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ABSTRACT: Forested areas play a dominant role in the global hydrological cycle. Evapotranspiration  is a dominant 
component most of the time catching up with the rainfall. Though there are sophisticated methods which are available 
for its estimation, a simple reliable tool is needed so that a good budgeting could be made. Studies have established that 
evapotranspiration in forested areas is much higher than in agricultural areas. Latitude, type of forests, climate and 
geological characteristics also add to the complexity of its estimation. Few studies have compared different methods of 
evapotranspiration on forested watersheds in semi arid tropical forests. In this paper a comparative study of different 
methods of estimation of evapotranspiration is made with reference to the actual measurements made using all 
parameter climatological station data of a small deciduous forested watershed of Mulehole (area of 4.5 km2 ), South 
India.   Potential evapotranspiration (ETo) was calculated using ten physically based and empirical methods.  Actual 
evapotranspiration (AET) has been calculated through computation of water balance through SWAT model. The 
Penman-Montieth method has been used as a benchmark to compare the estimates arrived at using various methods. 
The AET calculated shows good agreement with the curve for evapotranspiration for forests worldwide. Error estimates 
have been made with respect to Penman-Montieth method. This study could give an idea of the errors involved 
whenever methods with limited data are used and also show the use indirect methods in estimation of 
Evapotranspiration which is more suitable for regional scale studies.  
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INTRODUCTION 
 
Forested areas play a dominant role in the global 

hydrological cycle. One of the most critical parameters 
in the calculation of hydrologic cycle is 
evapotranspiration which is the loss of water to the 
atmosphere by evaporation from soil and water surfaces 
and transpiration from the vegetated surfaces. 
Evapotranspiration depends on various and complex 
factors which include climate, type of vegetation and 
geographical location. Evapotranspiration from a 
reference surface (usually grass or alfalfa), not short of 
water is known as reference evapotranspiration (Allen et 
al., 1998), referred in this paper as potential 
evapotranspiration (ETo). The actual evapotranspiration 
(AET) refers to  the evapotranspiration subject to soil 

moisture availability, health of vegetation, their type and 
other stress fators.  

Estimation of evapotranspiration in forests assumes 
significance especially in such regions where the annual 
discharges are very low to the range of 1 to 10% of the 
rainfall and its correct estimation highly influences other 
components of the water balance such as soil water 
storage and recharge.  

Evapotranspiration can be estimated either by 
measurement or by modeling approaches. Very often 
evapotranspiration is estimated by a model either for 
prediction purposes or due to unavailability of 
measurement data.  

 Actual evapotranspiration may be calculated through 
modelling by a) estimating the potential 
evapotranspiration using physically based and empirical 



equations, using a crop coefficient to deduce the 
maximal evapotranspiration and then a soil water 
balance modelling to calculate the actual 
evapotranspiration b) by using analytical methods. The 
first method is very popular for land uses where  specific 
crop coefficients are available (Allen et al., 1998). The 
analytical approach uses equation like Penman-Montieth 
to calculate AET; however this approach needs accurate 
estimate of the canopy resistance term when applied to 
water stress conditions.  In the present study, the model 
SWAT (Soil Water Assessment Tool) (Arnold et al, 
1998) has been used to estimate AET using water 
balance approach. For this the ETo was first estimated. 
Ten different methods have been used to calculate ETo to 
compare their performance. ETo has been used as 
reference to calculate AET through SWAT model.   

Several studies carried out in India compared the 
performance of the different methods of estimation of 
ETo. Nandagiri and Kovoor (2006) compared various 
ETo methods to the Penman-Montieth method in four 
climate regimes (namely humid, sub-humid, semi-arid, 
arid) using data from four stations and compared 
suitability of these  methods.  Mohan (1991) compared 
reference evapotranspiration estimates by four methods 
using mean monthly data in various climatic subregimes 
of Tamil nadu and suggested suitabilty of each. The 
present study focuses on the estimation of ETo in a 
transition region of a unique climatic gradient and 
subsequently AET from this decidous forest. 

