance at the end
of the month; rounded here to net depth per application equal 100 mm

A simplification would be by neglecting the carry“over-effect of so0il water or

In = 3 /Ef{crop) = Pe = Gg/ = 1 000 - 120 = 880 mm/season.

Should it be assumed that soil water content is at fileld capacity at the time of
sowing and at wilting point at the end of the growing season:
Tn = 1000 = 120 - 100 = 780 mm/season
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Net drrigation requirements are computed similarly for fields under different crope,

Total net drrigation requirement In for a given cropping pattern is computed for each crop

and is then weighted and totalled for each selected period,

EXAMPLE:

Cropping pattern of 100 ha field is wheat (40 ha), maize (60 ha), berseem (&0 ha)
and cotton (40 ha); crop growlng periods are shown below; water balance is
computed from predetermined mean ET{crop), effective rainfall, Pe, contribution
ef groundwater Ge, while taking into account the carry-over effect of soil
water all in mm.

A simplification ig introduced by using:

In =

17.2.2 Peak

ol —= = —

100
wheat

980 mm

+

ZTET(crop) - Pe - Ge)n Anw7

maize %

period irrigation requirements

berseem

J F M A M J J A S ¢ }N D
Pe mm/month 45 23 15 25| 50 | 42 40
Ge 20 25! 10
wheat 40 ha wheat 40 ha
ET (crop) 50| 80 16OWA 70 45 ] 45
In 0 0 140, 0 maize 60 ha 0 C
85 | 150 | 270 | 200 110
Herseem 60 ha 100§ 200 | 300 1 200 ? Berseem 60 ha
65 40 45 | 40 55
0 0 cotton 40 ha o] o 0
90 190 | 280 | 290 | 150
100 {200 300 | 300} 100
]
tn, welghted for | | 56 40 140) 240 |300] 160 | -] - ~-| - l93
crop distribution : e
i 1

/7450 = 220).40 + (815).60 + (245 « 245).60 +{1000) .407
*

cotton

The peak peried irrigation requirement can be obtained by using monthly irrigation

requirements computed for the selected cropping pattern

for each year that data are

available. The month of highest requirements is normally taken.

To carry cut the

computation for this data consideration must be given to climatic extremes during that

month affecting the level and duration of peak period ET(crop), to the available stored socil

water for meeting short duration peak requirementg and to pogsible critical crop stages

for soil- water stress resulting in appreciables yield decreases when water 1s in short

supply. Necessary computations are given in the example below; use is made of the information

provided in

Chapter T.4.1.
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EXAMPLE:

Given: crops include maize, mid May to end September, and ceotton, early April

to half September; acreages are respectively 60 and 40 ha. Maximum mean monthly
EI(crop) in July is 280 and 288 mm or 9.0 and 9.3 mm/day; available soil water
storage is 100 mm for both crops; climate is semi-arid with predominantly eclear
weather conditions.

Calculation: using Fig. 11 of Chapter I.4.1 for given climate and depth of
available soil water the ratio between mean peak ET{(crop) and mean monthly
El(crep)is 1.075 or ET(maize} = 9.7 mm/day and ET(cotton) = 10 mm/day.
Weighted peak pericd ET(crop) (9.7 x 0.6} + (10 x 0.4) = 9.8 mm/day

1



et

(]

o~
3

CHAPTER 1I.3 GROSS FIRLD IRRIGATION REQUIREMENTS, If

$I.3.1 Trrigation application efficiency, Ea

To account for aveoidable and unaveoildable inefficiencies in water application, net
irrigation requirement, 1In, needs to be increased by the irrigation application efficiency Ea, .

_ 1
If = Inx 3, (or = In x T )

where If is the gross field irrigatiom requirement; Ea is commeonly expressed in fraction

{or percentage) and is the ratic between the amount of water actually stored in the root zome

directly available to the crop and the total amount of water applied to the field.

EXAMPLE:
Given: single crop, cotton; data are derived according to Chapter II.Z.
Apr | May June July Aug Total
In wm 0 100 300 300 100
Ea fraction .55 .65 .60 .55
B If mm - 180 460 500 180 1320

A simplification is by using:

If n_EéﬁT(crop) - Pg = G§7 = 880 x lg% = 1 470 mm/season
Ea

Gross field irrigation requirement is directly related to irrigation application
efficiency Ea which is the fraction of applied irrigation water that is stored In the soil

and available to the cvop. Low efficiencies will occur when depth of water applied is in

excess of the amount that can be stored in the root zone at time of irrigation and the

excess water is lost by deep drainage. When the rate of application is in excess of the soil
infiltration rate, apprsciable yun~off and tail=losses will result. Uneven distribution of
water applied will normally cause drainage losszes in one part and possible under=-irrigation
in the remaining part of the [ield.

Apart from avoidable losses due to field layout and water application jnefficiencies,
there are unavoidable losses. These include deep percolation of stored seil water after
attaimment of field capacity, losses by evaporation from the soil surface and, for sprinkler
irrigation, evaporatiocn losses from the spray. Complete vniformity of water application over
a field is hard to obtain. Alsc, sudden rain may upset pre”deﬁermined lrrigation schedules and
will result in a lower percentage of watar being applied that is stored in the root zone.
Attaimment of 100 percent irrigation efficiency can therefore never be reached.

However, on average, in most schemes irrigation application efficiency does not exceed

i 8

0.60 particularly im the early years of the project; much lower efficiencies are frequently
found. Some variation over season may be noted with higher efficiencies during peak

requirement periods and lower efficiency in the early and late crop seasons.
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Dara on field irrigation application efficiency is of the utmost importance but is at
the same time difficulr to estimate. When estimations are too high it results in water
deficiencies duvring average vainfall years and during peak water use periods in most ysars,
and in too low irrigation system capacities. When estimated too low,the result is a reductioﬁ
in size cf the area that can be irripated, overcapacity of the irrigation system and probably
wyasteful drrigation practices. However, the former is more commonly the case.

Some indicative data on field irrigation efficiencies are given as they could be
considered to apply to a well designed lavout, well levellied fields and to optimum irrigation

practices achieved after the scheme has been in operation for many years.(See tables 38 and 39)

Table 38 FIFLD APPLICATION EFFICIENCY FOR METHCD OF TRRIGATION
i/
Us(s8Ccs) ICID —
Graded borders 0.80 = 75 0.58
Basin and level bhorders .60 - 80 .53
Contour ditch .50 - 55
Furrows .55 - 70 .57
Corrugations ' .50 - 70
‘Subsurface up te .80
Sprinkler, hot dry climate .60
moderate climate .70 .67
humid and cool B0
Rice .32

Sourze: 1/ M.G. Bos and J. Nugteren Irrigation efficency in small farm areas.
ICTID 1974 or Publication No,19, International Instirute for Land
Reclamation and Improvement, Wageningen 1974

IRREG&TEOﬁ APPLICATION LOSSES AS FRACTICN OF WATER APPLIED
AND FIFLD APPLICATION FFFICIENCY FOR DIFFERENT SCGIL CONDITIONS

Table 39

1light medium heavy texture
Farm lateral losses, uniined G.15 .10 .05
Surface runcff loas .03 10 .25
Deep percolation loss .35 .15 .10
! Fiald drrigation efficisncy . A5 .h5 .60
.
Sourcaé USDA
Evapcration losses from the soil 25 mm per irrigation
Surface run=off losses 0.1
Drainage losses, except porous soils 0=0.5
Field ditch lcsses ' §.03=0.3 per km
Field application efficiency, common
farm crops 0.2-0.5
Field application efficiency, fruit cyops 0.35-0.7
i Average fleld spplication efficiency,
iarge projects 0.3-0.5

Scurce: Houk (1951)
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3ome consideration should be given to the need for watar applications for pur
T

other than just crop water requirements. Water 1ls needed for cultural prac
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linked to specific requirements of certain crows. The fulfilling of these watar needs can

often be considered as a bonus feature of irrigation: but they are also most desirable aven
if no irrigation dis required for crop growth. To improve the yvield and its quality water may

e needed for such specific reasons as an aid to germination, land praparatiom, frost

oo

rotection, maintenance of crispness of some fresh vegetables, control of certain insects
and pests, control of temperaturse and humidity, and for dissolving fertilizers. Post harvast
frrigation is sometimes practised; for sxample after harvesting groundnuts to induce
germination of any nuts left behind so that they can be removed easily from the fields. One
other important aspect is the leaching of salts from the root zone.

Except for the last reason, generally no allowance is made during planning for these

extra water needs, which may have important local significance in certaln cases. Except

"

_for salt leaching, which should always be considered in total jrrigation requirements, some of

these specific demands may also be taken into account when determining irrigation schedules
in existing projects.

The level of soil salinity is affected mainly by lrrigation, effective rainfall and
leaching practices. Salinity varies during the growing season; salts accumulate in the soil
profile as the season advances. Leaching of the aceumulated salts can be programmed to take
place during, before or after the growing season depending on available water, the efficiency
of irrigation, leaching practices and the yield reduction the grower will accept due to the
accumulation of salts. The effect of salts can be appreciably decreased by maintaining soil
water in the root zone in the upper range of availability. Approximate data on upper limits

of s0il zalinity levels for different crops are given in Table 40, where salinity is

expressed in electrical conductiviity (wmhos/ecm) of the s0il saturation extract.

fable 40 APPROXIMATE VALUES OF SALINITY LEVELS FOR DIFFERENT CROPS
ASSUMING 507 DECREASE IN YIZLD

ECe ~ 4 mmhos 4 = 10 10
Pear Peas Fig Corn {maizs) % Date
Apnle Badns Dats Flaz % Barley
Orange Sugarcans Grape Porato Sugarbaet
i
Prune Wheal Carrot Cotton
Flum Tomato Onion Spinach
%Apricct Alfalfa Cucumber
i

Source: Handbook 60, US salinity Laboratery




by the crep at the bottom of the roct zone. Using the gualiity of the drainages watar tc be
rolerated as 4, 8, 12 and 16 mmhos, the leaching requirement (LR} is then given

as a percentage of the total amount feor the variocus qualities of irrigation water, using
the formula:

ECirr

R = =
L ECdw

x 100

Quality of irrigation and drainage water is given as electrical conductivity in mmhos/cm.

Exzmples are given in Table 41.

Table 41 LEACEING REQUIREMENTS IN PERCENTAGE FOR DIFFERENT SALINITY LEVELS
' OF IRRIGATION (ECirr) AND DRAINAGE WATER (ECdw) IN mmhos/cm

. Leaching requirements in %:of irrigation requirvements
ECirr
for ECAZ
ECdr - 4 & 12 16

O A G.1 2.5 1.2 1 0.5
EREST A 0.25 6 3 2 1.5

0.75 20 10 ) )

2.25 60 30 20 15

5.0 60 40 30

H

For preliﬁinary planﬁiﬁé; the prediéﬁion of yeafly.ﬁétér-deiand {I£f) including uneead

for ieaching water can be made by:

; we .. ET{crop) = P& 1
S B S P

where LR is the annual leaching requirement in fraction and Pe is effective xainfall,

The =z ual isaching requirsments does net account for

rowth, type of soil, and restrictive dralvage

)]

conditions. Also, ! variati in salinity lavel of the suil during the growing seasomn is
te the method of leaching, i.e. intermittent or

continuous., In additiom, ! leaching requirements ars velated to the entdire root zone

aithough crops 7 perd L under conditrions whers part of the root zone only has a

For detailed svaluations, including monthly leaching requirements as velated to

salt tolerance levels during various stages of crop growth and appropriate leaching practices

HEIER Y T

- 4
to be followed, there are many sources of reference. i/

1/ FAG/Unesco International Scurcebook on Irvigation and Dralnage of Arid Lands. FAO/Unesco
1973; Hagan et al., Irrigation of Agriecunltural Lamds, 1967; Salinity Laboratery
Handbook Wo. 60; FAC Irrigaticn and Draimage Paper No. 7, Salinity Seminar, Baghdad {1872);
Unesco, Final Report of the GRUEST Proiect, Tunisia, 1571 :

3
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FIFELD TRRIGATION SCHEDULING

Depth and frequency of irrigation should conform to the zo0il replenishment nriteria

for a given crop, soil and climate. Water scheduling, in depth and time, must be carefnily

determined throughout the crop season to avoid any decrease in crop vield due to
shortage. AL the planning stage only approximaie rules on irrigation application
can be given. Refinements to water application scheduling will be regquired after

been constructed and been in operation for some time.

soil water

scheduling

projects have

Depth and frequenecy of irripation will vary with crop, soil, ET{(crop), type of harvesteq

yield and lavel of management and these are shown in qualitative terms in the next Table.

