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6.1 INTRODUCTION

The main objective of irrigation is to provide plants with sufficient water
to prevent stress that may cause reduced yield or poor quality of harvest
{Haise and Hagan, 1967; Taylor, 1965). The requircd timing and amount of
applied water is governed by the prevailing climatic cendirions, crop and
stage of growth, soil moisture holdirg capacity, and the extent of root
develapment as determined by type of crop, stage of growth, and soil.

Need for irrigation can be determined in several ways that do not require
knowledge of evapotranspiration (ET} rates. One way is to obscrve crop in-
dicaters such as change of color or leaf angle, but this information may ap-
pear too late to avoid reduction in crop yield or quality. This method has
been used successfully with some crops like beans (Haise and Hagan, 1967).
Other similar methods of scheduling, which invelve determining the plant
water stress, soil moisture status, or soil water potentiai arc described in
Chapter 18.

This chapter describes methods of estimating crop water requirements
expressed as equivalent depth of water over the horizontal projection of the
crop growing area. This information, when combined with soil water holding
characteristics, has the advantage of not only being useful in determining
when to irrigate, but also enables specifying how much water to apply. 121 in-
formation is also needed in determining the volume of water required to
satisfy short-term and seasonal water requirements for ficlds, farms and ir-
rigation projects, and in designing water storage and distribution systers. In
addition, this information is essential for most water right transfers trom
agriculture to other uses because most such transfers are fimited to historic
Crop water use amounts.

Water usc meuasurements have been made in many field experiments
and at many locations. The data available from various sources are of varying
quality depending upon the conditions and techniques that were used, The
material presented in this chapter emphasizes methods of estimating ET
rates and provides guidelines for estimating irrigation water requirements,

6.2. IMPORTANT DEFINITIONS

Several important quantities are defined before measurement or estinma-
tion methods are described, Most of these definitions are commonly used in
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6.2.1 Evapotranspiration and Potential Evapotranspiration

The definition of evapotranspiration, abbreviated ET or symbolically E,,
presented in this chapter is in widespread use. The definition of potential ET
(E..) is controversial and may have different meanings in various parts of the
world and to difterent people in the same country. The lollowing definitions
include several variations of potential ET.

Evaptranspiration. The combined process by which water is transferred
from the earth’s surface to the atmosphere. 1t includes evaporation of liquid
or solid water from soil and plant surfaces plus transpiration of liquid water
through plant tissues expressed as the latent heat transfer per unit area or its
equivalent depth of water per unit area,

Polential evapotranspivation. The rate at which water, if available,
would be removed from the soil and plant surface expressed as the Iatent heat
transfer per unit area or its equivalent depth of water per unit area.

Other definitions of petential evapiranspiration. Mathematically, in the
common derivation of the combination equation, potential ET is the ET that
occurs when the vapor pressure at the evaporating surface is at the saturation
point (van Bavel, 1966). This definition is not limited to any particular
degrec of vegetation or prowth stage of a crop. Since this definition is not
restricted {o a standard surface, it has had limited direct usc by the designer
or operator of an irrigation system.

Some investigators in the Western United States have used the ET from
a well-watered crop like alfalfa with 30 toe 50 cm of top growth and at least
100 m of fetch as representing potential ET (Jensen, 1974). Others have used
ET from well-watered clipped grass as a potential ET. The height of the grass
has been historically uncertain. Penman (1948) used clipped grass similar to
a lawn to develop his version of the combination equation. Recently, this has
been defined as ““the rate of evapotranspiration from an extensive surface of
8- to 15-cm, green grass cover of uniform height, actively growing, complete-
ly shading the ground, and not short of water” (Doorenbos and Pruitt, 1977).
In testing the Penman formula, Makkink (1957) found that the height of the
grass did have an influence on the ET rate.

Crop versus patential ET. The realtionship between the ET of a specific
crop (E.) at a specific time in its growth stage and potential ET is of practical
interest to the designer or operator of an irrigation system because ET
estimates are often made from potential ET (E,,). The relationship has lead
to crop cocflicients:

Kom b e e e . {6.1]

where K is referred to as a crop cocflicient incorporating the elfects of crop
growth stage, crop densily, and other cultural factors affecting ET. Crop
coelficients are discussed in more detail in Section 6.5. The crop coetficient
defined in equation {6.1] is not the K factor used in the original Blancy-
Criddle method.

6.2.2 Reference Crop Evapotranspiration

Because of the ambiguities involved in the interpretation of potential
evapotranspiration, the term “Reference Crop Evapotranspiration,” or E,,,
is frequently being used. Doorenbos and Pruitt {1977) use ET,, hercafter
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tion from an extensive surface of 8 to 15 em, green grass cover of unitorm
height, actively growing, completcly shading the ground, and not short of
water.” ,

An aiternate definition of E., which is widely used in the Western United
States was prescnted by Jensen et al, (1970); E,, "represents the upper limh
or maximum evapotranspiration that occurs under given climatic conditions
with a field having a weli-watered agricultural crop with an aerodynamically
rough surface, such as alfalfa with 12 in. to 18 in. of top growth.”

The irrigation enginecr or scientist should make sure that the definition
of E,, being used is completely understood and that written documcentation
carcfully identifies the basic definitions used in calculations, designs, or
reports. Actual E, is estimated using equation [6.2].

E =K. E orE =K. Ey ... e e {6.2]

E, refers to reference crop ET based on alfalfa and E,, refers to reference
crop ET based on grass.

The definition of K, used in equation [6.2] is essentially the same as that
used in equation [6.1] except that the use of E.. or E.. requires identifying the
reference base. E,, or E, can either be based on direct measurements or
estimates. The use of equation [6.2] is greatly expanded in Section 6.5,

6.2.3 Eifective Precipitation

Effective rainfall or precipitation (P,} is more difticuit to define than
potential ET. At this point it is sufficient to define P, according to Dastanc
(1974) as “‘that which is uscful or usabie in any phase of crop production.”
The definition of P, is expanded and several methods for estimating P, are
presented in Section 6.8,

6.2.4 Other Factors

Irrigation water requirements may be influenced by salt management,
seed germination, crop establishment, climate control, frost protection, ter-
tilizer or chemical application, and soil temperature control. Leaching re-
quirements are discussed in Scetion 5.2, salt management in Section 5.5 and
reclamation of salt affected soils in Section 5.6 Other bencficial uses of water
connected with irrigation water requirements are discussed in Section 6.6
(aiso see Sections 2.8, 14.8 and 18.4).

6.2.5 lrrigation Water Requirements

The designer or operator of an irrigation system must determine irria-
tion water requirements, R, for both short periods and on a scasonal basis.
The units of R usually are volume per unit area or depth. The wrrigation
water requirement was defined by Doorenbos and Pruitt (1977} as “the depth
of water needed to meet the water loss through ET of a diseasc-{rec ¢rnp,
growing in large fields under non-restricting soil conditions including soil
water and fertility and achieving full production potential under the given
growing environment.” R also can be stated as:

R = E, - P, + (other beneficial uses) ... {6.3]
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6.3 DETERMINING EVAPOTRANSPIRATION

[he  designer or operator obtaing ET  data from  direct  [ield
EICAsUrements or from estimates based on climatological and crop data
Divect field measurements are very expensive and are mainly used to H'O\’i(‘l{;
qata to calibrate methods for estimating E'T from climatic data. Rclai titne
field measurements are being used for water administration in some areas
such as Colorado. The main thrust of research has been to determine tl‘u:
amounts of water used {or crop production and to develop methods of predic-
ting ET from climatic data. :

6.3.1 Direct Measurementis
W."lter h’nlnnce field measurement. The water balance approach to
measuring }E[‘ invelves periodic determinations of root zone soil moisture
and recording intervening rainfall, jrrigation, or drainage. Soil tanks in
which crops are grown, known as Iysimeters, have been used to facilitate ac-
curate water accounting. Weighing-type lysimeters, operated in a represen-
tative field cnvironment, provide the most accurate ET inform;uion‘ In
western areas of the United States the water balance method has aiso in\;olv-
ed stream inflow-outflow measurements. Average ET for the Iand area in-
volved is equal to inflow, including ground water, surface water and rainfall
minus outtlow after taking into account changes in soil moisture storage .
-Other methods of field measurement. Short-period ET (i.e. hourly ‘or
less) can be determined by applying meteorolgical equations that require in-
\'0]\1:(? meteorelogical measurements. These approaches, based on mass
transit':r and related concepts, usually require very accurate vapor pressure
and wind speed measurements at two or more heights above the crop, and
other measurcments that may be nccessary. o
Essentially instantaneous ET can be determined with measurements
that enable solving the energy balance equation. This approach is based on
t!re fact ti?at most of the transformed radiant encrgy (measured net radia-
tion) goes into latent heat (evaporation or dew), and the balance goes into soil
heat (meg;ur?d soil heat tlux), and sensible heat (heating or cooling of air)
The partitioning between latent and sensible heat is obtained by using vapor"
F;:is[s;;;;i;’:f}?(}tggx;?erature gradient mecasurements to calculate Bowen’s ratio
ET 1:01' periods of a day or longer can be determined by summing the
short~pcr10d data obtained with the above metheds. The calculations are
voluminous, and data unccrtaintics may occur, These methods are usefui lor
rescarch and currently arc seldom used in irrigation scheduling or \\lf'ltcr
resource caleulations. ‘

6.3.2 Estimation from Climatic Data

~ Confidence is developing in the practical utility of ET equations that re-
quirc weather records. This confidence comes from compartisons of
calculated daily and longer-period ET values with water balance
measurements, especially those from weighing lysimeters.

Numerous equations that require meteorological data have been propos-
ed. and several are commonly used 1o estimate ET for periods of a day or
more, These equations are all empirical to various extents; the simplc;ty re-
quiring only average air temperature, daylength, and a crop factor. The
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generally better performing equations require daily radiation, temperature,
vapor pressurce and wind data.

A method of estimating ET should not be automatically rejected
because of the tack of available climatic data. It is often possible 1o estimate
unavailable data; for example, several methods of estimating net radiation
exist, (see Subsections 6.4.2 and 6.5.3) and dew point data can be estimated
from minimum temperature data (Pochop et al., 1973). .

A comprchensive evaluation of common evapotranspiration cquations
was made by the Technical Committee on Irrigation YWater Requirements,
American Society of Civil Engineers (Jensen, 1974) using data from 10 world
wide locations. They concluded “that no single existing method using
meteorlogical data is universally adequate under all climatic regimes,
especially for tropical areas and for high elevations, without some local or
regional calibration.” Local calibration is discussed in Subsection 6.4.0.

The calculation of ET estimates from weather records is appealing
because the approach is relatively simple compared with on-site ET
measurements. The calculated reference crop ET can be used to estimale ac-
tual ET by using coetficients to account for the effect of soil moisture status,
stage of growth and maturity of a crap. Cocflicients for many crops have
been developed from field experiments and are discussed in Section 6.5,

Estimates of actual ET for ficlds with incomplete cover also can be made
using models that separate ET into evaporation and transpiration com-
ponents {Ritchie, 1972; Tanner and Jury, 1976). The models attempt to ac-
count for reduction of evaporation with surface drying.

Crop ET can also be estimated using coclficients which relate crop ET to
evaporation as measured with pans (Pruitt, 1966: Doocrenbos and Pruitt,

1977). The 1.2-m (4-ft) diameter U.S. Weather Scrvice Class A cvaporation
pan has been used successfully for this purpose. The evaporation pan pro-
vides a measurement of evaporation {rom an open water surface integrating
the effeets of radiation, wind, temperature, and humidity. While planis re-
spond to the same climatic variables, pans and plants respond differently on
a daily basis. Pan coefficients therefore are better suited for longer time
periods. Pans are also very sensitive to the wetness of the immediate sur-
roundings.

A flow chart is presented in Fig. 6.1 outlining the sequential steps for
estimating irrigation water requirements from climatic data. Thesec steps are
intended to apply to the information presented in this chapter. A similar sc-
quence would be valid for any other source of data.

Important considerations. Obscrved ET rates for a given crop and
growth stage depend on climatic conditions. Water usec rafes observed at one
focation may not apply clsewhere. For example, the peak monthly ET rate at
Brawley, California, an arid inland location is 2.5 times that at a coastal
location at Lempoc, California (Jensen, 1974). 1n a Culifornia ceastal valley
the summertime ET from alfalfa 37 km (23 mi) inland was found to be more
than 1.5 times that 29 km (13 mi) nearcer the occan (Nixon et at., 1963). Con-
versely, measured or calculated ET values might properly be transterred con-
siderable distance where rather uniform conditions of climate and cropping
practices exist on relatively flat terrain.

Obviously, weather records that are used to calculate ET should De
representative of the arca in question, Thus, weather data should not be used
indiscriminately without knowledge of the weather station, site expoesure and
the care with which the station was maintained.
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FIG. 6.1 Typleal flow chart for estimation of irrlgntlon water re.
quirements from climatic datn.

