
Sensors & Transducers, Vol. 202, Issue 7, July 2016, pp. 83-88 

 83

Sensors & Transducers
© 2016 by IFSA Publishing, S. L.

http://www.sensorsportal.com

 
 
 
 
 

Analysis of Evaluation Stages Involved  
in Penman Monteith Equation 

 
1 Faruk Bin POYEN, 1 Apurba Kumar GHOSH, 2 Palash KUNDU 

and 3 Kausik SEN 
1 Dept. of AEIE, UIT, BU, Burdwan, 713104, India 

2 Dept. of EE, JU, Kolkata, 700027, India 
3 Dept. of Applied Physics, CU, Kolkata, 700000, India 

1 Tel.: +918697511868, fax: +91-342-2658776 
E-mail: faruk.poyen@gmail.com 

 
 

Received: 30 June 2016   /Accepted: 27 July 2016   /Published: 29 July 2016 
 
 
Abstract: Evapotranspiration plays pivotal role in water management schemes and irrigation scheduling design. 
Water resource engineers and strategic planners are therefore highly focusing on finding out more accurate 
methods for its measurement. Several scientists have formulated many formulae for predicting this very important 
parameter but all these methods have shortfalls. To resolve the ambiguity of choice United Nations and American 
Society of Civil Engineers accepted the Penman Monteith equation accepted for measurement for reference 
evapotranspiration to come to a consensus. Here, we have provided the steps involved for effective measurement 
of evapotranspiration. The article is divided into five sections. Section One introduces the essence and importance 
of Evapotranspiration. Section Two speaks about the climatic parameters that require measurement. Section Three 
discusses the very important Penman – Monteith equation. Section Four elaborates on the stages those are involved 
for efficient measurement of this equation followed by a brief conclusion in Section Five. Copyright © 2016 IFSA 
Publishing, S. L. 
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1. Introduction 

 
Evapotranspiration comprises two physical 

phenomenon, evaporation and transpiration. In 
evaporation, water bodies’ loss water in form of vapor 
and in transpiration, plant bodies sweat to loose water 
from them, both adding up to give the total amount of 
water lost from the earth surface. Both these are 
simultaneous processes which are highly influenced 
by the solar radiation, humidity, speed of wind and 
temperature (Fig.1). Evapotranspiration (ET) is an 
energy-driven process which increases with 
temperature, solar radiation, and wind and decreases 

with increasing humidity. Evapotranspiration plays a 
pivotal role in hydrological balance as it is responsible 
for 15 % of the atmosphere’s water vapor. 

Principally there are three methods by which 
evapotranspiration is formulated viz. mass – transfer 
method, temperature based method and radiation 
based method. 

Spatially calculating ET is necessary because it is 
a major component in quantifying a water budget 
scheme and the maps provide the spatial ability to 
display the distribution. Evapotranspiration 
assessment is of outstanding importance both for 
planning and monitoring purposes. ET helps in 
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determining when and how much irrigation water is 
needed and for designing and management of 
irrigation system.  

Five main processes which are included in the 
hydrologic cycle:  

1) Condensation; 
2) Precipitation; 
3) Infiltration; 
4) Runoff; 
5) Evapotranspiration. 
ET varies because of a multitude of factors like 

wind, temperature, humidity, and water availability. 
Other than the primary factors, there are secondary 
factors which also hugely influence ET measurements 
and they are viz. crop type, crop length/height, soil 
type, period of growth, soil salinity, macro and micro 
mineral contents of the soil, leaf area index. When the 
crop is small, loss of water is predominantly because 
of evaporation but as the crop grows and covers the 
soil surface, principle component of water loss is 
transpiration, conclusively stating that crop 
development stage plays vital role in 
evapotranspiration losses of water. All these factors 
also determine ET rates which is measured in units of 
mm/time, where the time scale may be hours, days, 
months, years or even decades. 

 
 

 
 

Fig. 1. Schematic of Evapotranspiration Process. 
 
 

2. Measured Parameters 
 
Climatic data plays the most pivotal in 

determination of ET. The principle parameters which 
are the most determining factors are solar radiation, 
wind speed, temperature and humidity. Two meters 
above sea level for any extensive surface of green 
grass cover is taken as standard for ensuring the 
integrity of computation.  