Table 42 QUALITATIVE NORMS ON FREQUENCY AND DEPTH OF IRRIGATION APPLICATION IN RELATION TO
CROP, S0OIL, CLIMATE, TYPE OF HARVESTED YIELD, AND LEVEL OF MANAGEMENT

Large continucus fields

Dormancy periods

Good land preparation

Well designed field irrigation
distributlon system

Long interval and great depth Factor Short interval and small depth
Deep rooted, dense Plant Slow growing and shallow rooted i
Thick, hairy, waxy leaves Complete ground cover i
Low crop factor (ko) Broad flat leaves
Low percentage of ground cover Main growth during hot dry pericds :
Farly closing of stomata and wilting Drought sensitive period |
Main growth during winter periods High crop facter (ke)
Accept high soil water depletion rates Requiring high level of soil water
Smooth c¢crop surface throughout

High--yielding variety

High population density

Rough crop surface
Medium to heavy textured Soil Light textured
Deep, wellstructured Shallow, poor structure
High water holding capacity Impervious layers, hardpans
Non-saline Low water holding capacity
High groundwater table of good quality Poor aeration

' Saline-alkaline

Slow infiltration rate, soil crust

Root: pests and disease

Poor soil fertility
Low ETo Weather High Fto
Frequent rainfall, well distributed High daily wvariation in ETo
Winter rains Advection
Closed smooth crop surface No rainfall

Low soil femperaturss during early growth
Optimwe yields Product High water use/erop production vatioc
Dry weight vields Maximum vegetative yields

Fresh weight vield

High quality of harvested yisld

Mar

Small interspersed fields
Planting just before hot dry s
Foor irrigation metheds and pr
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Depth of irrigation

Depth of irvization is the amount of soil water that can be stored batween so-called
field capacity and, for the given cvop, the selected maximum soil water temsion or available
soil water depletion. Data on type of scil and its available soil water storage capacity
ghould be collected at site. An approximation of the water content at fleld capacity can be
mede using the data given in Chapter I.4.2, Selection of the maximum allowsble soil water
rension and corresponding level of available soll water depletion should be based on crop and
goil data discussed in Chapter 1.4.5. Depth of application {d) will vary over the growing
season and for a given crop and crop phase can be determined by 4 = (Sfc = Si}D where Sfc and
gi are s0il water content in volume percentage at field capacity and just before irrigation
and D is rooting depth. To f£ind gross depth of application the drrigation application

efficiency should be accounted for.

EXAMPLE: _

Cotton, 4th growing month, effective rooting 140 cm

soil is sandy clay loam, Sfc = 14 volw, 81 = 7 vol %Japplication efficiency is 0.65,

d = (0.14 - 0.07) 140 = g, 8cm = 98 mm

Gross depth of application is d/FA = $8/0.63 = 150 mm

If too little water is applied and the rooting depth is not kept permanently moist,
the soil volume from which plants can draw water and nutrients will be reduced. When water
applications are too light the risk of depresgsing yields is greatly increased. Under-irri-
gation will result 1n the onset of soll water stress sconer particularly when the subsecil
layers are dry.. The detrimental effect on crop growth and yields camnot be overcome by
increasing the depth of water in later applicaibions. Water applied in excess of the amount
that can be stored in the root zeone will be lost through deep percolation and run=-off.

I1.4.2 Irrigation interval

Corract timing and regularityﬂof water application are quite as important as the total
seasonal amount of water applied to the field. Too frequent irrigation even though the
amount applied correctly squals soil water depletion, will reduce water use efficiency mainly
by increasing conveyance and application losses. Delayed irrigation, particularily during
the pericds when the plant is sensitive to soll water stress, can have a considerable
negative effect on crop yvields, svaen though the total amount of seasonal water application
is about the sane.

By excluding the carvy-over effect of the soil water vaservoir, first estimates on
irrigation interval (i) can be ohtained for a given cvop and growing phase by:

i = (Sfc - 51)D
7 BET{crop) - Pa

EXAMPLE:

cotton, Ath growing month, effective vooting depth 140 om,
8fc = 14 velﬁ%g 8i = 7 volﬂ%a El (crop) is 280 mm/month,

Pe is 30 mm/month
i 2 {014 - 0.07)

1 400 . 12 days
(280 = 303730
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T (crop) varies considerably during the growing season even if climatic conditiong gg
not change; also the depth of soil from which water 1s abstracted by the crop will vary
particularly during the early growth stages. Mest crops have specific requirements during
different sfagee of growth. Also, the amount of soil water available to maintain ET{crop) ar
the predicted value will vary with evaporative demand of the air (Chapter I.4.2). Therefore,
rather than basing irrigation applications on the calendar or omn fixed schedules, considerahi,
flexibility in time and depth of irrigation applications should be maintained to accommodate
distinct differences in ecrop water needs over a period of time. These considerations are
often omitted in overall planning. Such data, however, must be available before a detailed
field design and preliminary field irrigation schedules for a new scheme are developed.

I1.4.3 Irrigation frequency

Irrigation applicaticn schedules can be predicied at the planning stage from the
monthly field water balance and by selecting from available crop and soll date maximum
level of available soil water depletion. An example to develop the nacessary data from
available information is given below for a barley crop followed by potatoes. The example
clearly reflects differences in both frequency and depth of irrigation applicatlon and is
nostly due to wariations in rooting depth and maximum level of available soil water depletion

for the two crops.
EXAMPLE:

Soil: So0il depth 2> 130 cm; soil texture 1s loam; available soil water at
soil water tension of 0.2 atm (field capacity) is 20 vol%, at 0.5 atm
is 14 vol 4, at 1.2 atm is 9 vold; at 16 atm (wilting point) is O vold,.

Crops: barley, sown in February, harvested in June followed by potatoes
from July to October.

Barley:effective rooting depth at mature growth 120 em; irrigation is
applied at scil water temsion of 1.2 atm; depth of available water
betwean field capacity and 1.2 atm is 1200 = 11 = 130 mm.

Potatoes: effective rooting depth 60 cm; irrigaticon at 0.5 atm;
available soil water 35 mm.

Climate: winter rains with residual soil water availlable at beginning of
season; little rain during crop season; ET{crop) is predicted from
available climate records. Effective rainfall is calculated with selected
reliability of 3 years out of 4.

Groundwater: groundwater table is at Z m early in the year; surface

and subsurface in and ocutfleow is negligibly small; deep percolation is
assumed to be balanced by difference between net and grossirrvigation
requirements.

S
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- 5 -125 =260 =320

-1

F M A M J
Pre-irrigation . :
As initial 70 +50 - 5 =125 -260) ¥
rainfall Pe| +20 +1i0 - - =
groundwater Ge| + 20 4110 - - -
ET(crop) =860 =75 =120 =135 - 70
As end of month 450

80

~4% 8T a5574975 4310

+ 30 + 45

-90 -120 ~165 ~120

=535 =175 =310 -385

No.of irrigations
net depth of irr.
irr.f{ficiency

gross irr.req.

130 100 130 -

.60 .60 .60

215 165 215

Fre+.
9 3 4 2
80,
35 35 35 35

60 .60 .60 .80

300 210 280 140




ART ITX CALCULATION OF IRRIGATION SUPPLY, Vs

INTRCDUCTION

Caleculation of project irrigation supply is needed to guantifv project acreage and to
determine diversion requirements from river flow, abstraction from groundwater aquifers and
to establish reservoir operation. For preliminary planning, irrigation supply from available
water resources is determined primarily by project area, cropping pattern and intensity and
irrigaticon requirements over time. Supply is expressed in flow per time unit (mB/month or
»r l/sec or a given pericd).

Calculation of irrigation supply te the individual field is needed to plan field irriga-
+ion schedules and operation of convevance and distribution systems. Main variables deter-
mining the irrigation supply to the field are depth and frequency of soil-water replenish=
ment for a given soil and crop, soil intake rate, method of irrigation and size of field.
Field supply is expressed in flow per time unit (1/sec). -

The calculation of irrigation supply should be preceded by a detailed study on cropping
pattern and intensity for the propesed project. Apart from water reguired and water avail-
ahle at source, pertinent social, financial and econcomic aspects need evaluation before the
final selection of crops to be grown can be made. Thils should include economic returns per
unit of water im terms of production and the sconcomic viability as well as secondary and
intangible benefits of the proposed project.

The procedure generalliy followed in quantifying project and field supplies is first.to
prepare a preliminary layout of the scheme and next to determine the area distribution of
crops to be grown and the cropping intensity. This will also include consideration of the
size and shape of commanded areas, water level and flow control and the specific provisions
to be made such as location and size of main canals and number, type and size of structures
needed., Preliminary estimates of total project supply can be based on monthly irrigation
requirement data for the cropping pattern and intensity selected,

The next step is more detailed £ield layout and for this consideratiom must be given
£o such aspects as 1and ownership and natural boundaries, land slope, need for land prepara=

rion inciuding levalling, crops to be srown and method of irrvigagion. Once the size of fields,

o5

ave bhaen selected, the field irrdigsticn supply in
3 & DAy

N

cropping pattern and methed of irvigati

electing the method of water delivery = continuous,

a3

on
quantity over time can be determined. After
rotation, demand - the developed data are in turn incorporated in the supply schedulez of
the project. When determining the necessary supply, the project efficiency in meeting field

irrigation requirements must be predicted.
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pacific type and accuracy of data on

s obvious that, at the planning stage,

prin

te evaluation of future projéct coperation and water scheduling can be given unless
pilot projects have been started previcusly and have been in operation for a number of years,
fven then, an allowance should bte incorporated in the supply to account for any changes iIn
cropping pattern and intensity but at the same time avoiding any quantity in excess of
realistic requirements,

Data for detailed water schaduling will still be required after projects have been
constructed and been in operation for some time. Field studies should still be continued
after the project has been completed to emsure an acceptable level of water use efficiency
at the [ield level and to arrive at irrigation supply schedules which adequately meet the
irrigation requirements of the crops grown. An effective organizational framework is
essential to impliement irrigation scheduling and to coperate schemes.

A large number of approaches have been developed for the planning of optimum water use

in crop production., Although discussions here are centered arcund the development of basic

data on crop water reguirements and the necessary irvrigation supplies only, it is apparent

_that for planmning irrigated agricultural production numerous additional parameters will

need consideration.