Fa:ctf)rs contributing to water requirements, ET is the principal factor in
determining irrigation water requirements, but losses in storage, conveyance
anld applying water, the inability to apply water uniformly, and the nced for
soil leaching are additional factors. The planning and operation of irrigation
systems must take all these factors into consideration in determining water
requircments. Other possible requirements and uses for water not directiy re-
quired for ET are discussed under other beneficial uses in Section 6.6, and in
Chapters 2, 14 and 18.

6.4 SELECTED METHODS OF ESTIMATING REFERENCE CROP ET

Many methods of estimating ET have been proposed. The methods may
be broadly classificd as those based on combination theory, humidity data,

.

radiation data, temperature data, and miscellancous methods which usually
involve multiple correlations of ET and various climatic data. The design
enginecr or hydrologist unfamiliar with methods is often faced wuh a
bewildering choice. Several publications discuss the choice of methods for
various climatic conditions and for various amounts of input climatic data.
Among these are a United Nations Food and Agricuiture Crganization
publication, (FAQ-ID 24), (Doorenbos and Pruitt, 1377) and a report of the
ASCE Irrigation Water Requirements Committee (ASCE-CU Report)
(Jensen, 1974).

Recent research by micrometerologists and soil scientists has separated
ET calculations into evaporation from the soil and transpiration components
(Ritchie, 1974). The transpiration rate has been successtully related to the
leaf arca index of the plants, the soil moisture status and potential transpira-
tion rate. Thesc have not been used in engineering calculations and have not
been refined for a wide range of conditions and therefore, are not presented
here. The reader should be aware that these methods may come into wider
use in the future.

This chapter presents detailed step-by-step instructions for three of the
most commenly used methods of estimating ET for a reference crop glus the
use of evaporation from pans as an index of E,.. The reader is relerred to
other sources for other methods such as Doorenbos and Pruitt (1977} and
Jensen {1674).

6.4.1 Basis for Reference ET

Reference crop ET selected must be compatible with the crop cocfii-
cients (K.} that are to be used. For example, K, uscd to calculate ET based
on alfalfa reference ET must not be used with an E,, intended to simulate
grass. The reverse is equally illogical, Engineers also must be certain that the
method of estimating E,, is, related to the same base as was used for the
development of the crop curves that they are using. The Penman and Jensen-
Haise methods cited in this chapter both estimate E. based on alfalfa
because these are compaiible with recently developed crop coeflicients for the
Western United States (Wright, 1979). The Blaney-Criddle and pan evapora-
tion methods described in this section are recent FAQ modifications which
estimate grass based reference ET.

Doorenbos and Pruitt (1977} also present medifications of the Penman
method and radiation metheds in the FAO publication, which as the first
step requires estimates of grass based reference ET. The FAO procedures
also require using grass based crop cocflicients. The FAO procedures cover a
very broad range of wind, sunshine, and humidity conditions because they
arc bascd on a world-wide data set. The Penman method presented in this
chapter is particularly suited to irrigated arcas in the Western United States
because of recently developed alfalfa based crop cocliicients (Wright, 1979),

6.4.2 Penman Method

The Penman method, first introduced in 1948 (Penman, 1948) and later
simplitied {Penman, 1963) was the first of several combination equations.
Combination equations are derived from a combination of energy balance
and a mass transport or aerodynamic term, The ASCE-CU Report shows
that the combination methods are the most accurate methods for a very wide
range of climatic conditions. The accuracy of combination methods results



from the theoretical basis of the methods. Estimates obtained with a com-
bmalnon cquation ave reliable for perieds of from 1 day to 1 month. With
modifications, reliable hourly estimates are possible,

] "l'hc Penman equation, modified for estimating alfaifa based reference
ET in cal/em?.d is :

A
Eee® g1 (RatG) +51_7 15.36 W {eg=€g) «vvvvennnnn. [6.4]
where E, = reference crop ET in cal/em?-d; A is the slope of the vapor
pressure-temperature curve in mb/°C; y is the psychrometer constant in
mb/°C; R, is net radiatton in cal/em?-d; G is soil heat flux to the surface in
cal_/cm’-d; W, is the wind function{dimensionless); {e, — e,) is the mean
daity vapor pressure deficit in mb; and 15.36 is 2 constant of proportionality

in cal/?m’-d‘mb. An expression adapted from Bosen (1960) can be used to
approximate 4:

A= 2.00(0.00738 T+ 0.8072)7 = 0.00016 . ......ooeuern.... . [6.5)

where T is mean daily temperature (°C). An expression by Brunt (1952) can
be used to find y:

e e, o [6.6]

where P_is average station baremetric pressure (mb) and L is the latent heat
of vaporization (cal/g). P is usually assumed to be a constant for a given loca-

tice: and may be calculated using a straight line approximation of the U.S.
standard atmosphere;

P=1013-0.1055E ..... e e e [6.7]

\lv;gc;;: E is sea level clevation {meters). L may be calculated as follows (Brunt,

L=595-050T.c.......... e e . [6.8]

whcrc_: T ls °C. The variations of A/{A + y) with elevation and temperature
are given in Table 6.1,

'l"he_ W, term is usually determined by regression techniques where W,
has the form:

We=a, +b U ..., e riesaerrsar ey Chiiaaeaes [6.9]

where a, and b, are regression coefficients and U, is the daily wind travel
(km/d) at z m above the ground. Many investigators recommend that a, and
b. be dqterminud for a location if the necessary data are available. Some
vah_:es of a, and b, previously determined are listed in Table 6.2 forz = 2 m.
Wright (1981) has developed functional relationships for a., and b, which
vary with the season and are discussed later in this chapter. Wind travel, U

is frequently obtained at an elevation of 2 m above the ground for us:e m

TABLE G.1. VARIATION QF Aj(A + y) WITEH
ELEVATION AND TEMPERATURE*

Elev., m

°

c ¢ 500 1000 1500 2000 2500

0.0 0.401 0.414 0.428 0.143 0.458 0.475
5.0 0.477 0.491 0.505 0.520 0.536 0.552
0.0 0.551 0.564 0.578 0.593 0.608 0.524
15.0 0.620 0.632 0.645 0.659 0.673 0.G88
20.0 0.681 0.683 0.705 0,717 0.730 G.743
25.0 0.735 0.745 0.756 0.767 0.778 0.790
30.0 0.781 0.730 0.799 0.B0% 0.818 0.328
35.0 0.820 0.828 0.835 0.844 0.852 0.860
40.0 0.852 0.858 0.867 0.872 0.879 0.886
45.0 0.878 0.884 0.889 0.895 0.901 0.907
50.0 0.900 0.901 0.909 0.914 0.919 0.92:

- A
=1~ ——— , hased on the U.S. standard
Bty Oty
atmosphere.

developing the wind functions for the Penman equation. Wind data collect:
at another elevation can be extrapolated fo the 2-m clevation by the followi
expression which approximates a logrithmic velocity profile and is based «
an aerodynamically “‘rough” crop surface such as alfalfa:

0.2
U;=U, 3) ..... e (6.1

where z (m) is the elevation of the wind measurement and U, is the estimat
wind travel at 2 m.

Various procedures have been used to caleulate the saturation vap
pressure deficit term (e, — e,) of equation [6.4] and sometimes the meths
used has not been clearly identified. Two possible methods are deserib
here. Method 1 uses the saturation vapor pressurc at mean air temperato
as e, and the saturation vapor pressure at the mean daily dew poi
temperature as ¢,. This method is described in more detail by Doorenbos ai
Pruitt. Method 2 is more applicable in arid areas and high elevations whe
large diurnal temperature changes occur:

1 .
ea=§(eamax+cam1n) ....... e 6.1

TABLE 6.2. SELECTED VALUES OF a  AND b , FOR

1

VARIOUS WIND FUNCTIONS FORR THE PENMAN METIIGD

Method
of

culeu-

Reference lating
No. Author(s) crop a,. b (e, -e4)
1 Penman (1963) Clipped 1.0 0.00621 1
grass

2 Wright and Jensen

{1972) Alfalfa 0.75 0.0115 2
3 Doorenbos and Pruitt

(1977) Grass 1.0 0.01 1
4 Wright {(1981) Alfulfa {varics with time) 2




wiiere e, max is the saturation vapor pressure at maximum daily air
temperature, e, min is the saturation vapor pressure at minimum daily air
temperature, and the saturation vapor pressure at the mean daily dew point
temperature is used for ¢,. Procedures for calcutating the mean daily dew
poiat temperature or mean daily vapor pressure are sometimes not clear ot
consistent. Future studies and publications are expected to establish a stan-
dard procedure for this.

It is extremcly important to make certain that the crop coetficients to be
used are based on the same W, that was used to estimate reference crop ET.
For example, use the W, by Wright and Jensen (1972) or Wright (1981) for
crop coefficients presented jn Subsection 6.5.3. If the grass based E,, as
defined by Docrenbos and Pruitt (1977) is used, use K, values from Subsee-
tion 6.5.4 or the crop coefficient procedures presented in FAO-1D 24. They
emphasize that the wind function used must also be compatible with the
method uscd to calculate the vapor pressure deficit term (e, — e,) and the
crop coefficients used must have been developed using the same procedure
for caleulating (e. — ¢,) and the wind function W,.

The absence of humidity data is often cited as a reason for not using
combination equations in engineering calculations of ET. There are altet-
natives for estimating average daily dew point temperature. For example,
Pochop et al. (3973) presented empirical relationships between average daily
dew point temperature and daily minimum temperature for Wyoming.
Saturation vapor pressure {(mb) for any temperature T (°C) may be determin-
ed from the following approximation of Bosen (1960):

s> 33.8639 {(0.00738 T+ 0.8072)% - 0.000019 |1.8 T + 48|

+0.001316] ..iL.ui.i..... e e [6.12]

Net radiation (R.) in langleys per day (ly/d} can be caleulated from solar
radiation data. A langley is a cai/cm?. The signs of R, and G (equation [6.4])
assume that heat movement toward the soil surface is positive, In practice, G
is often assumed to be zero for daily E,, calculations. To estimate R,:

l(n=(l-a}R$_I{b L L I R SR ek e trow [ﬁ.ijl

where o is reflected short wave radiation, called albedo, expressed as a
decimal. Albedo is often taken to be 0.23 for commercial irrigated crops.
Merva (1975) presented an extensive table of o values. However, albedo is
known to change with sun angle and can be estimated with an equation such
as equatton {6.36] for alfaifa at Kimberly, Idaho (Wright, 1981), if sufficient
data are availabte. R, is incoming short wave solar radiation. R, is net outgo-
ing long wave radiation and may be estimated as foliows:

+b] Rpg  vevvrnnnn. feareiira e .o [6.14]

where R.. is clear day selar radiation, i.e. the solar radiation expected on a
day without clouds. A clear day radiation curve can be plotted from several
years of solar radiation data with the upper envelope forming the clear day
radiation curves, Some experimentally determined coetficients a and h aen

[ ——

TAILE G.3. EXPERIMENTAL COEFFICIELNTS YOR
NET RADIATION EQUATIONS §6.14] AND
[6.16] (from Jensen, 1974}

Region (a b) {a, b}

Davis, Califoraia (1.3%, ~0.35) (0.35, =~ 0.018)
Sauthern ldaho (1.22,- 0.18) {0.325, - 0.044)
{not available} {0.47, - 0.065)

nglan
gng::ng {not avaiiable) {(0.44, - 0.080)
Ausiralia {not availabie) {(0.35, -0.042)
General (1.2, =-0.2) {0.39., - 0.03)
General (1.0. )

shown in Table 6.3. Re. is net outgoing long wave radiation on a clear day
and may be estimated as follows:

Rpo=€lL7IX 10T (oo
= (ay +by Veg} ILTIX 1078 T oo [6.16)

where e, has previously been defined in this chapter, Ty ?s average daily wir
temperature in °K and some values for a, and b, can be found in Fable 6.3,
If bumidity data are not available, the following expression developed by
Idso and Jackson (1969) may be used to calculate e:

= 0.02+0.261 exp[-7.77 X 107% (273 -Ty)*] .+ .onitt [6.17]

where T, is in °K. S N
R, can also be calculated from the following simplified procedure:

R“=a3Rs+b3 P T P

An extensive table of values of a; and by was presented in the ASCLE-CU
Report (Jensen, 1974). ‘ o '

Penman’s original method (Penman, 1948) called for an initial estimate
of evaporation from a hypothetical open water surface and lhcn its conver-
sion to potential ET by an empirical coefficient which v§ru_:d with the season.
Doorenbos and Pruitt (1977) developed a somewhat similar am‘)roac‘h. but
their corrections are related to maxtmum humidity, the ratio of daytime _to
night-time winds and wind velocity; their procedures are recommended lor
E,, estimates of periods from 10 days to 1 month.

