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Abstract 

Daily crop ET of Triticum austivum L. and Cajanus cajan L. was monitored with gravimetric lysimeter during 

1995-1997 at Rahuri,  India (long. 780 18’ E and lat.190 45’ N) and was compared with various ETo models by 

statistical indicators like RMSE, MBE, t-statistic for adoption in semi-arid region of India. The crop  

evapotranspiration, on an average of three years was 1068.2 mm  during crop growing season however, the  reference 

evapotranspiation (ETo) in case of  Hargreaves model  was 1864.3 mm, the open pan 1636.6 mm, radiation balance 

2335.0 mm, FAO56 Penman Monteith 1597.5 mm, Blaney Criddle 2021.5 mm and Modified Penman 2508.3 mm. 

The FAO56- PM model had lowest RMSE (2.89 mm day-1) and MBE (1.05 mm day-1) followed by Hargreaves 

(RMSE 3.28 mm day-1). The seasonal crop ET was 537.9 mm in red gram and 418.1 mm in wheat. The regression 

analysis between crop coefficient (Kc) and ETo models were agreeable in Hargreaves and Modified Penman model 

as evidenced by higher R2 values. Similarly regression analysis between crop coefficient and cumulative GDD   had 

significant response with R2 of 0.57 to 0.83 in wheat and R2 0.31 to 0.59 in red gram. The regression analysis between 

SDD and crop coefficient had R2 0. 94 in red gram and 0.90 in wheat. 
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Introduction 

Out of 750 mm rainfall  received annually over 

the entire land surface of the globe,  two- third amount 

of  rain water is being returned in to  atmosphere  as a 

evapotranspiration (ET)  and  this ET  component of 

water source is considered as the largest single 

component of the terrestrial hydrological cycle 

(Baumgartner and Reichel, 1975). So, the 

quantification of water loss through ET is pre-requisite   

at various levels viz. crop planning, irrigation 

scheduling, hydrological studies, water rights 

management, ground water recharge modeling and 

other water management activities in agriculture sector 

(Allen et al., 2005; Allen et al., 2011a). As far as the  

accuracy of ET  models are concerned Allen et  al. 

(2011b) have explained the various issues on ET 

measurement/ estimation techniques like water balance, 

lysimeter, Bowen ratio, Eddy covariance, sap flow, 

remote sensing because lot of error occurs at spatial and 

temporal levels. If the ETo estimation errors are high 

then the project designer, planner of water resources 

department and the common people who are daily users 
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of water for their livelihood criticizes to the private 

sectors, researchers on mismanagement of water and its 

imbalance use in agriculture. Therefore, there is great 

demand to follow acceptable ET estimation models 

with minimum error in water resources planning.  

The evapotranspiration  models are generally 

categorized in three sections based on available weather 

parameters for ET  estimations: they are  temperature 

based (Hargreaves and Samani, 1985); mass-transfer 

based i.e. vapour  pressure or relative humidity 

(Harbeck, 1962); radiation balance  method  (based on 

solar radiation, e.g. Priestly-Taylor, 1972;  Makkink, 

1957) and the combination  models (based on the 

energy balance and mass transfer principles (Penman, 

1948; Doorenboss and Pruitt 1977; FAO-Penman-

Montieth Allen et al., 1998). In India, meteorological 

data of the selected study area is not easily available 

because number of weather stations is limited and is 

also not well equipped with required weather 

parameters. Besides these constraints, in case of 

automatic weather station, the collected data through 

equipments is not reliable to some extent as the 

available sensors do not function for longer period and 

needs frequent calibration.  

The collected data from different locations are 

also not representative to a specific area/ watershed 

where in-depth hydrological study or ground water 

recharge study, crop water requirement of command 

area are essential. In such circumstances, it is difficult 

to obtain crop ET using a particular method that require 

greater number of meteorological input variables. For 

instance, Penman Monteith model as recommended by 

FAO is widely used by researchers, planners, engineers 

etc where the crop is well watered, evaporation is at 

potential rate (without water stress), plant height is 0.12 

m with surface resistance of 70 sm-1 and an albedo is 

0.23. But, this method needs intensive input data that 

includes daily temperature (maximum and minimum), 

sunshine hour, wind speed, and relative humidity. 

Some models require limited weather parameters like 

temperature, solar radiation as mentioned above and 

hence they are preferred for ET estimations.   

The large number of models, available in the 

literature signifies the complex nature of the problem 

that makes it difficult to find a universally acceptable 

model. Several models (more than 50) have been 

proposed and tried in different places particularly in 

temperate region of world; however, there is no 

common opinion   on the suitability of model for a 

given climate (Allen et al., 1994; Smith et. al., 1996). 

Any proposed model requires calibration intensively 

before using it to estimate reference ETo. 

DehghaniSanij et al. (2003) computed lysimeter ETc 

and compared reference ETo by Modified Penman, 

Penman Monteith, Wright-Penman, Blaney Criddle, 

Radiation Balance and Hargreaves method for semi- 

arid (Iran) and sub-humid climate (Japan).  For semi-

arid climate, Penman Monteith and for sub-humid 

climate Penman model produced the best results. 

Itenfisuel et al. (2003) reported similar results when 

ETo of FAO-56PM was compared with Hargreaves 

method in 48 locations in USA.  In case of lysimeter 

crop ET, the selected crops are grown in limited area 

(based on size of lysimeter) and the crop canopy during 

full growth stage is extended outside lysimeter frame 

and does not reflect exact value for computing crop 

coefficient. Therefore, to avoid computational error, the 

surrounding field of lysimeter must be identical to 
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lysimeter crop to avoid any adverse effect of various 

weather parameters on measured lysimeter and 

computed ETo. Van Bavel et al. (1963) measured ET of 

1-m tall sudan grass within lysimeter before cutting and 

three days after cutting.  

The ET rate before cutting was 10 mm per day 

and three days after cutting it was 15 mm per day. This 

1.5 times increased crop ET was due to clothesline 

effect where the values of weather variables like 

temperature, wind speed, sunshine hours were 

comparatively higher within lysimeter than before 

cutting of sudan grass. Allen et al. (1991) also reported 

similar result in case of fescue grass from 0.6 m height 

to 0.1 m height where the crop ET of surrounding field 

was increased by 1.6 times as compared to Penmon-

Monteith equation where reference crop height was 

0.12 m. Xu and Chen (2005) compared lysimeter ETc 

with seven ETo models for their performance in 

Germany.  The conclusion made by them was that the 

lysimeter-measured water balance components (i.e.) 

actual evapotranspiration, groundwater recharge, soil 

moisture, predicted by the GG model (Granger and 

Gray, 1989) and the Makkink Model (Makkink 1957) 

was quite accurate.   

Considering the magnitude of errors in collected 

meteorological data as well as lysimeter crop ET data, 

this study was made to evaluate efficacy of few 

methods of reference ETo with observed lysimeter crop 

ET data. Crop coefficients of the two major field crops 

i.e. wheat and red gram were estimated and compared 

for their integrity and adoption in semi-arid area of the 

country as these crops viz. red gram and wheat are 

being grown in an area of 4.04 and 29.90 million ha, 

respectively and being a food grain crops, have highest 

demand in human diets of Indian citizen (Anonymous 

2013).  

Materials and Methods 

Study area 

For computation of reference ETo, the basic 

climatic data i.e. daily temperature (maximum, 

minimum) relative humidity, wind speed, sunshine 

hours recorded at the Research Station of  Mahatma 

Phule Agricultural University, Rahuri, Maharashtra, 

India (longitude 740 18′, latitudes 190 45′,  altitude 435 

m above mean sea level) were used. The station is 

located in semi-arid region of the country which is 

characterized by average annual rainfall of 520 mm. 

