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Abstract 
Determination of reference evapotranspiration (ETo) of an area or region is a vital step in estimating crop 

water requirement before irrigation. Food and Agricultural Organisation (FAO) has recommended the 

estimation of ETo using 56-Penman Monteith (FAO56-PM) method. This method, though acceptable the World 

over, but require many meteorological inputs which makes it to be cumbersome for the Village Agricultural 

Extension Agents (VEAs) or Irrigation Project Managers (IPMs). In Nigeria some researchers had made an 

effort and developed a simplified ETo estimation for Nigerian environment, a model known as Blaney-Morin-

Nigeria (BMN). Some gaps were equally observed, as the BMN may only be suitable as an option for estimating 

ETo for an area similar in climate to Kaduna State (an area where its meteorological data was used to develop 

the model). In this research a modified BMN model for estimating ETo for Gombe State was therefore developed 

that is less cumbersome, with minimum error and user friendly to the VEAs and the IPMs. In developing the 

modified model, Gombe State meteorological data for twelve years were collected from the Nigeria 

Meteorological Agency (NiMet) which comprised of, temperature, solar radiation, humidity and wind speed. 

With the data a script using Levenberg-Marquardt Algorithm was written in MATLAB environment to minimise 

the sum of square deviations in the BMN model and the FAO56-PM model was used as a baseline for 

calibration. The modified model known as BMNGombeState, has input variables of temperature (T), humidity (R) 

and monthly to annual solar radiation ratio (rf) with empirical constants H and m having values of 458 and 

1.20 respectively indicating climatic peculiarity of Gombe State. A correlation coefficient (r) of 0.95 was 

obtained when the developed BMNGombeState ETo values were compared with that of FAO 56-PM model. 

Similarly, Mean Absolute Error (MAE), Root Mean Square Error (RMSE), Chi Square (𝑋2) with values of 

0.28,0.36 and 0.24 respectively were obtained. It could therefore be suggested that the new developed modified 

model can serve as an option to the VEAs and the IPMs for estimating ETo for Gombe State, Nigeria. Finally, 

Java programming language was used to developed an android mobile application (App) using the new model 

for estimating evapotranspiration rate in Gombe State thereby making a means of reference evapotranspiration 

estimation, mobile, faster and easier. The App is available on Google Play 

Store:https://play.google.com/store/apps/details?id=com.laburtaibrahim63gmail.com.bmngombeev
apotranspirationapp 
Keywords: Evapotranspiration, Blaney-Morin-Nigeria model, FAO56-PM model, Levenberg Marquardt 

Algorithm, Mobile App, Gombe State, Nigeria. 
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I.INTRODUCTION 

To determine crop irrigation water requirements, it is necessary to estimate evapotranspiration by using 

Field Experimental Plots, Evaporation Pans, Water Budget Methods, Soil Depletion Studies, Empirical Methods 

and so on. The use of an empirical model is an indirect method of estimating evapotranspiration (ET), because it 

is based on the use of meteorological data such as temperature, solar radiation, humidity and wind speed. As a 

result of the timeliness and less cumbersomeness in operation of empirical models numerous were developed 

such as temperature-based (Thornwaite, Blaney-Criddle, Blaney-Morin), radiation- based (Turc, Hargreaves, 

Priestly-Taylor), and Food and Agriculture Organisation (FAO) Penman Monteith model known as FAO56-PM 

(Ilesanmi et al.,2012).FAO recommended FAO56-PM model for universal usage as a standard model for ETo 

estimation, but FAO56-PM model requires meteorological data that are not often readily available in developing 

countries. As a result of that, a temperature-based model the Blaney-Morin-Nigeria (BMN) developed by Duru 

https://play.google.com/store/apps/details?id=com.laburtaibrahim63gmail.com.bmngombeevapotranspirationapp
https://play.google.com/store/apps/details?id=com.laburtaibrahim63gmail.com.bmngombeevapotranspirationapp
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in 1984 for Nigeria is enjoying a wider usage in Nigeria and receiving good recommendations because it is 

simple and suitable for the Nigerian conditions. (Iwuchukwu et al.,2018). 

