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Abstract 
 

Graphical and partial derivatives approaches were used to analyse the 

sensitivity of variables for the seven potential evapotranspiration models (PET). 

The models, which have different data requirements and structures, are 

Hamon, Hargreaves-Samani, Jensen-Haise, Makkink, Turc, Priestley-Taylor, and 

Penman. Julian date based mean imputation was used to fill the missing 

data. Tukey's outlier detection method was employed before estimating the 

PET. Partial derivative approach was conducted by combining the absolute 

values of the error term through a root mean square and changing to the 

finite difference form. According to partial derivatives analysis, Hamon is the 

most sensitive model followed by Penman, Priestley-Taylor, Hargreaves-

Samani, Jensen-Haise, Turc, and Makkink models. Temperature is more 

sensitive meteorological input in Jensen-Haise and Makkink models while solar 

radiation is more sensitive ones in Turc and Priestley-Taylor models. Wind 

speed and relative humidity are the most and less sensitive ones in Penman 

model. Graphical analysis showed that Hamon was the most sensitive PET 

model with respect to the temperature while Priestley-Taylor was the one with 

respect to the solar radiation. Turc is the less sensitive PET model with respect 

to temperature and solar radiation. Overall, graphical method gives clearly 

comparison for sensitivity of PET. However, it does not indicate its sensitivity 

values compared to partial derivative approach. 

 

Keywords: Potential evapotranspiration model, sensitivity analysis, graphical 

approach, partial derivatives, outlier detection 
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1.0  BACKGROUND  
 

Evapotranspiration is a primary component in 

terrestrial water budgets [1, 2, 3, 4]. It is significantly 

influenced by climate and is an important part of 

regional hydrology [5, 6). A good estimate of 

evapotranspiration is very important for determining 

sustainable water use, and there are many methods 

available for calculating potential 

evapotranspiration (PET). There are approximately 

fifty methods or models to calculate PET, and 

different methods often give very different estimates 

because of the varying assumptions and input data 

involved [7, 8, 9]. Simple methods may require only 

one data parameter such as mean temperature, 

while complex methods require many climate 

variables such as maximum temperature, minimum 

temperature, solar radiation, and characteristics of 

vegetation [4, 10].  

Evapotranspiration tends to be a site-specific 

characteristic, so estimations cannot be directly 

applied to places with different climates [11]. 

Hamon, Penman, Makkink, Turc and Priestley-Taylor 

are among the most widely used models for 

estimating PET in tropical and subtropical regions [9]. 

For Mediterranean climates, the Valiantzas and 

Copaise equations performed well [12]. Hargreaves-

Samani has been suggested for both semiarid and 

arid regions [13], while Blaney-Criddle can also be 

used in arid climates [4]. In humid regions, the 

Priestley-Taylor has generally shown acceptable 

estimates [14]. Turc and adjusted Hargreaves have 

been reported to be suitable for humid conditions [3, 

15].  

Some studies in Malaysia have attempted to 

predict evapotranspiration in irrigated agricultural 

areas. A study in the Muda area estimated potential 

evaporation using Penman, and PET using Penman-

Monteith, and compared the estimations with pan 

evaporation data [16]. Another study at Seberang 

Perak paddy estate used eight methods (Penman, 

Penman-Monteith, pan evaporation, Kimberly-

Penman, Priestley-Taylor, Hargreaves, Hargreaves-

Samani, and Blaney-Criddle) to estimate 

evapotranspiration of irrigated rice to be used in a 

water balance equation to improve water 

management in rice cultivation [11]. The results 

showed that the lowest estimate was from the 

Penman-Monteith method, but there were no 

significant differences between the Penman-

Monteith, Blaney-Criddle, and pan evaporation 

methods. At Besut Irrigation Scheme in Terengganu, 

the reference evapotranspiration was estimated 

using the Penman-Monteith equation [17, 18], and 

[19] also used the Penman-Monteith equation to 

calculate reference evapotranspiration in the 

Tanjung Karang paddy fields. The Food and 

Agriculture Organization Penman-Monteith (FAO-PM) 

was used for reference evapotranspiration in the rice 

irrigation management information system (RIMIS) 

program at Tanjung Karang and was found to be 

suitable there [20]. Another study in the Muda 

agricultural area compared five different methods 

with pan evaporation data, and Penman-Monteith 

was found to be the best model, followed by FAO- 

Penman-Monteith, Blaney-Criddle, and modified 

Penman and Christiansen [5]. Later, the Makkink 

method was found to give the best PET estimates 

among radiation based methods [21].   

