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Abstract: The objective of this study is to evaluate the estimation of hourly actual evapotranspiration (AΕT) in olive trees, 
applying the Penman - Monteith method (PM) either using models which take into account the ‘canopy resistance’, or 
its simplified model as proposed by Priestley and Taylor (PT). The evaluation is based on comparisons with 
experimental measurements of actual evapotranspiration applying the 'Bowen ratio' method (λΕ). Hourly experimental 
data, obtained from air temperature, humidity, wind speed and radiation balance measurements, taken at Sparta 
nearby area (lat 37º 04΄ N, log 22º 05΄ E), during the period from June 2010 up to July 2014 are used. In order to 
estimate hourly ‘canopy resistance’, needed in the PM method, the Katerji-Perrier (KP) and the Todorovic (TD) 
models are applied over olive trees. Canopy resistance (rc) estimated from KP model is parameterized by a semi-
empirical approach which requires a simple calibration procedure, while rc from TD model is parameterized using a 
theoretical approach (without a calibration procedure taken place). For estimating λΕ from minimum data 
(temperature, humidity and radiation balance) the PT model was also employed, since rc is not required and the 
aerodynamic term of PM was taken into account in the dimensionless empirical parameter a of the model. The results 
show that λΕ is slightly underestimated when KP and PT models are used and a very good correlation between 
predictions and experimental measurements exists. These models can be successfully employed for estimating actual 
evapotranspiration over olive trees. On the other hand, TD model overestimates λΕ and this can be attributed to some 
theory assumptions weakness in the model. 
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1. INTRODUCTION  

The accurate determination of AET at different scales is a common objective for hydrology, the 
determination of water requirement in irrigated areas and analyzing the impacts of climate change 
on water resources. Several techniques provide direct measurements of AET, but AET can also be 
estimated from empirical or mechanistic models, using in situ observed meteorological variables. 
The most commonly used method is the Penman–Monteith (PM), which is based upon the 
assumption that all the energy for evaporation is accessible by the plant canopy and that water first 
has to diffuse through leaves against a surface resistance, before diffusing into the atmosphere 
against an aerodynamic resistance. Surface resistance is usually difficult to be calculated accurately. 
Katerji and Perrier (1983) proposed a semi-empirical approach with surface resistance depending on 
climate variables and the aerodynamic resistance, and requiring in situ calibration of its parameters. 
A mechanistic model (not requiring in situ calibration) was also developed by Todorovic (1999) 
with the surface resistance being also a function of climatic variables and aerodynamic resistance.  

The PT model (Priestley and Taylor, 1972) can be used for estimating AET, as a simplified form 
of PM method. The method has successfully simulated AET over grassland, crop fields, and forest 
ecosystems. 

The purpose of this study is to assess the evaluation of AET predictions, obtained from the two 
modified PM models, with canopy resistance estimated by either the Katerji and Perrier or 
Todorovic methods and the simplified PM model with zero canopy resistance, as given by the PT 
method. The evaluation is based on comparisons with measurements of AET, taken over olive trees 
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during the period June 2010 to July 2014. 

2. DATA AND METHODS 

2.1 Data 

In this study, measurements of temperature, relative humidity and wind speed recorded at 6 and 
10 m and sunshine duration, total solar- and long wave- radiation taken at 6m, over an olive orchard 
(of about 4 m height) at the rural area of Sparta (Lat. 37º 04΄ N, long. 22º 05΄E and altitude 
0.212 km), during the years 2010, 2011, 2012 and 2014 were used. The data belonging to days with 
rainfall or irrigation events were removed from the further analysis.  

2.2 Methods 

2.2.1 Evaluation of hourly actual evapotranspiration 

Hourly measured AET was obtained from the Bowen ratio/energy balance (BREB) method by 
the equation: 

𝜆𝛦 = !
!!!