6.4.3 Jensen-Haise Method )

The Jensen-Haise method (Jensen and Haise, 1963) 15 apo(i?cr pt'ncC(‘ltlrc
for estimating ET from climatic data. Though the method s often c]‘a‘ss‘tilcd
as a solar radiation method, air temperature is aiso used and the cocfficients
are based on other input parameters such as elevation and lfmg term ncan
temperature. The method produces an estimate of an alfalta E,, as defined l‘Jy
Jensen et al., (1970). Doorenbos and Pruitt (1977) also.prcscFlcd a solar
radiation method for estimating E.. for grass. The reader is again cauhoch
that both the method of estimating E.. and the crop coefticients must be bas-

]



The Jensen-Haise method is the result of a review of about 3000
measurements of ET that were made in the Western United States over about
a 35 year period. The method presented in this chapter is known as the
“Medified Jensen-Haise™ method. The ASCE lrrigaton Water Requirements
Committee recommended that estimates using the Jensen-Haise method be
made fer periods of S days to a month,

The Jensen-Haise method is as follows:

E,=Cp(T-TJ)R, ...... e 16.19]

where E,, has the same units as R, and is compatible with alfalfa based crop
cocfficients.

1
T ¢, 73 G e [6.20]
50 mb
Cy= Ter e e [6.21}

where e, is the saturation vapor pressure of water in mb at the mean monthly
maximum air temperature of the warmest month in the year (long term
climatic data), and ¢, is the saturation vapor pressure of water in mb at the
mean monathly minimum air temperature of the warmest month in the year.

2E
C[ ‘“38—5()-5 ...................................... [6.22]

where E = the site elevation in m.

T == 25-0.34(C2 ~€1) = sy veverinnniiiniiaiiias [6.23]

Solar radiation may be measured or estimated.

6.4.4 Blaney-Criddle Method

The Blancy-Criddle method was first proposed in 1945 by H. F. Blancy
and W, B, Criddie (Blancy and Criddle, 1945) and was based on Western
USA ficld measurements of ET. The method has been revised many times
and there are so many variations that when the method s used the authors
must be very carcful and complete in their identitication of the exact varia-
tion used. Perhaps the best known variation in the United States is that
found in Technical Release No. 21 of the USDA Soit Conseevation Service
(USDA SCS, 1970). The method has been used on a world-wide basis but
local calibration has been considered highly desirable.

The Blaney-Criddie method is based on the principle that ET is propor-
tional 10 the product of daylength percentage and mean air temperature. The
monthly constant of proportionality has been called the crop growth stage
cocfficient. This coelficient is not the same as the crop cocflicient defined by
equation [6.1] and [6.2]. Estimating ET by the early versions of the Blancy-
Criddle method is a single stage process which does not invelve the in-
termediate step of estimating reference crop ET. Estimates have been con-
sidered to be valid for monthly periods (Jensen, 1974). The one stage Blancy-
Criddle method is widely used in the intermountain region of the United
States, with local calibration, for water right deliberations (Kruse and Haise.
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1974; Burman, 1979).
A recent major revision of the Blaney-Criddle method was published b

FAQ (Dootenbos and Pruitt, 1977). The FAO Blaney-Criddle method fure
produces a reference crop ET estimate for grass (sec Subscction 6.2.2). Th
FAQ modifications were based on data from 20 locations representing a v
wide range of climatic conditions. :

The FAQ variation uses air temperature measurcments for the site i
question. The need for local calibration is minimized by the classitication «
ciimate at a site based on daytime wind, humidity and sunshine. For thes
classifications general estimates of wind, humidity or suashine trom source
such as a climatic atlas or more exact data may be used.

The FAQ variation of the Blaney-Criddie method is as follows:

Et0=a4+b4f P r s s e ra ey S e et e e

[=p(046 T+8)..... e

where E,, is in mm/d, p is the percentage of daytime hours of a day compare.
to the entire year (see Table 6.4), and T is the average monthly ai
temperatures, °C.

The numbers a, and b, represent the intercept and sfope of a straigh
line relationship between E,, and f. E,, may be determined divectly from
using Fig. 6.2 and classifications of daytime wind, minimum humidity an.
percent sunshine.

Daytime wind may be estimated from daily wind by using the ratio «

day to night winds.

U day/U night ratio 10 1.5 20 3.0 35 4.0
Correction for Uday 1.0 1.5 1.33 1.5 1.56 1.6

TABLE 6.4. MEAN DAILY PERCENTAGE {p) OF ANNUAL
DAYTIME HOURS FOR DIFFERENT LATITUDES

Latitude
North Jan Feb Mar  Apr May June July Aug Sept Oect Srpt Oci
South#* July Aug Sept Oe¢t Nov Dee  Jan Fed  Mar  Apr May  Jun
60 deg 0.1% 0.20 026 0.92 0.38 041 040 034 028 @22 017 01
58 0.16 0.21 06.26 0.32 037 040 039 034 028 ¢.23 0.18 0l
hé 0.17 0.21 ©0.26 032 036 039 038 033 0.28 0€.23 018 co.L
ot 0.18 0.22 026 €31 038 038 037 033 0.28 023 019 0.1
Hh2 0.19 0.22 027 0.3t ¢35 037 036 033 028 024 020 0.1
50 0.19 (.23 027 031 034 036 ¢35 032 028 0.24 0O 0.1
48 0.20 0.2 0.27 03! 0.3t 036 0.35 032 028 0.21 Q2@ QU
E1:d 0.20 0.23 0.27 0.30 034 035 034 032 028 02+ 021 O
14 0.21 0.24 0.27 0.30 0.33 035 034 ¢31 0.28 025 0.22 0
42 0.21 0.24 0.27 030 0.33 034 033 031 028 025 022 0.2
40 0.22 0.24 0.27 030 032 034 033 031 028 025 0622 0.2}
as 0.23 0.25 0.27 029 031 032 032 030 028 0.2% 023 0.2
30 0.24 0.25 0.27 029 0.31 032 031 030 028 026 024 0.X
25 0.24 0.26 0.27 029 0.30 031 031 029 028 0.26 025 G.U
20 0.25 0.26 0.27 0.28 0.29 030 030 €29 028 026G 025 0.
15 0.26 0.27 0.27 028 0.20 0.29 029 028 028 027 026 0.20
10 0.26 0.27 0.27 0.28 0.28 0.29 0.29 0.28 0.28 027 0.26 020
5 0.27 0.27 027 028 028 0.28 028 0.28 0.28 027 027 0.27
o 0.29 0.27 0.27 0.27 0.27 0.27 027 027 027 027 027 02°

- e
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BLANEY-CRIDDLE “f” FACTOR (mm), f = p(0.46T + 8)

F‘IG. 6.2 Prediction of reference ET for grass (E..} from Blaney- Criddle  facior for different cone
ditions of minimum relative humidity, sunshloe duration and day-time wind {from Doorenbos
and Prultt, 1977).

The minimum relative humidity is the ratio of saturation vapor prcssureA
at average dew point temperature to that at maximum air temperature.
Daorenbos and Peuitt (1977) recommend that individual caleulations be

made for cach month of record and that values of E., may need to be increas-
rd for hicher plevatione ar lntitndpe Thov paanme o cod aritosatine maniade nf

S —

trom 10 days to one month. For computerized applications, Doorenbos and
Pruitt (1977) recommend interpolation of the siope of the line {rom an exten-
sive table and the intercept from humidity and sunshine inputs.

6.4.5 Pan Evaporation Method

Evaporation pans are an integral part of most agricultural weather sta-
tions. If the stations are visited weekly or more often and the operator is
diligent, excellent data may be collected. Reference crop ET may be
estimated by the following relationship.

Ero=KpEp «-o-- e B 16.26]

where E, = pan evaporation in any desired units, for exampic mm/d, K, =
dimensioniess pan coefficient, and E,, = reference crop ET (grass} in the
same units as E,.

Since E,, represents grass ET (see Subsection 6.2.2) it is therefore man-
datory that crop coefficients (K.) used to convert E,, to ET for a specific crop
and time be taken from Subsection 6.5.4 or from FAQO-ID 24, The informa-
tion in this Subsection, while useful in interpreting data from cxisting pans,
is intended more as guidelines for locating evaporation pans specifically in-
tendcd for estimating ET.

Data {from evaporation pans have been correlated with ET for many
years because pan evaporation integrates many of the factors involved in ET;
these include wind, radiation, humidity and air temperature. The evapora-
tion pan however is inanimate and does not retlect heat storage and transfer
characteristics of a crop. For literature review the reader is referred to
Doorenbos and Pruitt {1977) and Jensen (1974).

Types of pans, Discussion in this Subsection is limited to the {15, Class
A Pan. This pan is 121 ¢m in diameter and 25.5 cm deep. The pan is usually
constructed of galvanized steel or Monel metal, The pan is placed on a
wooden platform and feveled. The bottom of the pan is usually about 13 cm
above ground level. The water level is maintained within a range of from 5 to
7.5 ¢m below the rim by careful water additions, or by a float system and a
supply tank. Changes in water level are measured by a vernier hook gage
placed in a stilling well. Many other types of evaporation pans have been
uscd; these include different sizes, depths, sereens and many are buried
below the ground surface {also see Subscetion 10.5.). Doorenbos and Pruitt
(1977} present a table of factors plus narrative discussion relating various
sizes of pans to the Colorudo Sunken Pan. Hounam (1973) also discusses
various sizes, types of pans, and their relative perlormance.

Sclection of K, values. The pan cocllicient varies with pun exposure,
wind velocity, humidity, and distance of homogencous material to the wind-
ward side (fetch). Values of K, for periods of 10 days to a month may be
selected from Table 6.5, Additional factors arc discussed fater. Table 0.5 is
self explanatory except Cases A and B nced further elaboration. Case A
defines the condition where air moves across at Jeast 50 m of dry surface and
then across from 1 to 1000 m of 2 green crop. The situation is reversed in
Case B; see the sketch below for a visual interpretation. Doorenbos and
Pruitt (1977) also present a similar table for use with the Colorado sunken

- pan.



Case 4 Coase B
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ARITRTTN T+ FEETTTRTTITITG ITTTITITY m
- - I — Ml )
v — N e .
50m or more varies 50m or mare vories

. Additional factors. Many additional factors can modify the pan coefli-
cients fo_und fn Table 6.5, For example E, may be increased by 10 percent if
the pan is painted black. If pans are placed in a small enclosure surrounded
b}_' tall crops, K, may need to be increased by up to 30 percent for dry windy
c!lmatcs, and only from 5 to 10 percent for calm humid climates. The coelli-
cients presented in Table 6.5 assume no screen is present, that no crops taller
than 1 m are within 50 m and that the area within 10 m of the pan is covercd
by a frequently mowed green grass cover or by bare soils. Docrenbos and
Pruitt {1977), Jensen {1974), and Hounam (1973) discuss additional factors
that influence pan evaporation.

Lccz}tion atd operation of pans. A weather station which includes an
cvaporation pan should be located so that its surrcunding conditions are casy
to classify and maintain in as constant a condition as possibie. The tempta-

TABLE ¢.5. PAN COQETFICIENT K. ¥OI: CLASS A PAN FOR
DIFFERENT GROUND COVE?!. AND LEVELS QF
MEAN RELATIVE HUMIDITY AND 24 h WIND
{For use in eguation {6.26) to estimate Etu)

Case A Case Bt
Class A Pan  Pan surrounded by short green crop  Pan surroundcd by dry-fallow land
low medium  high low medi hi
RH mean % <40 4070 > 70 < 40 40;?0111 ;uf’ho
}anind Upwind
; distance of distance of
Wind green crop dry fallow
km fday m m
Light 0 0.55 Q.65 0.75 4]
) . . . 0.7 0.8 0.
< 175 10 0.65 0.75 .85 10 0.6 0.7 O.ga
100 0.7 0.8 085 100 G.50 065 0.75
1 000 09.75 0.85 0.85 1 000 ¢5 0.6 0.7
hModerate 0 0.5 0.6 Q.65
. . X [} .65 0.75 0.8
175-425 10 0.6 0.7 0.7% 1 .05 065" 0.7
100 Q.65 0.75 0.8 1430 Q.5 0.6 0.65
1 060 0.7 0.8 0GB 1 000 145 0.B5 0.6
Strong 0 045 0.5 0.60 1]
. . 0.6 .
425-700 10 0.55 06  0.65 10 05 ot 0s
. 100 0.8 0.65 0.7 100 0.45 045 6.6
000 0.65 0.7 .75 1 000 4.4 0.45 Q.55
Very atrong 1] 0.4 .45 0.5
. . 0 0.5 0.6 i
> 700 10 045 .55 0.6 10 .45 0.5 ggg
100 0.5 0.6 0.65 100 0.4 0.45 0.5
1000 0.55 0.6 0.65 1 000 035 04 0.46

1-1:3: ex;en;i;c arcas of bare-tatlow soils and not agrlvultural gevelopmont, eduee Kpan
vilucs by percent under hot windy conditions, by o ;

temperature and huimidity condilions. 8 £0 10 Rersent for modersie wind,
jTotal wind movement km/d. :

.ttt i

tion to place the station in an unused or otherwise convenient but
unrepresentative location should be resisted. The pan’s location should be
dictated by the intended purposes. With proper localion and care i use,
reference crop ET estimates to =+ 10 percent accuracy should be possible.