Several studies have investigated sensitivity analysis 

of PET, typically using derivative-based methods, with 

widely varying results due to differences in climate, 

PET models used, and meteorological and/or 

physical inputs evaluated [22, 23, 24, 25, 26, 27, 28, 

29, 30, 31, 32]. However, only a few studies are 

available analyzing the sensitivity of 

evapotranspiration models by taking into account 

the effect of climate change on evapotranspiration. 

[10] investigated the sensitivity of eight different PET 

estimates to climate change using five different 

climate stations in US and assuming an increase in 

temperature from 2◦C to 6◦C and a change in other 

climatic variables of ±10% to 30%. They found that the 

different models differed in their sensitivity to 

meteorological inputs.  

The aim of the present study is to evaluate the 

individual sensitivity of meteorological inputs of PET 

models in conjunction with the sensitivity of PET 

models to observed climate change at urban 

tropical area. 

 

 

2.0  THE MODELS  
 
In this study, we compared temperature based 

methods (Hamon and Hargreaves-Samani), radiation 

based methods (Turc, Makkink, and Jensen-Haise), 

and combination methods (Penman and Priestley-

Taylor). As shown in Table 1, the Hamon method is 

the simplest among the seven methods used in this 

study, and only requires daily mean temperature 

data. The Hargreaves-Samani method is also a simple 

method, using daily minimum (min), maximum (max) 

and mean temperatures, and extraterrestrial 

radiation instead of solar radiation. All radiation 

based methods in this study used both daily 

temperature and solar radiation parameters. For the 

Turc method, daily mean relative humidity was also 

considered in selecting the appropriate equation for 

the method. The combination methods can be 

considered complex methods because they required 

more variables such as temperature, net radiation 

and relative humidity. The Penman method, which 

included a wind parameter, was the most complex 

method in the comparison. Both combination 

methods required daily climatic inputs. The formulas 

used to estimate PET by each method are detailed in 

Table 2. 
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3.0  METHODS AND MATERIALS 

 
3.1  Study Site 
 

The Penchala catchment (Figure 1) is in an urban 

area that crosses two districts boundaries: Kuala 

Lumpur and Petaling Jaya. The area of the 

catchment is 14 km2. The head of the Penchala River 

is found on Bukit Kiara Hill, which is located near 

Taman Tun Dr. Ismail and meets Sungai Klang in the 

Bandar Sunway area.  

3.2  Data 
 

The daily pan evaporation data and meteorological 

data were taken from Petaling Jaya station (Station  

Number 48648) at 03° 06’N and 101° 39’E at a height 

of 45.7m above mean sea level. The meteorological 

data included maximum temperature, minimum 

temperature, mean temperature, relative humidity, 

wind speed, rainfall and solar radiation. 

 

Table 1 Variables of meteorological data required by the PET methods [8, 10, 33] 

 
Method Temperature Radiation Humidity Wind Others 

Hargreaves-Samani Daily Mean, 

Min, Max 

Extraterrestrial     

Hamon Daily Mean    - Daytime length 

- Calibration coefficient = 1.2 

Turc Daily Mean Solar Mean 

Daily 

  

Makkink Daily Mean Solar   - Elevation = 45.7m 

Jensen-Haise Daily Mean, 

Min, Max 

Solar   - Elevation = 45.7m 

Priestley-Taylor Daily Mean Net Radiation 

derived from 

Solar Radiation  

Mean 

Daily 

 - Calibration constant = 1.26 

- Elevation = 45.7m 

- Albedo = 0.23 

- Emissivity = 0.98 

- Specific heat of moist air at 

constant pressure = 0.001013 

MJ/kg/oC 

- Stefan-Boltzmann constant = 

5.6697E-08 Wm-2K-4 

Penman Daily Mean Net Radiation 

derived from 

Solar Radiation  

Mean 

Daily 

Mean Wind - Elevation = 45.7m 

- Albedo = 0.23 

- Emissivity = 0.98 

- Specific heat of moist air at 

constant pressure = 0.001013 

MJ/kg/oC 

- Stefan-Boltzmann constant = 

5.6697E-08 Wm-2K-4 

 
Table 2 Formula of methods used to estimate PET in the present study 

 
Method Formula Applied 

Hamon [34] KPECRHOSATLdPET  1651.0  
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Figure 1 Location map of Penchala catchment

Prior to PET calculation, Julian date based mean 

imputation was applied to fill the missing data [40]. 

