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

D= 0530 Wele -] - et e [6.27)

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

6.3 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 and environmental conditions
need to be taken into account. These involve climate, soil moisture, the type
of crop, stage of grewth 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 coefficients.
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 menthly 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 wete 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 FAQ Blaney-Criddle and pan
evaporation methods described in Subsections 6.4.4 and 6.4.5.

6.5.1 Crop Coeflicients |
Experimentally developed crop coctlicients reflect the physiology of the
crap, the degree of crop cover, and the reference ET, In applying the coelti-
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FIG. 6.3 Generalized basal ET crop cocfficient curve {K,,) with adjust-
ment for increased evaporation due o surface soil wetness (K, o deer-
mine the over-all crop coefiicient (K.).

cients, it is important to know how they were derived mw:n..u they are empirical
ratios of crop ET to the reference ET, as shown in Ecm:o:.?.:. 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 moisiure
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 examples of
crop curves, Other time-related crop parameters may also be used as a base.

In the cxperimental determination of crop coefficients, 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 ideal daily measurements m:.a problems
with soil-water drainage arc avoided. Care must be taken to insure that
horder effeets are minimized, that fetch is adequate, and that crop and swil
moisture conditions are similar in the lysimeter and the field.

6.5.2 Refevence 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 ,zf._m___.,
1979, 1981). In such cases, reference ET (E..) is equal to daily alfalta .m...ﬁ
when the crop occupics an extensive surface, is actively growing, standing
erect and at least 20-em tall, and is well watered so that soil water availability
does not limit ET. Reference ET obtained with such an alfalta .,zz.ﬂ,pe_..,:,:_
usually be greater than that for a clipped grass surface, particularly in windy
arid arcas.



. Daily rates can be accurately measured with sensitive weighing
fysimeters, However, it is not possible to maintain the erop surface in a con-
dition to provide near maximum ET because of cutting periods, lodging of
plants by wind or rain, and the eflects of ate and early scasonal frosts. Con-
sequently, daily altalfa ET, encrgy 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 measurcd values for
periods or locations where measured values are not available.

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

Ke= Zh e [6.28]

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
for the day or period involved and information on soil moisture conditions
by:

O O O R (1)

in which K. = daily crop coefficient, K., = daily basal BT crop cocfficient,
K. = a cocfficient 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 linit plant growth or transpiration, i.e, K. = K., with K,
= I and K, = 0. He dctermined daily values of K., by manually fitting a
basal crop curve to overall crop curves obtained with equation [6.28). This
specific designation also 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(a, + 1}/(In{101)) ..ot [6.30]

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

nnmnn:i. 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:

Ke= (Ky - Kedexp (A K 2K vuvvieiiiiiiinannnna,, [631]

in which t = the number of days after the rain or irrigation; A = the combin-
ed eftects 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.).3; far the {irst, se-
cond, and third days after a rain or irrigation, respectively (Junsen 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 coellicient 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 tor a
reference crop of actively growing, well watered alfatfa 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 aciual
dates, with time from planting until full 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 mujor dif-
ferences in climate for each of the growth periods.

The alfalfa 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 deseribed in many publica-

TABLE 6.6. DAILY BASAL ET CROP COEFFICIENTS aﬂevv FOR
DRY SURFACE SOIL CONDITIONS
far use with a reference ET representative of alfalfa for irrigated 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, K.y,

BFCT, time from planting to effective cover {92}

Crop 10 20 30 40 50 GO 70 80 90 100
Small grains 0.15 0.16 0.20 0.28 0.55 0.75 090 698 1.00 1.02
Beans 0.15 0.17 018 0.22 0.38 0.48 065 078 093 0.95
Peas 0.20 017 016 018 020 028 048 067 085 0495
Potatoes 015 015 0.15 021 035 045 060 072 073 0.80
Sugar beetls 0.20 017 0.15% 015 016 ©.20 030 050 080 100
Corn 0.15 015 016 017 018 025 040 0462 080 095

Alfalla (15t} 0.50 0.58 0O.67 0.75 0.80 085 050 095 098 1.00
{2nd & 3rd) ¢.50 0.25 0.25 040 055 079 08¢ 05¢ 098 1.00
Winter wheat 0.65 070 076 0.80 €85 090 095 098 1.00 1902

DT. days after effective cover
10 20 3D 40 50 60 70 80 90 104G

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

Beans 095 094 065 036 018 015 010 - - -
Peas 093 0.82 o050 037 020 010 010 - — -
Potatoes 0.80 080 075 .74 073 072 070 050 025 020
Sugar beets 1.00 1.00 100 096 093 089 086 083 080 075
Corn 095 0.95 093 091 089 0383 076 030 020 O0.15
Alaifa {1&£2) 1.00 1.00 1.00 025 — - - - - —
(3ed)* 1.00 100 052 030 — — — - - -

Winter wheat  1.02 100 0.96 0.50 0.20 010 010 — - -

*Finnl enuttine.
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