6.4.6 Local Calibration :

All methods of estimating ET from climatic data involve empirical rela-
tionships to some extent. Even the combination equation, the Penman
method for example, utilizes an empirical wind function. The empirical rela-
tionships account for many local conditions. The ASCE Irrigation Water Re-
quirements Commitiee stated that . . . no single existing method using
meteorological data is universally adequate for all climatic regimes, especial-
Iy for tropical areas and for high elevations, without some local or regional
calibration’ (Jensen, 1974). If the crop economic importance is high, local
calibration is needed to at least give confidence to irrigation water rcquire-
ment estimates. Doorenbos and Pruitt (1977) present a detailed deseription
of a world wide calibration of the Blaney-Criddle, radiation, and Penman
methods. The principles can be applied to a local or regional calibration.

Calibration involves the simultaneous collection of ficld E, data and the
correspending climatic data. The time interval for ET estimates has an in-
fluence on the methods that are used for field measurcments. Preferably, if
the method is to be used for short period estimates, comparable data should
be used in calibration.

Blaney-Criddle method. The Blaney-Criddle method is suited tor
monthiy estimates of ET, (Jensen, 1974). Therefore, field measurements of
ET can be made using careful soil moisture measurements, water table
lysimeters, drainage lysimeters, weighing lysimeters or inflow-outtlow techni-
ques. Only air temperature and rainfall data are nceded to complete the
calibration by determining the appropriate monthly crop coellicient.

Jensen-Haise method. The Jensen-Haise method is recommended for
S-day to 1-month periods (Jensen, 1974). Drainage lysimeters are only
suitable for 10-day or longer periods (Doorenbos and Pruitt, 1977), and can
be climinated if short period calibration is desired. ET mcusurcd by soil
moisture change can also be eliminated for short period calibrations,
Theretore, if 5-day periods are desired, weighing lysimcters or Bowen ratio
techniques should be used to collect the necessary field ET data for local
calibration. For monthly calibration, ET may be determined by properly per-
formed measurements of soil moisture depletion, inflow-outtlow, lysimeters
or other techniques. Climatic data should include solar radiation. air
temperature and rainfall data on at least a daily basis.

Local calibration of both Cr and T, can be obtained by regression of
measured E,/R,, against mean air temperature if data are available from
about 5 to 30 °C, or higher. If only a few data points arc available over a nar-
row temperature range, then these data should be used to adjust the T, value,
but not the C; value.

Penman methed. The Penman method can provide accurate estimates
of ET for periods of 1 month to 1 hour depending on the method of calibra-
tion. For short periods only weighing lysimeters can provide the necessary E,
data. Climatic data must include, solar radiation, net radiation if possible,
wind movement, air temperature, vapor pressure and precipitation all col-
lected on intervals suitable for the desired prediction periods. Usually local



calibration is accpmplished by calibrating the transfer coefticient identitica-
ticn of the variables,

D= 0530 Wele ) oot [6.27)

Whenever local calibration is made, consistency between any reference
crop used, crop coefficients, and calculation method used to obiain terms as
{c. — e,) must be followed. If consistency is not followed ET estimates will be
illogical and may not represent the crop grown. For daily calibration of the
Penman methed sce Wright {1981) and Subsection 6.5.3.

6.5 ESTIMATING ET FOR CROPS

Estimating ET for a specific crop can be a very complex matter depen-
ding on the degree of refinement desired. To cbtain the most accurate
estimates, all of the major contributing crop amd environmental conditions
need to be taken into account. These involve climate, soil moisture, the type
of crop, stage of growth and the extent to which the plants cover the soil. This
section is intended to provide the means for the practicing engineer or irriga-
tion scientist to integrate these inter-related factors into the best possible ET
estimates. The procedures primarily involve the use of an estimated reference
ET and experimentally developed ET crop coefficients. Such procedures are
now extensively used in irrigation scheduling methods and in estimating crop
water requirements and have been described in detail in previous publica-
tions. For purposes of this section, the most salient principles and informa-
tion are provided. Those desiring more information should consult the listed
references.

The common Blaney-Criddle method does not use ET crop coetficients.
Rather, the estimations of crop ET are made in one step. The method was
revised by Doorenbos and Pruitt (1977) to provide an estimate ol E,, for grass
so that appropriate crop coefficients could be used to estimate ET for a
specific crop. Such procedures produce estimates with accuracies suitable for
10-day to monthly periods.

Detailed and specific procedures and guidelines were summarized by
Doorenbos and Pruitt (1977) for predicting crop water requirements for a
wide range of crops and conditions and availability of associated informa.
tion. They outlined a three-stage procedure involving (a) a reference crop
ET, (b} a crop cocfficient, and (c) the effects of local conditions and
agricultural practices. They chose ET for 8- to 15-em tall, green, well-
watered grass as the reference ET and selected or adapted crop coefficients
accordingly. Four methods of estimating this reference ET were presented,
nameiy: {a) Blaney-Criddle, (b) radiation, (¢} Penman, and (d) pan evapora-
tion. In this scction, we present crop coetlicients for E,, based on alfaifa, as
defined by Jensen et al. (1970) suitable for daily estimates of ET when E,, is
determined by the Penman method described in this chapter, These alfaifa
based coetficients are also suitable for the Jensen-Haise method as presented
in Subsection 6.4.3. We also present a limited set of crop coefficients based
on grass E,. which are intended for use with the FAO Blaney-Criddle and pan
evaporation methods described in Subsections 6.4.4 and 6.4.5.

6.5.1 Crop Coelficients |
Experimentally developed crop coctlicients reflect the physiology of the
crop, the degree of crop cover, and the reference ET. In applying the coelfi-
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FIG. 6.3 Generalized basal ET crop coefficient eurve {K,,) with adjust-
ment for increased evaporation due o surface soil wetness (K.} o deter-

mine the over-all crop coelfficient (K.).

cients, it is important to know how they were derived sinc:: they are empirical
ratios of crop ET to the reference ET, as shown in equauon‘[().l]. The com-
bined crop cocflicient includes evaporation from both the soil and plant sur-
faces. The contribution of scil evaporation is strongly dependent upon the
surface soil wetness and exposure. Transpiration is primarily dependent
upon the amount and nature of plant leaf area, and the availability of water
within the root-zone, Crop coefficients can be adjusted for soil moisture
availability and surface evaporation, The distribution of crop coefficients
with time is known as a crop curve. See Fig. 6.3 and 18.1 for cxamples of
crop curves, Other time-related crop parameters may also be used as 2 base,

In the cxperimental determination of crop coefticients, ideally both crop
ET and reference ET are measured concurrently, The crop coefficient is then
calculated as the dimensionless ratio of the two measurements. Well sited,
sensitive weighing lysimeters provide tdeal daily measurements au.d problems
with soil-water drainage are avoided. Care must be taken to insure that
horder effeets are minimized, that fetch is adequate, and that crop and seil
moisture conditions are similar in the lysimeter and the [licld.

6.5.2 Refervence ET '

Alfalfa has frequently been selected as a reference crop because 1t has
relatively high ET rates in arid areas where there is considerable advective
sensible heat input from the air (Wright and Jensen, §972; and _W!-lgl]l.‘
1979, 1981). In such cases, reference ET (E..) is equal to daily alfalta F-.'I
when the crop occupics an extensive surface, is actively growing, standing
erect and at least 20-cm tall, and is well watered so that soil water availability
does not limit ET. Reference ET obtained with such an alfalta wrfacc'wiil
usually be greater than that for a clipped grass surface, particularly in windy
arid areas.



. Daily rates can be accurately measured with sensitive weighing
ysimeters. However, it is not possible to maintain the crop surface in a con-
dition to provide near maximum ET because of cutting periods, lodging of
plants by wind or rain, and the etlects of fate and early seasonal frosts. Cen-
sequently, daily altalfa ET, energy balance, and meteorological data can be
used to develop and calibrate procedures for computing reference ET. The
computed reference then can be used to extend the measured values for
periods or locations where measured values are not available,

6.5.3 Alfalfa Related Crop Coefficients
An overall daily crop coefficient can be determined from daily measured
reference and crop ET by:

in which K, = the dimensionless crop coefficient for the particular crop at

the existing growth stage and surface soil moisture condition. When

estimating crop ET from the reference ET, K, is estimated from crop curves

ior the day or period involved and information on soil moisture conditions
y:

Ke=Kip Kg+ Ky wevnnnnn. e [6.29}

in which K. = daily crop cocefficient, K., = daily basal BT crop cocfficient,
K. = a coefficient dependent upon available soil moisture, and K, = a coef-
ficient to allow for increascd evaporation from the soil surface oceurring after
rain or irrigation. These procedures are described in greater detail by Jensen
(1974), and Jensen et al. (1971). The generalized basal crop coefficient, K.,,
was defined by Wright (1979) to represent conditions when the soil surface
was dry so that evaporation from the soil was minimal but soil-water
availability did not limit plant growth or transpiration, i.e, K. = K., with K,
= I and K, = 0. He determined daily values of K., by manually fitting a
basal crop curve to overall crop curves obtained with equation [6.28). This
specific designation alse distinguished the K., values obtained with lysimeter
LT data from mean crop coefficients previously developed from soil-water-
balance data, :

When available water within the root zonc limits growth and ET, K, of
equation [6.29] wili be less than 1.0 and can be approximated by relation-
ships similar to:

Ky = [In{Ay, + 13/0n{101)] o ooee i ceen [6.30]

in which A. = the percentage of available water (100 when the soil is at field

cagacity}. and K, = 1 when A, = 100, and K, goes 1o zero as A, goes to .

This algorithm was developed from published ET-soil water data (Jensen et

al., 1971). Other relationships for K, were reviewed by Howell (1979).

\ Increased soil evaporation due to rainfall or irrigation, can be estimated
y:

Ko=(Ky - Kepexp (AL Ky 2Ky oovvnnn. e .. [6.31]

in which t = the number of days after the rain or irrigation; A = the combin-
ed eitects of soil characteristics, evaporative demand, ete; and K, = (he
value of K., at the time the rain or irrigation occurred. This algorithm will
also vary for various soils and locations, At Kimberly, Idaho K, was approx-
imated by: (0.9 — K.)0.8; (0.9 — K,)0.5; and (0.9 — K.)0.3; for the [irst, se-
cond, and third days after a rain or irrigation, respectively (Jensen et al.,
1971). When K, exceeds 0.9 no adjustment is needed for rain or irrigation, A
diagramatic represcntation of the expected changes in the crop coeilicient as
affected by stage of growth and wet surface soil, is presented in Fig. 6.3

A summary of basal crop coefficients for several crops is presented in
Table 6.6 for arid areas. These were derived for use with estimated ET for a
reference crop of actively growing, well watered alfalfa at least 20-cm tall.
Dates typical of Kimberly, Idaho for planting, emergence, effective cover,
and harvest for the various crops are presented in Table 6.7.

Values of K., are listed on a normalized time scale, instead of actual
dates, with time from planting until fuil cover on a percentage basis, PCT,
and time after as elapsed days, DT, Cocfficient relationships of this type have
been used extensively in irrigation scheduling (Jensen, 1974). The normaliz-
ed time scale helps account for the effects of seasonal differences on crop
development. Alfalfa cuttings are listed individually because of major dit-
ferences in climate for each of the growth periods.

The alialfa related crop coefficients described in this section were com-
puted using the Penman method discussed in Subscetion 6.4.2 with some
modifications. Suitable procedures have been described in many publica-

TABLE 6.6. DAILY BASAL ET CROP COEFFICIENTS {ch) FOR
DAY SURFACE SOIL CONDITIONS
far use with a refevence ET representative of alfalfa foy irvigated crops grown in an arid
region with a temperate inter-mountain climate, Coefficients were determined |
experimentally using ET data obtained with sensitive welghing lysimeters at
Kimberly, Idaho, fxom 1968 through 1978, (from Wright, 1979)

Basal ET erop coefficients, Ky,

PCT, time from planting to effective cover {52}

Crop 10 20 a0 40 50 GG 70 80 a0 100
Small grains 0.15 0.16 0.20 0.28 0.55 0.75 090 098 1.00 1.02
Beans 0.15 0.17 018 0.22 (.38 0.48B 065 078 093 095
Peas 0.20 017 016 018 020 028 048 0.67 086 0.95
Potatoes 0.15 015 0.15 021 035 045 060 072 078 0.80
Sugar heetls 0.20 0.17 0.15% 015 016 ©.20 030 050 0830 100
Corn 0.15 015 0.16 017 018 025 040 0462 080 095

Alfalfa (Ist} 0.50 0.58 067 0.75 0.80 085 020 095 038 1.00
{(2nd & 3rd) €¢.50 0.25% 0.25 040 055 079 080 090 058 100
Winter wheat 0.65 070 076 0.80 €85 090 095 098 100 1902

DT. days after effective cover
10 20 3D 40 50 60 70 80 90 100

Small grains 1.02 1.00 0.80 0.50 025 01¢ 010 — — -

Beans 095 094 0465 0436 018 015 010 - - -
Peas .93 0.82 050 037 020 010 010 - - =
Potatoes 0.80 080 0.75 074 073 072 070 050 025 020
Sugar bects 1.00 100 100 096 093 085 086 083 080 073
Comn 095 0.95 093 091 089 0383 076 030 020 0.15
AMaifa {1&2) 1.00 1.00 1.00 025 — - - - - -
(3rd}* 1.00 100 0.52 030 — — — - - -

Winter wheat  1.02 1.00 0.96 0.50 0.20 010 010 — - -

*Finnl cutting.