BMN model was developed using data from a single location (Zaria) and presented for use all over 

Nigeria, but because environmental factors vary from location to location the reliability of BMN model will be 

better appreciated if it is calibrated to indicate climatic peculiarities of the location of interest. The aim of this 

study is to modify a model for the estimation of reference evapotranspiration for Gombe State with the 

following specific objectives: 

 To modify an existing model known as BMN thereby developing a new model specific for Gombe 

State. 

 To compare ETo using the modified BMN model against BMN andFAO 56-PM model in Gombe State. 

 To develop an android mobile phone application (App) for calculating reference evapotranspiration of 

Gombe State using the modified model. 

 

II.MATERIALS AND METHODS 

Study Area 

Gombe State lies on latitude 10
o 

16
’ 
59.9988

’’
N and longitude 11

o
 10

’ 
0.0012

’’
E and is located in the 

north-eastern part of Nigeria at an altitude of 461m. It has semi-arid to savannah climate characterised with 

scattered trees and shrubs. It receives an average precipitation between 900-1000mm in 7 months per year. The 

mean and maximum monthly temperatures of 37
o
C is recorded in April and March, while the minimum monthly 

temperatures were about 21
o
C around December and early February (WeatherSpark.com,2023).  

 

 
Plate 1: Map of Gombe State. 

Source: United Nations, (2016). 

 

Data Used for The Study 

The Nigeria Meteorological Agency (NiMet) is responsible for the collation and management of all 

climatic data in Nigeria. The data for this study was therefore sourced from NiMet. The types of data collected 

for Gombe State from the Agency from 2010-2021 were mean monthly data of; temperature, humidity, solar 

radiation and wind speed. 

 

Data Processing 

The optimisation script using Levenberg Marquardt Algorithm (LMA) was written in MATLAB 

environment as thus, the response data for the model (standard for calibration) was the ETo values of FAO56-

PM and the input data for the model (BMN) was the BMN model with the inputs of temperature, humidity and 

solar radiation monthly to annual ratio, with H and m unknown. Initial guesses for H and m were made and the 

script was run. The meteorological data (2010-2020) of temperature(T), relative humidity(R), sunshine hours, 

wind speed and solar radiation(rf) were used in the following units of degree Celsius (
o 

C), percentage, (%), 

hours, kilometre per day (km/day) and ratio of monthly to annual respectively. After several iterations and 

minimising the sum of squared deviations it yielded new values of H and m which are the function of the 

meteorological data. Therefore these new found empirical constants are now the BMN constants that are 

applicable specifically to only Gombe State. Theprocess of the optimisation is shown by flowcharts in figures 1 

and 2. In figure1; H_est, m_est and H_opt, m_opt represents initial guess of H and m before optimisation and 

after optimisation respectively. In figure 2; f, λo, minS, maxIt represents function, lambda, sum of square 

deviations before iterations and number of iterations respectively.The original BMN model and FAO56-PM 

models used in the optimisation were presented in equations 1 and 2 below. Thereafter, the new found model 
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BMNGombeState was validated against the FAO suggested standard evapotranspiration model FAO 56-PM using 

the remaining one-year (2021) meteorological data that was not used in the optimisation process as presented in 

model validationsection below where analysis of forecast accuracy, evaluation of prediction quality, evaluation 

of distinction and analysis of association were conducted using statistical tools as presented in equations 1-

4.Thereafter the modified model was used to developed a mobile App for evapotranspiration rate estimation in 

Gombe State using Java programming language as presented in figure 3 and plate 2-5. 

 

𝐸𝑇𝑜(𝐵𝑀𝑁) = 𝑟𝑓
 0.45𝑇+8 (520−𝑅1.31 )

100
…1 

 

𝐸𝑇𝑜(𝐵𝑀𝑁) is reference evapotranspiration using BMN model (mm/day) 

 

𝐸𝑇𝑜(𝐹𝐴𝑂  56−𝑃𝑀) =
0.408 × ∆ ×  𝑅𝑛−𝐺 +𝛾  × 

900

𝑇+273
 × 𝑢2 ×(𝑒𝑠−𝑒𝑎 )

∆+𝛾  ×  1+0.34 × 𝑢2 
…2 

 

Where,  

T is daily average air temperature 
o
C at 2m height. 

𝑢2 is the wind velocity at 2m height (ms
-1

). 

es and eais the saturation vapour pressure and actual vapour pressure kpa. 