Other climatological and meteorological 
parameters like latitude, longitude, altitude, sunshine 
duration, soil heat flux and atmospheric pressure do 
significantly contribute towards ET measurement. 
Other than the primary factors, there are secondary 
factors which also hugely influence ET measurements 
and they are viz. crop type, crop length/height, soil 
type, period of growth, soil salinity, macro and micro 
mineral contents of the soil, leaf area index. Another 
factor of consideration is that the soil surface should 
have similar plantation for at least 100 meters 

circumference bringing uniformity of vegetation. As 
suggested by the ASCE, the definition for a reference 
surface is given as 

"A hypothetical reference crop with an assumed 
crop height of 0.12 m, a fixed surface resistance of 
70 s m-1 and an albedo of 0.23." (Allen, et al., 1998). 

Assumptions which need to be hold for this 
reference surface to deliver to the best expected results 
are: 

1) An extensive surface of green grass; 
2) Of uniform height; 
3) Completely shading the ground; 
4) Actively growing; 
5) With adequate water. 

 
 

 
 

Fig. 2. Schematic of Evapotranspiration 
from a reference surface. 

 
 

3. Penman – Monteith Equation 
 

Several empirical methods have been developed in 
the last 50 years and are in existence based on different 
climatic variables. In 1999, the Irrigation Association 
(IA) requested the EWRI – ASCE to standardize an 
empirical formulae for ET, based on which they came 
up with two equations, one for the short crop and the 
second one for the tall crops.  

Owing to the difficulty of obtaining accurate field 
measurements, ET o is commonly computed from 
weather data. A large number of empirical or semi-
empirical equations have been developed for assessing 
reference evapotranspiration from meteorological 
data. Numerous researchers have analyzed the 
performance of the various calculation methods for 
different locations. As a result of an Expert 
Consultation held in May 1990, the FAO Penman-
Monteith (PM) method is now recommended as the 
standard method for the definition and computation of 
the reference evapotranspiration ET o. the ASCE – 
EWRI standardized reference ET equation for daily 
and hourly periods is expressed as under  

 

ܧ ଴ܶ ൌ
଴.ସ଴଼ൈ∆ൈሺோ೙ିீሻାఊൈቀ

಴೙
೅೘೐ೌ೙శమళయ

ቁൈ௨మሺ௘ೞି௘ೌሻ

∆ାఊሺଵା஼೏௨మሻ
 

(1) 
 

The Penman Monteith equation, updated and 
recommended by FAO for Reference 
Evapotranspiration considering short reference crop 
on daily measurement basis where values of Cn and Cd 
are 900 and 0.34 respectively, (Allen, et al., 1998) is 
expressed as  

Solar Radiation 

Temperature 

Evapotranspiration 

Wind 
Humidity 

P.C: Bruce Smith, Campbell Scientific 
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ܧ ଴ܶ ൌ
଴.ସ଴଼ൈ∆ൈሺோ೙ିீሻାఊൈሺ

వబబ
೅೘೐ೌ೙శమళయ

ሻൈ௨మሺ௘ೞି௘ೌሻ

∆ାఊሺଵା଴.ଷସ௨మሻ
  

(2) 
 

All notations and symbols are defined in Table 1. 
 
 

Table 1. Referential Values for Short and Tall crops. 
 

Term 
Value

short 
reference 

tall  
reference

Reference vegetation height (m) 0.12 0.50 
Height of air temperature, 
humidity, wind measurements 
(m) 

2 2 

Zero plane displacement height 
(m) 

0.08 0.08 

Canopy resistance, daily (s m-1) 70 45 
Canopy resistance, daytime  
(s m-1) 

50 45 

Canopy resistance, night time  
(s m-1) 

200 200 

Latent heat of vaporization  
(MJ kg-1) 

2.45 2.45 

 
 

For tall reference crop, the values of Cn and Cd are 
1600 and 0.38 respectively for daily measurement.  

 
 

4. Evaluation Stages 
 

This section deals with the step wise evaluation of 
the Penman Monteith equation where the different sub 
components of the equation are validated to eventually 
materialize the final form. We will depict each stage 
as step for easier comprehension. (Allen, et al., 2005; 
Romero, et al., 2009). 