TABLE 6.7. DATE OF VARIGUS CROP GROWTH STAGES IDENTIFIANLE
EN TIE FIELD FOI CRUPE STUDED AT KIMBERLY, IDAHD, 1Y64-19T78
(fram Wright, 1979)

Drate of ovcurrence Time {lays)
Planting

Plani- Emer- Rupid Full Heading Ripen- to full Full cover

Crap ing gence growth cover orbloom jng liarvest cover {0 harvest
Small grains 441 4/15 5/10 620 G115 Ti20 Bf15 BO 55
Braus 5122 65 G/15 715 Ti% B/10 B30 55 45
Pras 1710 4725 5/10 (734 G/15 Tib Ti25 55 50
Potatoes 425 5125 6/10 710 T - 1019 5 9
Sugar beets 4/15 5715 §/10 7/156 — — 10415 91 100
Corn 545 5/25 6/10 14156 7430 9/1Q0 9520 79 70
Alfalfa 1st 41 — v 420 515 - - 6/1% 45 s
ind 6:/15 - Gi2s5 115 — - B/l 20 a5
ard 8/t - 4/10 Bs25 - — 820 25 25
Winter wheat 1071 10415 3o 425 Gfy 7/15%  B/LO 2056 60

tions, such as those of Jensen (1974), Jensen et al. (1971), Wright and Jensen
(1972), Wright and Jensen (1978), and Wright (1981). Other methods can
also be adapted, but as mentioned earlier in this chapter, the combination
equation seems to give the most consistent results, particularly in arid ir-
rigated regions subject to considerable sensible heat advection. To adequate-
ly account for advection, even the combination equation should be calibrated
or verified for local conditions.

The changes necessary to permit estimating reference ET for a crop of
well watered, actively growing alfalfa, at least 20-cm tall, are presented here
for convenience of the reader. This follows procedures developed earlier with
recent refinements by Wright (1981). Measurements or estimates of the
following daily meteorological parameters are required: (1} solar radiation,
{2) maximum and minimum ajr temperature, {3) average humidity, or at
least an 0800-h dew-point temperature, and {(4) wind travel.

A combination equation similar to that in Subsection 6.4.2 was used to
estimate a reference ET for the development of the basal crop coeflicients by:
E.

E, =10

where E, is on a water depth equivalent basis (mm/d), E, is the latent heat
flux computed with the calibrated equation (cal/cm?-d), L is the {atent heat
of vaperization (cal/cm?®), and 10 is for unit conversion (mm/cm). A wind
function with time dependent cocfficients was used.

Wemag () +b(t)Us cvviennn... e [6.33]

where W, is the wind function and a(t) and b,(t) are variable coefficients to
adapt the function to the focation or time of year. Varying the wind function
permits adapting W, to changing conditions of the surrounding area which
influcnce sensible heat advection. The foilowing empirical relationships were
derived for Kimberly, Idaho.

ay,(t) = 23.8 - 0.7865D + (9.7182E~03)D? - (5.4589E-05)D*
+(1.42529E-07)D* - (1.41018E-10)D° ............ coen o [6.34])

b, (¢} = - 0.0122 + (5.2956 E-04)D - (5.9923E-06)D*
+ (3.4002E-08)D - (9.00872E-11)B* + (8.79179E-14)D*

where D is the day of the year and the polynomial coefficicnts are for wind
travel measured at 2 m in km/d. Respective values for 4/15, 6/15, 8/15,
10/18, and seasonal mean for a, are: 0.74, 1.83, 1.01, 0.55, and 1.06; and
for b.: 0.0069, 0.0088, 0.0107, 0.0099, and 0.0091. These mean values com-
pare with the seasonal Penman coefficients of 1.0 and 0.0062 and 0.75 and
0.0115 of Wright and Jensen (1972, 1978) (also sec Table 6.2).

The net radiation term, R,, of equation [6.4) was estimated from daily
solar radiation, temperature, and humidity data by equations [6.13] to |6.16)
using values and functions as developed by Wright (1981) for Kimberly,
Idaho. The albedo () was computed by:

a=0.29+0.06 SIN {30{M+(N/30)+ 2.25)} ...l (6.36}

where M is the number of the moath and N is the number of the day. The
season long regression coefficients for Kimberly, Idaho are: a, is 0.325 and b,
is -0.044 (Wright and Jensen, 1972). The coefficient &, of equation [6.16] was
computed with a “normal” distribution equation:

2 =0.26 + 0.1 exp {—[30(M+N!30)-207}f65] oo 16.37]

A constant value of b, of -0.044 was used with the variable a,. Coefiicients for
cquation [6.14] were: for R,/R,, greater than .7; a = 1.0534 and b = §; and
for R./R,, less than or equal t0 0.7, 2a = 1.0 and b = 0.

TABLE 6.8. DAILY BASAL ET CROP COEFFICIENTS (K ) FOR USE wWiTH
GRASS REFERENCE ET (Etuj
for jrrigated crops grown in an arid Mediterrancan climate. Coelficients are far dry soil
surface conditions and were determined experimentally with ET data oblained with
sensitive weighing lyslmeters at Dovis, CA, 1965-1975. Days frem planting to effeclive
fuil cover and from then Lo harvest or maturity are lisied

Plant- Time from planting to peak Kc‘ L
ing Days to - —
Crop date peak Kc 10 20 30 440 50 80 10 30 |90 oo
Sorghum 57 45 012 ©.13 014 016 022 033 050 075 1.00 107
Beans 6721 43 ¢i0 012 016 €21 028 039 053 075 098 l.08
Toematoes 4729 8 0.14 015 ©17 0.1% 022 033 048 471 104 1.1R
Barley 10421 100 0.18 020 0.22 024 028 0334 047 066 090 1.07
Corn 5714 52 .12 013 015 020 0.29 0.45 081 0%y 1908 113
Sugar beets 616 55 0.12 013 0.16 020 029 045 065 087 104 110
{ate)
Sugar bevtls 3/25 90 .14 018 018 0.2¢ 027 037 0.5 077 1.4 1.10
(early) Days Days after peak K,
Harvest to -
daite harvest 10 20 30 40 50 60 70 .14 990 100
Sorghum 813 74 1.08 1.06 103 099 0954 O.88 0.79 Q465 — -
Beang 9/8 46 1.12 112 114 0.71 ©1% — - - - -
‘Tomatoes 9724 &8 1.24 121 112 1.03 090 075 058 — - -
Bartey 5/19 100 1,15 1.17 119 1.21 119 1.12 098 0.75 0.50 0.24
Corn 9/20 71 .17 117 137 114 1.0 0BT 067 - - -
Sugar beets 1118 100 115 116 116 1.16 1.1% 1.4 1,13 1.12 110 1.08
{late) :
Sugar beets 9720 50 1.13 115 1,15 31.14 113 1:l1 3.08 1.05 01 -
{early}




TABLE G.11. CROT COEFFICIENTS (K,) FOR ALFALFA,
CLOVER, GRASS-LEGUMES AND PASTURE
with mcan volues [or between ecuttings, low values for just after
cuitings with dry soil conditions, and peak vatuces for just
before harvest. For wet soil conditlons Increase fow values
by 36 (adapiled from Doorenbos and Pruitt, 1977}

He
Clover,
Climatic Grass  grass-

conditions Period Alfalfa hay legumes Fasture

Humid with light mean 0.85 ¢.80 1.060 0.95

to moderate peak 1.05 1.05 1.05 1.05

winds low .50 0.60 055 0.55

Dry with light mean G.95 0.90 1.05 1.00

to moderate pealk 1.15 1.10 1.15 1.10

winds low .40 0.55 0.55 0.50

Strong winds mean 1.05 1.0 1.10 1.a5

peak 1.25 1.15 1.20 1.15

low 0.30 0.5¢ 0.55 0.50

6.5.5 Elfect of Irrigation blethod on Evapotranspiration

The method of irrigation may affect ET rates while water is being ap-
plied and possibly for several days following irrigation. During irrigation, the
ET rate may be highest with sprinklers because of the added evaporation op-
portunity provided by the increased availability of a vapar sink and the sensi-
ble energy supplicd by the air Jayer through which the water drops travel.
During windy conditions these effects are especially important due to the
transport of droplets outside of the area being irrigated.

Wetting of a crop surface by irrigation (or precipitation) does not
necessarily vesult in greater ET than otherwise. A number of studics have
shown that surface evaporation replaces vegetative transpiration in equal
amounts {Christiansen and Davis, 1967). in such cases ET is already at the
potential rate and the site of the evaporative process is merely changed from
plant stoma to the wet vegetative surface. Wetting the crop increases ET
where ET has been restricted by such factors as low vegetative density and a
dry soil surface, limited soil moeisture availabie for plants, high stomatal
resistance, or xerophytic plant adaptation.

At low vegetative densities evaporation from wet soif can be an impor-
tant factor in contributing to ET (Ritchie, 1971). Thus, an irrigation method
that does not wet the entire bare soil area can result in less ET than one that
does. An advantage of drip irrigation is that it does not wet the entire soil
area. However the saving of evaporation is less than the ratio of unwetted
arca to total bare soil area would suggest because of advective influences
(also sce Section 16.5),

The effect of irrigation method on ET, while of some consequence dur-
ing and immediatcly following irrigation, may be small on a seasonal basis.
For example, Bucks et ai. (1974) found that the seasonal ET for high produec-
tion of cabbage in Arizona was about the same with drip, modified furrows
and furrow irrigation. Lysimeter studies of grain sorghum in Texas showed
no significant dilfercnces in yield or water use etliciency (ratio of grain yicld
to total crop water use) between drip and sprinkler irrigation with three ir-
rigations per week {Ravelo et al,, 1977),

6.6 OTHER BENEFICIAL USES

Water applied at appropriate times can sometimes make additional con-
tributions to improved crop production besides the replenishment of soil
moisture. While meeting the ET need of crops is the primary purposc ot ir-
rigation, conditions may require providing water for additional bencficial
uses as discussed in Chapters 2 and 18 and briefly described in this Section.

6.6.1 Germinaltion of Sceds

Germination of seeds may be enhanced by irrigation at planting. and
sometimes irrigation is essential for seed germination. Subsequent crop
development and harvest are aided by the uniform secd germination and
plant emergence. Sprinkler irrigation is especially suited to this application
because the amount of water applied can be limited 1o the amount necessary;
this is especially important where water supplies are limited. Soil wetting for
germination by furrow irrigation is successfully practiced in many arcas, but
more water is required than with sprinkiers when “subbing” from furrow to
ridge planted seed is involved. Furthermore, salinity tends to be concentrated

in the ridge by evaporation.

6.6.2 Climate Modification

Climate modification may be possible using water. A large-scale effcetis
apparent as one drives from the desert into an irrigated arca on a hot summer
day and feels the effect of evaporative cooling on the atmosphere. This lower-
ing of dry buib temperature is accompanied by an increase in vapor pressure
and may be accompanied by a reduction in wind speeds (Burman et al.,
1975}, Experiments using sprinkier or mist applications at field sites within
irrigated areas have typically decreased crop temperatures 4 te 12 °C. In-
creases in yield of 10 to 70 percent with such crops as pcas, tomatoes,
cucumbers, muskmeclons and strawberries are reported, and improved guali-
ty of apples and grapes have been observed (Westerman et al., 1970).
However, crop response to lowered temperature stress may sometimes be less
beneficial than judged from the amount of air temperature suppression.
Design procedures for climate-control sprinkling and misting systems are not
well developed. Misting to improve greenhouse environments is 4 common
practice.

Evaporative cooling experiments to delay bloom of fruit trees, with at-
tendant reduced danger from freeze damage, were reported by Wolfe et al.
(1976). They found that with application rates of 3 L/s-ha misting systems
did better than low-pressure sprinklers in keeping daytime orchard
temperatures down, and thus more successfully delayed bud development
until the danger of (rost had passed. The niist system required only about 60
percent as much water per day of bloom dclay as did the sprinkiers.

6.6.3 Freeze Protection

Freeze protection can result from water applied to the soil to increase
soil heat conduction and soil heat storage capacity. Significant protection
may be achieved by continuous wetting of plant parts by sprinkler water dur-
ing critical hours.

In general, oil releases much more hieat to a crop if it is used to pump
watcr instead of being burned. A more complete discussion of freeze protee-
tion methods can be found in Chapters 2 and 18.



