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SUMMARY

This publication is intended to provide guidance in determining crop water
requirements and their application in planning, design and operation of irrigation
projects.

Part 1.1 presents suggested methods to derive crop water requirements.
The use of four well-known methods for determining such requirements is defined
to obtain reference crop evapotranspiration (ETo), which denotes the level of evapo-
transpiration for different climatic conditions. These methods are the Bla.ney-
Criddle, the Radiation, the Penman and Pan Evaporation methods, each requiring
a different set of climatic data. To derive the evapotranspiration for a specific
crop, relationships between crop evapotran.spiration (ETcrop) and reference crop
evapotranspiration (ETo) are given in Part I . 2 for different crops , stages of growth,
length of growing season and prevailing climatic conditions. The effect of local
conditions on crop water requirements is given in Part 1.3; this includes local
variation in climate, advection, soil water availability and agronomic and irrigation
methods and practices . Calculation procedures are presented together with examples.
A detailed discussion on selection and calibration of the preSented methodologies
together with the data sources is given in Appendix II. A computer programme on
applying the different methods is given in Appendix III.

Part 11 discusses the application of crop water requirements data in irriga-
tionproject planning, design and operation.. Part II. 1 deals v.rith deriving the field
water balance, which in turn forms the basis for predicting season.al and peak
irrigation supplies for general planning purposes. Attention is given to irrigation
efficiency and water requirements for cultural practices and leaching of salts. In
Part 11.2 methods are presented to arrive at field and scheme supply schedules with
emphasis towards the field water balance and field irrigation management. Criteria
are given for operating the canal system using different methods of water delivery,
and for subsequent design parameters of the system. Suggestions are made in
Part 11.3 on refinement of field and project supply schedules once the project is in
operation.

The presented guidelines are based on measured data and experience obtained
covering a wide range of conditions. Local practical, technical, social a.nd econo-
mic considerations will, however, affect the planning criteria selected. Therefore
caution and a critical attitude should still be taken when applyin.g the presented
methodology.
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CONVERSION FACTORS

Length Velocity

1 foot 30.48 cm 1 knot = 0.515 m/sec
1 foot = 0.305 m = 1.85 km/hr
1 inch = 2.54 cm 1 foot/sec . 0.305 m/sec
1 yard = 91.44 cm = 1.095 km/hr
1 statute mile 1.61 km 1 foot/min = 0.51 cm/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/mmn

1 m/sec (24 hr) = 86.4 km/day
Area 1 foot/sec (24 hr) = 26.33 km/day

1 in2 = 6.45 cm2 1 mile/hour (24 hr) = 38.6 km/day

1 ft2 = 929.03 cm2 1 knot (24 hr) = 44.5 km/day

1 yd2 = 0.835 m2

1 acre = 0.405 ha Pressure
1 sq. stat. mile = 2.59 km2

I atmosphere
7 6

cm Hg

1 a tm : 1.013 bar
Volume I inch Hg = 0.0334 atm

1 in3 = 16.39 cm3 1 inch H20 = 2.49 mbar

1ft3 = 28316.8 cm3 1 mbar 0.75 mm Hg

1 ft3 = 28.32 litre (1) 1 lb/in 51.72 mm Hg

1 gallon (1JS) = 3.79 1

I gallon (Imp.) = 4.55 1
Radiation to equivalent depth of evaporation

1 acre foot . 1233.5 m3 1 cal/cm2 1/59 mm

1 cal/cm2 min = 1 mm/hr
1 mW/cm2 = 1/70 mm/hr

Temperature
1 mW/cm2 (24 hr) = 0.344 mm/day

°F. = 1.8°C + 32 1 cal/cm2 min (24 hr) = 24 mm/day

c'C = (°F - 32) 5/9
1 Joule/cm2 min (24 hr) = 5.73 mm/day



CLIMATOLOGICAL NOMENCLATURE

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

TEMPERATURE
General

hot Tmean >30°C
cool Tmean <150C

HUMIDITY
RHmin, minimum relative humidity
Blaney-Criddle (I . 1.1) Crop coeff. . (1.2)

WIND

General

Light
moderate
strong
very strong

RADIATION

Blaney-Criddle (1.1.1)

sunshine n/N
low <.6
medium .6-.8
high >.8

Or

RHmean, mean relative humiditv
Radiation method (1.1.2) Pan method (I.1.4)

<2 m/sec <175 km/day
2-5 m/sec 175-425 km/day
5-8 m/sec 425-700 km/day
>8 m/sec >700 km/day

Tmax + TminTmean 2
data collected from max/min thermometer or
thermograph records.

RHmin is lowest humidity during daytime and is
reached usually at 14.00 to 16.00 hrs. From
hygrograph or wet and dry bulb thermometer.
For rough estimation purposes when read at
12.00 hrs subtra.ct 5 to 10 for humid climates
and up to 30 for desert climates.

RHmean is average of maximum and minimum
relative humidity or RHmean = (RHmax + RHmin)/2.
Whereas for most climates RHmin will vary strongly,
RHmax equals 90 to 100% for humid climates, equals
80 to 100% for semi-arid and arid climates where
Tmin is 20-250C lower than Tmax. In arid areas
RHmax may be 25-40% when Tmin is 150C lower than
Tmax.

For rough estimation purposes sum of several wind-
speed 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: twígs move, paner 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 water etc.

Ratio between daily actual (n) and daily maximum
possible (N) sunshine duration.
n/N > 0.8: near bright sunshine all day
n/N 0.6 -0.8: some 40% of daytinie hours full

cloudiness or partially clouded for
70% of da3rtime hours.

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

: 50% of the sky covered all daytime
hours by clouds or half of daytime
hours the sky is fully clouded

: less than 20% of the sky covered all
daytime hours by clouds or each day
the sky has a full cloud cover for
some 2 hours.

low <40% low <40%
medium-low 40-55% medium 40-70%
medium-high 55-70% high >70%
high >70%

low <20% dry <20%
medium 20-50'4 humid >.70%
high >50%

cloudiness tenth oktas 4 oktas
low >5 >4
medium
high

2-5
<2

1.5-4
<1.5

1.5 oktas



Part I- CALCULATION OF CROP WATER REQUIREMENTS

Prediction methods for crop water requirements are used owing to the difficulty of obtaining
accurate field measurements. The methods often need to be applied under climatic and agronomic
conditions very different from those under which they were originally developed. Testing the accur-
acy of the methods under a new set of conditions is laborious, time-consuming and costly, and yet
crop water requirement data are frequently needed at short notice for project planning. To meet
this need, guidelines are presented to calculate water requirements of crops under different climatic
and agronomic conditions, based on the recommendations formulated by the FAO Group on Crop
Water Requirements during its meetin.gs held in Lebanon (1971) and Rome (1972). The guidelines
were subsequently refined using the comments received and experience obtained in applying them as
presented in the 1975 draft version of this paper. For a detailed description of the presented
methodology see Appendix II

Crop water requirements are defined here as "the depth of water needed to meet the water
loss through evapotranspiration (ETcrop) of a disease-free crop, growing in large fields under non-
restricting soil conditions including soil water and fertility and achieving full production potential
under the given growing environment". To calculate ETcrop a three-stage procedure is recommended:

(1) The effect of climate on crop water requirements is given by the reference crop evapotrans-
piration (ETo) which is defined as "the rate of evapotranspiration from an extensive surface
of 8 to 15 cm tall, green. grass cover of uniform height, actively growing, completely shading
the ground and not short of water". The four methods presented, the Blaney-Criddle,
Radiation, Penman and Pan Evaporation method, are modified to calculate ETo using the
mean daily climatic data for 30- or 10-d.ay periods. ETo is expressed in mm per day and
represents the mean value over that period.1/ Primarily the choice of method must be based
on the type of climatic data available and on the accuracy required in determining water needs.
Climatic data needed for the different methods are:

Method Temperature Humidity Wind Sunshine Radiation Evaporation Envron.

Blaney-Criddle * 0 0 0 0
Radiation * 0 O * (*) O
Penman * -x- * * (10 0
Pan evaporation 0 0 * *

* measured data; 0 estimated data; (*) if available, but not essential

Concerning accuracy, only approximate possible errors can be given since no base-line type
of climate exists. The modified Penman method would offer the best results with minimum
possible error of plus or minus 10 percent in summer, and -up to 20 percent under low evap-
orative conditions. The Pan method can be graded next with poSsible error of 15 percent,
depending on the location of the pan. The Radiation method, in extreme conditions, involves

ETo will, however, vary from year to year and a frequency distribution analysis of ETo for each
year of climatic record is recommended; the selected ETo value for planning is thus not based on
average conditions but on the likely range of conditions and on an assessment of tolerable risk of
not meeting crop water demands.
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a possible error of up to 20 percent in summer. The Blaney-Criddle method should only be

applied for periods of one month or longer; in humid, windy, mid-latitude winter condition.-

an over and under prediction of up to 25 percent has been noted (1.1). A comprehensive
computer programme employing all four methods is given in Appendix Ill.

The effect of the crop characteristics on crop water requirements is given by the crop co-

efficient (kc) which presents the relation.ship between reference (ETo) and crop evapotrans-

piration (ETcrop) or ETcrop kc . ETo. Values of kc given are shown to vary with the
crop, its stage of growth, growing season and the prevailing weather conditions. ETcrop
can be determined in mm Per day as mean over the same 30- or 10-day periods. Since the
same reference is used, i.e. ETo, the presented crop coefficients apply to each of the four

methods (1.2).

The effect of local conditions and agricultural practices on crop water requirements includes

the local effect of variations in climate over time, distance and altitude, size of fields,
advection, soil water availability, salinity, method of irrigation and cultivation methods and

practices, for which local field data are required (1.3).

Before calculating ETcrop, a review should be made of specific studies carried out on crop
water requirements in the area and available measured climatic data. Meteorological and research
stations should be visited and environment, siting, types of instruments and observation and recording
practices should be appraised to evaluate accuracy of available data. If limited data from several
meteorological stations are available for the project area, an improved analysis will result by prep-
arin.g maps including isolines of equal values of needed climatic variables. Data relevant to crop type
and crop development stages, and agricultural practices, should be collected.

CALCULATION PROCEDURES

1. Reference crop evapotranspiration (ETo)
Collect an.d evaluate available climatic and crop data; based on meteorological data available
and accuracy required, select prediction method to calculate ETo.
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.
Crop coefficient (kc)
Select cropping pattern and determine time of planting or sowing, rate of crop development,
length of crop development stages and growin.g period.
Select kc for given crdp and stage of crop development under prevailing climatic conditions
and prepare for each a crop coefficient curve.
Crop evapotranspiration (ETcrop)
Calculate ETcrop for each 30- or 10-day period: ETcrop = kc . ETo.1/

3. Factors affecting ETcrop under prevailing local conditions
Determine effect of climate and its variability over time and. area.
Evaluate the effect of soil water availability together with agricultural and irrigation
practices.
Consider relationship between ETcrop and level of crop production.

Step 2 will need to be repeated for alternative cropping patterns to obtain the optimum as
influenced by climate, soil, land and water availability, management criteria and production
criteria.



I. CALCULATION OF REFERENCE CROP EVAPOTRANSPIRATION (ETo)

1.1 BLANEY-CRIDDLE METHOD

This method is suggested for areas where available climatic data cover air temperature data
only.

The original Blaney-Criddle equation (1950) involves the calculation of the consumptive use
factor (f) from mean temperature (T) and percentage (p) of total annual daylight hours occurring during
the period beinv considered. An empirically determined consumptive use crop coefficient (K) is then
applied to establish the con.sumptive water requirements (CU) or CU K.f = K(p. T/100) with T in
°F. CIJ is defined as 'the amount of water potentially required to meet the evapotranspiration needs
of veietativ, areas so that plant production is not limited by lack of water'. The effect of climate on
crop water requirements is, however, insufficiently defined by temperature and day length; crop
water requirements will vary widely between climates having similar values of T and p. Consequently
the consumptive use crop coefficient (K) will need to vary not only with the crop but also very much
with climatic conditions.

For a better definition of the effect of climate on crop water requirements, but still
employing the Blaney-Criddle temperature and day length related f factor, a method is presented to
calculate reference crop evapotranspiration (ETo). Using measured temperature data as well as
general levels of humidity, sunshine and wind, an improved prediction of the effect of climate on
evapotranspiration should be obtainable. The presented crop coefficients given under 1.2 are
considered to be less dependent on climate.

Recommended Relationships

The relationship recommended, representing mean value over the given month, is expressed
as:

ETo = c[p(0.46T + 8)] mm/day

where: ETo = reference crop evapotranspiration in mm/day for the month considered
T = mean daily temperature in oC over the month considered
p = mean daily percentage of total annual daytime hours obtained from

Table 1 for a given month and latitude
c = adjustment factor which depends on minimum relative humidity,

sunshine hours and daytime wind estimates

Figure 1 Can be used to estimate ETo graphically using calculated values of p(0.46T + 8).
The value of p(0.46T + 8) is given on the X-axis and the value of ETo can be read directly from the
Y-axis. Relationships are presented in Figure 1 for (i) three levels of minimum humidity (RH/11in);
(ii) three levels of the ratio actual to maximum possible sunshine hours (n/N); and (iii) three

1/ranges of daytime wind conditions at 2 m height (Uday). Information on general monthly or

1/ Note that air humidity refers here to minimum daytime humidity and that wind refers to daytime
wind. If estimates of 24 hour mean wind are available, these need to be converted to daytime
wind. Generally Uday/Unight 2 and mean 24-hr wind data should be multiplied by'] .33 to obtain
mean daytime wind. For areas with either predominantly night or daytime wind, the following
factor can be used: Uday/Unieht ratio 1.0 1.5 2.0 2.5 3.0 3.5 4.0

correction for Uday 1.0 1.2 1.33 1.43 1.5 1.56 1.6
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seasonal weather conditions and approximate range of RHmin, n/N and Uday for a given site may be

obtained from published weather descriptions, from extrapolation from nearby areas or from local
information. The nomenclature used to depict general levels of humidity, sunshine and wind is given
under Climatological Nomenclature in the introductory pages of this publication.

After determini-ng ETo, ETcrop can be predicted using the appropriate crop coefficient (kc),

or ETcrop kc . ETo (1.2).

Additional Considerations

Since the empiricism involved in any ET prediction method using a single weather factor is
inevitably high, this method should only be used when temperature data are the only measured

weather data available. It should be used with scepticism (i) in equatorial region.s where tempera-
tures remain fairly constant but other weather parameters will change; (ii) for small islands ,and
coastal areas where air temperature is affected by the sea temperature having little response to sea-
sonal change in radiation; (iii) at high altitudes due to the fairly low mean daily temperatures (cold
nights) even though daytime radiation levels. are high; and (iv) in climates with a wide variability
in sun,shine hours during transition months (e.g. monsoon climates, mid-latitude climates during
spring and auttunn). The Radiation Method is preferable un.der these conditions even when the sun-
shine or radiation data need to be obtained from regional or global maps in the absence of any actual
measured data.

At high latitudes (550 or more) the days are relatively long but radiation is lower as
compared to low and medium latitude areas having the same day length values. This results in an
undue weight being given to the day length related p factor. Calculated ETo values should be
reduced by up to 15 percent for areas at latitudes of 550 or more. Concerning altitude, in semi-
arid and arid areas ETo values can be adjusted downwards some 10 percent for each 1 000 m altitude
change above sea level.

Calculation of mean daily ETo should be made for periods no shorter than one month. Since
for a given location climatic conditions and consequently ETo may vary greatly from year to year,
ETo should preferably be calculated for each calendar month for each year of record rather than by
using mean temperatures based on several years records.

The use of crop coefficients (K) employed in the original Blaney-Criddle approach is
rejected because (i) the original crop coefficients are heavily dependent on climate, and the wide
variety of X values reported in literature makes the selection of the correct value difficult; (ii) the
relationship between p(0.46T + 8) values and ETo can be adequately described for a wide range of
temperatures for areas having only minor variation in RHmin, n/N and U; and (iii) once ETo has
been determined the crop coefficients (cc) presented herein can be used to determine ETcrop.

Sample Calculations

The simple calculation procedure to obtain the mean daily value of p(0.46T + 8) in nun is
illustrated using measured mean daily temperature and the day length factor for one month. With



r Tmax daily
Tmin daily
TrnéanT daily mean 31 or

p(0.46T + 8)
RHmin
n/N
U2 daytime
ETo

5

monthly humidity, wind and sunshine data (in this case obtained from published weather descriptions),
the value of ETo for fhat month can be obtained using Figure 1. A format for the necessary
calculation procedures is also given.

EXAMPLE:
Given:
Cairo, Arab Republic
Calculation:
(monthly data)
Tmax
Trnin

values/31
values/31
1 Tmax 1 Linn .

31 + 31 2

from Table 1 for 30°N
0.31(0.46 x 28.5 + 8)
from Climates of Africa, Griffith (1972)

°C
22

using general information and referen.ces on humidity, sunshine and wind (Climates
of Africa, Griffith, 1972):

interpolation required; for instance for May between Blocks 1V, V, I and 11 of
p(0.46T + 8) = 6.2 mm/day and ETo = (8.3 + 7.1 + 9.0 + 7. 7) + 4 8.0 mm/day.

Tmean °C 14 15 17.5 21 25.5 27.5 28.5 28.5 26 24 20 15.5
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(0.46T + 8) 3.5 3.8 4.4 5.2 6.2 6.7 6.6 6.4 5.7 5.0 4.2 3.5

J F MA MJ J A SON D
ETo mm/day 2.8

mm/month 87
3.3
92

4.1
127

6.5
195

8.0
248

8.2
246

8.0
248

7.2
223

6.2
186

4.6
142

3.5
105

2.7
83

RHmin n/N U daytime Block
FiR. 1

Line

Oct-March medium medium light/mod V 1-21
April-May low/med high/med moderate IV, V1 2

I &
June-July medium high/med moderate 11 & Vii 2
Aug-Sept

using Figure 1:

medium high/med light/mod II& V1/ 1-2-

28.5 oC
0.3]
6.6 mm/day
medium
high to medium

Fig. 1 - Block I]. and Block V (line 2)
moderate
8.0 mm/day

Yearly data (using measured temperature data)

F M .A M J ASOND

of Egypt; latitude 30°N; altitude 95 m; July.



Table 1

- 6 -

Mean Daily Percentage (p) of Annual Daytime Hours
for Different Latitudes

1/ Southern latitudes: apply 6 month difference as shown.

Format for Calculation of Blaney-Criddle Method

NorthLatitude 1/South-
Jan

July

Feb
Aug

Mar
Sept

Apr
Oct

May

Nov

June July

Dec Jan

Aug

Feb
Sept
Mar

Oct
Apr

Nov

May

Dec

June

60° .15 .20 .26 .32 .38 .41 .40 .34 .28 .22 .17 .13
58 .16 .21 .26 .32 .37 .40 .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 .22 .27 .31 .35 .37 .36 .33 .28 .24 .20 .17

50 .19 .23 .27 .31 .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
44 .21 .24 .27 .30 .33 .35 .34 .31 .28 .25 .22 .20
42 .21 .24 .27 .30 .33 .34 .33 .31 .28 .25 .22 .21.
40 .22 .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 .26 .25 .24
20 .25 .26 .27 .28 .29 .30 .30 .29 .28 .26 .25 .25
15 .26 .26 .27 .28 .29 .29 .29 .28 .28 .27 .26 .25
10 .26 .27 .27 .28 .28 .29 .29 .28 .28 .27 .26 .26

5 .27 .27 .27 .28 .28 .28 .28 .28 .28 .27 .27 .27
0 .27 .27 .27 .27 .27 .27 .27 .27 .27 .27 .27 .27

DATA Country: e/OX Latitude : Jo "v mPlace: 6i/iv Altitude :fiPeriod :. j,/,, Longitude: _to

'T mean 28$°C

olatitude JO
month

RHmin `%,

n/N

U2 daytime
m/ sec

T mean data

p Table 1

calc p(0.46T

estimate

estimate

estimate I

Fig. 1 Block/line

ETo Fig. 1

1-

h

H

nun/day

t8.s"

0.3/

+ 8) .
Red

1*(//,/e04_

/2204/.

_girl

- 8.0
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II

10

9

13

1 2

8

3

2

1 0

4

3

2

RHmin Low (<20%)
3. 1; daytim.e 5 m'sec (, 6.5)

9 2. 1; daytime 2-5 misec (.2.51
1. U davitme 0 2 rnisec

8

7

1 2 3 4 5 6
3. U daytime= 5-8 m/sec (s 6.5)
2. U daytime 2-5 miser (.3.5)

U daytime: 13 -2 re/ser =1.01

VII

I I

2' 3 4 5 6 7 8
3

3. 1.1 daytime 5 -ii mise,I. ii .51

//;/://

2. U daytime 2-5 re/ser ( 3. 51

dayt trite 2 re 'sec (r...1 o

'
1 I 1

_cm234 56 7 8
f. (0.96 t 4-81

- 7 -

RHmin Mediutn (20 -501'.)

VIII

3

I

I L min

2 3 4 5 6 7 8

f - p (0.96 t + 8)

RHmin High (>50%)

I X

3 4 5 6 7

t

3 4 56
p(0. t

Fig.1 Prediction of ETo from Blaney-Criddle f factor for different conditions
of minimum relative humidity, sunshine duration and day time wind.



1.2 RADIATION METHOD

The Radiation Method is essentially an adaptation of the Makkink formula (1957). This
method is suggested for areas where available climatic data include measured air temperature and

sunshine, cloudiness or radiation, but not measured wind and humidity. Knowledge of general
levels of humidity and wind is required,and these are to be estimated using published weather
descriptions, extrapolation from nearby areas or from local sources.

Relationships are given between the presented radiation formula and reference crop evapo-
transpiration (ETo), taking into account general levels of mean humidity and daytime wind (Figure 2).

The Radiation method should be more reliable than the presented Blaney-Criddle approach.
In fact, in equatorial zon.es, on small islands, or at high altitudes, the Radiation method may be more
reliable even if measured sunshine or cloudiness data are not available; in this case solar radiation

1/maps prepared for most locations in the world should provide the necessary solar.radiation data.--

Recommended Relationships

The relationship recorrunended (representing mean value over the given period) is expressed
as:

1/

8

ETo c(W:Rs) mm/day

where: ETo = reference crop evapotranspiration in mm/day for the periods considered
Rs = solar radiation in equivalent evaporation in mm/day

= weighting factor which depends on temperature and altitude
= adjustment factor which depends on mean humidity and daytime wind

conditions

To calculate solar radiation (Rs) from sunshine duration or cloudiness data, to determine the
weighting factor (W) from temperature and altitude data and to select the appropriate adjustment as
given by the relationship between W.Rs and ETo in Figure 2 for different mean humid.ity and daytime
wind conditions, the following procedure is suggested.

(a) Solar radiation (Rs)

The amount of radiation received at the top of the atmosphere (Ra) is dependent on latitude
and the time of year only; values are given in Table 2. Part of Ra is absorbed and scattered when
passing through the atmos-phere. The remainder, including some that is scatteredbut reaches the
earth's surface, is identified as solar radiation (Rs). Rs is dependent on Ra and the transmission
through the atmosphere, which is largely dependent on cloud cover. Radiation is expressed in several
units; converted into heat it can be related to the energy required to evaporate water from an open
water surface. The unit equivalent evaporation in mm/day is employed here (reference is made to the

See for instance: Solar Radiation and Radiation Balance Data; Routine Observations for the
Whole World. Published under WMO auspices in Leningrad, USSR.
WMO, Data on the Intern. Geoph. Year. Forrns El, E2 and E3.
J.N. Black (1956). Distribution of solar radiation over the earth's surface.
H.E. Landsberg (several volumes) World Survey of Climatology, Elsevier.



conversion factors in the introductory pages).

Rs can be measured directly but is frequently not available for the area of investigation. !r.

this case, Rs can also be obtained from measured sun.shine duration records as follows:

Rs (0.25 + 0.50 n/N) Ra

where n/N is the ratio between actual measured bright sunshine hours and maximum possible sunshine
hours. Values of N for different months and latitudes are given in Table 3. Data for n, for instance
-using the Campbell Stokes sunshine recorder, should be availabie locally. Both n an.d N are ex.pressed
in mean daily values, in hours. Values of Ra in nun/day for different months and latitudes are ive,) in
Table 2. Rs is obtained in mean equivalent evaporation in nun/day for the period. considered.

EXAMP LE :
Given:
Cairo; latitude 30°N; July;
Calculation:
Ra from Table 2
N from Table 3
R s (0.25 + 0.50 n/N)Ra

Cloudiness observations can be used to calculate Rs. Several daily visual observations cd
cloud cover are needed for sufficiently long periods. Cloudiness is expressed in oktas (0 to 8) and
sometimes in tenths (0 to 10) which must first be converted to the n/N ratio. It is preferable to us,..
locally derived relationships between cloudiness and sunshine since scatter in conversion factors
from location to location has been noted. An indicative conversion can be obtained from the f31 o v:
table:

Cloudiness (oktas) 0 1 2 3 4 5 6 7 8

9

sunshine (n) mean 11.5 h/day.

16.8 mm/day
13.9 h/day

= (0.25 + 0.50 x 11.5/13.9)16.8
11.2 nun/dav

-1' For practical purposes values of 0.25 and 0.50 can be used. For some regions local values 11,-Ive
been determined and these are listed in Appendix VI.

n/N ratio .95 .85*.75 .65 .35 .45 .35 .15 '7
Cloudiness (tenths) 0 1 2 3 4 5 6 7 8 9 10

n/N ratio .95 .85 .8 .75 .65 .55 .5 .4 .3 .15 -

EXAMPLE:
Given:
Cairo; latitude 30°N; July; cloudiness, oktas 1
Calculation:
R a from Table 2 - 16.8 mm/day
n/N from Table given or

locally determined
=0.85con.version factor

(0.25 + 0.50 x 0.85)16.8Rs (0.25 + 0.50 n/N)Ra
= 11.3 nun/dav



(b) Weiehting factor (W)

The weighting factor (W) reflects the effect of temperature and altitude on the relationship
1/between Rs and ETo. Values of W as related to temperature and altitude are given. in Table 4.

Temperature reflects the mean air temperature in °C for the period considered. Where temperature
is given as Tmax and Tmin, the temperature (Tmax + Tmin)/2 should be used.

EXAMPLE:
Given:
Cairo; altitude 95m; Tmean 28.5°C.
Calculation:

from Table 4 = 0.77

(C.) Adjustment factor (c)

The adjustment factor (c) is given by the relationship between the radiation term (W.Rs)
and reference crop evapotranspiration (ETo) and is shown graphically in Figure 2. It depends
greatly 011 general levels of mean relative humidity (RHmean) and daytime wind (07.00-19.00 hours)
at 2 m height above the soil surface.2/

EXAMPLE:
Given:
Cairo; latitude 30°N; altitude 95m; July; Rs = 11.2 mm/day; W = 0.77;
W.Rs = 8.6 mm/day; wind daytime = moderate; RHmean = medium.
Calculation:
From Fig. 2 RHmean = medium

Uday = moderate Block II & III, line 2
ETo (for W.Rs = 8.6 mm/day) (8.7 + 8.0)12 = 8.4 mm/dav

Additional Considerations

With the inclusion of calculated or measured radiation and with partial consideration of
temperature, only general levels of daytime wind and mean relative humidity need to be selected.

Except for equatorial zones, climatic conditions for each month or shorter period vary
from year to year, and consequentl3r ETo varies. Calculations should preferably be made for each
month or period for each year of record rather than using mean radiation and mean temperature data
based on several years of record. A value of ETo can then be obtained to ensure that water
requirements will be met with a reasonable degree of certainty.

Sample Calculations

Using mean daily- temperature and sunshine hour data, the example provides the necessary
calculations to obtain the mean daily value of ETo in mm for each month. A format for the necessary
calculation procedures is also given.

1/ W KA+ S) where is the rate of change of the saturation vapour pressure with temperatureand er is the psychrometric constant.
2i See note 1/on paee 3.



DATA

EXAMPLE:
Given:
Cairo; latitude 30°N; altitude 95 m; July. Tmean = 28.5°C; sunshine
(n) mean = 11.5 h/day; wind daytime II=moderate; RHmean = medium.
Calculation:
R a from Table 2
Rs (0.25 + 0.50 n/N)Ra

from Table 3

W from Table 4
W. Rs
ETo from Fig. 2, Blocks II and

111, line 2

Yearly data: Cairo, with solar radiation (Rs) given in mm/day.

Format for Calculation of Radiation Method

LtAe
eriod

latitude 30°N Ra mm/clay
month

n mean /75hr/ data
latitude 30°A/ N Table 3month_ _jai/

n/N calo
(or cloudiness) or Table text

CP

Rs- /

Latitude : 30W
Longitude: -r0

//. 2

1/ as measured or obtained from regional or worldwide maps of solar radiation.

Altitude:70"m

n
= 16.8

11.5
mm/day
h/day

N = 13.9 h/day
n/N = 0.83
Rs = 11.2 mm/day

0.77
8.6 mm/day

= 8.4 mm/day

JF MAMJ JASON
15 17.5 21 25.5 27.5 28.5 28.5 26 24 20 15.5
6.4 8.5 9.9 10.9 11.4 11.2 10.4 9.1 7.1 5.5 4.6
Ill Ill 11 II 11 av.1I av.11 III III av.111 ay. 111

& III & III &1V & IV
ay. ay. ay.
1&2 1&2 1&2 1&2 1&2 1&2 1&2 1&22 2 2 ay. ay. ay. ay. ay.

0.62 0.65 0.70 0.74 0.76 0.770.77 0.75 0.730.68 0.63
4.0 5.5 6.9 6.1 8.7 8.6 8.0 6.8 5.2 3.7 2.9

3.4 4.8 6.7 8.2 8.8 8.4 7.4 6.0 4.5 3.0 2.2
95 149 201 254 264 260 229 180 140 90 68

Tmean
alutude 'PS m

(0.25+0.50n/N) calc

calc

Table 4

calc

RHmean %

U daytime
in/sec

estimate

estimate

Fig. 2

Med.

M0d.

Block/line ,xn 14

0.77

8.6 EW.Rs

YETo mm/day -Pi

Tmean °C 14
Rs mm/day 5.0
RHmean )111

Wind daytime ) ay.
)1&2

0.61
(W.Rs) 3.0

To mm/day 2 . 5

mm/monli 78
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1.3 PENMAN METHOD

For areas where measured data on temperature, humidity, wind and sunshine duration or
radiation are available, an adaptation of the Penman method (1948) is suggested; compared to the
other methods presented it is likely to provide the most satisfactory results.

The original Penman (1948) equation predicted evaporation losses from an open water
surface (Eo). Experimentally determined crop coefficients rangin.g from 0.6 in winter months to 0.8
in summer months related Eo to grass evapotranspiration for the climate in England. The Penman
equation consisted of two term's: the energy (radiation) term and the aerodynamic (wind and humidity)
term. The relative importance of each term varies with climatic conditions. Under calm weather
conditions the aerodynamic term is usually less important than the energy term. In such conditions
the original Penman Eo equation using a crop coefficient of 0.8 has been shown to predict ETo closely,
not only in cool, humid regions as in England but also in very hot, and semi-arid regions. It is under
windy conditions and particularly in the more arid regions that the aerodynamic term becomes
relatively more important and thus errors can result in predicting ETo when using 0.8 Eo.

A slightly modified Penman equation is suggested here to determine ETo, involving a
revised wind function term. The method uses mean daily climatic data; since day and night time
weather conditions considerably affect the level of evapotranspiration, an adjustment for this is
included.

The procedures to calculate ETo.may seem rather complicated. This is due to the fact that
the formula contains components which need to be derived from measured related climatic data when
no direct measurements of needed variables are available. For instance, for places where no direct
measurements of net radiation are available, these can be obtained from measured solar radiation,
sunshine duration or cloudiness observations, together with measured humidity and temperature.
Computation techniques and tables are given here to facilitate the necessary calculations. A format
for calculation is also given.

Recommended Relationships

The form of the equation used in this method is:

ETo = cEW.Rn + (1-W).f(u).(ea-ed
radiation aerodynamic

term term

where: ETo reference crop evapotranspiration in mm/day
temperature-related weighting factor

Rn = net radiation in equivalent evaporation in mm/day
f(u) = wind-related function
(ea-ed) difference between the saturation vapour pressure at mean

air temperature and the mean actual vapour pressure of the air,
both in mbar

= adjustment factor to compensate for the effect of day and night
weather conditions
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Additional Considerations

Due to the interdependence of the variables composing the equation, the correct use of
units in which variables need to be expressed is important. Use of the correct units is shov.rn in the
examples presented.

The suggested wind function applies to conditions found durin.g summer, with moderate winds,
RHmax of about 70 percent and day-night wind ratios of 1.5 to 2.0; no adjustment is required for
these conditions. However, if 24-hour wind totals are used there will be an under-prediction of ETo
by 15 to 30 percent in areas where daytime wind greatly exceeds night time wind, where RHmax
approaches 100 percent, and where radiation is high. Conversely, for areas experiencing moderate
to strong wind, where night time humidity (RHmax) is low, and where radiation is low, the equation
will over-predict ETo; this over-prediction increases with decreasing ratios of Uday/Unight. Under
these conditions an adjustment factor (c).should be applied.

Description of Variables and their Method of Calculation

(a) Vapour pressure (ea-ed)

Air humidity affects ETo. Humidity is expressed here as saturation vapour pressure
deficit (ea-ed): the difference betl.veen the mean saturation water vapour pressure (ea) and the mean
actual water vapour pressure (ed).

Air humidity data are reported as relative humidity (RHmax and RHmin in percentage), as
psychrometric readings (T°C of dry and wet bulb) from either ven.tilated or non-ven.tilated wet and
dry bulb thermometers, or as dewpoint temperature (Tdewpoint °C). Time of measurement is
important but is often not given. Fortunately actual vapour pressure is a fairly constant element and
even one measurement per day may suffice for the type of application envisaged. Depending on the
available humidity data, case I, II or Ill will apply. Vapour pressure must be expressed in mbar;
if ed is given in mm Hg, multiply by 1.33 to find. mbar. Tables 5 and 6 are given to obtain values of
ea and ed from available climatic data.

EXAMPLES: For all cases altitude is 0m.
I Given:

Tmax 35°C; Tmin 22°C; RHmax 80%; RHmin 30%.
Calculation:
Tmean = 28.5 °C
RHmean = 55 %ea at 28.5°C Table 5 = 38.9 mbar
ed = ea x RHmean/100 = 21.4 mbar
(ea-ed) = 17.5 mbar

Il Given:
Tmax 35°C; Tmin 22°C; Tdrybulb 24°C; Twetbulb 20°C.11
Calculation:
Tmean = 28.5 °Cea at 28.5°CTable 5 = 38.9 mbared at Tdrybulb 24.°C Table 6a

Twetbulb depr. 4°C Table 6a 20.7 mbar(ea-ed) = 18.2 mbar

Conversion of readings to humidity data from dry and wet bulb thermometers changes when they areforce-ventilated (Assmann type) or non-ventilated; Tables 6a and 6b to be used respectively.
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111 Given:
Tmax 35°C; Tnun 22°C; Tdewpoint 18°C.
Calculation:
Tmean
ea at 28.5°C Table 5
ed at Tdewpoin.t Table 5
(ea-ed)

= 28.5 °C
= 38.9 mbar
= 20.6 mbar
= 18.3 mbar

In many regions RH during the night is near 100%. Here Tmin Twetbulb
Tdewpoint and ed can then be determined from ea at Tmin. The more arid
the climate, the less likely is Tdewpoint Tmin.

DO NOT USE:
IV Given:

Tmax 35°C; Tmin 22°C; RHmax 80%; RHmin 30%.
Calculation:
ea at Tmax Table 6a = 56.2 mbar
ed. at Tmax ea x RHmin = 16.9 mbar
(ca-ed) at Tmax = 39.3 mbar
ea at Tmin Table 6a . 26.4 mbar
ed at Tmin ea x RHmin = 21.1 mbar
(ca-ed) at Tmin = 5.3 mbar
(ca-ed) mean . 22.3 mbar
Not recommended because the wind function f(u) used here was derived using
(ca-ed) as obtained in cases I, II and III and does not correspond to example in
case IV. Much greater divergence may occur in mean (ca-ed) between the first
cases and the fourth for situations other than evident here and serious errors
could result if case IV is used (average of ea at Tmax and Tmin ea at Tmean).

Wind function f(u)

The effect of wind on ETo has been studied for different climates (see Appendix II) resulting
2/in a revised wind function- and defined in this publication as:

Uf(u) = 0.27(1 +

where U is24-hr wind run in km/day at 2m height. This' expression is valid when (ca-ed) is
expressed in mbar and is calculated according to the methods shown in cases I, II or III. Table

7 can be used for values of f(u) for wind run at 2 m height.

Where wind data are not collected at 2 m height, the appropriate corrections for wind
measurements taken at different heights are given below:

Measurement height m 0.5 1.0 1.5 2.0 3.0 4.0 3.0 6.0

Correction factor 1.35 2.15 1.06 1.00 0.93* 0.88 0.35 0.83

EX AMP LE :
Given:
Wind s.peed at 3 m height is 250 km/day.
Calculation:
U above conversion = 232 km/day
f(u) Table 7 =

Weighting factor (1-W)

(1-W)is a weighting factor for the effect of wind and humidity on ETo. Values of (1-W)

1,1 W =6 /(A ) where A is the rate of change of the saturation vapour pressure with temperature
and / is the psychrometric constant.

2/ The similarity of the revised wind function with Penman's original function f(u) = 0.26(1 +1J/100)
in which 1.1 is in miles/d.ay is purely coincidental.



as related to temperature and altitude are given in Table 8. For temperature use (Tmax + Tmin)/2.

EXAMP LE :
Given:
Altitude 95 m;
Calculation:
Tmean
(1-W)

EXAMPLE:
Given:
Altitude 95 m;
Calculation:
Tmean

extra
torn, t_(.1L_:t11 0

110tOr Rs

Net shortwave Rns

0( Re

Rni

Tmax 35°C;

Tmax 35°C; Tmin 22°C.

= 28.5°C
Table 9 = 0,12

Table 8

Nor longwav

Net radiation Rnsnitt solar radiation Rns net lOngwave radiation Rni
(1-0) Rs- Rni

Fig. 3 Illustration of the radiation
balance

_18-

Tmin 22°C.

= 28.5°C
= 0.23

Additional loss at the earth.'s surface occurs
since the earth radiates part of its absorbed energy
back through the atmosphere as longwave radiation.
This is normally greater than the downcoming long-
wave atmospheric radiation. The difference between
outgoing and incoming longwave radiation is called

(d) Weiehtine factor (W)

W is the weighting factor for the effect of radiation on ETo. Values of W as related to
temperature and altitude are given in Table 9. For temperature use (Tmax + Tmin)/2.

(e) Net radiation (Rn)

Net radiation (Rn) is the difference betwee't all in.coming and outgoing radiation. It can be
measured, but such data are seldom available. Rn can be calculated from solar radiation or sun-
shine hours (or degree of cloud cover), temperature and humidity data.

In Figure 3 different portions of the radiatio'n balance are shown. The amount of radiation

received at the top of the atmosphere (Ra) is dependent on latitude and the time of the year only;
values are given in Table 10. Part of Ra is absorbed and scattered when passing through the atmos-
phere. The remainder, including some that is scattered but reaches the earth's surface, is

identified as solar radiation (Rs). Rs is dependent
on Ra and the transmission through the atmosphere,
which is largely dependent on cloud cover. Part of
Rs is reflected back directly by the soil and crop and
is lost to the atmosphere. Reflection (64) depends on
the nature of the surface cover and is approximately

shortwave !ongwave 5 to 7 percent for water and around. 15 to 25 Percent
for most crops. This fraction varies with degree of
crop cover and wetness of the exposed soil surface.
That which remains is net shortwave solar radiation
(Rns).



guide: V
Cloudiness oktas I 0
rTTITratio .95
Cloudiness tenths 0
n/N ratio I .95

(iii) To obtain net shortwave radiation (Rns), the solar radiation (Rs) must be corrected for
reflectiveness of the crop surface, or Rns = (1 -eqRs. For most cropsoC = 0.25. To
simplify steps (ii) and (iii), Table 12 can be used to calculate Rns from the ratio n/N and
o< = 0.25.

Net longwave radiation (Rnl) can be determined from available temperature (T), vapour
pressure (ed) and ratio n/N data. Values for the function f(T), f(ed) and f(n/N) are given.
in Tables 13, 14 and 15 respectively.

To obtain total net radiation (Rn), the algebraic sum of net shortwave radiation (Rus) and
net longwave radiation (Rnl) is calculated. Rnl always constitutes a net loss so
Rn = Rns - Rnl.

