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ANSPIRATION
32 December, 1963 IR 4 IR 4 EVAPOTR

in which Dy and Dg are the number of the day at the beginning and end of the
specific period (using 1 - 365), and dD is the increment of the period, indays,
Example No. 2.~How much water will irrigated grain sorghum use during
the month of August, under average climatic conditions, using the same crop TABLE 4
conditions as usedin Example No. 17 July 31 to heading: August covers part — J Gol. 3 x 4,
n .

of the after-heading period, Therefore, both Eq. 6 and 8a are used. July 31 = increment Ave. R, in inches

Tm C::&aﬂ.l]l: Jul 100 = 77% of the planting to heading period; heading = increment of Flg. 1 Am»ﬂwvz. ?m,wem 5}

8.83"
13.43
12.42

100 of the planting to heading period. The first half of August represents () @)
23% of the planting to heading period (100 - 77 = 23). (¥For long periods, 0-30%, 0.17
divide into several increments.) For the first half of August, the following June 10-30 0.41
data are obtained from Fig. 1 or Tables 1 and 2 for Dodge City, Kans.: July 30-71%

77-100% and 0.71

= August
Increment Midpoint, in § (Ey/ Rg)m R, in in. per day & n-16 days

T September 16-46 days

6.42
- 0.30 :
77-100 88.5 0.73 0.41 ootober 1-25 | 46-71days .

Ehsibttndiiialinbailh S Total it

Estimated E; for July 31 to August 15 = (0.73)(0.41) 15 - 4.5 in. August 15 ) . —_——
to 31 —_—
a 2/3 of 13.24 in.
=1 b (0.81} (7.93) in.

Days after heading Midpoint in days ﬁmn\. mmu:,_ mm. in in. per day O\ R

1.5
5.5
B.8

10.15
0.52 b

for month of June
for month of October

D-18 8 0.70 .39

The estimated total for Avgust 15 to 31 = (0.70) (0.39)16 = 4.4 1n. The _\T _
ostimated total Eq for August = 4.5 + 4.4 = 8.9 in. €, Ry 00147~ 037 L | 4. - CROPS

If quick estimates are needed for a month, total solar radiation for the r » 0.88 « ALFALFA
month, obtained from the monthly table can be used, providing the(E,/ Rg)m
ratio is relatively constant or changes uniformly. » COTTON

Example No. 3.~Using the total radiation for the month of August for the « DATS
problem in Example No, 2, what is the estimated total Et for the month? . W.WHEAT
Mean lotal Ry for August = 12,42 in., from Table 3. Average (Ey/ Rg)m for -
August (77% to 100%, of the planting to heading period, and 0 to 16 days after
heading) = 0.71, from Fig. 1 or Table 1. Therefore, the estimated total E¢
for August = (0.71) (12.42} = 8.8 in.

Estimating Seasonal Evapotranspiration. —Seasonal estimates can be made
using Eqa. 6 and 6a and 10 day to 15 day periods. If the Ei/ Rg ratio is
changing linearly, periods of a monthcan also be uged satisfactorily, Monthly
increments will be used for this example,

Example No. 4.—How much water will irrigated grain sorghum use during
an average growing season at Dodge City, Kans., if adequate soil moisture ig
maintained throughout the season? (Use the same trop conditions as used in o4 50 60 70 60 9 LY
Example 1.). The results are shown in Table 4. 0" 40 - oF

Estimating Polential Evapotranspiration. — Potential evapotranspiration, MEAN AIR TEMPERATURE )
as used hereln refers to the E¢ that can occur in irrigated fields located in . L.D CROPS IN
arid and semiarid areas. It does not imply a homogeneous or unlimited N THE Et/Rg RATIO FOR SELECTED FIEL
boundary area of well watered, actively growing vegetation. In order to arrive FI1G. u.lqbwga_czz.hc MEAN AIR TEMPERATURE
at an estimate of potential Ey, data were selected from crops in which evapo- RELATIO
rating and transpiring surfaces were not limiting the vaporization of water,
The crops used were alfalfa, from Arizona, near the coast of California,
Nebraska, and Washington (no cutting periods used); cotfon, in August, in
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Arizoma and California; oats in Nebraska; and winter wheat in Kansas and
Texas. The E¢/ Rg ratios from these data are ploited against mean air tem-
perature { F) in Fig. 3. The Ey/ Rg ratlo increases linearly with mean air
temperature. There are several reasons for this relationship, As air tem-
peralures Increase, the saturated water vapor pressure increases in a non-
lnear manner, Thus, a larger vapor pressure gradient above the crop can
he expected with higher air temperatures, resulting in more rapid removal
ol water vapor and, thus, less heating or air (smaller “A"). Further in-
creases in lemperature apparently coincides with warm air advection, {air
leuperatures are higher than the evaporating surfaces and “A” becomes
negative}. Mean air temperature also influences effective thermal radiation.
The linear relationship between the Ei/Rg ratio and mean air temperature
indicates that the Et/Rs ratio (for potential Et) can be estimated from mean
air temperatures with the following equation:

