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INTRODUCTION 

The estimation of potential and/or actual evapotranspiration provide 
a basic criteria in the calculation of irrigation requirements, water 
balance studies and determination of moisture availability yield rela
tionships. Although many emperical evapotranspiration equations have 
been developed and used few have wide application to areas climatically 
different from those where the emperical equations were derived. This 
is due principally to the limited number of climatic factors involved 
and the complex climatic interactions encountered in various locations. 

It is believed that it is nearly impossible to derive a single equa
tion for potential evapotranspiration that will be applicable to all climates. 
However, it is the objective of this paper to present methodology that 
provides good results for the known climatic variations in the irriga
ted areas of the world. 

Crop coefficients are presented to be used with estimated potential 
evapotranspiration. 

ESTIMATING POTENTIAL EVAPOTRANSPIRATION 

The California State Department of Water Resources(l) 2 measured 
Class A pan evaporation from irrigated grass surrounds and grass and 
pasture evapotranspiration in various locations representing four dis
tinct climatic zones. 

Grass and pasture evapotranspiration averaged about 0.80 times 
pan evaporation. This relationship was particularly well demonstrated 

1Research Engineer, Agricultural and Irrigation Engineering, Utah 

State University, Logan, Utah. 

2 Numerals in parentheses refer to corresponding items in the Appen
dix-References. 

Note. - The work presented herein was financed in part by the Agency 
for International Development through its contract AlD/csd-2167 with Utah 
State University. The views presented herein are those of the author and 
do not necessarily represent those of the Agency for International Develop
ment or Utah State University. 
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by the data from the coastal fogbelt area. Based upon this study it is 
believed that for fairly large irrigated areas potential evapotranspiration, 
ETP, can be approximated from the equation 

ETP = 0.80 x EVPM 	 (1) 

in which EVPM is the measured Class A pan evaporation. This relation
ship is also probably satisfactory for locations having fairly low sensible 
heat transfer as is the case for high humidities with low wind velocities. 

For highly advective conditions (hot dry windy weather), particularly 
with bare soil surrounds, the ratio of grass evapotranspiration from 
lysimeters to pan evaporation may be as low as 0. 55 and possibly lower. 

Blaney-Criddle, Thornthwaite and Hargreaves(4) have related potential 
evapotranspiration to day length and climatic factors. A methodology pro
posed by Christiansen(2) and since used and modified by various graduate 
students and technicians uses extraterrestrial radiation expressed as units 
of evaporation and coefficients for the various weather elements. 

A modification proposed by Hargreaves(3) can be written 

ETP =0.35xRTxC 	 (2) 

in which 

ETP 	 is potential evapotranspiration 

RT 	 is the extraterrestrial radiation expressed as 
equivalent evaporation by dividing the radia
tion (cal/cm /day) by the heat of vaporization 
at the mean temperature, TM, and converting 
to appropriate units, usually inches or mm per 
day or per month (Tables 1 and 2) 

C = 	 CTxCHxCWxCE (2a) 

CT m 	 0.40 + 0.024 x TM (Zb) 
(TM is mean temperature in C) 

CT = 	 0.013 x TMF (2c) 
(TMF is mean temperature in OF) 

CH = 	 0.05 + 1.58 x (1.00- HM) /2withamaximum (2d) 
value of 1. 00 for values of HM less than .64 
(HM is mean relative humidity expressed 
decimally using integrated values over a 
24-hour period) 
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HM7) I / 2 withCH = 	 0.05 + 1.42 x (1.00 - (2e) 
a maximum value of 1. 00 for values of 
HM7 less than .55 (HM7 is the mean of 
three readings taken at 0700, 1300 and 
1900 hours)
 

CH = 	 1.35 x (1.00 - HM8) I / 2 with a maximum (2f) 
value of 1. 00 for values of HM8 less than 
. 45 (HM8 is the mean of three readings 
taken at 0800, 1200 and 1800 hours) 

CW 	 is a coefficient for wind speed or move
movement 

CE = 	 1.00 +0.04xEL (2g) 
(EL is elevation in meters) 

Based upon data from lysimeters planted to grass in Griffith, Australia; 
Tal-Amara, Abde and Tyr in Lebanon; Davis, California; and Coshocton, 
Ohio, an equation was developed that combines the concepts of day length 
and extraterrestrial radiation. The equation can be written 

ETP = ETF x CTxCH 	 (3) 

in which 

ETF = 0.35 x RTxDL/12.0 
(DL is 	mean day length in Hrs for 
the period) 

CT and CH are as defined in Equ. 2. Values of ETF, potential evapotrans
piration factor, are given in Tables 3 and 4. 