EXAMPLE:
Given:
Cairo; latitude 30°N; altitude 95m; July. Tniean 28 5°C; RHmean 55%;
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net longwave radiation (Rnl). Since outgoing is greater than incoming, Rnl represents net energy
loss.

Total net radiation (Rn) is equal to the difference between Rns and Rril, or Rn = Rns -
Radiation can be expressed in different units; converted into heat it can be related to the energy
required to evaporate water from an open surface and is given here as equivalent evaporation in mm/
day. To calculate Rn the different steps involved are:

(i) If measured solar radiation (Rs) is not available, select Ra value in mm/day from Table 10
for given month and latitude.

(ii) To obtain solar radiation (Rs), correct Ra value for ratio of actual (n) to maximum possible
(N) sunshine hours; Rs = (0.25 + 0.50 n/N)Ra.1/ Values for N for a given month and
latitude are given in Table 11. Both n and N are expressed in hours as mean daily valuet
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) and sometimes in tenths (0 to 10) which must first
be converted into equivalent values of n/N. The following table can be used as a rough

1/ For practical purposes 0.25 and 0.50 can be used. For some regions local values have been
determined and are listed in Appendix VI.

2/ Variations in conversion factors from location to location have been noted when using cloudiness
data to obtain the ratio n/N. Where available locally derived conversion factors should be used.
Sometimes sky observations are made which are expressed in only four classes; here conversion
is approximately; clear day = 1 okta; partial cloud = 3 oktas; cloud = 6 oktas; overcast = 8 oktas.

2/ From vapour pressure calculation under (a) case I, II or III.

sunshine n mean 11.5 hr/day
Calculation:
R a Table 10 = 16.8 mm/day
Rs (0.25 + 0.50 n/N)Ra n = 11.5 hr

Table 11 N = 13.9 hr
n/N = 0.83 = 11.2 mm/day

Rns (1 -o< )Rs Table 12 = 8.4 mm/day
Rnl f(T). f(ed). f(n /N) Table 13

Table 14
f(T) =

f(ed) =
16.4
0.132/

Table 15 = 0.85 = 1.8 mm/day
Rn = Rns - Rnl = 6.6 Trun/day

1 2 4 5 6 7 8
.85 .75 .65 .55 .45 .3 .15 -

1 2 3 4 5 6 7 8 9 10
.85 .8 .75 .65 .55 .5 .4 .3 .15 -



(f) Adlustment factor (c)

The Penman equation given assumes the most common conditions where radiation is medium
to high, maximum relative humidity- is medium to high and moderate daytime vrind about double the
night time wind. However, these conditions are not always met. For instance, coastal areas with
pronounced sea breezes and calm nights generally have day/night wind ratios of 3 to 5; parts of the
Middle East have dry winds during the day and calm wind conditions during the night with .maximum
relative humidity approaching 100 percent. For such conditions correction to the Penman equation
is required. Table 16 presents the values of c for different conditions of RHmax, Rs, Uday and
Uday/Unight. Examples (Near East);

RHmax 90%; Rs 12 nun/day; Ud.ay 3 m/sec; Uday/Unight 3: c = 1.28 (Table 16)
RHmax 60%; Rs 6 nun/dayi; Uday 3 m/sec; Uday/Unight 2: c 0.91 (Table 16)

The information for using Table 16 may be difficult to obtain from available climatic records but it
can usually be eerived for die different seasons from published weather descriptions or from local
sources. The conditions involving very low c values may seldom occur and may persist only for a
few days in most climates. Table 16 does reveal a rather common need for c values smaller than
1.0 for low radiation, non-summer conditions (similar factors no doubt caused the use of winter crop
coefficients of 0.6 as compared to 0.8 for mid-summer in the original 1948 Penman method).

EXAMP LE :
Given:
Cairo; July. Rs 11.2 mm/day; RHmax 80%; Uday 3.2 m/sec; Unight 2.1 m/sec;
Uday/Unight 1.5.
Calculation:
c value Table 16 = 1.06 (by interpolation)

Sample Calculations

Reference crop evapotranspiration (ETo) can be calculated using:

ETo = c Ew.Rn + (1-W).f(u).(ea-ed).1
EXAMPLE:
Given:
Cairo; July. W = 0.77; Rn = 6.6; (1-W) = 0.23; f(u)- 0.90; (ea-ed) = 17.5; c = 1.01.
Calculation:
ETo = 1.01 (0.77 x 6.6 + 0.23 x 0.90 x 17.5) = 8.8 nun/dav
Using mean daily data for each month calculation of ETo in mm/day for each month:

- 20

1/ Based on general climatic descriptions for Cairo; day/night wind ratio is some 1.5 produced bycalm morning and mid-day conditions,with breezes in late afternoon; an exception would be theApril and May 'Khanisin' winds which blow day and night but somewhat stronger during daytime.

Cairo; latitude 30°N;

F M AM
altitude 95 m

J J A SON D
T mean 0C 14 15 17.5 21 25.5 27.5 28.5 28.5 26 24 20 .15.5RHmean 65 65 63 50 45 50 55 57 60 64 68 68n hours 7.4 8.0 8.9 9.7 10.8 11.4 11.5 11.1 10.4 9.6 8.6 7.5U km/dav 173 181 207 207 232 251 232 181 164 190 161. 155.R s nun/Say 4.9 6.4 S.5 9.5 10.6' ri.3 11.3 10.4 9.1 7.1 3.4. 4.3RHmax % (est) 95
Uday m/sec (eat) 2.5
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2.3nun/month 84 106 154 210 276 282 273 236 183 149 96 71
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Table 16 Adjustment Factor (c) in Presented Penman Equation

7
RHmax = 30% RHmax = 60% RHmax = 90%

!-

:Zs mm/day 3 6 9 12 3 6 9 12 3 6 9 12

Uday m/sec Uday/Unight= 4.0

G .86 .90 1.00 1.00 .96 .98 1.05 1.05 1.02 1.06 1.10 1.10
3 .79 .84 .92 .97 .92 1.00 1.11 1.19 .99 1.10 1.27 1.32
6 .68 .77 .87 .93 .85 .96 1.11 1.19 .94 1.10 1.26 1.33
9 .35 .65 .78 .90 .76 .88 1.02 1.14 .88 1.01 1.16 1.27

Uday/Unight = 3.0

0 .86 .90 1.00 1.00 .96 .98 1.05 1.05 1.02 1.06 1.10 1.10
3 .76 .81 .88 .94 .87 .96 1.06 1.12 .94 1.04 1.18 1.28
6 .61 .68 .81 .88 .77 .88 1.02 1.10 .86 1.01 1.15 1.22
9 .46 .56 .72 .82 .67 .79 .88 1.05 .78 .92 1.06 1.16

Uday/Unight= 2.0

0 .86 .90 1.00 1.00 .96 .98 1.05 1.03 1.02 1.06 1.10 1.10
3 .69 .76 .85 .92 .83 .91 .99* 1.05* .89 .98 1.10* 1.14*
6 .53 .61 .74 .84 .70 .80 .94 1.02 .79 .92 1.05 1.12
9

h-

.37 .48 .65 .76 .59 .70 .84 .95 .71 .81 .96 1.06

Uday/Unight= 1.0

0 .86 .90 1.00 1.00 .96 .98 1,05 1.05 1.02 1.06 1.10 1.10
3 .64 .71 .82 .89 .78 .86 .94* 99* .85 .92 1.01* 1.05*
6 .43 .53 .68 .79 .62 .70 .84 .93 .72 .82 .95 1.00
9 .27 .41 .59 .70 .50 .60 .75 .87 .62 .72 .87 .96



DATA

linean Y °C

RHmean ss %

or T wetbulb
depression

or T dewpoint

u, 232 km/day

Tmean 28.S ("C
altitude."( m

Tnonth
latitudef30°N

month
latitude 3çfi

(c4 = 0.25)

Tmean 285°C

ed 2/1 mbar

n/N a83

mean 244- oc
r a;titudep" m

ea. mbar

RH/100

ed mbar

(5) 1 /

data

calc

(5) or (6)

Ra mm/day (l0)

hr/day data

N hr/day 01)

n/N calc

(0.25+0.50 n/N) calc (12)

Rs nu-n/day calc

Rus mm/day (1 -10)Rs
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FORMAT FOR CALCULATION OF PENMAN METHOD

Penman reference crop ETo = c EW.Rn + (1-W)f(u)(ea-ed5]
Country: 1/.40e Place: 4,,./.0 Latitude :Period :1,4 Longitude:..go' */ f-Altitude0.1"

Rnl f(T)f(ed)f(n/N) mm/day calc

Rn = Rus - Rnl

W. Rn

/ Numbers in brackets indicate Table of reference.
2/ When Rs data are available Rus 0.75 Rs.

(9)

calc

010

2/

8.7

L

f(T) (13)

f(ed) (14)

f(ri/N) (15)

Uday/Unight
RI-Imax, Rs

/.4,2

C

ETo

(16)

c EW Rn + (1 -W)f(u) (ea - ed)] mm/day

r.,23

mmiday
calc

(ea- ed) mbar calc

f(u) (7)

(1 -w) (8)

(1 -W)f(u)(ea-ed)
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1.4 PAN EVAPORATION METHOD

Evaporation pans provide a measurement of the integrated effect of radiation, wind, temp-

erature and humidity on evaporation from a specific open water surface. In a similar fashion the
plant responds to the same climatic variables but several major factors may produce significant
differences in loss of water. Reflection of solar radiation from a water surface is only 5-8 percent,
from most vegetative surfaces 20-25.percent. Storage of heat within the pan can be appreciable and
may cause almost equal evaporation during night and day; most crops transpire only during daytime.
Also the difference in water losses from pans and from crops can be caused by differences in turbu-
lence, temperature and humidity of the air immediately above the surfaces. Heat transfer through
the sides of the pan can occur, ,which may be severe for sunken pans. Also the colour of the pan and

the use of screens will affect water losses. The siting of the pan and the pan environment influence
the measured results, especially when the pan is placed in fallow rather.than cropped fi' .

Factors involved in prediction of lake evaporation using pans is discussed by C.7 - 973),

WMO Note 126.

Notwithstanding these deficiences, with proper siting the use of pans to predict crop wat,
requirements for periods of 10 days or longer is still warranted. From the many different types of

1/pans, the use of the 13 . S. Class A pan and the Colorado sunken pan is presented here. To relate
pan evaporation (Epan) to reference crop evapotranspiration (ETo) empirically derived coefficients
(Kp) are given which 'take into account climate and pan environment. If measured data from other
types of sunken pan.s .are available, such data should first be related to sunken Colorado pan data
(Table 17). The ratios given in Table 17 serve as multiplying factors to obtain fromEpan of different
types of pans mentioned,the sunken Colorado pan evaporation data. (The pan area of the Colorado
sunken pan is 3 ft2 or 0.84 m2.)

Recommended Relationships

Reference crop evapotranspiration (ETo) can be obtained from:

ETo = Kp . Epan

where: Epan = pan evaporation in mm/day and represents the mean daily value
of the period considered

Kp = pan coefficient

Values for Kp are given in Table 18 for the Class A pan and in Table 19 for the sunken
Colorado pan for different humidity and wind conditions: and pan environment. The Kp values relate

Description of pans: The Class A evaporation pan is circular, 121 cm (46.5 inches) in diameter
and 25.5 cm (10 inches) deep. It is made of galvanized iron (22 gauge) or monel metal (0.8 mm).
The pan is mounted on a wooden open frame platform with its bottom 15 cm above ground level.
The soil is built up to within 5 cm 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 drop to more than 7.5 cm below the
rim. Water is regularly renewed to eliminate extreme turbidity. The pan if galvanized is
painted annually with alluminium paint.
Sunken Colorado pans are sometimes preferred in crop water requirement studies, since these
pans have a water level 5 cm below the rim at soil level height and give a better direct prediction
of potential evapotranspiration of grass:than does the Class A pan. The pan is 92 cm (36 inches)
square and 46 cm (18 inches) deep. It is made of galvanized iron, set in the ground with the rim
5 cm (2 inches) above the ground level. The water level inside the pan is maintained at or slightly
below ground level. (Reference is mad.e to Irrigation and Drainage Paper No. 27 Agro-meteoro-logical field stations . FAO Rome, Italy 1976.)



to pans located in an open field with no crops taller than 1 m within some 50 ni of the pan.
Immediate surroundings, within 10 ni, are covered by a green, freqUently mowed, grass cover or
by bare soils. The pan station is placed in an agricultural area. The pan is unscreened..

Additional Considerations

In selecting the appropriate value of Kp to relate Class A and Colorado sun.ken pan data
to ETo, it is necessary to consider the ground cover of the pan station itself, that of the surround-
ings and general wind and humidity cond.itions. The relative humidity ranges referred to in Tables
18 and 19 are RHmean or (RHniax + RHmin)/2. Wind is reflected as total 24-hr wind run in km/day.
Nomenclature used to describe general levels of mean relative humidity and wind are given in
Climatological Nomenclature in the introductory pages of this publication.

When the pan is located at a station with very poor grass cover, dry bare soil or,
undesirably, a concrete or asphalt apron, air temperatures at pan level may be 2 to 5°C higher and
relative humidity 20 to 30 percent lower. This will be most pronounced in arid and semi-arid
climates during all but the rainy periods. This effect has been accounted for in the figures of
Tables 18 and 19. However, in areas with no agricultural development a-nd extensive areas of bare
soils - as are found under desert or semi-desert conditions - the values of Kp given for arid, windy
areas may need to be reduced by up to 20 percent; for areas with moderate levels of wind, temp-
erature and relative humidity by 5 to 10 percent; no or little reduction in Kp is needed in humid,
cool conditions.

In Tables 18 and 19 a separation is made for pans located within cropped plots surrounded
by or downwind 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 (case B).

Case A Case B

Wind Wind

d r y surface
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pan pan
green crop green crop dry surface

11111111111/11111111/111611/1/1 iiIIJIL11/1111111111111i1/111/11111/MIlli

Where pans are placed in a small enclosure but surrounded by tall crops, for example_
2.5 m high maize, the coefficients in Tables 18 and 19 will need to be increased by up to 30 percent
for dry, windy climates, whereas only a 5 to 10 percent increase is required for calm, humid
cond:

The pan coefficients given in Tables 18 and 19 apply to galvanized pans annually painted
with aluminium. Little difference in Epan will show when inside and outside surfaces Of the pan are
painted white. An increase in Epan of up to 10 percent may occur when they are painted black. The

50m, or more varies 50m, or more varies
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material from i.vhich the pan is made may account for variations of only a few percent. The level at
which the water is maintained in the pan is very important; resulting errors may be up to 15 percent
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 10 percent. In an endeavour to
avoid pans being used by birds for drinking, a pan filled to the rim with water can be placed near the
Class A pan; birds may prefer to use the fully filled pan. Turbidity of the water in the pan does not
affect Epan data by more than 5 percent. Overall variation in Epan is not constant with time because
of ageing, deterioration and repainting.

Sample Calculations

EXAMPLE:
Given:
Cairo; July. Epan = 11.1 Truniday from Class A pan; RHmean. = medium; wind
moderate: pan station is located within a cropped area of several hectares; the
pan is not screened.
Calculation:
Monthly data: since pan station is covered by grass and is surroun.ded by some

100 m of cropped area case A applies.
From Table 19 for moderate wind and medium hiunidity value of
Kp = 0.75.
ETo Kp x Epan O. 75 x 11.1 8.3 mm/day

Yearly data:
J FM A M J 1 A SOND

wind light to moderate 1 moderate 1 light to moderate
.RHmean med. to highl medium 1 med. to high
Kp .8 .8 .8

6.4
5.1
158

.77 .75 .75 .75 .77 .77 .8 .8 .88.5 11.2 12.8 11.1 9.7 7.9 6.9 4.3 3.3
6.5' 8.4 9.6 8.3 7.4 6.0 5.5 3.4 2.6
196 260 289 258 231 180 165 102 81

- ilLpan 3.3 4.5
ETo rnm/day 2.6 3.6

mm/months 82 100
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Table 17 RatiOs Between Evaporation from Sunken Pans Mentioned and From Colorado
Sunken Pan for Different Climatic Condition.s and Pan Environments

EXAMPLE: CGI 20 in semi-arid climate, dry season, placed in dry fallow land;
for given month Epan CGI 20 = 8 mm/day.
Correspon.ding Epan sunken Colorado is 1.25 x 8 = 10 min/day-.

Ratio Epan mentioned and Epan Colorado

Climate Humid-temperate climate Arid to semi-arid
(dry season)

Groundcover surrounding pan
(50 m or more)

Short green
cover Dry fallow Short green

cover
Dry fallow

Pan grea
in4

CGI 20 dia. 5 m, d.epth 2 m 20 1.0 1.1 1.05 1.25*
(-USSR)

Sunken pan dia. 12 ft,
depth 3.3 ft. (Israel)

10.5

Symmons pan 6 ft2,
depth 2 ft (UK)

3.3

BPI dia. 6 ft, depth 2 ft 2.6
(USA)

Kenya pan dia. 4 ft,
depth 14 in

1.2

Australian pan dia. 3 ft,
depth 3 ft

0.7 1 0 1 0

Aslyng pan 0.33 m2,
depth 1 m (Denmark)

0.3 1.0

CGI 3000 dia. 61.8 cm,
depth 60-80 cm (USSR)

0.3

Sunken pan dia. 50 cm,
depth 25 cm (Netherlands)

0.2 10 .95 10 .95
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Table 18 Pan Coefficient (Kp) for Class A Pan for Different Groundcover and Levels
of Mean Relative Humidity and 24 hour Wind

Table 19 Pan Coefficient (Kp) for Colorado Sunken Pan for Different Groundcover and
Levels of Mean Relative Humidity and 24 hour Wind

.'-'t areas 01 Dare-tallow soi s and no agricultural development, reduce Kpan by 20%under hot, windy conditions; by 5-10% for moderate wind, temperature and humidity conditions.

lassC. A pan Case A: Pan placed in short green
Cr..5441ed-dr-ea--

Case Bit Pan placed in dry
frillnw

R14-nean %
low

< 40
medium

40-70
high
>70

irPa
low medium

< 40 L0-70
high
>70

Wind
km/day

Windward side
distance

of green crop
m

Windward side
distance

of dry fallow
m

Light 1 .55 .65 .75 1 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 1 000 .5 .6 -7

Moderate 1 .5 .6 .65 1 .65 .75 .8
175-425 10 .6 .7 .75 10 .55 .65 .7

100 .65 .75* .8 100 .5 .6 .65
1000 .7 .8 .8 1 000 .45 .55 .6

Strong 1 .45 .5 .6 1 .6 .65 .7
425-700 10 .55 .6 .65 10 .5 .55 .65

100 .6 .65 .7 100 .45 .5 .6
1 000 .65 .7 .75 3 000 .4 .45 .55

Very strong 1 .4 .45 .5 1 .5 .6 .65
>700 10 .45 .55 .6 10 .45 .3 .55

100 .5 .6 .65 100 .4 .45 .5
1 000 .55 .6 .65 1 000 .35 .4 .45

Sunken
Colorado

Case A: Pan placed in short green
cropped area

Case B1/ Pan placed in dry
fallow area

RHmean `,',/, low I medium
<40 40-70

high
>70

low I medium
<40 I 40-70

high
>70

Wind
km/day

Windward side
distance

of green crop
m

Windward side
distance

of dry fallow
m

Light 1 .75 .75 .8 1 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 .75 .8
- .,

I000 .7 .7 .75
Moderate 1 .65 .7 .7 1 .95 .95 .95175-425 10 .85 .85 .9 10 .75 .75 .75)100 .95 .95 .95 100 .65 .65 .7

1 000 .6 .6 .65
Strong 1 .55 .6 .65 1 .8 .8 .8425-700 10 .75 .75 .75 10 .65 .65 .65)100 .8 .8 .8 100 .55 .6 .65

1 000 .5 .55 .6
Very strong
>700

1
10

5
.65

.55

.7
.6
.7

1

10
.7
.55

.75

.6
.75
.65

100 .7 .75 .75 100 .5 .55 .6
1 000 .45 .5 .55



2. SELECTION OF CROP COEFFICIENT

The four methods described in Part I.1 predict the effect of climate on reference crop
evapotranspiration (ETo). To account for the effect of the crop characteristics on crop water
requirements, crop coefficien.ts (kc) are presented to relate ETo to crop evapotranspiration (ETcrop).
The kc value relates to evapotranspiration of a disease-free crop grown in large fields under opt-
imum soil water and fertility conditiohs and achieving full production potential under the given
growing environment. ETcrop can be found by:

ETcrop kc . ETo

Each of the four methods in Part 1.1 predicts ETo and only one set of crop coefficients is
required. Procedures for selection of appropriate kc values are given, which take into account the
crop characteristics, time of planting or sowing, and stages of crop development and general climatic
conditions.

The effect of crop characteristics on
the relationship between ETcrop and ETo is
shown in the conceptual diagram in Figure 4. The
wide variations between major groups of crops
are largely due to the resistance to transpiration
of different plants, sUch as closed stomata during
the day (pineapple) and waxy leaves (citrus).
Also differences in crop height, crop roughness,
reflection and groundcover produce the
illustrated variation. in ETcrop. For high
evaporative conditions, i.e. hot, strong winds
and low humidity, ETo values of up to 12 to 14
mm/day and ETcrop values of up to 15 to 17 mm/
day may be realistic, Particularly for small fields
in arid areas which are strongly affected by dry
wind conditions. However, wilting of crops may
occur under such conditions and, as shown in
Figure 4 for sugarbeets, may result in ETcrop
values well below ETo.
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16

14

cl 12

E 10
E

28
o
1-W 6

Cotton
Tomatoes
Sugarbeets
Maize
Apples (with cover

crop)
Grass

Sugarbeet, wilted
on very hot

windy doy
Citrus

Pineapple
Agave

Fig. 4 ETcrop as compared to ETo

For ease of reference, approximate ranges of seasonal ETcrop for different crops are
given in Table 20. The magnitudes shown will change according to the factors discussed, i.e. mainly
climate, crop characteristics, length of growing season and time of planting.

Additional Considerations

Factors affecting the value of the crop coefficient (kc) are mainly the crop characteristics,
crop planting or sowing data, rate of crop development, length of growirig season and climatic con-
ditions. Particularly following sowing and during the early growth stage, the frequency of rain or
irrigation is important.

14 ET (grass)
mm/doy

4 6 8 10 12



0 20 40 60 80

Growing season 230 days

Ice 90 days

1.1

0 9

0.7

0.5 d ,dry

0.3
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Table 20 Approximate Ranize of Seasonal ETcrop in mm

The crop planting or sowing date will affect the length of the growing season, the
rate of crop development to full groundcover and onset of maturity. For instance, depending on
climate, sugarbeets can be so-urn in autumn, spring and surruner with a total growing season
ranging from 230 to 160 days. For soybeans, the growing season ranges from 100 days in warm,
-tow altitude areas, to 190 days at 2 500 m altitudes in Equatorial Africa and for maize 80 to 240
ciays respectively. Crop development will also be at a different pace; as shown in Figure 5 for
suearbeets, the time needed to reach full development or maximum water demand varies from up
to 60 percent of the total growing season for an autumn sown crop to about 35 percent for an early
summer sowing. In selecting the appropriaté kc value for each period or month in the growing
season for a given crop, the rate of crop development must be considered.

100% 0 20 40 60 80 100% 0
200 days

Fig. 3 Sugarbeets; kc values for different souring dates

General climatic conditions, especially wind and humidity, are to be considered; compared
witrk a 2mooth 0-ass cover, wind will affect the rate of transpiration o'f taller crops more clue to air
turbulence above the rougher crop surface. This is more pronounced in dry than in humid climates
and kc values for rougher crop surfaces are therefore greater in dry climates.

summer

20 40 60 80 100%

160 days

Seasonal ETcrop mm Min

Alfalfa 600 - 1 500 Onions 350 - 600
Avocado 650 - 1 000 Orange 600 - 950
Bananas 700 - 1 700 Potatoes -350 - 625
Beans 250 - 500 Rice 500 - 950
Cocoa 800 - 1 200 Sisal 550 - 800
Coffee 800 - 1 200 Sorghum 300 -650

-Cotton 550 - 950 Soybeans 450 - 825
Dates 900 - 1 300 Sugarbeets 450 - 850
Deciduous trees 700 - 1 050 Sugarcane 1 000 - 1 500
Flax 450 - 900 Sweet potatoes 400 - 675
Grains (small) 300 - 450 Tobacco 300 - 500
Grapefruit 650 - 1 000 Toniatoes 300 - 600
Maize 400 - 750 Vegetables 250 - 500
Oil seeds 300 - 600 Vineyards 450 - 900

Walnuts 700 - 1 000
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ETcrop is the sum of transpiration by the crop and evaporation from the soil surface.
During full groundcover, evaporation is negligible; just following sowing and during the early grow
ing period evaporation from the soil surface (Esoil) may be considerable, particularly when the soil
surface is wet for most of the time from irrigation an.d rain.

Transpiration and evaporation are governed by different physical processes. However,
since for the crop grovring.season. Esoil forms part of ETcrop, and for the sake of simplicity, the
coeffieient relating ETo and Esoil is given herein by the appropriate 'crop factor (kc). The great
range of kc values during initial growth stage following sowing is illustrated in Figure 5. l'he value
of kc largely depends on the level of ETo and the frequency with which the soil is wetted by rain and
or irrigation. The smooth curves in Figure 5 present average kc values rather than the actual sharp
increase in kc just following rain a,nd irrigation, with a less sharp but marked decline afterwards,
until the next rain or irrigation. Some compromise in accuracy by not differentiating between various
soil types has been accepted.

The presented kc values relate ETo to ETcrop. Crop coefficients published elsewhei e
relating te original and other methods should not be used if the method.s presented in this publication
are followed..

Recommended Values

(a) Field and vegetable crops

The crop growing season has been divided into four stages. Crop coefficients (kc) for
gi.ven stages of crop development and different climatic conditions are presented in Table 21. The
need to collect local data on growing season and rate of crop development of irrigated crops is
stressed. For reference, information for selected crops and climate is given in Table 22.

The four stages of crop development are described herein as:

initial stage : germination and early growth when the soil surface
is not or is hardly covered by the crop (groundcover

<10%)

crop d.evelopment stage : from end of initial stage to attainment of effective
full groundcover (groundcover 2= 70-80%) J/

raid-season stage from attainment of effective full groundcover to time
of start of maturing as indicated by discolouring of
leaves (beans) or leaves falling off (cotton). For
some crops this may extend to very near harvest
(sugarbeets) unless irrigation is not applied at late
season and reduction in ETcrop is induced to increase
yield and/or quality (sugarcane, cotton, some ¡i,ra ins):
normally well past the flowering stage of annual crops

late season stage : from end of mid-season stage until full rna.turity c./-
harvest

1/ Start of mid-season stage can be recognized in the field when crop has attained 70.to 80% ground.-
cover which, however, does not mean that the crop has reached its mature height. Effect! e
full groundcover refers to cover when kc is approaching a maximum.
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The steps needed to arrive at the kc values for the different stages are given below. The
values of kc for the various growth stages are to be plotted as in the given example, Figure 7. For

simplification the values of kc for the different periods within the growing season are represented as

straight lines:

I establish planting or sowing date from local information or from practices in
similar climatic zones;

II determine total growing season and length of crop development stages from
local information (for approximations see Table 22);

III initial stage: predict irrigation and/or rainfall frequency; for predetermined
ETo value, obtain kc from Figure 6 and plot kc value as shown in Figure 7;

IV mid-season stage: for given climate (humidity and wind), select kc value from
Table 21 and plot as straight line;

V late-season stage: for time of full maturity (or harvest within a few .days),
select kc value from Table 21 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;

VI development stage: assume straight line between kc value at end of initial
to start of mid-season stage.

For each 10 or 30 day period the kc Values can be obtain.ed from the prepared graph. A
smoothed curve might first be drawn as indicated in Figure 7, although this may have little effect in
terms of accuracy added.

Average
recurrenc e
interval of

irrigation or
significant

rain

2days

4 days

7 days

10 days

20 days

ETo, mm/day, during initial stage

Fig. 6 Average kc value for initial crop development stage as related to level of ETo and
frequency of irrigation and/or significant rain

kc

1.0

.6

.4

.2

01
3 4 5 6 7 8 9 10
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EXAMPLE:
Given:
Cairo; corn planted mid-May; for total growing season winds are light tomoderate (0-5 m/sec), and mid-summer RHmin is 30-3 5% ; ETo initial stage
is 8.4 mm/d.ay; irrigation frequency initial period assumed to be 7 days.

Planting date Late spring, early summer
local

information
(or Table 22)

initial 20 days
crop development 35 days
mid-season 40 days
late season 30 days 125 days

ll Length of growth stages

III Plot periods as indicated
IV kc initial stage (1)

ETo = 8.4 mm/day
irrig. frequency = 7 days

kc mid-season stage (3)
wind. = light/moderate
humidity = low

kc late season stage (end) (4)
wind = light/moderate
humidity = low

V Plot kc value and connect
values with straight lines

VI Read kc value from prepared
graph for each selected period
at mid point of 10 to 30 day
period

Irrigation
interval 7 days
0.35 (fig.6 ).

in itio I Icrop development,14
'e-20 + 35

days

39 -

Fig. 7

Fig. 6

Table 21

Table 21

Fig. 7

Local information or Table 22

mid - season
40 days

Fig. 7 Example of crop coefficient curve

kc initial = 0.35

kc mid-season = 1.14

kc end of season = 0.6

kc development stage = 0.35-1.14
kc late season stage = 1.14-0.6

I - late
114 30+1

0.60 (table 21)

1.2- 1.14 (table 21)

APRIL MAY JUNE JULY AUG. SEPT.

-

OCT.



Table 21 Crop Coefficient (kc) for Field and Vegetable Crops for Different Stages of
Crop Grovrth and Prevailing Climatic Conditions

Crop
Humidity RHinin >70% RHmin <20%

Wind m/sec 0-3 -:, r .-.., 0-5 5-8
Crop stage

All field crops initial 1 Use Fig. 7
crop dev. 2 by interpolation

Artichokes (perennial-
clean cultivated)

mid-season
at harvest

3 .95 .95 1.0 1.05

or maturity 4 9 9 .95 1.0
Barley 3 1.05 1.1 1.15 1.2

4 .25 .25 .2 .2
Beans (green.) 3 .95 .95 1.0 1.05

4. .85 .83 .9 .9
Beans (dry) 3 1.05 1.1 1.15 1.2
Pulses 4 .3 .3 .25 .25
Beets (table) 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

4 .7 .75 .8 .85
Castorbeans 3 1.05 1.1 1.15 1.2

4 .5 .5 .5 . 5

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) 4 .55 .55 .6 lIr .6
Cotton 3 1.05 1.15 1.2 1.25

4 .65 .65 .65 .7
Crucifers (cabbage,
c.auliflower, broccoli,

3
4

.95

.80
1:0
.85

1.05
.9

1.1
.95Brussels sprout)

Cucumber 3 .9 .9 .95 1.0
Fresh market 4 .7 .7 .75 .8
Machin.e harvest 4 .85 .85 .95 1.0
Egg plant 3 .95 1.0 1.05 1.1
(aubergine) 4 .8 .85 .85 .9
Flax 3 1.0 1.05 1.1 1.15

4 .25 .25 .2 .2
Grain 3 1.05 1.1 1.15 1.2

4 .3 .3 .25 .25
Lentil 3 1.05 1.1 1.15 1.2

4 .3 .3 .2. .25
Lettuce 3 .95 .95 1.0 1005

4 .9 .9 .9 1.0
Melons 3 .95 .95 1.0 1.05

4 .65 .65 .75 .75
Millet 3 1.0 1.05 1.1 1.15

4 .3 .3 .25 .25
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Crop
Humidity RHmin >70% RHmin <20%
Wind m/sec 0-5 5-8 0-5 5-8

Oats raid-season 3 1.05 1. 1 1. 15 1.2
harvest/maturity4 .25 .25 .2 .2

Onion. (dry) 3 .95 .95 1.05 1.1
4 .75 .75 .8 .85

(green) 3 95 .95 1.0 1.05
4 95 .95 1.0 LOS

Pean.uts 3 .95 1.0 1.05 1.1
(Groundnuts) 4 55 .55 .6 .6
Peas 3 - 1.05 1.1 1.15 1.2

4 95 1.0 1.05 1. 1

Peppers (fresh) 3 .95 1.0 1.05 1.1
4 .8 .85 .85 .9

Potato 3 1.05 1.1 1.13 1.2
4 .7 .7 .75 .75

Radishes 3 .8 .8 .85 .9
4 .75 .75 .8 .85

Safflower 3 1.05 1.1 1.15 L?
4 .25 .25 .2 .2

Sorghum 3 1.0 1.05 1.1 1.15
4 .5 5 -c..DJ .55

Soybeans ' 3 1.0 1.05 1.1 1. 15
4 .45 .45 .45 .45

Spinach 3 95 .95 1.0 1.05
4 .9 -9 .95 1.0

Squash 3 9 .9 .95 1.0
4 .7 .7 .75 .8

sligarbeet 3 1.05 1.1 1.15 1 . 2

no irrigation
4 .9 -95 1.0 1.0

laat month . 4 .6 .6 .6 .6
Sunflower 3 1.05 1.1 1.15 1.2

4 .4 .4 .35 .35
Tomato 3 1.05 1.1 1.2 1.25

4 .6 .6 .65 .65
Wheat 3 1.05 1.1 1.15 1.2

4 .25 .25 .2 .2

NB: Many cool season crops cannot grow in dry, hot climates. Values of kc are given for
latter conditions since they may occur occasionally, and result in the need for higher
kc values, especially for tall rough crops.
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Table 22 Length of Growing Season and Crop Development Stages of Selected Field Crops;
Some Indications

Artichokes

Barley

Beans (dry)
Pulses

Carrots

Celry

Corn (maize)
(sweet)

Corn (maize)
(grains-)

Perennial, replanted every 4-7 years; example Coastal California with
planting in April 40/40/250/30 and (360)1/; subsequent crops with crop
growth cutback to ground level in late spring each year at end of harvest or
20/40/220/30 and. (310).

Also wheat and oats; varíes widely with variety; wheat Central India
November planting 15125/50/30 and (120); early spring sowing, semi-arid,
350-450 latitudes and November planting Rep. of Korea 20/25/60/30 and
(135); wheat sown in July in East African highlands at 2 500 m altitude and
Rep. of Korea 15/30/65/40 and (150).

Beans (green) February and March planting California desert and Mediterranean
20/30/30/10 and. (90); August-September planting California desert, Egypt,
Coastal Lebanon 15/25/25/10 and (75).

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

Beets Spring planting Mediterranean 15/25/20/10 and (70); early spring planting
(table) 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 (150); early spring planting Mediterranean
25/35/40/20 and (120); up to 30/40/60/20 and (150) for late winter planting.

Castorbeans 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 25/40/45/15
and (125).

Philippines, early March planting (late dry season) 20/20/30/10 and (80);
late spring planting Mediterranean 20/25/25/10 and (80); late cool season
planting desert climates 20/30/30/10 and (90); early cool season planting
desert climates 20/30/50/10 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); Jun.e plantingsub-humid Nigeria, early October India 20/35/40/30 and (125); early
April planting Southern Spain 30/40/50/30 and (150).

1/ 40/40/250/30 and (360) stand respectively for initial, crop development, mid-season and lateseason crop development stages in days and (360) for total growing period from planting toharvest in days.



Cotton

Crucifers

Cucumber

EZZ plant

Flax

c;rain, small

Lettuce

Melons

Millet

Oats

Onion (dry)

(green)

Peas

- 43 -

March planting Egypt, April-May planting Pakistan, September planting
South Arabia 30/50/60/55 and (195); spring planting, machine harvested
Texas 30/50/55/45 and (180).

Wide range in length of season due to varietal differences' spring planting
Mediterranean, and continental climates 20/30/20/10 an.d (80); late winter
planting Mediterranean 25/35/25/10 and (95); autumn planting Coastal
Mediterranean 30/35/90/40 and (195).

June planting Egypt, August-October California desert 20/30/40/15 and
(105); spring planting semi-arid and cool season arid climates, low desert
25/35/50/20 and (130).

Warm winter desert climates 30/40/40/20 and (130); late spring-early
summer planting Mediterranean 30/45/40/25 and (140).

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

Spring planting Mediterranean 20/30/60/40 ankl (150); October-November
planting warm winter climates; Pakistan and low deserts 25/35/65/40 and
(165).

x entix "'pring planting in cold winter climates 20/30/60/40 and (150); pre-cool
seas'' olan.ting warm winter climates 25/35/70/40 and (170).

Spring planting M --literrameen. climates 20/30/15/10 and (75) and late winter
plantine 3/40/25/10 asid. (105); early cool season low desert climates from
25/15,/30/ ) 'nd (100); late cool season planting, low deserts 35/50/45/10
and (140).

Late spring planting Mediterranean climates 25/35/40/20 and (120); mid-
winter planting in low desert climates 30/45/65/20 and (160).

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

See Barley.

Spring planting Mediterranean climates 15/25/70/40 and (150); pro-warm
winter planting semi-arid and arid desert climates 20/35/110/45 and (210).

Respectively 25/30/10/5 and (70) and 20/45/20/10 and (95).

Peanuts Dry season planting West Africa 25/35/45/25 and (130); late spring
(groundnuts) planting Coastal plains of Lebanon and. Israel 35/45/35/25 and (140).

Cool maritime climates early summer planting 15/25/35/15 and (90);
Mediterranean early spring and warm winter desert climates planting
20/25/35/15 and (95); late winter Mediterranean planting 25/30/30/15
and (100).



Peppers
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Fresh - Mediterranean early spring and continental early summer planting
30/35/40/20 and (125); cool coastal continental climates mid-spring
planting 25/35/40/20 and (120); pre-warm winter planting desert climates
30/40/110/30 and (210).

Potato Full planting warm winter desert climates 25/30/30/20 and (105); late
(Irish) winter planting arid and semi-arid climates and late spring-early summer

planting continental climate 25/30/45/30 and (130); early-mid spring
planting central Europe 30/35/50/30 and (145); slow emergence may
increase length of initial period by 15 days during cold spring.

Radishes Mediterranean early spring and continental summer planting 5/10/15/5
and (35); coastal Mediterranean late winter and warm winter desert
climates planting 10/10/15/5 and (40)

Safflower Central California early-mid spring planting 20/35/45/25 and (125) and
late winter planting 25/35/55/30 and (145); warm winter desert climates
35/55/60/40 and (190).

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

Soybeans May planting Central U.S.A. 20/35/60/25 and (140); May-June planting
California desert 20/30/60/25 and (135); Philippines late December
planting, early dry season - dry: 15/15/40/15 and (85); vegetables
15/15/30/- and (60); early-mid June planting in Japan 20/25/75/30 and
(150).

Spinach Spring planting Mediterranean 20/20/15/5 and (60); September-October
and late winter planting Mediterranean 20/20/25/5 and (70); warm winter
desert climates 20/30/40/10 and (100).

Squash Late winter planting Mediterranean and warm winter desert climates
(winter) 20/30/30/15 and (95); August planting California desert 20/35/30/25 and
pumpkin (110); early June planting maritime Europe 25/35/35/25 and (120).

Squash Spring planting Mediterranean 25/35/25/15 and (100+); early summer(zucchini) Mediterranean and maritime Europe 20/30/25/15 and (90+); winter
crookneck planting warm desert 25/35/25/15 and (100).

Suzarbeet 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
35/60/70/40 and (205).

Sunflower

Tomato

Wheat See Barley.

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

Warm winter desert climates 30/40/40/25 and (135); and late autumn
35/45/70/30 and (180); spring planting Mediterranean climates
30/40/45/30 and (145).



(b) Alfalfa, clover, grass-legumes, pastures

Alfalfa: The kc values vary similarly. to those for field crops but the initial to harvest stage is
repeated 2 to 8 times a year. To obtain mean ETalfalfa, values given for kc(mean) in Table 23
would generally suffice. For irrigation depth and frequency determinations the variation of kc over
the cutting interval needs to be considered, that is from kc(low) just following harvesting, to
kc(peak) just before harvesting. Alfalfa grown for seed production will have a kc value equal to
kc(peak) during full cover until the middle of full bloom.

Fig. 8
kc values for alfalfa growii in
dry climate with light to moderate
wind and with cuttings every four
weeks; one heavy irrigation per
growth period, a week before
cutting

10

8

2

April Hoy

rf.r

June July Aug. Sept Oct

Grasses: Grasses grown for hay reach kc(peak) values within 6 to 8 days after cutting. The kc(low)
values are 10 to 20 percent higher than the kc(low) values shown for alfalfa since considerable
vegetation is left on the ground after cutting.