For monitoring   actual crop evapotranspiration, two 

gravimetric weighing type lysimeters (tank size 1.3 m x 

1.3 m x 0.9 m) were installed in the field dimension of 

78 m x 45 m. The wheat (variety HD-2189) during 

winter season (November to March) for two seasons 

and red gram (variety ICPL 87) for three seasons (June 

to November) were grown as test crop in lysimeter and 

in surrounding area to maintain same micro-climate. 

For irrigating wheat and red gram a border irrigation 

strip of 2.5 m width and 45 m length was prepared and 

it was maintained throughout the crop growth period. 

The red gram was sown on 21.6.1995, 23.6.1996 and 

27.6.1997 and harvested on 13.11.1995, 26.11.1996 

and 4.11.1997 while wheat crop was sown on 

24.11.1995 and 28.11.1996 and harvested on 26.3.1996 

and 29.3.1997 in respective years. After harvest of 

wheat crop the field was kept empty during 27.3.1996 

to 22.6.1996 and 1.4.1997 to 26.6.1997. Similarly after 

harvest of red gram in the month of November, 1995 

and 1996, the field was kept empty for one week before 

initiating sowing operation of wheat crop. Weather 
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parameters recorded during experimental period and 

remaining non crop period at experimental site is given 

in table 1.  

Table 1. Weather condition of the project site 

Weather 

parameters  

Annual  

1st 

Jan.1995 

to 31 st 

Dec. 

1995 

Barren 

field 

period 

25.3.1995 

to 

20.6.1995  

Growing 

period of  

red gram  

21.6.1995 

to 

13.11.1995 

Growing 

period of  

Wheat   

24.11.1995 

to 

26.3.1996 

Barren 

field 

period 

27.3.1996 

to 

22.6.1996 

Growing 

period of  

red gram  

23.6.1996 

to 

26.11.1996 

Growing 

period of  

wheat  

28.11.1996 

to 

31.3.1997 

Barren 

field 

period 

1.4.1997 

to 

26.6.1997 

Growing 

period of  

red gram  

27.6.1997 

to 4. 

11.1997 

Maximum 

temp. 

range( 0C )  

23.5-

40.0 

27.0-40.0 28.2-39.2 28.5-38.7 30.0 -

41.6 

25.1-35.5 21.7-36.6 30.0-40.2 26.6-40.2 

Minimum 

temp. 

range 

(  0 C). 

7.5-25.5 15.5-22.7 11.2-25.5 7.2-19.0 12.4-28.0 12.2-24.4 3.6-20.0 9.6-23.4 9.6-32.4 

Sunshine  

h day-1  

3.9-11.3 8.3-10.8 3.5-11.3 7.0-11.0 1.6-11.7 0.0-11.2 7.2-11.4 0.3-11.7 0.0-11.7 

Wind 

speed   km 

h-1 

1.9-11.4 3.4-10.8 1.9-11.4 1.8-4.1 2.0 -18.0 1.0-15.2 1.6-4.6 2.0-15.6 0.5-16.1 

Pan evap. 

mm day-1 

3.0-12.7 6.8-11.4 3.5-12.7 3.5-8.4 2.0-14.6 10.6-0.3 3.2-11.8 4.4-12.0 0.37-12.0 

RH 

morning  

% 

57-89 57-78 59-89 65.0-87.0 25.5-88.5 98.0-72.0 62.7-86.0 51.0-91.0 95.0-98.0 

RH 

evening  

% 

21-77 21-40 22-77 17.4-45.3 12.0-64.0 96.0-30.0 16.9-44.8 14.0-68.0 14.0-51.0 

Total 

rainfall  

mm 

740.0 63.6 676.4 0 54.8 544.5 0 158.2 391.4 

Computation of reference ETo 

FAO56 Penman Monteith method (FAO 56 -PM) 

The modified Penman-Monteith equation, 

described first by Allen et al. (1989) has been accepted 

universally for daily as well as hourly estimation of 

reference ETo. They have defined that the hypothetical 

crop is reference crop and the assumed plant height is 

0.12 m, plant resistance is 70 s m-1 and reflection 

coefficient is 0.23, which is closely resemblance to 

actively growing and adequately watered plant. The 

United Nations, Food and Agriculture Organization   

has recommended this equation and it is widely used by 

agronomists, hydrologist, irrigation engineers and other 

scientists in irrigation field.  

Where, ET0 = reference evapotranspiration, mm/day;  

= slope of vapour pressure curve (kPa /0 C); Rn = net 

radiation (MJ m-2 day-1); G = soil heat flux density (MJ 

m-2 day-1);  = psychrometric constant (0.0671 kPa /0 

C) ; T = mean daily temperature at 2 m height; U2 = 

wind speed at 2 m height (m/s); es = saturation vapour 

pressure (kPa) ; ea = actual vapor pressure ( kPa); es-ea 

= saturation vapor pressure deficit (kPa) ; ETo was 

converted to mm day-1 by conversion factor of 0.408 

Modified Penman method (Doorenbos and Pruitt, 

1977) 

The original Penman method, developed in 

England in 1948 gave the value of Eo (i.e.) potential 

evaporation from open water surface body. However a 

modified form of the Penman method, presented in 

1977 by Doorenbos and Pruitt, was simplified the 
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equation along with correction factor considering day 

and night weather conditions. Thus this modified form 

of estimation of potential evaporation is known as 

Modified Penman method. This method was being used 

widely till the Penman Monteith method was adopted 

globally in 1998. All factors in original Penman method 

have been accommodated in modified formula with 

weather parameters. Several tables are prepared and 

given in FAO- Irrigation and Drainage paper no.24 

(revised) by Doorenbos and Pruitt (1977) for 

computation of certain parameters which are required 

in this formula. 

     dan0 ee.uf.W1R.WcET  ----

------(2) 

Where  

ETo = reference evapotranspiration (mm day-1); c = 

adjustment factor for day and night wind speed and 

different RH level; W = weighing factor for 

altitude and temperature on radiation ; Rn = net 

radiation in equivalent evaporation (mm day-1 ); 1-W = 

weighing factor for altitude and temperature effect on 

wind and humidity ; f(u) = wind function or effect of 

wind on ETo  and expressed in equivalent ; evaporation 

( mm day-1); ea-ed = vapor pressure deficit in mbar. 

Hargreaves method (Hargreaves and Samani, 1985) 

Hargreaves (1985) method is often used to 

compute ET0 through temperature data for daily / 

weekly or longer period for use in regional planning, 

reservoir operation studies where other climatic data 

are not available or the available data are questionable. 

50.0

a0 TR)8.17TC(R0023.0ET  ----

(3) 

Where, ETo = reference evapotranspiration (mm day-1); 

Ra = extra-terrestrial radiation (mm day-1); TR = 

Tmax.-Tmin. (0 C); TC = mean temperature (0C); mean 

temperature = (T max+Tmin)/2 

Radiation method 

 The radiation method consider the radiation 

reaching the earth as the major contributing factor for 

evapotranspiration. The data required for this method is 

air temperature and sunshine hours. In addition, to 

these, general levels of humidity and wind velocity are 

necessary. The equation is: 

Where, ----------(4) 

ET0  = Evapotranspiration  ( mm day-1); Rs = Solar 

radiation ( mm  day-1); W = Weighing factor which 

depend on temperature and altitude (FAO Irrigation and 

Drainage paper 24); c = adjustment factor which 

depends on mean RH and day time wind. The Rs value 

is estimated as Rs= (0.25+0.50 n/N)* Ra. The details of 

n, N and Ra is given in in FAO Irrigation and Drainage 

Paper No.24.  