   (1) 

where λΕ is the latent heat flux, A is equal to Rn-G (where Rn is the net radiation and G the ground 
heat flux) and β is the Bowen ratio given, from the temperature difference T2-T1 and the actual 
vapour pressure difference e2-e1 of the air in two heights z1 and z2, as follows: 

𝛽 = !!![!!!!!!! !!!!! ]
(!!!!/!)(!!!!!)

   (2)  

where Γ is the dry adiabatic lapse rate (ºC/m). 
Hourly values of all parameters were taken into account after applying Ohmura (1982) criteria 

for correct β values.  
Hourly estimates of AET were calculated by Penman-Monteith method (Allen et al., 1998) as: 

𝜆𝛦 = !"!!!!!/!!
!!!(!!!!!!)

   (3) 

where ρ is the air density (kg/m3), Δ is the slope of the saturation vapour pressure versus 
temperature function (kPa/ºC), γ is the psychrometric constant (kPa/ºC) , cp is the specific heat of 
moist air (J/kgºC), D is the vapour pressure deficit of the air (kPa), rc is the bulk canopy resistance 
(s/m) and ra is the aerodynamic resistance (s/m). 

The resistance rc according to Katerji and Perrier (1983) (after establishing a linear relationship 
between the two ratios rc/ra and r*/ra, where r* is a climatic resistance) is determined as: 

!!
 !!
= 𝑎 !

∗

!!
+ 𝑏   (4) 

where a and b are empirical coefficients and r* (s/m) is defined as: 

𝑟∗ = !!!
!"

!!!!
!

  (5) 
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By combining Equations (3), (4) and (5), the hourly λE can be written as: 

𝜆𝛦 =
!! !

!!! !
∗

!!

!! !
!!!(!

!∗
!!
!!)

!
!!!

𝛢  (6) 

The application of this approach has the advantage of taking into account the set of climatic 
variables affecting rc (Rn, D and ra) but is limited requiring calibration of the coefficients a and b 
(eq. 4). 

Aerodynamic resistance ra is calculated as: 

𝑟! =
!"!!!!!

!" !!!
!!!!

!!!!
   (7) 

where z is a reference plane, hc(m) is the mean height of the crop (m), d(m) is the zero plane 
displacement equal to 0.67hc, k is the von Karman constant, uz is the wind speed (m/s) at the 
reference point z and z0 (m) is the roughness length equal to 0.1hc. 

In the parameterization of rc proposed by Todorovic (1999) rα is as:  

 𝑟! =
!"!!!!!

!"!!!!!!
!!!!

 (8) 

where z0h is the roughness length to the heat flux, equal to 0.1z0. 
A simplified version of the PM model with rc=0, was proposed by Priestley and Taylor (1972) 

as: 

𝜆𝛦 = 𝛼 !
!!!

𝛢  (9) 

where α is the dimensionless Priestley–Taylor parameter. When PT model was employed for 
estimating AET, calibrated values of α were used, as obtained by inverting eq. 9 and using the 
calibration set of data. 

All the obtained estimates of AET were evaluated by comparisons with the measured AET. The 
comparisons were based on the results of linear regressions (slope and r2) and “difference 
measures” [RMSE, MBE and refined index of agreement (RIA), as proposed by Willmott and 
Matsura (2005)] 

2.2.2 Diurnal and annual variation of actual evapotranspiration and canopy resistance  

Average hourly values of AET and rc from twenty clear days (1-12 July 2011) selected (as 
ensuring maximum AET values) are used for their diurnal evolution. 

Ten days moving average values of hourly values of AET and rc at 12.00 am were used for 
presenting their annual variation. 

3. RESULTS  

3.1 Evaluation of hourly actual evapotranspiration 

KP model was calibrated for cold and warm period separately, using hourly values of rc, 
determined during four clear days of cold period and three clear days of warm period respectively, 
since 20 values of hourly data have been referred as enough for reliable calibration (Katerji and 
Rana, 2006). These days were randomly chosen during the year 2011. The calibration yields the 
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coefficients a and b, from the relation rc/ra as a function of r*/ra, which was found for cold and warm 
period separately. The slope, the intercept and the correlation coefficient obtained by linear 
regression analysis are 0.69, 2.43 and 0.91 respectively, for the cold period and 0.94, 1.37 and 0.99 
respectively, for the warm period. 