Clover and grass-legume mixture: Due to some cover left after cutting, kc(low) will be close to
that of grass, while kc(peak) will be closer to alfalfa.

Pasture (grass, grass-legtunes and alfalfa): Depending on pasturing practices, kc values will show
a wide variation. The values presented assume excellent plant popufation density, high fertility and
good irrigation. For pastures kc(low) may need to be taken close to kc(low) alfalfa under poor
pasturing practices when all ground cover is destroyed.

Table 23 kc Values for Alfalfa. Clover. Grass-lezumes and Pasture

kc(mean) represents mean value between cutting, kc(low) just after cutting, kc peak just before
harvesting
1/ Under d.ry soil conditions; under wet conditions increase values by 30%.

Alfalfa Grass for
hay

Clover, Grass-
legumes Pasture

Humid kc mean 0.85 0.8 1.0 0.95
Light to moderate wind kc peak,

kc low .17
1.05
0.5

1.05
0.6

1.05
0.55

1.05
0.55

Dry kc mean 0.95 0.9 1.05 1.0
Light to moderate wind kc peak 1.15 1.1 1.15 1.1

kc low li 0.4 0.55 0.55 0.5
Strong wind kc mean 1.05 1.0 1.1 1.03

kc peak,
kc lowli

1. 25
0.3

1.15
0.5

1.2
0.55

. 1. 15
0.5

12
If irrigated 7 days after cutting

4 g
lE
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(c) Bananas

Values of kc for bananas are given in Table 24 for Mediterranean and tropical. climates.

For the Mediterranean climate data are given for both first year with planting in mid-March and

for second year with removal of original plants in early February. For the early stages of crop
development, especially in the first year, kc values reflect little ground cover and rainfall is

presumed at 5-7 day intervals. For less frequent rain, lower kc values should be used. Figure 6

can be used for estimatin.g kc durin.g the first 2 months after planting, taking into account rainfall

frequen.cy and level of ETo. The drop in kc in February reflects the removal of original large

plants at that time. Local practices should be taken into account in timing the drop in kc, with

subsequent recovery to higher values 4-5 months later, or as ground cover again. approaches 70-80

percent. Months mentioned in Table 24 refer to the northern hemisphere; for the southern hemi-

sphere add 6 months.

For tropical regions kc values for months after planting are given ..__

take place during any month. Smaller kc values after 10 months reflect ra :.iaecline of active

area of the mother plants. The low kc values during early months apply where heavy mulching is
practised; in cases of bare soils and frequent rains, kc values are 0.8 to 1.0 and Figure 6 can be

consulted.

Table 24 kc Values for Bananas

Feb Mar Apr May June July Aug Sept Oct Nov Dec

Mediterranean climate
First-year crop, based on March planting with crop height 3.5 m by August:
Humid, light to mod. .65 .6 .55 .6 .7 .85 .95 1.0
wind

1.0 1.0

Hunild , strOng wind .65 .6 .55 .6 .75 .9 1.0 1.05 1.05 1.05
Dry, light to mod. wind 5 .45 .5 .6 .75 .95 1.1 1.15 1.1 1.1

Dry, strong wind 5 .45 .5 .65 .8 1.0 1.15 1.2 1.15 1.15

Second season with removal of original plants in Feb. and 80% ground cover by August:
Humid, light to mod.
wind 1.0 8 75 .7 .7 .75 .9 1.05 1.05 1.05 1.0 1.0
Humid, strong wind 1.05 .8 .75 .7 .7 .8 ' .95 1.1 1.1 1.1 1.03 1.05
Dry, light to mod wind 1.1 .7 .75 .7 .75 .85 1.05 1.2 1.2 1.2 1.15 1.15
Dry, strong wind 1.15 .7 .75 .7 .75 .9 1.1 1.25 1.25 1.25 1.2 1.2

Tropical climates
15months following planting: 1 2 3 4 7 8 9 10 11 12 13 14

.4 .4 .45 .5 .85 1.0 1.1 1.1 .9 .8 .8 .95
suckeringi shooting I harvestinqt

1.05
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Cacao

Cacao is found in climates with high humidityi-high teniperatui-e and a well distributed
annual rainfall of at least 1 500 mm, unlèss irrigation is practised. Also, due tò its shallow rooting
depth, cacao is sensitive to drought and growth has been observed to cease when only two thirds of the
available soil water in the root1zone are used and yields reduce when half the available soil water is
used. For close tree spacing without cover crop and shade trees kc value suggested is 0.9 to 1.0
with shade trees and undergrowth, 1.1 to 1.15.

Citrus

The kc value for citrus, large mature trees, includes different tree ground cover with
clean cultivation and no weed control. Since citrus is grown primarily in dry Mediterranean-type
climates, only this condition is considered. The effect of wind stronger than moderate is negligible
since citrus has good transpiration control. This control or stomatal resistance varies with humidity
and temperature,i.e. high resistance und.er dry and hot conditions and lower resistance under humid
and cooler conditions. Therefore the presented kc values may need to be increased by 15 to 20 per-
cent during mid-siimmer in humid and cooler climates.

For young orchards with a low percentage of tree ground cover, kc values given assume
20 percent and. 50 percent tree ground cover. With frequent rain or irrigation, kc values for
clean cultivation will approach those of no weed control. Some studies indicate somewhat higher kc
values, up to 10-15 percent for grapefruit and lemons compared with those given. Months mentioned
refer to northern hemisphere; for southern hemisphere add 6 months.

Table 25 kc Values for Citrus (Grown in Predominantly Dry Areas with Light to Moderate Wind)

Large mature trees
providing 2'. 70%
tree ground cover

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

.

Clean cultivated 75 .75 .7 .7 .7 .65 .65 .65 .65 -7 .7 .7
No weed control .9 .9 .85 .85 .85 .85 .85 .85 .85 .85 .85 .85

Trees providing 7- 50%
tree ground cover
Clean cultivated .65 .65 .6 .6 .6 .55 .55 .55 .55 .55 .6 .6
No weed control .9 .9 .85 .85 .85 .85 .85 .85 .85 .85 .85 .85

Trees providing,.."-: 20%
tree ground cover
Clean cultivated 55 .55 .5 .5 .5 .45 .45 .45 .45 .45 .5 .5
No weed control 1.0 1.0 95 .95 .95 .95 .95 .95 .95 .95 .95 .95
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Coffee

Two species of coffee provide the bulk of the world's supply. Coffea arabica and Coffea
robusta. Only the former is irrigated on a limited 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 coefficients of around 0.9 are recommended
throughout the year. If significant weed grovrth is allowed, coefficients close to 1.05 - 1.1 would
be more appropriate.

Dates

The date palm is a drought resistant plant but during prolonged drought growth will be
retarded, then cease and old leaves will die. To maintain growth and high yields of good quality a
regular water supply is needed throughout the year with a possible exception just prior and during
harvest. Water deficiencies during spring and early summer have been shown to hasten ripening
but reduce size and quality of fruits. Depending on climate suggested kc values for mature groves
are 0.8 - 1.0.

Deciduous fruits and nuts

Values of kc for deciduous fruit and nut crops for cover-crop conditions.and clean
cultivated are presented in Table 26. Coefficients given relate to full-grown trees with s.pacings
that provide about 70 percent ground cover. Examples are given for both higher latitudes (e.g.
northern Europe, northern U.S.A.) with Cold winters .and growing seasons extending from around
1 May (blossom) to i November (killing frosts) and lower latitudes with warm winter conditions
(e. g. Mediterranean). In the former, and at altitudes greater than 1 200 in in lower latitude areas,
trees have leaves for some 51/2 to 6 months, with time of harvest varying from mid-July for cherries
to mid-October for late varieties of apples. For lower latitudes near sea level, blossom occurs one
month or more earlier with a wide range of harvest dates, starting and ending several weeks earlier
for respective species and varieties than at the higher latitude. However, trees generally have
leaves longer, e.g. well into November. Months mentioned refer to northern hemisphere; for
southern hemisphere add 6 months.
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) Grapes

The kc values for grapes will vary considerably with cultural practices such as vine and row

spacing, pruning, trellising height and span, and with extreme varietal differences in vine growth.
Grapes, normally clean cultivated, use less water than many other crops due to cultural practices
resulting in only 30 to 50 percent ground cover: Also there may be a somewhat greater degree of
stomata' control of transpiration compared to many other crops.

In Table 27 the ko values for grapes are presented for cold winter, light winter and hot,
dry summer climatic conditions. For areas with cold winters, kc values for Concord grapes are used,
a variety which develops a somewhat greater degree of ground cover than that used for light winter
and hot, dry summer conditions. It is, however, quite common to plant a ground cover in August to
help deplete available nitrogen and to provide better winter hardiness.

In the last two cases kc values need to be reduced when ground cover is less than 35 per-
cent. For all cases infrequent irrigation and dry sOil surface during most of the time are assumed.
Data refer to conditions without.cover crop, e. g. clean cultivated, weed free. Months mentioned in
Table 27 refer to northern hemisphere; for southern hemisphere add 6 months.

Table 27 kc Values for Grapes (Clean Cultivated, Infrequent Irrigation, Soil Surface
Dry Most of the Time)

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

Mature grapes grown in areas with killing frost; initial leaves early May, harvest mid-September;
ground. cover 40-50% at mid-season
humid, light to mod. wind - - - - .5 .65 .75 .8 .75 .65 - -
humid, strong wind - - - - .5 ' .7 .8 :85 .8 .7 - -
dry, light to mod. wind - - - .45 .7 .85 .9 .85 .7 - -
dry, strong wind - - - .5 .75 .9 .95 .9 .75 - -

Mature grapes in areas of only light frosts; initial leaves early April, harvest late August to
early September; ground cover 30-35% at mid-season
humid, light to mod. wind - - - .5 .55 .6 .6 .6 .6 .5 .4 -
humid, strong wind - - - .5 .55 .65 ..65 .65 .65 .55 .4 -
drv, light to mod. wind - - - .45 .6 .7 .7 .7 .7 .6 .35 -
dry, strong wind - - - .45 .65 .75 .75 ..75 .75 .65 .35 -

Mature grapes grown in hot dry areas; initial leaves late February-early March, harvest late
half of July; ground cover 30-35% at mid.-season
dry, light to mod. wind - - .25 .45 .6 .7 .7 .65 .55 .45 .35 -
dry, strong wind - .25 .45 .65 .75 .75 .7 .55. .45 .35 -

() Olives

The olive tree is particularly resistant to drought but prolonged drought negatively affects
yields. Table olive production requires somewhat more water than olive production for oil. While
olive orchards can be found in areas of little more than 200 nun they are most common in areas with
400 to 600 mm annual precipitation. Drought is most damaging on yields during the stone hardening
and fruit swelling stage which occurs in the Mediterranean area during August-September. One or
two irrigations of total 2 000 to 4 000 m3/ha at this time have shown in.crease in yields considerably.
Another critical period is just before fruit setting. For mature trees and depending on tree spacing
and age cf trees, kc values vary from 0.4 - 0.7.
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(k) Rice

For paddy rice kc values are given in Table 28 for different geographical locations and
seasons. Wind conditions and, d.uring the dry season, the relative humidity may be important;
where during the dry season the minimum relative humidity is more than 70 percent, the kc values
given for the wet season should be used.

No difference is assumed in kc values between broadcast or sown and transplanted rice
sinc.e percentage cover during first month after transplantation is little different from that of broad-
cast rice. There are differences in growing season according to variety; therefore the len.gth 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 paddy rice will apply since recommended
practices involve the maintenance of top soil layers very close to saturation. Only during initial
crop stage will kc need to be reduced by 15 to 20 percent.

Table 28 kc Values for Rice

1/ 0-nly when RHmin> 70%, kc values for wet season are to be used.

Planting Harvest First 84 Second
month Mid-season Last

4 weeks
Humid Asia

June-July Nov-Decwet season (monsoon)
light to mod. wind 1.1 1.05 .95
strong wind

dry season ii Dec -Jan mid -May
1.15 1.1 1.0

light to mod. wind 1.1 1.25 1.0
strong wind 1.15 1.35 1.05

North Australia
Dec -Jan Apr -Maywet season

light to mod. wind. 1.1 1.05 .95
strong wind 1.15 1.1 1.0

South Australia
Oct Marchdry summer

light to mod. wind 1.1 1.25 1.0
strong wind 1.15 1.35 1.05

Humid S. America
Nov-Dec Apr -May

1.1 1.05
-

.55
wet season
lip,ht to mod. wind
strong wind 1.15 1.1 1.0

Europe (Spain, S.
Fra.nce and Italy)
dryseason May-June Sept-Oct
light to mod. wind 1.1 1.2 .95
strong wind 1.15 1.3 1.0

U.S.A.
May Sept -Octwet summer (south)

light to mod. wind 1.1 1.1 .95
strong wind

dry summer (Calif.) early May early Oct
1.15 1.15 1.0

light to mod. wind 1.1 1.25 1.0
strong wind 1.15 1.35 1.05
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(Ì) Sisal

Sisal requires relatively small amounts of water and excess water will negatively affect
yleld. The suggested kc value is perhaps 0.3 - 0.4..

(m) Sugarcane

Crop coefficients for sugarcane may vary considerably depending on climate- and cane
variety, particularly for initial and crop development stages. Also early crop development varies
according to whether it is virgin or a ratoon crop Total length of growing season varies with
climate and according to whether the crop is virgin or ratoon. For virgin plantings this may range
from 13 to 14 months in hot Iran to 16 months in Mauritius and up to 20 to 24 months in some 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 areas.

To determine kc values, use of local data or information on rate of crop development for a
given cane variety is essential. Data provided refer to a 12 month ratoon crop and to a 24 month
virgin cane. Irrigation application usually ceases 4 to 6 weeks before harvest.

Table 29 kc Values for Sugarcane

Crop age
Growth stages

RHmin)70% RHmin <20%

12 month 24 month light to
mod. wind

strong
wind

light to
mod. wind

strong
wind

0 - 1 0 - 2.5 planting to 0.25 full canopy 55 .6 .4 .45
1 - 2 2.5 - 3.5 0.25-0.5 full canopy .8 .85 .75 .8
2 - 2.5 3.5 - 4.5 0.5-0.75 full canoPY .9 .95 .95 1.0

2.3 - 4 4.5 - 6 0.75 to full canoPY 1.0 1.1 1.1 1.2
4 - 10 6- 17 peak use 1.05 1.15 1.25 1.3

10 - 11 17 - 22 early senescence .8 .85 .95 1.05
11 - 12 22 - 24 ripening .6 .65 .7 75

(n) Tea

The water requirement of tea bushes in full production can be assumed to be close to ETo.
fiel,ce, crop coefficients of around 0.95 to 1.0 are suggested for non-shaded plantations where more
than 70 percent ground cover exists. Where grown under shade trees, kc values of 1.05 - 1.1 would

be more appropriate for more humid periods, and perhaps 1.1 - 1.15 for dry periods.
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(o) Non-cropped or bare soils

To determine the water balance, particularly after winter rains., estimation of evaporation
losses from the soil surface (Esoil) is 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. Esoil
will be greatly affected by the water content of the soil surface, frequency and depth of rain, type of
soil and level of evaporative demand. To determine the coefficient, Figure 6 should be used; the
prediction of Esoil closely follows the method shown for field crops, initial stage. Data presented
in Figure 7 assume a medium textured soil. For light and heavv-textured soils kc values may need a
downward adjustment by some 30 percent and upward by some 15 percent respectively.

EXAM.PLE: Estimation of Esoil from fallow, essentially weed-free soil.
Given:
Cairo; ETo as given and obtained from Perlman Method (1.3); fictitious
rainfall data on frequency.
Calculation :
From ETo in mm/day and data on frequency of rainfall, select kc value
from Figure 6.

Nov Dec Jan Feb Mar
ETo mm/day 3.2 2.3 2.7 3.8 5.0 Method 1.3
Frequency of rain, days 7 7 5 7 10 Data
k factor .6 .65 .7 .55 .3 Fig.6
Esoil mm/day = k .ETo. 1.9 1.5 1.9 2.1 1.5 Calc.

(P) Aquatic weeds and open water

Evapotranspiration of floating and flat leafed aquatic weeds is very similar to that of
grass. Protruding types have a slightly higher rate due to increased roughness, particularly under
dry and windy conditions. Reeds such as papyrus and cattails appear to have lower values caused
primarily by the plant characteristics affecting evapotranspiration. Under non-flooding conditions
and in drying soils ETreeds can be expected to be considerably lower. In the case of fully submerged
weeds the water loss can be taken to be equal to that of open water evaporation. In Table 30 the kc
values for different aquatic weeds for various climatic conditions are given.

Water loss by evapotranspiration of aquatic weeds is frequently compared to evaporation
of an open water surface (Eo). Studies carried out under natural conditions 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 and a higher reflectance of the green plants and their internal resistance to transpiration.
The conflicting data found in literature which show ETaquatic weeds to be far greater than Eo may be
related to small lysimeter and pan experiments carried out on land surfaces which are not represent-
ative of the natural conditions under which aquatic weeds grow.

Coefficients relating open water evaporation Eo to reference crop evapotranspiration
(ETo) are presented in Table 30. These values apply to shallow reservoirs and lakes with depths
of less than 5 m and can be used to compute monthly Eo, once monthly ETo has been determined.
The presented values apply equally to deep reservoirs and lakes in equatorial zones. For areas
with a change in climate during the year, the given coefficients should be used only for computing
yearly evaporation losses. Deep water 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 to heat storage the k values
during spring and early sununer may be 20 to 30 percent lower; due to heat release during late
surruner and early autumn k values may be 20 to 30 percent higher.

Table 30 kc Values for Aquatic Weeds and Coefficients for Open Water

The of vegetation
Humid Dry

.

light to mod.
wind

strong
wind

light to mod.
wind

strong
wind

Submerged (crassipes) 1.1 1.15 1.15 1 . 2

Floating (duckweed) 1.05 1.05 1.05 1.05

Flat leaf (water lilies) 1.05 1.1 1.05 1.1

Protruding (water hyacinth) 1. 1 1. 15 1. 15 1.2

Reed swamp (papyrus, cattails)
standing water .85 .85 .9 .95
moist soil .65 .65 .75 .8

Open water 1.1 1.15 1..15 1.2
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3 . FACTORS AFFECTING ETcrop

ETcrop obtained by the methods discussed earlier refers to evapotranspiration of a
disease-free crop, grown in very large fields, not short of water and fertilizers. Actual ETcrop
will depend on local factors which are not covered in the presented methods. Additional consid-
erations are therefore given; their practical significance in determining field irrigation supply and
scheduling is included in Part II.

The example used in earlier chapters on methods calculatin.g ETcrop is applied to
illustrate the effect of local cohditions. As already shown, ETcrop included the effect of climate
on crop water requirements as mean value of ETo in mm/day for the different months and the effect
of crop characteristics as kc or ETcrop = kc . ETo.

EXAMPLE:
Given:
Cairo; maize sown in mid-May; growing season 125 days till mid-September.
Calculation:

May Tune lull, Aug Sept
ETo mm/month (1/2)276 282 273 236(1/2)183 Method 1.3
kc 0.35 0.6 1.14 1.08 0.75 Fig. 7
ETmaize mm/month 50 170 310 255 70

3.1 CLIMATE

Variation with Time

It is common practice to use mean climatic data for determining mean ETcrop. However,
due to weather changes, ETcrop will vary from year to year and for each period within the year.
Annual ETcrop will vary some 10 percent for humid tropics up to some 25 percent for mid-continental
climates.

From year to year, the monthly values show greater variation. For instance, in mid-
latitude climates radiation for a given month can show extreme variations. In areas having.distinct dry
and wet seasons, the transition month shows significant differences from year to year depending on
rains arriving early or late. Monthly ETcrop values can vary from one year to the next by 50 per-

cent or more.

Daily values can vary drastically, with low values on days that are rainy, cloudy, humid
and calm and with high values on dry, sunny and windy days. The range of daily, 10-clay and monthly

ETcrop that can occur is given in Figure 9. This variation will obviously be obscured when using
mean climatic data to obtain mean ETcrop.

In selecting ETcrop for project planning and design, knowledge should be obtained on
level and frequency at which high demands for water can be expected, particularly in the months of

peak water use. To obtain for each month a measure of the probable range of crop water demands
and to allow an assessment of the tolerable risk of meeting such demands with the selected irrigation
supply, monthly ETcrop should be calculated for each year of crimatic record. When sufficiently
long climatic records are available (10 years or more) a frequency analysis can be made similar to
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that given for rainfall (Part 11). The value of ETcrop selected for design can then be based on a
probability of 75 or 80 percent or highest ETcrop value out of 4 or 5 years. Using Figure 9, rather
than taking for July mean ETcrop = 4 mm/day or 124 mm/month, for planning and design purposes
4.8 nim/day (150 mm/month) would be selected, and so on for other months.

A first estimate of meeting ETcrop three out of four years but still using mean ETcrop
data can also be obtained using Figure 10. Degree of weather variations for different types of
climate is important. However, available soil water has a balan.cing effect in meeting short duration,
high ETcrop values; this effect is smaller for shallow, light soils than for deep, fine textured soils.
Available soil water should therefore be considered. This calculation is usually done for months of
peak water use.

EXAMP LE :
Given:
Cairo; arid climate with clear weather conditions during months of peak
water use. Medium soils with available soil water following irrigation of
60 mm. Crop is maize.
Calculation:

May Tune July Aug Sept
ETmaize mm/day 3 . 1 5.6 10.0 8.2. 4.6
correction peak ETcrot) - 1.1 1.1 Fisz. 10
ETmaize mm/day 3.- 1 5.6 11.0 9.0 4.6

Variation with Distance

In calculating ETcrop, by necessity climatic data are sometimes. used from stations located
some distance away from the area under study. This is permissible in areas where the same weather
extends for long distances. Zones with rapid changes in climate over short distances frequently
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Frequency distribution of I to 30 day
mean ETryegrass during peak period
June-July (Nixon et al. , 1972)



I. Arid and semi-arid climates and those with
predominantly clear weather conditions
during month of peak ETcrop.

Mid-continental climates and sub-humid to
humid climates with highly variable cloudi-
ness in month of peak ETcrop.

and 4. Mid-continental climates with
variable cloudiness and meanETcrop of
5 and 10 mmfday respectively.

Fig. 10 Ratio peak and mean ETcrop for
different climates during month of
peak water use
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Variation with Size of Irrigation Development, Advection

Meteorological data used are often collected prior to irrigation development in stations
located in rainfed or uncultivated areas, or even on rooftops and airports. Irrigated fields will
produce a different micro-climate and ETcrop may not be equal to predicted values based on these
data. This is more pronounced for lar.,ge schemes in arid, windy climates.

In arid and semi-arid climates, irrigated fields surrounded by extensive dry fallow areas
are subject to advection. Airmass moving into the irrigated fields gives up heat as it passes over.
This results in a 'clothesline' effect at the upwind edge and an 'oasis' effect inside the irrigated
field. With warm, dry winds, appreciably higher ETcrop can be expected at the upwind edge of the
field. With increased distance the air becomes cooler and more humid. The 'clothesline' effect

occur, for instan.ce in arid areas inland from large lakes (at Lake Nassar Epan only 250 m from the
shoie is up to double Epan at the shoreline) and where an airmass is forced upward by mountain
ranges. With the change in weather over distance consequently ETcrop may change markedly over
small distances, as is shown for California in Figure 11.

200
A check needs to be made on whether

climatic data used from distant stations are
representative for the area of study. No general-
ized guidance can be given on use of data from
distant stations; where available use should be g100-.*

E .* coastof surveys carriedmade already out.climatic

tu

Fig. 11 Change in ETo with distance from
ocean, California (State of California
Bulletin 113-2, 1967) o
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becomes negligible viith distance from the border which may extend in hot, dry climates for 100 to
400 m for windspeed greater than 5 m/sec. It follows that due to the 'clothesline' effect results of
irrigation trials conducted on a patchwork of small fields and located in dry surroundings may show
up to double ETcrop as compared to that of future large schemes. Caution should be used when
extrapolating such results to large future projects.

Due to the 'oasis' effect, ETcrop will be higher in fields surrounded by dry fallow land as
compared to surrounded by extensive vegetated area. However, air temperature is generally lower
and humidity higher inside the large irrigated schemes as compared to outside the scheme. Therefore,
when ETcrop is predicted using climatic data collected outside, or prior to irrigation development,
in semi-arid and arid areas, ETcrop could be over-predicted by 5 to 15 percent for fields of 5 to 20
hectares and 10 to 25 percent for large schemes with cropping density close to 100 percent. The
main cause of this difference in over-prediction due to cropping density is the distribution in fallow

1.4

1. 3 -

2-1 -

1t1 ' 1 _

29

7

0.01 0.1

Clothe'eline effect

grass
maize, 3m tali
deciduous rees
with corer croP

Oasis ffect

General wind direction

". -*-

- 58 -

Fig. 12
Change in Epan (Hudson)
for cross-section over
cotton and fallow fields
in Sudan (Hudson, 1964)

and cropped fields; above the fallow fields the air is heated
and also becomes drier before moving into the next field. This
is shown in Figure 12 presenting Epan(small Hudson type) for
a given cross-section over irrigated cotton and fallow fields
in the Gezira scheme, Sudan.

Using climatic data collected outside or prior to
irrigation development, Figure 13 suggests the correction
factors needed to obtain ETcrop for irrigated fields of diff-
erent sizes locEitecl in dry fallow surrounds.in arid, hot
conditions with moderate wind. Factors should not be applied
to very small fields (<0.05 ha) since the correction on ETcrop
could be large enough to result in wilting of the crop and
stunting of growth.

Fig. 13 Correction factor for ETcrop when determined using climatic data collected outside or priorto irrigation development, for different sizes of irrigated fields under arid and moderateN.s.rind conditions

irrigated., d ry irrigated dry irrigated--dry

cotton fallow fallow fallow cotton fallow cotton fallow

10 100 l000
Size of field, Pa



EXAMPLE;
Given:
Maize grown in fields of 10 ha with cropping density of some 50 percent;
climatic data collected prior to irrigation development.
Calculation:

ETmai ze
correction advection
ETmaize inm/day

Variation with Altitude
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May June luly Aug Sept
3.1 M 16.0 8.2 4.6

.9 0.9 Fig. 13
3.1 5.0 9.9 7.4 4.6

In a given climatic 'zone ETcrop will vary with altitude. This is not caused by difference
in altitude as such but mainly by associated changes in temperature, humidity and wind. Also radia-
tion at high altitudes may be differen.t to that in low lying areas. Use of presented ETcrop method.s will
remain problematic for high altitude areas with possible exceptions of Penman and Pan methods with
data collected at site. As given earlier, for the Blaney-Criddle method, ETo may be adjusted by
10 percent for each 1 000 m altitude change above sea level.

3.2 SOIL WATER

Published data on depth over which the crop extracts most of its water show great
lif:erences. With salt-free soil water in ample supply, water uptake for most field crops has been
expre, as 40 percent of total water uptake over the first one-fourth of total rooting depth, 30 per-

[L over ute second c. -fourth, 20 percent over the third and 10 percent over the last. However-,
movexttn.t of il water will c place inside and to the rootzone when portions become dry. Also
water can be sur -,)lied to the roots from shallow groundwater. If plants are sufficiently an.choréd and
there are propt --ring conditions, incl. re avP_ileil,le water and nutrient, soil aeration, soil
temperature and soil struct,y7.-2, -op rot affected ever-Cwhen rooting depth is severely restricted.
Water management practices should oe *-4 accordingly.

Level of Available Soil Water

The methods presented on ETcrop assume soil water in ample supply. After irrigation or
rain, the soil water content will be reduced primarily by evapotranspiration. As the soil dries, the
rate of water transmitted through the soil will reduce. When at some stage the rate of flow falls
below the rate needed to meet ETcrop, ETcrop will fall below its predicted level. The effect of soil
water content on evapotranspiration varies with crop and is conditioned primarily by type of soils
and water holding characteristics, crop rooting characteristics and the meteorological factors
determining the level of transpiration. With moderate evaporative conditions whereby ETcrop does
not exceed 5 mm/day, for most field crops ETcrop is likely to be little affected at soil water tensions
up to one atmosphere (corresponding approximately to 30 volume percentage of available soil water
for clay, 40 for loam, 50 for sandy loam and 60 for loamy sand). When evaporative conditions are
lower the crop may transpire at the predicted ET rate even though available soil water depletion is
greater; when higher, ETcrop will be reduced if the rate of water supply to the roots is unable to
cope with transpiration losses. This will be more pronounced in heavy textured than in light textured
soils.



4 8 12 16 20 24 28 32 36
I rrigatton interval

Fig. 14 Mean actual ETcotton over the irrig-
ation interval for different durations
of irrigation interval and for different
ETcotton levels (Rijtema and
Aboukhaled, 1975)
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Since reduction in evapotranspiration
affects crop growth and/or crop yields, timing and
magnitude of reduction in ET crop are important
criteria for irrigation practices. Following an
irrigation the crop will transpire at the predicted
rate during the days immediately following irrig-
ation. With time the soils become drier and the
rate will decrease, more so under.high as compared
to low evaporative conditions. ThIs is shol.vn in -

'Figure 14 for cotton grown in Egypt on a fine text-
ured soil. Whether or not the reduction in ETcrop
is permissible during part or whole growing season
can be determined only when the effect of soil
water stress on yield during various stages of
growth is known.

In planning and desikn, the predicted ETcrop values should be applied unless specific
objectives are pursued such as assuring that the greatest number of farmers benefit from irrigation
or maximising yield per unit of water when available water supply is the limiting factor.

Groundwater

For most crops, growth and consequently ETcrop will be affected when groundwater is
shallow or the soil is waterlogged. In spring in cooler climates, wet soils warm up slowly, causing
delay in seed germination and plant development; land preparation may he delayed, resulting in
later planting. Consequently, different ETcrop values apply during the remainder of the season.
The tolerance of some crops to shallow groundwater tables and waterlogging is given in Table 31.

Table 31 Tolerance Levels of Crops to High Groundwater Tables and Waterloeszine

ource; Irrigation, Drainage and Salinity. An International Source 1ook. FAO Unesco, 1973.

Higher groundwater tables are generally permitted in sandy rather than loarn and clay
soils due to the difference in capillary fringe above the groundwater table. For most crops minimum
depth of groundwater table required for maximum yield has been expressed as : for sand, rooting
depth + 20 cm; for clay, rooting depth + 40 cm; for loam, rooting depth + 80 cm. No correction on
ETcrop vrill be required.

Groundwater at 50 cm Waterlogging

High tolerance sugarcane, potatoes, broad beans rice, willow, strawberries,
various grasses, plums

Medium tolerance sugarbeet, wheat, barley, oats,
peas, cotton --'

citrus, bananas, apples,
pears, blackberries,
onions

Sensitive
_

maize, tobacco peaches, cherries, date
palms, olives, peas, beans
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Salinity

ETcrop can be affected by soil salinity since the soil water uptake by the plant can be
drastically reduced due to higher osmotic potential of the saline groundwater. Poor crop growth
may be due to adverse physical characteristics of some saline soils. Some salts cause toxicity and
affect growth. The relative extent to which each of these factors affect ETcrop cannot be distin-

1/guished.

Reduced water uptake under saline conditions is shown by symptoms similar to those
caused by drought, such as early wilting, leaf burn.ing, a bluish-green colour in some plants,
reduced growth and small leaves. The same level of soil salinity can cause more damage under high
than under low evaporative conditions. The negative effect of soil salinity can be partly offset by
maintaining a high soil water level in the rootzone, and unless crop growth is impeded, predicted
ETcrop values will apply. (For leaching requirements, see Part II, 1.2.3.)

14
Water and Crop Yields

For many crops ETcrop has shown a direct relation-
ship with dry matter production when, except for water, the
growth factors such as fertility, temperature, sunshine and soil
are not limiting. Different relationships apply to crop species;
under similar conditions to obtain the same dry matter yield
ETalfalfa may need four times the amount of water than that for
sorghum, and twice that for wheat. Also climate has a pro-
nounced effect, as is shown in Figure 15 for dry matter yield
of grass.

6-,

4-

2-

o
Where yields are either the chemical product (sugar,

oil) or the reproductive part (grain, apples) of the plant, varietal
characteristics are pronounced. With the same ETcrop, yield
of high yielding rice varieties can be four times that of the
traditional varieties under good water management and timely
supply of inputs. However, for adaptive varieties recent
concepts show that the ratio of relative harvested yield" to relative ETcrop may be nearly constant
when growth factors other than water are not limiting (Stewart and Hagan, 1973, 1974). This is
shown in Figure 16 for 14 non-forage crops where the envelope curve represents some 90 percent
of data drawn from various sources. The scatter found in Figure 16 is caused by many factors
including timing and duration of soil water shortages.

The effect of timing and duration of water shortage on some crops is very pronounced
during certain periods of growth; Figure 16(2) shows that for maize yields are negligible when ET

is severely restricted during the tasseVling stage; Figure 16(3) shows that prolonged reduction in

1

0 200 400 600 800 1000
Cumulative ET (grass) mm

Fig. 15 Relation between ETgrass
and dry matter production
from pastures at different
latitudes (Stanhill, 1960)

1/ Westcot, D.W. and Ayers, R. S . Water quality for agriculture. Irrigation and Drainage Paper
No. 29. FAO Rome, Italy. 1976.
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Fig. 16 Relationships between relative yield and relative ETcrop for non-for-
virgin cane (Downey, 1972; Chang, 1963)

ETsugarcane during the period of active growth has a much greater negative effect on yield than

when experienced during late growth. Reduction in ETcrop is particularly critical when the crop i-

sensitive to soil water stress and could drastically affect yields. Sensitive stages for some crops

are given in Table 32. However, slight, timely ET reduction by withholding water may have a
positive effect on yields such as improved quality in apples, peaches and plums, aromatic quality of
tobacco, oil content of olives and sugar content in sugarcane. Without a scheduled water shortage
for cotton vegetative growth will continue while yield of fibre will be greatly reduced. A compre-
hensive review of yield response to water during different stages of crop growth is given in the
references quoted. 1/

3.3 METHOD OF IRRIGATION

ETcrop is affected little by the method of irrigation if the system is properly designed,
installed and operated. The advantages of one method over another are therefore not determined by
differences in total irrigation water supplied but by the adequacy and effectiveness with which crop
requirements can be met.

Different methods imply different rates of water application. When comparing the various
methods in terms of water efficiency in meeting crop demand such differences should be recogmized;
the apparent superiority of one method over another may be merely the result of too much or too
little water being applied. There may be no fault in the actual method of irrigation, only in the
management.

1/ Slatyer, R.O. Plant-water relationships. Academic Press, 1967.
Hagan, R.M., Haise, H.R. and Edminster, T.W. Irrigation of Agricultural Lands ASA No. 11.
Kozlowski, T.T. Water Deficits and Plant Growth I, II and III. Academic Press, 1968.
Salter, P.J. and Goode, J.E. Crop Responses to Water at Different Stages of Growth.

Commonwealth Agricultural Bureau, 1967.
Vaadia, Y. F. et al. Plant Water Deficits and Physiological Processes. American Review of

Plant Physiology. 12:265-292, 1961.
de Wit, C.T. Transpiration and crop yields, Verslagen Lanbk. Onderz. 64..6. 1958.
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Table 32 Critical Periods for Soil Water Stress for Different Crops

Alfalfa just after cutting for hay and at the start of flowering for seed
production

Apricots period of flower and bud development
Barley early boot stage > soft dough stage > onset of tillering or ripening

stage
Beans flowering and pod setting period > earlier > ripening period.

However, ripening period > earlier if not prior water stress.
Broccoli during head formation and enlargement
Cabbage during head formation and enlargement
Castor bean requires 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 be induced by

withholding irrigation just before flowering stage (lemon); "June drop"
of weaker fruits may be controlled by high soil water levels

Cotton flowering and boll formation > early stages of growth > after boll
formation

Groundnuts flowering and seed development stages > between germination and
flowering and end of growing season

Lettuce requires wet soil particularly before harvest
Maize pollination period from tasselling to blister kernel stages > prior

to tasselling > grain filling periods; pollination period very critical
if no prior water stress

Oats beginning of ear emergence possibly up to heading
Olives just before flowering and during.fruit enlargement
Peaches period of rapid fruit growth prior to maturity
Peas at start of flowering and when pods are swelling
Potatoes high soil water levels; after formation of tubers, blossom to harvest
Radish during period of root enlargement
Sunflower possibly during seeding and flowering - seed e..evelopment stage
Small grains boot to heading stage
Sorghum secondary rooting and tillering to boot stage heading, flowering and

grain formation > grain filling period
Soybeans flowering and fruiting stage and possibly period of maximum

vegetative growth
Strawberries fruit development to ripening
Sugarbeet 3 to 4 weeks after emergence
Sugarcane period of maximum vegetative growth
Tobacco knee high to blossoming
Tomatoes when flowers are formed and fruits are rapidly enlarging
Tuips when size of edible root increases rapidly up to harvesting
Water melon blossom to harvesting
Wheat possibly during booting and heading and two weeks before pollination



A number of practices thought to affect ETcrop are mentioned briefly below:

Surface Irrigation

Reducing the area wetted by alternate furrow irrigation generally has little effect on
ETcrop. The positive effect on crop growth sometimes noticed should be ascribed to other factors

such as better soil aeration. Reduction in evaporation from the soil surface is obtained in the case
of incomplete crop cover (less than 60 percent) and/or by wetting only a relatively small area (less
than 30 percent). This latter is practised in orchards and vineyards by irrigating near the trunks;
the net reduçtion in seasonal ETcrop will in general not be more than 5 percent.

Sprinkler Irrigation

Transpiration by the crop may be greatly reduced during application but will be compen-.

sated by increased evaporation from the wet leaves and soil surface. The combined effects do not
greatly exceed predicted ETcrop. The effects of under-tree sprinkling on water savings are
unlikely to be very great. Witt; above-tree canopy sprinkling the micro-climate can change 6onsid-
erably but is, however, relatively short lived and little effect on ETcrop will be observed except
possibly for centre-pivot systems with daily water application.

Evaporation losses from the spray are small and generally below 2 percent. Losses due
to wind drift may be considerable at higher wind speeds and can reach 15 percent at 5 m/sec. Strong
winds also result in a poor water distribution pattern. Sprinkler irrigation should Tio t normally be
used wjien windspeeds are over 5 m/sec.

Drip or Trickle Irrigation

A well operated drip system allowing frequent application of small quantities of water can
provide a nearly constant low tension soil water condition in the major portion of the rootzone. The
high water use efficiency can be attributed to improved water conveyance and water distribution to
the rootzone. ETcrop with near or full ground cover is not affected unless under-irrigation is
practised. Only with widely spaced crops and young orchards will ETcrop be reduced since evap-
oration vrill be restricted to the area kipt moist. For young orchards with 30 percent ground cover
on light, sandy soils and under high evaporation conditions requiring very frequent irrigations, a
reduction in ETcrop of up to possibly 60 percent has been observed. This reduction would be/con-
siderably lower for medium to heavy textured soils under low evaporative conditions requiring much
less frequent irrigation. .For closely spaced crops under drip irrigation the crop water require-
ments can be predicted using the methods described..

Subsurface Irrigation

With a subsurface water distribution system, depending on the adequacy of the water
supply through upward water movement to the rootzone, ETcrop should be little affected except for
the early stage of growth of some crops when frequent irrigation is required.
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3.4 CULTURAL PRACTICES

Fertilizers

The use of fertilizers has only a slight effect on ETcrop, unless crop growth was pre-
viously adversely affected by low soil nutrition delaying full crop cover. Irrigation imposes a
greater demand on fertilizer nutrients; adequately fertilized soils produce much higher yields per
unit of irrigation water than do poor soils., provided the fertilizer is at the level in the soil profile
where soil water is extracted by the plant. The movement of soluble nutrients and their availability
to the crop is highly dependent on method and frequency of irrigation.

Plant Population

The effect of plant population or plant density on ETcrop is similar to that of percentage
of ground cover. When top soils are kept relatively dry, evaporation from the soil surface is
sharply reduced and ETcrop will be less for low population crops than for high population crops.
Durin.g the early stages of the crop a high population planting would normally require somewhat more
water than low density planting d.ue to quicker development of full ground cover. In irrigated agric-
ulture plant population has been considered of little importance in terms of total water needs.

Tillage

Tillage produces little if any effect on ETcrop unless a significant quantity of weed is
eliminated. Rough tillage will accelerate evaporation from the plough layer; deep tillage may
increase water losses when the land is fallow or when the crop cover is sparse. After the surface
has dried, evaporation from the dry surface might be less than from an untilled soil. Other factors
such as breaking up sealed furrow surfaces and improving infiltration may decide in favour of tillage.
W ith soil ripping between crop rows the crop could be slightly set back due to root pruning.