Blaney Criddle method (Doorenbos and Pruitt, 1977) 

Bleney-Criddle (1950) observed that the amount 

of water used by crops during the growing seasons was 

closely related with mean monthly temperatures and 

daylight hours. The equation for computing reference 

ETo is:   8T46.0pcET0   -----(5) 

Where, T = mean daily temp.0C; p = mean daily 

percentage of total annual day time hours for a given 

month and Latitude; c = adjustment factor which 

depend on minimum RH, sunshine hour and day time 

wind estimate 

 

 

 s0 RWcET 
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Pan evaporation method (Doorenbos and Pruitt, 1977) 

Evaporation from class A pan evaporimeter 

provides a measurement of the integrated effect of 

radiation, wind speed, temperature and humidity on pan 

evaporation from a specific open water surface. In 

similar fashion, plant also transpires water under same 

climatic condition. But the magnitude of water loss 

from open water surface is higher than plant surface. 

Reflection of energy from open water body is less (5- 8 

%) than plant parts varies (20-25%).  During day time 

evaporimeter retains more energy due to which the 

water loss through evaporation during day and night 

time does not change at significant level. But in plant, 

more water loss occurs during day and less during night 

because of more transpiration. Hence the pan 

coefficient value is required and it can be calibrated for 

particular location instead of using the values given in 

FAO Irrigation and Drainage Paper No.24.     

ppan0 KEET      --------- (6) 

Where, 

E pan = pan evaporation (mm day-1);  

Kp = pan coefficient  

Data analysis 

In agricultural modeling research, scientists 

generally evaluate model performance by regression 

line, correlation coefficient and occasionally by means 

of standard deviation, coefficient of variation. The two 

most widely used statistical methods are root mean 

square error (RMSE) and mean bias error (MBE). 

Although the above indicators provide a reasonable 

procedure for model comparison they do not indicates 

whether the model estimate is statistically significant or 

not and hence t - statistics test is required (Jacovides 

and Kontoyiannis, 1995). In this test, daily reference 

ETo values computed by different models and ET crop  

measured through lysimeter was used for  comparison 

of above statistical means.  

    -------(7) 

MBE = 



n

i

p nYiYi
1

o /)(   ---(8) 

t-test statistics =  { (n-1) * MBE 2}/{RMSE2 - 

MBE2}--------(9)    

Where, n = number of data pair; Yi 
p = estimated ETo 

by various method (equation 1 to 6); Yi o = lysimeter   

ETc 

Crop Coefficient (Kc)  

The crop coefficient is basically the ratio of crop 

ETc  to the reference ETo, and it represent the effect of 

four primary characteristic crop height, albedo, 

evaporation from soil, resistance) that differentiate the 

crop from reference grass .  

 Kc=ETc/ETo ----------(9) 

Where,  

Kc = crop coefficient; ETc =Crop evapotranspiration 

by lysimeter; ETo= reference evapotranspiration by 

various methods. The daily crop coefficient (Kc) value 

of the two test crops were estimated by various 

methods considering actual ET crop of lysimeter and 

computed reference ETo. 

Growing degree day (GDD) 

The growing degree days is the cumulative 

growing degree days, which was estimated by adding 

maximum and minimum air temperature of each day 

and dividing this value by two and subtracting a base 

temperature of test crop.  The base temperature of 10 

 2o
n

1i

p YiYi
n

1RMSE  




Singandhupe and Anand, 2016 

www.currentsciencejournal.info 

0C for red gram (Chauhan et al., 1995) and 50C for 

wheat (Yasuda and Shimoyama, 1965) was taken for 

computing GDD. The growing degree day of red gram 

was computed for three years by considering 

temperature data for the period from 21.6.199 to 

13.11.1995, 23.6.1996 to 26.11.1996 and 27.6.1997 to 

4.11.1997 and of wheat for two years for the period 

from 24.11.1995 to 26.3.1996, and 28.11.1996 to 

31.3.1997. The regression analysis i.e. third degree 

polynomial as best fit  was done between daily  crop 

coefficient as dependent variable and cumulative GDD 

as independent variable for both the crops to assess  the 

magnitude of influence of  GDD on crop coefficient 

value. It was also regressed between crop coefficient at 

standard meteorological week and the corresponding 

cumulative GDD. 

GDD= ∑ (mean air temperature- base temperature)  ----

(10) 

Soil moisture status 

The soil moisture content (v/v %) was monitored 

at 15 cm depth interval  up to 75 cm soil depth 

periodically with the help of Neutron Moisture Meter 

(Model Troxler 4000 from  Soil Moisture Equipment 

Santa Barbara, USA). Subsequently the soil moisture 

depletion was computed with the help of soil moisture 

content determined in laboratory at 1.5 MPa and 0.033 

MPa. The following equation was followed to calculate 

depletion of soil moisture from 0-75 cm soil profile.  

Soil moisture at 0.033 MPa = 42% (w/w %); Soil 

moisture at 1.5 MPa = 20% (w/w %); Bulk density (Mg 

m-3)  =1.21 

Available soil moisture in 75 cm soil depth = 

 

This 16.5 cm soil moisture in 0-75 cm soil depth was 

considered as 100% available moisture and based on 

actual moisture content recorded on particular day, first 

we calculated actual soil moisture and then depletion 

over the above value (16.5 cm).  

Canopy Temperature and Stress Degree Days (SDD) 

In case of red gram, plant canopy temperature 

was monitored after one month of sowing and 

continued the same observation process till harvest of 

crop. Canopy temperatures and difference of canopy–

air temperature (Tc-Ta) was measured with hand-held 

infrared thermometer (Model AG 42, Telatemp 

Corporation). These observations were taken at four 

places adjoining to each lysimeter by pointing IR 

thermometer on the top of the canopy. The instrument 

was held at an angle of about 45° to the crop canopy at 

a very close distance of 30-35 cm so as to minimize the 

soil background influence on canopy temperature. 

Canopy temperatures was taken daily between 12.00 to 

14.00 h (IST), beginning from four to fifth leaf stage 

till harvest of crop for first season crop only. Based on 

canopy-air temperature difference (Tc-Ta), the SDD 

index was calculated as defined by Idso et al. (1977). 

--------(11) 

Where, Tc−Ta is the canopy–air temperature difference, 

n the number of measurement days during time period 

of interest. 

After that, the daily stress degree day was 

regressed with   layer- wise soil moisture content (v/v 

%) to assess the magnitude of influence of soil moisture 

on plant canopy temperature. Similarly at various crop 

phenology (vegetative, reproductive and maturity 

stages), relationship between cumulative SDD and 
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cumulative lysimeter crop ET was regressed to know 

the magnitude of moisture stress, expressed through 

crop canopy temperature. In wheat crop, which was 

grown during winter season (1995-96 and 1996-97), 

canopy temperature was monitored in first  season only 

during 31 Dec 1995 to harvest of wheat crop i.e. up to 

26.3.1996 to assess stress effect in plant .   

Results and Discussion 

Computation of ETO 

On an average, the lysimeter crop ET was 1068.2 

mm and the reference ETo of globally accepted method 

of FAO56 -PM method was 1597.5 mm which was 

33.1% higher than lysimeter crop ET. In case of Pan 

evaporation, Hargreaves, Blanney Criddle, Radiation 

Balance and Modified Penman methods, the reference 

ETo was over estimated by 53.1, 74.5, 92.1, 118.6, 

134.8% respectively over lysimeter crop ET. If these 

methods are compared with FAO 56- PM method, the 

above methods also over estimated by 2.4 to 57.0% 

except lysimeter crop ET, it was underestimated by 

33.1%. In case of lysimeter crop ET, the annual crop 

ET was quite low (1068.2 mm) as the lysimeter  tank  

was kept empty (without plant) for the period from   

harvest of wheat  crop   to  sowing of red gram during 

summer season  and also after harvest of red gram to 

sowing of wheat crop during  winter season. During 

1995 and 1996 and 1997, the annual (January to 

December) crop ET, measured through gravimetric 

lysimeter was 1132.9 mm, 1037.5 and 1033.2 mm, 

respectively. However, the annual  reference ETo, 

obtained in different methods (Table 2) was  in the 

range of  1576.3 to 1626.5 mm  in FAO56 -PM, 1819.1 

to 1926.1 mm in Hargreaves, 2038.3 to 2059.4 mm in 

Blaney Criddle, 2304.6 to 2355.2 mm in Radiation 

Balance, 1528.6 to 1724.45 mm in Pan Evaporation  

and 2093.23 to 2874.7 mm  in  Modified Penman 

method.  