Tukey’s outlier filter was employed to detect the 

outlier data, which is a value in a quartile range 1.5 

below the lower quartile or 1.5 above the quartile 

[41]. Five years of daily meteorological data from 

1994 to 1998 were used for the PET estimation. The 

daily pan evaporation data were used as reference 

values to compare with the PET estimates. According 

to [39], pan evaporation is considered as apparent 

potential evaporation. Pan evaporation data were 

multiplied by the pan coefficient, kp = 0.75, to get 

the potential evapotranspiration values. 

 

3.3  Partial Derivative Method 

 

The sum of the absolute values of the error terms 

gives the maximum possible value of the error. 

Combining these terms by a root-mean-square and 

changing to the finite different form [42] of the 

equation in the Table 2, gives  
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is the partial derivative of PET with respect 

to temperature in Hamon, and Hargreaves-Samani 

models. ∆T is set to 0.05.  
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where
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PET



and

Rs
PET



are the partial derivative of PET 

with respect to temperature and solar radiation in 

Jensen-Haise, Makkink, Turc, and Priestley & Taylor 

models. ∆T and ∆Rs are set to 0.05 and 0.005, 

respectively. 
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where 
meanT
PET


 ,

meanT
PET


 , 

RH
PET



, and 

Up
PET


 are the partial 

derivative of PET with respect to temperature, solar 

radiation, humidity and wind speed in Penman 

model. ∆T is set to 0.05 meanwhile ∆Rs, ∆RH and ∆Up 

are set to 0.005. 

 

Furthermore, the sensitivity of meteorological variable 

inputs were employed by using the percentage error 

value of each variable as determined by the 

equations (4) – (7): 
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%100RH for ErrorofPercent 
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3.4  Graphical method  

 

Graphical method was used to analyse the sensitivity 

of PET models by changing one variable while the 

other variables remain unchanged. Table 3 showes 

changes of meteorological data used in the present 

and previous study [10].  

 
Table 3 Change of meteorological input data 

 
Variables Present study Previous study 1 

Temperature 0 up to 8C 0 up to 6C 

Solar Radiation -40% up to +40% -30% up to +30% 

Humidity -8% up to +8% -30% up to +30% 

Wind -80% up to 80% -30% up to +30% 

1. [10] 

 

 

4.0  RESULTS AND DISCUSSION 
 

4.1  PET Estimation 

 

Evaluating model performance by visually 

comparing predicted and observed data is an 

important first step [43]. Figure 2 shows the monthly 

mean estimated evapotranspiration using the Turc, 

Makkink, Jensen-Haise, Priestley-Taylor, Hargreaves-

Samani, Hamon, and Penman methods compared 

against the pan evaporation data. From this, the 

Makkink and Priestley-Taylor methods appeared to 

give estimates closest to the pan evaporation values. 

 

4.2  Partial Derivatives Based Sensitivity Analysis 

 

Table 4 shows the mean values of the δPET for each 

PET model. Notice that Hamon, Penman, Priestly-

Taylor, Samani-Hargreaves, Jensen-Haise, Turc, and 

Makkink models appeared to give the highest up to 

lowest values of the δPET. The higher the value of 

δPET, the more sensitive the PET model [25]. Hamon 

model shows the highest value of δPET. Therefore, 

Hamon model is the most sensitive PET models 

among others. On the contrary, Makkink is the less 

sensitive PET model among others. 

Table 5 shows percentage of error of temperature 

in Hamon and Hargreaves-Samani models. Notice 

that the value of Hamon model is higher than 

Hargreaves-Samani model. Therefore, temperature is 

more sensitive meteorological input data in Hamon 

model. 

Table 6 shows percentage of error of temperature 

and solar radiation in Makkink, Turc, Jensen-Haise, 

and Priestley-Taylor models. Notice that those values 

of temperature are higher in Jensen-Haise and 

Makkink models. On the contrary, those values of 

solar radiation are higher in Turc and Priestley-Taylor 

models. Thus, temperature are more sensitive 

meteorological input data in Makkink and Jensen-

Haise models meanwhile solar radiation are more 

sensitive meteorological input data in Turc and 

Priestley-Taylor models. 
Table 7 shows percentage of error of temperature, 

solar radiation, relative humidity, and wind speed in 

Penman model. Notice that wind speed, 

temperature, solar radiation, and relative humidity 

appeared to give the highest up to the lowest value 

of percentage of error. Thus, wind speed is the most 

sensitive meteorological input data in Penman model 

followed by temperature, solar radiation, and relative 

humidity. 
 