Mulching

In irrigated agriculture the use of a mulch of crop residues to reduce ETcrop is often
considered of little net benefit, except for specific purposes such as reducing erosion, preventing
soil sealing and increasing infiltration. Crop residues may even be a disadvantage where soils 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 reflected capacity of the organic matter are easily outweighed by evap-
oration of the often rewetted crop residue layer. There may be additional disadvantages such as the
increased danger of pests and diseases, slower crop d.evelopment due to lower soil temperatures,
and problematic water distribution from surface irrigation. Polyethylene and perhaps also asphalt
mulches are effective in reducing ETcrop, when it covers more than 80 .percent of the soil surface
and crop cover is less than 50 percent of the total cultivated area. Weed control adds to the succes-
ful use of plastic.
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Windbreaks

Reduced wind velocities produced by artificial and vegetative windbreaks may reduce
ETcrop by about 5 percent under windy, warm, dry conditions at a horizontal distance equarto 25
times the height of the barrier downwind from it, increasing to 10 and sometimes up to 30 percent at
a distance of 10 times this height. ETcrop as determined by the overel .:3nditions
using the reduced wind speed data is not altered. In most cases shrubs and trees are used and, due
to the transpiration of the vegetative windbreak, overall ET may be more.

Anti -treuispirants

The use of anti-transpirants, natural or artificially induced variations in plant foliage
properties and soil conditioners to reduce ETcrop continue to interest many investigators, but is
still in the experimental stage.
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Part II- APPLICATION OF CROP WATER REQUIREMENT DATA IN IDENTIFICATION,

DESIGN AND OPERATION OF IRRIGATION PROJECTS

A number of approaches are available for planning optimum use of water resources in
agricultural production. For irrigation projects they are based on translating production objectives
into adequate technical planning criteria. This comprises the collection of needed information on
water, soils and crops, the preparation of a tentative plan and the search for the optimal plan by
analysing modifications of the tentative plan through a staged and step by step procedure. Several
stages of planning can be identified which can be broadly divided into the project identification and
preliminary planning stage (II. 1), the project design stage (11.2) and project implementation and
operation stage (II.3).

Discussions are centred here around the development of basic data on crop water require-
ments and irrigation supply. In terms of irrigation supply, each plarming stage requires a certain
type of data; those normally used are given in Table 33.

Table 33 Project Planning Stages and. Irrigation Supply Data

Production objectives

inventory of resources average monthly supply
present hydrological budget and monthly peak supply
water resources potential
identification of irrigable areas
choice of production system
preliminary project location and size
irrigation supply requirements
method of water delivery
preliminary size and cost of main works
engineering alternatives - technical,
managerial and financial

project size supply, schedules (size,
layout of distribution system duration and interval of
hydraulic criteria supplies)
cropping pattern
supply scheduling
method of water delivery

- irrigation methods and. practices
capacity of engineering works
phasing of project works
optimization of water use

review supply schedules supply schedules on
evaluate water use efficiency daily basis, daily field
evaluate technical and managerial water budgets
supply control
monitor field water balance
improve and adjust system operation
establish data collection routines on
water, climate, soil, crop
prepare supply schedules on daily basis

Plarming Stage Data Application Data Required

Project identification

Project design

Project operation
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1. PROTECT IDENTIFICATION AND PRELIMINARY PLANNING

1.1 INTRODUCTION

At the project identification and preliminary planning stage a comprehensive inventory of

available resources is made. On physical resources, this would include surface and groundwater
potential, water quality, existing water uses and certainty of supply. For promising areas, soil
surveys (scale 1:10 000) are undertaken to delineate the extent and distribution of soil types,
together with their chemical and physical characteristics particularly water-related properties
such as soil depth, water holding capacity, infiltration rate, permeability and drainage, erosion and

salinity hazards. Evaluation of climate would include temperature, humidity, wind, sunshine

duration or radiation, evaporation, rainfall, occurrence of night frost, and others, on which crop
selection and crop water needs will be based.. Criteria on production potential under irrigation must
justify development not only from an agronomic, technical and economic, but also from a sociological
point of view. Knowledge of present farming systems, including among others farm equipment use,
social amenities, credit facilities and farming incentives, will therefore be required in selecting a
development plan. Infrastructure and human resources must be evaluated including conununications,
markets, population, labour and employment.

Based on the knowledge of available resources, the choice of the production system under
irrigation must be made. Important parameters are:

Crop selection: Here, in addition to water available, climate and soils, the preference of the
farmer, labour requirements and markets among others must be considered. These are 'often site-
specific such as limited water available reAtricting high water-consuming crops, unsuitable soils for
some crops, limited labour for highly-intensified production and processing, and areaw-ide

marketing constraints. The cropping pattern may need to be adjusted to the available water supply
over time.

Cropping intensity: At the field level, frequently cropping intensity does not correspond to that of
the project as a whole. Cropping intensity may also vary with time. Early assumptions must be
made since this largely governs the acreage that can be irrigated from the available water and the
design and operation of the distribution network. This also greatly affects the level of investment.

Water supply level: An.acceptable level of supply, or irrigation norm, must be selected based on a
certain probability that water needs for a selected cropping pattern and cropping intensity will be
met for each port-ion of the growing season. For instance, available water supply may be expressed
as: (i) seasonal irrigation shortage not to exceed 50 percent of the needed supply in any one year
and (ii) sum of irrigation shortages not to exceed 150 percent of the needed supply in a 25-year
period. Of particular importance are periods when water shortages have a pronounced effect on
yields or germination (Table 32). A detailed evaluation of water supply available and water demands
over time is therefore required.

Given a certain supply, in turn cropping patterns may need to be adjusted to avoid peak
irrigation requirements at periods of high evaporative demand and peak requirements of various
crops occurring simultaneously. This must include consideration of dormancy periods, shifting of
sowing dates, transplantation practices, shortening of growing seasons, and others. Knowledge of
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the crop response to water during the different growth stages will greatly assist in reducing the risk
of possible crop failure or yield depression due to periods of limited water supply.

Method of irrigation: Selection of the method of irrigation needs to be made at an early date by
evaluating the required investments, water use efficiency, simplicity of use and adaptability to local
conditions, erodability of soils, infiltration rates, water salinity and others. The advantage of one
method over another is not so much determined by difference in irrigation supply needed or its
efficiency but by the adequetcy with which the crop requirements are met.

Efficiency of the system: The efficien.cy of the system in terms of meeting water demands at field
level in quantity and time is determined by both water losses by.canal seepage and the way the system
is managed and operated.. Size of the project, method of delivery (either continuous, rotation or
demand), the physical control facilities in the system, type of management and communications all
become important factors. Additional water losses are incurred during field distribution'a-nd
application, and farm layout, land levelling and irrigation practices greatly affect water use
efficiency at field. level.

Drainage and leaching; Drainage is essential for successful irrigation; without proper d.rainage
rapidly rising groundwater levels and soil salinization can result. To avoid salt accumulation in the
root zone and related crop damage, the leaching requirement must be determined. Leaching during
off-peak water use periods or non-cropping periods will reduce peak water demand and design
capacity of the distribution system. Timing and depth of leaching will d.epend mainly on type of crop,
soil, climate, irrigation practices and irrigation water quality.

In formulating the project, a thorough study of the engineering alternatives is required in
order that the most appropriate technical, managerial and economical solution is achieved.
Alternative preliminary layouts of the scheme are generally prepared, including size and shape of
commanded areas, water level and flow control, and location and size of required engineering works.
Land ownership, natural boundaries, land slope and land preparation including land levelling must be
reviewed in relation to this scheme layout. Feasibility of land consolidation, where needed, should
be considered from the legal, technical, economic and particularly sociological point of view.

Accurate evaluation of future project operation and water scheduling cannot be made unless
pilot projects are operational at or before the planning stage. No scheme functions perfectly the day
it becomes operational. Allowance shoul.d be made in the planning and design to account for changes
in cropping pattern and intensity, at the same time avoiding any excesses. Refinements of irrigation
sched.uling to match crop irrigation needs should be made after the project has been in operation
for some years. The type of data normally used at the project identification and preliminary planning
stage is average monthly supply and monthly peak supply.

1.2 SEASONAL AND PEAK PROJECT SUPPLY REQUIREMENTS

The calculation of seasonal and peak project supply required for a given cropping pattern
and intensity includes the net irrigation requirements and other water needs including leaching of
salts and efficiency of the distribution system These are calculated on a monthly basis. Using
average supply (m3/ha/month), the total project acreage can then be determined from the available

ater resources.
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The water requirements of each crop are calculated on the basis of meeting the evapotrans-
piration rate (ETcrop) of a disease-free crop, growing in large fields under optimal soil conditions
including sufficient water and fertility euid achieving full production potential under the given growing
environment. This depends mainly on climate, growing season, crop development, and agricultural

and irrigaticin practices.

The net irrigation requirements of the crops (In) are calculated using the field water balance.
The variables include crop evapotranspiration (ETcrop), rainfall (Pe), groundwater contribution (Ge)

and stored soil water at the beginning of each period (Wb), or:

In = ETcrop - (Pe + Ge + Wb)
losses - gains

All variables are expressed in units of depth of water (mm) and, depending on accuracy required, In
can be determined for seasonal, monthly or 10-day periods. For preliminary planning monthly data

are frequently used. The sum of In for the different crops over the entire irrigated area forms the
basis for determining the necessary supply..

To determine the irrigation requirements, in addition to meeting the net irrigation require-
ments, water may be required for leaching of accumulated salts from the root zone and for cultural
practices. In the calculations of irrigation requirements, water for leaching shc.uld be included.
The leaching requirement (LR) is the portion of the irrigation water applied that must drain through
the active root zone to remove accumulated salts. Since irrigation is never 100 percent efficient,
allowance must be made for losses during conveyance and application of water. Project efficiency
(Ep) is expressed in fraction of the net irrigation requirements (In).

The project irrigation supply requirements (V) can be obtained from:

10 y A .In
Ep - m3/month

where : Ep = project irrigation efficiency, fraction (11 .1.2.3)1.2.3)
A = acreage under a given crop, ha
In = net water requirements of given crop, ram/month (II, 1.2.1)
LR = leaching requirements, fraction (II, 1.2.2)
The factor 10 appears due to conversion of In in nun/month
to V in m3/month.

For preliminary planning, the capacity of the engineering works can be obtained from the
supply needed during the month of peak water use (Vmax). Normally a flexibility and safety factor is
included.

The discussion here is centred on a step by step calculation procedure requiring a number of
assumptions. The sensitivity of the assiunptions made should, however, be tested for alternative
project plans.

vi =
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CALCULATION PROCEDURES

1.2.1 Crop Water Requirements (ETcrop): see Part I

Collect available climatic data and select ETo prediction method.
Calculate reference crop evapotranspiration (ETo) in nim/day for each month (I.1).
For each crop, determine growing season, duration of crop development stages and
select crop coefficient (kc) (1.2).
Calculate for each month (or part thereof) the crop evapotranspiration:
ETcrop = kc.ETo in nun/day.
Consider factors affecting ETcrop (extreme values, advection, project size, agricultural
and irrigation practices). Correct ETcrop for peak water use month.

1.2.2 Net Irrigation Requirements (In)

Rainfall (Pe): analyse rainfall records and prepare rainfall probabilities; consider
effectiveness of rain; select level of dependable rainfall, rrun/month.
Groundwater (Ge): estimate groundwater contribution to the crop water needs, nun/month.
Stored soil water (Wb): from water balance or pre-season rainfall or snow determine
contribution of Wb to the crop water needs, mm/month.

1.2.3 Irrigation Requirements

Leaching requirements (LR): evaluate quality of irrigation water and drainage conditions
of area; select salinity tolerance level for each crop and determine LR; obtain leaching
efficiency (L e) from field experiments.
Irrigation efficiency (E): select conveyance efficiency (Ec), field canal efficiency (Eb)
and application efficiency (Ea) considering technical and managerial control, delivery and
application methods.

1.2.4 Summarize calculation to find irrigation supply requirements (Vi and Vmax).

1.2.1 Crop Water Requirements (ETcrop)

The water requirements are based on ETcrop, for which the calculation procedures given in
Part I can be followed. The water requirements as determined permit optimum production under the
given growing environment. Unless included as a specific project objective, no allowance is usually
made to reduce crop water requirements, even when water use/yield relationships are available for
the area.

EXAMPLE:
Given:
Semi-arid, hot and moderate windy climate; climatic data collected
outside irrigated area. Cotton, sown early March, harvested end
August. Size of project 150 ha; cropping intensity 100%; surrounds
are dry, fallow land.
Calculation:

ETo mm/day
kc cotton
advection correction
peak month correction
ETcotton nun/day
ETcotton nun/month

FMAMI T A SOND
2.4 3.3 4.8 6.0 8.1 8.6 7.8 6.6 5.1 4.3 2.8 2.1

0.3 0.6 1.0 1.12 1.15 0.6
0.9 0.9 0.9

1.1 1.1
1.5 3.6 8.1 9.5 9.0 4.0
45 110 225 285 280 120
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Once the cropping pattern and intensity have been selected, water requirements for the
different months are computed similarly for fields under different crops. They are computed for
each crop and can then be weighted and totalled for each month.

EXAMPLE:
Given:
Semi-arid, hot and moderate windy climate. Project size 150 ha; cropping
intensity 200%. Cropping pattern: maize (90 ha) from May through September
followed by berseem (90 ha) from October through February; cotton (60 ha)
from March through August followed by wheat (60 ha) from November through
March.
Calculation: maize 90 ha

90 ha
+++++++++++

nun/month weighted for acreage, or 90/150.ETmaize + 90/150.ETberseem
+ 60/150.ETcotton + 60/150.ETwheat, rounded of to nearest 5 nun

1.2.2 Net Irriczation Requirements (In)

Part of the crop water requirements is met by rainfall (Pe), groundwater (Ge) and stored
soil water (Wb); or In = ETcrop - Pe - Ge - Wb, and is determined on a monthly basis.

(i) Effective rainfall (Pe)

Dependable rainfall:

Crop water needs can be fully or partly met by rainfall. Rfiinfall for each period will vary
from year to year and therefore, rather than using mean rainfall data (saying roughly one year is
drier, the next is wetter), a dependable level of rainfall should be selected (saying the depth of
rainfall that can be expected 3 out of 4 years or 4 out of 5 years). Also the degree of shortage
below the dependable level during the dry years should be given, since loss in crop yields during.
the dry years may significantly affect the project's economic viability. A higher level of dependable
rainfall (say 9 out of 10 years) may need to be selected during the period that crops are germinating
or are most sensitive to water stress and yields are severely affected. Methods of computing rain-
fall probability are given below, using yearly data. Monthly data are normally used for preliminary
planning purposes.

For large schemes, where mountains or other features influence rainfall or the occurrence
of storms, the distribution of rainfall over area must be evaluated. Methods are described in text-
books on hydrology(see Footnote lion next page).

J F M A M J J A S 0 N D T
ETmaize 85 140 275 225 115 840
ETberseem 80 95 65 90 70 400
ETcotton 45 110 225 285 280 120 1065
ETwheat 80 100 95 40 60 375
ETcrop 80 100 55 45 140 200 280 185 70 40 70 70 1325

berseem
+++++++ cotton 60 ha

xxxxxxxxxxxxxxxxxxxxxxxxxx
wheat 60 ha
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EXAMPLE:
A simple method is by grouping the rainfall data; a rough indication of rainfall
probability is obtained by the number of times the yearly amount falls within a
group divided by the n.umber of years of record.

Highest value is 85 and lowest 20 mm. Using a 10 mm grouping:

An improved estimate can be obtained computing and plotting rainfall probabihties.
The steps involved are:

tabulate rainfall totals for given period (line 2)
arrange data in descending magnitude and give rank number m (lin.es 3 and 4)
tabulate plotting position (Fa) using 100m/(N + 1). N is total data number,
m is rank number with m = 1 for the highest value (line 5)
prepare vertical scale and plot rainfall according to Fa position on log-
normal probability paper (Fig. 17)

Line

From Fig. 17: dependable rainfall 3 out of 4 years, or 75% probability, for
given month is 36 mm; 4 out of 5 years, or 80% probability, 32 mm etc.
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 occurrence causing consistent bias, or, more
often, rainfall is not normally distributed to allow simple statistical analysis.
The last can be partly overcome by:

plotting on probability paper the square root or logarithm of the same
rainfall data; or
for periods with little or no rainfall, use Ga =. p+ (1 - p ). Fa, where Ga is
probability of occurrence and p is the portion in which no rainfall occurred.
Sample: if no rainfall is record.ed in 6 out of 30 years in the period
considered then p = 0.20. Then Fa is determined on a 24-year basis
following the step method given above.

Drought duration frequency:
The lowest values of total rainfall for a given number of consecutive days, say
15, 30 and 40 days, are selected. The drought duration frequency is obtained
by plotting values for each selected period of consecutive days according to the
given method.
For additional details see references.-1/

I/ Ven Te Chow, Handbook of Applied Hydrology. McGraw-Hill, 1964.
Linsley, Kohler and Paulus, Hydrology for Engineers. McGraw-Hill, 1958.
WHO, Guide to Hydrometeorological Practices, 1965.
USDA (SCS), Engineering Handbook Hydrology, Section 4, suppl.A. , 1957.
Ramirez, L. E . , Development of a procedure for determining spacial and time variations
of precipitation in Venezuela, PRWG 69-3. Utah, 1971.

Year 1956 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
mm/month 75 85 50 65 45 30 20 65 35 80 45 25 60 75 40 55

- 9 0 50 - 59 2x
10 - 19 0 60 - 69 3x Rainfall vrill equal or exceed 40 mm for 3 out
20 -29 2x 70 - 79 2x of 4 years (or 12/16).
30 - 39 2x 80 - 89 2x
40 - 49 3x 90 - 99 0

T6

1 'Year 1956 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
2 mm iven month 8 50 65 45 30 20 65 35 80 45 25 60 75 40 55
3 sequence 5 0 75 75 65 65 60 55 50 45 45 40 35 30 25 20
4 number m 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
5 plotting position 6 12 18 24 29 35 41 47 53 59 65 71 76 82 88 94

(Fa)
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Fig. 17 Example of rainfall.probability calculation

Not all rainfall is effective and part may be lost by surface runoff, deep percolation or
evaporation. Only a portion of heavy and high intensity rains can enter and be stored in the root
zone and the effectiveness is consequently low. Frequent light rains intercepted by plant foliage
with full ground cover are close to 100 percent effective. With a dry soil surface and little or no
vegetative cover, rainfall up to 8 mm/day may all be lost by evaporation; rains of 25 to 30 mm may
be only 60 percent effective with a low percentage of vegetative cover.

Effective rainfall can be estimated by the evapotranspiration/precipitation ratio methcxi,
Table 34 (USDA, 1969). The relationship between average monthly effective rainfall and mean
monthly rainfall is show-n for different values of average monthly ETcrop. At the time of irrigation
the net depth of irrigation water that can be stored effectively over the root zone is assumed equal
to 75 mm; correction factors are presented for different depths that can be effectively stored.. Data
in Table 34 do not account for infiltration rate of the soil and rainfall intensity; where infiltration is
low and rainfall intensities are high, considerable water may be lost by runoff which is not accounted
for in this method.-1/

1/ A more detailed prediction of effective rainfall is available in FAO Irrigation and Drainage Paper
No. 25, Effective Rainfall. N.G. Dastane, 1975.

=WM =MON. SIMMS MN= 1111111111
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Table 34 Average Monthly Effective Rainfall as Related to Average Monthly
ETcrop and Mean Monthly Rainfall

("USDA (SCS), 1969)

200

133
141
150
159
167

XC Where net depth of water that can be stored in the soil at time of irrigation is greater or
smaller than 75 mm, the correction factor to be used is:

Effective storage 20 23 37.5 50 62.5 75 100 125 150 175 200
Storage factor .73 .77 .86 .93 .97 1.00 1.02 1.04 1.06 1.07* 1.08

EXAMPLE:
Given:
Monthly mean rainfall = 100 mm; ETcrop = 150 mm; effective storage = 175 mm
Calculation:
Correction factor for effective storage 1.07
Effective rainfall 1.07 x 74 79 mm

The contributiun o.t. dew to crop water requirements is usually'very small, consisting of
conden,iatic cooler surfaces, the re-condensation on leaves of water evaporated from the soil,
and trapping of L., or cloud droplets by --szetnt-fo--_. or 11-rigated crops much of the moisture
condensed on Li oz, by early rri, nu,Ci mesiroi water evaporated from the soil. Measured
data from India and Israel show ?..--1.,ured dew accumulation below 30 mm, with a monthly
maximum of 3 to 7 mm; California moiithly Liz:L.-um-am is only 0.5 mm. Data from Australia show that
about 3 percent of monthly ETcrop is met by dew during summer. In arid and semi-arid regions dew
deposition is often too small to make any contribution. On high mountain ranges (Canary Islands)
crop water requirements can be fully met by the interception of fog, but this is very rare. There
has been a strong tendency to over-estimate dew accumulation; impossible amounts have been

claimed as researchers overlook absolute physical limitations involved in the process.

Snow:

Snow on the soil surface contains approximately 1 cm of water per 10 cm snow. The contri-
bution of melting snow towards meeting future crop water requirements should be seen as a contri-
bution to the soil-water reservoir similar to winter rains.

(ii) Groundwater contribution (Ge)

The contribution from the groundwater table is determined by its depth below the root zone,
the capillary properties of the soil and the soil water content in the root zone. For heavy soils,
distance of movement is high and the rate low; for coarse textured soils the distance of movement
is small and the rate high. Very detailed experiments will be required to determine the groundwater
contribution under field conditions. In Figure 18 examples of groundwater contributiOn are given

Monthly mean
rainfall nu-n 12.5 25 37.5 50 62.5 75 87.5 100 112.5 125 137.5 150 162.5 175 187.5

Average monthly effective rainfall in mm
Average 25 8 16 24
monthly 50 8 17 25 32 39 46
ETcrop 75 9 18 27 34 41 48 56 62 69
mm 100 9 19 28 35 43 52 59 66 73 80 87 94 100

125 10 20 30 37 46 54 62 70 76 85 92 98 107 116 120
150 10 21 31 39 49 57 66 74* 81 89 97 104 112 119 127
175 11 23 32 42 52 61 69 78 86 95 103 111 118 126 134
200 11 24 33 44 54 64 73 82 91 100 109 117 125 134 142
225 12 25 35 47 57 68 78 87 96 106 115 124 132 141 150
250 13 25 38 50 61 72 84 92 102 112 121 132 140 150 158
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EXAMPLE:
Given:
Sandy loam soil; groundwater depth below
root zone in December and January is 80 cm.
Calculation:
Using Fig. 18 a first estimate of groundwater
contribution to ETcrop is some 1.5 mm/day.

Fig. 18 Contribution of groundwater to moist
root zone in mmiclay

Winter rains, melting snow or flooding may cause the soil profile to be near or at field
capacity at the start of the growing season, which may be equivalent to one full irrigation. Also
some water may be left. from the previous irrigation season. It can be deducted when determining
seasonal irrigation requirements. Excess winter rain will leach salts accumulated in the root zone
in the summer season and as such can be assumed effective.

Water stored in the root zone is not 100 percent effective. Evaporation from the wet soil
surface is equal to open-water evaporation, but this rate decreases as the soil dries. Evaporation
losses may remain fairly high due to the movement of soil water by capillary action towards the Soil
surfa.ce. Water is lost from the root zone by deep percolation where groundwater tables are deep.
Deep percolation can still persist after attaining field capacity. Depending on weather, type of soil
and time span considered, effectiveness of stored soil water may be as high as 90 percent or as lo'
as 40 percent.

1.2.3 Irrigation Requirements

Other than for meeting the net irrigation requirements (In), water is needed for leaching
accumulated salts from the root zone and to compensate for water losses during conveyance and
application. This should be accounted for in the irrigation requirements. Leaching requirements
(LR) and irrigation efficiency (E) are included as a fraction of the net irrigation requirements.

Water needed for land preparation may need to be considered in the case of rice. At the
planning stage normally no allowance is made for such needs for other crops; this applies similarly
to water needs for cultural practices and aid to germination and quality control of the harvested
y-ield. They are usually covered by adjusting irrigation schedules.

0 1 2 3 4 5 6
Upward flow rate nim/day

(iii) Stored soil water (Wb)
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(i) Leaching requirements (LR)

Soil salinity is mainly affected by water quality, irrigation methods and practices, soil
conditions and. rainfall. Salinity levels in the soil generally increase as the growing season advances.
Leaching can be practised durin.g, before or after the crop season depending on available water
supply, but provided that salt accumulation in the soil does not exceed the crop tolerance level.
Table 35..can be used to evaluate the effect of the quality of the irrigation water on soil salinity,
permeability and toxicity.-1/

The crop tolerance levels given in Table 36 can be used to determine the leaching requirements
for a given quality of irrigation water.1/ Crop tolerance levels are given as electrical conductivity of
the soil saturation extract (ECe) in mmhos/cm. With poor quality water, frequent irrigation and
excessive leaching water may be required to obtain acceptable yields. In Table 36 values of quality
of irrigation water are also given which relate to conunonly experien.ced yield levels. Irrigation water
quality (ECw) is expressed as electrical conductivity in mmhos/cm.

Table 35 Effect of Irrigation Water Quality on Soil Salinity, Permeability
and Toxicity

Ac For most field crops use Table 36.
1/ Sprinkler irrigation may cause leaf burn when 3 meq/1. (Ayers and Westcot, 1976)

Leaching requirement (LE is the minimum amount of irrigation water supplied that must be
drained through th.e root zone to control soil salinity at the given specific level. For sandy loam to
clay loam soils with good drainage and where rainfall is low the leaching requirement can be
obtained from:

ECwfor surface irrigation methods (including sprinklers) LR - 5ECe - ECw
ECwfor drip and high frequency sprinkler (near daily) LR - 2Max ECe

where: ECw electrical conductivity of the irrigation water, .mmhos/cm
ECe . electrical conductivity of the soil saturation extract for a

given crop appropriate to the tolerable degree of yield.
reduction (Table 36)

MaxECe = maximum tolerable electrical conductivity of the soil
saturation extract for a given crop (Table 36)

1/ Ayers, R.S. and Westcot, D.W. Water quality for agriculture. Irrigation and Drainage
Paper No. 29. FAO Rome, Italy. 1976.

none moderate severe

Salinity
ECw (mmhos/cm) < 0.75 0.75 - 3.0 >3.0

P ermeability
ECw (rnmhos/ cm) > 0.5 0.5 -0.2 <0.2
adj. SAR

Montmorillonite /\ ,
o 6 - 9 9

Illite < 8 8 -16 '>15
K aolinite <16 16 - 24 )24

Toxicity (most tree crops)
< 3
< 4

3
4

- 9
- 10

9
liD

sodium (adj. SAR)*,
chloride (meq/1)9k .1/
boron (mg/1) < 0.75 0.75 - 2 > 2
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Crop Salt Tolerance Levels for Different Crops (Ayers and Westcot, 1976)

germina non and seedling stage ECe should not exceed 4 or 5 nimhos cm.
apply to new semi-dwarf varieties of wheat.

2/ During germination ECe should not exceed 3 mmhos/cm.

Data may not

Crop 100%
tiela

90%
potential

75% 50% Max.ECe
ECe ECw ECe ECw ECe ECw ECe ECw

Field crops
Barley 1/ 8.0 5.3 10.0 6.7 13.0 8.7 18.0 12.0 28
Beans (field) 1.0 0.7 1.5 1.0 2.3 1.5 3.6 2.4 7
Broad beans 1.6 1.1 2.6 1 . 8 4.2 2.0 6.8 4.5 12

Corn 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10

Cotton 7.7 5.1 9.6 6.4 13.0 8.4 17.0 12.0 27
Cow-peas 1.3 0.9 2.0 1.3 3.1 2.1 4.9 3.2 9
Flax 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10

Groundnut 3.2 2.1 3.5 2.4 4.1 2.7 4.9 3.3 7
Rice (paddy) 3.0 2.0 3.8 2.6 5.1 3.4 7.2 4.8 12

Safflower 5.3 3.5 6.2 4.1 7.6 5.0 9.9 6.6 . 15
Sesbania 2.3 1.5 3.7 2.5 5.9 3.9 9.4 6.3 17

Sorghum 4.0 2.7 5.1 3.4 7.2 4.8 11.0 7.2 18

Soybean 5.0 3.3 5.5 3.7 6.2 4.2 7.5 5.0 '0
Sugarbeet 7.0 4.7 8.7 5.8 11.0 7.5 15.0 10.0

-Wheat 1/ 6.0 4.0 7.4 4.9 9.5 6.4 13.0
Vegetable crops .

Beans 1.0 0.7 1.5 1.0 2.3 1.5 :' 2.4 /
Beets2/ 4.0 2.7 5.1 3.4 6.8 4.5 . 6 6.4 15
Broccoli 2.8 1.9 3.9 2.6 5.5 3.7 8.2 5.5 14
Cabbage 1.8 1.2 2.8 1.9 4.4 2.9 7.0 4.6 12
Cantaloupe 2.2 1.5 3.6 2.4 5.7 3.8 9.1 6.1 16
Carrot 1.0 ' 0.7 1.7 1.1 2.8 1.9 4.6 3.1 8
Cucumber 2.5 1.7 3.3 2.2 4.4 2.9 6.3 4.2 10
Lettuce 1.3 0.9 2.1 1.4 3.2 2.1 5 . 2 3.4 9
Onion 1.2 0.8 1.8 1.2 2.8 1.8 4.3 2.9 8
Pepper 1.5 1 . 0 2.2 1.5 3.3 2.2 5.1 3.4 -9
Potato 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10
Radish 1.2 0.8 2.0 1.3 3 . 1 2.1 5 . 0 3.4 9
Spinach 2.0 1.3 3.3 2.2 5.3 3.5 8.6 5.7 15
Sweet corn 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10
Sweet potato 1.5 1.0 2.4 1.6 3.8 2.5 6 . 0 ' 4.0 11
Tomato 2.5 1.7 3 . 5 2 . 3 5.0 3.4 7.6 5 . 0 13
Forage crops
Alfalfa 1/Barley hay-

2.0
6.0

1.3
4.0

3.4
7.4

2.2
4.9

5.4
9.5

3 . 6
6.3

8 . 8
13.0

5.9
8.7

16
20

Bermuda grass 6.9 4.6 8.5 5.7 10.8 7.2 14.7 9.8 23
Clover, berseem 1.5 1.0 3.2 2.1 5.9 3.9 10.3 6.8 19
Corn (forage) 1.8 1.2 3.2 2.1 5.2 3.5 8 . 6 5.7 16
Harding grass 4.6 3.1 5.9 3.9 7.9 5.3 11.1 7.4 18
Orchard grass 1.5 1.0 3.1 2.1 5.5 3.7 9.6 6.4 18
Perennial rye 5.6 3.7 6.9 4.6 8 . 9 5.9 12.2 8.1 19
Soudan grass 2.8 1.9 5.1 3.4 8.6 5.7 14.4 9 . 6 26
Tall fescue 3.9 2.6 5.8 3.9 8.6 5..7 13.3 8.9 23
Tall wheat grass 7.5 5.0 9.9 6.6 13.3 9.0 19.4 13.0 32
Trefoil, big 2.3 1.5 2.8 1.9 3.6 2.4 4.9 3.3 '8
Trefoil, small 5.0 3.3 6.0 4.0 7.5 5.0 10.0 6.7 15
Wheat grass 7.5 5.0 9.0 6.0 11.0 7.4 15.0 9.8 22
Fruit crops
Almond 1.5 1.0 2.0 1.4 2.8 1.9 4.1 2.7 7
Apple, pear 1.7 1.0 2.3 1.6 3.3 2.2 4.8 3.2 8
Apricot 1.6 1.1 2.0 1.3 2.6 1.8 3.7 2.5 6
Avocado 1.3 0.9 1.8 1.2 2.5 1.7 3.7 2.4 6
Date palm 4.0 2.7 6.8 4.5 10.9 7.3 17.9 12.0 32
Fig, olive, pomegranate 2.7 1.8 3.8 2.6 5.5 3.7 8.4 5.6 14
Grape 1.5 1.0 2.5 1.7 4.1 2.7 6.7 4.5 12
Grapefruit 1.8 1.2 2.4 1.6 3.4 2.2 4.9 3.3 8
Lemon 1.7 1.1 2.3 1.6 3.3 2.2 4.8 3.2 8
Orange 1.7 1.1 2.3 1.6 3.2 2.2 4.8 3.2 8
Peach 1.7 1.1 2.2 1.4 2.9 1.9 4.1 2.7 7Plum 1.5 1.0 2.1 1.4 2.9 1.9 4.3 2.8 7Strawberry 1.0 0.7 1.3 0.9 1.8 1.2 2.5 1.7 4
Walnut

---, ) . 1.7
..! 1 . 1 2.3__ 1.6 3 . 3 2.2 4.-8 3.2 8
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When the leaching efficiency (Le) is 100 percent the water needed to satisfy both ETcrop and
LR is equal to (ETcrop - Pe)1(1 - LR). The leaching efficiency (Le) has been shown to vary with the
soil type, and particularly with the internal drainage properties of the soil and the field. Since Le
can be as low as 30 percent for cracking and swelling heavy clays and go to 100 percent for sandy
soils, it must be measured at a most early date for the area under investigation.

EX AMP LE :
Given:
Cotton; ETcrop = 1065 min/season; effective rainfall during growing
season = 160 mm. From water analyses ECw = 7 mmhos/cm. Irrigation
by a surface method. Soil is slightly layered., medium textured with
measured Le = 0.7.
Calculation:

LR - 7 1

5x 7.7 7 x = 0.32 100% yield-

LR 7 1

5 x 96 - 7 x = 0.24 90% yield.. 0.7
LR 7 1

5 x 1 - 7 x 0 7 = 0.17 75% yield3 .

To meet seasonal ET crop and LR depth of water required is respectively
(1065 - 160)7(1 - LR) = 1330, 1190 and 1090 mm/season. Level of
leaching requirement to be adopted must be based on available water at
headworks, yields required and economic criteria. Timing of leachings
must also be determined by available water supply at peak water demand
periods.

The prediction of annual leaching requirements does not fully account for effect of type of
salts, restrictive drainage conditions and excess rainfall. it does not cover waste water, trace
metals and pesticides. Also, field water management practices when using saline water will affect
yields. For detailed evaluation, references given should be consulted.-1/

(ii) Irri2ation efficiency (E)

To account for losses of water incurred during conveyance and application to the field, an
efficiency factor should be included when calculating the project irrigation requirements. Project
efficiency is normally subdivided into three stages, each of which is affected by a different set of
conditions:

Conveyance efficiency (Ec): ratio between water received at inlet to a block of
fields and that released at the project headworks.
Field canal efficiency (Eb): ratio between water received at the field inlet and
that received at the inlet of the block of fields.
Field application efficiency (Ea): ratio between water directly available to
the crop and that received at the field inlet.
Project efficiency (Ep): ratio between water made directly available to the crop
and that released at headworks, or Ep = Ea.Eb.Ec.

1/ Av =»-s R. S. and Westcot, D.W. Water quality for agriculture. Irrigation and Drainage Paper
Paper No. 29. FAO Rome, Italy. 1976.
FAO/Unesco. Irrigation, Drainage and Salinity. An Intern. Source Book. Unesco, Paris. 1973.
Salinity Lab. Handbook No. 60.- Diagnosis and Improvement of Saline and Alkali Soils. USDA,1954.
FAO, Irrigation and Drainage Paper No. 7. Salinity seminar Baghdad. FAO Rome, Italy. 1972.
Unesco. Final report on-the Gruesi Project, Tunisia. 1971.
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Conveyance and field canal efficiency are sometimes combined as distribution efficien.cy (Ed),

where Ed = Ec.Eb; field canal and application efficiency are sometimes combined as farm efficiency
where Ef = Eb.Ea.

Factors affecting conveyance efficiency (Ec) are, amongst others, size of the irrigated
acreage, size of rotational unit, number and types of crops requiring adjustments in the supply,
canal lining and the technical and managerial facilities of water control. The field canal efficiency
(Eb) is affected primarily by the method and control of operation, the type of soils in respect of
seepage losses, length of field canals, size of the irrigation block and the fields. As can be expected,
the distribution efficien.cy (Ed) has been shown to be particularly sen.sitive to quality of technical as
well as organizational operation procedures (Ed = Ec.Eb). Farm efficiency (Ef) is much dictated
by the operation of the main supply system in meeting the actual field supply requirements as well as
by the irrigation skill of the farmers.

Table 37 Conveyance (Ec), Field Canal (Eb), Distribution (Ed) and Field Application
Efficiency (Ea)

Conveyance Efficiency (Ec)
Continuous supply with no substantial change in flow
Rotational supply in projects of 3 000 - 7 000 ha and

rotation areas of 70 - 300 ha, with effective management
Rotational supply in large schemes () 10 000 ha) and small

schemes (< 1 000 ha) with respective problematic
communication and less effective management:

based on predetermined schedule
based on advance request

Field Canal Efficiency (Eb)
Blocks larger than 20 ha:

Blocks up to 20 ha:

Distribution Efficiency (Ed = Ec.Eb)

unlined
lined or piped
unlined
lined or piped

ICID/ILRI

0.9

0.8

0 . 7

0.65

. 8
0.9
0 . 7

0.8

Average for rotational supply with management and
communication adequate 0.65

sufficient 0.55
insufficient 0.40
poor 0.30

Field Application Efficiéncy (Ea) USDA US(SCS)
Surface methods

light soils 0.55
medium soils 0.70
heavy soils 0.60

graded border
basin and level border 0.60 -0.75

0.60 -0.80
0.53
0.58contour ditch

furrow
corrugation

Subsurface

0.50 -0.55
0.55 - 0.70
0.50 - 0. 70
up to 0.80

0.57

Sprinkler, hot dry climate 0.60
moderate climate
humid and cool

Rice
0.70
0.80

0.67

0.32



EXAMPLE:
Given:

crop

maize
berseem
cotton
wheat
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Water losses can be high during field application. Low application efficiency (Ea) will occur
when rate of water applied ekceeds the infiltrationrate and excess is lost by runoff; when depth of
water applied exceeds the storage capacity of the root zone excess is lost by deep drainage. With
surface irrigation, field layout and land grading is most essential; uneven distribution of water will
cause drainage losses in one part and possibly under-irrigation in the other part of the field resulting
in very low efficiency. Ea may vary d.uring the growing season with highest efficiencies during peak
water use periods.

In the planning stage, efficiency values for the various stages of water distribution and
application are estimated on the basis of experience. When estimated too high water deficiencies
will occur and either selective irrigation and/or improvement in operational and technical control
(lining, additional structures, etc.) will be required? When estimated too low the irrigation area is
reduced, and the system is therefore over-designed and probably wasteful irrigation is practised.
However, the former is commonly the case. Some indicative data are given in Table 37 which are
applicable to well designed schemes in operation for some years and based mainly on a recent
comprehensive ICID/ILR1 survey and USDA and US(SCS) sources.-1/

EXAMPLE:
Given:
150 ha scheme, irrigation blocks of 10 ha with unlined canals, furrow
irrigation, adequate management.
Calculation:
Ep = Ed. x Ea = 0.65 x 0.65".= 0.4

1.2.4 Sununary of Calculation of Seasonal and Peak Project Supply Requirements (V)

Once cropping pattern an.d intensity have been selected, irrigation requirements and water
needs for leaching have been calculated and efficiency of the system estimated, the monthly, seasonal
and yearly supply requirements for a given project acreage can be determined by:

=
10 2 [A(ETcrop - Pe - Ge - Wb)1 m3/periodEp 1 - LR

From previous examples:
acreage A ETcrop Pe Ge Wb

ha mm/zear mm mm mm
90 8 0 20 -
90
6o 1ó2g 20 9() '1 )60 375 240 90 -

Project acreage 150 ha; cropping intensity 200%.
Calculation:
v 10 840 - 20oni r 400 - 150 - 90

- 0.4 1 - 0.44 L 1 - 0.22

[37524o o x 6011 5.4 106 m3/year- - g

Similarly the monthly supply requirements can be determined.

90]

LR Ep
fraction fraction

[ 1065 - 160
1 - 0.24 60]

1/ Bos M.G. and Nugteren J. On Irrigation Efficiencies. Publication 19. International Institute
for Land Reclamation an.d Improvement, 89p. 1974.

0.44 0 . 4
0.22 0 . 4
0.24 0 . 4
0.25 0.4
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For a first estimate on capacity of engineering works, the peak supply (Vmax) can be based

on project supply of the month of highest irrigation demands (In peak). Leaching is normally practised
outside this month, but when saline water is used, this may need to be considered in the peak supply.