4
ih iGrass Related Crop Coefficients
yudrop coefficients derived for use with a reference ET for grass
|r| ppmbos and Pruitt, 1977) are discussed in this section. A summary of
1| ppcrop cocfficients for severad crops is presented in Table 6.8 similarly to
ﬁJ gin Table 6.6 except that E.. was used as a base in their development.
I coefficients were obtained at Davis, California and are therefore

I\‘ﬂ:cntatwe of an arid, Mediterranean-type climate. Data for many addi-
i’jwcropc are presented in FAQ-ID 24 (Doorenbos and Pruitt, 1977).
ol ru'ihc adjustments to the Blaney-Criddle and evaporation pan methods of
f‘;: istions 6.4.4 and 6.4.5 may be used to estimate E,, for use with the
i ﬁr',based crop coefticients. Compatible Penman and radiation methods
g,‘,;';lso be used. (Doorenbes and Pruitt, 1977). Hawever, the grass-based
,\.r ocificients should not be used with the Penman and Jensen-Haise
iﬁw ids as presented in Subsections 6.4.2 and 6.4.3.

i

ll pand vegetable crops. The growing season may be divided into four

(1) Initial stage 1 germination and early growth
0 when the soil surface iz mostly
hare, crop ground gover < 10
percent,
(L} Crop development stage + from the initial stage to effectlive
i full crop ground cover (70 to 8O
parcent).
{3 Mid-scason stage : [rom eflective ful] crop ground
f cover {o the start of maturation
. as indlcated by ehanges in leaf
| calor or dropping of tcaves,
4) Late season stage : from the end of the mid season
stage until Iuil maturity or
'| harvest.

]I|k {urves for other crops may be constructed in the following manner for a

il rﬁlocatton

| ¢ Establish planting date from local information or practices in similar

.l| 1ic zones.

'.j-I Determine {otal growing season and length of crop develepment
from local informatien. Guidelines to crop development stages are

!ll.\[ll'ﬁll.d in Table 6.9.

"I}ri Initial stage: predict irrigation and/or rainfall frequency, then select

||;{ iging K. for rain or irrigation {Wright, 1981).

' 'jy Mid-scason stage: based on local climate (humidity and wind), select

I" m Table 6.10 and plot as a straight fine.

I:u“ Late-season stage: for time of full maturity select a K. value from

116.10. Assume a straight line between the end of the mid-season stage

| |1J full maturity date.

i Devclopraent stage: assume a steaight line between the end of the in-

|iage and the start of the mid-season stage.

‘he curve may be refined by sketching a smooth curve, but this may on-

e a small difference in results. The construction of such a curve for

-q:prn at Kimberly, Idaho is shown in the example calculations, in Sce-

14,

llﬂ'pra_gc crops comprise millions of hectares of irrigated land in the

K. values for these crops reach a high value just prior to cutting and a

' e

lue and plot as shown in Fig. 6.3 or 6,8, This is an alternate approach to

TABLE G.9. LENGTH OF GROWING SEASON AND CROP
DEVELOIMENT STAGES OF SELECTED FIELD CROPS:
SOME INDICATIONS
{from Doarenbos and Pruitt, 1977)

Beans (dev) Continenta) climates fate spring planting 20/30/4G/

Pulses 2¢ and (110); June planting Central California and
West Pakistan 15/25/356/20 and (95): longer seuson
varieties 15/25/50/20 and (110).*

Corn (maize) Spring planting East African highlands 30/50/60/40

{sweet) and (180); lale cool scason planting, wann desert
climates 25/40/45/30 and (1490): June planting sub-
humid Nigeria, early October india 20/35/40/30
and (125); early April planting Southern Spain
30/40/50/30 and (150).

Grain, small Spring planting Medlterranean 20/30/60/40 and
{150}; Dctobexr-November planting warm winier
elitnates; Pakistan and Jow deserta 25{35/6540 and
(165),

Potato (Irish) Full planting warm winter desert climates 25/30/30/
20 and (105); late winter planting arid and semi-
arid climates and lale spring-early summer planting
continental climate 25/30/45/30 angd (130} ¢arly-
mid spring planting centrad Europe 30/35/50/30 and
(145); slow emeregence may increase jenpgth of initial
period by 15 days during cold spring.

Sugarbeet Coastul Lebanon, mid-November planting 45/75/80}¢
30 and {230); early summer planting 25%;25/50/00
and (160); early spring planting Uruguay 30/M45/60/
45 and (1B0O); late winter planting warm winter
desert 35/80/70f40 and {205).

*15/25/50/20 and {114} stand respectively for initial, crop develop-
ment, mid-season and late season crop development stages in days
and {110) for total growing period fram planting to harvest in days.

low value just after cutting. It is essential that local harvest dates be con-
sidered in making ET estimates for forage crops. Table 6.11 gives high,
average, and low values for alfalfa, grass hay, legumes, and pasture. For
seasonal estimates average K, vaiues may be used. For trrigation timing and
depth, the variation due to cutting also must be considered. More detail and
a graphical presentation of the seasonal variation in K. for alalfa is
presented in FAQ-IR 24 (Doorenbos and Pruitt, 1977).

TABLE 5.10. SELECTED CROP CQEFFICIENTS BASED
QN GRLASS Eto FOR FIELD CROFS FOR DIFFERENT
GROWTH STAGES AND CLIMATIC CONDITIONS
(from Dooreabes and Pruitt, 1977)

Humidity: nu RH

Crop min > 70% min < 207

Crop stage  Wind m/s: a-5 5-B Q-5 5-8

Beans (dry) ] 1.05 1.1 1.15 1.2
4 Q.3 0.3 G.25 0.25

Corn (field)} 3 1.05 1.1 1.15 1.2

4 .55 .55 0.6 0.G

Grain a 1.06 1.1 1.15 1.2
4 0.3 0.3 0.25 0.25

Potato 3 1.05 11 1.15 1.2
. 4 a.7 6.7 0.75 0.75

Sugarbeet 3 - 1.05 1.1 1.15 1.2

: L 0.9 0.85 1.0 1.0




o A_pplic:uiun rates during a freeze period may be dictated by the available
irrigation system (2.5 to 6.4 mm/h for sprinklers). Under-tree sprinklers
(I;:Slg/;;llcd specifically for freeze protection may have rates as fow as 1.3
nim N

Blane et al. (1963} stated that protection down to -6 °C can be achieved
by overhead sprinkler rates of 1.5 to 2.0 mm/h for low growing plants; 2.0
mm/h for fruit trees; and 2.0 to 2,5 mm/h for vines. These rates must b’c il.l-
creased when atmospheric dew points are low. The application of water by
overhead sprinklers should begin when falling air temperatures reach 1 °C
or when wet bulb temperatures reach freezing. Sprinkling should be con:
tinued until ice is melting on its own and air temperature remains above
treezing, :

6.6.4 Fertilizer Application

Fertilizer application by irrigation water is often the cheapest way, and
may _be the only way of applying it (except by air) to a crop that runs out of N
in mid or late scason. Anhydrous and aqua NH; and solutions made from dry
h’:rnhze'rs are commeonly used as sources of N. Liquid H;PO, and solutions of
I\_ are also applied by irrigation water. In some areas the harmful effects of
high Na water on infiltration rates are counteracted by the addition of gyp-
sum to the irrigation water. P

1'"!1& amount of water applied during fertilization is usually governed by
the ET needs of the crop. Nutrients that do not move rapidly in the soil are
Ctp'p]lcd during the beginning of the irrigation period, whereas nitrate is ap-
plied ]ate: .in the period to prevent penetration to excessive depths.

Fcrtllfzcrs can be applied by surface or sprinkler systems. All com-
ponents of the system must be corrosion resistant, and the system should be
:Ilu[)rp[uglélg ﬂ‘u[fshed with water at the end of the irrigation period. Further

ctatls of fertilizer application techniques and auti i i

et al. (1967) and in Sl?:clion 16.9. ! prectutions are given by Viets

6.6.5 Soil Temperatures
Soil temperatures can be markedly affected by irrigation water, Low
-gater temperatprcs ‘may depress soil temperatures and impede plant
cvc]op.ment. 1 he_ literature tends to support the generalization that
vegetative gro‘wth is largely correlated with root tcmperature, reproductive
eventlj. actind with shoot temperature (Rancy and Mihara, 1967). Soil cooling
may be desirable under certain circumstances, such ishi i
g ' as establishing sc
stands of head lettuce. g scedling

0.6.6 Dust Suppression
) DusE suppression, though not related to irrigation, can be achicved by
using sprinkler systems. The feedlot dust generated in hot, dry climates when
cattle become active in the carly evening can be suppressed with sprinkling
g:;:,ls:tdﬂ:t(l:?f) rcpvcc)]z:t ;1pplyli3ng just enough water in two increments t:;
: it while avo i i
suppress qust whi pcmls ing probiems of odor and pests associated with ex-

6.7 LEACHING REQUIREMENTS

g The amount of water required to maintain a favorable salt balance
epends upon local conditions, These include the amount of soluable salts

present in the soil, soil type (texture), quality of irrigation water, E'F rates,
rainfall amounts and distribution, and depth of groundwater {drainagy prac-
tices). Guidance as to the amount of leaching required for specitic situations
is available from several sources, especially the U.S. Salinity Labotatory,
Riverside, California (U.S. Salinity Lab. Staff, 1954) and the Hebrew
University of Jerusalem, Israel (Yaron et al., 1974). Salinity probicins and
control are discussed in detail in Chapter 5. Procedurces for estimating
lcaching requirements are presented in FAO-1D 29 and the ASCE-CU

Report (Ayres and Wescot, 1976; and Jensen, 1974).

6.8 ESTIMATING EFFECTIVE RAINFALL

Effective rainfall is that portion of rainfall that contributes to mecting
the ET requirement of a crop (Hershfield, 1964). This ditfers diametrically
from the hydrologic definition which describes effcctive rainfali as that por-
tion of the total rain that produces runotf. Thus, rain water that ncither
lcaves as surface runoff nor contributes to excess subsurface drainage may be
effective precipitation in the context of irrigation water management. An ex-
tensive review of models for estimating eftective raiofall from measured rain-
fall has been published by the Food and Agriculture Organization of the
United Nations {Dastane, 1974).

Rain water retained by the plant canopy contributes to the satisfaction
of the meteorological evaporative demand. This rtesults in a consequent
reduction in use of soil moisture. However, some engineers discount each
rainfail event by a small amount, say 2 mm (0.08 in.), in situations where
vegetative cover is incomplete or where prevailing ET rates are otherwise less
than potential.

Estimates of cifective precipitation should take Jocal conditions into ac-
count. Rainfali of high infensity or large amounts that produce runoff should
be considered to be of reduced value, Similarly, rainfall on an alrcady wet
soil profile is ineffective to the extent that subsurface drainage exceeds
leaching requirements. Soil moisture accretion after the crop reaches
physiological maturity is nonbeneficial unless it is stored in the seil for use by
a crop during the next growing season,

Heermann and Shull (1976) upon analyzing scasonal, monihly, daily
and hourly occurrence and dissipation of different rainfall amounts conclud
ed that daily ET is increased after a rainfall during the carly development ¢
the crop (alfalfa). Frequent irrigations and rainfall increased the toti
seasonal ET as compared with infrequent rainfall and irrigation. Smali rain-
fall amounts are important, not only in the amount of water received, but
because of the associated decrease in potential ET due to cloudy, bumid con-
ditions. Techniques arc available (Jensen, 1974; lensen ot al., 1971; Ritehie,
1972) to account for increased evaporation immediately alter an irvigation or
rainfall,

Two of the simple models of estimating effective rainfall rom measured
rainfall are presented here. The first method is very simple and was ap-
parently developed by the U.S. Bureau of Reclamation for monihly water
resource calculations. Stamm (1967) makes the following comments about its
use. The method is intended for the arid and semi-arid arcas of the Western
United States. To be conservative the method shoutd be applicd to the driest
5 consecutive years in the growing season only. The latter requirement has



. TABLE §.12. EFFECTIVE FRECIPITATION BASED ON
INCREMENTS OF MONTHLY RAINFALL (U.5. BUREAU
OF RECLAMATION METHOD)

Precipitation
increment range

Effective precipitation
accuwmulated - range

mm in. Percent man in.

0.0- 254 0-1 90-100 22.9- 254 (.90-1.00
25.4- 50.8 1-2 8% 95  44.4- 49.5 1.75-1.95
5G.8- 76.2 2.3 75- 90 G3.5- 72.4 2.50-2.85
76.2-101.6 3-4 50- B0 76.2- 92.7 3.00-3.G5
101.5-127.0 4-5 30- 60 83.8-107.9 3.30-4.25
127.0-152.4 56 . 10- 40 86.4-118.1 3.40-4.65
Over -152.4 Over 6 0- 10  86.4-120.6 3.40-4.75

often been ignored. Table 6.12 shows factors used to estimate monthly effec-
tive rainfall from measured rainfall.

A second commonly used method in the United States of estimating ef-
fective rainfall from ficid measurements was developed by the Soil Conserva-
tion Service. The method, which is described in more detail by Dastane
(1974), is based on a soil moisture balance performed for 22 stations using 50
years of data. The method recognizes both monthly ET estimates and mon-
thly precipitation measurements. In addition the method indicates that effec-
tive rainfali defined for irrigation purposes by the depth of irrigation water
applied is directly related to irrigation frequency. The menthly eflctive rain-
fall may be estimated for a 75-mm irrigation application using Table 6.13. If
the irrigation application differs from 75 mm the effcctive raintall may be
corrected by an appropriate factor selected from Table 6.14.