Table 4 Partial derivatives of PET models 

 
Models δPET 

Average Standard 

deviation 

Hamon  0.0146 0.0008 

Hargreaves-Samani  0.0020 0.0002 

Jensen-Haise  0.0017 0.0004 

Makkink  0.0008 0.0002 

Turc  0.0012 0.0002 

Priestley-Taylor  0.0025 0.0003 

Penman  0.0068 0.0002 

  
Table 5 Percentage of error of temperature in Hamon and 

Hargreaves-Samani models 

 
Model Percentage of error 

 temperature 

Hamon 0.276 

Hargreaves-Samani 0.045 

 
Table 6 Percentage of error of temperature and solar 

radiation in four different PET models 

 
Model Percentage of error 

 temperature solar radiation 

Makkink 0.0661 0.0033 

Turc 0.0643 3.5100 

Jensen-Haise 0.0469 0.00001 

Priestley-Taylor 0.3930 0.4190 
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Figure 2 Comparison between monthly mean observed data (pan evaporation) and estimated PET models 

Table 7 Percentage of error of temperature, solar radiation, 

relative humidity, and wind speed in Penman model  

 
Model Percentage of error of variables 

 

 

temperature solar 

radiation 

relative 

humidity 

wind 

speed 

 Penman 8.61e-2 4.43e-3 5.05e-5 2.49e-1 

 

 

4.2  Graphical Method Based Sensitivity Analysis 
 

Figure 3 shows the percentage of changes in PET in 

response to changes of temperature for all PET 

models. 

 

 
Figure 3 Percentage of changes in Potential 

Evapotranspiration (PET) in response to changes of 

temperature 

 

Notice that Hamon is the most sensitive model in 

response to temperature change followed by 

Priestley-Taylor, Penman, Jensen-Haise, Hargreaves-

Samani, Makkink, and Turc models. Similarly, result of 

of partial derivatives support the graphical one. As 

the models which require temperature data as the 

only meteorological input data, those models are the 

most sensitive response to the temperature [10]. 

Jensen-Haise, Makkink, Turc, Priestley Taylor, and 

Penman models use solar radiation (Rs) as a 

meteorological input to estimate PET. Figure 5 shows 

the response of these five models to a ±40% of 

changes in solar radiation. Priestley Taylor is the most 

sensitive models among others which is followed by 

Penman, Makkink, Jensen-Haise, and Turc models. 

Previous study also showed that Priestley Taylor and 

Jensen-Haise are the most sensitive response to solar 

radiation change [10].  

Penman model requires all meteorological input 

data to compute the PET. We have discussed earlier 

that wind speed, temperature, solar radiation, and 

relative humidity appeared to give the highest up to 

the lowest value of percentage of error. According 

to Figure 4, it appears that relative humidity 

contribute a negative correlation to PET. The higher 

changes in relative humidity, the lower changes PET. 

One possible reason is in the higher relative humidity, 

there is limited vapor pressure that govern a transport 

of air into the atmosphere. On the contrary, the wind 

speed contributes a positive correlation.  
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Figure 4 Percentage of changes in Potential Evapotranspiration (PET) in response to changes of relative humidity (left) and wind 

speed (right) 
 

 

Notice that a high wind speed will be an additional 

energy to transport the water vapor into the 

atmosphere. When wind blows it will sweep away the 

air-borne water particles from the air above the body 

of water. 

 

 
Figure 5 Percentage of changes in Potential 

Evapotranspiration (PET) in response to changes of solar 

radiation 

 
 
5.0  CONCLUSION 
 

Partial derivatives give exact value of sensitivity of the 

model and sensitivity of each variables of PET model. 

Hamon is the most sensitive model followed by 

Penman, Priestley-Taylor, Hargreaves-Samani, 

Jensen-Haise, Turc, and Makkink models. 

Temperature is more sensitive meteorological input in 

Jensen-Haise and Makkink models while solar 

radiation is more sensitive ones in Turc and Priestley-

Taylor models. Wind speed and relative humidity are 

the most and less sensitive ones in Penman model.  

Graphical method shows the clearly comparison of 

sensitivity of variables among all seven models. In this 

study, Hamon was the most sensitive PET model with 

respect to the temperature while Priestley-Taylor was 

the one with respect to the solar radiation. Turc is the 

less sensitive PET model with respect to temperature 

and solar radiation.  
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