Extraterrestrial radiation is frequently expressed in Langleys per 
day. The equivalent depth of evaporation per day is obtained by dividing 
by the latent heat of vaporization, L, which varies somewhat with tem
perature. The equation may be written 

L = 595.9 - 0.55 x T 	 (4) 

in which T is temperature in 0 C. 

Tables 1, 2, 3 and 4 are based upon the latent heat of vaporization at 
25 C. Lowering the temperature by 10. 8 C Increases L by 1.07. It 
is proposed that this small difference not be corrected because of the 
lack of precision in measuring the weather elements and in the varia
bility in times and manner of measurement. 

For most arid areas (mean 24 hour relative humidity of 64 gercent 
or less) Tables 3 and 4 give potential evapotranspiration at 25 C. 



DEGREES CENTIGRADE
TARLr 3 POTEIJTIAL rT 9R ETP FACTOR TN MM PER MONTH AT ?2. 


MONTH
 

LAY JAN FFR MAP APR MAY 


NORTH 


JUN JUL AUG SEP OCT NOV DEC 

f;n 8. 7. 71. 141. i'n,. 275.0 28) 181.. %0. 40. 12. 5.Re 
R 0 170 ?R. 7.& 1 11. 727. ?G• ?s#0* 18?* lr. 45 2SO 8 
S;0 IA* IN*. R;o 147o 7);P~s- 759o 249o 182 a 1115 . 51 a 2r). Ito 

' 

c;4 . ?nal."I9. A7. 1490D. 7. ?0Pc. 745o. ]83. Inci 57o 24 0 IS . 
57? 0 q 47 q?. I 57o 271. o ?119 7419 184o 11Ie• r, . g0 190740 

SOO 7q. 47o 97. 15'..al- 7844. 238. 185o 117. 670 34o 23. 

848. o14. ;?. In?. 18%7- 21. 2ID [j 23r. ]Rho I Zlo 730 19. 28o 
4 ;. 
44ao 

q.7o 
44o 8. 

I07o 
11 

19. 
181. 

?IFo. 
715o 

.236.232. 
?IA@ ?31; 

187. 
18 

125. 
174o 

73. 
83w 

4(40 
a90 

33o 
IA* 

117. qq9 .7. 11. I81. 21. 779. 227. 188. 137. 89 ril. '3o 

4n; 
IA.IA* 

;. 
no"fIf6. 

72. 
78.01. 

12?1.' 
17417. 

164 o 
188r6.
19;7o 

717. 
711.C19. 

776. 
273o719o 

275. 
227.21qe 

189. 1360 
189. 1390
I 90* 1 47o 

94o 
99.1040 

9;9 
65.
?(Io' 

'80 
S11
590 

340 71. RF. 132. 18 Pn7. PIo 217o 189. 145. 109. 75.' 85.' 
32. 77. 9l. "18. 170.. f'i . 213. 214o 189o 181.7o 113. #1R: 71. 

in.1 R. 'q. I4n." 171o p1o 2olli. Pil. 188t. lr. 173. P. 76. 
PRO RAO loll#* 10 17?. 17 . ;199o 7117. IR. 1 vo 173o q24 9?. 
?A. 
74A. 

Cool. 
11t. 

111;. 
I f2o 

18f.. 
147. 

117. 
172o 

19q2.1OP. 21'i; 
197. 1997 192. 

1Ao' 15". 
187. 1M 1 

177. 
31 

I 97 o 
1i8. 

i° 
1?. 

?8. f172.113. 10 7I.12o . 183o 188. 18%g. 18a. 17. 1238. 1170. 

?n. Il. 1q.1 1 C . 171. 11 179. 19". I8*S. 16. 18. 113o 12Ia. 

IA. 13. 1. 1897.R7.. 170. 177o 189.' 1I. 11*. 153o 133. 12. 
lf,. 17. ,11.1s 9n 17o 1 17-0 152' 197. 13 170 

A. 144. 1 .1is 1 18 171 1 tr71o177. 174. 1G. 180. 1143. 140. 

18'it. 18A.U.41. 1ar1. 1 A. 1 . 1811. 171. 1oo, 1631. Ia7 146o 

4o 184. 147. 1 70. 18. tsr1. 1987. 161 19. 1f. 1.0 152. 1 S?. 