The coefficient of variation in all three years in 

case of lysimetric crop was quite high and the 

magnitude being 49.98 to 63.72%. On an average of 

three years, the coefficient of variation(CV) in various 

ETo methods were 22.7% in Hargreaves, 26.4% in 

FAO56- PM, 43.0% in Pan ET, 13.9 % in Blanney 

Criddle, 39.0% in Modified Penman and 27.4 % in  

Radiation Balance method. Very high value of CV in 

lysimeter crop ET could be due to large variation on 

per day water consumption rate during crop growing 

period (initial to mid and late crop growth period). 

During initial crop growth period, where the crop 

canopy was not well developed, the water consumption 

rate was very low. It was further increased and reached 

the maximum rate during middle crop growth period. 

Similarly the large variation on water consumption rate 

was also governed by the weather variables / 

atmospheric demand which was prevailed during crop 

growing period. Besides, these facts the difference 

between the estimated reference ETo and lysimetric 

crop ET was effected mostly on account of the 

difference during non-crop growing period where the 

crop ET was low. Generally in Radiation Balance 

method, ETo estimates are based on incident solar 

radiation and the heat emitted by soil surface. The heat 

emitted by the soil surface also increases the air 

temperature. When this increased air temperature 

moves over an open water body under high wind speed, 

water loss is very high (Alexandris and Kerkides, 
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Table 2. Crop ET/ reference ETo and other statistical parameter for comparison 

Particulars Lysimeter Hargreaves Penman 

Monteith 

Pan evap. Blanney 

Criddle 

Modified 

Penman 

Radiation 

balance  

Annual   1995-96 

Total ETo(mm) 1134.5 1848.0 1587.6 1724.5 2038.3 2093.2 2304.6 

mean 3.13 5.10 4.39 4.76 5.63 5.78 6.37 

SD (mm day-1) 1.90 1.13 1.18 2.37 0.84 2.50 2.07 

CV (%) 60.6 22.1 26.9 49.8 14.8 43.3 32.5 

Red gram ( June 21 - November 13,1995 ) 

Total ETo( mm) 600.4 688.5 609.1 560.6 852.0 780.7 857.5 

mean 5.07 4.68 4.09 3.51 5.77 5.35 6.44 

SD (mm day-1) 1.36 0.55 0.81 0.96 0.42 1.70 1.22 

CV (%) 26.7 11.7 19.9 27.4 7.22 31.9 19.0 

Wheat (Nov.24, 1995- March 26, 1996) 

Total ETo( mm) 423.3 598.6 505.0 418.4 625.3 621.0 775.9 

mean 3.44 4.87 4.11 3.4 5.08 5.05 6.31 

SD (mm day-1) 1.86 0.97 0.76 0.84 0.52 1.27 1.09 

CV (%) 53.9 19.8 18.4 24.7 10.3 25.2 17.3 

Annual  1996  

Total ETo, mm 1037.51 1819.06 1628.53 1528.57 2056.88 2556.88 2345.30 

mean 2.84 4.98 4.46 4.19 5.64 7.01 6.43 

SD (mm day-1) 1.81 1.18 1.42 1.99 0.90 2.40 1.93 

CV (%) 63.72 23.67 31.74 47.45 15.92 34.19 30.07 

Red gram (23.6.1996 to 16.11.1996) 

Total ETo, mm 509.26 646.70 554.89 446.13 789.77 974.99 808.07 

mean 3.46 4.40 3.71 3.03 5.37 6.63 5.50 

SD (mm day-1) 1.43 0.53 0.79 0.93 0.85 1.57 1.49 

CV (%) 41.17 12.13 21.18 30.62 15.90 23.69 27.25 

Wheat (28.11.1996 to 31.3.1997) 

Total ETo, mm 412.95 592.34 501.17 416.88 607.40 801.65 762.64 

mean 3.33 4.78 4.04 3.36 4.90 6.46 6.15 

SD (mm day-1) 1.66 1.07 0.83 1.06 0.54 2.56 1.20 

CV (%) 49.98 22.33 20.53 31.54 11.11 39.61 19.59 

Annual(1.1.1997-31.12.1997) 

Total ETo, mm 1033.16 1926.06 1576.29 1656.73 2059.49 2874.70 2355.21 

mean 2.83 5.28 4.32 4.54 5.64 7.88 6.45 

SD (mm day-1) 1.89 1.30 1.10 2.09 0.78 2.68 1.89 

CV (%) 66.92 24.65 25.42 16.12 13.82 34.05 29.30 

Red gram ( 27.6.1997-4.11.1997) 

Total ETo, mm 503.95 592.34 537.77 627.20 766.37 959.94 755.67 

mean 3.85 4.78 4.11 4.79 5.85 7.33 5.77 

SD (mm day-1) 1.61 1.07 0.85 2.22 0.46 1.90 1.74 

CV (%) 41.79 22.33 20.72 46.31 7.90 25.99 30.23 

 

2003). Under the present scenario, such combined 

effect might have influenced on highest 

evapotranspiration rate in Radiation Balance and 

Modified Penman method as compared to other ETo 

methods. 

Non crop period 

During 25 March 1995 to 20 June 1995, the 

surrounding area was barren (without crop) and the 

lysimter crop ET was only 122.05 mm. Estimates of 

reference  ETo obtained using different methods were 

relatively higher than lysimeters crop ET and it was 

560.9 mm in Hargreaves method, 605.8 mm in Pan 

evaporation, 725.1 mm in Radiation Balance, 475.8 

mm in  FAO24 -PM, 551.0 mm in Blaney Criddle and 

776.5 mm in Modified Penman method . In remaining 

two years where the crop was not grown and the 

surrounding area was empty, the reference ETo in all 

methods were also quite high as compared to lysimeter 
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crop ET. The values of reference ETo in Radiation 

Balance and Modified Penman method could be 

attributed to more incident solar radiation, very high 

wind speed, and low relative humidity in the 

surrounding areas of lysimeter (Table 2). During this 

period farmers generally keep their land fallow after 

harvest of winter crops particularly in the month of 

March and they keep the field barren till next crop i.e. 

up to last week of June every year. .  

Red gram crop 

During total crop growing period of red gram 

(21.6. 1995 to 13.11. 1995, 23.6.1996 to 16.11.1996, 

and 27.6.1997 to 4.11.1997), the lysimeter crop ET was 

600.4, 509.3 and 503.93 mm in respective years.  In 

three years , the reference ETo estimated by various 

methods were higher than lysimeter crop ET  except in 

case of pan evaporation method  it was lower than 

lysimeter crop ET during first two years with a 

magnitude of 6.6 to 12.4%.  The magnitude of over 

estimation of  reference ETo  was 14.7 to  26.9% in 

Hargreaves  method, 1.44 to 8.96% in Penman 

Monteith, 41.9 to 55.8% in Blanney Criddle, 30.0 to 

91.45 % in  Modified Penman method and 42.8 to 

58.7% in Radiation Balance method (Table 2). In all 

method of ETo estimates, the coefficient of variation 

(cv) was also comparatively lower than l;ysimeter crop 

ET. Since the FAO 56 -PM method has lowest value of 

over estimation of ETo as compared to other methods, 

this method is highly desirable and may be applied to 

this crop in semiarid region of the country. The next 

best method i.e. Hargreaves method can also be 

considered as it requires only temperature (maximum 

and minimum data) of the selected area and Ra (extra 

terrestrial radiation) value. Allen et al. (1998) proposed 

the use of Hargreaves method, as an alternative method 

when only air temperature data is available at weather 

station. Several researchers (Jensen et al.1990; 

Hargreaves, 1994) have also recommended that this 

method gives ETo values correctly when it is computed 

for 10 days or longer time step. Nevertheless this 

method tends to overestimate ETo in humid region and 

underestimate in very dry areas (Saeed, 1986; Amatya 

et. al., 1995; Xu and Singh, 2002).  