The calibration of the PT model was also carried out for cold and warm period separately, using 
the same hourly calibration data set. The values of 𝛼 were determined by the slope obtained by 
linear regression analysis between measured AET and Δ*A /(Δ+γ) and these were 1.005 for the cold 
period and 1.072 for the warm period. 

The results of hourly AET estimated by PM equation, using rc from the TD and KP methods and 
PT method presented in Table 1 and Figure 1, demonstrated that the PT model simulates the 
measured λΕ very well, while a very good approximation is obtained from the ΚΡ model. In 
contrast, TD model overestimates λΕ. An analysis during the warm season indicates that the results 
are better for both the PT and the KP model estimation, while they are worse for the TD model. As 
water availability decreases, β	increases and thus it may be used as an indicator of water stress.	The 
criterion | b | < 0.3 is usually used, when applying ΚΡ or TD models, in order to exclude water 
stress situations. When data satisfying the above criteria are used the λΕ estimates from the TD 
model seem better (Table 1). 	

3.2 Diurnal and annual variation of actual evapotranspiration and canopy resistance  

The diurnal courses of canopy resistance, as estimated by KP and TD methods, (rc,KP and rc,TD 
respectively), exhibit a similar pattern during the day, as compared to the experimental rc pattern. 
The canopy resistance decreases from sunrise, approaching a minimum value at around 8:00 to 
10:00 hours and then rises steeply from around 15:00 hours (Figure 2a). The values of rc,TD are 
always smaller than the corresponding values of the experimental rc and rc,KP, during the day. The 
estimated values of rc,KP approximate the experimental values rc very well. The diurnal course of 
estimated λEΤD, λEΚΡ, λEΡT and λΕ shows a bell-shaped curve, similar to that of net radiation 
(Figure 2b). The evapotranspiration increases sharply after sunrise and takes its maximum value at 
noon, decreasing later smoothly and then more steeply until the afternoon. Measured and estimated 
evapotranspiration show an increase at around 13:30 hours coinciding with the maximum value of 
D.  

According to the annual course of the estimated rc,KP, rc,TD and the measured rc , during the warm 
period, the underestimation of rc from the TD model is large, while there is a high correlation 
between rc,KP, and rc. During the cold period, KP model underestimates rc (Figure 3a). The annual 
course of estimated λEΚΡ, λEPT and measured λE values traces Rn. By contrast, the annual course of 
λETD seems to be particularly affected by the annual course of D (Figure 3b). During the warm 
period, the overestimation of AET by TD model is large, while there is a high correlation between 
λEΚΡ and λΕ. During the cold period ΚP model underestimates AET. 

 
Table 1. Statistical analysis of hourly evapotranspiration estimations 

 

ΜETHOD Slope r2 RMSE % MBE % RIA 
All Data 

TD 1.166 0.960 34.545 15.044 0.776 
KP 0.920 0.978 19.187 -9.795 0.877 
PT 0.927 0.990 14.879 -9.330 0.894 

Warm Period Data 
TD 1.245 0.901 36.305 25.781 0.716 
KP 0.943 0.957 13.389 -6.393 0.899 
PT 0.954 0.969 11.271 -5.361 0.912 

All Data (|β|<0.3) 
TD 1.145 0.900 32.350 12.665 0.800 
KP 0.901 0.947 19.462 -12.046 0.883 
PT 0.910 0.977 14.875 -11.311 0.889 

Warm Period Data (|β|<0.3) 
TD 1.222 0.920 33.220 23.144 0.753 
KP 0.926 0.973 12.793 -8.445 0.908 
PT 0.937   0.984 10.331 -7.381 0.921 
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Figure 1. Regression between hourly measured (λΕ) and estimated AET values by three different methods (a) TD 
(λΕΤD), (b) KP (λΕKP), (c) PT (λΕPΤ) 