Vmax = C 19 (A. In peak)Ep

To incorporate flexibility in the delivery capacity of the supply system as well as to allow for
future intensification and diversification of crop production, a flexibility factor (C) is frequently added.
This factor varies with the type of project and is generally higher for small schemes as compared to
large schemes. For projects based on supplemental irrigation this factor is high. With monocultures
such as rice, orchards and permanent pastures the factor is small. The C factor should not be
confused with the design factor( which indicates rotation of supply within the scheme. For the design
of structures, in addition a safety factor which depends on the type and size is normally added.

EXAMPLE:
Given:
Data from previous example. Peak irrigation month is July, with
ETcotton = 280 and ETTaize = 275 mm/month. For 150 ha scheme
with project efficiency 0.4, flexibility factor selected is 1.2
Calculation:
Vmax = 1.2 [280 x 60 + 275 x 90] = 1.25 106 m3/peak month0.4

10

or some 480 1/sec with flexibility factor
or some.400 1/sec vrithout flexibility factor
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2. PROTECT DESIGN

2.1 INTRODUCTION

Based on a comprehensive resources ..nventory and following the selection of the prod.uction
system, the procedure generally followed in deriving the design data for the distribution system is
first to prepare a preliminary layout of the scheme and to determine the area distribution of crops to
be grovrn and the cropping intensity. This will also include size and shape of commanded areas,
water level and flow control and provisions to be made such as location and size of main canals and
number, type and capacity of structures needed. Preliminary estimates on design capacity can be
based on irrigation supply requirements during the months of peak water use. The classic method of
deriving supply over area and time for projects greater than 2 000 ha is to consider each area served
by the main canals. For a given cropping pattern and intensity, the irrigation requirements (rnm/
month/ha) can be determined and from this the average supply of the area served (V in m3klay). A
fixed supply is thus assumed to the area served by each main canal; the water supply is then rotated
among the different fields composing the area served. The graphical presentation, where supply is
plotted against each area served by the lateral canals and totalled for the main canal, is called the
supply or capacity line. Sometimes empirically-derived capacity lines are available but their use
for projects other than that for which they were developed is often not justified..

A detailed layout of the system is prepared next, considering field size, field layout, topo-
graphy, land slope, natural boundaries, land ownership, and land preparation including need for land
grading. The operation criteria of the system are based on the field irrigation supply schedules,
i.e. size, duration and interval of supply, and method of supply (continuous, rotation or demand).
Supply schedules are determined for individual fields and subsequently for field blocks, the area
served by laterals and main canals. Because of differences in crops and areas served the supply
may become irregular over the total project area; peak supply for parts of the project area can occur
at different times. The supply schedules thus determined can show large and frequent differences with
the supply requirements using weighted monthly supply data (II. 1.2.4). Based on the supply schedules,
canal capacities and need for regulating and check structures can then be determined together with the
organizational franiework for operating and maintaining the system.

In future, changes can be expected in supply requirements due, for instance, to crop inten-
sification and diversification. An extra allowance can be made in the scheduling criteria. However,
at the plaruzing stage normally conservative estimates are applied on irrigation efficiencies, since it
may take many years to operate the project in an efficient manner. Any increase in the supply
requirements may then be met by the savings in water due to the improvements in project operation
and field irrigation practices.

2.2 FIELD AND PROJECT SUPPLY SCHEDULES

To derive the data for design and operation of the irrigation distribution system, a detailed
cvz.xluation is made of the supply schedules. This should preferably start at the lowest irrigation unit,
and subsequently include the block of fields, area served by lateral canals and project areas served
by main canals.
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The supply requirements at the field level are determined by the depth and interval of
irrigation. These data can be obtained from the soil water balance andare primarily determin.ed by
(i) the total available soil water (Sa = Sfc - Sw where Sfc and S NV are the soil water content in
mm/m soil depth at field capacity and wilting point respectively); (ii) the fraction of available soil
water permitting unrestricted evapotranspiration and/or optimal crop growth; and (iii) the rooting
depth (D). The depth of irrigation application (d) including application losses is:

d (p..Sa).D
Ea

and frequency of irrigation expressed as irrigation interval of the individual field (i) is:

. (p.Sa).D
ET crop days

where: p fraction of available soil water permitting unrestricted
evapotranspiration, fraction

Sa = total available soil water, mm/m soil depth
rooting depth, m

Ea application efficiency, fraction

Since p, D and ETcrop vrill vary over the grovring season, the depth in nun and interval of
irrigation in days will vary.

For design and operation of the water distribution system, the supply requirements of the
individual fields will need to be expressed in flow rates or stream size (q in m3/ sec) and supply
duration (t in seconds, hours or days). The field supply (q.t) is:

10
q't (p.Sa).D.A m3

where: q - stream size, m3/sec
t - supply duration, seconds
Ea application efficiency, fraction
p .. fraction of available soil water permitting unrestricted

evapotranspiration, fraction
Sa = total available soil water, nunim soil depth
D =, rooting depth, in
A .. acreage, ha

In determining the relative values of q and t, the soil intake rate and method of irrigation
must be taken into account. For instance, t will be greater for heavy as conrpared to light soils and
also for sprinkler and furrow irrigation as compared to basin irrigation. Furthermore, the stream
size (q) must be handled easily by the irrigator.-

The capacity and operation of the distribution system are based on the supply requirements
during the peak water use month. However, the function of the system is to satisfy, as far as
possible, the momentary irrigation requirements of each crop and each area in terms of size (Q),
duration (T) and interval of supply (1).1/Field irrigation requirements will vary for each crop during
the growing season and the supply must follow those changes over area and time. Analysis of the

MM

1/ Miniscules are used here to denote supply requirements at the field level (d, q, t, i) andcapital letters are used to denote capacity and operation variables of the supply system (V, Q,T, 1).
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system and selection of the method of supply (continuous, rotation or demand) should therefore start
with an evaluation of the field variables. The following indicators can therefore be used:

supply requirement factor fi Vi/Vmax which for a given period is the ratio between the
average daily supply requirements (m3/day) and the average maximum daily supply
requirements durin.g the peak water use period (m3/day).

- design factor ce = 86 400 Qmax/Vmax which is the ratio between the canal capacity or
maximum possible discharge (m3/sec) and the maximum average daily supply requirement
during the peak water use period (m3/day).

supply duration factor ft = T/I which is the ratio between supply duration T (day) and
the supply interval I (day).

supply factor fs = Qi/Qmax which is the ratio between actual required and maximum
possible supply (m3/sec).

The design and opetation criteria must furthermore consider the degree to which the
variation in supply requirements can be met, the technical facilities to regulate and convey the
required supply, and the construction, operation and maintenance costs. Adequate control of the
water source at headworks must be secured to permit the variation in project and field supply over
time.

CALCULATION PROCEDURES

2.2.1 Field Irrigation Schedules:
Determine field water balance for each crop over the growing season on monthly or shorter
basis without considering irrigation..
Select for each crop the level to which the available soil water can be depleted for given
soil and climate.
Determine for each crop the depth and interval of irrigation application over the growing
season.

2.2.2 Field Irrigation Supply Schedules:
Determine criteria on field size, method of irrigation and field water management practices.
Select stream size based on method of irrigation, irrigation practices an.d water handling at
the farm level.
Determine for selected stream size the duration and interval of field supply for given crop,
soil and climatic conditions.

2.2.3 Design and Operation of Supply System:
Prepare detailed field layout and water distribution plan.
Select for given scheme layout and production pattern the method of delivery.
Quantify supply schedules for the different crops and acreages over thel growing season.
Determine capacity and operation requirements of the distribution system.
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2 . 2. 1 Field. Irriszation Schedules

Field irrigation schedules are based on the field water balance and are expressed in depth
(d in mm) and interval of irrigation (i in days).

(d)

Depth of irrigation application is the depth of water that can be stored within the root zone
between the so-called field capacity (Sfc) and the allowable level the soil water can be depleted fo a

given crop, soil and climate. Data on type of soil and its water holding characteristics should be'
collected at site; approximate data on available soil water for different soil ty-pes are given in
Table 38. Available soil water is expressed in mm/m soil depth. The total available amount of water
stored in the soil (Sa) one or two days after iirigation is given by the soil water content at field
capacity (soil water tension of 0.1 to 0.3 atrnospheres) minus that at wilting point (Sw) (soil water
tension of 15 atmospheres).

Table 38 Relation,between Soil Water Tension in bars (atmospheres)
and Available Soil Water in rnm/m soil depth

Not all water in the root zone held between Sfc and Sw is readily available to the crop. The
level of maxirnum soil water tension or maximum soil water depletion.tolerated to maintain potential
crop, growth varies with type of crop. The depth of water readily available to the crop is defined as
p.Sa where Sa is the total available soil water (Sfc - Sw) and p is the fraction of the total available
soil water which can be used by the crop without affecting its ev-apotranspiration and/or growth. The
value of p depends mainly on type of crop and evaporative demand. Some crops, such as vegetables,
potatoes, onions and strawberries, require relatively wet soils to produce acceptable yields; others
such as cotton, wheat and safflower will tolerate higher soil water depletion levels. However, the
tolerated depletion level varies greatly with crop development stage; for most crops a reduced level
of depletion should be allowed during changes from vegetative to reproductive growth or during
heading and flowering to fruit setting. Some crops do not have such water specific stages. Periods
when crops are sen.sitive to soil water shortages are given in Table 32.

The depth of soil water readily available to the crop (p. Sa) will also vary with the level of
evaporative demand. When ETcrop is low (> 3 mm/day), the crop can transpire at its maximum rate

(alter Rijtema, 1969)

Soil water tension
(atmospheres)

0.2 0.5 2.5
Available soil water in mm/m

(Sa)

15

Heavy clay 180 150 80 0
Silty clay 190 170 100 0
Loam 200 150 70 0
Silt loam 250 190 50 0
Silty clay loam 160 120 70 0

Fine textured soils 200 150 70 0
Sandy clay loam 140 110 60 0
Sandy loam 130 80 30 0
Loamy fine sand 140 110 50 0

Medium textured soils 140 100 50 0
Medium fine sand 60 30 20 0

Coarse textured soils 60 30 20 0
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to a soil water depletion greater thp that when ETcrop is high ( 8 rnm/clay). This is somewhat more
pronounced in heavy soils as compared to coarse textured soils.

Depth of irrigation application (d) is equal to the readily available soil water (p.Sa) over the
root zone (D). An application efficiency factor (Ea) is always added to account for the uneven
application over the field or:

d (p. Sa).D/ Ea mm

General information is given in Table 39 for different crops en rooting depth (D) on fraction of
total available soil water allowing optimal crop growth (p) and on readily available soil water (p.Sa)
for different soil types. Data presented in Table 39 consider ETcrop to be 5 to 6 mm/day and rooting
depth refers to full grown crops. When ETcrop is 3 mm/day or smaller, the readily available soil
water (p.Sa) can be increased by some 30 percent; when ETcrop is 8 or more mm/day it should be
reduced by some 30 percent. Depth of rooting will depend on many factors and should be determined
locally. When the project is operational, refinements will be required and local information should be
collected; this particularly applies to the soil water depletion levels for each crop during the differ-
ent growing stages. Reference should also be made to the comprehensive reviews available on crop
response to soil water deficits at different stages of crop 'growth.

EXAMPLE:
Given:
Cotton; medium textured soil, ET cotton is 9.5 mm/day; rooting depth
is 1.5m; application efficiency is 0.65.
Calculation:
Available soil water (Sa) (Table 38) = 140 mm/m
Fraction of available soil water (p) (Table 39) 0.65
Readily available soil water (p. Sa) 91 mm/m
Correction for ETcrop 0.7
Rooting depth (D) - = 1.5 m
Readily available soil water (p.Sa).D 95 mm
Depth of irrigation 95/Ea = 150 mm

(ii) Irrigation application interval (i)

Correct timing of irrigation applications is of over-riding importance. Delayed irrigations,
particularly when the crop is sensitive to water stress, could affect yields, which cannot be compen-
sated for by subsequent over-watering. Timin.g of irrigation should conform to soil water depletion
requirements of the crop which are shov.rn to vary considerably with evaporative demand, rooting depth
and soil type as well as with stages of crop growth. Therefore, rather than basing irrigation interval
on calendar or fixed schedules, considerable flexibility in time and depth of irrigation should be main-
tained to accommodate distinct differences in crop water needs during the crop's growing cycle. These
detailed considerations are often not covered at the design stage. General information on field sched-
uling, however, should be available before selecting the method of canal operation and undertaking

1/ Slatyer, R.O. Plant-water Relationships. Academic Press, 1967.
Hagan, R.M. , Haise, H.R.and Edminster T.W. Irrigation for agricultural lands. ASA No.11, 1967.
Kozlowski, T.T. Water Deficits and Plant Growth I, II and III. Academic Press, 1968.
Salter P.J. and Goode, J.E. Crop responses to water at different stages of growth. Commonwealth

Agricultural 'Bureau, 1967.
Vaadia Y. F. et al. Plant water deficits and physiological processes. American Review of Plant

Physiology. 12:265-292, 1961.
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1/

Crop Rooting depth
(D)
rn
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Generalized Data on Rooting Depth of Full Grown Crops, Fraction of Available
Soil Water (p) and Readily Available Soil Water (p. Sa) for Different Soil Types

(in mm/m soil depth) when ETcrop is 5 - 6 min/day

Fraction (p) of
available
soil water-1/ fine

Readily available soil water (p. Sa)
ramindj

medium

When ETcrop is 3 nun/day or smaller increase values by some 30%; when ETcrpp is 8 mm/day
or more reduce values by some 30%, assuming non-saline conditions (ECe < 2 nunhos/cm).

2/ Higher values than those shown apply during ripening.

Sources: Taylor (1965), Stuart and Hagan (1972), Saiter and Goode (1967), Rijtema (1965) and others.

Alfalfa 1.0 - 2.0 0.55 110 75 35
Banana i 0.5 - 0.9 0.35 70 50 202
Barley2-71 1.0 - 1.5 0.55 110 75 35
Bean.s 1 0.5 - 0.7 0.45 90 65 30
Beets 0.6 - 1.0 0.5 100 70 35
Cabbage 0.4 - 0.5 0.45 90 65 30
Carrots 0.5 - 1.0 0.35 70 50 20
Celery 0.3 - 0.5 0.2 40 25 10
Citrus I . 2 - 1.5 0.5 100 70 30
Clover 0.6 - 0.9 0.35 70 50 20
Cacao 0.2 40 30 15
Cotton 1.0 - 1.7 0.65* 130 90* 40
Cucumber 0.7 - 1.2 0.5 100 70 30
Dates 1.5 - 2.5 0.5 100 70 30
Dec. orchards 1.0 - 2.0 0.5 100 70 30
Flax 2// 1.0 - 1.52Grains small / 0.9 - 1.52

0.5
0.6

100
120

70
80

30
40

winter -1 1.5 - 2.0 0.6 120 80 40
Grapes 1.0 - 2.0 0.35 70 50 20
Grass 0.5 - 1.5 0.5 100 70 30
Groundnuts 0.5 - 1.0 0.4 80 55 25Lettuce0.3 - 0.5 0.3 60 40 20
Maize a./ 1.0 - 1.7 0.6 120 80 40

silage 0.5 100 70 30
Melons 1.0 - 1.5 0.35 70 50 25
Olives 1.2 - 1.7 0..65 130 95 45
Ornons 0.3 - 0.5 0.25 50 35 15
Palm trees 0.7 - 1.1 0.65 130 90 40
Peas 0.6 - 1.0 0.35 70 50 25
Peppers 0.5 - 1.0 0.25 50 35 15
Pineapple 0.3 - 0.6 0.5 100 65 30
Potatoes 2/ 0.4 - 0.6 0.25 50 30 15
Safflower - 1.0 - 2.0 0.6 120 80 40
Sisal2 0.5 - 1.0/Sorghum 1.0 - 2.0

0.8
0.55

155
110

110
75

50
35

Soybeans 0.6 - 1.3 0.5 100 75 35
Spinach 0.3 - 0.5 0.2 40 30 15
Strawberries 0.2 - 0.3 0.15 30 20 10
Sugarbeet 2/ 0.7 - 1.2 0.5 100 70 30
Sugarcane 2 ii 1.2 - 2.0 0.65 130 90 40
Sunflower -1 0.8 -' .5 0.45 90 60 30

.1.5Sweet potatoes 1.0 - 0.65 130 90 40
Tobacco early 0.5 - 1.0 0.35 70 50 25

late
Tomatoes 0.7 - 1.5

0.65
0.4

130
180

. 90
60

40
25

Vegetables 0.3 - 0.6 0.2 40 30 15
Wheat 1.0 - 1.5 0.55 105 70 35

. ripening 0.9 180 130 55

Total available soil water (Sa) 200 140 60
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detailed field d.esign. The irrigation interval can be obtained from:

.(p. Sa).D
1 ETcrop

The efficiency of irrigation application is not considered when determining

EXAMP LE :
Given:
Cotton; ETcotton is 9.5 nun/day; readily available soil water over the
root zone during full growth corrected for ETcotton (p.Sa).D = 95 mm.
C alculation :
Irrigation application interval (i) is 95/9.5 10 days

(iii) Calculation of field irrigation sched.ules

A first evaluation of depth (d) and interval (i) of irrigation application for the whole growing
season can be made using the monthly soil water balance and soil water depletion data. The steps
needed are shown together with a hypothetical example:

1 - 5 Determine running soil water balance
for the growing season without irrigation
on monthly (or shorter)basis or soil water
available at end of each month (We) is
We = Wb + Ge + Pe - ETcrop (nun/month)

6 Plot We in mm at end of each month and
draw curve (6).

7 Determine for given soil and crop the
depth of total available soil water stored
in the root zone (Sa.D) using Table 38
and plot values; make adjustment for .
beginning of growing season during which
the roots develop.

8 Determine from Table 39 fraction (p) of
total available soil water and correct for
ET crop. Calculate (1 - p)Sa.D for each
month and plot; make adjustment for
first part of growing season.

9 When soil water balance curve (6) meets
soil water d.epletion curve (8), replenish
soil water with (p. Sa).D by drawing
vertical line between (8) and (7).

Plot new soil water balance curve (10)
starting from line (7) and parallel to
line (6) for that period until line (8);
repeat step (9).

11 Determine niunber of irrigations for each_
month.

12 Determine net depth of irrigation for
each month.

13 Determine interval of irrigation for each
month.

14 Add application losses and leaching
water to determine supply requirements.

-100-

- 200-

We. (Wb+ Pe+ Ge ETcrop)- 300-

1,6

-400^

-500-

-800-

-700- ,
-800-



Wb begin, of month
Pe rainfall
Ge groundwater
ETcotton
We end of month

2.2.2 Field. Irriqation Supply Schedules

Field supply is primarily determined by the field irrigation schedules (depth and interval of
irrigation) and by the method the water is distributed to and applied over the fields. The method of
irrigation application (surface, sprinkler, drip) is in turn determined by factors such as type of
crop, soil type, need for land grading, water use efficiency, erosion hazards, salinity of the
irrigation water, cost and others. Field irrigation supply at the time of irrigation for a given soil,
crop and level of evaporative demand is:

10q.t = (p.Sa).D.AEa

where: stream size in 1/s.ec
t = supply duration in seconds
Ea = application efficiency, fraction
Sa = total available soil water, mm/m soil depth
p = fraction of total available soil water permitting unrestricted

evapotranspiration and/or crop growth, fraction
rooting depth, m

A acreage, ha

EXAMPLE:
Given:
Cotton, June, medium textured soil, ET crop is 9.5 nun/day; readily
available soil water is 0.7 x 90 = 65 mm/m soil depth, rooting depth
is 1.5 m, application efficiency is 0.65, field size is 3 ha.
Calculation:

10q . t = 5775- 65 1.5 3 = 4 5oo ni3

90

EXAMP LE :
Given:
Cotton; growing season March through August. Crop, soil and climatic
data as given below; rooting depth end April is 1.5 m; soil is medium
textured.
Calculation: M A J

+100 +145
+90 +50

Plot We at end of months as given.
Total available soil water (Sa) is 140 mm/m soil
growth (Sa.D) = 140 x 1.5 = 210 mm; plot values
growing season.
For medium textured soil and given ETcotton determine
available soil water and (1 - p)Sa.D in mm.
fraction (p) 0.65 0.65 0.65 0.65
ET crop mm/day
corrected p
(1 - p)Sa.D mm

(9) and (10) Give graphical
No of irrigations
. per month
Net depths of

irrigation

1.5 3.5 7.5 9.5
0.9 0.8 0.5 0.45
(20) (45) 105 115

interpretation as indicated.

-285 -280 -120
. -405 -685 -805

(Table 38) or at full crop
and correct for early

2 3 3 0

nun 125 100 95
105 95 95

95 110
Irrigation interval 14 10

day 17 10 10
10 12

Add leaching requirement and apphcation efficiency.

m3

A

0.65- 0.65
9.0 4.0
0.45 0.75
115 so

- 43 -110 -225
+145 + 85 -120

fraction (p) of

all in mm
+ 85 -120 -405 -685
+ 20



Table 40

se:

Select appropriate vales on
Iles A, D and E.

Lay ruler from the point on
scal"--41: through t; on
sca,e to scale C.

Slide the ruler on the pencil
to the point on scale A.

The answer appears where
the ruler intersects scale B.
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To obtain a first estimaté of q and t, by converting the depth of water to be applied into
stream size and supply duration, Table 40 or monograph Fig. 19 can be used. The Table and mono-
graph do not take into account the irrigation application rate, irrigation method and practices, and
the stream size that can be handled by the irrigator, and as such may give unrealistic estimates.
Estimates of q and t must be evaluated on the basis of the different irrigation methods and practices.

Average Intake Rates of Water in mm/hr for Different Soils and Corresponding
Stream Size 1/sec/ha

Fig. 19 Monograph showing Relation between Depth of Irrigation, Area Irrigated,
Volume of Irrigation Water. Supply Duration and Stream Size

(after Israelson and Hansen)

g 30

.(73 70
90
90
100
125
150
175
200
225
A-250

20

100 -
200000

60 30

6000

--:- 3540: 7000 1:5
In

\ 6
E 60

-

25 E
111 ...- 70

20 1 2000
15 - 2a t c r . -a o
1 0 o c E. 90

43 10001.0 /3
1 - 100

.6 800 01o o 110
S z 600 °O.55 '2'

3

.!--

4 .'§ :5470 °043 V-150
CI 140
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0.08

aos- 0.05
_100 0.04
C 0.03
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0.01

EXAMPLE:
Given:
Depth of irrigation is 150 mm,acreage is 3 ha, available stream size q is 50 ltsec
Calculation:
Using monograph Fig. 19, t = 25 hrs.

50

Soil Texture
.

Intake Rate mm/hr Stream size q 1/sec/ha

Sand 50 (25 to 250) 140
San.dy loam 25 (15 to 75) 70
Loam 12.5 ( 8 to 20) 35
Clay loam 8 (2.5 to 15) 22
Silty clay 2.5 (0.03 to 5) 7
Clay 5 ( 1 to 15) 14

3. Place t of a sha,--p
pencil against ruler 20
scale C.

4010
1000030 40900020

300

400
E
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Surface irritzation

For a given field, the stream size (q in l/sec or m3/sec) will depend mainly on the type of
soil or infiltration rate, on the method of surface irrigation and the number and size of furrows,
borders or basins that can be irrigated simultaneously.

In the case of the basin (or level border) method, to attain uniform water distribution the
flow of water to each basin should be at least two times or more that required for the average soil
intake rate, i.e. 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, the flow Of
water per furrow or border should be large enough to reach the end of the run, and small enough not
to cause erosion, flooding and tail losses. The size of the flow must be adjusted to the infiltration
rate of the soil, the length of run, land slope, erosion hazard, shape of the flow channel and the
water depth to be applied. The stream size (q) that can be handled by an irrigator is 20 to 40 1/sec.

Information on irrigation methods must be available at the design stage of the project, and
field trials on irrigation methodS and practices are required. For reference, the flow in 1/sec for
a suggested size or length of field under basin, border and furrow irrigation is given for different
soil types and land slopes in Tables 41, 42 and 43. These data apply to well graded fields.-1/

EXAMPLE:
Given.:
Cotton, with water application of 150 mm including application losses.
Soil is medium textured; land slope is 0.5%. Furrow irrigation with
spacing 0.8 m; 20 furrows can be operated simultaneously.
Calculation:
Table 42: length of furrow 470

mTable 42: average flow per furrow 1/sec
q is number of furrows x average flow = 20 X 1.25 = 25 1/sec
t is area x depth of application divided by q or
(20 x 0.8 x 470) x 0.15/0.025 = 45 000 sec or - 12.5 hrs
With day and night irrigation, the area irrigated per
day is (24/12.5) x 20 x 0.8.x 470/1 000 1.5 ha

(ii) Sorinkler irrization

The determination of the field irrigation supply for sprinkler irrigation is similar to that for
surface irrigation, the main difference being the detail of information required to operate the .t ystem
so as to minimize the equipment required.

The stream size is determined by the application rate which in turn is governed by the basic
intake of the soil and by the number of sprinklers operating simultaneously. This latter is determined
by the system layout, which in turn is largely dictated by size and shape of the field, irrigation
interval and the farmers preference on number of hours per dayand number of days per week the
system will operate. These factors have a distinct effect on stream size and supply duration.

1/ For the evaluation of irrigation methods, reference is made to Merriam (1 968), Slabbers (1971)and Booher (1973).



Table 41

Table 42

Table 43

*Under conditions of perfect land grading.
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)0Size of Basins and Stream Size for Different Soil(s

Length of Furrows and Stream Size for Different Soil Type,
Land. Slope and Depth of Water Application )0(

Size of Borders and Stream Size for Different Soil Type
and Land Slope (Deep Rooted Crops)4(

Size of basin (ha)
flow (1/sec)

Sand Sandy
Loam

Clay
Loam Clay

.02 .06 .12 .2 30
.05 .16 .30 .5 75
.10 .30 .60 1.0 150
.15 .45 .90 1.5 225
.20 .60 1.20 2.0 300

Slope (%)
Length of furrow (m) average flow

sec)(1/heavy texture medium texture light texture

0.05 300 400 400 400 120 270 400 400 60 90 150 190 12
.1 340 440 470 500 180 340 440 470 90 120 190 220 6
.2 370 470 530 620 220 370 470 530 120 190 250 300 3
.3 400 500 620 800 280 400 500 600 150 220 280 400 2
.5 400 500 560 750 280 370 470*530 120 190 250 300 1.25

1.0 280 400 500 600 250 300 370 470 90 150 220 250 .6
1.5 250 340 430 500 220 280 340 400 80 120 190 220 .4
2.0 220 270 340 400 180 250 300 340 60 90 150 190 .3

Application
depth ( 75 150 225 300 50 100 150 200 50 75 100 125

Soil type Slope (%) Width (m) Length (m) Average flow (1/sec)

Sand .2- .4 12 - 30 60 - 90 10 - 15
4- .6 9-12 60 - 90 8 - 10
6 - 1.0 6- 9 75 5- 8

Lowny sand .2 - .4 12 - 30 75 - 150 7 - 10
4 - .6 9 - 12 75 - 150 5 - 8

.6 - 1.0 6 - 9 75 3 - 6
Sandy loam .2 - .4 12 - 30 90 - 250 5 - 7

.4 - .6 6- 12 90 - 180 4 - 6

.6 - 1.0 6 90 2 - 4
Clay loam .2 - .4 12 - 30 180 - 300 3 - 4

4- .6 6-12 90 - 180 2 - 3
6 - 1.0 6 90 1- 2

Clay .2 - .3 12 - 30 350+ 2 - 4



(iii) Drip irrigátion
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For a given system, the depth and interval of irrigation can be changed by varying the

application duration and number of days between irrigations. Any alteration in the number of laterals

and sprinklers operating at any time, other than that laid down in the design, may negatively affect
the operation and uniformity of water application, unless flow and pressure regulators are used. The
total stream size should therefore as far as possible conform to the discharge rate used in the design..

EXAMPLE:
Given:
Cotton; ETpeak is 9.5 mm/day; basic intake rate is 10 mm/hr; depth per
application net is 95 mm; application efficiency is 0.75.
Calculation:
Application time (t) is (95/0.75)/10 = 12 hours
For 10 mm/hr, spacing 18 x 18, required stream size

= 3.25 m3/hrper sprinkler is 10 x 18 x 18/1 000
From Table 44, nozzle size .5.0/5.5 mm, pressure 2.5 atm.
For given field size and shape, with no off hours of application per day and
per week and irrigation interval, the system layout including numbPr of
sprinklers per lateral (usually maximum 15) and number of lateral:-
operating simultaneously can be found. Stream size (q) is found I
number of sprinklers and number of laterals operating at one ti _ _nultiplied
by sprinkler discharge.
Total pressure required at the pwnp can be determined from pipe friction
losses, sprinkler height over the pump, and pressure at sprinkler nozzle.
Water lift to pump and purnp efficiency is to be added when selecting type
and size of puinp.

Table 44 Operating Figures for Some Sprinklers (Square Pattern)

With a drip system, irrigation water is supplied to individual trees, groups of plants or plant
rows by emitters placed on laterals delivering a flow (qe) of 2 to 10 1/hr each The stream size is

Nozzle

nun

Pressure

kg/cm2

Wetted
Diameter

ni

Discharge

m3ihr

Spacing Area
Irrigpted

ni4

Precipitation

mm/hr

4.5 2.0 13.5 1.1 12 x 18 215 5.0
2.5 14.0 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 15.0 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 x 24 430 5.5

4.5/4.8 2.0 14.0 2.3 12 x 18 215 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 x18 325 10.2*
3.0 16.3 3.6 18x24 430 8.4
3.5 16.6 3.9 18x24 430 9.1

5.0/7.5 3.0 19.0 5.3 24x24 575 9.3
3.5 19.3 5.8 24x24 573 10.7
4.0 20.0 6.2 24x24 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 24x24 24 575 11.3
4.0 19.0 7.0 24x24 575 12.2
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determin.ed by the number and type of emitters, soil type, crop and allowable soil water depletion. In
a well-operated system a nearly' constant low soil water tension can be maintained in the root zone.
For a selected level of soil water depletion and knowing ETcrop and soil infiltration rate, the
frequency and duration of application can be determined. Information on flow rates is given in
Tables 45, 46 and 47.

EXAMPLE;
Given:
Tomatoes; acreage (A) is 40 ha; ETpeak is 7 mm/day; soil intake rate is
5 n-un/hr; total available soil water (Sa) is 140 mm/m soil depth, at time of
irrigation Cl - p)Sa is 90 mm/m soil depth; rooting depth (D) is 1 m.
Row spacing (11) is 1.2 ni with emitter spacing (12) of 0.6 m; emission
uniformity (Eu) is 0.95; application losses including evaporation 0.90;
emitter flow (qe) selected is 2 1/hr.
Calculation:
Fraction of surface area wetted (P) using Table 47 is
w/(11 x 12) = 0.4/(1.2 x 0.6) = 0.55
Deptfi of application (d) = (p.Sa)D.P /(Eu. Ea) = 32 mm
Irrigation interval (i) is (p. Sa)D .P /ETcrop

4 claFlow duration (t) is d x 11 x 12/qe 11.5 ho3ru:s
Operation unit (N) is (i x 24)/t = 8
Stream size required assuming continuous operation of the
system 2.8A/N x qe/(11 x 12) = 39 1/sec

Table 45

Table 46

Flow Rate per Drip Emitter (qe) in 1/hr, Continuous Flow, for Different
ETcrops and. Number of Emitters per ha

Flow Rate per Tree, Continuous Flow, for Different ETcrop and Tree
Spacine, 1/hr

ETcrop Emitters per ha
mm/day 250 500 750 1000 1500 2000 2500 5000

1.25 2.08 1.04 0.69 0.52 0.35 0.26 0.21 0.10
2.50 4.16 2.08 1.38 1.04 0.69 0.52 0.42 0.21
3.75 6.25 3.12 2.08 1.56 1.04 0.78 0.62 0.31
5.00 8.33 4.16 2.77 2.08 1.39* 1.04 0.83 0.42
6.25 10.41 5.12 3.47 2.60 1.74 1.30 1.04 0.52
7.50 12.50 6.25 4.17 3.13 2.08 1.56 1.25 0.63

Tree spacing
m

ETorchard mm/day
5 6.25 7.5

6 x 6 7.5 9.5 11

9 x 9 17 21 25
12 x 12 30 37 45
15 x 15 47 59 70
18 x 18 67 84 101

J

_Em-tier flow
1/hr cont.

Soil infiltration rate mm/hr
2.5 5 7.5

.

2 0.8 0.4* 0.25
4 1.6 0.8 0.50
6 2.4 1.2 0.75
8 3.2 1.6 1.00

Table 47 Surface Area Wetted (w) in m2 for Different Emitter Flow and Soil Infiltration Rate
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2.2.3 Desien and Operation of Supply System

Following the preparation of detailed field and canal layout the criteria on which the canal
system will operate need to be developed. The method of operating the supply system can be broadly
delineated as continuous, rotational and supply on demand. With the continuous method of supply the
system is constantly in. operation with supply adjusted to the changing irrigation requirements over
the season. The method is mainly used for the main canals supplying acreages of 50 ha or more.
Only in the case of some monocultures such as rice, pastures and orchards is the continuous supply
sometimes maintained up to the field level.

Rotation is most commonly used for surface irrigation.; a fixed supply is normally selected
and changes in irrigation requiremen.ts are met by adlusting the duration and interval of supply.
Supply schedules should be prepared in advance. The method is not well adapted toa diversified
cropping pattern or sudden large changes in supply requirements.

For optimal operation, the free demand or random supply method requires high investments
in canal structures and a high level of management. It is primarily restricted to closed conduit
pressure systems such as sprinkler irrigation or small projects (smaller than 50 ha), with adequate
control of the water source such as pump irrigation from streams or wells. Within certain limitations
the method allows the user of water to take irrigation water when desired. -

To develop the operation of the supply system the following indicators can be used:

supply requirement factor fi = Vi/Vmax which for a given period i is the ratio between
the average daily supply requirements during the period i (Vi in m3/day) and the average
maximum daily supply requirements during the peak water use 'period (Vmax in m3/day)

supply factor fs = Qi/Qmax which for a given period i is the ratio between the required
.stream size during the period i (Qi m3 /sec) and the maximum possible stream size or

canal capacity (Qmax in m3 /sec)

supply duration factor ft = T/1 which is the ratio between supply duration (T in days) and
the supply interval (1 in days)

design factor ot = 86 400 Qmax/Vmax which is the ratio between the maximum possible
stream size or canal capacity (Qmax in m3/sec) and the average maximum daily supply
requirement during the peak water use period (Vmax in m3/day) on which the design is based

For the different methods of supply the values of the indicators can be summarized as follows:

1/ I. Nugteren. Technical aspects of water conveyance and distribution systems. In: Water UseSeminar, Damascus. Irrigation and Drainage Paper 13, FAO Rome. p.170-185.Fukuda H. and Tsutsui H. Rice irrigation in japan. OTCA, Tokyo. 88p.

fi fs ft a
continuous
rotational

demand

0
0

0

- I
- 1

- 1

0

0

- 1

1

- 1

0

0

1

- 1

- 1

1

1 - 5
>5
>1

>50 ha except possibly for rice (fi = fs)
50 - 250 ha

<50 ha
all acreages



) Continuous supply

With continuous supply the system is constantly in operation. The discharge in the canal
system is adjusted to the daily irrigation require.ments; the supply is distributed within the system
proportionally to the acreages served. The design is based on:

where:
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Qmax Vmax/86 400 E

Qmax canal capacity, m3/sec
Vmax = maximum average daily supply requirements in peak water use

period for given crop acreage, mi/dav
= design factor

efficiency factor of conveyance and/or field canal, fraction

Disregarding efficiency and any over-capacity, the design factorc4 is equal to one. Since
the supply during any .part of the irrigation season needs to follow the daily irrigation supply require-
ments, the supply factor (fs) is equal to the supply requirement factor (fi). The supply duration
factor (ft) is equal to one.

With the continuous supply method, construction costs are minimal since the design factor oc

is approximately equal to one. The supply is regulated mainly by simple diversion structures which
are easy to operate. Accurate adjustments in the supply proportional to actual field requirements
are difficult to handle particularly when stream sizes become small, resulting in low efficiency (see
Ep for rice, Table 37,equal to 0.32, ICID/ILRI). However, except possibly for some rice schemes,
the fields n.eed to be irrigated at given intervals, and at the field level an interrupted or rotational
delivery will be required. Continuous supply is in general limited to canals serving 50 ha or more,
and within the 50 ha block the supply is rotated among the individual fields.

(i i) Rotational supply

With rotational supply the capacity and operation of the distribution system is based on a
constant or fixed supply to each field or farm (q) while the supply duration (T) and supply interval (1)
is varied according to the changing field irrigation requirements over the growing season. When in
operation each canal section carries the maximum discharge (Qmax in in' /sec). With a fixed supply
delivered to each farm, usually for 1 or 2 days during the supply interval of some 10 to 20 days,
rotations must be introduced between farm inlets and/or distributory canals. Since the distribution
i.-;ystem always carries th.e maximum discharge, the whole system is closed for part of the time when
I rrt gatio n requirements are low.

Rotational supply, with rotation blocks of 50 to 250 ha, is well adapted to schemes with a
single crop or simple cropping pattern. An advantage is the relatively high conveyance efficiency
since canals are either fully filled or empty. Supply can be regulated from headworks and few
structures are required. Large variations in discharges are avoided reducing sedimentation problems.
An equitable distribution of available water among farmers can be achieved. A main disadvantageori
be that water supply to a diversified cropping pattern with distinct, different irrigation requirements
over area and time is very problematic. The supply interval to each farm does vary over the season
but is the same for all crops unless different crops are grown over large acreages or special
provisions are provided such as introduction of double rotations. While the operation of the system,



i . e . the supply schedules, must meet the changing field requirements over the season, the design
criteria are based on supply requirements for the peak water use month.

The evaluation of the design and operation criteria of the system should start with an analysis
of the field irrigation requirements. Starting at the field level, a constant or fixed stream size (q)
should preferably be selected. This is not an absolute requirement but the use of a fixed stream size
throughout the system simplifies the setting up of supply schedules and a certain degree of standard-
ization of the capacity of canals an.d water control structures is achieved. The capacity of each
canal section is then a multiple of q; to this an allowance must be added for the irrigation efficiency
(E). The stream size selected is based on the method of irrigation and the way the water is
distributed over the field or farm. It should easily be handled by one irrigator or between 20 and 40
1/sec. For large farms q can be increased 2 or 3 times.

The operation of the distributary canal supplying the individual field or farm is expressed in
supply duration (T) and supply interval (I), which in turn are based on the supply that is required at
the field level (q.t) and the field application interval (i) (2.2.2). The operation of the supply system
is subsequently worked out for the tertiary, secondary and primary canals, taking into account the
rotational system selected. However, with a fixed stream size (q) to each farm, the supply duration
(T) to each field or farm at any time is in relation to the farm acreage. When possible, the farms as
well as groups of farms or irrigation blocks should have approximately the same acreage since irrig-
ation schedules can thus be more easily adjusted to the changing irrigation supply requirements over
the growing season.

The capacity of the canal system is determined by th.e design factor o, which depends on the
ratio 86 400 Qmax/Vmax, as well as on the duration (T) the canal is in operation during the interval
(I) during the peak water use period, or:

Qmax = 0C Vmax/86 400 E

and oi = I/T = 1/ft

where: Qmax
Vmax

E

ft
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= maximum stream size or canal capacity, m3/sec
= average maximum daily supply requirements during the peak

water use period, m3/day
= design factor
= efficiency, fraction

supply interval, during peak water use period, days
supply duration during peak water use period, days

= supply duration factor during peak water use period, fraction

For the main canals serving acreages of 50 to 250 ha, the value of a will be approximately
equal to one as this simplifies canal operations and requires the least construction costs. For the
distributary canals vrithin the 50 to 250 ha, the canal will be operated on rotation and values of ex will
be greater than one. The part of the distribution system operating on rotation can be seen by the
transition of small values and large ft values of the main canals into small ft values and large 04
values of the distributary canals and/or farm inlets. The selection of rotation system will have to be
made at an early stage. It will depend amongst others on the farm and farm block acreage and layout,
flow control, ease of operation of the system and cost of construction.
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A number of examples are mentioned on possible rotation systems. Note that the purely
hypothetical examples are meant to show calculation procedures only.

A common type of rotation system is where the supply of the distributary canal is rotated
among the farm inlets situated along the distributary canal. Except for the farm inlet, the design
factor of is equal to one for all canals. Each farm inlet will receive the fixed stream size (q) with
duration depending on irrigation requirements but proportional to the farm acreage. (Also stream
size can vary but this requires localized arrangements.)