 
 

STUDY AREA 
 

The present study has been conducted at Mulehole 
experimental watershed, located in a deciduous forest in 
South India (Figure 1). The area lies on the leeward side 
of the Western Ghats stretching parallel to the west coast 
of the South Indian peninsula which forms an orographic 
barrier inducing summer monsoon rains and presents a 
unique climosequence. The annual rainfall decreases 
progressively from West to East from  5000 mm to  750 
mm within a distance of about 80 km. This tropical 
climosequence although much steeper,  is comparable  to 
well documented monsoonal West African and the 
Northeast Brazilian climosequences (Gunnell, 1998, 
2000). The Mulehole watershed has an area of 4.54 km2 
spreading between 11º43′41″ N to 11º44′45″ N Latitude 
and 76º25′55″ E to 76º27′40″ E Longitude.  

The annual average rainfall is 1120 mm over a 25 
year period (1976-1996 ; 2003-2006). The Rainy season 
is usually in stages viz. the South West Monsoon (June 
to September) and North East Monsoon (October - 
December) with dominant rainfall occurring during 

North East Monsoon. On the basis of the aridity index 
defined as the ratio of annual average rainfall (P) to 
potential evapotranspiration (ETo) : AI = P/ETo ≈ 1.2, 
hence the climate regime can be classified as humid 
[UNESCO, 1979] . The elevation in the watershed varies 
from 820 m to 910 m above MSL.  

 

 
 

Fig. 1 Study Area  

 
The climatic monitoring of the watershed is being  

carried out from July 2003. An automatic weather station 
at the Mulehole Forest check post, which is about 1.5  
km west to the watershed outlet, (CIMEL, type 
ENERCO 407 AVKP) has been used to monitor climatic 
data. hourly and daily rainfall, temperature, relative 
humidity, global radiation, wind speed and wind 
direction are measured at this weather station. Daily 
values were used to calculate daily ETo. Stream 
discharge measured at the outlet since August 2003 was 
also available for model calibration. The soil distribution 
consists of two types; red soil (Ferralsols and Chromic 
Luvisols) and black soil (Vertisols and Vertic 
intergrades) (Barbiero et al., 2007). The ground water 
levels are also being monitored using 12 piezometers. 
Geophysical studies (Descloitres et al, 2008) revealed 
the presence of a weathered zone with an average depth 
of 17 m in the watershed. The water levels of 
piezometers vary in the range 2-12m near the stream and 
38-40 m in piezometers in the ridge portions. This also 
suggests a high soil storage in the watershed. The data 
required for AET computations using SWAT include the 
DEM data, soil and landuse maps. 

 
 
 
 



 
 

METHODOLOGY 
 

Measurement is the best way of estimating the actual 
evapotranspiration. However, in the absence of measured 
data, the evapotranspiration may be modelled from the 
soil water balance. The actual evapotranspiration in 
forest depends on the climatic potential as well as 
various limiting factors such as moisture availability, 
types of  vegetation, their physiological characteristics 
among others.  

In this study the ETo was first computed using  the 
methods listed in Table 1. Many studies world wide have  
proposed PM  as a reference method for estimating 
potential evapotranspiration eg.  (Irmak et al. 2003; 
Nandagiri and Kovoor, 2006; Slavisa 2007). The  PM 
method was used as an index to compare the other ETo 
methods. The model SWAT, a physically based, semi-
distributed, model was used to calculate AET using the 
SWAT model using water balance. The detailed 
description and model studies are available from Arnold 
et al. (1998), Arnold and Fohrer (2005). The model was 
run on daily time step, using SCS curve number method 
for computing runoff. 

The ETo was computed on a daily time step for four 
and half years of data (July 2003 to December 2007).The 
model SWAT has inherent algorithms for computation 
of PM, Priestly Taylor and Hargreaves method. SWAT 
computes ETo for PM using alfalfa as reference crop at a 
height of 40 cm with a minimum leaf resistance of 100 s 
m-1. The other parameters used are described in the 
SWAT manual (Neitsch et al. 2002). ETo using  MAK, 

Turc, BC, FAOrad  were computed using REF ET 
software by Allen (2001). ETo by HMN, Rs and Rn 
based was computed using MATLAB software. The 
equations used for the various ETo methods are listed 
below.  