CALCULATION PROCEDURES
To determine Scheme and field supplies forrtﬁe planning and operation of irrigatiom,
projects require the following data and to obtain it a procedure is suggested. Determine:
1. The preliminary seasonal project supply for the selected cropping pattern,
cropping intensity, level of supply efficiency of the distribution systems
and project size;
2, for the month of highest demand, the preliminary peak projesct supply for the
selected cropping pattern and intensity, level of supply and flexibility
factor, efficiancy of the distribusion gystem and project éié;é
3. foliowing preparation of the project system layout, preliminary project
supply schedules; asssas relation between supply and area served; select
method of-wate; delivery - continuous, rotation, demand;
4, the field irrigartion supsly for the given seil and crop, depth and methed of

a v
ation:; evaluate fisld supply schedules in quantity over time; prepars

3. foliowing project implementaiion, the detailed supply schedules through

field monitoring and applied research; review project organizational



TABLE 43

PHABES OF PROJECT PLANNING AND TYPE OF WATHR

BUPPLY DATA NEEDED

Phasze

Data requirved

Reconnaissance

Average seasonal water

supply

on of irvigabls arss, preject size,
™ main works

Seasonal supply of
main crops

w7

native proposaie for water supply
az and system

T
selection of cropping patterns
optimization of scheme water distribution

sizing and costing of main engineering
warks

phasing of project developmeat

Monthly or 10=day total
supply

Monthly peak supply

Detailed
projact
design

final design of disgributicn system
nefwork and hydraulisc structurs
detailed cropping patiern

detailad delivery schedules

irrigation metheds and practicaes

5. Lo 10=day pear
supply

Project
implementation

raeview of scheme water scheduling

check on arop watsr needs

5= fo 10-day peak
supply

5= to 10+day water
balance

roject
cperation

menitoring of fisid water balances

detailed operation scheduling

training of farmers in water application
and scheduling

Water budget in farmer’s
field
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T, PEELIMINARY ESTIMATES QF SEASCNAL PEAY PROJECT IRRIGATION SUPPLY

Tn caleulating seascnal and peak project irrvigatien supply, the main variabies include
¢he cropping pattern, cropplag imtemsity, project elze, irvizatlon raguirements, level
of supply in terms of crop productionm and efficiency of the distribution system,

111.1. % Cropping pattern and cropping intensity

TFor the propesed project, the selection of the cropping pattern and intensities is In-
fluenced by many factors including suitability of climate and scil for various crops,the
return to the farmers, the preference and experience of the farmers, size and type of farms,
ané such outside factors as market demands and market prices, Detailed studies will be
required to determine the cropping pattern and Intensities. Pertinent social, financial
and economic aspects will also need studying and this should include economic returns per

unit of water in terms of production and econmomic viability and the secondary and intangible

tenefitsg of theée proposed project

When establishing a cropping pattern and intensities in temms of an ensurad water
supply the main aspects include: _
a} In terms of water avallability - meeting seasonal and shert duration peak period
irrigation rtequirements by selecting cropping patterns that follow approximately the
same pattern as river flow, aquifer discharge by pumping, operation of reservoir, efgj

b} minimizing total irrigation reguirements through optimum use of seasonal rainfall
and water stored in the soll from winter rains,by selecting crops with low seasonal
irrigation requirements, choosing crop varietiss with the possibility of shifting
sowlng dates apd shortening the growing season, applying special field practices,
such as transplanting rlce, weeding, using ®primum field drrigation methoeds and

aching salts at the and of the growing season,

[{7]

praciices, asoplying water needed for l=s

¢y in terms of gupply capacitizs - reducing peak water demands by aveiding peak raguire-
ments with periods of rainfall or low svaporative demand, including dormancy eriods

be made at an early ztage in project
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planning Cropping patterns and intensities for individual fields will differ from those

projects as a whole, In general cropping intensities of 100 percent sre seldom achieved over
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111.1.2 Level of supply

The criteri2 mest commonly applied in determining project supply on irrigation
module are based on the principle of maximum supply to prevent the crop from suffering
water shortages. An acceptable level of supply te meet crop irrigation requirements is
normally established; this level is met in ar lesast x vears out of 10, or in other words,
the probability that a water deficit will occur during a particular period is never greater

than (10 = x} years. Planning is thus based on the risk approach whersby a set water sup-
ply or irrigation norm, and the corresponding project size, are linked to an acceptable level pf

production., In most cases this approach is consistent with the achievement of maximum overall

production during years of adequate water supply.

The risk approach has been commenly used until now for a number of reasons. WNot only
has the concept of risk become gore familiar to the irrigation engineer but alsc,usually few
factual data on crop preduction are available upon which to base the selaction of optimum
use of the water resources. Furthermore, in methods and programmes developed in comnection
with designs for operations and system engineering the risk approach can more easily be

applied because fewer variables are involved.

The wuse of the risk approach in many irvigation projects has resulted in on-field
delivery being based on criteria in which the increase in production as a result of an ad-
ditional water supply is zero, i.e. the amount of water supplied per ha will maximize yields
per ha irrigated. This standavrd might be accepiabie where the water supply Is abundant and
land 1is the limiting resource: but this is seldom the case. When water is limited in supply
and land resources are abundant the concept of optimization of production per unit area
versus water supplied may need to be pursued, that is the amount of water supplied per ha
will have to maximize the yield per volume of water.

An  engineer may be reluctant to follow the latter approach because a certain over-
supply is a safe{y valve against the unexpected. Slight changes in growing seasons or the
intreduction of new varieties of different crops, which are both determined mainly by outside
factors such as market demand, may upset carefully selected supply eriteria, Moreover, de-
tailed data on the level of supply and crop production are seldom available locally and the
transfer of data and supply criteria developed elsewhere will, in most cases, lead o erronsocus
conclusions.

No irrigation scheme functions fully and perfectly the day it becomes operatiomal.
Warer supply and scheduling may need altering tec match unexpectad changes in production pat-
terns. Until any particular significant new facts or data on the optimum utilization of
water in the everchanging agricultural pattern become available, the supply of the irrigation
project may need to be organized with the possibility of accommodating any future extension
of the irrigated area or the cultivation of profitable high water demanding crops should new

water resources become available and economic aspects permit,
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117.7.3 Distribution efficiency

-

Te quantify the supply needed to mest irrigation requirements at the field, the effi-
ciency of the distribution system must be determined. Distribution efficiency, Ed, is de-
fined as that portion of water released at the headworks and that received at the field inlet.
the main factors deciding distribution efficiency are method of water delivery {continuous,
rotation, demand), size of project area and effectiveness of management organization., Distri-
pution efficiency can be subdivided inte conveyance efficiency, Fe, between headworks and
+he inlet to a block of fields, and field ditch efficiency, Eb, between main canal and inlet
of an individual field. The supply in the main canal is continuous or intermittent; the sup-

ply in the field ditches within the block of flelds served by the same canal is mostly on a

rotational basis. Digtribution efficiency is obtained from Ed = Fc x Eb.

A recent study on irrigation efficiency in some 90 projects in progress carried out by

ICIDi/ provides the data in Table 44:

.Large schemes {> 10 000 ha) and small schemes (<1 Q00 ha}

Table &4 ] DISTRIBUTION EFFICIENCY IN EXISTING PROJECTS
Conveyance Efficiency, Ec Function
Ccntinouésupply with no substantial change in flow 0.9

Intermittent supply in projects of 3 000 - 7 0G0 ha and
rotation areas of 70 - 300 ha, wilth effectives management 0.8 = 0,83

with vespective problemaric communication and less effect=
ive management 0.5 = 0.7

Field Ditch Efficiency, Eb

Blocks of 20 ha or more, uniined ) 0.8
iined or piped 0.9 = 0.95
Blocks of 1 = 20 ha, unlined 0.6 - 0.75
lined or piped 0.7 - 0.9 ,

Source; ICID

The distribution efficiency Ed of a rotational supply system under optimum conditions
including adequate project organization and communication was shown to average scme 0,65.
Corrections to adjust distribution efficieny to quality of management and communication pro-
posed were 1.0 for adequate, 0.85 for sufficient, 0,60 for insufficient and 2.50 for poor

management and communications and which nead to be incorporated in estimating Ec and b,

1/ M.G, Bos and J, Nugteren, Irvigation =ffici
i T

Publication No. 19, International Insrii
Wageningen, 1974,

ency in small farm arsas, ICID, 1974, or
Land Reclamation and Improvement,
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The procedure generally followed in determining overall project efficiency, Ep, is
to consider the various stages of water convevance and application or the efficiency of
canai conveyance, Ec, the efficiency of field ditch comvevance, Eb, and efficiency of water
application at the field, Ea, Overall project efficiency is Ep = Ec , Fb . Ea. TIn planning
i the relevant efficiency values are usually estimated on the basis of experience. TFleld
: application efficiency is discussed in Chapter ITI.4.

I11,1.4 Calculation of seascnal project supply

Once the crepping pattern and intensity have been established, the level of supply

[

and efficiency of the system selected, and irrigation requirements determined as given in

Chapter II, the project supply for the project area can be determined by:

] 10
""Ha b FRc

- . - 3
where Vg =~ Seasonal project supply, m

:on Ec = Conveyance efficiency, fraction

Ft - Field ditch efficiency, fraction
Ea =~ Field application efficiency, fraction
In =~ DNet {rrigation requirement for each crop, mm

An -~ Acreage under each crop, ha

EXAMPLE:

Scheme area is 1 000 ha; of the ecropped area in the winter season, October-March,

40% is under wheat and 60% under berseem, the cropping intensity is 65 % of the cropped
araa in the summer season, April-September, 60% ia under maize and 40 % undar cottoﬁ;
the cropping intensity is 85 percent. Management of the 1 000 ha scheme is assumed to be
reasonably effective (Ec= 0.7), the blocks of 25 ha are supplied by unlined canals

(Eb = 0.8), while application efficiency Ea is taken at 0.6.

In, mm/month (from Chapter I1T,2)

J F M A M I J A s 0 N D
Wheat - - 140 - - -
Berseem - - - - bt
Maize ' 106 260 300 200 7
Cotton 100 200 300 300 100
Vs = 19 /7. 65(140) 400 + .65(0)600 + .85(800)600 + ,85(1 000400 7
0.7 x 0,8 x 0.6 = _

23.3 ?GBmg/year
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elghted data for crop distribution, weighted irrigation requirement
leiplied by the project area taking inte consideration the cropping
i

is m 3

inteasity, or the scheme seasonal water supply (using data from Chapter IT.2)
is ¢

Ve = 10 /7 56 x 0,65 + 880 x 0.85 ] 1 000

0.7 x 0.8 x 0.6
23.3 105m3/year

5, Calculation of peak project supply

The project supply should meet irrigation requirements throughout the whole growing

seascn. FPreliminary peak project supply can be based on field irrigation raquirements of

the month of highest demand or

where

10

—— 37 .
C. RS Ta < In peak month An

%

Vsmax

Vsmax = Average daily peak supply, m

In peak = Net irrigation regquirements for each crop during month of
highest demands, mm/day 17

An = Acreage under each crop, ha

C = Flexibility factor

To incorperate Ilexibility of the delivery capacity, the derived value

of Vsmax is normally increased by 10 %when the project area is greater than 2 000 ha,

This may be increased progressively with a decrease in acreage served and can be as high

as 100 %when the project area is 50 ha or smaller,

EXAMPLE:

Same =zs before; ET{maize) , July, is 280 mm and ET(cotton), July, is 258 mm or
respectively 9.0 and 9,3 mm/day; depth of irrigation is 80 mm per application;

peak periods ET{(maize} and FET{cotton), using Figure 11 Chapter 1.4,1, are
respectively 1.08 x 9,0 and 1.08 x 9.3 or 9.7 and 10.0 mm/day; area is 1 GO0 ha,
cropping intensitv is 85% . The correction factor assumed for the area of 1 000 ha
‘is 1.2 conveyance efficiency, He, is 0,7, field ditch efficiency, Eb, is 0,8

and anpplication efficiency, Ea = 0.6,

Vsmar = 1.2 ., 53 lOO 5 wr /D.as5 {(9.7y 600 + 0.85 (10.0) 4007 = 300 000 m3/day

]

l/ Here ET(crop) and effective rainfall sheould reflect the peak period in che month of highest
demand; calculation of peak period ET{crep) and selection of dependable level of rainfall

are given in Chapters I1.4.7 and II.1,1, and in Chapter II.1.,2 respectively.




ITT.1.6 Project operatiomal field: supply scheduling

An evaluation of supply over a period of time wi

design. The classic method of deriving the supply fow
consider the lavout of the main canal system and acreages it is fo serve. Each area served

will, for the given cropping pattern and intewnsity, have its frvigati

s
mn

L 0

n requirement {(mm/month/
ha) which will give an ‘‘acreage figure’’ for the necessary supply {m /dav), The graphical
a

presentation of such a function = supply versus area sevved for each lateral canal and totalled

for the main canal - is called the supply or capacity line. Many capacity lines are empirical,

For large irrigation projects, with irrigation blocks of 200 to 500 ha, a fixed flow {is
normally delivered to the irrigation blocks, the size of flow belng proportional to the acreage
irrigated, crops grown and cropping intensity. The water gupply is then rotated among the

different fields or sections composing the irrigation block,

With anv increase In crop diversification the scheduling of the supply to different
fields and blocks might become rather irregular; peak supplies for the crops grown might oc-
ocur at different times for individual areas. An example is rice, where peak supply is most

frequently determined by the water reguired for imitial flooding, and flooding of rice fields

may need spreading over longer periods to avoid excessively high peak supply %j, Actual
maximum scheme water supply, Vsmax, can thus diverge considerably from maximum supply figures
darived from weighted irrigation requirements of the month of highest demand. A detailed
evaluation of supply scheduling will need to be made fairly frequently and should be started
at the lowest irrigation unit or for an additiomal field and subseguently worked out for
blocks of fields, for aresas served by lateral canals and for total project area served by the

main canal.

