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Estimating Evapotranspiration from weather data
INTRODUCTION

Take for example the following simplified soil-water balance equation, based on Thorntwaite and Mather (Thorntwaite et al, 1955;1957).
Eq 1
P = ET + RO + dS + D;  where dS is the change in soil moisture over the time step.

[image: image2]
Of these, rainfall and runoff (as stream flow) are directly measured, However to close the water balance, either drainage (or groundwater recharge) or Evapotranspiration (ET) also need to be estimated/measured. Both of these are non-trivial.
ET is one of the most challenging of water balance components to estimate, or directly measure. In the past decade, sophisticated eddy-flux towers are being set up across the globe to directly measure ET, but none exist in India as of now. In India, direct evapotranspiration estimates are few and have been restricted to plantations (see for example, Sikka et al, 2003; Kallarackal et al,1997). 
The aim of this document is to provide a condensed set of equations/procedures to estimate two measures of Evapotranspiration (ET) from weather data.
(a) Potential evapotranspiration (PET) - using the Priestley-Taylor method. This can be used in non-agricultural and forested areas to derive actual evapotranspiration and in water balance calculations (Priestley et al., 1972); and 

(b) the reference crop ET (ETo), using the Hargreaves method (Hargreaves et al.; 2003), which can then be used for estimating ET from cultivated areas. 

Readers are encouraged to refer to the FAO-56 manual (Allen et al., 1998), which is online: 

http://www.fao.org/docrep/X0490E/x0490e00.htm), and from which much of this material is drawn.
All the equations given here use the climate variables in the units as in Table 1 below.

TABLE 1 
Data variables and their units

	Variable 

(as in this document)
	Name
	Units

 (as used in equations)

	Tmax
	Maximum temperature
	Integer, (°C)

	Tmin
	Minimum temperature
	Integer, (°C)

	Tmean
	Average temperature
	Integer, (°C)

	Cloud
	Cloud cover
	Integer, (% )


NOTE: 
1. This document assumes a monthly time step. Hence estimates will be daily average ET for the month (in mm/day), which the reader can multiply by the no. of days in the month to get ET in mm/month.
2. Estimates of PET or ETo begin with a radiation energy balance. The basics of the energy balance are well-described in Allen et al. (1998, http://www.fao.org/docrep/X0490E/x0490e00.htm)
3. These estimates are NOT actual ET estimates. Rather they are needed to estimate Actual Evapotranspiration, typically through water balance modeling. Further, for cultivated regions, ETo is converted to actual crop evapotranspiration using crop and crop-growth specific crop coefficients. See Allen et al. (1998, http://www.fao.org/docrep/X0490E/x0490e00.htm) for details.

STEP 1   Calculate Potential Extraterrestrial Radiation

1.1
Calculate Day of Year (J) 

Table 2
 Calculation of Day of Year
	Month
	J

	Jan
	15

	Feb
	45

	Mar
	75

	Apr
	105

	May
	135

	June
	165

	July
	195

	Aug
	225

	Oct
	255

	Nov
	315

	Dec
	345


1.2
Calculate declination (δ)

Eq. 1.1    
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Where declination is in radians

Xicma=arcsin(sin(-23.44)cos(360/(365*24)*(N+10)+360/Pi*0.0167*sin(360/(365*24(N-2))))
1.3
Convert Latitude to radians (Φ)

Eq.  1.2
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Where latitude is in decimal degrees (e.g. 12.45) as on the portal

1.4
Estimate potential extraterrestrial radiation (Ra)

 Eq.  1.3      
[image: image5.wmf](

)

(

)

[

]

{

}

f

d

d

f

d

f

f

d

p

tan

tan

cos

sin

cos

cos

sin

sin

tan

tan

cos

118

1

1

-

+

-

=

-

-

a

R

 



Where  Ra  is in MJ m-2 day-1
STEP 2   Estimate Reference Crop Evapotranspiration (ETo)
Use the Hargreaves method, which has been shown to work well in diverse climates around the world. 

Eq. 2.1 
ETo = 0.408 * 0.0023 * Ra * (Tmean + 17.8) * sqrt[ (Tmax - Tmin) ]  


Where ETo is in mm/day, Ra  is in MJ m-2 day-1






Note : If Tmean < 0,  set  ETo = 0

STEP 3   Estimate Net Radiation (Rnet)
3.1
 Estimate downward solar (short wave) radiation (Rs)

This is the Hargreaves radiation formula.