Wheat Crop   

During total crop growing period (24. 11. 1995 to 

26.3.996 and 28.11.1996 to 31.3.1997), the lysimeter 

crop ET was 423.3mm and 412.9 mm in respective 

year. The closest value to the lysimetric crop ET was 

obtained using pan evaporation (418.4 mm and 446.1 

mm) and Penman Monteith method (505 mm and 501.2 

mm). The ETo estimates obtained in other methods 

were over estimated by 41.4 to  43.4% in Hargreaves, 

47.1 to  47.7%  in Blaney Criddle , 46.7 to 94.1 5% in  

Modified Penman and 83.4 to 84.7% in Radiation 

balance method (Table 2).  

 The coefficient of variation ( CV) was also low 

in these methods as compared to observed value of 

lysimeter method and it was 12.12 to 22.3% in 

Hargreaves, 18.4 to 20.5% in  FAO 56-PM, 24.7 to 

31.5%  in Pan evaporation , 10.3 to 11.1% in Blaney 

Criddle, 25.2 to 39.6% in Modified Penman and 17.3  

to 19.59% in Radiation Balance method.  The low 

coefficient of variation in case of   different ETo 

estimates were resulted from the meteorological 

parameters of the stations where the variability of each 

parameters were minimal. However, the lysimeter crop 

ET varied  considerably due to changes in growing 

pattern of crops with time and the maximum crop water 
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uptake which was   recorded during  grand growth  

stage and very low during initial crop growth stage .  

Regression Analysis (second degree polynomial) 

After computing reference ETo by various 

methods, the regression analysis was done by 

considering lysimeter crop ET as dependent variable 

and reference ETo of different methods as independent 

variable to assess the magnitude of relationship of 

lysimeter crop ET with different reference ETo, 

estimated by considering various weather parameters, 

which were needed in ETo models. The regression 

analysis was done by taking ET values of growing 

period of two crops as well as annual ET.            

Annual reference ETo verses Lysimeter Crop ET 

  The regression equations presented in Table 3 

revealed that the impact of various ETo estimates on 

lysimeter crop  ET  has no proper trend  as well as the 

impact  is  not significant except during the year 1996, 

the Blaney Criddle and Pan ETo  methods explained 

the relationship by 79 and 49%, respectively followed 

by FAO 56- PM method in which the contribution was 

44%. During the year 1995 only Modified Penman 

method expressed its contribution to the extent of 49%, 

however, rest of the ETo methods did not show any 

significant impact on the lysimeter crop ET. During the 

year 1997, none of the methods expressed their 

significant effect on lysimeter crop ET and the 

magnitude of relationship was found to the extent of 

only 25% in case of   Modified Penman method. 

During dry months of April to June in 1995 (not shown 

in table), effect was highly significant only in FAO 24 -

PM method as evidenced by higher R2 value of 0.64.    

Table 3. Regression analysis between lysimeter crop ET and other ETo methods 

ETo method   Annual (Jan.-Dec. 1995) Red gram (21.6.1995 to 

13.11.1995) 

Wheat (24.11.1995 to 

26.3.1996) 

 Regression Equations  R2 Regression 

equation  

R2 Regression 

equation  

R2 

Hargreave 

method  

y=-0.045x+ 14.42 0.02 Y= 0.022x + 2.50  0.50 y = 0.22x + 2.87 0.03 

Penman Monteith y=-0.423x+ 5.01 0.26 y= 0.041x + 3.94 0.001 y= 0.26x + 2.38 0.03 

Pan ETo y=-0.177x+ 3.99 0.18 y=-0.345x+ 5.44 0.09 y= 0.12x + 3.05 0.01 

Blaney Criddle y=-0.319x+ 4.95 0.07 y= 0.463x + 1.41 0.03 y=-0.25x+ 4.71 0.01 

Modified Penman y=-0.273x+ 4.73 0.49 y= -0.159x + 4.96 0.04 y= 0.46x + 1.12 0.26 

Radiation method y= -0.128x + 3.96 0.07 y = 0.438x + 1.55 0.32 y= 0.34 x + 1.28 0.10 

ETo method   Annual (Jan.-Dec. 1996) Red gram(23 .6.1995-

16.11.1996) 

Wheat (28.11.1996- 31.3.1997) 

Hargreaves 

method 

Y=0.002x+2.52 0.07 Y=0.563x+1.08 0.05 Y=0.673x+0.11 0.19 

Penman Monteith Y=-0.385x+4.60 0.44 Y=-0.174x+4.15 0.32 Y=0.433x+1.58 0.09 

Pan ETo Y=-0.335x+4.29 0.65 Y=-0.224x+4.23 0.50 Y=0.463x+1.77 0.17 

Blaney Criddle Y=-0.815x+7.48 0.79 Y=0.002x+3.45 0.00002 Y=0.535x+0.71 0.06 

Modified Penman Y=-0.197x+4.26 0.33 Y=-0.036x+3.73 0.049 Y=0.188x+2.12 0.16 

Radiation 

Methods 

Y=-0.253x+4.51 0.35 Y=-0.151x+4.29 0.46 Y=0.647x-0.65 0.42 

ETo method   Annual (Jan.-Dec. 1997) Red gram (27.6.1997-

4.11.1997) 

 

Hargreave 

methods 

Y=-0.002x+3.21 0.08 Y=0.193x+2.89 0.01 

Penman Monteith Y=-0.282x+4.05 0.16 Y=0.142x+3.26 0.03 

Pan ETo Y= -0.051x+3.06 0.02 Y=0.145x+3.15 0.21 

Blaney Criddle Y=-0.428x+5.25 0.18 Y=0.114x+3.18 0.01 

Modified Penman Y=-0.145x+3.97 0.25 Y=0.123x+2.95 0.11 

Radiation 

Methods 

Y=-0.114x+3.57 0.08 Y=0.227x+2.54 0.32 

 



 

 

Seasonal reference ETo verses Lysimeter crop ET in 

red gram 

The  regression equations   presented in Table 3 

showed very weak  relationship  with   reference ETo 

estimated by various  models during three years of 

growing period  of red gram. During 1995, 

Hargreaves method expressed high R2 value of 0.50 

followed by Radiation balance method (R2 0.32). 

During 1996 crop growing period, the pan 

evaporation and the Radiation balance method 

showed slightly higher relationship with R2 value of 

0.50 and 0.46, respectively. Rest four models had 

very weak relationship and the R2 value ranged from 

0.00002 to 0.32.  Similar pattern was observed during 

1997 as the R2 value ranged from 0.01 to 0.32.  

Seasonal Reference ETo verses Lysimeter crop ET in 

wheat 

  In case of wheat crop the relationship  was 

moderately high  only in Modified Penman method in 

which R2 value was 0.26 during 1995-96 and in 

Radiation Balance method (R2 0.42) during 1996-97. 

However, in other methods the response was very 

low and was found to be in the range of 0.0.01 in Pan 

Evaporation method to 0.19 in Hargreaves method 

(Table 3).   