Variations in irrigation requirements caused by acreage, climate and time are difficult

to meet if project scheduling up to the field inilet has bezen based on continuous supply as
is done in zome rice schemes, Greater flexibility is obtained by rotatding the supply among
individual fields and blocks of fields, provided rotation schedules are adjusted from time
te time ro account for differences in cvops and cropping intensity and metereoiogical condi=
tions. However, in periods of low demand the supply may be Interrupted, 1.s. the canal may

may have severe consaquences for imstance

w

be in operation fo¥ only part of the time. Thi

in case of shellow rooted crops grown on part of & project arsa requiring fregquent light

he
irrigarion. Large and frequent variations in supply can be sttained by programmed deldvery.

In this case the cost of construction and cperation of the supply system may be high while

at the same time thers should be adequate control at the headworks and throughout the a8y

to regulate the flow,

;/ See for instancs L.T., Chin, Irrigation and Drainage Paper No.ll, FAG, Rome, 197Z.
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Variations in frequency and depth of irrigation are most easilv met if supply is based
on a demand svstem. An efficient organizational framework and highly qualified project staff
are requirad toc operate these costly systems which consist of many regulating and check

structures for the control of fluctuating discharges ;/.

When preparing preliminary operation schadules for the canal system, the irrigation
hlocks served by the same canal are frequently used as a unit. To determine the necessary
supply, the efficiency of the rotal system, Ep, is then subdivided into conveyance efficiency,
Bc, and field eificiency, Ef. For a block of i{ields Ff is the product of field ditch effi-
ciency, Eb, and field application efficiency, Ia. As discussed in Chapter III.2, Eb is
determined mainiy by field size and field supply with either a long or short delivery period
‘for the intermittent field supply: and similarly, Ea is determined by the method of irriga-
ation and the soil type {Chapter II.4). Field supply and field application are very much
interrelated, i.e. by stream slze per unit of éirea and delivery period or by the method of

distribution within the block =~ continuous, roiatlonal or on demand.

In Table 45 average field and convevance efficiencies are given for different methods
of water delivery, and their product is overall project efficiency, Ep. The data are obtained

from a recent ICID study on irrigation efficieniies.

Table 45 AVERAGE FIELD AND CONVE'ANCE EFFICIENCY IN EXISTING

IRRIGATION PROJECTS SUBYIVIDED INTO METHOD OF FIELD

DILIVERY

Me thod : Ef Fe Ep
Continuous block supply with small changes In stean
size; paddy fields 0.27 0.90 0.25
Rotaticnal supply based on predetermined schedul: 0.41 ¢.70 0.29
Rotational supply based on advance request by famers 0.53 0.53 0.28

Supply on demand, supply by pipeline system unde
pressure, sprinkler dirrigation 06.70 0.73 0.51

Source:; ICID

1/ TFor a detailed description of methods of watr delivery including design eriteria,
reference 1s made to I. Nugteren, Irrigaticrand Drainage Paper No.13, FAQ,
Rome, 1972,
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igetion bloek for

Irom weighted data on fraquencs
block, or from derailed

luding the soll intake rate and

medule o the irrdgation bloek

af . _A.8 =
B.4% *EL
where: gf = Supply to lrrigation block, i/sec
A = Area, haz
d =« Mean value of nst depth of applicarion, mm
i =  Momber of days allowed for comple:ion of ome irvigation, or

rease the flaxibiliry and to accomt for higher water requirements, a flexibi-

r
ity factor C, greater than unity is sometimes applied, gimilar to the peak project supply.

block is supplied continuocusly or intermitterly. In the latter case, the supply from the
iateral serving the irrigation block is rotated ameng the various irrigation blocksy This

is mainly determined by the layout of the caral system,

and I will vary througlout the season. TFor each period gf can be der
tarmined provided the varisbles A, d and I ae predetermined for the different periods

within the growing szeasocn.

TZAMPLE;

maize {30%) aend cotton (40%);
ation {mean) is 100 mm and

Supply 1o i I = 13 days
gf = 70 = 106 x 1 - 140 Ysec

el = 17 6750 T
Supply is 3 drrigatiorbleoks; &
qf = 70 =100 = 1 o ﬁzg Jzuc

After calgulating af for diffsrent perods within the growing season, the necessary
supply over a pericd of fime to the drrigatig block cam be determined. The supply cover a
time to the individual blocks 1s torvalled fo1 each latersl serving a number of blocks; sub-

3
3 kotallsed to obtain the project supply

sequently the supply over a time
over a ktime, rules for the canal

di

rriburion

fi)

Yo the case of a fized supply gf, the wvalue of T will depend on whether the irrigation

[ SO
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ield supply in flow and ¢

b

a

minad by the depth of water needad

at which watsr can be applied or

‘delivery.

1

 become move or less consta

T17.2.1 Relation between dapin

gata = . {8fe = 24y ., D, &
where Ea = Field application afficisncy, fractiocn

c
Soil water comtent at fisld capaciry, volume fracvicn

€
rh

[¢]
]

w
b
fi

Soil water conteni st time of irrigation, volume fragtion

]
1]

Rooting depth, m=m

b8
i)

Area, ha

FXAMPLE:

[S—

Cotton, 4th month, Sfc is 14%, 51 is 7%
Ea = 0,65%

gata = 10 {0,14 = 0,07 L 400 , 57 =7 340 m
0.65 " ‘

T o= 140 sm, A =5 ha,

' The vooting depth, 0y 2nd the soil water contenmt at the time of drrigsticn vary for

ifferant crops and fotr each crap geasgon, Detalls about the selection of

d
D and 81 values are given in Chsprer I.4.2 and I.4.5,

2

117.2.2 Relarion between scil intakse vate and aupnly

To guaniity stream size, ga, the applisd watey

wiil enter fhe soil must be derermine: pxiura and atruciurs
and scil water content. These rvates fov szome 2oll rexiuves and « aaponding zupply ge dm

1/sec for an arsa of 1 ha are glvan

The seoll intake vats iz noi
bacomes wet. The figurss

1. ¢

basic intake rates, i.2, T
e
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Table 46 : APPROXTIMATE RELATION BETWEEN SOTIL TEXTURE, INTAKE RATE
AND STREAM STZE

Soil Texture Intake Rate Stream Size
mm /hr aga 1/sec/ha
Sand 50 140
{25 = 250)
Sandy leoam 25 70
(15 = 75}
Loam 12.5 35
(8 = 20)
Clay Loam 8 22
(2,5 = 15)
Siity clay 2,5 7
(0.03 = 5)
Clay 5 14
(1 - 15)

EXAMPLE:

Cotton, 5 ha field, soil texture is loam, net depth of application is 100 mm,
irrigation application efficiency is 0.65.

' 3 7 540
. . = PA . = = 12 B
i gata 7 540 m ,Vta : TFRO0 05775 hr and qa

= $25 m3/hr or 175 1/sec

The stream size and delivery time given in the example may be impractical.

Usgally irrvigation i1s spread over cne or more days; other conditional aspects prevail
such as the quantity of water that can be handled by the irrigator, the number of plots
irrigated simultaneously, the method of irrigation and the capacity of the supply channel.

Basing the irrigation supply only on the intake rate of soils may lead to erronous supply

schedules,

I11.2.3 Relation between method of irrigazion and strezam size

a) Surface irrigation

The stream size, qa in 1/sec, for a given field or bleck of fields will, apart from
the intake rate of the soll, depend on the method of irrigation, the stream size that can
be handied by the irrigator or irrigaticn crew and the number and size of furrows, borders
or basins irrigated simultsneously, For spinkler irrigarion the stream size is furthermpre

determined by the available irrigation aguipment,
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To attain vaiform water distribution over the fileld the rate of applicaticen will vary

with the methed of irrigation. In the case of the basin {or level border) method, the stream

2

gize to each border should be at least twice that required for the average spill intake rate;
or the water should be applied between 0.2 and 0.4 of the time necessary for the required
depth of water to enter the soil., In the case of furrow and border irrigation on sloping
lands, the soil takes the water when the soil surface is covered with flowing water. The
gtream size per furrow and border should be large emough to reach the end of the run in the
desired time and small enough to be non-erosive, and should not cause extensive flooding

or tail losses. The gizz of the stream must be adjusted to the length of the run, land slope,
srosion hazards, shape of the flow channel, soil infiltration rate and the water depth to

pe applied.

Field trials on layout and irrigation practices are required to determine optimum
vaiues of stream size gqa and delivery time ta, Such physical data must be available at

the design stage of the project.

For easy reference, the stream size in 1/sec for a suggested size or length of field
under basin, border and furrow irrigatien is given in Tables 47, 48 and 49. The size and
length of the field is primarily determined by the soil type and land slope. Stream size
is based on the intake rate of the soil and erosion control. Since, during irrigation ap~
plicatien, the intake rate of the soi}l changes with time, the stream size into the border
or furrow is often reduced after an initial period of wetting. The stream size in the
supply canal is normally constant; sufficient flexibility can be maintained by regulating
the depth of application through controlling the inflow to each border or furrow, varying
the number of borders and basins served simultanecusly and by lengthening or shortening the
delivery time, ta. In the case of sprinkler irrigation, the stream size is based on the

nminimum intake rate of the soil over the total time of application and on the type of

'sprinkler equipment used 1/ .

ERAMPLE; :
Furrow irrigation; soil is medium texture, Iinfiltration rate is 13 mm/hr;

land slope is 0.5% . Crop is cotton, depth of water application is 100 mm;
irrigation application efficiency Ea is 0.65; number of furrows served simui-
taneously as determined by slope of supply lateral is 50; furrows are spaced

at 0.8 m, Field distribution efficiency Eb = 0.8,

From table or field data: furrow length = 370 m,
From table or field data: maximum flow per furrow is 1.2 1/sec.

3 600 % 1,2

Depth of application per hour is TER S0 ' = 14.6 mm/hr.
Stream size per furrow adjusted 2 x 1,2 =~ 1.05 1/ sec
- 14,8

Depth of application is d/Ea = 100/.585 =~ 150 mm.

ta = /1 = 150/13 = 11.5 hrs.

qa = 530 x 1.05 = 45 1l/sec
Eh

1/ For the evaluation of irrigation methods, veference is made to Merriam (1968},
Slabbers (1971), Bocher (1973); for sprimklaer irvigation PLllsbury (1968].



