PM Equation

The hourly Penman-Monteith equation for estimating reference evapotranspiration used on the CIMIS computer
is a version described in the Food and Agricultural Organization's Irrigation and Drainage Paper No. 56 (Allen,
R.G., L.S. Pereira, D. Raes, and M. Smith. 1998). However, bulk surface resistance is adapted from the ASCE
Task Committee on Standardization of Reference Evapotranspiraton (2000). Two reference evapotranspiration
equations are employed, one for a grass reference and the other for alfalfa.

Reference Evapotranspiration for Grass
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Where
e ETo = grass reference evapotranspiration (mm h™)
e A =slope of saturation vapor pressure curve (kPa °C™) at mean air temperature (T)
e R, = net radiation (MJ m? h™)
e G = soil heat flux density (MJ m? h™)
e vy = psychrometric constant (kPa°C™)
e T, =mean hourly air temperature (°C)
e U, =wind speed at 2 meters (m s™)
e e, = saturation vapor pressure (kPa) at the mean hourly air temperature (T) in °C
® e, = actual vapor pressure (kPa) at the mean hourly air temperature (T) in °C
e lamda = latent heat of vaporization (MJ kg™
e  Cq4 = bulk surface resistance and aerodynamic resistance coefficient

e  When R,>0 (daytime)

Soil heat flux (MJ m?h?)
G=01Rnkoy
Bulk surface resistance and aerodynamic resistance coefficient

Ca =024 con)

e  When R, <=0 (nighttime)

Soil heat flux (MJ m?h?)
=05 H”(EQ4)

Bulk surface resistance and aerodynamic resistance coefficient

Ca =096 o)

Reference Evapotranspiration for Alfalfa
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Where

ETr = alfalfa reference evapotranspiration (mm h™)

A = slope of saturation vapor pressure curve (kPa °C™) at mean air temperature (T)
Ry = net radiation (MJ m? h™%)

G = soil heat flux density (MJ m? h%)

y = psychrometric constant (kPa °C™)

Ta = mean hourly air temperature (°C)

U, = wind speed at 2 meters (m s™)

es = saturation vapor pressure (kPa) at the mean hourly air temperature (T) in °C
e, = actual vapor pressure (kPa) at the mean hourly air temperature (T) in °C
lamda = latent heat of vaporization in (MJ kg™)

Cq = bulk surface resistance and aerodynamic resistance coefficient

When R, >0 (daytime)

Soil heat flux (MJ m? h%)

G =004 Ry gon
Bulk surface resistance and aerodynamic resistance coefficient

Ca=025 cog)

e  When R, <=0 (nighttime)

Soil heat flux (MJ m? h?)
G=02R, (EQ9)

Bulk surface resistance and aerodynamic resistance coefficient

Ca =170 gorg)

Other components in EQ1 and EQ6 are calculated as follows:

i Delta

4099 .
(Ta+237.3)° Eo11)

Ta = mean hourly air temperature (°C)

i Net radiation (MJ m? h?)

Hﬁ‘ = D ?? .':I's B .':I'.'i-.' (EQ12)

Rs = solar radiation (MJ m? h™)
R = net longwave radiation (MJ m? h%)



iii. Psychrometric constant

»=0.00163 5

A (EQ13)

P = barometric pressure (kPa)

293 -0.0065 A1
293

F=101.3

(EQ14)

A = station elevation above mean sea level (meters)

iv. Saturation vapor pressure (kPa)

17.97 7,

Be =Dﬁf'ﬂ8 e}{[] {m

]

(EQ15)

Ta = mean hourly air temperature (°C)

V. Actual vapor pressure (kPa)
o =gt HH
°7T 00 (EQ16)

es = saturation vapor pressure (kPa)
RH = relative humidity (%)

Vi. Latent heat of vaporization (MJ kg™

A= 2.501-0.002361 T, gouy

Ta = mean hourly air temperature (°C)

Extraterrestrial Radiation Equation

To calculate net longwave radiation in Eq. 10, extraterrestrial radiation, R, is required. The calculation of R, is
based on Duffie and Beckman (1991).

o 12060)
A *
[( az- 41) SIN B8N 5+ COS #COS S(SIN( ap ) - SIN( an Y]

(EQ18)

e  Gsc = solar constant (0.082 MJ m 2 min™)
e d, = inverse relative distance Earth-Sun (correction for eccentricity of Earth's orbit around the sun)
e w; = Solar time angle 1/2 hour before w, that is, at the beginning of period (radians)



w» = Solar time angle 1/2 hour after w, at end of period (radians)
fe = Station latitude (radians)
e § = Declination of the sun above the celestial equator (radians)

Where

d.=1+0.033 caa{ﬁ J]
(EQ19)

J = day of year (1-366)

i T
ap=w-f ][ —]
! 27127 Eqoo)

{ i
wp=ewtf{ —Jf — ]
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e  Solar time angle w at midpoint of the hourly period is given by:

a 4
= — F-05)-— - +5, )-12
fg”':( ) wf.f_m Iy J j(quz)

t = standard clock time (1-24)
Lm = longitude of measurement location (weather station) in degrees

L, = longitude of the local time meridian (degrees West), 120° for Pacific time zone

S, =0.1645sin( 2b )-0.1255¢c0s( b )-0.0255In( b ) e

b:ﬂw 81
364 (EQ24)

J = day of year (1-366)

Y = latitude (decimal degrees)

F=04095inf 25 4 1597
365 (EQ26)

e Long wave Radiation Equation (MJ m?h™)
_ d
.':C'n.' - f & ﬁ[{ T:‘Il!{ ;] (EQ27)
f = cloudiness factor

epsilon = net emissivity of the surface



o0 = Stefan-Boltzmann constant (2.04*10%) MJ m 2 h* K*
Tax = mean hourly temperature (Kelvin)

For daytime hours defined as 6 >10°

Rs 035
Rl (EQ28)

f=1355

Rs = solar radiation (MJ m 2 h™)

Rso = clear sky total global radiation at the earth surface (MJ m? h™)

For nighttime hours, 8 <= 10 °

-':-Jspm

f=135 -(0.35

e (EQ29)

Rspm = solar radiation (MJm™? h') during the last hour for which 8>10 °

Rsopm = Clear sky solar radiation (MJ m?h™) during the last hour for which 8>10 °

When f<0 set f = 0.595, and when f>1.0 set f=1.0

Reo = Ral 075 +2.00710° A) g0

A = station elevation above mean sea level (meters)

4=034-014 fa,

(EQ31)
Solar altitude is calculated as:
. . . , 180
H=aresin f =111 p’SIr'I G+ Cos ﬁ:fCDS SFCOs mj —_—
& (EQ32)

All terms have been defined above.
If you have questions, please contact the following persons:

Bekele Temesgen

Department of Water Resources
Water Use and Efficiency Branch
P.O. Box 942836

Sacramento, CA 94236-0001
temesgen@water.ca.gov

Simon Eching

Department of Water Resources
Water Use and Efficiency Branch
P.O. Box 942836

Sacramento, CA 94236-0001
seching@water.ca.gov
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