Crop Coefficient 

The crop coefficient values depend on several 

factors like height of plant, crop canopy, growth 

stages of different crop, irrigation methods, and 

initial soil moisture status. In FAO Irrigation and 

Drainage Paper 56, the crop coefficient has been 

considered as dual crop coefficient i.e. basal crop 

coefficient (Kcb) and soil evaporation coefficient 

(Ke) but in this paper the daily crop coefficient of 

two crops has been estimated by considering single 

crop coefficient. The results revealed that in case of 

red gram and wheat crop the crop coefficient values 

at the initial crop growth period was minimum and  

was increased with increasing crop growth stages; 

towards crop maturity it was further decreased. This 

trend was observed with all ETo estimation methods 

and in all three years of experimentation in red gram 

and two years of experimentation in wheat crop. With 

regards to response of different time period on crop 

Kc value, second degree polynomial (Y=a+bx+cx2) 

was done by taking daily crop coefficient value as 

dependent variable and days after sowing  as an 

independent variable. 

Red gram  

  The results   revealed that the highest R2 value 

was observed in Modified Penman and Blaney 

Criddle method (R2 0.58) followed by Hargreaves 

method (R2 0.57). The latter two methods are quite 

useful to estimate daily crop coefficient values in the 

semi arid region as these methods require only 

limited meteorological parameters (minimum and 

maximum temperature, radiations, relative humidity). 

However, the Modified Penman and   FAO 56- PM 

requires more meteorological parameters and can be 

used where all meteorological parameters are 

available in a meteorological research stations. The 

crop coefficient value is quite useful for applying 

irrigation water only of desired quantity at particular 

crop growth stage   instead of applying same quantity 

of water throughout crop growth period. On an 

average of total crop growth period, the crop 

coefficient (kc) value was 0. 9, 1.20, 0.7, 1.0, 0.7 and 

0.8 in Hargreaves, Pan Evaporation, Radiation 
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Balance, Penman Monteith, Blaney Criddle and 

Modified Penman methods, respectively. During 0-20 

days after sowing (DAS) the kc value was 0.2 to 0.4, 

during 20-45 DAS, it was    0.6, 0.8, 0.8, 0.7, 0.5, 0.7 

during 45-110 DAS it was 1.1, 1.5, 0.9, 1.3, 0.9, 1.0 

and during 115-146 DAS it was 1.0, 1.5, 0.7, 1.1, 0.9 

and 0.9 in Hargreaves, Pan evaporation, Radiation 

Balance, Penman monteith, Blaney Criddle and 

Modified Penman methods, respectively. For 

estimating water requirement of crops, the crop 

coefficient (kc) value of Hargreaves method may be 

taken for this crop as the observed crop coefficient 

value is comparable with other leguminous crops 

reported by Allen et al.  (1998). 

Wheat crop  

In this crop the response was quite  high  

between  days after sowing and crop coefficient  in  

Blaney Criddle method followed by Radiation 

balance model (R2 0.55). As general trend, the crop 

coefficient value increases with plant age and reaches 

peak value during the grand growth period and 

declines towards maturity. This type of growth trend 

was observed this test crop. The crop coefficient, on 

an average of complete crop growth period was 0. 6, 

0.9, 0.48, 0.75, 0.58 and 0.58 in Hargreaves, Pan 

Evaporation, Radiation Balance, penman Monteith, 

Blaney Criddle and Modified Penman methods, 

respectively. During initial crop growth period (0-15 

DAS) the crop coefficient value was 0.2 to 0.4, 

during 15-40 DAS. it was increased slightly with 

development of crop canopy  and was recorded to  

0.6, 0.9, 0.5, 0.7, 0.5, 0.6, during  full maturity  crop 

growth period (40-90 DAS)  it was  further increased 

to 1.0, 1.5, 0.8, 1.2, 0.9 , 0.9 and declined towards 

maturity ( 90-124 DAS) with crop coefficient of  0.5, 

0.8, 0.4, 0.8 , 0.6, 0.5  in above respective models.  

Crop coefficient as function of growing degree- days 

(GDD) 

To assess the best fit of crop coefficient and 

growing degree- days, some researchers have found 

very good relationship between these parameters. In 

the present study , daily crop coefficient, which are  

derived by FAO56 –PM ETo estimation  model  was 

regressed  in  third degree polynomial equation (Y= 

a+ bX +cX2 +dX3) by considering cumulative 

growing degree days(GDD) as independent variable 

and crop coefficient as dependent variable. Similarly, 

it was also regressed by considering standard 

meteorological week with the corresponding average 

crop coefficient value. The total growing degree days 

of red gram during 21 June 1995 to 13 Nov’ 1995, 23 

June 1996 to 6 Nov’ 1996 and 27 June 1997 to 4 

Nov’ 1997 was 2310, 2333 and 2095 respectively. In 

case of wheat crop   the GDD during 24 Nov. 1995 to 

26 March, 1996 and of 28 Nov.1996 to 31 March 

1997 was 2134 and 2134 respectively. The following 

best fit equations were obtained in refereed two crops 

under two different situations i.e. cumulative growing 

degree days and standard meteorological week verses 

crop coefficient. 

Red gram (cumulative GDD) 

For the year 1995 

Kc = -1 E-06(GDD)3 + 9 E – 05 (GDD)2 +0.0125(GDD) +0.1609 

R2 = 0.57, n=146 (GDD = Growing Degree Day) 
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For the year 1996 

Kc = 4 E-07(GDD)3 -0.0002 (GDD)2 -0.0267(GDD) +0.397 

R2 = 0.30, n=157 

For the year 1997 

Kc = -3 E-06(GDD)3 +0.0005 (GDD)2 -0.08(GDD) +0.50 

R2 = 0.50, n=131 

Red gram (cumulative GDD as per standard meteorological week and kc) 

For the year 1995 

Kc = -0.0005 (GDD)3 + 0.0072 (GDD)2 +0.0817(GDD) +0.1053 

R2 = 0.88, n=22 

For the year 1996 

Kc = 0.0001(GDD)3+0.0124 (GDD)2 -0.0102(GDD) +0.089 

R2 = 0.67, n=24 

For the year 1997 

Kc = -0.0012(GDD)3+0.0286 (GDD)2 -0.0102(GDD) +0.584 

R2 = 0.83, n=19 

Wheat crop (complete growth period) 

For the year 1995-96 

Kc = -3 E-06(GDD)3 +0.0002(GDD)2 +0.0077(GDD) +0.3749 

R2 = 0.59, n=124 

For the year 1996-97 

Kc = -5 E-07(GDD)3 -1E-04 (GDD)2 +0.024(GDD) +0.71 

R2 = 0.41, n=124 

Wheat crop (as per standard meteorological week) 

For the year 1995-96 

Kc = -0.0007 (GDD)3 + 0.0089 (GDD)2 +0.0777(GDD) +0.1923 

R2 = 0.82, n=19. 

For the year 1996-97 

Kc = -0.0001 (GDD)3 - 0.001 (GDD)2 +0.1715(GDD) +0.0014 

R2 = 0.58  , n=18 

In both the crops the best fits were obtained under 

third degree polynomial analysis with highest R2 of  

0.88 in case of red gram and R2 0.82  in case of wheat, 

when it was regressed with standard meteorological 

week. But it was slightly less when it was regressed 

with daily crop coefficient values. These best fits were 

compared with similar studies in various crops 

elsewhere (Jamal and Sammis, 1999; Sepaskhah and 
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Andam, 2001). Jamal and Sammis (1999) fitted third 

degree polynomial in onion crop with GDD and 

obtained R2 value of 0.87 and Sepaskhah and Andam 

(2001) obtained R2 value of 0.72 in case of sesame. 