.02 0% 12 .2 30
. .05 15 .30 .5 75
: .10 30 .60 1.0 150
.15 45 .90 1,5 225
.20 60 1.20 2.0 300

Length of Fuyvow (m)
Sicoe (%) Max. Flow
heavy texture medium texture iight texrure {I/sec.)
: 0.05 300 400 400 400 ¢ 120 270 a4G0 400 60 30 150 190 12
z W 340 440 470 5001 180 340 440 470 90 120 190 220 5
: .2 370 470 530 6201 220 370 470 53014 120 190 250 300 3
.3 400 500 620 800§ 280 400 500 A00% 150 220 Z80 400 z
oD 400 500 560 7501 280 370% 474 530¢ 120 150 250 300 1.2%
1.0 280 400 SN0 600 ¥ 250 300 370 470 90 150 220 250 .6
i.5 230 340 420 5004220 280 340 400 80 120 150 220 g
2.0 220 270 340 400 1 1BO 250 300 3407 60 90 130 190 .3
= Application
i depth {mm) 75 150 223 300 50 100 150 Z00 54 75 100 125
Table 49 - SUCGESTED STZE OF BORDERS AND STREAM SIZE FOR DIFTFERENT 50105
T AHD LAND STOPE 1/ (DEEP ROOTED CROPS)
Soll typse Slope., % ; Width, m ‘ Length, m | Flow/metey widsh, 1/zsc.
Sand L2 = Lk 12 = 30 60 =~ 80 10 - 15
N g - 12 60 = S0 & =10
6 0 1,8 58~ 9 73 5= 8
Loamy asnd L2 Lk 12 = 30 75 = 150 7 - 10
Bom LB S = 12 75 = 130 5= 3
. 6 1.0 6 = 9 75 3= 5
- Bandy loem .2 = L4 12 = 30 903 =~ 250 5= 7
= 4 = .6 5 = 12 a5 = 180 4 = 5
= B 0= 1.0 g4 2= 4
= Clay loam 2= LA P2 = 30 180 = 300 3= 4
A= Lh & = 12 o0 = 130 2~ 3
£ = 1.0 24 1. Z
Clay 2= .3 12 = 30 350+ 2= 4
lf Under couvditisune of perfect land levelling.
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“lowest cost c.q. be minimize the squipmant requirad,

by the system layout and numbsr of in turn is& lavgely dictated by zize and
shape of the field, frequency of irrigation application and the farmer®s preferance on the
nunber of hours per day and number of days per week that the system will operate, Thesa

facters have a distinct effect on water supply in terms of total stream size, ga, and deli-

.

frequency of vigaticon can be changed by varying

P

e 1 e K 2= o 1 £ 4 ¢ s - a |
the application time and number of days betwsen irvigation, Any alteration in the number

~of latzrals and sprinklers operating at any time, other than laid down in the design, may

 negatively affect the operatilom and uniformity of water application, unless flow and

pressuie regulators are used. The total stream size, therefore, should = as far =s possibiase

conform #o the discharge rate used in the design,

EXAMPLE H

Crep 1s cotton; mnet depith of application at peak pericd DT{crop) is 34 mm.
Basic soil intake rate {1i) is 11 mm/hr. )

Gross depth of application iz egual o nep vance for losses,
Aﬁsumlﬁg irvigation sfficiency squal to 75 applicarion is
84 £ 0.75 = 112 mm per application, Applicat 2 + 11 = 310 hrs
W1tn an appiication rate of 11 and s ong & later {
12 m paei 2] ) £

surz of applicatien pey day znd per w
s the number of sprinklers per larer

operating simultansously can be Ffound:
of sprinkliers operating at oce =lme
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Table 50

OPERATING FIGURES FOR SOME SPRINKLERS (SQUARE PATTERN)

-~

[¢'e]

H

Nozzle Pressure Spray Delivery Spacing Area Precipitation

mm kg/cm? m m3 m m2 mm/ hr.
4.5 2.0 13.5 1.1 12 x 18 215 5.0
2.5 14 1.2 12 x 18 215 5.5
3.0 14,5 1.3 18 x 18 325 4.1
5.0 2.0 13.5 1.3 12 x 18 215 6.2
2.5 14.5 1.5 18 x 18 325 4,6
3.0 15 1.6 18 x 18 325 5.0

6.0 2.0 14.5 1.9 18 x 18 325 6.0
2.5 16.3 2.2 18 x 24 430 5.0
3.0 16.5 2.8 18 % 24 430 5,5
4.5/4.8 2.0 14.0 2.3% 12 x 18 2185 10.8
2.5 14.8 2.6 18 x 18 325 8.0
3.0 15.5 2.8 18 x 18 325 8.8
5.0/5.5 2.5 16.0 3.3 18 x 18 325 10.2
3.0 16.3 3.6 18 % 24 430 8.4
3.5 16.6 3.9 18 % 24 430 9,1
5.0/7.3 3.0 19.0 5.3 24 x 24 575 9.3
3.5 19.3 5.8 24 x 24 575 10.7
) 20.0 6.2 24 x 24 575 10.7
6.0/7.5 3.0 17.7 6.1 18 x 24 430 14,0
3.5 18.5 6.6 2h x 24 575 11.3
4,0 19.0 7.0 24 % 24 575 12.72
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¢} Drip irrigaticn

With drlps irrigation individual trees, groups of plants or plant rows are supplied
py emitters placed on laterals delivering a flow {qe) of 2 to 10 1/hr, Only a pertion of

che soil surface is wetted. The required stream size is determined mainly by the number

and type of emitters, goil type, crop and allowable soil water depletion. In a well operated

system a nearly constant low tension soil water condition can be maintained; for selected
jevel of soil water depletion, the frequency and duration of application can be varied

depending on ET(crop) and soil infiltration rate.

HXAMPLE:

Given: Area is 40 ha; crop is tomatoes; soil is silty clay loam with Sfc = 16 vol%
and selected 841 = 11 Vol % ; seil infiltration rate is 5 mm/hr; effective rooting ’

depth (D) is 100 em; ET(tomato) is 7 mm/day.

Crop rows are spaced (S1) at 1.2 m; an emitter with flow rate (ge)of 2 1/hr is
gelectad with spacing on lateral (Se) of 0.6 m; uniformity of application (Eu)
is 95¢; it is assumed that unavoidable losses (T1) including evaporation of the
wet soll surface are lO?éof the total amount of water applied.

Calculations Fraction of surface area wetted {P), from Table 53, 1is
W/ (S8e w 81) = 0.4/(0.6 x 1.2) = 0,55,
Maximum net depth of application d = (8fc = Si) . D . P . =
(0.16 = 0,11) . 1 000, 0.55 = 27.5 mm,
Irrigation interval I = d/ET({crop) = 27.3/7 = 3.9 days. ,
Maximum gross depth of application dg = d/(Tl x Eu)
= (27.5)/(0.95 x 0.9) = 32 mm.
Duration of application It = (dg x Se x §1)/qe
=:(32 x 0.6 x 1.2)/2 =» 11.5 hr.

Maximum number of operating units into which the field can be
divided 18 N (I % 24/IWor & (3.9 x 24)/11.53 or< 8,1 or 8.
Required discharge of system is 2.8 A/N % qe/(S1 x Se),

= 2.8 x 40/8 x 2/(0.6 = 1.2) = 39 1l/sec. '

WB: Above calculation assumes continuous operation of the system.

Table 51 FLOW RATE PER DRIP EMITTER TN 1l/hr, CONTINUZWS FLOW, FOR DIFFERENT
ET(CRCP) AND NUMBER OF EMITTERS PER ha

ET{crop) Emitters per ha
mm/ day
250 500 750 1000 1500 2000 2500 5600
1,25 2.08 1.04 0.069 0.52 0.35 0.26 0.21 0.10
2.5 4.16 2,08 .38 1,04 0.69 0.52 0.42 0.21
3.75 6.25 3.12 2.08 1.58 1.04 0.78 0.62 0.31
5.0 8.33 4.16 2.77 2.08 1.39% 1.04 0.83 D.42
6.25 10,41 5,12 3,47 2.60 1.74 1.30 1.04 0.52
7.5 12.50 6.25 .17 3.13 2.08 1.56 1.25 0.63

Example: With 1500 emitters/ha and ET(crop) = 5 mm/day; application for T2 hrs every 3 day
emitter flow: 24 x 3 x 1.39 = 8.34 1/hr; ga =3,5 1/sec/ha (losses tec be added).
prasumes gll 7%80 emitters in operation simultaneously. Actually of total acreage

only 1/6 would be neaded for any 12-hour pericd or ga = 0.6 1/sec/ha.

F]
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ACING, 1/hr.

= 150 =

PER TREE, CONTINUCUS FLOW, FOR DIFFERENT ET(CROP) AND

Tree spacing ET(crchard), mm/day
" 5 6.25 7.5
6 x b 7.5 9.5 11
9 x ¢ 17 21 25
12 x 12 30 37 45
15 x 15 47 59 70
18 x 18 67 84 101%

Tabia_gé ~ SURFACE AREA WETTED IN mZ FOR DIFFERENT EMITTER FLOW AND SOIL INFILTRATTION

INFILTRATION RATE l/

Emitter flow

Soil infiltration rate, mm/hr

1/hr cont.
2.5 5 7.5
2 0.8 0. 4% 0.25
4 1.6 0.8 0.5
6 2.4 i.2 0.75
8 3.2 1.6 1.0

1/ 8Sovurce: Pevsonal communication Duffin, UC, Davis.
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111.2.4 Relation between field size, field layout and supply

individual fields within an irrigation block are normally supplied in votation. When
a shallow rooted cash crop is alsc grown, reguiring frequent and light irrigasion applica-

tions, a double rotatien is often practised within the interval, I.

For surface irrigation schemes in most cases, a fixed sﬁpply for large irrigation
hlocks (530 ha or more) is preferable; this system #s the easiest to operate and can be
controlled from headworks. Any variation in the supply required by the block during the
growing season results either in interrupted deliveries or in reduced flow in the supply
channel . The latter requires a higher degree of sophistication, both technical, structural
and organizational. In the case of interrupted delivery, the canal serving the irrigation
bleck is in operation for only a portion of the interval, I, in pericds when crop water
requirements are low, The interruption can be either random or according to a pre=arranged
schedule and if the latter, then it can be completely rigid - fixed supply and fixed peried
of supply = or, preferably, have a certain flexibility and be adjusted from time to time
to allow for changes in crop water requirements due to variations in cropping pattern and
¢limatic conditions (ET{crop), rainfall) during the season. A more sophisticated type of
project operationis required for this compared to the rigid schedule., The degree of flexir
bility necessary in supply and subsequent operation of the field canzls can normally only

be determined after the project has been in operation for some time.

1f detailed water scheduling programmes are required for final design purposes, the
prediction of stream size and delivery time including their variations during the growing
season should start at the lowest field unit. As shown in the previous sub=chapter, the
triteria for field supply of the lowest unit are based on acreage and type of crops growa,
irrigation water needs, irrigation interval, soil and method of irrigation, Timetables
for irrigétian supply are prepared for the irrigation season and pletted on a2 weekly ov
lo'day basis. Thelwater supply schedules derived for individual fields can be totalled

for the irrigation blocks gerved by the same canal.

A gimilar approach can be used to determine supply schedules for the irrigation
blocks and these schedules for blocks of fields are then totalled te find the total pro-

ject supply schedules., The following example applies to a surface irrigation acheme,

EXAMPLE:

e e e e

Irrigation block is 70 ha. Crops are cotton {60% and potatoes (40%); the
cropping intensity is 85%; acreage of cotton is thus 36 ha, potatoes is 24 ha.

For a given period the irrigarion interval for cotton is 12 days and for

potatoes 6 days, The net depth of application is 100 mm for cotton and 40 mm for
potatoes. Field efficiency for both erops is 0.5. From Chapter III.Z.3, field
supply for cotton is 65 l/sec to irrigate 1.3 ha_or 36 ha in 12 days. Similarly,
the field supply for potatoes can be déte;miﬁed as 35 l/sec te irrigate 4,0 ha/day
or 24 ha in some 5 days. Within the rotation of the supply to the coiton fields a
sub-rotation among potate fields is deemed necessary.
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For a given period and selected project and field lavout, the following
summary can be preparad assuming a2 12=day supply to the irrigation block;
for simplicity the cropping pattern and cropping intensity is assumed to

be the same for the total project.

Section

Field (cotton)

Field (potato}
Block
Sub-laterszl
Lateral

Main

Acreage
(ha)

1.5

1

70

560

2 240

11 500

Delivery Time
{days

0.5

0.25

12
12
12

12

Supply

(T75ec)

65

35

100

800

3 200

16 0G0

If required an additional supplv should be added for inefficlency of the con-

veyance system and for flexibility.