 

Figure 2. Diurnal course of mean hourly values of (a) measured canopy resistance (rc), estimated canopy resistance by 
TD method (rc,TD) and the KP method (rc,KP) (b) measured (λΕ) and estimated AET values by three different methods TD 

(λΕΤD), KP (λΕKP), PT (λΕPΤ) and net radiation, for 12 clear days (1-12 July 2011) 

4. DISCUSSION AND CONCLUSIONS 

The evaluation of the three methods employed for estimating AET over olive trees on hourly 
basis, suggested that PT and KP models were the most appropriate (RIA equal to 0.894 or 0.877, 
respectively) followed by the TD model (RIA=0.776). These results are in agreement with those 
reported by Shi et al. (2008), when the three methods were used over a forest ecosystem, on a daily 
scale. The KP model seems to be a reliable model, as demonstrated for a large range of crops, 
subjected to various water conditions. There are studies proposing the TD model over irrigated 
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grass, but the model (overestimating up to 30–50%) is not recommended over other crops (Katerji 
et al., 2011). The disagreement between measured and estimated by the TD model, values of AET 
(or canopy resistance) is mainly due to the parameterization of rc by the TD method, through which 
rc is mainly a function of water-vapour deficit (D). The variables associated with soil and plant 
water deficit are not taken into account and as a consequence, rc value is assumed to be the same for 
all surfaces, which is not applicable	(Katerji et al., 2011). 

 

Figure 3. Annual course of mean hourly values of (a) measured canopy resistance (rc), estimated canopy resistance by 
TD method (rc,TD) and the KP method (rc,KP) (b) measured (λΕ) and estimated AET values by three different methods TD 

(λΕΤD), KP (λΕKP), PT (λΕPΤ) and net radiation, during the year 2011 at 12.00 am (10 days moving average is shown) 

The diurnal courses of estimated and measured latent heat fluxes showed bell-curved shape 
similar to that of net radiation. Evapotranspiration increased rapidly shortly after sunrise onwards 
and peaked at noon of solar time, declining first slowly and then more rapidly over the afternoon. 
However, the TD model significantly overestimated AET at noon, due to the expected high value of 
the air water-vapor pressure deficit. Similar patterns of daily course of measured AET were also 
reported over olive orchard (Villalobos et al., 2000; Berni et al., 2009), over alpine grass (Zhu et al., 
2014) and over forest ecosystem (Shi et al., 2008). rc, rc,KP showed similar diurnal evolution. On the 
contrary, rc,TD was significantly lower than that of rc and rc,KP, during the day, indicating that the TD 
model is unreliable over olive trees. The observed diurnal evolution of canopy resistance is similar 
to the ones referred by other studies over olive orchard (Alves and Pereira, 2000; Katerji and Rana, 
2006) and the ones published over forest (Shi et al., 2008), irrigated grass (Rana and Katerji, 1994) 
and alfalfa (Lascano and Evett, 2010). 

According to the annual variation of rc, rc,KP and rc,TD, the underestimation from the TD model is 
large, during the warm period, while there is a high correlation between rc,KP and rc. The observed 
annual evolution of canopy resistance is similar to the one referred by Berni et al. (2009) over olive 
trees. The annual course of estimated λEΚΡ, λEΡΤ and measured values of λE traces the Rn. By 
contrast, the annual course of λEΤD seems to be particularly affected by the annual course of vapour 
pressure deficit. During the warm period, the overestimation of AET by TD model is large, while 
there is a high correlation between λEKΡ and λΕ. These results are in agreement with the findings 
reported by Er-Raki et al. (2008) or Martinez-Cob and Faci (2010) over olive trees, when using 
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AET measured by Eddy covariance or estimated by PM method. 
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