 

Step 1: Daily Mean Temperature (Tmean) 
The temperature is measured in °C. Albeit average 

daily temperature will suffice, but to avoid non – 
linearity due to saturation vapor pressure – 
temperature relationship, it is a better practice to 
account both the maximum Tmax and minimum Tmin 
temperatures of daily basis for calculating daily mean 
temperature Tmean.  
 

௠ܶ௘௔௡ ൌ
௠ܶ௔௫ ൅ ௠ܶ௜௡

2
 (3) 

 

Step 2: Solar Heat Flux Density (G) 
The soil heat flux, G, is the energy that is utilized 

in heating the soil. G is positive when the soil is 
warming and negative when the soil is cooling. Soil 
heat flux density (G) is the conduction of energy per 
unit area in response to a temperature gradient. 

 

ܩ ൌ ௦ܥ
்೔ି்೔షభ

∆௧
		ݖ∆  ଶ݀ିଵ, (4)ି݉ܬܯ………

 

where Cs = KA; where K is the heat conductivity of 
material (W m -3 K -1) and A is the surface area in m2; 

Δz is the difference of depth between layers in meters;  
Δt is the difference of temperature.  
 
Step 3: Wind Speed at 2 m Height (u2) 

The adjustment factor for wind speed measured at 
different height to wind speed at an altitude of  
2 meters is given below because wind speed differs 
with altitude which may create ambiguities in the final 
result.  
 

ଶݑ ൌ ௭ݑ
4.87

ln	ሺ67.8ݖ െ 5.42ሻ
ൌ ሻݎ݄/ݏଶሺ݈݉݅݁ݑ	 ൈ 0.477, 

(5) 
 

where u2 is the wind speed at 2 meters height (m s-1);  
uz is the wind speed at z meters height (m s-1). 
 
Step 4: Slope of Saturation Vapour Pressure  
Curve (Δ) 
 

߂ ൌ
ସ଴ଽ଼ቂ଴.଺ଵ଴଼௘௫௣ቀ

భళ.మళ೅
೅೘೐ೌ೙శమయళ.య

ቁቃ

ሺ ೘்೐ೌ೙ାଶଷ଻.ଷሻమ
 ଵ, (6)ିܥ°ܽܲܭ	

 
where Tmean is the mean daily temperature °C;  
exp = 2.7183 (base of natural logarithm). 
 
Step 5: Atmospheric Pressure (P) 
 

P ൌ 101.3 ൤
293 െ 0.0065z

293
൨
ହ.ଶ଺

… . . KPa (7) 

 
Step 6: Psychrometric Constant (γ) 

Psychrometric constant ߛ  relates partial water 
pressure in air to air temperature in order to estimate 
vapour pressure using paired dry and wet thermometer 
bulb temperature readings.  
 

ߛ ൌ
௣ܥ ∗ ܲ
ߣߝ

ൌ 0.665 ݔ 10ିଷܲ	……ିܥ°ܽܲܭଵ (8) 

 
where Cp is the specific heat of dry air at constant 
pressure, 1.013 × 10-3 MJ kg-1 °C-1; 
λ is the latent heat of vaporization, 2.45 MJ kg-1;  
P is the atmospheric pressure kPa; 
 
ߣ ൌ 2.501 െ ሺ2.361 ൈ 10ିଷሻ ௔ܶ 	… ଵି݃݇ܬܯ. (9) 

 
where ε is the ratio of molecular weight of water vapor 
to dry air = 0.622. 
 
Step 7: Delta Term (DT) (Auxiliary Calculation for 
Radiation Term) 
 

ܶܦ ൌ
∆

∆ ൅ ሺ1ߛ ൅ ଶሻݑ0.34
 (10) 

 
Step 8: Psi – Term (PT) (Auxiliary Calculation for 
Wind Term) 
 

ܲܶ ൌ
∆

∆ ൅ ሺ1ߛ ൅ ଶሻݑ0.34
 (11) 
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Step 9: Temperature Term (TT) (Auxiliary 
Calculation for Wind Term) 
 

ܶܶ ൌ ൤
900

௠ܶ௘௔௡ ൅ 273
൨ ൈ  ଶ (12)ݑ

 
Step 10: Inverse Relative Distance between Earth 
and Sun (d r) and Solar Declination (δ) 
 

݀௥ 	ൌ 	1 ൅ 0.033cos ൬
ߨ2
365

൰ܬ  (13) ,݊ܽ݅݀ܽݎ

 