Similar calculations can be made for different periods of the growing seasocon

and for supply over a certain time or the supply schedules thus determined.
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CEAPTER I71.3 : . REFINEMENT OF FIELD IRRIGATION SCHEDULING DEVELOPMENT

AND USE OF DATA ON SOIL, WATER, CROP AND CLIMATE

In most projects, field delivery is based on fixed quantities and periods of delivary.
This tvpe of operation, where timing and quantity are based on the calendar regardless of
variatlon in irrigation needs due to changes in crops and climate, still prevails in many
irrigated areas in the world, Efficient water utilization can only be achieved by concen-
trating operation of the ' system on the primary purpose, that is to provide optimum soil
water conditions for plant growth. Crops have shown that over a period of time they require
different amounts of water; in the operation of the irrigarion system, sufficlent flexibility
must therefore be maintained to meet adequately these changing demands, but at the same time
excess quantities must not be given. At the planning stage, only approximate rules of opera-
tion for projects can be given. Any refinements to water scheduling that may be requirad

can be done after projects have been constructed and in operation for some time,

Apart from their improvement of managerial and technical aspects of operating the

distribution network, refined data at the field level are required on crop irrigation needs

(ET{crop), effective rainfall), soil physical qualities and depth and frequency of irriga-
tion for a given crop, soil and climate, This data is necessary to improve irrigation
schedulding already in progress and project operations. The collection and application of

such refined data is briefly discussed below.

IIT.3.1 Refinement of field irrigation data

Irrigation requirements for planning purposes can be predicted by using concepts and
methodologies developed elsewhere but prevailing local conditions must be taken into account,

Such an approach is followed in this publication,

Input dats and methodologies usad should be correlated to local conditions through

field studies. Lines of action may inciude the fellowing:

a) Agro-meteorological stations

Metebrological giations fovr the collection of essential climatic variables should be
eztablighed early,

Where pessible, new agro=meteorological stations should conform to agricultural re-
quirements. The 1ocation‘of stationz with respect to environment is of the utmost import-
ance; metecrological information used on maeny projects is based upon data cbtained from
stationg located in non-agricultural areas, such as airperts, bare ground or roof topsﬁ
The real values of agro-meteorological stations can only be realized when they are located
in gimilar conditions to these found in agricultural areas. Where possible the 10 x 10 m
Starion should be placed within an irrigated area and short grass should be provided as

Station covar., This will have a substantial effect on the accuracy of the data cbtained;
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for-dinstance, a £lass A =vappration pan surrounded by an irrigated avea will give rasults
4

3

move than 20% lower than when surrvounded by dryland zrops. The buf

crops should be as large ae posailble, but a minimum of 100 x 160 m.

o

A simple, standardized agro-meteorological station should include minimum observations
T

on {a) temperature {maxwimum and mlnlmLm}, (b)Y rela

ve humidity {wat and drybulb the's:mometer);

1

i
pracipration {vaingauge) {(4) wind (totalizer); {e) sunshine hours (Zempbell Stokes);
T

Reference stations, which are usually established in collaboration with meteorological
ar agricultural rasearch institutes, should be provided with the following equipment in
addition to the minimum instrumentation listed above: (a) EEEE?EEEEEE (weekly charts); (b)
hygrograph (weekly chavts); {(c) anemograph (hourly, wind directions and velocity); (d)

pluviograph (weakly chavts): {e) solar radiation with recorder and/or integrator; (f) baregraph
; ; .

{(waskly {2} nat radiomster with integrators; (h) Class A pan; (i) soil thermometers,
i Y - T e
minimum maximum, at 10 em; (§) standard shelters fer the foregoing where necessary. -

+ shonld be snsured that properly trained meteorological cbservers are emploved.

]
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diation measurements, the services of an experienced consultant

he zecured to salect the egquipment and sites, to train personnel, to advise on observa=-

]

tion programmes to be carried out and on the analyses of the data obtained.

by Boll survey
Freferably s detailed sodl survey (scale 1:35 000 to 10.000) should have been completed
befors planning, design and implementation of the project. Additlonzl investigations will
on phyeical and chemical properties of the soil and their changes
1/.
c) Water requivrement studies
To Stettain.ﬁch water requirvements, the following field st idies should bhe implemented

depending on facilities, quality of staff snd rhe budgei available /

wo predictive approach, based on preselectéd frequency and amount

—— pradictiva-direct approach, monlicring soil water levels to

verify predicted soil warer ragimes and to post-evaluate net
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§ : ii4i) Experimants on irrigation practices {fraquency and amcunt studizs}

-~ Crop appearance

- 2

—~ standard references = lysimeter, raference field, FT{(crop}

N
- |

estimates from formulae, evaporation pans,

bt

iv) Experiments on water/vield relaticnships, as part of the zhove-
mentioned field trials to detsrmine effect of ss2ascnal, pariodic
and diurnal water defiecits on vield,

V) Experiments on field irrigation methods which should {nelude fiald
trials on layout, lenzth of run, permissgibla stream size for mathod
selected - furrow, border9 basin, sprinkler, drip and spriukler
irrigation 1/.

- ] £ vi) Experiments on fertilizers, irrigation/fertilimer interactions,

vii) Additional experiments on cultural aspects and land preparation

d) Mcnltoriag water supply scheduling for projects in progress

Tha f0110w1ng points should be considered under this heading
~— Evaluation of method of deliver vy and supply scheduling practiced
é . including determination of project, convevance, field distribution aad
" Z_é field application afficiency by direct measurement of separate components,
H : : or of water balance and budget or of a combined method.
- . = Evaluation of scheme management including instituticnal aspects, personnel,
communication facilities.

— Water use stundies in the farmer®s field by testing or monitoring

5
=
5
4
I
4

use aspects including drrigation mathods and praciices Ior traditiomal

or new crops and cropping par"ems=




goverrmental organizations and institutes, and the experience of the staff. The time
needed for collection of necessary data should form an integral and essential part of the
total duvation of project planning, design and execution, Ideally, applied research should
gtart as esrly as possible and, if possible, well before the stages of detailed project

design and project execution, Different approaches can be used:

Experimental stations. Many permanent experimental stations engaged in basic and applied

research have been established on a naticnal basis (see fer instance, for the Near East,
Raffig, 1971). Optimum use should be made of knowledge and experience gained within any
cne country and applied research programmes should be carried cut in close collaboraticen
with established institutes. Studies should be selectad carefully and reflect the most
critical problems met in project design and operation. The cost of running such stations
is high and, depending on the size of the project, they can normally be maintained only

if they form part of govermment-sponsored research institutes or universities.

Field sub=stations and field plots. Instead of conducting extensive and detailed appiied

programmes, normally sub=~stations are equipped to apply the results from research stations
to local conditions on a practical scale, They are mostly found in connexion with planned
or established large scale projects, Apart from agronomic and fertilizer trials, their
type of activity should include simple studies on water requirements, crop/water response
and irrigation methods and practices. The operation of a second»degree weather station
should be included 1f possible and the value of such stations for demonstration purposes
should not be overlooked. WNot many personnel may be requirved, but supervisory assistance

should be available.

Field experiments in the farmer’s field. Practical studies can be carried out in the farmer’s

field as part of project cperations because they provide results whose value is often greatly
under-estimated. The value of such experiments for demonstration and training is inestimable
if full ccoperation with the farmers is achieved, although the survival rate of such experi-
ménts ﬁay be lower than 50 percent because of uncontrollable factors and the difficulty of
méintaining the farmer’s interast and getting him to keep appropriate records, Cldsé col~
laboration should be maintained with the lecal extension service especially as they may be

of help in convincing partners of the benefits of their field experiments,

Pilot projects, The need to set up pilot nrojects befors embarking on large~scale project

development cannot be over-smphasized. The area should cover batween 100 and 500 ha to allow
for a detailed analysis of future project operations. Apart from water requirement and
application experiments, problems concerning the distribution of water, use of surface
and/or groundwater, water and salt balance, and water losses can be considered and many

other studies carried out at project level. The scheme should be located with an eye to

its inclusion in the anticipated large project.
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111.3.2 Application of fisld irvip

in irrigation projects where wazér 15 suppliad on demand, the supply to individus
fields can be scheduled on ths basis of direct measuvamant of he aoil watar by soll water
indicators,by plant indicators and bv svaporation messuring devices such as pans. A1l these
methods require substantial insight into the effect and importance of the

and czn only be successfuLLy appl 2d when, for the given condition, the essential data on

of divect m«gﬁu“am‘nts and the

I

Hy

use of soll water indicators for irrizakion scheduling 1/. However, vesulis from the use
r

of these devices by farmers is o

technical knowledge or understandin:
Theraefore it is often preferable
tion authorities or extension
sary data to the farmers, Th
plots which mirrer the Iocal agriculeural practices {Phi

has already been carried oui, evapovation pang {Class A) can be used for scheduling irviga-

tion and will give a sufficiently high degres of accuracy {Isvael, Hawsli]. An example is

cired of the use of the evaporation pan in scheduling of irrvigarien. A simple method is

i
sometimes followed in India: within an irvigated field of medium or heavy-texturad soil, a

. 3 ‘s o o g . . i -
soil block of Tm” is mixed with about 10% sand; eaviy wilting of plants gvown in the scil~

£
sand mixture is noticed indicating that irrigation of the cropped fisld should follow soon.

Other methods are based on metsorological data combined with known soil and crop data
and supplemented by sufficient fiald checks. For development and testing of such prediction
methods adequate experimental data on these and ralated subjects must be available for the

ied more rveadily if water delivery is based on

i._.l
o]

given conditions. These metheds can be app
controlled or free demand. 1/

Efficient extension services can be of much sssistance neot only in collecting
information from field experimental work bui alsc in applying its vesultant dats for the

improvement of irrigation efficiency.

3= o

1/ Hagan9 Haise and Bdminsifer, ¢I1155L
. nternational Sourcebook on Irrigatd

-

Stannlll, Prdctical soil meoisbture probl

Lands, {19673, FAQ/Unesco,

; Arid Lends, Unesao,| Paris (19737
e, WMET{LY8E),

1/See for instance Jensen,M.E. Scheduling iryigations using C.imas
ASCE, J.: Irvigation and 2158 ; 38 2 .
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FXAMPLE: TIrrigation scheduling by soil water accounting procadurs using
Class A svaporation pan.
Reguired: = standard rain gauge and Class 4 pan on grassed site surrounded

by short crop; daily observation (08.00 hours).
- egtimated or measured wind and humidity levels of previcus day.
- soll data on water holding characteristics; crop rooting depth
and level of maximum soil water depletion.
- crop coefficient ke for different stages of crop growth.

Procadure: At 08,00 hours pan evaporation is measured. For humidity and

wind values of previous day and for given upwind distance of greesn
crop, kpan is determined (Table 19). For given stage of crop growth
ke is selected (Tables 21-30). ET(crop)} = kpan x kc x Epan.