7. lq8o Ic1. 171. 1A. 18;; . 152o 158. 183S. 185. 17.I1. 1 1M7 

n l I1f4 1 ';1- 171* 1 rs1. lIrn. 147o Il5io fi*13 &So. 171 o 162. 16;2a 



TIjqLE 4 POTENTTAL fT OR ETP FACTOR IN MH PER MONTH AT 25a DEGREES CENTIGRADE 

S011TH MONTH 

EAT JAN FFR MAP APR MAY JUN JUL AUG SEP OCT NOV DEC 

-p. lf-q. l%6. 17P0' 1';q . 154 11o 1r; I 60. 158. 173. 165. 168. 
-4. 178. 1R. 177. 1%7. 149. 318. 145.' 157o 163. 175. 169. 173o 
-I. 178. Il. 177. 154 a 145. 113.' ls,1 4 FaS. 1I7. 176a 173o 178o 
-R. IRS I1. 177. 152. 111. 128. 135. 150.a G.1. 178. 177 183. 

-in.' I7. I rg. 177. 1 q. I Ari. 172o 1311. 14A.I FO1. 17q 1 n. 168R. 

-17. lql. 167. 171. i ;*V. I 1. 117. 1 5r. 142. I5Po 16Il. 1.14. 1q3.
o B-14o |qcio IFAq. 70a14.l3o 1 2fi 112o 1 We ' 138. 181 Ia170 1979 

-10 lqqe 1711. 1711 19. 171. 1n7. 11%o 134. 15A. 187a 1 c10. 202. 
-IR 711. 177. 1i. I116. I I ,11.1,. 11fi. 131. 157. 183. 193. 2o6. 

-n.' P117. 171. 1 A70 112. 111 q6. 104.' 12%a 15(1. 1830 19 . 211. 
-77. p11,' 174. 1rf. I 9. I, o. 1 994. 171. 14.7. 183. 1 q9. 215.,
-74 0 21"4. 17. 1 A 1250aIill.* 05,. 910o I ib .hI.Se I11 o 21o 219a 

-76;. 71? l76. 1;1. 1210 9F;. 80. 88. 111o 17o. 181. k 04 a 223. 
-PR. 776.' 177. 1An.' 117o 91. 75.' Ri. 117. 1 3q. 182. 20J6. 227. 

-3nV" 77. 177o 157# 117. AS, A90 77. 112. i v. 182. 2 m3. 231. 
-37. 276. 177. 16. 11A. RD. 64. 72. 97. 1P. 181. 210. 234. 
-19. 779. 17R. 1S70 103. 79. S9. 61. 9. .17 180. 212. 238. 
-1F 711. 177. 140o. qc. Fq. 5. 1fi 8?. 7. 179. 2114. 2412. 
-IRe 714. 177. 1418. 918. 61. qg 51:. 82a 121o 177a 2111. 245. 

-in.' 737. 177. 14. R9. C90 448o 51. 71;. 117 178o 218. 249o 
-17. 739. 177. 1 lq. R65. S4. 9 46. 71o 171. 1714a 21q* 253. 
-44. 7 7 . 7G. lr. Rn. 4.9. "4. 41. 6. IU9. 17?. 221.' 257. 
-4 A. 7US. 179. 137. 7;. 4I. a11. 36. fi o I11 17n. 22. 261. 
-4A. 718A. 17. 178. 711.' "q ?5. 31. o. I11Wo tfl6. 224. 2 65# 

- rw.l1 7'p). l7. 17l4. iF;. 3eA. ?1. 260 51. 95. 16r. 22;. 269. 

-S7. P251. 17%. 12n.' ,1. 79. 17. 27. 45.e 9n. 161. 727. 274o 
-548. 76. I 7. 11e.I. PC;. 13. 1R. 41n. 8r. I QIj. ? Pc. 280o. 
-%6. P76. 171 11. . 2n0 10'i 14. 30 81. 9;R o' 232a 286. 
-%R. 767. 171. 117. 44. 1f6. 70 I1, 311. 7S;. 155. ? 31. 298. 

-iGn. 771. 711. In?. 39. 17. 5. 7. 2;. 71. 152. 238. o3. 



8 

The data from Australia, Lebanon, California and Ohio do not 
define the effect of elevation and excessive overcast or cloud cover on 
potential evapotranspiration. At Portoviejo, Pichilingue, La Clementina, 
Milagro, Pasaje, Izobamba and Puyo in Ecuador the Servicio Nacional 
de Meteoralogia e Hidrologia measures Class A pan evaporation and 24 
hour means for temperature and humidity. The percentage of possible 
sunshine is reported. Elevations vary from 13 to 3058 meters. Mean 
monthly relative humidities are in the general range of 70 to 90 percent. 
Ecept for Izobamba the general range for the percentage of possible 
sunshine is 10 to 40 percent. Wind velocities are generally low. 