EXAMPLE:
Rotation amongst 10 farms of equal size situated along a distributary
canal; field supply interval (i) is 10 days; supply duratidn (t) is 1 day.
For each farm inlet ft = 0.1 and 0( = 10
For distributary and upstrearn canal sections ft = 1 and o(:14 1
Rotation eunongst 4 farms of 1, 2, 2 and 5 ha each located along o.ne
distributary canal; field supply interval (i) is 10 days.
Farm inlet ft = 0.1, 0.2, 0.2 and 0.5 and o( :4 10, 5, 5 and 2.
For distributary and upstream canal sections ft = 1 and ci :=" 1

A more accurate supply can usually be obtained by simultaneously supplying all farms
situated along the distributary canals and rotation of the fixed stream size among distributary canals.

EXAMPLE:
Rotation among 10 distributary canals each supplying 10 farms of approximately
-equal acreages; jis 10 days.
For each farm inlet ft = 0.1 and a 10
Foir- each distributary ft = 0.1 and oe 10
For upstream canal sections ft = 1 and 0( 1

With large design factors the operation of the distribution system may become rather
complicated and expensive. To simplify operations a second rotation may, when needed, be applied,
one between tertiary and one between distributary canals.

EXAMPLE:
Given:
Cotton on 150 ha; from example 2.2.2 Surface irrigation stream size (q) is
25 1/sec and during peak water use periods delivery time (t) is 25 hours,
irrigating 1. 5 ha; delivery interval (i) is 10 days; supply requirement in
peak season is 15 mm/day or Vmax is 150 m3/day/ha.
Water is supplied by one secondary canal serving 150 ha; the supply is
rotated among 2 tertiary canals each supplying 75 ha; tertiary canal supply
is rotated among 5 distributary canals each §upplying 15 ha; on each
distributary canal 5 farms each of 3 ha are Applied simultaneously.
Calculation:
Supply duration (t) to each 3 ha farm in peak period is 1 day out of 10 days
with stream size 2 x q = 50 1/sec. 0( = 86 400 Qmax/Vmax.

Note: If the tertiary canal would supply simultaneously the 5 distributary canals
which are in turn supplying 1 farm per day, the capacity of the distributary can be

At the design stage, an accurate evaluation of the operation of the supply system can only be
made when pilot projects have previously been started. However, as shov.rn, a number of criteria in

farm inlet : 04 = 86 400 x 0.050/450 ."': 10 ft = 0.1
distributary : a( = 86 400 x 0.250/2 250 -4 10 ft = 0.1
tertiary : oe = 86 400 x 0.250/11 250 "a' 2 ft = 0.5
secondary : oc = 86 400 x 0.250/22 500 :4 1 ft = 1 -
upstream sections : a( :2- 1 ft = 1

reduced from 250 to 50 1/sec which may be a simpler and cheaper solution. In this
latter case:

farm inlet : 04 = 86 400 x 0.050/450 :4 10 ft = 0.1
distributary : el = 86 400x 0.050/2250 "=". 2 ft = 0.5
tertiary : oe = 86 400 x 0.250/11250 '=" 2 ft = 0.5
secondary : o< - 86 400 x 0.250/22 500 7--- 1 ft = 1



and upstream canal is 1.
Calculation:
Supply requirement factor fi
Supply duration farm inlet T

distributary T
tertiary
secondary
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the operation of the system should and can be used, using pre-arranged schedules. These schedules

can be either rigid (fixed supply with fixed duration and axed interval) or, preferably, flexible and
adjusted to changes in cropping patterns and field irrigation requirements. The canal system, however,
remains to be operated at the maximum discharge (Qmax), while duration (T) and. interval (I) of supply is
varied. The delivery schedule to each farm is, however, based on the irrigation requirements of the
main crop and the other crops are supplied on the same schedule. Only in the case of extensive acreage
of shallow rooted crops, requiring more frequent irrigation as compared to the main crop, can an extra
or double rotation be included during the supply interval based on the main crop. During periods of low
irrigation requirements the supply is interrupted for longer periods. The period (T) out of the supply
interval (I) that each canal is operating is T = (fi/o( )I; eaCh canal is closed (1 - fi/c< )1.

EXAMP LE :
Given;
Cotton on 150 ha. Water distribution system same as previous example. Average
daily supply requirement (Vi) during May is 115 m3/day/ha and irrigation interval
(i) is 17 days (see example 2.2.2 Surface irrigation); as previously given maximum
daily supply requirement (Vmax) is 450 m3/day/ha and design factor (c( ) for farm
inlet is 10, for distributary canal is 10, for tertiary canal is 2 and for secondary

= 115/150 :4 0.75
(0.75/10)17 = 1.2 days
(0.75/10)17 = 1.2 days
(0.75/ 2)17 = 6.5 days
(0.75/ 1)17 = 13 days

11 R. Clement. Calcul des débits dans les réseaux d'irrigation fonctionnant a la demands. La HouilleBlanche No. 5. 1966.

(m) Supply on demand

Supply on demand allows the use.-(s) to take irrigation water as desired. The capacity of the
supply system (canals or pipes) with free demand is based on a selected probability of the number of
fields supplied simultaneously during the peak water use period.1/ A free demand supply is difficult
to achieve in open canal systems. More comrnon is the demand system with 'advance scheduling; requests
for water are made 2 or 3 days in advance and the distribution of water is progranuned accordingly. To
operate the system efficiently water users should be acquainted with proper irrigation scheduling. A
well-trained staff must be available to operate the system. It requires full control of water level and
discharge of each part of the distribution system. Remodelling of schemes based on rotational supply
is feasible provided basic data on irrigation scheduling are availahle and conditions mentioned can be
met. High capital investment and a high level of management is required.

2.2.4 Summary Calculation of Proiect Design and Operation

The calculation procedure can be summarized for each month from the field irrigation schedules
.

(2.2.1), the field irrigation supply schedules (2.2.2) and the design and operation of the supply system
(2.2.3). At the design stage a number of assumptions have to be made; several alternatives in the
operation of the supply system and field irrigation schedules should be considered. Enough flexibility
should be built into the design to allow for future changes and refinements in meeting the field irrig-
ation requirements. Supply schedules need to be adjusted once the project is in operation, which
would include refinement of information on field variables (crop, soil and climate) as well as on
conveyance and operation characteristics of the supply system. In a system operated on a continuous
or rotational basis, subsequent improvements can be made to achieve a su-pply on demand, provided
requests for supply are made 2 or 3 days in advance.
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An example is given summarizing the calculations required for a simplified flexible rotation

EXAM.PLE:
Field irrigation schedules:

Prepare for given crop and climate the running soil water balance, over the
growing season according to We = (Wb + Pe + Ge - Etcrop) in mm/month.
Determine for given crop and soil the total available soil water over the
rooting depth -(D) or Sa.D; determine fraction (p) of total available soil water
(Sa.D) allowin.g optimal growth and correct for ETcrop. Calculate (1 - p)Sa.D
in mm for each month.
Plot running soil balance (We), total available soil water over rooting depth
(Sa.D) and allowable soil depletion (1 - p)Sa.D in mm for each mon.th; determine
irrigation application timing and interval according to method given. in 2.2.2.

Field supply schedules:
Determine criteria on method of irrigation and farm irrigation practices and
select stream size (q) to field and farm in m3/sec.
Determine maximum daily supply requirements during the peak water use period
(Vmax) and average daily supply requirements (Vi) for each part of the growing
season from Vi = 10 ETcrop/Ea (disregarding rainfall).

Design and operation:
Determine supply requirement factor fi = Vi/Vmax for the growing season.
Select the method of supply for the selected canal system layout and give the
design factor g< = 86 400 Qmax/Vmax for the different canal sections; determine
the supply duration T = (f i/0( )1 for the different canal sections over the
irrigation season, in days.
Determine supply interruption of main canals during supply interval (i) in days.

The calculation example below is based on an irrigation section of 150 ha with cotton from
March through August and supplied by rotation as described in previous examples under 2.2.1 and
2.2.3.

Wb beginning of month
Pe rainfall
Ge groundwater
ETcotton
We end of month, mm
Rooting depth, m
Sa medium texture,
Sa.D, mm

at ET cotton
p corrected
(1 - p)Sa.D, mm
Date of irrigation
Irrigation interval, days
Stream size (q), m3/sec

to field
to farm

Daily supply Vi, m3/day
Supply requirement factor, fi
Supply duration factor t, days

for farm inlet
for distributary
for tertiary
for secondary

Supply interruption in
secondary canals, days

mm/'m

0.025
0.050

113 115 150 150 150 140 140
0.75 0.75 1 1 1 0.95 0.95

10) 1.3 1.05 1 1 1 0.95 1.15
10) 1.3 1.05 1 1 1 0.95 1.15
2) 6.5 5.25 5 5 5 4-75 5.75
1) 13 10.5 10 10 10 9.5 11.5

4 3.5 0 0 0 0.5 0. 5

+100
+90

A

+145 +85+ 50 +20

A

-120 -L.05 -685

- 45 -110 -225 -235 -280 -120
+145 + 35 -120 -405 -635 -8b5

0.20 1.25 1.50 1.50 1.50 1.50
140 140 140 140 140 140

30 175 210 210 210 210
1.5 3.5 7.5 9.5 9.0 4.0
0.9 0.8 0.5 0.L5 0.45 0.73
(25) (45) 105 115 115 50

2/5 19/5 2/6 /6 2/7 12/7 2/17
17 14 10 10 10 10 12
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3. PROJECT OPERATION

3.1 REFINEMENT OF FIELD SUPPLY SCHEDULES

To achieve high water use efficiencies and high production, the irrigation schedules should
follow the variation in crop water needs d.uring the growing season. Irrigation schedules prepared
at the design stage should be continuously revised and updated once the project is in operation. This
applies equally to most traditional irrigation schemes where field supply is still based on fixed quan-
tities and fixed periods. In addition to reanement of supply criteria, this also concerns the hydraulic
proper-ties of the distribution system as well as the operation and management of such systems.

Adaptive Research

In order to develop the criteria for scheduling the supply and to obtain acceptable irrigation
efficiencies, adaptive research should be carried out on representative soils typical of the project
area. Field trials should be as large as possible and placed within the irrigated area to avOid the
effect known as "clothesline." which can grossly affect the result -obtained from a patchwork of small
experimental plots. The research programmes should be continuous. The type and detail of adaptive
research programmes will depend greatly on their purpose, but also on available financial resources,
existing governmental organizations and institutes, and the experience of the staff. Adaptive research
should start as early as possible, and, if possible, well before the stages of detailed project design
and project execution. Institutions td provide the necessary information and to carry out the prog-
ramme should be associated with the project, and for large schemes should be part of project
administration.

To make optimum use of knowledge and experience available in the country the adaptive
research programmes should be carried out in close collaboration with established national research
institutes. Studies should reflect the most critical problems met in project design and operation.
Field. sub-stations should be established at the project site and be equipped to apply, on a practical
scale, the results from research stations to local conditions. Apart from agronomic and fertilizer
trials, their types of activity should include:

evaluation of all water components in the.field under selected irrigation treatments
for various stages of crop growth and evaporative demand
irrigation practices (frequency and amount studies); in the case of salinity hazard,
leaching and cultural practices should be developed

- water/yield relationship as affected by water scheduling and seasonal and periodic
water deficits on yield
irrigation methods including field trials on layout, length of run, permissible stream
size, for irrigation method selected
irrigation/fertilizer interactions.

The outcome of field experiments on irrigation practices and wa.ter/yield relationships for
the project should allow the formulation of recommendations on depth and frequency of irrigation over
the growing season for the different crops and soil types. Such reconunendations must in turn be
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expressect in irrigation supply schedules and the operation of the distribution system should be
adjusted accordingly.

To obtain usuable results the water-related experiments should preferably be conducted with
adaptive high yielding varieties., a high fertility level and adequate pest control, with water remaining
as the main variable. To obtain water/yield data from irrigation depth and frequency- studies the type
of experiments visualized are (i) with non-soil water stress conditions throughout the growing season,
(ii) with fixed levels of soil water stress throughout the growing season, and (iii) with soil water streS8
during certain physiological stages of crop growth. Experiments under (i) would be based on calculated
data on crop water needs (ETcrop) and on water holding characteristics for the main soil types (Table3a.
Soil water depletion needs to be checked, for instanCe by use of tensiometers. With treatm.ent (ii) the
irrigation application is based on soil water depletion levels in theroot zone which, for non-sensitive
field crops could be for fine textured. soils 80, 140 and 200 mm per m soil depth, for medium textured
soils 60, 100 and 140 nun/m and for coarse textured soils 30, 45 and 60 mm/m. For water sensitive
crops much lower values would apply (Table 39). Treatment (iii) is applied during certain stages of
crop growth to save water without substantially reducing yields. Stress condition irrigating at for
instance 60 and 80 percent depletion of available Water should be applied outside the crop critical
stages for water stress (Table 32). Frequently little factual data can be obtained and results of
experiments are so-called "statistically insignificant" when irrigation treatments are based on fixed
irrigation intervals throughout the growing season or are based on applying depths of irrigation water
according to replenishing the root zone to field capacity and to fractions above and below field
capacity.1/ Whenever salinity problems are involved, the available soil water must in addition to
soil water potential also includ.e the osmotic potential. Leaching requirements must be based on salt
tolerance levels for the different crops (Table 36).

Practical field studies can be carried out in the irrigated fields and provide results the value
of which is often greatly underestimated.. They can also be used for demonstration and training
purposes. The survival rate of such experiments may be low because of uncontrollable factors, the
difficulty of maintaining the farmers' interest and keeping appropriate records. Close collaboration

.

with the local extension service should be maintained..

The need to set up pilot projects before embarking on large:scale project development is

evident. The pilot area should cover between 100 and 500 ha to allow analysis of future project
operations. Apart from water requirement and application experiments, problems concernin.g water

scheduling and the distribution of water, use of surface and/or groundwater, water and salt balance,
and water use efficiency can be studied. The pilot scheme should be designed with an eye to its

inclusion in the anticipated large project.

Data Collection

In addition to information on cropping patterns and practices including anticipated production
plans, data on water availability, climate and soils should be collected on a continuous basis. On
water availability this would in.clude gauging of rivers and groundwater level fluctuations and

1/ Rijtema P.E. and Aboukhaled, A. Crop water use. In: Research on Crop Water Use, Salt
Affected Soils and Drainage in the Arab Republic of Egypt. FAO Near East Regional Office,
Cair. 1. p. 72. 1975.
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reservoir operations, together with periodic measurement of water quality and sediments.

An agro-meteoro logical station should be established at an early date. The station should be
placed inside the project area and be surrounded by an irrigated field, minimum size 100 x 100 m.
The station should be at least 10 x 10 m with short grass as ground cover. Observations at a field
station should include (i) temperature, maximum and minimum; (ii) relative humidity (wet and dry
bulb thermometers); (iii) precipitation (raingauge); (iv) wind (totalizers); (r) sunshine (Campbell
Stokes sunshine recorder); and (vi) evaporation (Class A pan). - The station should be established
in collaboration with national meteorological services. For selection of instruments the national,
accepted standards are normally followed. Properly trained meteorological observers should be
employed. The services of an agro-meteorologist will be required to select the equipment and sites,
to train personnel, to advise on observation programmes and for the analyses of the data obtained.

A detailed soil survey (scale 1:5 000 to 10 000) should have been completed before the design
of the project. Additional investigations will be required, in particular on physical and chemical

2/properties of the soil and their changes under prolonged irrigation. Soil salinity and groundwater
table observations should be made at regular intervals.

Project Monitoring

Project monitoring should be executed on a permanent basis and include evaluation of method
of supply and scheduling of irrigation water as well as water use efficiency studies by direct measure-
ments of the separate components. Water use studies in the farmer's field are required. Particular
attention may be given to land preparation, land grading and irrigation methods an.d practices for
Lraciitional and new cropping patterns. Scheme management including institutional aspects, personnel,
communication facilities and improvement and maintenance schedules should be periodically reviewed.
The closely related agricultural services often found complementary to the activities of the scheme
management such as agricultural supplies, farm machin.ery, credit and extension will need to meet
the chan.gmg demands for such services. Modification and renovation of systems should be considered
as an Lntegral part of the long-range planning of irrigation development.

3.2 APPLICATION OF FIELD IRRIGATION DATA

Once the irrigation data for a given crop, soil and climate are available, various ways can
be tisod to put these data into practice. The supply to individual fields can be scheduled using soil
aia,er indicators, plant indicators or evaporation measuring devices such as pans. Numerous tech-
rical publications, manuals and irrigation guides provide instructions on the application of direct
measurements and the use of soil water indicators for irrigation scheduling. 3 However, the use of
these devices by farmers is often disappointing.

Agro-meteorological field stations. Irrigation and Drainage Paper No. 27. FAO Rome. 1976
2,1 Soil survey in irrigation investigations. Soils Bulletin (draft). Land and Water Development

Division. FAO Rome. 1974.
Hagan, R.M. , Haise, T. aad T. Edminster. Irrigation of agricultural lands. 1967Irrigation, Drainage a.nd Salinity. An Intern. Source Book. Unesco, Paris. 1073.
Stanhill, G. Practical soil moisture problems in agriculture. WMO. 1968.
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EXAMPLE: Irrigation scheduling by soil water accounting procedure using Class A evaporation pan.

R equired : Standard raingauge and Class A pan on grassed site surrounded by short crop; daily
observation (08.00 hours).
Estimated or measured wind and hiunidity levels of previous day.
Soil data on water holding characteristics; crop rooting depth and level of maximum
soil water depletion.;
Crop coefficient (kc) for different stages of crop growth.

Procedure: At 08.00 hours pan evaporation is measured. For humidity and wind values of
previous day and for given upwind distance of green crop, kpan is determined
(Table 18). For given stage of crop growth kc is selected (Tables 21 and following)
ETcrop = kpan x kc x Epan.
From soil water balance, subtract ETcrop, add daily rainfall and irrigation
application.
Irrigation is applied when allowable soil water depletion has been reached (Table 39)

SOIL WATER BALANCE SHEET

Scheme : . ia-4041 Soil type: .54 %.417... Total available soil water IS: v% 0- 30 cm
Field: /1/ 4 2 r. v% 30- 60 cm

AidaFarmer: 16: v% 60- 90 cm
Months: 2/4*/ ... v% 90-120 cm
Pan location: /000Z 15,4,144/ Crop: . 0/44V. . . Rooting depth bP cm

eze7/6e0Xeir Irriga te when balance is: .../74- mm
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It is preferable that advice and assistance be given by central irrigation authorities or
extension services. The necessary data can be collected from small experimental field plots which
mirror the local agricultural practices (Philippines). When extensive research has already been
carried out, evaporation pans (Class A) can be used for scheduling irrigation (Israel, Hawaii).
Other methods are based on meteorological data combined with known soil and crop data, supplemented
by sufficient field cheCks (U.S.A.).-1/ For development and testing of such prediction methods,
adequate experimental data must be locally available. Communications must be simple and direct. To
formulate recommendations on irrigation sched.uling the following is required:

Action R equirements
Cropping plans including type of crop, location,
acreages, date of planting, soils, water supply.

Estimate ET for reference crop (grass, Adequately tested crop water prediction method.
alfalfa).
Apply crop coeffitient for given crop Adeq,uate experimental and field data on given
depending on stage of growth and soil crop, soil and production potential.
water level.
Determine soil water depletion level in Date of last irrigation, water retention
irrigated fields (calculated, and by capacity of soil, soil survey.
making field checks).
Predict future rainfall coatribution. Rainfall frequency distribution analysis of long-

term daily data.
Predict with computed ETcrop when day Detailed soil and crop data, water use/
of maximum allowable soil water will be production function.
reached.
Calculate total amount of water to be Irrigation efficiency, groundwater contributed
delivered to the field at predicted time. to root zone, leaching requirements.

Information centre; extension sex-vice.

Correct timing of irrigation is even more essential when water is in short supply. Early
decisions must be made regarding the times at which water can be saved and when its allocation is
most essential. Savings in irrigation water may be made by optimum utilization of soil water stored
from winter rains or pre-irrigation. Addi.tional savings may be made by allowing the soil to dry to
the maximum permissible degree at the end of the Irowing season, rather than by leaving a high
level of available soil water at harvest time; possibly one or two irrigations may be saved by this
practice. Also, total depth of water and the number of irrigations can be minimized on the basis of
a good understanding of water-crop yield relationships. During periods of water shortages, irrig-
ation suppl.ies can be programmed on pre-selected ETcrop deficits, with the least deficit allcwed
during the most sensitive growth stage; for most crops this is from flowering and early fruit devel-
opment onward. However, such refinements in field application scheduling can only be of value if
the design and operation and management of irrigation systems are geared to meeting actual fi4ld
requirements by providing the correct supply to the farm at the right-time.

Time is required for the introduction of modern'irrigated farming technology and for
theeventualacceptance of new practices by the farmers. For the adoption of efficient irrigation practices

.in the farming system a range of long-term activities will be required such as the setting up of adequate
scheme management, provision of extension services, establishment of demonstration plots, and avail-
ability of training facilities. It is only when this framework has been established and is functioning
that carefully developed criteria can be tested and applied, once their validity has been proved.

1/ See for instance: Jensen M.E. Scheduling irrigations using climate-crop-soil data. ASCE,J. Irrigation and Drainage. 96:25-38. 1970.
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APPENDIX I
PERSONS AND INSTITUTES CONS-ULTED

Denmark Hydrotechn. Lab. and Climate Stat. , Royal Veterinary and. Agric. Univ.
Copenhagen; S.E. Jensen, K .J. Kristen.sen, H.C. Aslyng

Ethiopia Inst. Agr. Res. , Holletta, Addis Ababa; A. Retta, C.R.K . Prashar
France Station,de Bioclimatologie, Sta. de Rech. Agron. du Sud-est, Inst. Nat.

de la Rech. Agron. , Cantare1-84, Montfavet; J. Damagnez, C. Samie,
O. de Villele

Haiti Service Meteorologique National, Port au Prince, D.A.R.N.D.R.;
A. Goutier, M. Frère

India Indian Agric. Res. Inst. , New Delhi 12; N.G. Dastane, A.M. Michael
Israel Dept. of Soil Science, Hebrew -Univ. , Rehovet; D. Hillel, E. Rawitz

Min. Agric. , Agric. Res. Org. , The Volcani
Center'

Bet Dagan;
Y. Vaadia, G. Stanhill, M. Fuchs, F. Schmueli J.1). K alma
Dept. of Irrig., Hebrew Univ. , Rehovet; S.D. Goldberg

Kenya East African Agric. and Forestry Res. Org. , Nairobi; C.W.O. Eeles,
F.J. Wangati

Lebanon Dept. of 1i-rig. Agron. , Tal Amara; S. Sarraf, A. Kboukhaled, S. Chebli
UNDP(SF) LEB/13 Project; A. Marasovic

Nigeria Inst. for Agric. Res., Ahmadu Bello Univ. , Samaru, Zaria; J.M. Kowal,
A.H. Kassan

Netherlands Inst. for Land and Water Management Res. , Wageningen; C. van den Berg,
P.E. Rijtema, R.A. Feddes

Philippines : Intern. Rice Research In.st. , Los Banos; T. Wickham, S.K. de Datta
Senegal : Projet pour le développement de la recherche agronomique et de ses -

applications, Saint-Louis; D.A. Rijks
South Africa South African Sugar Association Exp. Stat. , Mount Edgecombe, Natal;

G. Thompson, J.G. Lover
Sudan : Dept. of Agron. , Fac. of Agr. , Khartoum -Univ.

'
A.M.H. El Nadi

Syrian Arab Rep. : Res. Stat. Billaneh, Min. Agr. UNDP Project SYR/22, Aleppo; Salah
Samsam, J. Petrasovic. Univ. of Aleppo, Fac. Agr.; A.N. Zein. El-Abdin,
A. Farra, Y. Kattan

Thailand Asian. Inst. of Technology, Bangkok; A. Hossain, E.F. Schulz
Tunisia . UNDP/SF Project T-UN/70/529, Tunis; B. Said, R.R. Combremont
Uganda . Dept. of Soil Science, Makerere 'Univ. , Kampala; P. Nkedi-Kizza
United Kin.gdom . Inst. of Hydrology, Wallingford, Berks.; J. S.G. McCulloch
U.S.A. . -US Water Cons. Lab. USDA (ARS), Phoenix, Arizona; C.H.M. van Bavel

Imperial Valley Con.s. Res. Center, USDA (ARS), Brawley, California;
R. Le Mert, L. Willard.son, A.J. MacKenzie
North Appalachian Exp. Watershed, USDA (ARS), Coshocton, Ohio;
L.L. Harrold, J.L. McGuiness .

.

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 California, The Resources Agency, Dept. of Water Resources,
Sacramento; J.W. Shannon, N.A. qacGillivray, R.E. Merrill, J. Lawrence,
C. Muir
Agric. Res. Serv. USDA, Colorado State Univ. , Fort Collins, Colorado;
G. Kruse, H.R. Haise
Univ. of California, Davis, California; F.J. Lourence, S. von Oettingen
R.M. Hagan, J. Ian Stewart, D.W. Hend.erson, F.J. Veihmeyer, W.L. gims,
V.E. Rubatzky, R.B. Duffin, R.E. Voss
Dept. of Geography, Univ. of Hawaii, Honolulu; Jen-hu Chang
Soils Dept. , Univ. of Hawaii and Hawaiian Sugar Planters Experiment
Station, Honolulu; P. Ekern
Snake River Conserv. Lab. -USDA (ARS), Kimberley, Idaho; M.E. Jensen,

Wright, R.D. Burman.
C. Brewer and Company Ltd. , Honolulu, 1-fawaii; K. Shoji
Dept. of Agric. and Irr. Eng. , -Utah State Univ. , Logan, Utah;
J.E. Christainsen, G. Hargreaves

Zafre : Institut National pour l'Etude Agronomique; E.A. Bert-3.rd, M. Frre
Venezuela . Servicio Shell para el Agricultor, en collaboración conjunta con la Facultad

de A.gronomfa de la Univ. Central de Venezuela, Cagua-Aragua; J.E. López,
Mathisen, O. Padilla

Joint FA0/1AEA Div. of Atomic Energy in Food and Agriculture, Vienna; Y. Barrada
FAO Regional Office for Asia and the Far East, Bangkok, Thailand; O. van't Woudt
FAO Regional Office for the Near East, Cairo, Arab Republic of Egypt; A. Aboukhaled, A. Arar
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APPENDIX II

BACKGROUND AND DEVELOPMENT OF METHODS TO PREDICT
REFERENCE CROP EVAPOTRANSPIRATION (ETo)

NW .0. Pruitt and J . Doorenbos

The approach presented Ir. this :.11_,I.cation defines the use of available methods to predict
evapotranspiration for differ . . After consideration of many methods and based
on climatic data needed to apply these and the accuracy required, four methods were selected for
detailed analysis and calibration. Three are based on methods proposed earlier by H.F. Blaney and
W .D. Criddle (1950), G.F. Makkink (1957), and H.L. Penm.an (1948). The fourth, pan evaporation,
has been found by many to be reliable when local pan environment is standardized and adjustments are
made for major climatic differences. The methods were calibrated against potential evapotranspiration
as defined at the Conference on Physics in Agriculture (Wageningen, Netherlands, *1955), herein
defined as reference crop evapotranspiration (ETo) (Part 1.1).

There were, as expected, difficulties and obstacles experienced in carrying out the FAO
study. The great variety of experimental procedures and type and accuracy of data collected made
adaptation of published research results to a common data base very problematit. Contradictions
in the published research results were noted, whereby anomalies in predictin.g water use from avail-
able prediction methods faded into insignificance. The terminology used easily led to misinterpretation,
while in many instances the minimum data Set permitting even a crude evaluation of research results
was not available. Observations on crop development were seldom made and environmental and site
conditions were frequently not reported in published literature. The format for presenting research
results in most instances required further personal contact with the researcher. This meant that after
a review of numerous research results the final evaluation was in fact based on a selected few research
sites with recognized excellence in type and accuracy of basic input data which adequately represented
a wide range of climatic conditions. The results of analyses were subsequently tested on experimental
results from locations found in different climatic zones (Bra.nscheid, 1976).

Based on comments received and following a re-analysis of available data, modifications to an
earlier draft edition (1975) are herein made, particularly Figures 1 and 2 and Table 16 (Part 1.1).
1 DATA AVAILABLE
1. 1 Blanev-Criddle Method

Complete weather data were available for some twenty locations representing a very wide
range of climates, along With measured ET for either grass, clover, alfalfa-or grass-legume mixes.
For alfalfa, data 10-14 days following cutting were'eliminated. To relate ETo to actual ET data, the
data were adjusted dovrnwards by 7 to 20 percent, depending on stage of growth and climate (with the
exception of grass). In addition to weekly and monthly data, daily ET and climatic data at six locations
were used to encompass the wide range of conditions. The results of the analyses were subsequently
compared to data of many other stations.
1.271.3 Radiation and Penman Methods

Data from ten research sites provided the main input for calibration of the methods. Together
with complete weather data, ET data determined from lysimeters were available for grass at seven
sites, for alfalfa at two sites, and for alfalfa-timothy at one site. Corrections as explained above
were made for the alfalfa and alfalfa-timothy data. The lysimeters ranged from highly sensitive weieling
units providing data for hourly periods or longer to drainage type lysimeter's for which only 10-day tomonthly data could be considered accurate. The lysimeters were in.fields at least one hectare in size(2-5 ha for most fields), except for those-at Tal Amara and Phoenix which were less than one hectare,but for much of the season the upwind fields were in irrigated crops. Direct measurements of net
radiation were available at five of the ten sites. Solar radiation data were available for all ten sites,along with temperature, humidity and wind. Data for the distribution of wind, day and night, wereavailable from Tal Amara, Lebanon; Montfavet, France (near Avignon); Copenhagen, Denmark; Davisand Brawley, California, USA. Subsequently the presented methodology was used to compare cal-culated and measured data for many other locations.
1.4 Pan Evaporation Method

The pan coefficients which relate pan evaporation (Epan) to ETo for pans surrounded by greencrop (Case A, Part 1.1.4) with 100 mor more upwind distance of irrigated grass, medium to highRHmean and light to moderate wind, were obtained from a wide range of sites. Coefficients for pansurrounded by dry fallow land (Case B, Part 1.1.4) were based on studies in India by Ramdas (1957),in USA by Pruitt (1960, 1966) and Nixon (1966), and in Israel by Stanhill-(1961). The significantreduction in recomm- ended Kp values with strong wind and low RH conditions is based largely on dailydata over a 15-year period in California. Many literature references were used for interpolationpurposes.
2 DEVELOPMENT OF METHODS2.1 Blaney-Criddle Method

A strong correlation exists for a given climate between ETo and the Blaney-Criddle "f" factorPruitt, 1960, 1964; Tanner, 1967). The initial approach in this study was to present the ETo and
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f relationship in a similar manner for different locations
representing a wide range of climates. Use was made of
relationships already established for different crops in many
areas, which were presented in the original Blaney-Criddle
formula as the "K" value. For a given site the user could
then select the relationship of a similar climate (Figure 1).

The K values reported in literature relate to crops
other than grass and are therefor'e highly dependent on stage
of growth, cover and maturity. Also, K values may be
similar for similar climates but the effect of different lengths
of growing season and the nature of the ETo/f relationship
will present problems of interpolation.1/ The latter is
shown in Figures 2a and 2b. Since the range of climatic
conditions is similar in Davis, Prosser and Soledad, the
same relationship given in Figure 2a between ETo and f
would apply. However, climatic conditions during January
and December in Davis are comparable with conditions during
March and November in Prosser; the ran.ge of climatic con-
ditions is less pronounced in Soledad particularly during
summer. Distinct monthly differences can be noted plotting
the same monthly K values from Figure 2a for each month of
occurrence in Figure 2b. More pronounced differences can
be expected for other climates. A definite identification of
relationships between ETo and f values together 'with a
specific climatic description is therefore required.

Using daily, weekly. and 10-day data from (amongst
others) Brawley, Copenhagen, Davis, Montfavet, Tal Amara
and Wageningen, the relationships between ETo and f were
classified according to ranges of RHmin, n/N and Uday.
Figure 3 gives an example of the analysis carried out and
presents three of the 27 relationships used (Figure 1 of
Part 1.1.1). Figure 3 also shows that the presented relationships will slightly overpredict ETo for
some climatic conditions (represented by Line 1 of Block 1 and Line 1 of Block IV of Figure 1, Part
1.1.1). The relationships are in good agreement for conditions found in Brawley, Phoenix, Wagen-
ingen and Yangambi.

1.2
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1/ The many published K values were helpful, however, in developing the crop coefficien.ts (cc) for
many crops listed in Part 1.2.
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The values for 'a' and 'b' of the relation-
ship ETo = a + b f or ETo = a + b p(0.46T + 8) are
given for -'b' in Table 1 for different levels of RHmin,_
n/N and Uday; the values of 'a' range from -2.3 to
-1.6 and are based on a = 0.0043 RHmin - n/N - 1.41.
The values of 'a' and 'b' can be used to compute ETo
from available data rather than using the graphical
method presented in Part 1.1.1.

The computer progranune (Appendix III)
uses the same equation for 'a' ; the table for the 'b'
values is included in the programme and interpolates
between the diffe-. ent ranges of RHmin, n/N and Uday,
but for Uday greater th'in 10 m/sec a valuè of 10 m/sec
is assumed. The results will show some difference
between these and the methods given in the draft 1975
English edition of this publication.

Fig. 3 ETgrass versus the Blaney-Criddle f in
mm/day for five locations and three out of
27 relationships given in Fig. 1, Part 1.1.1.

n/N RHmin %
0 20 40 60 80 100

0 0.84 0.80 0.74 0.64 0.52 0.38 .

0.2 1.03 0.95 0.87 ' 0.76 0.63 0.48
0.4 1.22 1.10 1.01 0.88 0.74 0.57
0.6 1.38 1.24 1.13 0.99 0.85 0.66 U2 day = 0 m/sec
0.8 1.54 1.37 1.25 1.09 0.94 . 0.75
1.0 1.68 1.50 1.36 1.18 1.04 0.84
0 0.97 0.90 0.81 0.68 0.54 0.40

0.2 1.19 1.08 0.96 C.84 0.66 0.50
0.4 1.41 1.26 1.11 0.97 0.77 0.60
0.6 1.60 1.42 1.25 1.09 0.89 0.70 U2 day = 2 m/sec
0.8 1.79 1.59 1.39 1.21 1.01 0.791.0 1.98 1.74 1.52 1.31 1.11 0.89

0 1.08 0.98 0.87 0.72 0.56 0.42
0.2 1.33 1.18 1.03 0.87 0.69 .0.52
0.4 1.56 1.38 1.19 1.02 0.82 0.62
0.6 1.78 1.56 1.34 1.15 0.94 0.73 U2 day = 4 m/sec
0.8 2.00 1.74 1.50 1.28 1.05 0.831.0 2.19 1.90 1.64 1.39 1.16 0.92

0 1.18 1.06 0.92 0.74 0.58 0.430.2 1.44 1.27 1.10 0.91 0.72 0.540.4 1.70 1.48 1.27 1.06 0.85 0.640.6 1.94 1.67 1.44 1.21 0.97 0.75 U2 day = 6 m/sec
0.8 2.18 1.86 1.59 1.34 1.09 0.851.0 2.39 2.03 1.74 1.46 1.20 0.950 1.26 1.11 0.96 0.76 0.60 0.440.2 1.52 1.34 1.14 0.93 0.74 0.550.4 1.79 1.56 1.32 1.10 0.87 0.660.6 2.05 1.76 1.49 1.25 1.00 0.77 U2 day = 8 m/sec
0.8 2.30 1.96 1.66 1.39 1.12 0.871.0 2.54 2.14 1.82 1.5 1.24 0.980 1.29 1.15 0.98 0.7e 0.61 0.450.2 1.58 1.38 1.17 0.96 0.75 0.560.4
0.6

1.86
2.13

1.61
1.83

1.36
1.54

1.13
1.28

0.89
1.03

0.68
0.79 U2 day = 10 m/sec

0.8 2.39_ 2.03 1.71 1.43 1.15 0.89
1 2.6 2.22 1.86 1. 6 1.2 1.00

Table 1 Values of b of relationship ETo = a + b f



2.2 Radiation Method
The method in essence is based on the Makkink formula (1957) or ETp = a (z1/6 + g)Rs - bwith ETp and Rs in mm of evaporation. The coefficient a = 0.61 and b = 0.12 found applicable in the

Netherlands,was determined for different values of RHmean and Uday, using available measured EToand climatic data; LI /.6 + A, is expressed as W.
Relationships between ETo and. W.Rs are shown in Figure 4 for ten locations. Rather than

giving for each relation the climatic description under which it would apply, the relationships were
defined for different values of RHmean and Uday. No reasonable explanation can be given as to why
RHmean proved more satisfactory than RHmin as used in the Blaney-Criddle method. An example of
analysis is given in Figure 4h which shows three of the 16 relationships used in Figure 2, Part 1.1.2:
Numerous daily and weekly data from Brawley, Copenhagen, Davis, Montfavet, Tal Amara and
Wageningen were used together with monthly data from other locations in developing the relationships
shown in Part 1.1.2. Solar radiation (Rs) was used rather than net radiation (Rn). The use of Rn
would have resulted in somewhat less empiricism but would have.required additional measured data ad/
or computations in application.
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'b' values for three out of the 16 relationships for ranges of
RHmean and Uday
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Values of b were d.etermin.ed for discrete levels of RHmean and Uday. Table 2 serves as a
reference table for computing ETo as again.st the graphical method in Part 1.1.2. This table is in a
condensed form included in the computer programme (Appendix 111). The value of a = -0.3 for the
y-intercept was found to be a good approximation for all conditions.

Table 2 Values of 'b' in the Radiation Method as a function of RHmean and meandaytime
wind. ETo = b.W.Rs - 0.3 nun/day with ETo and Rs both in nun/day

Daytime
wind

(RHmax + RHmin)/ 2 %

10 20 30 40 50 60 70 80 90 100__a/ s e c
0 1.04 1.02 .99 .95 .91 .87 .82 .76 .70 .64
1 1.09 1.07 1.04 1.00 .96 .91 .85 .79 .73 .66
2 1.13 1.11 1.08 1.04 .99 .94 .88 .81 .74 .67
3 1.17 1.15 1.11 1.07 1.02 .97 .90 .83 .76 .69
4 1.21 1.18 1.14 1.10 1.05 .99 .92 .85 .78 .70
5 1.24 1.21 1.17 1.13 1.07 1.01 .94 .87 .80 .72
6 1.27 1.24 1.20 1.15 1.09 1.03 .96 .89 .81 .73
7 1.29 1.26 1.22 1.17 1.11 1.05 .98 .91 .83 .74
8 1.31 1.28 1.24 1.19 1.13 1.07 1.00 .92 .84 .75
9 1.34 1.30 1.26 1.21 1.15 1.09 1.01 .93 .85 .76

10 1.36 1.32 1.28 1.23 1.17 1.10 1.02 .94 .86 .77

DAVIS

BRAWLEY

PHOENIX

TAL AMARA
(summer)

10

8

6

2
2

-4



1.5

1.0

5

1.5

1.0

5

1.5

1.0

5

f(u),

Rittem-a""p

f \ \47
,

"

O

---
,

/ /111
100 200

1/3
Rittema (1965)
8-cm height

i\?,%'

t

-- ?en

MONTFAVET
Jun- Sep,1969

DAVIS
Jun - Sep, 1960-63

o

(C)
BRAW LEY
Apr -Sep.1971

67-0

- 112 -

2 . 3 Penman Method
The original Penman method (1948, 1956) is based on evaporation of a (smooth) water surface.

Evidence of the wide range of published relationships indicates that in particular the effect of wind
for different climates must be considered (Rijtema, 1965; Aboukhaled et e. , 1971; Wright and Jensen..
1972). To avoid the necessary local calibration of the wind function (fu) in the Penman formula
requiring additional data input, and to arrive at a single function that is applicable under different
climatic conditions and easy to use, f(u) was calculated for sets of data which were grouped according
to mean windspeed (u) and f(u) To - W.Rn-T÷E1 - WXea - ed...1/ Results for three locations are
given in Figure 5 an.d for 9 locations in Figure 6.

f(U)2

U2, KM/DAY
300 400 0 100

1111
200 300

(d)
MONTFAVET

Wright &Jensen
(1972) for alfalfa

'5

t

400

1.991

Fig. 5 Relation for wind in the Penman equation. Bars through mean f(u) data
represent ± one standard deviation. The number of days of record for each
mean f(u) is indicated if more than one day

1/ With the Assistance of R.G. Thomas and J. Ph. Culot a computer programme was developed toperform the necessary calculations.
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Wright & Jensen (1972)
for Alfalfa
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Fig. 6 Wind function relationships for nine locations; 6a is based on use of (ea - ed)i
and 6b on (ea - ed)2. Except for Coshocton, Yangambi and Haiti the relation-
ships involve late spring to early autumn conditions

The difference in form and magnitude of f(u) found here as well as in the literature is.for an
important part due to the manner in which the components of the Penman formula are calculated, in
particular the saturation deficit (ea - ed) and net radiation (Rn). The effect of the manner in which
(ea - ed) in mbar is calculated is shown by an example for 20 days at Davis (Figure 7). The
lowest values, (ea - ed)l' are based on ea
at (Train + Tmax)/2, and on ed = ea(RHmin
+ RHmax)/200; the values (ea - ed) 100

related to the average of (ea - ed) d't Tmin ea

and (ea - ed) at Tmax; the highest values so

(ea - ed), relate to a more heavy weight 40
reno....0given to daytime conditions and ea is based non T -(4 Tmax + Tmin)/5. Values of (ea - 20

oed)iwere used in deriving Figures 5a, b, c 1

and 6a; values of (ea - ed)2 in deriving
Figures 5d, e, f and 6b.