From soil water balance, subtract ET{crop} and add daily rainfall
and irrigation application. Irrigation is applied when soil water
depletion has reached scil water tension of 0.3 for most vegetable
crops, onions and potatoes, and 1.0 to 1.5 for most field crops.
Depth of applicaticn equals /soil water content at field capacity
minus soil water comtent at time of irrigation in volume percentage
times rooting depth. -

S0IL WATER BALANCE SHEET

=

Scheme: '/?:"i—.f.':;"’?—tg:‘:@Soil type ‘4{&‘“/’“/ Total available soil water "25 vk 0- 30 em
Field: .../E? ............ et ] v 30= 60 cm
A 5
Farmer: .F&Qﬁ%Q§¥?., ....... : L5 vk 60= 90 cm
e ' .
Months: .F¢”.?ﬂﬁr.{4€$¥f.... ve. v 90-120 com
Pan location: /[’C N LLZW{ . Crop:. ,éafflé«z{oe.s; Rooting depth:... 60 ceva. cH
8£C?7 Jﬂéﬁfifékj Irrigate when balance is: A T
P
Date | Days |Epan Wind Humi~ | kpan | kerop | ETcrop | Rain | Irr. Bal= | Remarks
after dity ance
plant-
ing wm mm il mm ma
274 O |63 |Lght|vuat | € 9 4.5 | - Fo | /50 :Lﬂ_-f&?__
.25’,,/4 Ji 1.2 | omoel | Lovw~ | L5 | 7 % 4 - /465
37 T _ ;
i | 2 |6 G |me| oned | J5 | -5 |25 | 4 Y ]
T l L4
cirialeng
L4
Lendd Covet

"""-J‘-a’

12§ 8 (ot florotma]
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The foliowing {is an =xampls of the sasquence of soil, water, crop and climatic data

g
which should be available on which to base recommendationms for dirrigation scheduling:

Action Requirements

1. Estimate ET for reference crop Fizld plot or adequately tested radiation/
(grass, alfalfa) energy method

2. Apply crop coefficient for given Adeguate experimental and field data on
crop depending on stage of growth given crop, so0oil and production potentizal
and soil water level {(crop and field surveys)

3. Determine effective contribution Rainfall observations, determination of
of rain since last irrigation effectivenesgs, field checks

4, Determine soil water depletion Date of last irrication, water retention
level in irrigated fields capacity of soil, soil survey
{calculated, and by making fi=ld
checks)

5. Predict future rainfall contri- Rainfall frequency distribution analysis
bution of long-term daily data

6. Predict with computed ET{crop) Detailed soil and crop data, water use/
when day of maximum allowable scil production function

water will be reached

7. Calculate total amount of water Irrigation efficiency, groundwater
to be delivered to the field at contributed to root zome
predicted time

Information centre

Optimum timing of irrigation is even more essential when there is a short supply of
water at the source. Declsicns must be made early‘regérding the times at which water can
be saved and when its allccation is most essential. The amount of irrigation water needed
during the growing szascn may be raduced appreciably by the cptimum utilization of soil
water stored from winter rains or pre-irrigation. Additional savings may be made by
allowing the soil to dry to the maximum permissible degree at the end of the growing season,
rather thanm by leaving a high level of available soil water at harvest time; possibly one
or two irrigations may be saved by this practice. Minimizing the total depth of water and
the number of irrigations om the basis of a better understanding and use of the soil water
reserveir should receive particular attfention in water scheduling programmes where water
is scarce and expensive.

When water is in short supply decisions must be made early in project operatioms for
the allocation of water when most needed in terms of attaining acceptable yields. Water
distribution to the fields should be pianned to aveid the water supply to the creop being
restricted during its critical periecd for water stress; for most crops this is from
flowering and early fruit development onward. Thus during perilods of water shortage,

irrigation delivery should be programmed on preselected ET{(crop) deficits, with the least

i—
1

daficit aliowed during the most sensitive growth stage is cbvious that to avoid the plant

5

drying out during the wvsgetative growth pericds, some water must stiil o be applied.

A
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AFPPENDIX I

GLOSSARY

ACTUAL CROP EVAPOTRANSPIRATION, ETa{crop): rate of avapotranmspiration equal to or smaller
than predicted ET(crop) depending on the level of available soil water, wilting
phenomena, salinity, field size, or other causes; mm per dav.

ACTUAL VAPOUR PRESSURE, ed: pressurs exerted by water vapour contained in the air; wmillibar.

ADVECTION: transport by air movement of sensible heat from large dry fallow surrounds
into irrigated areas,

AVATLABLE SOIL WATER STORAGE, ASi: amount of water storable in the root zone at time of
irrigation; welght or volume percentage or mm over rooting depth.

AVERAGE TNTAKE RATE: rate of infiltration of water into the soil by dividing the total
depth of water infiltrated by the total time from start of irrigation to the
moment when infiltration rate is equal to the basic infiltration rate; mm/hour.

BASIC INTAKE RATE: rate at which water will enter the soil after a period when the change
in rate becomes very slow; mm/hour.

CANOPY INTERCEPTION: depth of precipitation caught and held by plant foliage and lost by
evaporation without reaching the ground surface; percentage or mm.

CARRY-CVER SOTIL WATER: amount of water stored in the soil from eariier rains, snow or
irrigation applications which meets water deficiencies in following pericds;
volume or weight percentage.

CLOTHESLINE EFFECT: thorizontal heat transfer from warm upwind area to & relatively cooler
crop field resulting in increased ET(crop) particularly at the field border or
patchwork of small interspersed fields.

CLOUDINESS: degree of cloud cover as mean of several observaticns per day; expressed in
cktas = in eights of sky covered; or tenths - in tenths of sky covered.

CONTINUOQUS SUPPLY: continuocus and constant discharge to inlet of the individual farms
or fields; 1/sec.

CONVEYANCE EFFICIENCY Ec: ratio between quantity supplied to a block of fields or rotation
unit and total quantity supplied to the {irrigated project area; fractiom.

CRITICAL PERIOD: period during crop growth when the crop is most sensitive to soil water
stress winich will have a lasting effeci on crop growth and will reduce yields.

CROP COEFFICIENT, kc: ratio between crop evapetvanspiration ET(crop) and reference crop
evapotranspiration ETo when both are in large f£ields, under optimum growing
conditions.

CROP DEVELOPMENT STAGE: for given crop time between end of initial stage and when crop
reaches 70 to 80% full ground cover; days.

CROP EVAPOTRANSPIRATION, ET{crop): rate of evapotranspiration of a disease-free crop
growing in a large field {(one or more ha) under optimal soil conditions,
including sufficient water and fertility and achieving full production
potantial of that crop under the given growing environment; mm/day.
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CROPPING INTENSTTY: at a given time the percentage of the total scheme area which can be
supplied by the irrigation system and is fully equipped for water distribution
that is under an irrigated crop; at a given time, the percentage of the cultivateq
area that is under a crop; percentage.

CROPPING PATTERN: sequence of different crops grown 1ln regular crder om any particular
field or fields.

CROP WATER REQUIREMENTS, FT{crop): depth of water, regardless of its source, required by g
crop or a diversified pattern of crops for evapotranspiration; mm and period;
mm/day. ‘

DAYLENGTH, p: number of hours between sunrise and sunset; hours or in percentage of total
annual daylight hours for each day.

DEEP PERCOLATION, F: rate of downward movement of soil water from the root zone prior to
and following attainment of field capacity after ample irrigation or heavy rains;
mm/day.

DELIVERY TIME, ta: length of time during which a given streamsize is delivered to the
field or block of .flelds; hour or day. :

DEWPOINT TEMPERATURE: temperature to which the air needs to be cooled down in order to
become saturated and at which water vapour starts to condensejdegree Celsius.

DEPTH OF IRRIGATION, d: depth of irrigation applied to the soil in one irrigation, or
volume of water delivered to a given area in one irrigation divided by the
acreage and which is needed to bring the water content of root zone to field
capacity; mm.

DRATINAGE: removal of excess surface and groundwater from the soil; mm/day.

EFFECTIVE FULL GROUNDCOVER: percentage of groundcover by the crop when ET{(crop)
is approaching maximum = generally 70 to 80%5

EFFECTIVE PRECIPITATION: that fraction of total precipitation useful for meeting crop water
requirements; it excludes deep drainage, run-off, and evaporation from the soil
surface; fraction.

EFTECTIVE ROGTING DEPTH, D: soil depth from which the crop extracts most of the water needed
for evapotranspiration (also called design rooting depth); cm.

ELECTRICAL CONDUCTIVITY, DRAINAGE WATER, ECdr: measure of salt content of excess soil
water that is removed by downward flow through the soil; mwhos/cm.

FLECTRICAL CONDUCTIVITY, IRRIGATION WATER, ECirr: measure of salt comtent of irrvigation water;
in mmhos/em; salts in part per million = 0.64 x EC x 103 for irrigation water up
to 5 mwhos/cm; mmhos/cm.

ELECTRICAL CONDUCTIVITY, SATURATION EXTRACTS, ECe: measure of salt content of soil water
extracted from the soil, when saturated with water; mmhos/cm.

EVAPORATION, E: rate of transformation of water from liquid to vapour phase through purely
physical processes, mm/day.

EVAPOTRANSPIRATION, ET(crop): rate of transpiration from a vegetal cover, evépcratian from
the soil and from the wet surfsce of the vezetation:; mm/dav.
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EXTRA-TERRESTRIAL RADIATION, Ra: amount of radiation received at the top of the atmospherea;
equivalent evaporation mm/day.

FIELD APPLICATION EFFICIENCY, Ba: ratio between water placed in the root zone and directly
avallable to the crop versus total quantity applied to the field; percentage
or fraction.

FIELD CAPACTTY, Sfc: amount of water held in the soil after ample irrigaticn or heavy rain
when the rate of downward movement has subgtantially decreased, usually 1 to 3 days
after irrigation or rain; also called effective water holding capacity or soil
water content at soil water tension of 0.2 to 0.3 atmoshpere; volume or weight
percentage.

FIELD DITCH EFFICIENCY, Eb: rtatio between the quantity supplied te the individual fields
and the total quantity supplied to a group of fields or rotation unit; percentage
or fraction.

FIELD EFFICIENCY, Ef: ratic between quantity of water placed in the root zone and quantity
supplied to a group of fields or rotation unit;Ef = Ea x Eb; percentage or
fraction.

FIELD SCHEDULE: quantity and timing of water delivered to the individual field or block
of fields; volume and interval.

FIELD SUPPLY, Vs: quantity of water delivered during a certain length of time to an indi-
vidual field or block of fields; volume.

FIELD WATER BALANCE: sum of all gains and losses of water over a given period in the root
zone.

FLEXIBILITY FACTOR, C: coefficient greater than unity to account for fluctuations in
water supply in excess of those determined for an assumed cropping pattern and
cropping intensity; fracticmn.

FULL GROUND COVER: amount of soil covered by crops approaching 100 percent when looking
dovnwards. '

GROSS IRRIGATION REQUIREMENT, If: depth of water, excluding contribution by precipitation,
groundwater, stored soilwater, or surface or subsurface inflow, required for
normal crop production plus water losses and operational wastes; mm and period.

GROUNDWATER TABLE: upper boundary of groundwater where water pressure is equal to atmosphere,
i.e. depth of watsr level in borehole when groundwater can freely enter the
borehole; cm below soil surface.

GROUNDCOVER: percentage of soil surface shaded by the crop when sun is directly overhead;
percentage.

GROWING SEASON: for a given crep the time between planting or sowing and harvest; days.

TNZITTAL DEVELOPMENT STAGE: for a given crop the time during germination or early growth
when groundcover - is less than 10 percent; days. '

INITTAL INTARKE RATE: rate at which water will enter the soil when water is first applied;
mm/ hour.

IRBETGATION INTEEVAL OR FREQUENCY OF IRRIGATION, I: time between the starting of one
irvigation and the starting of the next on the same field; days.
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TRRIGATION MODULE: flow of water designed for or used in drrigating a unit of land.

LATE=SEASON STAGE: for a given crop the time between the end of the midseason stage and
harvest; days.

LEACHING: removal of soluble salts by passage of water through soil.

LEVEL OF SUPPLY: quantity of water selected con the basis of probability to meet crop
Irrigation requirements.

MAXTIMUM NUMBER OF BRIGHT SUNSHINE HCURS, N: number of bright sumshine hours for a 24-hour
day with no cloud cover; hours.

MAXIMUM RELATIVE HOMIDITY, RUmax: maximum or mean of maximum of each day over the period
considered of actual amount of water vapour in the air relative to the amount of
water vapour the air would hold when saturated at the same temperature;
percentage.

MAXIMUM TEMPERATURE, tmax: maximum temperature during the day or mean of maximum Cemperature
for each day for the period considered; degree Celsius,

METHOD OF WATER DELIVERY: way of making an irrigation system function to convey water
from the source of supply to each field served by the system.

MIDSEASCN STAGE: for a given crop the time between effective full ground cover and the
enset of maturity {(i.e. leaves start to discolour or fall off); days.

MINIMUM RELATIVE HUMIDITY, RHmin: wminimum or mean of each day over the period consildered
actual amount of water vapour in the air relative to the amount of water vapour
the air would hold when saturated at the same temperature; percentage.

MINIMUM TEMPERATURE, tmin: lowest temperature during the day or mean of lowest temperatures
of each day for the period considered; degree Celsius.

NET IRRIGATION REQUIREMENT, In: depth of water, exciuding contribution by precipitation,
groundwater, stored soilwater, surface or subsurface inflowy, required for normal
crop production; mm and period.

NET LONGWAWE RADTATION, Rnl: balance between all outgoing and incoming longwave radiation;
equivalent evaporation mm/day.