ܬ ൌ .݋݊ ݏݕܽ݀	݂݋   ,ݎܽ݁ݕ	ܽ	݊݅
 

	ߜ ൌ 	0.409sin ൬
ߨ2
365

	ܬ െ 1.39൰  (14) ݊ܽ݅݀ܽݎ		

 
Step 11: Conversion of Latitudes (φ) in Radians 
 

߮ሾݏ݊ܽ݅݀ܽݎሿ ൌ
ߨ
180

߮ሾ݈݀݁ܿ݅݉ܽ	݀݁݃ݏ݁݁ݎሿ (15) 

 
Step 12: Sunset Hour Angle (ωs) 
 
߱௦ 	ൌ 	arccosሾെ tanሺ߮ሻ tanሺߜሻሿ  (16) ݊ܽ݅݀ܽݎ	

 
Step 13: Possible Day Light Hour (N) 
 

ܰ	ݎݑ݋݄	ݐ݄݈݃݅	ݕܽܦ	݈ܾ݁݅ݏݏ݋ܲ ൌ
24
ߨ
߱௦ (17) 

 
Step 14: Extra-terrestrial Radiation (Ra)  

For each day and for different latitudes, extra – 
terrestrial Radiation can be calculate by knowing the 
solar constant, solar declination and time of the year 
 

Raൌ	
24ሺ60ሻ
π

Gscdrሾωs sinሺφሻ sinሺδሻ൅	 cosሺφሻ sin ሺωsሻሿ

……MJm‐2d‐1 
(18) 

 

where Gsc is the solar constant = 0.0820 MJ m-2 min-1 

 

Step 15: Daily Mean Solar Radiation (Rs) 
We provide below the conversion relationship 

between Radiation in MJ and W per square meter  
per day.  
 
ܴௌ		ି݉ܬܯଶ݀ܽିݕଵ ൌ ܴ௦

ൈ 0.0864	ܹ݉ିଶ݀ܽିݕଵ 
(19) 

 

ܴ௦ 	ൌ 	 ቀܽ௦ ൅	ܾ௦
݊
ܰ
ቁܴ௔ …MJ݉ିଶ݀ିଵ, (20) 

 
where n is the actual duration of sunshine (hours);  
N is the maximum possible duration of daylight  
hours (hours); 
n/ N is the relative sunshine duration;  
as is the regression constant expressing fractional Ra 

received by earth on an overcast day (n = 0); 
as + bs is the fractional Ra reaching the earth on a clear 
day (n = N). 
 
	ܴ௦ ൌ ݇௥௦ඥ ௠ܶ௔௫ െ ௠ܶ௜௡ ܴ௔ 	…MJ݉ିଶ݀ିଵ, (21) 

where ݇௥௦	 is the adjustment coefficient (0.16 to  
0.19 [°C0.5]) 
 
With no adjustment for station elevation 
 

ܴ௦ ൌ ሺܽ௦ ൅ ܾ௦ሻܴ௔ (22) 
 
Step 16: Clear Sky Solar Radiation (Rso) 
 
ܴ௦௢ ൌ ሺ0.75 ൅ 2 x 10ିହݖሻܴ௔ …MJ݉ିଶ݀ିଵ (23) 

 
Step 17: Net Solar or Net Shortwave Radiation 
(Rns) 
 

ܴ௡௦ ൌ ሺ1 – ሻܴ௦ߙ ……MJ݉ିଶ݀ିଵ, (24) 
 
where α is the albedo or canopy reflection coefficient 
(0.23) 
 
Step 18: Net Outgoing Long Wave Solar Radiation 
(Rnl) 
 
ܴ௡௟ ൌ

ߪ ቈ
ሺ ௠ܶ௔௫ ൅ ሻସܭ ൅ ሺ ௠ܶ௜௡൅ܭሻସ

2
቉ ൫0.34	– 	0.14ඥ݁௔൯

൬1.35
ܴ௦
ܴ௦௢

െ 0.35൰… .MJ݉ିଶ݀ିଵ 

(25)

 
where σ is the  Stefan Boltzman constant  
(4.903 ×10-9 MJ K-4 m-2 day-1), K = 273 Kelvin 
 
Step 19: Net Radiation (Rn) 
 