 

Penman-Montieth (PM) method 
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Table 1. Methods used for calculating potential 
evapotranspiration (ET ET  is the evapotranspiration (mm d-1), ∆ is the slope of 

the saturation vapour pressure-temperature curve, de/dT 
(kPa  ˚C

o )  
 
Method Acronym Reference Type -1), Hnet is the net radiation (MJ m-2 d-1), G is the 

heat flux density to the ground (MJ mPenman-
Montieth 

Neitsch et al. 
(2002) 

-2 d-1), ρair is the air 
density (kg m

PM Combination 
-3), cp is the specific heat at constant 

pressure (MJ kg
Neitsch et al. 
(2002) 

Radiation 
based 

-1 ˚C-1), eoPriestly-Taylor PT 
z  is the saturation vapor 

pressure of air at height z (kPa), ez is the water vapor 
pressure of air at height  z (kPa), γ is the psychrometric 
constant (kPa ˚C

Neitsch et al. 
(2002) 

Temperature 
based Hargreaves HARG 

-1), rc is the plant canopy resistance ( s 
m-1), ra is the diffusion resistance of the air layer 
(aerodynamic resistance) (s m-1) and  λ is the latent heat 
of vaporization (MJ kg-1). 

 

Priestley Taylor (PT) method 
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 where ETo  is the potential evapotranspiration  (mm d-1), 
αpet is a coefficient and is taken as 1.28, G is the heat flux 
density to the ground (MJ m-2 d-1). All other parameters 
are as explained  in equation 1. 

 

Hargreaves (HARG) method 

 

ETo = 0.0023(Tmean+17.8)(Tmax- Tmin)HE Ra    (3) 

where Tmean is daily mean air temperature (°C), Tmax is 
daily maximum air temperature (°C), Tmin is daily 
minimum air temperature (°C), and  Ra  is extraterrestrial 
radiation (MJ m-2 day-1). The mean air temperature in the 
Hargreaves equation is calculated as an average of Tmax 
and Tmin and Ra is computed from information on latitude 
of the site and time of the year.  Therefore air 
temperature is the only parameter that needs to be 
measured continuously in order to use Eq. 3 and usually 
HE = 0.5 is used. 

 

Makkink MAK (Allen (2001) Radiation 
based 

Turc Turc (Allen, 2001) Radiation 
based 

FAO Blaney-
Criddle 

Allen and 
pruitt (1991) 

Temperature 
based BC 

Allen and 
pruitt (1991) 

Radiation 
based FAO Radiation FAOrad 

Hammon HMN Alkaeed et al. 
2006 

Radiation 
based 

(Irmak et al., 
2003) 

Radiation 
based Rs based Rs 

(Irmak et al., 
2003) 

Radiation 
based Rn based Rn 



Makkink (MAK) method Rs based (Rs) method 
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Rn Based (Rn) method 
where R

Table 2. Mean Annual ETo  at Mulehole 
using methods given in equations 1 to 10.           
             

Method Mean ETo, mm 

PM 981.10 
PT 1150.04 
HARG 1742.00 
MAK 895.78 
Turc 1109.80 
BC 1147.05 
FAOrad 1177.63 
HMN 1166.10 
Rs 1178.20 
Rn 1271.83 

s is the solar radiation and other parameters are 
as mentioned in equations before.   

 

    (10) 
where R

meanno TRET 023.0289.0489.0 ++=

 

Turc method 
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where the coefficient aT  = 1.0 for RHmean ≥ 50%, where 
RHmean  is mean relative humidity (in %) and when RH 
mean  < 50%,  aT = (1 + 50 - RHmean)/70. Other parameters 
are as mentioned before. 

 

FAO Blaney-Criddle (BC) method 

 

(( )13.846.0 ++= meano TpbaET )         (6) 

where a and b are calibrated parameters that are 
functions of minimum daily relative humidity, mean 
ratio of actual to possible sunshine hours, Variable p is 
the mean daily percentage of total annual daytime hours 
as given in Allen and Pruitt (1991). 

 

FAO Radiation (FAOrad) method 
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where c parameter is a function of minimum daily 
relative humidity, mean ratio of actual to possible 
sunshine hours as given in Allen and Pruitt (1991). 

 

Hammon (HMN) method. 
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where Ht (day) is average number of daylight hours per 
day and other parameters are mentioned earlier. 

 

n (MJ m-2 day-1 ) is net radiation and other 
parameters are mentioned in equations before.    

 

AET was first computed using the ETo(PM) and the 
model parameters were calibrated againt the measured 
runoff  for the year 2004 and 2005 and validated for the 
year 2006. Eqs. 2 to 10 are used to compute respective 
ETo for different methods. With the calibrated SWAT 
model,  AET for each of the method is computed.  