6.9 IRRIGATION EFFICIENCY

6.9.1 Estimating Expected Irrigation Efficiency

After determining net irrigation water requirements, an estimate of the
expeeted irrigation efficiency is necded to determine gross irrigation water re-
quirements. No irrigation system is capable of applying an exact amount of
water with perfect uniformity. In addition, some water will be lost by
evaporation during application, especially with sprinkler systems. Loss of
water by evaporation during sprinkling may reduce the rate at which soil
water normally would be extracted when not being irrigated so that this may
not be a total loss. The effectiveness of evaporation in reducing soil water ex-
traction is expected to vary from near 100 percent when evaporation occurs
from water ponded on the surface of an actively growing crop to near zero for
evaporation from sprinkler spray discharging several meters above the crop
under windy conditions (also see Scction 14.5),

Surface runoff, water spillage and leakage from the on-farm water
distribution system also affect the expected farm irrigation efficicncy. A ma-
jor part of surface runoff and spillage may be recovered for use on a given
farm if an cffective reuse system is used,

Secpage from unlined farm ditches and deep percolation through the
soil profile due to nonuniform and excessive water applications usually can-
not be recovered for use on a given farm so as to affeet the design irrigation
efficiency. However, from a water supply viewpoint, water returning to the

groundwater below a farm reduces net depletion of the water supply.
Likewise, recovery of surface rinntf and in crme caeae 4. - v

TABLE 6.13. AVERACE MONTILLY EFFLCTIVE RAINFALL AS I{_[ll,_:\'l]'.l)_ TG \-_ll_..-f\N
MONTLILY RAINFALL AND MEAN MONTHLY CONSUMPTIVE USE (USDASCY)

:. nehly consuppimy use mun
Monthly Mcan manghly ¥

UV . . S e ]
r:::l'aall 25 50 75 100 125 150 175 200 235 250 275 3w 35 ]
Mean monthly «ffective rainfall imm

au

mm

12.5 75 80 87 %0 92 100 105 11.2 11.7 125 !".'5 :%5 13;
250 150 16.2 17.5 180 185 197 20.5 22.0 24.5 25.¢ 230 230 23 o
17.5 225 240 262 27.% 282 292 305 330 3.2 _'\?,5 37.5 37.5 j?t.) .ﬁ‘.I.D
50.0 25 322 345 35.7 367 39.0 405 43.7 47.0 0.0 50.0 50.0 500 S0

62520417 397 425 44.5 460 485 50.5 53.7 57.5 $2.5 625 625 625 625

o -
i b
o W

. 462 497 527 550 S7.5 602 637 67.5 737 75.0 750 750 750
;;g 0.0 56.7 60.2 3.7 66.0 69.7 737 77.7 845 87.5 875 815 lg;,s
100.0 2607 63.7 677 720 742 78.7 830 877 950100 100 100 1o
112.5 70.5 75.0 80.2 825 87.2 927 98.0 105 111 112 112 e
125.0 75.0 81.5 87.7 905 957 102 108 115 121 125 :;2 e
1375 20122 B8.7 952 98.7 104 111 118 126 132 13.? e
150.0 95.2 102 106 112 120 127 136 143 130 1:0 150
162.5 100 109 113 120 12B 135 145 153 160 iz 1oz
175.9 a160 115 120 127 135 143 154 164 170 175 175
187.5 121 126 134 142 151 165 170 179 185 e
200.0 125 133 140 145 158 168 178 188 196
225 at197 144 151 160 171 182
250 150, 161 170 183 194
2758 at 240 171 181 194 209
300 17§ 150 203 215 ¢
325 at 287 198 213 224
350 200 220 232
375 at331 225 240
400 at 372 247
425 250

atd12

450 25 50 75 160 125 150 175 200 225 250

within a project, reduces the net depletion of water in 2 ri"’.cr-gr91lx1d\f'aler
system. Recovery of return flows, both surfacc :and sut?sur_[ace, i”{' Lf'“f sz
downstream projects affects the net depletion of water in river basins. _l he
reuse of return flow is one of the main foundations of Western water ripht
management, and its importance is impossible to overestimate.

The overall farm irrigation efficiency to be used ‘m_dcs_sgn sl??u_ld be
estimated by considering all components that atfeet irrigation elficicney.

TABLE 6.14. MULTIPLICATION FACTORS TO
RELATE MONTHLY EFFECTIVE RAINFALL VALL{E'
OBTAINED FROM TABLE 6.13 TO NET DEPTH OF

IARIGATION APFLICATION (d}

d d d
mm factor mm factor mm factor
10.0 0.620 J1.25 0.818 70.0 0.990
12.5 0.650 32.5 0.826 75.0 1.¢00
15.0 0.676 35.0 0.842 800 . 1.00:
17.5 0.703 3715 0.8G0 85.0 1.008
18.75 0.780 40.0 0.876 90.0 1012
20.0 0.728 45.0 0.905 95.0 1.016
22.5 0.749 £0.0 0.930 100.0 1.020
25.0 0.770 55.0 0.947 125.0 1.(]-!0
27.56 0.790 G0.0 0.963 150.0 1.0¢0

30.0 0.808 65.0 0.977 175.0 1.070



- Identifying the magnitude of the various components will assist in determin-
ing the alternative design or types of systems that should be considered.

0.9.2 Irrigation Efficiency Definitions

The following terms proposed by the Irrigation Water Requircments
Committee of the American Society of Civil Engineers (Jensen, 1974) arc ap-
plicable to on-farm systems as well as projects. They are similar to those pro-
posed by the International Commission of Irrigation and Drainage (Bos and
Nugteren, 1974}

Reservoir storage efficiency, E., is the ratio of the volume of water
available from the rescrvoir for irrigation, to the volume of water delivered to
the storage reservoir—surface or underground—for irrigation.

Water conveyance efficiency, E., is the ratio of the volume of water
delivered te the point of use by an open or closed conveyance system to the
volume of water introduced into the conveyance system at the supply source
or sources. .

Unit irrigation efficiency, E,, is the ratio of the volume of irrigation
water required for beneflicial use in the specitied irrigated area to the volume
of water delivercd to this area.

Farm irrigation efficiency, E;, is the product of the component terms,
expressed as ratios,

RS 0 S S e . [6.38]

The overall irvigation efiiciency for a project or a river basin can be expressed
in a similar manner. For clarity and comparative purposes. all efficiency
estimities or evaluations should be identified as to the size of unit, the period
of time or number of irrigations involved, the adequacy of irrigations in
meeting net irrigation requirements, and computational procedures used,
Effective irrigation efficiency, E,, of a farm, project, or river basin is
necessary to estimate or evaluate the net depletion of water within a river
basin or groundwaltcr system (Jensen, 1977). It is based on the assumption
that irrigation efficiency (E. = V./V.) as defined by Isracisen (1950) is the
ratio of water consumed (V.} by the agricultural crops on a farm project to
the water diverted (V,) from a nataral source into the farm or project canals
and laterals. The net depletion of water, V,,,, specifically for irrigation is

Viep = Vet (1-E Vg« e eereen. [6.39)

where V. is the volume consumed by agricultural crops; V.. is the volume
diverted to o farm or project that is not consumed by the crops; and E, is the
fraction of E,. that is recovered (or could be when evaluating the potential ef-
ficicacy) for agriculture or other uses. The effective cfficiency is

which also can be cxpressed as

Ec=Ei+Er(]_Ei)"'""""""' ....... Pt e a st [6.4]]

- ——— .

Additional discussions and definitions of similar irrigation efficicncy terms
can be found in articles by Bos and Nugteren (1974), Jensen ct al. (1967),
Kruse and Heermann {1977} and Schmueli (1973). A summary of obscrved
and attainable field and farm irrigation efficiencies was presented by Jensen
(1978). :

Irripation water use efficiency, E.., is a measure of the increase in the
production of the markctable crop component relative to the increase in
water consumed when irrigated, over the consumption under nonirrigated
conditions. The Committee on lrrigation Efficiencies of the International
Commission on Irrigation and Drainage (Bos, 1980) recently defined this ef-
ficiency as the yield/ET ratio, Rye

- _Yi-Vy

Ryc_m; ..... TR {642‘
where V, is the mass of marketable ¢rop produced with irrigation; V, is the
mass of marketable crop (that couid be) produced without irrigation: ET, is
the mass of water used in ET by the irrigation crop; and ET, is the mass of
water (that could be) used in ET by the same crop if not irrigated. Rye as
defined is dimensionless, but in practice irrigation water use efficiency would
be more conveniently expressed as mass of marketable crop per unit volume
of water (kg/m?} as has been donc by many others ever the past two decades,
Typical maximum values to be expected for grain crops like corn and wheat
are 1.5 to 2.0 kg/m?,

6.10 DESIGN REQUIREDMENTS

For many years it has been traditional to base the design capacity of
sprinkier or other irrigation systems on what is calied the peak ET rate. The
peak ET rate is for the irrigation interval (I) and is higher lor a one or two
day period than for a week or more as the irrigation interval. Scveral yecent
studies have shown that the design ET rate (E..) should be bascd on a prob-
ability tevel of expeeted ET which changes tlhiroughout the growing season.
The system designer must make a choice of E,, based on soil moisture
holding capacity, climatic probability, and the crop grown. The variables in-
volved are: E, is the peak ET rate for the irrigation interval used for design
purposes, in depth per time, commonly mm/d (in./d); L is the irrigation in-
terval in days; and D, is the net depth of water to be applied during the
design period in mm (in.). D, is a function of soil characteristics, plani
growth stage, and may include an allowance for leaching. See Chaplers 4 and
18 for more information on the determination of D,.

Two methods of estimating E,, are presenied. The first involves the use
of historic climatic data to estimate the expected ET on a probability basis
and the sccond uses empirical relationships between estimated averape
monthly ET and E.. The second approach docs not involve probability,

6.10.1 Lstimating E,y Using Climatic Records

An array of daily estimates of ET ¢an be generated by using a long term
climatic data set and a method of estimating ET suitable for daily values.
One of the combination equations, such as the Penman, should be used and
a frequency analysis made. E,; can then be selected on a probability basis for
any desircd interval during the growing scason.

A serics of recent papers show the statistical variation of E., for selected
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FIG. 6.4 Frequency distribations for reference ET (E,,) for well watcred lfalfa with [ull cover as
calculated [rom S years of cllmfuic date for Kimberly, Idaho {from Wright and Jensen, 1972),

locations in California, Idaho, and Nebraska (Pruitt ct al., 1972; Wright and
Je_nsen, 1972; Rosenberg, 1972; and Nixon et al, 1972). Typical resuits for
Kimberly, Idaho (Wright and Jensen, 1972) are shown in Fig. 6.4 and 6.5.

6.10.2 E., Based on Monthly Estimaies

Engincers often do not have the time and the data necded to perform a
statistical analysis to evaluate E,; requirements for design purposes. For
many years the Soil Conservation Service has used an empirical method of
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FIG. 6.5 Cumulative {requency percentages of average daily ET,
estimated from data in Fig, 6.4 {or 1-day, 3-day, 7-day, 15-dny, and
30-day averaging periods for the peuk 30-day period nt Kimberly,
Idaho {from Wright and Jensen, 1972).
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estimating peak ET based on mean mounthly values of ET as follows:

E,g=0034 E;° 1% ..., NP {6.43]

where E,,. = mean ET for the month in mm and [ = the net irrigation ap-
plication in mm. For example, if the mean monthly ET is 200 mm (or atout
6.7 mm/d) and the net irrigation is 100 mm, the E,, will be 7.2 mm/d. This
procedure does not involve climatic probability but does consider the time
period between irrigations by accounting for the depth of irrigation water ap-
plied. A soil with low water holding capacity would have a short irrigation in-
terval because of the small amount of water retained for plant use. The
method does not give the designer the opportunity of selecling a probability
level for use in claculating the peak ET rate.

The relationship between monthly ET and peak ET for design purposcs
is very dependent on climatic conditions. These climatic differences arc con-
sidered in a method recommended by the FAO (Doorenbos and Pruitt,
1977). The dekigner can utilize a simple graphical procedure for estimating
peak E, from monthly estimates {Fig. 6.6). The method also does not involve
a probability level.

200
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40 1

depth readily available soil water
er irrigarion per application, mm

20 4

v v ¥ v
1.1 1.2 1.3 1.4
; mean peak LT {erop)
ratfo meast sntlily  ET {crep}
1. Arid and semf-ardd climates and these with predeminancly clear weather
condltions durlng moaeth of peak ET crup,
2. Midcontincntal climates and sub-humid to humid climates with highly
variable cloudiness in month of peak ET erop.

3. and 4. Hld-contEnental elimptes with varlable clomliness amd pean 1)
crup ol 3 and 10 mmfday respectively.