=] -00MT-037.......... e (T}
S5/ p
Mp,
in which " is the potential ratio, and T is the meanair temperature, in°F,
s /p
Eq. T represents an empirical retationship between the combined effects
of reflectance, r, relative elfects of net thermal radiation, Rgi, heating or
cooling of air * A and soil ¥ G, and mean air temperalure, Because the data
were based on ¢crops with adequate soil molsture, Eg. T can be used Lo esti-
mide potential Ey as follows:

m.:_.c.z.-,.:.uq__z.......,..... .._m-
ip S

in which m_c represents potential cvapotranspiration, in in, per duy; T is the
mean air temperature, in ° F; and Rg represenis solar radiation, in in. per
day. Eq. 8 is based on data for periods greater than 5 days. Therelore,
reasonaldy reliable estimates using Eq. B can be expected for periods as
short as 5 days to 10 days, because two variables are used. Eq. 8 was
evaluated using E; data from a 20-ft weighing lysimeter at Davis, calf.37
Two and vne-half years of mean measured monthly Ey values [rom frequently
clipped ryegrass are plotted in Fig. 4, together with computed estimates
using Eq. 8. Estimated values of potential Ef were in general agreement with
measured values, except for May to September, during which estimates were
15¢% higher. Computed values using Eq. B averaged 11% higher than the
measured values for the 2-1/2 yr period. There are several possible rea-
sons for this difference. First, all medium lo strong north wind, warm air
advection days were nol included in the mean measured values. Also, there
are possibilitiesthat a crop such as alfalfa, with more leaf area per unit land
area than clipped grass, may have used more water. G. F. Makkink38 oh-

37 wogerelation of Climatological Data with Water Regquirements of Crops,® by
w. U Pruitt, Dept. of Irrigation, Univ. of Catifornia, Berkelcy, Calil., Augnst, 1362,
18 «Tosting the Penman Formula by Means of Lysimeters,” by G. F. Makkink,

wil of the lstitution of Water Engineers, Vul, 1E, No, 3, Zﬁ.w. 1957,
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served that the Ei increased as the helght of grass increased. There are
possibilities that some drainage may gtll have been present in some of the
F4 values from which Eq, 8 was derived. Additional comparisons were made
on a weekly basis by plotting Pruitt's data (July-December,1959)39 against
estimated values of potential Et In Fig. 5. The results show good agreement
throughout a wide range In Ei.

Eq. 8 appears togive simple, reasonable estimates of potential Ey in which
crop cover and available water are adequate. Preliminary evaluation in other
semiaridand more humid climatic zones indicates that the estimates obtained
may be exceeded in extremely windy conditions.

Eq. B can be used for (1) Estimating peak E¢ rates for design of surface
and sprinkler irrigation systems; (2} adjusting the peak Ei/ Rs ralios for the
various field crops if they are to be transposed to different climatic zones;
and {3) estimating seasonal E; for alfalfa, However, for altalfa, several ad-
justments are needed. Based on observations, the Et/ Rg ratio for alfalia
would be approximately equal to that given by Eq. T except early tn the year
and immediately after a cutting. After cutting alfalfa, the ratio has been ob-
served to drop to one-hall its normal value, but in 20 days 1t has increased
again to that of Eq. T, Similarly, in the spring the Et/Rg ratio can be assumed
to be about one-fourth of that of Eq. 7 when alfalfa just begins to grow. The
low ratlo tn the spring should increase to the potential value in 20 days to 30
days. In this manner, a complete curve for the season can ke formulated for
most areas.

Estimating Frrigation Watey Reguivements.—Estimates of irrigation water
requirements must include adjustments of evaportranspiration for irrigation
efficiency and effective rainfall in the area. Recommended irrigation effi-
cienctes and procedures for estimating effective rainfall are Included in
several of the references cited. A refined analysis of methods for arriving
at a suitable design irrigation eiflciency and the effective rainfall would be
a comprehensive subject in itself. Therefore, it is not Included herein.