From this derived equations, the crop coefficient value 

can be normalized by GDD as the physiological clock 

is dependent on thermal times (Brewster, 1997). The 

basic advantage of applying crop coefficient value as a 

function of GDD is that the local specific thermal 

regime varies considerably and it can be used with less 

error. 

Soil moisture status and depletion pattern 

The soil moisture status was monitored in first 

year in both the crops and reported data accordingly. 

Sowing of   red gram was completed on 21 June, 1995 

after pre-sowing irrigation on 16 June, 1995. The 

rainfall received in the month of July (after sowing) 

was 39 mm in three rainy days (rainfall received below 

3 mm per day was not considered for counting rainy 

days). In the month of August, the total rainfall was 

139.4 mm in five rainy days with highest rainfall of 

45.2 mm on 30th August, 1995. In the month of 

September it was 242.6 mm in nine rainy days with 

highest rainfall of 34.4 mm on 26 September, 1995.  In 

the month of October, total rainfall received was 179.4 

mm in 10 rainy days with highest rainfall of 60.6 mm 

on 16 Oct. 1995. So, due to good amount of rainfall 

received during crop growing season, only one 

irrigation was provided to this crop on 8 August 1995. 

As a result, the soil moisture content was high and the 

depletion of soil moisture before irrigation was only 

9% in 0-15 cm soil layer. Generally in farmer’s field, 

irrigation to this crop is applied at 50% depletion of 

available soil moisture for harvesting good crop yield.  

In subsequent months the depletion of soil moisture 

was recorded to the extent of 20 to 59.5% in first layer 

during 25 October to 14 November 1995, but in 

subsequent layers, the soil moisture was available in 

ample amount   and hence the crop did not suffer due to 

moisture stress (Fig.1).   

Fig.1. Soil moisture in red gram during 1995. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

In case of wheat crop, the rainfall was nil during 

crop growing period. In all, five irrigations were 

provided to this crop during complete crop growing 

season. During initial crop growth period (in 

December), soil moisture depletion was minimum as 

the moisture was available in ample amount due to low 

evaporative demand.   But in the month of January, 

February and March, 1996, the soil moisture depletion 

was high and it was extended in second to third soil 

layer. The soil moisture depletion before each irrigation 

in the month of January 1995 was 43 to 45% in first 

layer and 12 to 34% in second layer. But in third, fourth 

and fifth soil layer, it was negligible. In the month of 

February and March 1996, the soil moisture depletion 

was 50 to 56.5% in first, 29 to 45% in second, 15 to 

36% in third, 7.3 to 24% in fourth and 3.2 to 25.4% in 

fifth soil layers (Fig. 2). The farmers are generally 

applying irrigation water through border strip method at 

50 % depletion of available soil moisture. 

Fig.2. Soil moisture in wheat during 1995-96 

 

Canopy Temperature and Stress Degree Day (SDD) 

  The crop canopy temperature was monitored 

daily starting from 27 July 1995 to harvest of red gram 

and from 31 Dec. 1995 to harvest of wheat crop.  In 

case of red gram, the irrigation was provided when 

rainfall was scanty. Due to application of the irrigation 

water and receipt of rainfall, the crop canopy 

temperature was quite lower than the ambient 

temperature and the difference in canopy minus air 

temperature was negative because of more cooling  

 

 

 

 

 

 

 

 

 

 

 

 

effect and minimum vapor pressure deficit. The canopy 

temperature in initial crop growth period where soil 

surface was exposed to atmosphere and the rainfall was 

not sufficient to meet crop ET demand, the canopy-air 

temperature difference (Tc-Ta) was positive. This 

pattern was recorded during 18 August to 29th August 

and the Tc-Ta was positive (+ 0.8 to 2.10C). During the 

maturity stage also when the irrigation was not 

provided, the crop entered in to senescence stages. 

With the result, the Tc-Ta was positive and it ranged 
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between 0.6 to 1.30C during 26 October to 14 

November 1995. But in rest of the crop growing period, 

the Tc-Ta was negative (Figs. 3, 4). Jackson et al. 

(1977) in their studies found that in a plant with 

adequate water supply, the canopy–air temperature (Tc-

Ta) was zero or negative and in limiting water supply 

the difference was positive. This statement corroborates 

our experimental finding on canopy- air temperature 

difference.  

After computing SDD, the relationship was 

developed between SDD and soil moisture content (v/v 

%) which was monitored twenty times during crop 

growth period to assess the magnitude of soil moisture 

stress on canopy temperature. For regression analysis, 

layer-wise soil moisture data was considered. The 

result presented in Table 4 showed that the plant 

extracted maximum water from the surface layer and 

degree of influence on SDD was explained by 69% but 

with increasing soil depth, the influence was reduced as 

the crop roots extracted less soil moisture from below 

layers. Under rain-fed situation in state of Gujarat, 

India, where available soil moisture remained in deeper 

layers in later growth stages and red gram being a tap 

root system, this crop extracted more water from below 

layer and hence influence of available soil moisture to 

canopy–air temperature difference was more from 

deeper depth soil moisture as it is explained by 59, 62, 

73, and 80% variation 15, 30, 45, and 60 cm soil 

depths, respectively (Patel et al., 2001). A similar 

finding was reported by Sivkumar (1986) for other 

grain legume crops. In case of wheat crop, the soil 

moisture from 15 and 30 cm depth was easily available 

for plant growth and hence the relationship was 

explained by 48 and 53% in respective soil depth. 

Fig.3. Canopy temperature and difference of canopy and ambient temperature (Tc-Ta) in red gram 
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Fig. 4. Canopy temperature and difference of canopy and ambient temperature (Tc-Ta) in  wheat during 1995-96 

 

 

Table 4. Regression analysis between SDD and soil moisture content (v/v %) in red gram and wheat 

Soil depth 

(cm) 

Red gram 

Intercept Slope SE  for Intercept SE for Slope R2 

15 10.009 -0.300 1.499 0.039 0.69 

30 7.379 -0.205 2.054 0.050 0.40 

45 11.062 -0.272 3.745 0.085 0.29 

60 10.573 -0.254 4.618 0.103 0.20 

75 11.632 -0.275 4.637 0.102 0.23 

Soil depth 

(cm) 

Wheat  crop 

15 11.642 -0.333 2.886 0.080 0.48. 

30 14.496 -0.368 3.236 0.080 0.53 

45 11.134 -0.265 3.817 0.088 0.33 

60 14.715 -0.333 4.489 0.099 0.37 

75 15.535 -0.341 4.521 0.097 0.40 
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The results revealed that the functional 

relationship between cumulative SDD and lysimeter 

crop ET was       quite significant (Table 5) at different 

crop growth period and under complete growth period 

also. When this relationship was analyzed by 

considering different crop growth periods, the most 

important growth period was flower bud initiation to 

50% flowering in red gram  in which the relationship 

was explained by 96% (R2 =0.96). In remaining crop 

growth period, the cumulative SDD was also 

influenced by different amount of water consumed 

(Table 5). Saha et al. (1986) have also reported linear 

relationship between evapotranspiration–net radiation 

(E–Rn) and canopy–air temperature difference in 

chickpea. In case of wheat crop, the canopy 

temperature was measured after 36 days of sowing. The 

result presented in Table 5   revealed that the 

relationship between SDD and Tc-Ta is not as 

significant as it is recorded in mid season crop stages 

when the crop consumed more water under adequate 

amount of soil moisture supply. But in late maturity 

period when crop entered into senescence stage the 

relationship was explained by only 5%. However, the 

overall functional relationship (complete crop growth 

period) between cumulative SDD and crop ET was 

highly significant as it is explained by 90%.  

