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Overview
The following text is a description of the steps needed to estimate reference evapotranspiration
(ETref) for a 0.12 m tall reference surface (ETos) and for a 0.50 m tall reference surface (ETrs)
using monthly weather data as adopted by the Environmental Water Resources Institute American Society of Civil Engineers (ASCE-EWRI, 2004). Note that the steps are in the same
sequence as one would use when write computer code. The symbols were shortened to ETo and
ETr in this documentation. The Hargreaves-Samani (1982); Hargreaves-Samani (1985)
equation for estimating ETo are also presented and the symbol used is ETh
STEP 1: Extraterrestrial radiation (Ra) is calculated for the midday of each month using
the following equations from Duffie and Beckman (1980).
GSC = solar constant in MJ m-2 min-1
GSC = 0.082
σ = Steffan-Boltzman constant in MJ m-2 d-1 K-4
σ = 4.90 × 10-9
φ = latitude in radians converted from latitude (L) in degrees
πL
φ=
180
Di = number of days per month for i = 1 to 12
Mi = midday of each month i = 1 to 12
M1 = 15.5
Mi = Mi-1 + Di for months i=2 to 12
dr = correction for eccentricity of Earth’s orbit around the sun
⎛ 2π
⎞
d r = 1 + 0.033 cos⎜
Mi ⎟
⎝ 365
⎠

(1)

δ = declination of the sun above the celestial equator in radians
⎛ 2π
⎞
δ = 0.409 sin⎜
M i − 1.39 ⎟
⎝ 365
ωs = sunrise hour angle in radians
ω s = cos −1 [− tan φ tan δ ]

⎠

Ra = extraterrestrial radiation (MJ m-2 d-1)
⎛ 24 ⋅ 60 ⎞
Ra = ⎜
⎟GSC d r [ω s sin δ sin φ + cos φ cos δ sin ω s ]
⎝ π ⎠

(2)
(3)
(4)

STEP 2: Calculate the monthly mean net radiation (Rn) expected over grass in MJ m-2 d-1 using
equations from Allen et al. (1994).
Rso = clear sky total global solar radiation at the Earth’s surface in MJ m-2 d-1
Rso = Ra (0.75 + 2.00 × 10 −5 E L )
where EL is the elevation in meters.

(5)

Rns = net solar radiation over grass as a function of measured solar radiation (Rs) in MJ m-2 d-1
(6)
Rns = (1 − 0.23)Rs
f = a cloudiness function of Rs and Rso
R
(7)
f = 1.35 s − 0.35
Rso
es(Tx) = saturation vapor pressure (kPa) at the maximum daily air temperature (Tx) in oC

⎡ 17.27Tx ⎤
(8)
es (Tx ) = 0.6108 exp ⎢
⎥
⎣ Tx + 237.3 ⎦
es(Tn) = saturation vapor pressure (kPa) at the minimum daily air temperature (Tn) in oC
⎡ 17.27Tn ⎤
(9)
es (Tn ) = 0.6108 exp ⎢
⎥
⎣ Tn + 237.3 ⎦
ea = actual vapor pressure or saturation vapor pressure (kPa) at the mean dew point temperature
from daily maximum (RHx) and minimum (RHn) relative humidity (%)
⎛ RH x + RH n ⎞
⎟
⎜
2
⎠
⎝
(10)
ea =
⎛ 50
50 ⎞
⎜⎜
⎟⎟
+
(
)
(
)
e
T
e
T
s
n ⎠
⎝ s x
ea = actual vapor pressure or saturation vapor pressure (kPa) at the mean dew point temperature
(Td) in oC
⎡ 17.27Td ⎤
(11)
ea = es (Td ) = 0.6108 exp ⎢
⎥
+
237
.
3
T
⎣ d
⎦
ε′ = apparent ‘net’ clear sky emissivity
(12)
ε ′ = 0.34 − 0.14 ea
Note that ε ′ = ε vs − ε a , where εvs is the emissivity of the grass and εa is the emissivity from the
atmosphere. It is called ‘apparent’ because the temperature from a standard shelter rather than
the surface temperature and atmosphere temperature are used to calculate the ‘net’ long–wave
radiation balance. Equation 11 is called the ‘Brunt form’ equation for net emittance because the

form of the equation is similar to Brunt’s equation for apparent long-wave emissivity from a
clear sky.
Rnl = net long wave radiation in MJ m-2 d-1
⎡ (T + 273.15)4 + (Tn + 273.15)4 ⎤
Rnl = − f ε ′σ ⎢ x
⎥
2
⎣
⎦
Rn = net radiation over grass in MJ m-2 d-1
Rn = Rns + Rnl

(13)

(14)

STEP 3: Calculate variables needed for the Penman-Monteith equation (ASCE-EWRI,
2004) and the Hargreaves and Samani (1982); Hargreaves and Samani (1985) equation
for short canopy reference ET.

β = barometric pressure in kPa as a function of elevation (EL) in meters
⎛ 293 − 0.0065 E L ⎞
⎟
293
⎝
⎠
λ = latent heat of vaporization in (MJ kg-1)
λ = 2.45
γ = psychrometric constant in kPa oC-1
5.26

β = 101.3⎜

(15)

(16)

β
λ
Tm = mean daily temperature in oC
γ = 0.00163

(17)

Tx + Tn
(18)
2
G = soil heat flux density in MJ m-2 d-1
(19)
G = 0.07 (Tm (i +1) − Tm (i −1) )
where Tm(i-1) and Tm(i+1) are the mean daily temperatures for the previous and the following
months, respectively.
Tm =

eo = saturation vapor pressure at Tm
⎛ 17.27Tm ⎞
⎟⎟
e o = 0.6108 exp⎜⎜
⎝ Tm + 237.3 ⎠

(20)

Δ = slope of the saturation vapor pressure curve (kPa oC-1) at mean air temperature (Tm)
4099e o
(21)
Δ=
(Tm + 237.3)2
es = mean daily saturation vapor pressure (kPa)
e (T ) + es (TN )
(22)
es = s X
2
STEP 4: Calculate ETh using the Hargreaves-Samani (1982); Hargreaves-Samani (1982)
equation.