CONCLUSIONS

A re-evaluation of existing evapotranspiration data collected during the
past 35 yr in the western United States indicates that reasonably reliable
estimates of evapotranspiration canbe made using solar radiation as the main
parameter. Curvesfor individualcrops infour climatic regions present mean
measured ratios of evapotrangpirationto solar radiation, This ratio rellects
the combined effecis of reflectance or albedo, and relative eflects of effective
thermal radiation, sensible heat [ux to the air and soil, plus other mingr
encrgy balance components at various stages of cropgrowth. The ratios pre-
sented may be used for estimating mean weekly, monthly, or scasconal evapo-
transpiration, then potential evapotranspiration in irrigated fields can be
predicted with reasonable accuracy for a given week or longer, using solar
radiation and mean air temperature,

A summary of solar radiation data for the western United States ts pre-
sented. For locations in which solar radiation data are not available, reliable

44 @ rrelation of Climatologieal Data with Water Requirements of Crops,™ hy
W0, Pyuitt, 1959 Annual Repurt, September, 1960,

IR 4 m<}mcﬂm>2mm_m>doz kY]

ation canbe madeusing percentage of sunshine

solayr radi :
estimates of monthly adiation summarized in Appendix 1.

and clear-day values of solar r

>nﬁ20€rmc_ﬂgm24m
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APPENDIX I.—SOLAR RADIATION
e —

n.—A summary of measured weekly mean values
. diation {short wave) expressed in {n, per day

= 5) tg presented in Table 2.
et mﬂ:?w_mﬂ.“u:—mwﬂw_ﬁh w—“m”cw Mﬂﬂhﬂwﬂ—.wﬂh _,mwnmmm:n an ucm..wmm. ol
e 103 i_m&m:“u st locations. The values given are from a ».}qomw moving
e " u:.Q ...MM on_b:. a smooth curve. conversion to calories mﬂ m“nm:h
MMMH.MMM n:ﬂ..“_m be made by multiplying in. per day by 1,500, and to B p
ME gt > e e unw%w wmﬂ.um.._m.mc.:.m total solar radiation on d
> m===m:m N aﬂmmﬂ _“_M.”” WMM_UWan -.._wémv.. gtandard deviation (Table 3.)
monthly Ha1s < ecely ih can be expected to equal average

Solar radiation received for a given z““_.w o e e years. T onthly

Measured Solar Radiatio
of daily total solar and gky ra

+ standard deviation for Fevrpen
M”“”MM, qwuo.._wmuma an average of T ¥T to 9 u.n—nom. ﬂ”“”__.mm»:ozu. >, i !
data can be obtained {rom a paper written by L. ¥, A  band lath

ialion.— diation for agiven : _
imating Solar Radialion. Solar ra for rreng
is MNMM.MWE»ZE by degree of cloud cover,’ Emo.wo“:.u.mm,ﬂﬂoc““ om
estimate solar radiation on 3 Bo:»wﬂw _cum“w. ”Lﬁ:-ou o ) eriod ih . gred
of possible 8 :
n_o.m.,w%uowwm .M ’ mum”mwsnw”mh&» —uﬂmon United States nw:-u wo develop aonu-nlu
wm.. an equation of the form propoeed by Angstrdm in 1924, .

{9

| O.mpmv...............
Nm-!wcﬂo.um+

under existing conditions; Rgo Tépre-

in which Rg represents solar radiation e able 38 S 18 the 8 ot

gents solar radiation on cloudiess days

i he time period.
uomM_UMmMMHMHHMm_w“ W”..m:.ws%m:n Mateer (1955) (from Hounam), in Canada,

i i centage of sun-
btained similar constants lor their awmﬁmnﬁ_qmaﬂm.mwﬁm;.:%wmn £
MZ:@ fur daylime bours is published by many US str .

——

e — .| .|..|.I I....Im.
..M__Mﬁ:mm of Daily Total Solar and Sky “u&w”—:ﬂm“%m 1. F. Han
ther Bureau Technical Pa L o. 1L . Sonald,
v Mw DME. o OA.MHMHMMN_“MM:_E the United States,” by S. Fritz and J. H, MacDon
“AVETAEE
Heating and ventilation O_..Em..ﬁo_: 46, uwaw.ﬂ i
#pyaporation Pan Coeflicients In Australla,

Micremeteorolugy, Pruceedings, ¢unberra Sympos

PR

40 “weckly Mean

* by C. E. Hounam, Climatology aml
jum, UNESCO, 1958,
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