ܴ௡ ൌ ܴ௡௦ െ ܴ௡௟ ………… .MJ݉ିଶ݀ିଵ (26) 
 

The net radiation in equivalent of evaporation 
(mm) (Rng) 
 

ܴ௡௚ ൌ 0.408 ൈ ܴ௡ (27) 
 
Step 20: Mean Saturation Vapour Pressure 
Derived from Air Temperature T (es) 
 
.ݐܽܵ ݎݑ݋݌ܸܽ ݁ݎݑݏݏ݁ݎܲ ݐܽ .݌݉݁ݐ	ܥ	°	ܶ ݁°ሺTሻ

ൌ 0.6108 x 2.7183ቀ
ଵ଻.ଶ଻்
்ାଶଷ଻.ଷቁ 		…… . . KPa 

(28
) 

 

݁°ሺ ௠ܶ௔௫ሻ ൌ 0.6108 ൈ 2.7183
ቀ
ଵ଻.ଶ଻ ೘்ೌೣ
೘்ೌೣାଶଷ଻.ଷ

ቁ
 (29) 

 

݁°ሺ ௠ܶ௜௡ሻ ൌ 0.6108 ൈ 2.7183
൬
ଵ଻.ଶ଻்೘೔೙
்೘೔೙ାଶଷ଻.ଷ

൰
 (30) 

 

݁௦ ൌ
݁°ሺ ௠ܶ௔௫ሻ ൅ ݁°ሺ ௠ܶ௜௡ሻ

2
	……… 	KPa (31) 

 
Step 21: Actual Vapour Pressure (ea) Derived from 
Dew Point Temperature 
 

݁௔ ൌ ݁଴ሺ ௪ܶ௘௧ሻ െ ௣௦௬൫ߛ ௗܶ௥௬ െ ௪ܶ௘௧൯ (32) 
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Step 22: Actual Vapour Pressure (ea) Derived from 
Psychrometric Data 
 

݁௔ ൌ 	 ݁଴ሺ ௗܶ௘௪ሻ ൌ 0.6108exp	ሾ
17.27 ௗܶ௘௪

ௗܶ௘௪ ൅ 273.3
ሿ (33) 

 
௣௦௬ߛ ൌ ܽ௣௦௬ܲ (34) 

 
Step 23: Actual Vapour Pressure (ea) Derived from 
Relative Humidity RH 
 
݁௔

ൌ
݁°ሺ ௠ܶ௜௡ሻ ቂ

௠௔௫ܪܴ
100 ቃ ൅ ݁°ሺ ௠ܶ௔௫ሻሾ

௠௜௡ܪܴ
100 ሿ

2
	… ݇ܲܽ

(35
) 

 

݁௔ ൌ
௠௘௔௡ܪܴ
100

ቈ
݁°ሺ ௠ܶ௔௫ሻ ൅ ݁°ሺ ௠ܶ௜௡ሻ

2
቉	… ݇ܲܽ (36) 

 
Step 24: Vapour Pressure Deficit 
 

ݐ݂݅ܿ݅݁ܦ	݁ݎݑݏݏ݁ݎܲ	ݎݑ݋݌ܸܽ ൌ 	 ݁௦ െ ݁௔ (37) 
 
Step 25: Overall ETo Equation 
 

Radiation Term (ETrad) 
 

ܧ ௥ܶ௔ௗ ൌ ܶܦ ൈ ܴ௡௚ (38) 
 
Wind Term (ETwind) 
 

ܧ ௪ܶ௜௡ௗ ൌ ܲܶ ൈ ܶܶሺ݁௦ െ ݁௔ሻ (39) 
 
Final Reference Evapotranspiration (ETo) 
 

ܧ ௢ܶ ൌ ܧ ௪ܶ௜௡ௗ ൅ ܧ ௥ܶ௔ௗ (40) 
 
 

Table 2. All symbols and variables used in PM equation. 
 