Hargreaves-Samani equation for ET of a short, 0.12 m tall reference surface
ETh = 0.408 0.0023 Ra [Tm + 17.8] Tx − Tn

(

)

(23)

where the 0.408 =1/λ factor converts from MJ m-2d-1 to mm d-1.
STEP 5: Calculate ETo using the ASCE-EWRI (2004) standardized equation for short
canopy reference ET.

Ro = radiation term of the Penman-Monteith equation for short canopy reference ET with U2 the
wind speed at 2 m height
0.408Δ(Rn − G )
(24)
Ro =
Δ + γ (1 + 0.34U 2 )
where 0.408=1/2.45 converts the units from MJ m-2 d-1 to mm d-1.
Ao = aerodynamic term of the Penman-Monteith equation for short canopy reference ET with u2
the wind speed at 2 m height
⎛ 900γ ⎞
⎜⎜
⎟U 2 (es − ea )
TM + 273 ⎟⎠
⎝
Ao =
Δ + γ (1 + 0.34U 2 )

(25)

Standardized Reference Evapotranspiration for a short, 0.12 m reference surface in mm d-1.
(26)
ETo = Ro + Ao
STEP 6: Calculate ETr using the ASCE-EWRI (2004) standardized equation for tall
canopy reference ET.

Rr = radiation term of the Penman-Monteith equation for tall canopy reference ET with U2 the
wind speed at 2 m height
0.408Δ(Rn − G )
(27)
Rr =
Δ + γ (1 + 0.38U 2 )
Ar = aerodynamic term of the Penman-Monteith equation for tall canopy reference ET with u2
the wind speed at 2 m height
⎛ 1600γ ⎞
⎜⎜
⎟U 2 (es − ea )
TM + 273 ⎟⎠
⎝
(28)
Ar =
Δ + γ (1 + 0.38U 2 )
Standardized Reference Evapotranspiration for a tall, 0.5 m reference surface in mm d-1.
(29)
ETr = Rr + Ar
REFERENCES

Allen, R.G., M.E., Jensen, J.L. Wright, and R.D. Burman. 1989. Operational estimates of
evapotranspiration. Agron. J. 81:650-662.
Allen, R.G., M. Smith, L.S. Pereira, A. Perrier. 1994. An update for the calculation of reference
evapotranspiration. ICID Bulletin 1994 Vol 43 No 2.
Allen, R.G., Walter, I.A., Elliott, R., Mecham, B., Jensen, M.E., Itenfisu, D., Howell, T.A.,
Snyder, R., Brown, P., Eching, S., Spofford, T., Hattendorf, M., Cuenca, R.H., Wright,
J.L., and Martin, D. 2000. Issues, requirements and challenges in selecting and
specifying a standardized ET equation. ASCE.

Allen, R.G., Walter, I.A., Elliott, R.L., Howell, T.A., Itenfisu, D., Jensen, M.E. and Snyder,
R.L. 2005. The ASCE Standardized Reference Evapotranspiration Equation. Amer.
Soc. of Civil Eng. Reston, Virginia. 192p.
ASCE-EWRI. 2004. The ASCE Standardized Reference Evapotranspiration Equation.
Technical Committee report to the Environmental and Water Resources Institute of the
American Society of Civil Engineers from the Task Committee on Standardization of
Reference Evapotranspiration. 173 p.
Doorenbos, J. and W.O. Pruitt. 1977. Crop Water Requirements. FAO Irrigation and Drainage
Paper 24, United Nation Food and Agriculture Organization, Rome.
Duffie, J.A. and W.A. Beckman. 1980. Solar engineering of thermal processes. John Wiley
and Sons, New York. pp. 1-109.
Hargreaves, G.H., and Samani, Z.A. (1982). "Estimating potential evapotranspiration." Tech.
Note, J. Irrig. and drain. Engrg., ASCE, 108(3):225-230.
Hargreaves, G.H., and Samani, Z.A. (1985). "Reference crop evapotranspiration from
temperature." Applied Eng. in Agric., 1(2):96-99.
Jensen, M.E., R.D. Burman, and R.G. Allen, Eds. 1990. Evapotranspiration and Irrigation
Water Requirements. Amer. Soc. of Civil Eng., New York.
Smith, M. 1991. Report on the expert consultation on procedures for revision of FAO
Guidelines for prediction of crop water requirements. United Nations - Food and
Agriculture Organization, Rome, Italy
Tetens, V.O. 1930. Uber einige meteorologische. Begriffe, Zeitschrift fur Geophysik. 6:297309.
Walter, I.A., R.G. Allen, R. Elliott, M.E. Jensen, D. Itenfisu, B. Mecham, T.A. Howell, R.
Snyder, P. Brown, S. Eching, T. Spofford, M. Hattendorf, R.H. Cuenca, J.L. Wright, D.
Martin. 2000. ASCE’s Standardized Reference Evapotranspiration Equation. Proc. of
the Watershed Management 2000 Conference, June 2000, Ft. Collins, CO, American
Society of Civil Engineers, St. Joseph, MI.