 

 
RESULTS AND DISCUSSION 
 

The ETo obtained through various methods are listed 
in Table 2. Except for HARG method which shows  high 
values, all other methods show acceptable consistency. 
PM appears to be in the lower range for annual ETo 

estimation. 
 

  
Although similar studies done in India (Nandagiri 

and Kovoor, 2006; Mohan, 1991), have shown suitabilty 
of HARG, Slavisa (2007) refers to studies in which 
HARG overestimates the evapotranspiration in humid 
conditions. Further the above study has also  suggested 
adjusted HE of 0.424 instead of 0.5 for the region 
studied, arrived from comparing with the Penman-
Montieth ETo. Allen (1998) also suggests performing a 



 
 

regression of PM ETo with HARG ETo to increase the 
accuracy of the HARG ETo method given by :  PM ETo 
= a + b (HARG ETo). Although a correction of  HARG 
is required, no attempt of local calibration was 
performed in this study.   

Table 3. Statistical estimates of daily ETo over 
N=1642 days (July 2003 to December 2007), 
SD is Standard deviation. All values are in 
mmd-1  

 
Method Mean SD Range Min Max 
PM 2.67 1.02 5.25 0.20 5.45 
PT 3.26 0.88 4.76 0.67 5.43  
HARG 4.72 1.04 5.88 1.54 7.42  
MAK 2.45 0.86 4.55 0.20 4.75 Fig. 3 Annual ET at Mulehole for year 2004, 2005, 2006 

and 2007 plotted against the world wide curve given by 
Zhang et al (2001). 

Turc 3.03 0.90 4.72 0.68 5.40 
BC 3.12 0.97 4.88 1.21 6.09 

 FAOrad 3.21 1.30 6.94 0.10 7.04 
HMN 3.20 0.23 0.69 2.85 3.54 
Rs 3.23 0.74 3.90 1.25 5.14 
Rn 3.49 0.56 3.29 1.71 5.00 

   

Table 4. Regression and Standard error 
estimates of daily ETo by different methods in 
relation to PM method. r - correlation 
coefficient, R2- Coefficient of determination, 
SEE - Standard error estimate, mmd-1

 

Table 3 shows Rs, Rn and especially HMN gives 
very small seasonal variations. Hence they may not be 
suitable for monthly as well as daily computations of 
ETo . All the methods except HARG and Rn are 
strongly correlated to PM method (Table 4). It is 
interesting to note that the BC method, which is only 
temperature based, gives similar results as radiation 
based methods.  

  The AET computed for forested watershed of  
Mulehole using Penman Montieth equation was plotted 
(Fig. 3) against the forest world wide relationship curve 

between rainfall and evapotranspiration given by Zhang 
(2001) and also is compared to values obtained in a 
evergreen plantation forest in the Niligiris (Sharda et al. 
1988), close to the study site. The AET computed using 
SWAT was in agreement with the world wide 
dispersion.  

Fig. 4 shows the regression estimates of  monthly 
AET calculated through SWAT model using ETo PM 
method (AET/ETo(PM)) against  AET computed using 
other  ETo estimation methods. All methods except 
Hargreaves method gives acceptable  correlation.  

 The present study has shown that  FAO Blaney-Criddle 
method which is temperature based and which require 
minimum data performs resonably well.  
 
 
 

 
Fig. 4  PM AET/ETo vs AET/ETo of (a) PT (b) HARG 
(c) MAK (d) Turc (e) BC (f) FAOrad (g) HAMN (h) 
Rs (i)Rn

Method r R2 SEE 
PT 0.970 0.941 0.248 
HARG 0.872 0.761 0.500 
MAK 0.985 0.970 0.177 
Turc 0.990 0.980 0.143 
BC 0.980 0.960 0.206 
FAOrad 0.992 0.984 0.130 
HMN 0.980 0.960 0.205 
Rs 0.993 0.985 0.124 
Rn 0.904 0.818 0.436 



CONCLUSIONS  
 

All the ETo estimation methods showed agreement 
with the Penman Montieth method except for 
Hargreaves method. Hammon, Rn and Rs methods, 
which gave agreeable annual estimates, may not be 
suitable for daily as well as seasonal estimation since 
they are unable to predict the variations. FAO Blaney-
Criddle method, needing only temperature data ( which 
could possible got using indirect technique) shows 
reliable estimates of ETo, leading to its possible use in 
regional  scale studies.  
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