NET RADIATION, Ru: Tbalance between all incoming and outgoing short and longwawe radiation;
En = Rns + Rnl; equivalent evaporation mm/day.

NET SOLAR RADIATION,RBns: difference between shortwave radiation raceived on the earth
surface and that reflected by the scil, cropand water surface; equivalent
evaporation mm/day.

OASIS EFFECT: vertical energy transfer from air to the crop; effect of dry fallow surrounds
on the microclimate of a relatively small acreage of land whers an air mass
moving inte an irrigated area will give up much senaible heat. For small fields
this may resulf in a higher ET(crop) as compared to predicted ET(crop) using
climatic data collectad inside the irrigated area; conversely ET (crop) pradictions
based on weather data collected outside the irrigated fields may over-predict
actual evapotranspiration losses.

0SMOTIC FRESSURE: eguivalent negative pressure to which water must be subjected to
bring the saline soil-water through a semi-permeable membrane intc static
equilibrium with pure water; atmosphere.
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pAN CCOEFFICTENT, kp: vratio between crop evapotranspiration ET{crop) and water loss by
evaporation f£rom an open water surface of a pan.

PAN EVAPORATION, Epan: rate of water loss by evaporation from an open water surface of pan;
mm/day.

PEAK PERIOD CROP WATER REQUIREMENTS, ET{crop) paak: for a given crop the peak crop water
requirements during the month of highest water requirements; mm/dav.

PLANT POPULATION: number of plants per unit of area.

PRECIPITATION: total amount of precipitation {(rain, drizzle, snow, hail, fog condensation,
hoar frost and rime) expressed in depth of water which would cover a horizontal
plane if there is no run=-off, infiltration or evapotranspiration; mm/day.

PROJECT EFFICIENCY, OR QVERALL EFFICIENCY, Ep : ratio between water placed in the root
zone and total quantity supplied to the irrigated prolject area;
Ep = Ec ¥ Ef = Ec x Eb x Ea; percentage or fraction.

PSYCHROMETER: device to measure air humidity; generally consisting of a normal thermometer
and a thermometer whose bulb is surrounded by a wet muslin bag:; the latter, called
wet=bulb thermometer, should normally be force ventilated (Assmann type).

REFERENCE CROP EVAPCTRANSPIRATION, ETo: zrate of evapotranspiration from an extended surface
of 8 to 15 em tall green grass cover of uniform height, actively growing,
completely shading the ground and not short of water; mm per day.

REFLECTION COEFFICIENT, @ : ratioc between the amount of shortwave radiation received at the
earth surface and that vreflected back by the soil, crop or water surface;
fraction.

ROTATION INTERVAL, I: time between the start of supply to a given field or block of
fields belonging to the rotation unit and the start of the next supply; days.

ROTATIONAL SUPPLY: supply of water om a rotational basis within a distribution system
amont laterals, sub=laterals or field inlets at a regular or varied dnterval,
larger streamsize and shortened time of delivery for a number of days to each
section, with no supply during these days te the other sections belonging to the
rotation unit; 1/sec and delivery time.

SATURATION VAPOUR PRESSURE, ea: wupper limit of vapour pressure at a given temperature or
vapour pressure which the air would have if saturated at that air Cemperature;
millibar.

SFASONAL IRRIGATION REQUIREMENTS: depth of water, exlcluding contribution, by precipitation
groundwatar, stored soil-water surface or subsurface inflow, required for normal
crop growth during the crop growing season; mm and perioed.

SOIL HYDRAULIC CONDUCTIVITY, k: rate of water flow through a unit cross-section of the
soil under a unit hydraulic gradient; also called permeability or transmission;
mm/day. ‘

SOIL INTAKE {(INFILTRATION) RATE: rate at which water will enter the soil under given
conditions including soil water content; mm/hir.

SOIL SPECIFIC GRAVITY, As: ratio of the weight of water-free soil to its volume; grammes
per cubic centimeter; g/cmS.

SOIL STRUCTURE: arrangement of soil particles into aggregates which occur in a variety of
recognized shapes, sizes and strength.
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8071 TEXTURE: characteristization of goil in respect to its particle sizes and distribution.

507L WATER STRESS: sum of soil water tension and osmotic pressure to which water must he
subjected to be in equilibrium with soil water; atmoshperes.

207L WATER CONTENT, 8i: at a given time the amount of water held in the soil; weight ov
volume percentage.

80IL WATER TENSION: force at which water is held by the scil or negative pressurs or
that must be applied to bring the water im a porous cup into static equilibrium
with the water in the soil; soil water tension does not include osmotic pres
atmosphere or bar,

S0LAR RADIATTON, Rs: amount of shortwave radiation received at the earth surface;
equivalent evaporation mm/day.

STREAMSIZE, qa: flow selected for delivery to field inlet or irrigation block; 1/sec.

SUNSHINE HOURS, n: number of hours of bright sunshine per day, also sometimes defined as
the duration of traces cor burns made ot a chart by Campbell Stokes recorder;
not to be confused with sun brightness; hours.

SUPPLY ON DEMAND: supply in size and duration of flow to satisfy request for water at any
time during the growing season without advanced notice; 1/sec and time of delivery;

TENSIOMETER: a device for measuring the tension of soil water in the scil consisting of
a porous, permeable ceramic cup connected through a tube to a manometer.

TOTAL AVATLABLE SOIL WATER STORAGE, AS: amount of soil water available in the root zone
to the crop; difference between water content at field capacity and at wilting
point; weight or volume percentage or mm over rooiting depth.

TOTAL SOIL WATER STORAGE, AW: total amount of water that can be stored in the root zome
between a completely dry state and water content at fileld capacity; volume or
welght percentage or mm over soil depth.

TRANSPIRATION: rate of waterloss from the plant through the formation of water vapour
in living cells which is regulated by physical and physiological processes;
mn/day.

WET BULB TEMPERATURE, t wetbulb: temperature recorded on s thermometer with the bulb
surrounded by a wet muslin bag, thus lowering the temperature by loss of latent
heat through evaporation; degrees Celsius. :

WET BULB DEPRESSION: difference between readings of wet and dry bulb thermometers at
given temperature; degree Celsius.

vely

WILTING POINT, Sw: water content of the soil below which the plant cannot soti
r tension:

cbtain water from the soil; water content at 16 atmosphers soil wa
available soil water is nil; volume or weight percentage.

il
t

WINDSPEED, U2: speed of air movement at 2 m above ground surface in unobstructed surroundings;
mean in m/sec over the period considered or total wind rum in km/day. :
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APPENDIX 11
PERS(QNS AND INSTITUTES CONSULTED

Demmark - Hydrotechn. Lab. and Climate Stat., Royal Veterinary and Agric. Univ. Copenhagen:
8.E. Jensen, K.J. Kristensen, H.C. Aslyng.

Erhicpia » Inst. Agr. Res., Holletta, Addis Ababa; A. Retta, C.R.K. Prashar,

France - Station de Bloclimatologie, Sta. de Rech. Agron. du Sud-est, Inst. Nat. de 1la
Rech. Agron., Cantarel~84 Montfavet: J. Damagnez, C. Sazmie, 0. de Villele.

Haiti = Service Meteorologique National, Port au Prince, D.A.R.N.D.R.;'A.Goutiler, M. Frére,
Joint FAQ/TAEA Div. of Atomic Energy im Food and Agriculture, Vienna: Y. Barrada.

India ~ Indian Agric. Res. EEStf New Delhi 12: N.G. Dastane, A.M, Michael.

Israel = Dept. of Soil Science, Hebrew Univ., Rehovot: D. Hillel, E. Rawitz.

Israel = Min. Agric., Agric. Res. Org. The Volcani Center, Bet Dagan: Y. Vaadla, G. Stanhill,
M. Fuchs, F. Shmueli, J.D. Kalma. o

Iarael - ﬁepﬁa of Irrig., Hebfew Uniwv. Rehovot; S.D. Goldberg.

Kenya ~ Hast African Agric., and Forestry Res. Orxg. Nairobi: C.W.0. Beles

Labanon = Dept. of Irrig. Agron. Tal Amara: 8. Sarraf, A. Abéukhaled, §. Chebldi.

Lebanon ~ UN?P(SF) LEB/13 Project: A. Marasovie.

Nigeria = Inst. for Agric. Res., Ahmadu Bello Undiv. Samaru, Zaria: J.M. Kowal, A.H. Kassan.

Netheriands - Inst. for Land and Water Management Res., Wageningen: C. van den Berg,
i F.E.Bijtama, R.A. Faddes.

Philippines - Intern. Rice Regearch Inst. Los Banos: T. Wickham, S5.K. de Datta.

SénZgal - Projet pour le diveloppement de la recherche agronomique et de ses applications,
saint-Louis: D.A. Rijks.

South Africa ~ South African Sugar Asscciation Exp. Stat., Mount Edgecombe, HNatal:
G. Thowpsen, J.G. Lover.

Sudan = Dept. of Agron., Fac. of Agr., Khartoum Univ.: A.M.,H. E1 Nadi.

Syrisn Avab Republic = Res. Stat. Bllianeh, Min. Agr. UNDP Project SYR/22, Aleppo: Salah
Semsam, J. Petrasovic. Univ. of Aleppo, Faculty of Agr.: A.N. Zeln El-Abdin,
A, Varra, Y. Kattan.

Thailand = Asian Inst. of Technology, Bangkok: A. Hossaim, E.F. Schul;.

Tunisia =~ UNBP/SF Project TUN/70/529, Tunis: B. Said, R.R. Combremont.

United Kingdom = Iast. of Hydrology, Wallingford, Berks: J.5.G. McCulloch

U.8,4A. = US Water Cons. Lab. USDA (ARS), Phoenix, Arizona: C.H.M. van Bavel.
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U.5.4A. - Imperial Valley Cons. Res. Center, USDA {ARB) Brawley, Califernia: R. Le Mert
L. Willardson, A.J. MacKenzie.

North Appalachian Exp.Watershed, USDA (ARS) Coshocton, Ohio: L.L. Harrold,
J.L. McGuinness.

Irrig. Agric. Res. and Ext. Center, Prosser, Washington: J.E. Middleton,
M.C. Jensen, E.S. Degman

Agric. Res. Serv., USDA Lompoc, California: P.R. Nixon, G.P. Lawless.

State of Czlifornia, The Resources Agency, Dept. of Water Resources,
Sacramento: J.W. Shamnon, N.A. MacGillivray, R.E. Merrill, J. Lawrence, C. Muir.

Agric. Res. Serv. USDA, Colorado State Univ., Ft Celliins Colorado:
G. Kruse. H.R. Haise.

Univ. of California, Davis, California: F.J. Lourence, 8. von Qettingen, R.M. Hagan,
J. Ian Stewart, D.W. Henderson, F.J. Veihmeyer, W.L. Sims, V.E. Rubatzky,
R.B. Duffin, R.E. Voss.

Dept. of Geography, Univ. of Hawaii, Honolulu, Hawali: Jen~hu Chang.

Soils Dept., Univ. of Hawaii and Hawaiian Sugar Planters Experiment Stat.,
Honolulu, P. Ekern.

Snake River Conserv. Lab. USDA {(ARS), Kimberly, Idahe: M.E. Jensen, J. Wright,
R.D. Burman.

C. Brewer and Company Ltd. Honolulu, Hawaii: K. Shoji.

Dept. of Agric. and TIrr. Eng., Utah State Univ., Logan,Utah: J.E. Christiansen,
G. Hargreaves.

Zaire =~ Institut National pour 1’Etude Agronomique: E.A. Bernard, M. Frére.

Venezuela - Servicio Shell para el Agricultor, en collaboracidn conjunta con la Facultad de
Agronomia de la Univ. Central de Venezuela. Cagua=-Aragua: J.E. Ldpez, K. Mathisen,
0. Padilla.

FAC Regional Cffice for Asia and the Far Fast, Bangkok, Thailand: 0. van’t Weudt.

FAOD Regional Oifice for the Near Eazst, Cairo, Arab Republic of Egypt: A. Aboukhaled, A. Arar.
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