Symbol Connotation Unit 

 ࢔࡯
Numerator constant for 
the reference crop type  

 ࢊ࡯
Denominator constant for 
the reference crop type 

 

  Solar constant ࢙࡯

 ࡷ
Heat Conductivity of 
Material W m-3 K-1 

 Surface Area m2 ࡭

∆࢚ 
Difference of 
Temperature °C 

 Difference of depth metres ࢠ∆
 Atmospheric Pressure kPa ࡼ
 Elevation above sea level Metres ࢠ
Psychrometric Constant kPA °C-1 ࢽ

 ࣅ
Latent Heat of 
Vaporization, 2.45 

MJ kg-1 

 Specific heat at constant ࢖࡯
pressure, 1.013*10 -3 MJ kg-1 °C-1 

 ࢿ
Ratio molecular weight of 
water vapor, 0.622 - 

 Mean Air Temperature °C ࢔ࢇࢋ࢓ࢀ

 
Table 2. Continued. 

 
Symbol Connotation Unit 

 ࢞ࢇ࢓ࢀ
Maximum Air 
Temperature °C 

 ࢔࢏࢓ࢀ
Minimum Air 
Temperature °C 

 ሻ܂ሺ°ࢋ
Saturation Vapour 
Pressure at air Temp T kPa 

 Air Temperature T ࢀ

 ࢖࢞ࢋ
Exponential base of 
natural logarithm, 2.7183 

- 

 ࢙ࢋ
Saturation Vapour 
Pressure kPa 

 ࣅ
Latent Heat of 
Vaporization, 2.45 kPa 

 Specific heat at constant ࢖࡯
pressure, 1.013*10 -3 kPa 

 ࢿ
Ratio molecular weight 
of water vapor, 0.622 kPa 

 Mean Air Temperature kPa °C-1 ࢔ࢇࢋ࢓ࢀ

 ࢞ࢇ࢓ࢀ
Maximum Air 
Temperature % 

 ࢔࢏࢓ࢀ
Minimum Air 
Temperature 

% 

 ሻ܂ሺ°ࢋ
Saturation Vapour 
Pressure at air Temp T kPa 

Air Temperature MJ m-2 day-1 ࢀ

 ࢖࢞ࢋ
Exponential base of 
natural logarithm, 2.7183 MJ m-2 day-1 

 ࢙ࢋ
Saturation Vapour 
Pressure 

MJ m-2 day-1 

 Actual Vapour Pressure MJ m-2 day-1 ࢇࢋ

 ሻ࢞ࢇ࢓ࢀሺ°ࢋ
Sat. Vapour Pressure at 
mean daily max air temp MJ m-2 day-1 

 ሻ࢔࢏࢓ࢀሺ°ࢋ
Sat. Vapour Pressure at 
mean daily min air temp MJ m-2 day-1 

 ࢤ
Slope of Sat. Vapour 
Pressure Curve at air 
Temp T 

MJ m-2 min-1

 ࢞ࢇ࢓ࡴࡾ
Maximum Relative 
Humidity 

- 

 ࢔࢏࢓ࡴࡾ
Minimum Relative 
Humidity Radian 

࢙ࢋ െ  Vapour Pressure Deficit Hour ࢇࢋ

 ࢇࡾ
Extra-terrestrial 
Radiation Hour 

 ࢙ࡾ
Solar or Shortwave 
Radiation 

-  

 ࢕࢙ࡾ
Clear – sky Solar 
Radiation -  

 Solar Declination Radian ࢾ
࣓࢙ Sunset hour angle Radian 

 ࢙࢈
Regression Constant,  
n = 0 

- 

࢙ࢇ ൅  ࢙࢈
Regression Constant,  
n = N - 

 ࢻ
Albedo or canopy 
reflection coefficient - 

࣌ 
Stefan Boltzman 
constant, 4.903 * 10 -9 

MJ K-4 m-2 

day-1 

࢑࢙࢘ Adjustment Coefficient °C-0.5

࢛૛ 
Wind Speed at 2 m above 
ground surface m s-1 

 ࢠ࢛
Wind Speed at z m above 
ground surface m s-1 
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7. Conclusions 
 

This article throws light on stepwise evaluation for 
the measurement of evapotranspiration (ET). The 
valedictory results are greatly influenced by the day to 
day weather conditions and also it is highly effected 
by the geographical location where the measurement 
is being carried out. In order to obtain even better 
results, the constants need to be calibrated according 
to the planetary position. A parallel study ongoing to 
calibrate these constants for geographical location of 
southern West Bengal, India. With a reliable 
measurement of ET, we will be able to design and 
implement controllers scheduling our day to day 
irrigation plan and water management schemes and 
other water resources applications. 
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