As to net radiation (Rn), measured "r
1data are seldom available. From a

practical point of view it is important that 40,

Rn can be determined from relationships
which need not be locally determined, but \

1Cq- / '
are more universally applicable and much \. ' '' \--

'
, ..,, --- ,, \ 7::.:0,z,

easier to use. Net Rn or solar radiation .
, f.:,

, ,........_ ,
20 / %, \\ I \ I (ea-ed),.,

__wereavailable at the locations used for the
V ' N i' N r/ ' \ \ 00(1analyses. However, where the necessary i

,

climatic data at locations subsequently lOr : , 2' '
tested were not available, net shortwave : ,....e

radiation (Ras) was determined from Rns = or 4.,........ ..... ........ ..... ..............

(1 d Xa + bn/N)Ra where c)( = 0.25, a = L.
0.25 and b = 0.50. Net longwave

-- _Jo

radiation (Rnl) was determined from Rnl =
( 6 Tk4X0.34 - 0.044\re-a)(0.1 + O. 9 n/N). Fig. 7 Saturation deficit (ea - ed) for 20 days at Davis

under a wide range of conditions using (i) ea atValues of Ra N and W were obtained from Tmean, (ii) average of ea - ed at Tmax and TrainSmithsonian Meteorological Tables (1951). and (iii) ea at T = (4 Tmax + Tmin)/5Results of analysis similar to
Figures 5 and 6 were used to arrive at a single wind function f(u). The relationships in Figure 5a,
b and c using (ea - ed)1 relate best..3p a power function for f(u). Results in Figure 5a for Montfavet
closely agree with f(u) = 0.018U0 /D for 8 cm high grass as reported by Rijtema (1965); Figure 5b
for Davis closely agrees with f(u) = 0.016110. 7 for U = 50 to 400 km/day. Figure Sc for alfalfa 20-
80 cm tall at Brawley is in good agreement with the Rijtema function for a 15 cm tall crop and U = 60
to 150 km/day, but is smaller at higher U values; the Rijtema function for crop height of 50 cm i s
well above the alfalfa data averaging about 50 cm tall. The f(u) relationships in Figure 5d, e and f
using (ea - ed)2 are rather different from Figure 5a, b and c. The relation for these as well as other
locations is nearly linear; also, the magnitude of f(u) is much lower since the computed value of
(ea - ed) is larger. Comparing ihe functions with those by Wright and Jensen (1972) for 20,cm or

v.-Mr NW',
CALM CL
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taller alfalfa at Idaho, the f(u) for grass at Montfavet is somewhat greater for windspeed.>-260 km/day,'
but smaller for windspeed <260 km/day. The Wright and Jensen function for alfalfa exceeds the f(u)
for grass at Davis but agrees with f(u) values (not shown) for alfalfa 30-80 cm tall at Davis in niid-
summer. It underpredicts f(u) for alfalfa at Brawley at windspeeds up to 250 km/day. Results are
shown for several locations in Figure 6 with for Figure 6a using (ea - ed)i and for Figure 6b using
(ea - ed)2. The spread of f(u) relations points to severe limitation of applyin.g the Penman method to a
wide range of conditions although some of the spread can be due to experimental- error, techniques used,
and advection. From wind considerations alone, locally calibrated wind function.s must be applied or
additional corrections are necessary when using a single f(u) function.

To avoid local calibration and to simplify the use of the Penman method a single straight-line
relationship was selected, i.e. f(u) = 0.27(1 + U/100) where U is mean windspeed in km/day at 2 m
height (Figure 6a). Also, the simpler (ea - ed)i calculation was -preferred. However, the use of this
single wind function for a wide range of conditions cannot lead to generally reliable estimates of ETo;
consequently additional corrections are necessary.

In deriving the necessary corrections consideration was giyen to daytime and night time
weather conditions, particularly to wind and air humidity (Tanner and Pelton, 1960). The Penman
method was shown to be highly reliable if hourly as compared to mean daily weather data were used
(McIlroy and Angus, 1960; Pruitt and Lourence, 1966; Van Bavel, 1966). As to the effect of the
daily wind distribution on ETo, for example, total 24-hr wind is almost equal at Davis and at Tal
Amara, but 40% more wind occurs during daytime hours at Tal Amara than at Davis. Windspeed at
Tal Amara approaches maximum when radiation is highest, whereas in Davis maximum windspeed is
reached around 17.00 hr when radiation is at a lower level. With the pattern of wind at Tel Aviv,
the effect on ETo of the 131 km daytime wind is probably as great as the 153 km for Tal Amara and
probably twice as effective as the 110 km for Davis (Figure 8).

As to the combined effect of wind and humidity, at Tal Amara even with more severe advection
(perhaps 400-600 km/day) than indicated by the mean conditions given in Figure 8, calm conditions

WIND KM still prevail by early morning before sunrise with,
UD UN U24 UDÌUN

RHmax approaching 70 to 90%. This produces a mean
18%- (ea - ed) which is not very high considering theo 131 23 154 51TAL AMARA severe advection of the daytime period. As a result
16- o 153 46 199 3.3 . (June. I968-71) _ the Penman method even with the selected wind
14

110 85 195 1.3 function tends to underestimate ETo by 20 to 30%. On
the other hand, a similar strong advection period at

t2 - Davis usually involves strong day and night wind with
RHmax usually remaining below 35 to 40%. A very

\ 105 large (ea - ed) results which,combined with a large
8 total 24-hr wind,results in predicted ETo from 30 to

300% greater; than actual ETo with the higher values
6 relating to winter conditions only when radiation

isDAVIS

4 (Midsummer) Os
low even on clear days.

The effect of wind and hiunidity on ETo is more
2- .o- pronounced when evaporative conditions (or radiation)

TEL AVIV(Jun-July) o-* are high as compared to when evaporative conditions
o 11111111

2 4 6 8 10 12 14 16 18 (or radiation) are low. Subsequently the analysis of
HOUR

20 212 24
f(u) was carried out for different periods of the year.

Fig. 8 Diurnal wind patterns for three Figure 9 shows the change in the f(u) relationship with
locations season. Similar results were obtained for most loca-

tions well away from the equator. The f(u) relation-
1.5 - ftu)/ ships appeared smaller during winter than in summer.

This is in agreement with the crop coefficients .used inJUN-SEP (Daily data) the original Penman method, ranging from 0.6 in winter_ APR-MAY, OCT- NOV(Dai) y)
- DEC-MAR (Daily) to 0.8 in summer. Additional corrections based on day

JUN-SEP (10-day) length and greater weight to (ea - ed) during the day1.0
_ were suggested earlier (Penman and 'Schofield, 1951).

peocroj._, lta% Rather than day length, the level of radiation was used
herein for further analysis.

For the Penman formula with f(u) = 0.27 (1 +- U/100) and (ea - ed.)1, the interactions between U, RH.5 and Rs and their combined effect on calculated ETo
. ------

- .--- __.. against measured ETo were analysed. Values for the
.--- _....--- correction factor c for the presented PeTunan method
---- DAVIS (1960-83) for discrete levels of Rs, RHmax, U and Uday/Unight

oo
o I I I , I were determined using available hourly, daily and

200 400 weekly data (Table 3). The range of c values extends
KM/DAY to conditions which may seldom occur, such as weekly

Fig. 9 Wind function relationships for periods with average windspeeds of 3 to 6 m/sec. In
different seasons (daily .and 10-
daily data, Davis)
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most climates high windspeed/low humidity/low radiation conditions may only occur for very short (or
daily) periods. As a result of using a single wind function some correction is required for zero wind.

The same c values are used in the computer programme (Appendix III). The computer
programme interpolates between the various ranges of Rs, RHmax, Uday and Uday/Unight ratio with
upper a-nd lower limit as indicated in Table 3 but doés not extrapolate, i.e. the progranune uses
RHmax 30.0 for values of RHmax <30 percent etc.
Table 3 Correction Factor c in the Presented Penman Method

2.4 Pan Evaporation Method
Evaporation pans are- used in many climates to estimate crop water needs for weekly or

longer periods based on the results of studies in India by Ramdas (1959), in Israel by Stanhill (1961,
1962), in USA by Pruitt and Jensen.(Washington State 1955), Campbell et al. (Hawaii, 1959), Pruitt
(Washington State 1960), Stephens and Stewart (Florida 1963), Chang (Hawaii 1963) and California
Dept. of Water Resources (1975), in South Africa by Thompson et al. (1963), in Australia by Mcllroy
and Angus (Melbourne 1964), in Venezuela by Lopez and Mathison (Caugua 1966), in Lebanon by
Sarraf (Tyr and Tal Amara 1969), in Haiti by Goutier and Frère (1972). A review of the method is
given by Linacre and Till (1969).

Ine pan evaporaiion
method for weekly or longer periods 10 .90

CLOVER OR / GRASSmay give less problems than the GRASS - CLOVER MIX zEI7
methods mentioned earlier, particularly e-
when the pan is located in a large grass
field that is properly managed and well A6-Irrigated. For instance, the original

-oPenman method gives good results in ,
4 -calculating ETo at Tyr on the coast of EA b

'Lebanon; it underpredicts ETo by 30 i MELBOURNE AUSTR. 087-to 40 percent at Tal Amara in-the in- 2

for locations indicated

.74

e o CAGUA VENEZUELA a74
HAITI 0.74-

FT. LAUDERDALE, FLA. 0.72
A PROSSER, WASH. 0.90

land Bekaa Valley, Lebanon. For the cr
i r.two locations the relation between ETo ',.. ,..,

"

and Epan shows much less difference .g io -
GRASS GRASS

-
when taking into account pan en.viron- 0 -

4ment and climatic conditions (Abouk- > 8 80 -
1.1

haled et 1971). This is supportedal.
by the results presented for 10 sites
and based on references quoted above

.' ./A, . -

6 ,7

T LE(EIRANON b

0.83

-
_

TAL-AMARA 0.80 -

, 1 I i I I 1

_

2 6I ' 8 10 12

"Figure 10). The Kp values for Mel-
'UO Urne and Prosser in Figure 10 are

ewliat higher since ETclover and

California locations, Kp Fig. 10 Evapotranspiration versus Class A pan evaporationwith
mg with decreasing RH.

RHmax = 30% RHmax = 60% RH-nax = 90%
Rs mm/day 3 6 9 12 3 6 9 12 3 6 9 12
Uday m/sec Uday/Unight = 4.0

0 .86 .90 1.00 1.00 .96 .98 1.05 1.05 1.02 1.06 1.10 1.10
3 .79 .84 .92 .97 .92 1.00 1.11 1.19 .99 1.10 1.27 1.32
6 .68 .77 .87 .93 .85 .96 1.11 1.19 .94 1.10 1.26 1.33
9 .55 .65 .78 .90 .76 .88 1.02 1.14 .88 1.01 1.16 1.27

UdayfUnight= 3.0
0 .86 .90 1.00 1.00 .96 .98 1.05 1.05 1.02 1.06 1.10 1.10
3 .76 .81 .88 .94 .87 .96 1.06 1.12 .94 1.04 1.18 1.28'
6 .61 .68 .81 .88 .77 .88 1.02 1.10 .86 1.01 1.15 1.22
9 .46 .56 .72 .82 .67 .79 .88 1.05 .78 .92 1.06 1.18

Uday/Unight = 2.0
0 .86 .90 1.00 1.00 .96 .98 1.05 1.05 1.02 1.06 1.10 1.10
3 .69 .76 .85 .92 .83 .91 .99 1.05 .89 .98 1.10 1.14
6 .53 .61 .74 .84 .70 .80 .94 1.02 .79 .92 1.05 1.12
9 .37 .48 .65 .76 .59 ,70 .84 .95 .71 .81 .96. 1.06-

Uday/ Uniszht = 1.0
0 .86 .90 1.00 1.00 .96 .98 1.05 1.05 1.02 1.06 1.10 1.10
3 .64 .71 .82 .89 .78 .86 .94 .99 .85 .92 1.01 1.05
6 .43 .53 .68 .79 .62 .70 .84 .93 .72 .82 .95 1.00
9 .27 .41 .59 .70 .50 .60 .75 '87 .62 .72 .87 .96

6-

4 - 8
o

CALIFORNIA b

A SANTA MARIA 0.82 -
2- o SOLEDAD 0.76

DAVIS 0.77

r0 , , I 1 1 , 1 i

14 8 10 2 0

grass-clover mix are some 15 percent
greater than ETo. The effect of
climate, particularly humidity, on the
value of Kp can be noted for the three

decreas-
EVAPORATION , MM /,Ci 0 y (CLASS A Pan)
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Fig. 11
Mean ETgrass versus Epan

(Class A) for three combinations
of RHmean and Umean. Upwind
distance or fetch of green grass
is 200 to 300 m. Solid lines
represent relationships for
Class A pan, Case A (Part 1.1.4)

To analyse the effect of humidity and wind on the relation ETo and Epan, the data from
Figure 10 and many other studies including the 15-year study at Davis were grouped in various
combinations of RHmean and Umean. One example is shown in Figure 11 for three such combinations;
the solid lines represent the relationships between ETo and Epan as given by the Kp value, Class A
pan, Case A for upwind distance of the irrigated crop or fetch of 200 to 300 m, Table .18 (Part I.1.4).
The dashed line respresents the strong wind/low humidity combination and indicates lower Kp values
than given in Table 19 (Part 1.1.4). It is the actual regression relationship for these data. Since
some of the data relate to perennial ryegrass, with visual signs of wilting (curling of leaves) sometimes
rioted, the more conservative Kp values seemed advisable. However 94 out of total 115 days were for
alta fescue grass, which showed no signs of wiltin.g even under the severe conditions involved.

The effect of local pan environment is shown by an early study under erid conditions by Pruitt
(1960). During mid-surnmer months in South Central Washington State, USA, Epan at a surface pan
located in dry fallow field was some 30 percent higher compared to similar sized surface pans located
in a grass.field. Epan of a sunken pan was some 40 percent higher in dry fallow fields. Less than
10 percent difference between pans sited in cropped and non-cropped fields was found for cool, humid
coastal climate(Lompoc, Calif.) by Nixon (1966). Rarndas (1957) reported results similar to a 1957-59
study at Davis. In Davis USWB Class A and sunken pan (both 121 cm in diameter and 25.4 cm deep)
were placed centrally (0 within different sized circular shaped areas of frequently irrigated and
mowedgrass plots all located in large fallow fields (Case A) and (ii) within different, sized non-
cropped circular shaped plots located within a large irrigated grass field (Case B). The effect on
the ratio ETo/Epan or Kp for various combinations of humidity and wind and different pan environ-
ments was subsequently analysed. The need for Kp values as low as 0.5 is shown for pans located
in large dry uncropped areas. Epan under conditions with upwind distance of bare land of some 60 km
was some 70 percent higher than for an irrigated pasture environment with light to moderate wind
conditions in the San Joaquin Valley (Calif. DePt. of Water Resources, 1975). The low Kp value would
apply in semi-arid areas where pan measurements are taken prior to irrigation development.

In adapting the Tables 18 and 19 (Part 1.1.4) for the computer progranune, the Kp values are
related to discrete levels of RHmean and Umean. The programme assumes RHmean 30 percent for
values listed under low, 57 percent for medium and 84 percent for high RH. The programme inter-
polates between 30 and 84 percent but not beyond these values. The Kp values listed under light,
moderate, strong and very strong wind relate to windrun of 84, 260, 465 and 700 km/day respectively.
The programme interpolates logarithmically for distance of fetch; it does not extrapolate for fetch
beyond 1 000m. The programme includes only Class A pan, Case A and B, and not sunken Colorado
pans
3 ACCURACY OF ESTIMATING ETo

The choice of method will in many instances depend on the type of climatic data available forthe given location. Only general indications as to accuracy of the methods to predict ETo can be
given for different climates since no baseline type of climate exists. In testing against measured
ETo, the presented methods appear to be in good agreement for a wide range of climates (Figure 12)
exc.ept possibly at higher altitudes an.d where the correction factor c in the Penman equation isrelatively large (Tal Amara). Additional adjustment may be required ai is given for the Blaney-
C.:riddle method (Part 1.1.1) for spring and surruner months in semi-arid and. arid areas with upwind
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Fig. 12 Measured and Calculated ETo using Presented Method.s

adjustment of 10 percent for each 1 000 m altitude change above sea level. For Tal Amara at 900 m,
this would still leave a 10 percent underprediction of ETo for June and July.

Overpredictions compared to measured ETo are noted in Figure 12 for Davis and Copenhagen.
This may be caused by the frequency of irrigating the lysimeter and its surroundings. At most sites
drainage-type lysimeters were used with soil water constantly near field capacity. In the case of
the 6.1 meter diameter weighing lysimeter at Davis, during 1959-63.the available soil water was
depleted to half before the next irrigation. Analysing the data for the periods with up to 1/3 soiI
water depletion gave, however, similar results.

The presented Penman method uses Uday/Unight ratio, the Blaney-Criddle and Radiation
methods use day time wind. For Figure 12 the ratio lIday/Unight applied is for Phoenix, Arizona,
1.5; Coshocton, Ohio, 2.0; Port au Prince, Haiti, 2.5;

Yangambi'
Zaire, 2.0; Wageningen,

Netherlands, 2.5; Montfavet, France, d.aily data in groups of 1 to 1.25, 1.25 to 1.75, up to 3.5 to
4.0. The computer programme assumes 2.0 if no estimate is provided.

in summary, the presented methods may give slightly conservative estimates of ETo in hunnd
regions; they may possibly over-estimate ETo by 10 to 15 percent at some mid-latitude, semi-arid
locations; they may under-estimate ETo by 5 to 10 percent in very hot, dry desert locations with
light wind. Difference will occur in similar climates, as for instance the climates resembling those
of Northern Europe; the overprediction for Copenhagen is in contrast to the good results found in
Wageningen. The results for the 9 locations in Figure 12 reflect the availability of accurate
measured climatic data. For most locations the climatic data may need to be partly obtained by
extrapolation from nearby stations, from general descriptions of climates, or from loçal estimates
particularly on RH, n/N and 11 when applying the Blaney-Criddle or Radiation methods, and less
accuracy can be expected.
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APPENDIX III

COMPUTER PROGRAMME F612. ESTIMATION OF REFERENCE CROP EVAPOTS.ANSPIRATIÒN
by S.K. Gupta, W.O. Pruitt, J. Lonczak and K.K . Tanji

Water Science and Engin.eering Section, University of California, Davis, USA-1/

Introduction
The computer progranune is based on the methods to calculate reference crop evapotranspiration

(ETo) as presented in Part 1.1. The progranune can be used to calculate on a routine basis the daily,
weekly or monthly ETo data for several locations in development projects. Also, it can be used to
process climatological data of a given country and to provide in tabular form or on maps the evapo-
transpiration data needed for general project planning. Particularly for areas with considerable
annual or monthly variation in climate, frequency analysis of ETo using each year Of climatic record
would provide improved estimations of water requirement data for planning purposes. Since large
amounts of computations are involved, the progranune will provide an efficient means to perform these
calculations at a reasonable cost. It would replace the graphical and computational techniques as
presented in Part 1.1.
Capabilities of the Computer Programme

The progranune determines the values of reference crop evapotranspiration (ETo); conversion
to evapotranspiration for different crops must be done manually using techniques described in Part 1.2.
Estimates of ETo can be computed using daily, weekly, 10-day or monthly average values of climato-
logical data. If more frequent data are provided for each month, the average monthly value of ETo is
also printed. The programme is designed to handle the input climatological data regardless of units
used, with the programme handling the necessary conversions.
Hardware and Software Requirements

The programme was developed and tested on a Burroughs B6700. Provisions for use on other
computers with a minimum of difficulty have been made. Local computer consultants may be contacted
for minor syntax error to suit a given system. The hardware requirements are:

FORTRAN IV COMPILER
One disk or tape unit Burroughs

Memory (words) 4474
Printer (positions) 122
Compilation (CPU) 0. 15 min

Description of the Programme
The nrograrrune consists of one main progranune, five subroutines, and a function. subprograrnme.

The subroutines are: BLANEY, RAD1AT, PENMAN, CORPEN, ETPAN. CORPEN is the subroutine
for Part 1.1.3 whereas PENMAN relates to use of the basic-equation only (or with C = 1.0). All
climatological data are read in the main programme and if no error in input data from a given station
occurs, estimation of ETo by use of various, subroutines is done. -A macro-flow chart of progranune
functions is shown in Figure 1 of this Appendix. The main features are:

Print option . Through variable "NPR1NT" user has choice of getting different levels .ofoutputs as given below.
NPR1NT 0 prints only station name and ETo estimates.

1 prints above + converted data. (See example for Davis, California at endof this Appendix.)
= 2 prints above + input data \without conversion. (See example for Brawley.)

Each card is printed as read. For first run this option is reconunended.
This will assist in iden.tifying the specific card with format error, if any.If neither measured sunshine (or cloudiness), solar radiation, nor net radiation data areavailable calculation by RADIAT is omitted.

Similarly, if neither measured relative hiunidity, sunshine data nor solar radiation data areavailable, calculation by PENMAN. and CORPEN is omitted.
Estimation by Pan methods needs specification on length of fetch and case as described inPart 1.1.4. These specifications do not change daily or even monthly in many cases andtherefore have been omitted from each data set of daily, weekly or monthly average values.There is an option to change these specifications by specifying "NREAD" as 1. For firstdata card of daily or average value "NREAD" should be made as 1 and on next ca.rd (not adata card). Fetch and case are to be read if EPAN estimation is desired.

Major portions of programe development were done under NSF-RANN Project on Nitrate inEffluents from Irrigated Lands (GI 34733X, GI 43664 and AEN 74-11136 A01) University ofCalifornia.
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If mean average pressure (PMB) for the year is not d.efined for the station, the progranune
automatically uses the following relationship developed by W.O. Pruitt using data from a
wid.e range of altitudes in Africa (Griffith, 1971, Climate of Africa, Vol. 10. , World Survey
of Climatology): PMB = 1013 - .1152 * ALTITUDE + 5.44 * 10-b * (ALTITUDE)2
Of the three elements of wind data (24 hour wind, d.aytime wind and day/night ratio), two
have to be read in and the programme calculates the third missing parameter. If only 24-hr
wind or daytime wind is given and no day/night ratio (URATIO) is read in, the programme
assumes URATIO = 2.0.
If from the three humidity terms(Td.ewpoint,vapour pressure and relative humidity) only one
parameter is given, the progranune approximates the others from knov.rn physical and mathe-
matical relationships.
The equation used in the programme to estimate RS is: RS = (0.25 + 0.50 n/N) RA
where RS = solar radiation; RA = extra-terrestrial radiation; n/N .7 ratio of actual to
maximum possible bright sunshine hours. If a local reliable relationship based on a wide
range of n/N and RS is available, the card given at sequence 2340 may be modified.

Card Preparation
Preparation of data deck as listed below is specific for the given progranune. The data for each

station are grouped into two parts:(i) data which remain constant for the station (Al, A2 and A3) and
(ii) daily, weekly or monthly (or any number of days) average values. It is advised that data available
on punched cards for any location, be converted into the following form through a separate, inde-
pend.ent programme.

Al 1st Card for each station:
Col 1-30 (5A6) STA (30 character alphanumeric station code)
Col 31-35 (F5.0) ALT (altitude of station in metres)
Col 36-40 (F5.0) LAT (latitude of station in decimal)
Col 41 (Al) HEMIS (hemisphere "N" or "S")
Col 42-50 Blank
Col 51-55 (F5.0) UHT (height (metres) of wind measurements)
Col 56-60 (F5.0) PMB (mean annual pressure in millibars if available)

Programme will use a computed value if not given here.
A2 2nd Card for each station: factors for conversion, identification of status of data and

selection of print option. For most of the factors see the comment cards in the programme.
Col 1-5 (F5-0) FU24 (factor for converting 24-hr wind data to km/day)
Col 6-10 (F5.0) FUDAY (Factor for converting daytime wind data to m/sec)
Col 11-15 (F5.0) FACTED (factor for converting vapour pressure (ED) values to

millibars)
Col 16-20 (F5.0) FACTRS (factor for converting solar radiation (RS) to equivalent

mm/day) (see comment cards in the programme)
Col 21-25 (F5.0) FACTEP (factor for converting EPAN data to mm/day) (Monthly

total evaporation in mm or inches must be converted to
daily mean evaporation since programme will not handle
this data.)

Col 26 (Al) UN1TT (flag for temperature data "C" or "F")
Col 27-36 Blank
Col 37 (11) UNIT N (flag for identifying the sunshine/cloudinesS data)

= 1, 2, 3, 4, or 5 (see comments in programme for details,
sequence nos. 925-990)

Col 38 Blank
Col 39 (11) RHFLAG (flag for identification of RH data)

= 1 if RH data are based on measurements (if actual dewpoint temp-
eratt-re data or vapour pressure are used, then RHFLAG = 1
since programme will automatically calculate RHmax, RIlmean
and RHmin.)

= 2 if RH data are estimated
Col 40 Blank
Col 41 (Ti) UFLAG (flag for wind. data)

= 1 if 1J24 or UDAY are measured data
= 2 if U24 or UDAY are estimated data

Col 42 Blank
Col 43 (11) NFLAG (flag for sunshine or NRATIO (n/N) data)

= 1 if measured or RS is measured
= 2 if estimated

Col 44 Blank
Col 45 (11) NPRINT (option for printing input data)

= 0, only results are printed
= 1, prints above + converted data



2, prints above + unconverted input data as read - - suggested for
first run.

(NOTE: RHFLAG, UFLAG and NFLAG are provided to compute at least the Blaney method
if no measured data on relative humidity, vrind and sunshine are available for a particular
station, but reason.able estimates can be made. In this case the use of Radiation or Penman
is generally not desirable. However, for some regions there may be enough first-order
weather stations to allow climate maps to be prepared with reasonably accurate isolines of
n/N, Tdewpoint or vapour pressure wind, etc. The necessary data for stations having
only temperature data can be obtained by interpolation and calculations based on Radiation
and Penman methods can thus be made. A "1" should be used in Col. 39,. 41 and 43 as if
data were measured.)
A3 3rd Card of each station specifying the options for various methods. Selection of one

up to all of the methods can be specified depending on the status of climatological data.
Blank
NBLANY (-1, estimates ET by Blaney and - 0, omits it)
Blank
NRADIA (-1, estimates ET by Radiation method provided

sunshine, n/N , or solar radiation are the measured
data, or obtained as indicated a few comments back.
A zero (0) in Col 10 indicates calculations based on
Radiation method should not be made.)

Col 1-4
Col 5 (11)
Col 6-9
Col 10 (11)

Col 11-14 Blank
Col 15 (11) NPENMN (-1, estimates ET by Penman-FAO equation (with

C - 1.0), provided relative humidity, wind, and
sunshine data are measured data, or as indicated
above, and - 0, omits it)

Col 16-19 Blank
Col 20 (11) NCORPN (=1, estimates ET by corrected Penman method if

the data of relative humidity, wind and sunshine
are measured data or as indicated above, and - 0,
omits it)

Col 21-24
Col 25 (I1)

A4 4th Card of each station.
SID

Col 11-15 (F5.0)

Col 16-20 (F5.0)
Col 21-25 (F5.0)

Col 26-30 (F5.0)

Col 31-35 (F5.0)

Col 36-40(F5.0)
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Blank
NETPAN (-1, estimates ETo by EPAN provided actual pan

evaporation, FETCH and CASE are specified, and
- 0, omits it)

(station identification in alphanumeric code in 3 characters
on each card. These may be left blank if desired since
these are not used in the programme.)

MONTH
'DAY (should be inputted - 0 if only average monthly data are

used, or - day of first date for weekly or 10-day periods,
e.g. 1, 11, 21 for 10-day periods)

YEAR (last two digits of year, or 00 if mean data for multi-
year records are used)

NREAD (flag for changing the FETCH and CASE values of
ETPAN. 1, needs next card "A5" and - 0, or blank
for no change)

TMAX (daily or average daily maximum temperature. If no
no decimal is used Col 15 must serve as location for
unit digit)

TMIN (daily or average daily minimum temperature)
TDEW (dewpoint temperature -- see sequence nos- 830-840)
Note: If no vapour pressure or RH data are available a

reliable estimate of TDEW is by assuming TDEW TM IN,
that the air is saturated at TMIN). This is reasonable

for sub-humid climates but not for drier climates, especially
when windy at time of TM IN.
RHMAX (maximum relative humidity -- see sequence nos 702-

785). Note: If no dewpoint or vapour pressure data
are available, RHMAX must be estimated if a
Radiation method estimate-of ETo is desired .

RHM1N (minimum relative humidity -- see sequence nos 790-
815). Note: If no dew-point or vapour pressure data
are available, RHMIN must be estimated to obtain
even a Blaney-Criddle estimate of ETo.

ED (vapour pressure -- sequence nos 440-450)

Col 1-3 (A3)

Col 4-5 (12)
Col 6-7 (12)

Col 8-9 (12)

Col 10 (11)
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Col 41-45 (F5.0) UDAY (mean d.aytime 9700-1900 hrs') wind -- see sequence
nos 875-900). Note: If 24-hr wind data is not available,
UDAY (or U24) must be estimated to obtain ETo
estimates.

Col 46-50 (F5.0) U24 (24 hour wind total)
Col 51-55 (F5.0) NACT (hours of bright sunshine or cloudiness in oktas or

tenths)
Col 56-60 (F5.0) NRATIO.(ratio of actual to possible sunshine hours).Note: If

no sunshine, cloudiness or RS data are available,
NRATIO must be estimated to obtain even a Blaney-
Criddle estimate of ETo.

Col 61-65 (F5.0) RS (solar radiation)
Col 66-70 (F5.0) RN (net radiation -- included in programme for research

institutes where Rn may be measured)
Col 71-75 (F5.0) EPAN (24-hour evaporation from USA Class A pan -- see

sequence nos 460-470)
Col 76-80 (F5.0) URATIO (ratio of daytime wind (0700-1900) to nighttime wind

(1900-0700). Programme uses 2.0 if no basis for
estimating)

Card. A4 is repeated for all data sets for a given station.. Blank card at the end of the data
sets, reads the data for new station from Card Al. Whenever Col 10 is non-zero, the Card
A5 has to be provided as next card.

A5 Card for reading new value of FETCH and CASE.
Col 1-10 (F10.0). FETCH in metres (if no decimal is used Col 10 must serve as

location for unit digit)
Co1.11 (Al) CASE ("A" or "B" -- see Part 1.1 for details) (Present

programme does not include methodology involving data
from other than Class A pans.)

Test Data and Examples of Output
Examples from two locations in California are provided to illustrate the programme. The input

data, column by column and Card by card are provided not only for illustrative reasons but also as
samples of test data to check newly punched progranunes for a given computer.

The examples provide first an illustration to compute ETo from mean climatological data. for a
multi-year record. For the pan data for Brewley, the reason for changing Case and FETCH relates
to the particular situation found. The Class A pan is in a 10 m x 10 m weather station planted to
Bermuda grass with the surrounding 4 ha field assumed to be non-cropped continuously. The chan.ge
in Case (B to A and back to B) relates to the generally dormant condition of the Bermuda grass within
the weather station during the November-February period (CASE B) as compared to its green-growing
characteristic from March-October (CASE A). Assuming the 4 ha upwind field is dry all year, this
results in a 5 m fetch of green grass for the Case A period of the year, but With the grass dormant, a
fetch for the Case B situation of 5 m plus the 4 ha field or say around 200 m in the direction from
which the prevailing winds come.

The Davis data are presented for a particular month (October 1960) to illustrate: (i) daily ETo
calculation from daily weather data; (ii) 10-day mean ETo calculated from mean weather data for 10-
day-periods ; and (iii) monthly mean ETo from mean weather data for the.month (not mean of several
years as for Brewley). The use of a "1" in Col 45 of Card A2 illustrates the case where only con-
verted weather data are presented, as compared to the use of a "2" for Brawley with both original.
and converted data printed out. The use of a "0" would result in a printing of only the calculated
ETo data.

As to the results the following observations can be made:
For Brewley a reasonable agreement exists month by month for all methods, although EPAN
values run 10-14% low. This may be due to the fact that the 4 ha field was in crops about half
the years of record. During such years the fetch in Case A periods would be some 200 with
Kp values some 15% higher than selected by the programme.
For Brawley, little difference is noted between Perunan and corrected Penman. The need for
correction, however, is demonstrated by the daily Davis computations.
For Davis, the very high estimates by the Penman equation (C = 1.0) on days involving strong
day and night winds combined with medium radiation d.uring October and the low RHmax at night,
are quite unrealistic. The agreement between corrected Perunan and the other methods is quite
good.
The Davis data illustrate the considerably better response of the Blaney-,Criddle and Radiation
methods to day by day weather changes than could possibly be expected using for example the
original Blaney-Criddle, Makkink or Jensen-Haise methods. The availability of u/N, RH and
wind data (or their reasonable estimates) remains a crucial requirement.
The rather close agreement (for each method) between ETo calculated from daily, 10-day or
monthly weather data is surprisingly good for this particular set of data. Such close agreement
may be somewhat fortuitous but at least is encouraging considering the rather extreme variability
of wind and relatiVe humidity day by day.
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Finish 'zara or set (Al, A2, A3, and deck of A4 & AS) of new cards for new
stzltion

Blank card terminates estimation of given station

Card A4 & AS-data input deck of daily or average daily values

Card A3-specifying options for various methods

W1111111111111.-

Card A2-conversion factors, identification data, specifying print option

(Card Al-station name, altitude, latitude, hernie, wind height measurement, PMB

Figure 2. DECK SETUP FOR INPUT DATA OF PROGRAM
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006(0000 I II il 
00600000 1 (1,10191611 
00620000 
06E0000 nv30 A 

00610900 /van./ 006E0000 
01010000 /O SO .(A°0 .0/.0 .41,0 .00.0 0 
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05000000 0.01 01 0.0 50114 10311110 101 NO SI AvOn 010130 AU. NI 3 
000(0000 ...11.. AO 9001010.101191 3 
11110000 v" 

3 
040(0000 
0111100000 0.0.... 
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61690000 ((18081)11.(toiS)10.1314 118(.1)10.1180401 
00610000 (4g.I.R)11..ER'48g)//).131.1 (1.1.1)11.(i'llii 
61690000 (11.0.1111.00W10113.1314 (18181111.(081001 
01690000 (1161.1/11.(11.1.11110.1293 el"!"1)1&.(1,1)/1 

60690999/(1.1.00'spm)10.60.9x.e.s1/331.03119 111010"gr'11/390118081/11 
00.00000(Eiviel4.9/)03.(0.10'gr804)33).0304 (11.1X8WS1)22.118[81011 
61101.0000(11110Ire01)03.(11"(e'1r'(l)23).93A (110Wir831130.108180,11 
06,00000c(11.10.1r"(1)331(01.10.1r.110330.93V4 0118[0"tr811)30.11.1,0011 
6110000001111.10Er811/32.10.1egr'1/1331.03111 (118(e'sr.11/33.11.8.1/11 
00,00000c(111)01r.11)33.11181000811130)09.1 (11.10"g09113311I81.1)11 
641000004(11.10810811)23.(11.(50011)33).0301 011000010'11133.4181,1711 
0/0000001(1110,1r11)33.(61.19050033)..3,4 (11.10.ipetil331(0r1.1101 

OOOOOO 90 
09000000 (11.0).266 0.11 10.00.11)41 
06990000 VW C6.13°01 J1 
69990000 f o 11 01 
09000000 11.11 
61100000 1.11 10.02.111 11 

0(590000 (2)1011.11 
60000000 0.01/01*.A).E:VA 
osivicoos 1.00 19.113.13) J1 

1 lo im 

0 OOOOOO 0 01/39613 
60000000 01.30 (0.03.030 J1 

0( 10E,A)/NI.00 
69E00000 0.14(rr..0).130,4 

0 OOOOO oo sr 11.12.1r) il 
T if gr 

00(00000 t 1trr.lr 
61E00000 per (9111.rr) hl 
01100000 t (E/A)1011.re 
11190000 0.14111.1)°1311 
001001100 1 11 10.57.11)11 
66100000 011(010.11)41 
06E10000 9.0116.113'011/1 
60100000 111.3l 00190000 f/11.11 
61190000 (61110.113'11111 
011190000 0C110/11.11 
60190000 
00100000 alOWMU 
61100000 OOOOO .L 
011150000 4110110 
0100000 1011 
00190000 
60090000 10.1.01.1.11091.110.0 ofC1.90.1.01.1...0 
09190000 gi°1.41.1.01.11,664 1101.01.1.00.100.1 
600130090 011otn0.100.0.0011 01.101.1.11100.60.0 
01090000 601.1.11.1800.1.40.01 .60.1860.1111.0.96.0 
61800000 800.~0.60.0.10.0 n6.0.111.0q1.0q0.0 
04090000 .10.0.06.0.00.0.64.0 00.100.106.0,q1.0 
69100000 .01.1.110.1.00.0.111.0 AV0,A1.0.l111.0M.1) 
09090000 '00.1.101.1.00.1.000 '01.1.01.1.00.1"0.1 
06090000 60.1.91.0A4'0P,0.0 8011810.1.014.4/.0 
06000000 .101.1.00.1,06.041.0 .60.1.60.1.116.0.0(.0 

99(1* 000 .00.0.01.0.06..0.90.0 "WO.10.0.10.0,19.0 
00100000 .06.0.01.0.11.0.0P0 '110.1.00.10e0M1.0 
61090000 .00.P011.0.10.0.,11.0 "11.1,60.1.06.0.61.0 
01000000 .01.1.01.1.16.0.60.0 .01.1,01.1.90.1.10.1 
60010000 .60.0.01.0.06.0.1064 .10.1.,00.0.000,01.0 
01000000 .60.I.600.10.0,11.0 860.1860"1.90.0,9400 
61090000 .111.0.60.0.01.0.100 .011.0.000"100C6.0 
01200000 "Se0.611.0114.0.09.0 '00.100.1,0160.1100 
60190000 "14.0eL9'0,14.0.29.0 800.1.60.00090"4/.0 
00090000 "60,1,101111.0.640 .01.1,01,1"10'1.00.1 

OOOOO 000 1108600.00.0806.0 .16.0,16"0"040R9.0 
00100000 .06.0.116.0.09.0.04.0 .60.1.60.1"16.0,011.0 
60100000 .01.0.66.0.11.0.10.0 .61.0.110.0.16.0,00.0 
01190000 490'00.0,14.0',0°0 800100.1,06.0,90.0 4 
61100000 33 9100 
01100000 
69190000 
09100000 '1015,A 999134 031010100 391 113v103153 Oxy ..3. 
66100000 301294 9011330003 0901939 311 0311101113111 1911000101 1101 
06100000 
60100000 
00100000 0119111 1020 
61100000 (0)11 "W0)01 ot0'C'0011 10.68080100 901113110 
01190000 (3(138111.10'Avx110.011500',En'1v00) 03.100) 30010001106 
61100000 
01100000 
61190000 
01100000 
60190000 
00190000 
61090000 
06000000 
69090000 
09000000 
61080000 
01050000 '30110 094931 031310110390 190 1110102102 0,11100101 10010 
60010000 
00000000 
66000000 
06000000 (110.f/3.011011.10.0011.03.03.1103110.0 09013.1 3110001101 

093 
009113 

111.9.1 013 
(0,11111A,11"1x'10.1"0"gr"If":1811) 0W010 

01 (1.00) &A 

69090000 
09990000 
6t090000 
01090000 
60000000 
00090000 
61000000 
01000000 
60080000 

001 
900120 
(031)991.1.111 0'001/2009).4E'w4 
'OW 

011001 1536 

4 

2 

190990 09 

60690000 
0 OOOOOO 

'61. '04' 
"61. 