Eq. 3.1

Rs = 0.16 * Ra * sqrt[ (Tmax - Tmin) ]
Where  Rs and  Ra  are in MJ m-2 day-1
3.2
Estimate atmospheric emissivity (εa)

The original equation has been modified below to suit the units of the database
Eq. 3.2 
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3.3
Estimate net long wave radiation (RL)

The original equation has been modified below to suit the units of the database. Assumed terrestrial emissivity = 0.97
Eq. 3.3
RL = (4.903*10-9) * (εa - 0.97) * [ Tmean+273 ]4


Where  RL  is in MJ m-2 day-1
3.4
Estimate net radiation (Rnet)

Eq. 3.4
Rnet = (0.77 * Rs) - RL


Where  RL, Rnet, RL  are in MJ m-2 day-1
STEP 4   Estimate Ground heat flux (G)
Eq. 4.1      Gmonth = 0.07 * (Tmean, month+1 - Tmean, month+1)



Where  Tmean, month+1 is average temperature for next month;




   Tmean, month-1 is average temperature for previous month;

STEP 5   Estimate Potential Evapotranspiration (PET)
5.1
Estimate 
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Eq. 5.1
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 = ( -0.00008  * Tmean2 ) + (0.0139 * Tmean) + 0.4235

5.2
Estimate PET

This equation uses the Priestley-Taylor method,
The original equation has been modified below to suit the units of the database
Eq. 5.2
PET = 0.408 * 1.26 * 
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 * (Rnet - G)

Where PET is in mm/day



Note : If Tmean < 0,  set  PET = 0

EXAMPLE CALCULATION

This example will illustrate the above equations.
Worked example follows:
Given: the geograghic location (Lat/Long), and time (month or day).

Known:  Tmean, Tmax, Tmin, and Cloud for the selected point and time.

Assume chosen Latitude (in decimal degrees)
: 12.525°
Assume Chosen month`



:  May

Assume Tmax for chosen locaton is

:  38  (°C)

Assume Tmin for chosen locaton is

:  28  (°C)

Assume Tmean for chosen locaton is

:  35  (°C)

Assume Cloud for chosen locaton is

:  10  (%)

Step 1.1 
Day of year, J = 135



(from Table 2)
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Step 1.2 
Declination,         =  0.33289 radians



   (Eq. 1.1)
Step 1.3
Latitude, 
Φ = 0.21860 radians



   (Eq. 1.2)
Step 1.4
Potential extraterrestrial radiation, Ra = 38.93715 MJ m-2 day-1  (Eq. 1.3)
Step 2

Reference crop evapotranspiration, ETo = 6.1 mm/day
               (Eq 2.1)
Step 3.1
Downward solar radiation,
Rs = 19.7 MJ m-2 day-1

      (Eq 3.1)
Step 3.2
Atmospheric emissivity,   εa = 0.9038



    (Eq 3.2)
Step 3.3
Net long wave radiation,  RL = -2.92  MJ m-2 day-1

      (Eq 3.3)
Step 3.4
Net Radiation, RNET = 18.089  MJ m-2 day-1


    (Eq 3.4)
Step 4

Ground Heat Flux, G (must calculate earlier) = 0.07 MJ m-2 day-1 (Eq 4) 
Step 5.1
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     (Eq 5.1)
Step 5.2
Potential Evapotranspiration, PET = 7.522 mm/day

     (Eq 5.2)

APPENDIX: Evapotranspiration equations

1. Potential Evapotranspiration (PET), (Priestley-Taylor estimate)
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2. Reference Crop Evapotranspiration (ETo), (Hargreaves method)
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When wind speed and humidity data are available, use the FAO-56 equation below, recommended as the standard method by Allen et al. (1998).
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Where:
PET Priestley-Taylor estimate of potential evapotranspiration

ETo reference evapotranspiration [mm day-1],
Rnet net radiation at the crop surface [MJ m-2 day-1],
G soil heat flux density [MJ m-2 day-1],
T mean daily air temperature at 2 m height [°C],
u2 wind speed at 2 m height [m s-1],
es saturation vapour pressure [kPa],
ea actual vapour pressure [kPa],
es - ea saturation vapour pressure deficit [kPa],
Δ slope vapour pressure curve [kPa °C-1],

[image: image14.wmf]γ

 psychrometric constant [kPa °C-1].
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