(es - ea) is deficit in vapour pressure (kpa). 

𝑅𝑛  is the net radiation.  

G is the soil heat flux. 

∆ is the slope of saturation vapour pressure. 

𝛾 is the psychometric constant (mb
o
C). 
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The optimisation process in MATLAB 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Optimisation process for BMNGombeState. 
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Process of Levenberg Marquardt Algorithm on BMN 

 

      

   

Figure 2: Process of Levenberg Marquardt Algorithm on BMN 

 

The Model Validation 
The validation involved; analysis of the forecasted and the actual values, evaluation of the quality of the 

prediction, analysis of the difference between the observed and the expected result and evaluation of the 

relationship between the variables as presented below: 
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Analysis of forecast accuracy 

The forecast accuracy analysis was conducted using Mean Absolute Error (MAE) statistical tool as suggested by 

Ilesanmi et al., (2012), as presented below; 

𝑀𝐴𝐸 =
1

𝑛
  𝐹𝑖 − 𝐴𝑖 

𝑛

𝑖=1

… 3 

Where: 

𝐹𝑖  are forecasted values (ETo (BMNGombeState)). 

𝐴𝑖  are actual values (ETo (FAO56-PM)). 

n is the number of observations. 

Evaluation of prediction quality 

The prediction quality analysis was computed using Root Mean Square Error (RMSE) statistical tool as 

suggested by Ilesanmi et al., (2012), as presented below; 

𝑅𝑀𝑆𝐸 =   
(𝑀𝑅𝑝𝑟𝑒 ,𝑖 − 𝑀𝑅𝑜𝑏𝑠 ,𝑖)

2

𝑛

𝑛

𝑖=1

… 4 

Where: 

MRpre is ith predicted data (ETo (BMNGombeState)). 

MRobs is ith observed data (ETo (FAO56-PM)). 

n is the number of observations. 

Evaluation of distinction 

The analysis of the difference between the observed and expected results was carried out using Chi-Square (𝑋2) 

statistical tool as suggested by Echiegu et al., (2016), as presented below; 

𝑋2 =  
(𝑂𝑖 − 𝐸𝑖)

2

𝐸𝑖

𝑛

𝑖=1

… 5 

Where: 

𝐸𝑖  are expected values (ETo (BMNGombeState)). 

𝑂𝑖  are observed values (ETo (FAO56-PM)). 

n is the number of observations. 

Analysis of association 

The relationship of the variables was calculated using Correlation Coefficient (r) statistical tool as suggested by 

Ilesanmi et al., (2012) and Echiegu et al., (2016) as presented below; 

𝑟 =
∑𝑃𝑂 −

∑𝑃∑𝑂

𝑛

  ∑𝑃2 −
(∑𝑃)2

𝑛
× (∑𝑂2) −

(∑𝑂)2

𝑛

… 6 

Where: 

P are predicted values (ETo (BMNGombeState)). 

O are observed values (ETo (FAO56-PM)). 

n is number of observations. 

 

Process of BMNGombeState App Development Using Java 

The new model was then used to developed an android App for calculating reference evapotranspiration of 

Gombe State using Java Programming Language as shown by the flowchart below. The App only takes the 

values of temperature, relative humidity and solar radiation ratio from the user and provides a result at a click of 

a button. 
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Figure 3: Flowchart of BMNGombeState App Development 

 

III.RESULTS AND DISCUSSIONS 

 

Weather Data of Gombe State 

The meteorological data covering the study period for 2021 is tabulated in Table 1 showing mean monthly 

temperature (T), relative humidity (R), wind speed and monthly to annual ratio of solar radiation (rf) with 

monthly ETo values of FAO56-PM, BMN andBMNGombeState 

 

Table 1: The Mean Monthly Metrological Data of Gombe State (2021). 

 

Source: NiMet 

 

From Table 1 it can be seen that the temperature varies from 24.65 
o
C in December to 31.80 

o
C in April, the 

relative humidity from 24 % in January to 69 % in June and finally solar radiation is averagely 0.08. 