It is assumed that under these conditions Eq. 1 will be applicable 
and can be used to evaluate the effects of elevation and percentage of 
possible sunshine on potential evapotranspiration. Based upon the 
Ecuadorian data Eq. 3 was evaluated. The results indicate the de
sirability of adding coetficients for percentage of possible sunshine 
and elevation. The resultant equation becomes 

ETP = 	ETFxCTxCHxCSxCE (5) 

in which 

CS = 	0.45 + 1.45 x S (Sa) 
with a maximum value of 1. 00 
for S greater than 0. 38 (S is 
percentage of possible sunshine 
expressed decimally) 

CE = 	 1.00 + 0.04 x EL/1000 (5b) 
(EL is elevation in meters) 

All other factors are as defined in Eqs. 2 and 3. 

It is noted that for sunshine percentages above 38 and fairly low 
elevations Eq. 3 does not require further modification. 

CROP EVAPOTRANSPIRATION 

A good summary of crop coefficients to be used with Class A pan 
evaporation from well standardized conditions is given by Middleton, 
Pruitt, Crandall and Jensen(5). The coefficients apply to full crop 
cover conditions and have been converted so as to apply to potential 
evapotranspiration, ETP, Eqs. 3 and 5. Crop evapotranspiration or 
actual evapotranspiration, ETA, is obtained from the equation 

ETA = 	K x ETP (6) 
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in which K in a crop coefficient. Crop coefficients based upon those 

given by Middleton, et al (5) are given in Table 5. 

Table 5. Crop Coefficients to be Used with Eqs. 3. 5 and 6 

Crop K Crop K 

Apples, Delicious 1.31 Potatoes, White Rose 1.21 
(early) 

Alfalfa, Ranger (arid) 1. 19 Potatoes, Neted Gem (late) 1. 16 

Beans, Red Mexican 1.11 Sorgham, NK 140 1.09 

Soybeans 1.13 Sorghum d.d. yellow Sooner 0.96 

Sugar Beets 1. 11 Wheat, Marfed (spring) 1. 15 

1. 15 Wheat, Omar (winter) 1. 13Clover, Ladino 

Corn (field) 0.96 Grapes, Concord (no cover) 0.86 

Pear, Dark Perfection 1. 25 Alfalfa, DuPuits (humid) 1. 16 

Peaches, Elberta (no cover) 1. 00 Rasberries, Payallup 1.24 

Peaches, Elberta (alfalfa 1.25 Strawberries, Northwest 0.48 

cover)
 

All available sources of crop evapotranspiration data were used to
 

provide a general summary of crop coefficients for both full crop cover
 
conditions and for the growing season average. These coefficients are
 
the best average data available principally from agricultural experiment
 
station data and publications and are given in Table 6.
 

Although timing of water availability has an important influence on
 

crop growth and yields there is a general relationship between moisture
 
adequacy and production. Scott(6 ) demonstrates essentially no change in
 
production per unit of water applied between 45 and 75 percent of ETA.
 
The moisture adequacy yield curve became a straight line relationship
 
within that range and yields per unit of water applied fell off with increasing
 
adequacy up to 100 percent of the value ETP x K. The relationship beyond
 
fall adequacy is not given.
 

Various other crops demonstrate similar production functions with a
 

maximum value of water in the production function occuring at about 75 to
 
85 percent of fully adequate application.
 



Table 6. Crop Coefficients, K (for use with potential evapotranspiration 
ETP) 

Crop 


Field and oil crops including beans, castor beans, 
corn, cotton, flax, peanuts, potatoes, safflower, 
soybeans, sorghum, sugar beets, tomatoes, and 
wheat 

Fruits, nuts and grapes 
Citrus fruits (oranges, lemons and grapefruit) 
Deciduous fruits (peaches, plums and walnuts) 
Deciduous fruits with cover crop 
Grapes 


Hay, forage and cover 
Alfalfa 
Short grass 
Clover pasture 

Green Manure 

Sugar cane 


Summer vegetables 

crops 

Average Average
 

K for Seasonal
Full Crop K
 
Cover
 

1.15 90 

.75 .75 

. 90 .70 
1.25 1.00
 
.75 .60
 

1.35 1.00
 
1.00 1.00
 
1. 15 
1.10 .95
 

1.25 1.00
 

1.15 .85 



CONCLUSION 

Methodology is presented for estimating potential evapotranspiration 
based upon data from a wide range of climatic conditions. Use is made 
of data usually published in most countries. For most climates the only
weather data required are mean temperature and mean relative humidity. 
For arid climates with mean relative humidities generally less than 64 
percent (24 hour means) the only weather measurement required is 
temperature. 

Crop coefficients for use with potential evapotranspiration are based 
upon available sources from various parts of the world. They appear 
satisfactory for use in connection with prevailing cultural practices. 
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