Table 5.  Stage wise functional relationship between cumulative SDD and lysimeter crop ET  in red gram and wheat 

 Crop  growth stages  Red gram 

Intercept Slope SE for 

intercept 

SE for 

Slope 

R2 No. of 

observation 

One month after sowing  

to flower bud initiation 

(27 July to 2 Sept. )  

-15.83 -0.23 3.18 0.04 0.55 38 

FBI to 50 % podding (3 

Sept. to 3 Oct.) 

17.45 -0.41 3.68 0.02 0.96 31 

50 % podding to maturity -60.69 -0.15 8.98 0.02 0.58 41 

Complete observation 

period(27 July to harvest) 

-17.11 0.25 1.85 0.006 0.94 110 

Crop  growth stages Wheat 

Development 

stage(31.12.1995 to  

 6 .1.1996) 

-1.97 0.07 0.55 0.03 0.51 7 

Mid season stage 

(7.1.1996 to 25.2.1996 ) 

18.43 -0.39 2.06 0.01 0.95 50 

Late maturity (26.2.1996 

to 26. 3.1996-Harvest) 

-104.31 0.07 16.69 1.25 0.05 30 

Complete observation 

period(31.12.1995-

6.3.1996) 

4.50 -0.28 2.25 0.01 0.90 87 

 

Application of statistic indicators   

 From the results, it was found that ETo  estimates 

by Penman Monteith method was closer to lysimeter  

crop ET  as indicated by relatively  lower RMSE (2.79 

mm 3.12 mm and 2.77 mm per day) as compared to 

other methods   (Table 6 )  in annual , in wheat  and in 

red gram ETo in all the years of experimentation except 

in 1995--96 in red gram,  the Hargreaves method was  
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slightly lower  than FAO56 -PM  method. Similar was 

the case with MBE in which the ETo estimates of 

FAO56 -PM was lowest as compared to other methods 

in annual, in two crops except in one or two 

observations in case of wheat crop the Pan ETo was 

higher than FAO56- PM method.  

The t-statistics was lowest in red gram under 

FAO56- PM method followed by Pan ETo and 

Hargreaves method. Thus, statistical indices confirmed 

that FAO 56 -PM method was the next best option after 

lysimeter to estimate ET. Hargreaves methods could be 

used if adequate meteorological data are available in 

identified meteorological station.  

In similar studies, researchers have reported 

different methods, which are appropriate to the station 

of interest. For instance, Jacovides et al. (1988) made 

sensitivity analysis of different ETo estimates models 

and compared by using regression constant, correlation  

coefficient, MBE, RMSE-error, t-statistics. They 

  concluded that the (i) bulk aerodynamic model 

performed best (ii) Penman’s model over estimated 

PET, (iii) Penman‘s model and Bowen ratio model 

gave satisfactory result. George et al. (2002) developed 

decision support system for comparing different 

methods of ETo estimation under different climatic 

condition. They computed ETo by Hargreaves, FAO24 

Blaney Criddle, and 1982-Kimberly Penman method 

and compared with Penman Monteith method.  

Sensitivity analysis for five climatic stations 

(Davis–USA, Bellary, Khargapur, Jagdalpur, and 

Bobmay-India) was performed. Based on weighted 

average standard error of estimate, Hargreaves and 

Blanney Criddle method were ranked first for Davis 

(USA) and Jagdalpur (India) stations. The 1982-

Kimberly Penman method was ranked first for 

Kharagpur (India) station. 

Table 6. RMSE, MBE and t- statistics values under different method of ETo estimates 

ETo methods RMSE (mm day -1) MBE ( mm day -1) t-statistics  value 

Annual Red gram Wheat Annual Red gram Wheat Annual Red gram Wheat 

1995          

Hargreave 3.14 2.03 1.5 1.97 4.54 0.61 15.3 3.79 11.7 

Penman Monteith 2.79 2.14 1.4 1.26 3.37 0.06 9.61 0.33 5.44 

Pan ETo 3.73 2.48 3.35 1.63 3.72 -0.27 9.21 1.33 6.56 

Blaney Criddle 3.32 2.60 1.6 2.50 7.00 1.73 21.7 10.8 11.3 

Modified Penman 4.53 3.03 1.7 2.65 9.94 1.23 13.7 5.32 11.2 

Radiation Balance 4.41 2.69 2.9 3.20 8.47 1.77 20.0 10.5 13.5 

1996-1997 ( up to 

March) 

Annual Red gram Wheat Annual Red gram Wheat Annual Red gram Wheat 

Hargreaves  3.24 1.69 2.37 2.14 0.93 0.59 16.84 8.02 1.45 

Penman Monteith 3.12 1.53 2.59 1.63 0.24 0.60 11.69 1.94 1.34 

Pan ETo 3.48 1.53 1.41 1.36 -0.43 0.26 8.13 3.53 1.07 

Blaney Criddle 3.58 2.50 3.65 2.79 1.91 0.92 23.60 14.22 1.47 

Modified Penman 5.31 3.83 4.28 4.16 3.17 1.04 24.07 17.81 1.42 

Radiation balance 4.71 2.73 3.55 3.58 2.03 0.85 22.33 13.44 1.40 

1997 (up to 

November) 

Annual Red gram Annual Red 

gram 

Annual Red 

gram 

 

Hargreaves 3.47 2.02 2.45 1.13 19.00 7.62 

Penman Monteith 2.77 1.78 1.49 0.26 12.15 1.68 

Pan ETo 3.36 2.64 1.71 0.95 11.25 4.37 

Blaney Criddle 3.55 2.61 2.81 2.02 24.73 13.91 

Modified Penman 6.19 4.19 7.82 3.51 31.22 17.43 

Radiation  Balance  4.49 2.82 3.62 1.94 24.50 10.71 

 



 

 

Jensen et al. (1997) compared monthly data from 

six grassed lysimeter at Davis, University of California 

(USA) using Hargreaves model (1985) and FAO 56-

PM model. They found that the standard error estimates 

(SEE) and R2 value were 0.34 mm /day and 0.94 by 

Hargraves model and 0.32 mm day -1and 0.96   by FAO 

56 –PM model respectively.  

Singandhupe et al. (2005a,b) have reported that 

Hargreaves method can be adopted under semi-arid 

region of the country. In semiarid region of Spain, 

Lopez-Urrea et al. (2006) compared hourly ETo 

estimates of FAO56- PM and ASCE –PM with lysimter 

ETo for 13 days ( April-October 2002) and for 16 days 

(April-October 2003) periods. They found that the 

average estimated FAO56-PM ETo was equal to 

average measured value of lysimeter ETo. However, 

the average ETo of ASCE –PM was overestimated by 

4% and was overestimated with 0.45 mm h-1. They 

further analyzed performance of different methods used 

for ETo and reported  that FAO56-PM performed well 

with RMSE of 0.00796 mm h-1 and index of agreement 

of  0.9725 (perfect agreement occurs between projected 

and observed value is 1.0). The ASCE–PM equation 

performed well but resulted a small overestimation with 

RMSE of 0.0878 mm h-1 and index of agreement of 

0.9683. Under similar climatic situation in Spain, 

Berengena and Gavilan (2005) found that ASCE–PM 

underestimated lysimeter ETo by 2% with RMSE of 

0.032 mm h-1 and index of agreement 0.997. While 

FAO56 PM underestimated by 3% with RMSE of 

0.047 mm h-1 and index of agreement 0.993. 

Conclusion 

 In this paper ET estimates by six models were 

compared with lysimeter crop ET. Under semi arid 

climatic condition, FAO 56 PM method was observed 

to be the best method for obtaining reasonable ETo 

estimates as  it is explained by various statistical tools.  

However, Hargreaves and Blaney Criddle method   

could also be used with acceptable accuracy if adequate 

climatic variables are not available to employ FAO56 -

PM method. The crop coefficient values estimated 

through these methods are recommended for estimating 

crop water requirement. Thus selection of ET 

measurement method should be adopted based on 

expected minimum error.  
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