 

 

 

 

Month Temperature Humidity 

Solar 

Radiation Ratio Wind Speed FAO56-PM BMN BMNGombe 

 

(oC) (%) (rf) (km/day) (mm/day) (mm/day) (mm/day) 

January 26.25 24 0.08 209 6.39 7.42 6.54 

February 25.80 15 0.09 233 7.16 8.17 7.63 

March 30.35 30 0.09 205 7.06 8.22 7.77 

April 31.80 39 0.08 203 6.89 7.12 6.73 

May 30.50 60 0.09 206 6.26 5.96 6.29 

June 28.05 69 0.08 193 5.21 4.53 4.90 

July 25.90 68 0.08 192 4.7 4.12 4.72 

August 25.65 64 0.08 172 4.79 4.62 4.86 

September 26.30 67 0.08 177 4.71 4.36 4.80 

October 28.30 60 0.09 174 5.39 5.56 6.01 

November 28.95 52 0.08 207 6.04 6.01 5.78 

December 24.65 24 0.08 187 5.8 6.97 6.30 
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Model Optimisation 

Table 2 shows the output of the optimisation based on the objective i.e., to minimise the sum of squared 

deviations. The algorithm used was LMA, H (H_est) and m (m_est) are initial guesses, Sum of Squared 

Deviations before optimisation (SSDBopt) and Sum of Squared Deviations after optimisation (SSDAopt), the new 

value of H (H_opt) and m (m_opt) are tabulated as presented below, 

 

Table 2: Outputs of the Optimisation of BMN for Gombe State. 
Algorithm 
(LMA) 

H_est m_est SSDBopt SSDAopt H_opt m_opt  

 0 0 5390.36 189.846 365.5927 -76.054 

 1 1 6541.35 189.846 365.5927 -5.1638 

 300 1.31 1831.57 76.5216 458.1102 1.1974 
 520 1.31 134.13 76.5216 458.1102 1.1974 

 700 1.31 1531.51 76.5216 458.1102 1.1974 

 

The optimisation script written in MATLAB was simulated using eleven years meteorological data of 

temperature, humidity, solar radiation and wind speed using the reference evapotranspiration results obtained for 

these eleven years using FAO 56-PM model as standard. Averages of the meteorological data was not used but 

rather the entire data meaning a total of 924 values comprising temperature, humidity, solar radiation and wind 

speed. 

From Table 2 it can be seen that based on the initial guesses the highest SSD is 6541.35 and the least 

SSD is 76.5216 and this represent the minimisation of errors by 98.83% which gave an optimised value of H as 

458.1102 and m as 1.1974 which agrees with the values obtained by Ilesanmi et al (2012)(418,1.24) and 

Echiegu et al (2016)(392.2,1.19) which are all lower than the original value of the model by Duru (1984),where 

H is 520 and m is 1.31.The lowest SSDBopt of  134.13 was obtained when H_est is 520 and m_est is 1.31 this 

shows that these values are the best initial guess to make and no need for other guesses. 

Plot of the optimisation before and after is as presented in Figures 4 and 5 below, 

 

 
Figure 4: Plot of Optimisation Process before Optimisation of BMN in Gombe State. 
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Figure 5: Plot of the Optimised BMNGombeState. 

 

It can be seen from Figure 4 that the model being modified did not fit with the standard, but as the errors were 

minimised it fits as shown in Figure 5. This agrees with Transtrum and Sethna, (2012), that for a successful 

optimisation the resultant graph will be a best fit. 

The new model is now presented as, 

𝐸𝑇𝑜(𝐵𝑀𝑁𝐺𝑜𝑚𝑏𝑒𝑆𝑡𝑎𝑡𝑒 ) = 𝑟𝑓
 0.45𝑇+8 (458−𝑅1.20 )

100
…7 

Where, 

𝐸𝑇𝑜(𝐵𝑀𝑁𝐺𝑜𝑚𝑏𝑒𝑆𝑡𝑎𝑡𝑒 ) is reference evapotranspiration using BMNGombeState model (mm/day), 

𝑟𝑓is the ratio of monthly radiation to annual radiation. 

T is the mean monthly temperature (
o
C). 

R is the mean monthly relative humidity (%) 

The outcome of the optimisation to get the new model constants specific for Gombe State was validated 

successful as shown in appendice 1, because the exit flag (3) being positive and the check on nearby points 

producing results greater than the objective function value at solution (fval) strongly agree with MATLAB Inc. 

(2022) that a positive exit flag and check on nearby points producing values greater than fval corresponds to a 

successful outcome. 