.06* 809* 
'00. '600 
.0A '60. 
169' 69. 
.09. .611. 
06' .64. 
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CORY OF INPUT DATA(COL. BY COL.) OF EXAMPLES FOR TESTING NEM PUNCHED PROGRAM AT A GIVEN COMPUTER.

COLUMN 1.80 OF INPUT CARDS CARO IDENTIFTCATICN
12345628901234567890123456789012345624901234567490123456789012345628901234567890

BRAMLEY CALIF .31.0 33.0N 2.0 MEAN LONG-TERM RECCRD Al
38.6 .017 25.4F 5 1 / 12 T in °F; U in MP= ; Rs in Ly/day ; A2

17 1 11 1 1 t Ep in in/day A3

BC 0110010011 70 40 33 2.6 .85 307 .121 1.6 A4

200. B A5
,

BC 0210010010 74 43 35 4.2 .87 399 .179 1.5 A4

RC 0100001 79 47 35 42 .90 386 .264 1.3 A4

5. A AS

BC 04i0010010 82 55 37 4.7 .95 621 .368 1.3 A4

BC 0 00000 94 61 42 5.2 .95 683 .466 1.2 A4

BC 0 0000 104 68 53 4.3 .92 715 .523 1.2 44

BC 0 0000 108 77 57 4.0 .87 645 .503 1.2 A4

BC 0 0000 106 76 58 4.0 .88 606 .464 1.2 A4

BC 0 0000 105 21 54 3.3 .93 536 .400 1.3 A4

RC 1 0100 94 60 46 2.4 .90 438 .1269 1.5 44

RC 1100,001 79 46 43 7.5 .83 326 .165 1.8 A4

200. 9 45

BC 1200000 72 40 36 2.0 .82 283 .112 1.8 84

PLANK
DAVIS CALIFORNIA. 17.038.5 N 2.0 1010. DAILY DATA, OCTOBER 1960 AI

1.0 10 1.0 1.00 9 1 1 1 1 T in 'NC; U in kmiclay, Rs, Rn & A2

1 1 1 Ep in equiv. mm Evap . A3
DC 101016011 25.6 14.4 0.0 100 35 0.0 0 169 0.00 0.00 7.24 3.21 4.32 1.20 A4

200.0 A A5
DC 1or0A6 0 24.1 8.3 0.0 100 32 0.0 0 121 0.00 0.00 2.21 3.18 4.52 1.20 A4

nc 1(30316010 24.7 9.4 0.0 100 21 0.0 n 238 0.00 0.00 7.19 3.11 5.33 1.20 A4

nc 1004,6010 24.2 11.7 0.0 100 36 0.0 0 79 0.00 0.00 7.28 3.19 7.30 1.70 A4

nc 10OS601O 22.4 11.7 0.0 100 43 0.0 0 229 0.00 0.00 9.92 2.11 1.78 1.20 A4
nc 100616010 23.4 8.9 0.0 100 51 0.0 0 268 0.00 0.00 9.50 2.09 3.81 1.20 44

OC 100 6010 23.4 8.3 0.0 82 48 0.0 0 239 0.00 0.00 5.68 2.60 3.30 1.70 A4

DC 110 6O 22.2 11.7 0.0 42 23 0.0 0 729 0.00 0.00 7.45 2.7312.45 1.20 £4
CC 1010 6O 21.1 12.8 0.0 41 23 0.0 0 847 0.00 0.00 7.50 2.7714.22 1.70 44
nc ttll 6010 19.4 3.9 0.0 100 '33 0.0 0 155 0.00 0.00 3.50 1.39 3.81 1.70 44

DC 1d116010 24.1 3.3 0.0 100 33 0.0 0 101 0.00 0.00 6.46 3.09 2.29 1.20 44
DC 11/ 0 21.7 6.1 0.0 83 35 0.0 o 77 0.00 0.00 6.53 3.16 2.79 1.20 44
DC 1(1116 0 22.8 6.2 0.0 57 29 0.0 0 157 0.00 0.00 5.44 2.22 3.61 1.20 AO
nc l(116 0 25.6 5.6 0.0 14 20 0.0 0 413 0.00 0.00 7.05 2.79 9.65 1.20 44
Dc 116 0 27.4 8.3 0.0 55 18 0.0 0 637 0.00 0.00 601 1.6012.70 1.20 A4
OC 1011 60 29.4 5.0 0.0 76 24 0.0 O 123 0.00 0.00 6.73 2.39 4.06 1.70 A4
DC 101 6 24.3 3.9 0.0 100 28 0.0 0 119 0.00 0.00 6.32 2.27 4.06 1.70 44
Cc 00118 24.4 5.0 0.0 100 26 0.0 0 152 0.00 0.00 6.22 2.29 3.30 1.70 A4
nc 1 60 25.6 5.6 0.0 42 24 0.0 0 72 0.00 0.00 5.28 7.60 2.29 1.70 44
nc 102 60 22.7 2.8 0.0 87 24 0.0 0 66 0.00 0.00 5.74 2.85 3.30 1.20 A4
ne 10216 27.8 8.3 0.0 100 20 0.0 n 45 0.00 0.00 5.20 2.52 2.29 1.20 A4
DC 102 60 24.9 10.0 0.0 100 40 0.0 0 169 0.00 0.00 5.64 2.82 4.32 1.20 A4
CC 102 6 22.2 2.8 0.0 100 40 0.0 0 148 0.00 0.00 5.90 1.91 3.30 1.70
nC 102 6 22.7 5.6 0.0 94 15 0.0 0 143 0.00 0.00 5.93 2.65 3.05 1.70 84
CC 102 60 23.3 11.1 0.0 32 23 0.0 0 238 0.00 0.00 5.95 2.01 3.05 1.20 84
CC 1012 600 21.1 13.3 0.0 32 16 0.0 0 5410 0.00 0.00 5.78 2.01 8.64 1.70 14
nc 102 600 23.3 15.6 0.0 68 21 0.0 0 371 0.00 0.00 5.42 1.68 8.64 1.70 A4
nc 0286010 26.2 5.0 0.0 76 14 0.0 0 328 0.00 0.00 5.71 1.86 2.32 1.70 A4

o 26.7 5.0 0.0 23 22 '040 0 169 0.00 0.00 5.71 2.01 5.59 1.20 A4
Op 1;5160
oc 1 30160

DC 10131160
0 27.8 7.2
0 24.3 7.8

0.0
0.0

26
78

22 0.0
24 0.0

0

O

51

61
0.00 0.00 5.42 2.37 2.03 1.70
0.00 0.00 5.27 7.30 3.05 1.70

A4
A4

PLANKDAVIS CALIFORNIA. 17.038.5 N 2.3 1010 10-DAY MEAN DATA 41
1.0 1.0 1.0 1.0C S 1 1 1 1 A2

1 I

DC 101 1 160[1 24.3 10.1
200.0 A

I

86 35 267 6.20 2.62 5.69 1.20
43
A4

OC 1011116000 25.9 5.7
nc 101711600 75.3 8.8

76
75

26
26

172
212

6.26 2.48 6.92 1.20
5.63 2.18 4.62 1.20

A5
44
A4

04 VIS CALIFORNIA.
1.0

11 I

1.0 1.0l1 I

1.0C
1

17.038.5 N
5 1 1 1 1

2.0 1010. xarMILY /CAN DATA
PLANK
A1

*2

DC 100060U
200.0

25.2 8.2
A

AO 29 223 6.02 2.42,5.08 1.20 A9
45

RLANX



STATION ..ARAMLEY CALIF

ALTTTUDE IN METEOS .31.0

LATITICE IN DEGREES 33.0

HEmISPHERE N

HEIGHT OF MINO MEASUREmENT IN METERS 2.00

MEAN PRESSURE FOR THE yEAR IN MILLIBARS 1016.6

FACTOR FOR CONVERTING 24144 MIND TO X14/DAY 38.600

FACTOR FOR coNvERTIRo oATTTRE Rpm TO M/SEC . 0.000

CLIMATOLOGICAL DATA AS REAn IN NITHOUT C0NVER5InN

CLTNATOLOGICAL DATA FOR MONTH AFTER coNvERs/ON

MESULT OF ET ESTTHATION BY VARIOUS ITETWOOS FOR MONTH, .11/1,,

131

FACTOR FOR CONVERTING ED DATA TO MILLIBARS 0.000

FACTOR FOR CONVERTING RS DATA TO MN/DAY 0.017

FACTOR FOR CONVERTING EpAN DATA TO PM/DAY 25.400

TEMPERATURE DATA IS GIVEN IN DEGREES 1 F

SUNSHINE/CLOUDINESS FLAG 5.

PELATIVE HUMIDITY DATA IS 1 ACTUAL CATA

MIND DATA IS 1 ACTUAL DATA

SUNSHINE DATA IS 1 ACTUAL TATA (FOR n/N )

nATE (MI) ) TNAx TON TNEAN TOEN RNNAX RNMIN RHNEAN EA ED UDAY U24 SUNNRS NRATID SOIRAn RN EPAN URATIO
0,... on oc iv& mb m/Tec km mm 11.1111 nix

VALUES F FETCH 200.00.CASE 8
1/ 1/ 21.1 4.4 12.8 0.0 76 25 51 148 6.4 1.4 100.4 0.00 0.85 5.22 1.27 3.07 1.60
2/ 0/ 23.3 6.1 14.7 0.0 73 24 49 16.8 6.9 2.3 162.1 0.00 0.87 6.78 2.17 4.55 1.50

VALUES F FETCH 5.00,CASE A
3/ 0/ 26.1 8.3 17.2 0.0 63 20 42 19.7 6.9 2.1 162.1 0.00 0.90 6.56 2.02 6.71 1.30
4/ 0/ 30.6 12.8 21.7 0.0 51 17 34 25.9 7.5 2.4 1814 0.00 0.95 10.56 11.75 4.35 1.30
5/ o/ 34.4 16.1 25.3 0.0 60 20 40 32.2 11.0 2.5 200.7 0.00 0.95 11.61 5.77 11.84 1.70
6/ 0/ 40.0 20.0 30.0 0.0 59 19 39 42.4 13.7 2.1 166.0 0.00 0.97 12.16 6.71 13.78 1.20
7/ 0/ 42.2 25.0 33.6 0.0 50 19 35 52.1 15.9 1.9 154.6 0.00 0.87 10.97 5.65 12.78 1.20
8/ 0/ 41.1 24.4 32.8 0.0 54 71 37 49.7 16.5 1.9 154.4 0.00 0.66 10.10 1.20
9/ 0/ 40.6 21.7 31.1 0.0 55 19 37 45.2 14.2 1.7 127.4 0.00 0.93 9.11

5:20: 141:1679
140

10/ 0/ 34.4 15.6 25.0 0.0 60 19 40 31.7 10.6 1.3 92.6 0.00. 0.90 7.45 7.75 6.83 1.50
VALUES F FETCH 200.00,CASE 8
11/ 0/ 26.1 7.8 16.9 0.0 69 28 59- 19.1 9.4. 1.4 96.5 0.00 0.83 5.54 1.70 4.19 1.80
12/ 0/ 27.2 4.4 13.3 0.0 85 27 56 15.3 7.2 1.1 77.2 0.00 0.87 4.81 1.10 2.44 1.80

DATF (M/0 Y) TMAX TWIN
°F oF

TDEM
cE

RAMAS RHNIN ED UOAT U24
M/hr

SUNNRS NRATIO sotRAo
ty/dav

RN ERAN uRATIn
In/c1R9

VALUES C FETCH 700.00.CASE 8
1/ 0/ 70.0 40.0 33.0 0 n 0.0 0.0 2.6 0.00 0.85 307.00 0.00 0.12
2/ 0/ 74.0 43.0 35.0 0 0 0.0 0.0 4.2 0.00 0.87 399.00 0.00 0.16 :so

VALUES 0 FETCH 5.00.CASE A.
3/ 0/ 79.0 47.0 35.0 O o 0.0 0.0 4.2 0.00 0.90 386.00 0.00 0.26
4/ 0/ 67.0 55.0 37.0 0 0 0.0 0.0 4.7 0.00 0.95 021.071 0.00 0.37 .10
5/ 0/ 94.0 61.0 47.0 0 0 0.0 0.0 5.2 0.00 0.95 683.00 0.00 0.47 :20
6/ 0/ 104.0 68.0 53.0 O 0 0.0 0.0 4.3 0.00 0.97 715.00 0.00 0.52 .20
7/ 0/ 106.0 77.o 57.0 0 0 0.0 0.0 4.0 0.00 0.87 645.00 0.00 0.50 .20

e/ 0/ 106.0 76.0 56.0 0 o 0.0 0.0 4.0 0.00 0.68 606.00 0.00 0.46 .20
9/ 0/ 105.0 71.0 54.0 0 0 0.0 0.0 3.3 0.00 0.93 536.00 0.00 0.411 .10
10/ 0/ 94.0 60.0 46.0 0 0 0.0 0.0 2.4 0.00 0.90 418.00 0.00 0.27 .50

VALUES 0 FETCH Roo.00.cAsE 6
11/ 0/ 79.0 46.0 43.0 0 o 0.0 0.0 2.5 0.00 0.83 326.00 0.00 0.17 .80
12/ 0/ 72.0 40.0 36.0 0 0 0.5 0.0 2.0 0.00 0.82 283.00 0.00 0.11 .80

600H/047/YEAR RLANEY RADIATION PENMAN CORR. PEN, ETPAN

I/ 0/19 0 2.816 2.672 2.6f9 2.509 1.667

2/ 0/19 0
3/ 0/19 0

3.854
4.963

3.903
4.114

4.132
4.475

3.966
4.147

2.647
4.166

4/ 0/19 0 6.956 7.661 7.505 7.237 5.767

5/ 0/19 0
6/ 0/19 0

8.346
10.042

8.778
9.681

6043
9.321

6.775
9.439

7.510
6.494

7/ WA 0 10.100 9.110 9.250 9.041 6.021

8/ 0/19 0
9/ 0/19 0
Iv 0/19 0
II/ 0/19 0
12/ 0/19 0

9.263
6.222
5.746
3.403
2.558

8.394
7.186
5.244
3.020
2.371

8.617
7.139
4.910
2.954
2.223

6.447
7.017
4.7115

2.967
2.204

7.519
6.547
4.537
2.673
1.797

MONTA AVE 6.359 6.011 5.090 5.619 5.145



FACTOR FOR CONVERTING 241MR WINO TO WM/DAY 1.000

FACTOR FOR caNvERTING 0ATTEME WINO TO N/SEC 0.000

CLIMATOLOGICAL DATA EOR MONTH AFTER CONVERSION

10/ 1/1960
10/ 2/1960
10/ 3/1960
10/ 4/1960
10/ 5/1960
iv 6/1960
10/ 7/1960
/0/ 4/1960
10/ 9/1940
10/10/1980
10/11/1960
10/12/1960
10/13/1940
10/14/1960
10/15/1960
10/16/1960
10/i7/1960
10/16/1960
10/18/t960
10/20/1960
40/21/1960
10/22/1960
10/23/1960
10/24/1960
10/25/1960
10/26/1960
/0/271/960
10/26/1960
10/29/1960
10/)0/1960
10/31/1960

NONTN AVE

4.568
1.913
5.0193.966
1.714
2.6611
1.0611
6.274
6.100
1.940
3.172
7.922
3.138
5.109
5.466
4.099
3.572
3.508
3.133
1.452
3.302
1.631
1.090
2.965
4.254
5.446
4.921
4.373
3.711
3.297
3.416

3.996

4.134
3.85?
4.274
3.904
2.367
7.204
3.910
6.721
5.472
1.308
3.165
3.305
3.160
4.934
4.514
3.956
3.313
3.230
3.89$
3.177
2.761
1.966
2.944
2.959
4.026
4.161
3.714
1.542
3.340
3.036
2.994

4CSULT Or ET ESTIMATION 80 VARIOUS RÉTRODS EDP NORTH, mm/Jay

132.

FACTOR FOR CONVERTING ED DATA TO MILLIBARS 1.000

FACTOR FOR Colo/FREI/0 11$ DATA TO NO/DAT 1,000

FACTOR FOR CONVERTING EPiN DATA TO w14/047 1.000

TEMPERATURE DATA IS 01 VEN IN DEGREES s C

1NsaINE/GLOuCINESS FLAG 5

L A .é /44N 1 DTTY DATA II s ACTUAL DATA

4180 0474 IS t ACTUAL DATA

SUNSOINE DATA IS 1 ACTUAL DATA (ii/N COMPUTED FRIOR n/N 2RS/RA 0.5 )

1.639
3.441
4.644
3.207
3.794
7.940
3.787

12.058
11.102
2.142
3.072
1.142
3.905
7,892
7.517
3.620
2.842
3.024
1.070
3.244
2.765
3.142
2.692
3.043
3.945

10.370
4.273
5.145
3.792
2.949
3.201

3.521 4.561

3.947
3.539'
4.448
1.350
2.959
7.591
3.4/4
7.025
6.767
1.940
3.120
1.180
3.450
6.146
5.463
3.541
2.471
2.975
3.044
1.268
2.830
3.232
2.575
3.001
4.254
5.160
4.985
4.406
3.507
2.956
3.172

3.477
3.733
4.136
2.717
1.411
2.991
2.979
6.510
7.726
3.07/
2.297
2.281
2.831
6.018
8.072
3,162
3.308
2.691
2.211
2.671
1.875
1.44t
2.649
2.844
2.048
5.024
5.851
5.174
4.227
1.594
2.418

3.761 3.971

DATE (.197) TMAX TMIN Tw(AN TOEW RRMAY RH$0141 ANNEAR EA FO UDAY 124 SUNNRS NRAT10 SOLRA0 RN !PAN URATIO

viLUÉS OF GET0N 200.00soCASE A
10: 1/60 29.6 14.4 20.0 0.0 100 35 64 23.4 15.8 2.1 169.0 0.00 0.79 7.2a 3.21 .12 .20
10/ 2/60 26.1 8.3 17.2 0.0 100 32 66 19.4 13.0 1.5 121.0 0.00 0.60 7.21 3.16 .97 .20
10/ 3/60 26.7 9.4 18.1 0.0 100 21 61 20.7 12.5 3.0 218.0 0400 0.80 7,19 1.11 .33 .20
10/ 4/60 26.7 11.2 19.2 0.0 100 36 64 22.3 15.1 0.9 74.0 0.00 0.83 7.28 3,14 .30 .20
10/ 5/60 27.8 11.2 19.6 0.0 100 43 72 23.0 16.5 2.9 220.0 0.00 0.31 442 2,11 .20
10/ 6/60 23.9 8.9 16.4 0.0 100 51 76 18.7 16.1 3.4 268.0 0.00 0.34 450 2,04 vAt .20
10/ 7/40 23.9 8.3 14.1 0.0 82 48 65 19.3 11.4 3.0 219.0 0.00 0.66 5.68 7.40 .30 .20
10/ 4/60 22.2 11.7 17.0 0.0 42 23 33 19.1 6.3 9.2 729.0 0.00 0.91 7.45 2173 1 .45 .20
10/ 9/40 21.1 17.8 17.0 0.0 41 23 32 19.3 6.2 8.2 647.0 0.00 0.93 7.50 2.72 .22 .20
10/10/40 19.4 3.9 11.7 0.0 100 33 67 13.7 9.1 2.0 155.0 0.00 0.17 3.59 1.39 .41 .20
10/11/60 26.1 3.3 14.7 0.0 100 33 67 14.7 11.1 1.3 101.0 0.00 0.73 6.46 3.09 .79 .20
10/12/60 21.7 6.1 13.9 0.0 43 35 59 15.9 9.4 1.0 77.0 0.00 0.79 6.53 1.14 470' .2n
10/13/60 22.8 6.7 14.8 0.0 37 29 43 16.8 7.2 2.0 157.0 0.00 0.58 5.44 2.22 .81 .20
10/14/60 25.4 5.6 15.6 0.0 38 20 29 17.7 9.1 5.2 413.0 0.00 0.91 7.05 2.29 .65 .2n
10/15/60 27.8 8.3 16.1 0.0 53 18 17 20.1 7.4 50 437.0 0.00 0.77 8.31 1.60 1 .70 .2n
10/16/60 29.4 5.0 17.2 0.0 76 24 50 19.6 9.8 1.6 123.0 0.00 0.87 6.73 2.39 .06 .20
10/17/60 28.3 3.9 16.1 0.0 190 28 64 18.) 11.1 1.5 119.0 0.00 0.89 6.32 2,27 .46 .20
10/18/60 24.4 5.0 14.7 0.0 /00 26 47 16.r 10.5 1.9 152.0 0.00 0.70 6.22 2,24 .30 .2o
10/19/60 25.4 5.6 15.4 0.0 82 24 53 17,7 9,4 0.9 72.0 0.00 0.71 5.78 2.60 .79 .2n
10/20/60 27.2 7.8 17.5 0.0 87 74 64 20.0 11.1 0.4 66.0 0.00 0.79 5.28 2.45 410 .20
10/21/40 27.6 8.1 16.1 0.0 100 20 60 20.7 12.4 0.6 45.0 0.00 0.60 5.20 2.52 .29 .20
10/22/60 28.9 10.0 19.5 0.0 100 40 70 22.6 15.8 2.1 149.0 0.00 0.71 5.64 7.62 .32 .20
10/23/60 22.2 7.8 15.0 0.0 100 40 70 17.1 11.9 2.4 188.0 0.00 0.78 5.90 1.91 .30 .2n
10/24/60 22.2 5.6 13.9 0.0 94 35 65 1589 10.3 1.8 141.0 0.00 0.79 5.93 2.45 .05 .20
S0/25/60 23.3 11.1 17.2 0.0 32 73 28 19.6 5.4 3.0 236.0 0.00 0.81 6.95 2.01 .115 .20
10/26/60 21.1 13.1 17.2 0.0 32 14 24 19.6 4.7 6.9 544.0 0.00 0.79 5.76 2.01 .64 .20
10/27/40 23.3 15.6 19.5 0.0 68 21 45 22.6 10.1 4.7 371.0 0.00 0.72 5.42 1.68 .64 .20
10/28/60 26.7 5.0 15.9 0.0 76 111 48 18.0 8.6 4.1 326.0 0.00 0.80 5.71 1.96 .17 .20
10/29/60 26.7 5.0 15.9 0.0 73 22 48 16.0 4.6 2.1 149.0 0.00 0.81 5.É1 2.01 .50 .20
10/19/60 27.8 7.2 17.5 0.0 76 22 49 20.0 9.8 0.6 51.0 0.00 0.79 5.42 2.17 .93 .2n
10/31/60 28.3 7.8 18.1 0.0 74 74 51 20.1 10.6 1.0 81.0 0.00 0.73 5.27 2.10 .05 .20

STATTON DAVIS CALIFORNIA.

ALTITUDE IN NETERS 17.0

LATITIOE IN DEDREES 38.5

wEbetsPNERE N

NEIGNE OF WIND REASURENENT IN METERS 2,00

WEAN PRESSURE FOR THE YEAR IN MILLIBARS 1010.0
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04Tr (88Y) YNAx THIN TREAN TOEm *NmAx mHHIN RHMEAN EA ro bps, 024 SUNI,RS NRATIn sOLRAo RN (RAN uNA,10

VALUFS oF !ETCH 200.00,oASE A
10/ 0/60 25.2 8.2 16.7 0.0 se 29 55 19.0 10.6 2.8 221.0 0.70 0.71 6.02 2.42 5.m6 3.20

NowYN/oAY/YEAR BLANEY RAmIATION PEVRAN CORR. PEN. ZfP8K

in/ 0/1960 3.892 3.537 4.244 3.402 3.894

VALUES DF FETCH 200.00.0ASE A
101 1/60 24.3 10.1 12.2 0.0 86 35 At 19.6 11.9 36 2070 0.00 060 620 2.62 569 3.20
10/11/60 25.9 5.7 15.8 0.0 78 26 52 18.0 9.3 2.2 172.0 0.00 0.72 6.26 2.48 4.47 1.20
10/21/A0 25.3 8.8 12.1 0.0 15 26 51 19.5 9.6 2.1 212.0 0.00 0.70 5.63 2.18 4.67 1211

MONTH/DAY/YEAR BLAN(Y RADIATION PENMAN CORR. PEN. ETPAN

10/ 1/1960 4.002 3.643 4.535 4.126 4.385
10111/1960 3.775 3.601 I.645 3.690 3.798 -

10/21/1960 3.861 3.376 4.262 3.857 3.525

MONTH AVE 3.879 3.540 4.231 1.891 3.876
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APPENDIX IV

GLOSSARY"
(as related to text)

ACTUAL CROP EVAPOTRANSPIRATION, ETa(crop): rate of evapotranspiration-equal to or smaller
than predicted ETcrop as affected by the level of available soil water, salinity, field size, or
other causes; nun/day

ACTUAL VAPOUR PRESSURE, ed: pressure exerted by water vapour contained in the air; millibar
ADVECTION , horizontal transport of sensible heat by air movement as for instance from large, dry

fallow surrounds into irrigated areas
ALLOWABLE SOIL WATER DEPLETION, p.Sa: depth of soil water in the root zone readily avail-

able to the crop for given soil and .1.imate allovring unrestricted evapotranspiration as the
fraction p of total .available soil water between field capacity (Sfc) and wilting point (Sur); mm/m
soil depth

AVAILABLE SOIL WATER, Sa: depth of water stored in the root zone between field capacity (Sfc)
and wilting point (Sw); nun/m soil depth

AVERAGE INTAKE RATE: rate of infiltration of water into the soil obtained by dividing the total
depth of water infiltrated by the total time from start to finish of water application; mm/hou7r

BASIC INTAKE RATE: rate at which water will enter the soil when after initial wetting of the soil:the
rate becomes essentially constant; nun/hour

CANOPY INTERCEPTION: depth of precipitation caught and held by plant foliage and lost be evapora-
tion without reaching the ground surface; mm or sometimes percentage of rainfall

CLOTHESLINE EFFECT: horizontal heat transfer (advection) from warm emd dry upwind area to a
relatively cooler crop field resulting in increased ETcrop; particularly refers to the field border
effects orto patchwork of small interspersed fields

CLOUDINESS: degree of cloud cover, usually mean of several observations per day; expressed in
oktas (in eighths) of sky covered, or in tenths of sky covered

CONTINUOUS SUPPLY: method of water delivery with continuous but often variable discharge in
water distribution system up to inlet of individual farm or field

CONVEYANCE EFFICIENCY, Ec: ratio between water received at the inlet to a block of fields and
that released at the projects headworks; fraction

CRITICAL PERIOD: periods durin.g crop growth when soil water stress will have a lasting effect on
crop growth and yields

CROP COEFFICIENT, kc: ratio between crop evapotranspiration (ETcrop) and the reference crop
evapotranspiration (ETo) when crop is grown in large fields under optimum growing conditions,
or ETcrop = kc . ETo; fraction

CROP EVAPOTRANSPIRATION, ETcrop: 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
fertilizer and achieving full production potential of that crop under the given growing environ.ment;
includes water loss through transpiration by the vegetation, and evaporation from the soil surface
and wet leaves; mm/day

CROPPING INTENSITY: for a given period the pErcentage of the total scheme area which is under a
(irrigated) crop; percentage

CROPPING PATTERN: sequence of different crops grown in regular order on any particular field or
fields

CROP WATER REQUIREMENTS: depth of water required by a crop or a diversified pattern of crops
for evapotranspiration (ETcrop) during a given period; mm/day as average for given period

DAY LENGTH FACTOR, p: percentage p of total armual daylight hours occurring during the period
being considered; percentage

DESIGN FACTOR ,cx : ratio between canal capacity or maximum discharge in m3/sec and the maximum
daily supply requirements during the peak water use period in m3/day, or 0( = 86400 Qmax/Vmax;fraction

DEPTH OF IRRIGATION, d: depth of irrigation including application losses, applied to the soil, in
one irrigation application and which is needed to bring the soil water content of root zone to fieldcapacity; mm

DEVELOPMENT STAGE: for a given crc:p the period between end of initial (emergence) stage and full
ground cover or when ground cover isbetween 10 and.80%; days

DEWPOINT TEMPERATURE, Tdewpoint: temperature to which the air needs to be cooled in
order to become saturated and at which water vapour starts to condense; degree Celsius

DISTRIBUTION EFFICIENCY, Ed: ratio of water made directly available to the crop and thatreleased at the inlet of a block of fields; Ed Eb . Ea; fraction
EFFECTIVE FULL GROUNDCOVER: percentage of groundcover by the crop when ETcrop is

approaching maximum - generally 70 to 80% of surface area; percentage
EFFECTIVE RAINFALL, Pe: rainfall useful for meeting crop water requirements; itexcludes deep percolation, surface runoff and interception; nun/period
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EFFECTIVE ROOTING DEPTH, D: soil depth from which the full grown crop extracts most of thewater n.eeded for evapotranspiration; m
ELECTRICAL CONDUCTIVITY, EC: the property of a substance to transfer an electrical charge(reciprocal of resistance). It is measured in ohms of a conductor which is 1 cm long and 1 cM2;

electrical conductivity is expressed as the reciprocal of ohms/cm (mhos/cm); lmhos/cm - 1 000
mmhos / cm ;lmmhos / cm = 1 000,umhos / cm

ELECTRICAL CONDUCTIVITY, IRRIGATION WATER, ECw: is used as a measure of the salt contentof the irrigation water; mmhos/cm
ELECTRICAL CONDUCTIVITY, MAXIMUM, ECmax: is used as a limit of the salt concentration of

the soil saturation paste (ECe) beyond .which growth would stop (zero yield); mmhos/cm
ELECTRICAL CONDUCTIVITY, SATURATION EXTRACTS, ECe: is used as a measure of the salt

content of an extract from a soil when saturated with water; under average conditions ECe =
1.5 ECdw and also is approximately half the salinity of the soil water to which the crop is actually
exposed in the soil, mmhos/crii

EVAPORATION, E: rate of water loss from liquid to vapour phase from an open water or wet soil
surface by physical processes; mm/day

EVAPOTRANSPIRATION: rate of water loss through transpiration from vegetation plus evaporation
from the soil; mm/day

EXTRA-TERRESTRIAL RADIATION, Ra: amount of solar radiation received on a horizontal at the
top of the atmosphere; equivalent evaporation mm/day

FIELD APPLICATION EFFICIENCY, Ea: ratio of water made directly available to the crop and that
received at the field inlet

FIELD CANAL EFFICIENCY, Eb: ratio between water received at the field inlet and that at the inlet
of a block of fields; fraction

FIELD CAPACITY, Sfc: depth of water held in the soil after ample irrigation or heavy rain when the
rate of downward movement has substantially decreased, usually 1 to 3 days after irrigation or
rain; soil water content at soil water tension of 0.2 to 0.3 atmosphere; mm/m soil depth

FIELD SUPPLY SCHEDULE: stream size, duration and interval of water supply to the individual
field or farm

FIELD WATER BALANCE: sum of all gains and losses of water over a given period of time; mm/period
FLEXIBILITY FACTOR, C: coefficient greater than one to account for fluctuations in water supply in

excess of those determined for an assumed cropping pattern and cropping intensity
FULL GROUND COVER: soil covered by crops approaching 100% when looking downwards
GROUND COVER: percentage of soil surface shaded by the crop if the sun were directly overhead;

percentage
GROUNDWATER TABLE: upper boundary of groun.dwater where water pressure is equal to atmos-

phere, i.e. depth of water level in borehole when groundwater can freely enter the borehole;
cm below soil surface

GROWING SEASON: for a given crop the time between planting or sowing and harvest; days
INITIAL DEVELOPMENT STAGE: for,a given crop the time during germination or early growth when

ground cover is less than 10%; days
INITIAL INTAKE RATE: rate at which water will enter the soil when water is first applied; mm/hour
IRRIGATION INTER.VAL, i: time between the start of successive field irrigation applications on the

same field; days
IRRIGATION REQUIREMENTS: depth of water required for meeting evapotranspiration minus contri-

bution by effective precipitation, groundwater, stored soil water, required for normal crop
production plus leaching requirement and water losses and operational wastes, sometimes called
gross irrigation requirements; mm/period

LATE-SEASON STAGE: time between the end of the mid-season stage and harvest or maturity; days
LEACHINC; EFFICIENCY, Le; fraction of the irrigation water applied for salt control (leaching) which

was effective
LEACHING REQUIREMENTS, LR: fraction of the irrigation water entering the soil that effectively

must flow through and beyond the root zone in order to prevent salinity build-up. This value is the
minimum amount of water necessary to control salts; fraction

LEVEL OF SUPPLY: selected water supply on the basis of probability to meet crop irrigation require-
ments

MAXIMUM NUMBER OF BRIGHT SUNSHINE HOURS, N: number of bright sunshine hours for a 24-
hour day with no cloud cover; hours

METHOD OF SUPPLY: method of operating an irrigation system to convey water from the source of
supply and to distribute it according to crop requirements to each field served by the system

MID-SEASON STAGE: for a given crop the period between effective full ground cover and the onset
of maturity (i.e. leaves start to discolour or fall off); days

NET IRRIGATION REQUIREMENT, In: depth of water required for meeting evapotranspiration minus
contribution by precipitation, groundwater, stored soil water; does not include operation losses
and leaching requirements; mm/period

NET LON GWAVE RADIATION, Rnl: balance between all outgoing and incoming longwave radiation.;
alrnosi rilwavs a negative value, equivalent,evaporation riun/day
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NET RADIATION, Rn: balance between all incoming and outgoing short and longwave radiation:-
1Rn - Pens Pail; equivalent evaporation riuniday

NET SOlaaR 'RADIATION, Rn.s : difference between shortwave radiation received on the earth's surface
and that reflected by the soil, crop or water surface; equivalent evaporation mm/day

OASIS r'..FI2ECT : effect of dry fallow surrounds on the micro-climate of a relatively small acreage
la.nd where an air mass moving into an irrigated area will give up sensible heat. For small

fields this may result in a higher ETcrop as compared to predicted ETcrop using climatic data
collected in.side ttie irrioated arca; conversely ETcrop predictions ba.sed o-n weather data coll-
c.seted outside the irrigated fields may over-predict actual evapotran.spiration losses

OSMOTIC PRESSURE: equivalent negative pressure to which water must be subjected to bring
the saline soil water through a semi-permeable membrane into static equilibrium with pure water;
atmosphere

PAN COEFFICIENT, kp: ratio between reference evapotranspiration ETo and water loss by evap-
oration from a.n oven water surface of a pan cr ETo = k-p x Epan; fraction

PAN EVAPOR..ATiON Epan: rate of water loss by eVaporation from all open water surface of a pan;
minIdaa.

IEAR OR -\/1AXIMUM SUPPLY, Vmax: average daily s-upply requirement during the peak water use
period for given crop or cropping pattern and climate; m3/day

PEAK SUPPLY PERIOD: water use period for a given crop or cropping pattern during the month or
period thereof of highest water requirements; rn.m/day

PLA.NT POPULATION: number.of plants per unit of crop area
P'RECIPITATION: total amount of precipitation (rain, drizzle, snow, hail, fog, cond.ensation, hoar

frost and rime) expressed in depth of water which would cover a horizontal plane if there is no
runoff, infiltration or evapotranspiration.; mm/day

PROJECT 'ET.'FICIENCY, 'Ep: ratio between water made directly available to th.e crop and that
relea.sed at project headworks; Ep = Ea . Eb . Ec; fraction

PSYCHRONI.ETER: device to measure air humidity:. normally consisting of two standard thermometers,
one of whose bulb is surrounded by a wet muslin bag and is called wet-bulb thermometer; both
shold normally be force-ventilated and shielded against radiation (Assmarm type)

READILY AVAILABLE SOIL WATER, p.Sa: depth of soil water available for given crop, soil and
climate allowing unrestricted evapotranspiration and crop growth; equals allowable soil water
depletion; minim soil depth

'REFERENCE CROP EVAPOTRANSPIRATION, ETo: rate of evapotranspiration from an extended
surface of í5 to 15 cm tall, green grass cover of uniform height, actively growing, completely
shad;ng the groun.d and not short of water; mm/day

RE 'FLECTION COEFFICIENT, also called. albedo,o( : ratio between the amount of shortwave
ra.diation received at the earth's surface and that reflected back

RELATIVE. HUMIDITY , RH., RHrria-x, RHmin: actual arnount of water vapour in the air relative to the
amount of water vapour the air would hold when.saturated at the same tem.perature; RHmax: mean
of maelinurn RH of each day over the period considered; RHmin: mean of minimum RH of each clay
cver the period considered; percentage

ROTATIONAL SUPPLY: supply _of water rotated amongst laterals, sub-laterals or field inlets at
varied intervals

S.»,TURATION VAPOUR PRESSURE, ea: upper limit of vapour pressure at or when air is saturated
at given air temperature; ¡milibar

$. :7. E ,SONA L IRRIGATION REQUIREMENTS: total depth of water, minus contribution by precipitation,
eroundwater, stored soil water, surface runoff required for normal crop growth during the crop
gesem) g :ieason; mm a.nd period

SC:-.1L 'HYDRAULIC CONDUCTIVITY, k: rate of water flow through a unit cross-sertion of the soil
under a unit hydraulic gradient; also called permeability or transmission; nun/day

CiCIL ll\ITAKE (INFILTRATION) RATE: instantaneous rate at which water will enter the soil
SI- ECIFIC GRAVITY, As: ratio of th.e weight of water-free soil to its volume; also called

1:nlik dens: tv cirei
arrangement of soil particles into aggregates which occur in a variety of

recenlized shapes, sizes and etrengths
SOIL TE:liTURE: characieri zation of soil in respect of its particle size and. distribetion
SOIL --KA.:ER CONTENT. : depth of Water held in the soil; ram/m soil depth
SOIL. 'MATER DEPLETION FRACTl.ON, p: fraction of available soil water (Sic-Sw) that can be

taaenbv th.e crop permitting unrestricted evapotranspiration and crop growth: fraction
SON_ V Al P, .eTRESS: sum of soil water tension and osmotic pressure to which water must be

l!b j ect ed to Le in equilibrium with soil water; also (-ailed. soil water potential; atmosphere
SOI I_ 'WATER TENSION I force at which water is held by the soil or -negative presSure or suction

that must be applied to bring the water in a porous cup into static equilibrium with the water in
Lite 5 oil; so il water tension does not include osmotic pressure; also called matric potential;
atmospriere

Û LAR RADIA-ZION , Rs: amount of shortwave radiation received on a horizontal plane at the
earth's surface; equivalent evaporation rnm/da.y
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STORED SOIL WATER, Wb: depth of water stored in the root zone from earlier rains, snow or
irrigation applications which partly or fully meets crop water requirements in following periods;
mm

STREAM SIZE, q: flow selected for supply to field inlet or irrigation block; 1/sec or m3/sec
SUNSHINE HOURS, n: number of hours of bright sun.shine per day, also sometimes d.efined as the

duration of traces or burns made on a chart by Campbell Stokes recorder; hours
SUPPLY DURATION, t or T: length of time during which a given stream size is delivered to the field

or farm (t) or irrigation block (T) during any part of the irrigation season; hour or day
SUPPLY DURATION FACTOR, ft: is 111 or for a fixed or constant canal discharge the ratio between

supply duration in days and the supply interval in.days during any part of the irrigation season;
fraction

SUPPLY FACTOR, fs: is Q/Qmax or ratio between actual and maximum possible supply in m3/sec;
fraction

SUPPLY INTERVAL, i or I: time interval between the start of successive irrigation supplies at
field or farm (i) irrigation block or sector (I); days

SUPPLY ON DEMAND: irrigation water siipply to satisfy need for irrigation water at any stream size,
duration and in.terval during the growing season

SUPPLY REQUIREMENT FACTOR, fi: is V/Vmax or ratio between average daily supply require-
ment over a given period and maximum daily supply requirement during the period of peak water
use in m3/d.ay; fraction.

SUPPLY SCHEDULE: stream size, supply duration and supply interval of irrigation water supply to
field or irrigation block, during the growing season

TENSIOMETER: a device for measuring the tension of soil water in the soil consisting of a porous,
permeable ceramic cup conn.ected through a tube to a manometer or vacuum gauge

TOTAL AVAILABLE SOIL WATER, Sa =(Sfc - Sw): depth of soil water available in the root zone to
the crop; difference between field capacity and wilting point; mm/m soil depth

TRANSPIRATION: rate of water loss through the plant which is regulated by physical and physio-
logical processes; rnm/day

WET BULB TEMPERATURE, Twetbulb: temperature recorded on a thermometer whose bulb is
surrounded by a wet muslin bag, thus lowering the temperature by loss of latent heat through
evaporation; degree Celsius

WET BULB DEPRESSION: difference between simultaneous readings of wet and dry bulb thermo-
meters degree Celsius

WILTING P6INT, Sw: depth of soil water below which the plant cannot effectively- obtain water from
the soil; soil water content at 15 atmospheres soil water tension; mm/m soil depth

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 run in km/day
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