FIG. 6.6 FAO procedure for estimating peak ET from monihly
rctimetee (from TYanrenhne and Profre 147N



« TALLE 6.153. ATPRROXIMATE RANGES
. ‘ E5 OF SEASONAL CROP
ET FOR VARIOUS CROPS (from Dorenbos and Pru:itt, 197%)

Seasonal ET,

Crop mm Crop 5'335‘3[;;1] .
Alfalla GOG-14500 Cniaons b
BAmcadu 650-1000 Orunge g;g— ggg
Bg:nnas 700-1700 Potatoes 350- 624

ns 250- 500 Rice 500- 950
Cocoa 8001200 Sisal 550- 850
gz{:::l 3?0-1200 Sorghum 300- 650
cotto 5560- 950 Soybeans 450- 825
Dates 900-1300 Suparbeets 450- 850
ic‘: uous trees ;93-1050 Sugar cane 1000-1500

X 90- 900 Sweel -
grams. sr}ﬂa}l 300- 450 'I‘ol'.aaau‘:::::}m'ml'nes ;gg ggg
Ml::s:frmt 650-1000 Tomaloes a00- 600
e 400- 750 Vegetables 250- 500
o 300- 600 Vineyards 450- 900

Walnuta 700-1000

6.11 ANNUAL REQUIREMENTS

dcnbi:;itsic::]asl I::]'Il; cs}in]alc_s arc“{;ften needed for a varicty of water resource
- Ihe Irngation Water Requirements Technic: ni
American Society of Civil Engi : T extensive tabie af pttec,
igineers, published an extensive 1able of
1 / r seaso
Fg"l;;;n:}sm;;lergcnts for a wide variety of crops at several locations {Jens::]:]
1 m. bcaexc ‘ .ISd;tJ_rescm_s a summary of the approximate range in seasnnai
T depefggﬁ or \lr'arlous crops (Doorenbos and Pruitt, 1977}, Seasonal
on climate, time of planting, cro iti
; < . p coaditions, length
tg:;:‘;l]nglf‘eéfj?n’:?nd other factors, such as the soil water level that is gmair(:f
; . cstimates are greater or less than those i .
; I f C E shown in Table 6.
caleulations should be revicwed carefully and ciforts should be made to vcrli?);

that conditions are sufficie ifte
estimates. teatly different to account for differences in the

6.12 DESIGN CAPACITY

The design  capacity irvigati
acity of irrigation systcms should n
) csign ci noos 1eet :
zw;'l[;gtt;gnsplmt_loi. requirements, The delivery volume is determined b)lf}i;ll;
thf dcr(_)ppmg pattern serviced by the system. This involves considerin
aSrca cm{tcsl to eac}_l type of crop and its expected ET rate ‘ ’
irriga()cfjm'?‘}:'cs']gn a\Iso involves the frequency with which cach field must be
i 0[‘;';[‘017]:{ lostft functﬂllor;] of the soil moisture holding capacity, cffective
3 roting, and the rate at which soi i : ‘
oy the ET 1o (GG ane T ( il water is depleted as governcd
chq;[l:?;m[:?l’ljsa”y' ’an irrigatif)n system can be designed for Iess than the
gc;iod 1; yt 1 rate as I_ong as it can Pl‘OVidC the peak average rate during the
period | :h\;(;(;:;(g:%atcllo.ns.ﬂ'_l I?c design capacity must aliow for conveyance
: y nd tnellicicncies of applying wate h
actual delivery rate of a syste e desian rate bone, the
: : a system may be less than the desi
such factors as misaligned joint i ehaned fritign e of
. it s, d Ticti fi
s o e s ewjg ] enled pipe, or changed friction coeffi-
bma::];:’an}; b}fOI])j:ju-[(;zmrég i_nclude afﬂcxibility or safety factor to allaw for
5, ays, requirements for faster coverage for insect or di
‘ ‘ s t disca
control or other agrotechnical reasons, changes from the assumed croppilfg

[TAPTE WS TR TE R R

pattern, and occasional very windy days in the case of sprinkler
{Zimmerman, 1966),

The design capacity should provide tlow rates that are suflicient for thu
method of irrigation employed. A parallel consideration is that the design be
compaiible with the infiitration rate of the soil.

6.13 ESTIMATED RETURN FLOW AND QUALITY

Irrigation watcr applied in excess of crop requirements will result in sus-
face runoff from the lowest point on the field and/or will percolate beyond
the root zone. The surlace run-off and deep percolation, moving under the
influence of gravity and eventually re-entering streams or lakes, is referred to
as “return flow™. Return flow quality and quantity is of very great hydrelogic
importance.

Return flow becomes divertable water for downstream water users ancd
therefore changes in return flow may distupt the management of water
resources. Western water right laws require that changes in water rights must
not harm vested water rights, This means that when irrigation water rights
arc converted to municipal or industrial uses stream tlow may have to be
augmented by releases from rescrveirs to mike up lost return {low, Excess
soil water which reappears as return flow is water in temporary storage and
tends to stabifize Western stream flow.

Irrigation in excess of crop water requirements may creale drainage
problems. Some excess water is needed to maintain an acceptable salt
balance in the soil (see Section 6,7 and Chapter S for a detailed discussion of
teaching for salt management, and Chapter 7 for details concerning
drainage).

~ Return flows contain more dissolved solids than the irrigation water
because ET removes pure water. In addition flow through or over the soil and
geologic formations in their path may cause further changes in water quality
both chemically and biologically. These changes may be environmentally
desirable or undesirable. An example of a desirable change results from the
application of wastewater using irrigation methods as a means of renovalting
the wastewater. This method is now receiving increasing attention.

Irrigation management practices whicl assure high quality return low
arc also receiving widespread attention. Sulficient research has been com-
pleted to permit intefligent decision making processes to proceed in solving
many water quality problems in irrigated agriculture. Results of irrigation
return flow research and development programs were summarized in the pro-
cecdings of a national conference on irrigation return flow quality manage-
ment sponsored by the U.S. Environmental Protection Agency {Law and
Skogerboe, 1977).

6.14 EXAMPLE CALCULATIONS

These example calculations are intended for the trained engineer or ir-
rigation scientist with access to a scientific electronic calculator or to a com-
puter. Most of the procedures followed are casy to adapt to a modern com-

puter.
Daily Estimates, Penman snethod, A calibrated version of a combina-

tion equation such as Penman’s is probably the most suitable method of ac-
curately estimating daily ET. These calcutations refer to the Penman method



" deseribied in Subscctions 6.4.2 and 6.5.3. The data used represent a typical
summer day, at Kimberly, Idaho.

Pay Number 200, July 19
Elevation 1195 m

Maxitmum air temperature 32.2°C
Minitnum air {emperature 12.2°C
Average air temperature 22.2°C
Average dew point temperature 10.,0°C
Average air temperature for the previous 3 days 209 °C
Clear day solar radiation T4 1y
Measured solar vadiation 686 1y
Measured net radiation 3n0ly
Wind velocity at 3.66-m elevation ) 164 km /day
Estimated daytime wind/nighttime wind 4.0

Measured ET for alialfa 8.5 mm

Step 1. Estimate E.., using constant albedo and W,

. A Y

Etr=m {Rn+G)+A+? 15.36 (Weley—eg)  -oovvvnnn {6.4)

A=2.00 (0.00738 X 22.2 + 0.8072}7 ~ 000116 ............ (6.5]
= 1,627 mb/°C

P=1013-0.1055X 1195=887mb .....cvevveiunennans [6.7]

L=595-051X22.2=5884callg ..........cvviiiriiin, [6.8]
. 0.386 X 887 _ °

Y T—- = 0.586 mb! G i it s s i6.6]
A 1.627 =0.735

A+y  1.627+0.586

7 —_— - —
ET}' = 1.000 - 0.735 = (0.265
B and T also can be interpolated from Table 6.1
& 3 7 an ﬁ + 'Y also can og lntcrpo ate rom aple D.1.
2 [}
Uz = 164 (3%) = 145 kmf‘d ........................ [6.10]

eq = 33.8639 ((0.00738 X 10.0 + 0.8072)% - 0.000019 1.8 X 10.0 + 48|

+0.001316]
21231 c et [6.12]
ca=%(48.1+14‘2)=31.1 e ST (6.11]

Meteorological tabies also can be used for vanor pressures.

— 11.71(273 + 22.2)°
Ry, = (0.325 - 0.044 V12.3}) { ToF o [6.15]

and Table 6.3

Ry, = 1521y
Alternate Ry,
-7.77 9 6.17
€= -0.02+0261 exp s (222°]  ooooioiioiiinns [6.17)
=0.158
_0.158 X 11.71 4 9
Rio = 15 (27342220 eveeineieieeen (6.15]
=140ly
Ry =[1.22X 057 _0.018] 152= 1681y ..evvoorovnnnsnnn [6.14]
b A 7Y
R = (1-0.23) 687~ 168=3611y «ovnvnerrnrnonnnrens (6.13]

Assume G =0

E, =0.735(361+0) +0.265(15.36)(0.75 + 0.0115 % 145)(31.1
S123) e e [6.4]
=4501y{d

cal
450 —y——
_ cm® day % 10 r:m

584 Eﬂ3
S cm

= 7.71 mm/day

Montlily ET estimates. Data used for these estimates represent average
July conditions for Kimberly, Idaho. Estimates of E. are based on pro-
cedures found in Subsections 6.4.3, 6.4.5, 6.5.3, and 6.5.4:

Mean maximum air temperature 30.0 :C
Mean minimum gir temperature 11.7 eC
hlean air temperature 20.8 °C
Mean dew-point alr temperature 9.4 °C
hiean vapor pressure 11.8 mb
Mean wind travel at 3.66 tn 206 km jday
U-day {U-night (assumed) 3.0
Mean percent sunshine {estimated {from
radiation data) . 8%
Mean day length 1481
Mean pan {Class A) evapotation 8.9 mm /duy
Mean measured alialls ET 8.1 mm/day
Latitude 42.2 deg N
Mean solar radiation 640 iy Mday
Crop (assume) tield corn
ET Estimated by Jensen-Haise Method:
N ey o A A 3 3 .1
Epp = Cp{T = Ty JRg +ovevvercnnnsonnuinmnnnaeenions [6.19]



¢y =424 mb, for 30°C . ... e e [6.12]
ey =13.8mb, for 11.7°C ... ....... .. e [6.12]
C = 50/(42.4 - 13.8)=1.75., .. ..... e, L {6.21]
Cp =38-(2X 1195)/305=30.2 ...... e, ceee. 16.22]
Cr=1(302+73X 1.75)=0.0233 .......ccoouvnunnn... [6.20]
Ty =-2.5-0.14{42.4 - 13.8) - 1195/550=-8.7°C ....... . [6.23]
E,. = 0.0233(20.8 - (-8.7))640 = 440 ly/day = 7.5 mm/d ..... [6.19]

ET Estimated by Blancy-Criddle (FAO Method):
Eyp = a4 + by f (a regression relationship) ................... [6.24]
£ =p(046T+8) .............. e [6.25)
p  =0.33 (Table 6.4, July at Lat. 42.2°N)
(0.46T + 8) = 0.46 X 20.8+8=17.57
f=P0.46T+8)=580............. e .o 6.25]
From Fig, 6.2 for f = 5.80, n = 0.9,
U Baytime = 2 - 5 m/s, and
RHmin=100X 11.8/42.4 = 28% = 20 - 50 range
E:6 = 7.1 mm/day (ET for grass)
Since E.p = 1.15 E  (for light to moderate winds in arid climates)

E =115X 7.0 = 8.2 mm/day
ET Estimated by Pan Evaporation, FAQ:
Bro=KpBp wovnn.. e e, eeveeeees [6.26]
Kp for case A, with 100 m fetch,

100
RHpcan = —5 [11-8/13.8 + 11.8/42.4) = 57%, and

U, =183 km/day (Light to Moderate, extrapolated to 2 meters)
Kp, = (0.8 +0.75)/2 > 0.78 (Table 6.5)
E, =879 mm/day for July mean

Bo=KpE,= 078X 89=69mmfday .......,...... el [6.26]

Since Eyp ™ 1.15 E,, {for light-moderate winds in arid climates)
Ey = 115X 6.9 = 7.9 min/day

Crop Curve Development, FAQ Mcthod. An cxampie of the construc-
tion of a grass related crop curve, using the procedure of Doorenbos and
Pruitt (1977), is presented for field corn at Kimberly, ldaho. The necessary
dates pertaining to crop development from Table 6.7 are planting, 5/5;
emergence, 5/25; vapid growth, 6/10; full cover, 7/15; tasselling, 7/30;
ripening, 9/10; harvest (silage), 9/20; 70 days. Assuming an E, for May of
6.5 mm/d and irrigation on 7-day intervals; an initial K, of 0.45, as deter-
mined from Fig. 6.7; and the beginning of the mid-season stage of growth on
7/1; the constructed crop curve would be as shown in Fig. 6.8. The max-
imum K, for mid-season of 1.05 was determined using a maximumi ¢, of 42.4
mb (30 °C) and a minimum e, of 11.8 mb (9.4 °C), giving a minimum
Relative Humidity of 28 percent; and a U, for daytime wind of 3.2 m/5. A K,
of 0.55 was assumed for stage of maturity for silage harvest.
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