As is common with all temperature-based models BMNGombeState will be best applied at ten days, 

monthly and longer and not hourly or daily (Allen et al,1998). The model is applicable to the whole state, 

because of similar climatic conditions (Bello et al.,2020 and Yusuf et al.,2018). 

 

Model Validation Values 

The remaining meteorological data of Gombe State (2021) that was not used in the optimisation of the model 

was used to validate the model and the results in comparison with the results obtained by BMN against FAO56-

PM and BMNGombeState against FAO56-PM is presented in Table 3, 

 

Table 3: Model Validation Values of BMNGombeState in Comparison to BMN 

 
Figure 6: Plot of Correlation between BMNGombeState and FAO56-PM 
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Models H m MAE RMSE 𝑋2  r 

       

BMN  520 1.31 0.66 0.79 1.00 0.94 

BMNGombeState 458 1.20 0.28 0.36 0.24 0.95 
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Although the value of r (0.94) for BMN and r (0.95) for BMNGombeState indicates a strong linear relationship 

between the models and FAO56-PM the values of r alone cannot be used to validate the model. The goal is to 

have less errors in prediction, therefore BMNGombeState with MAE (0.28), RMSE (0.36), and Chi-Square (0.24) as 

against BMN with MAE (0.66), RMSE (0.79), and Chi-square (1.00) is a better model for Gombe State 

(Ilesanmi et al,2012, Echiegu et al.,2016, Chu 2020 and Glen 2020). 

The lowest MAE, RMSE reported by Duru, (1984) are 0.40,0.40 respectively (Echiegu et al.,2016), as 

can be seen in Table 3 the MAE, RMSE of BMNGombeState of 0.28,0.36 respectively are lower. It is also lower 

than the combine BMN model of MAE of 0.55 and RMSE of 1.06 respectively presented by Ilesanmi et al, 

(2012). The MAE is slightly higher than that of Echiegu et al, (2016) of 0.13 and the same with RMSE of 0.36 

respectively. The X
2
 which was not measured by Duru (1984), was compared with the one measured by Echiegu 

et al., (2016) which is 0.14 and with the value of 0.24 as shown in Table 3 it is slightly higher, the closer the 

values of MAE, RMSE and X
2
 are to zero the better the model and also the closer the value of r is to 1 the better 

the model (as cited in Echiegu et al.,2016). 

The highest r reported by BMN is 0.80 for Lagos and the lowest is 0.62 for Gombe State (Echiegu et 

al.,2016). With r of 0.95 as can be seen in Table 3 and Figure 6 obtained by BMNGombeState it means it is higher 

than that of BMN, BMNCombine of 0.88 and BMNEnugu of 0.82 as reported by Ilesanmi et al., (2012) and Echiegu 

et al., (2016) respectively. The excellent performance of BMNGombeState can be attributed to the reliability of 

meteorological data as a result of modern meteorological equipment and the usage of meteorological data of 

Gombe State as against a data from a single location for the development of the model and applying it all over 

the country (Idike,2005).Also the use of MATLAB platform, a programme developed for science and 

engineering eliminated the errors that are likely to occur  from manual iterations as identified by Ilesanmi et 

al.,(2012) in respect to the development of BMN. 

 

Comparison between FAO 56-PM and BMNGombeState 

From Table 1 it can be seen that the ETo estimate of FAO 56-PM varies from 4.70 mm/day in July to 

7.16 mm/day in February with an annual average of 5.87 mm/day while that of BMNGombeState varies from 4.72 

mm/day in July to 7.77 mm/day in March and an annual average of 6.03 mm/day. They also have approximately 

the same estimate in May. Furthermore, the ETo estimates of FAO 56-PM are lower than that of BMNGombeState in 

January, February, March, May, July, August, September, October and December but higher in April, June and 

November. For both models, during the dry season January to May higher ETo estimates were recorded, and 

lower during rainy season May to September this agrees with Allen et al., (1998), that solar radiation and 

temperature are the major factors of evapotranspiration. The mean ETo of BMNGombeState being higher than that 

of FAO 56-PM satisfied the statement made by Duru that the model that overpredicts to a lesser degree should 

be preferred to the model that underpredicts from design and safety viewpoint (Ilesanmi et al.,2012 and Echiegu 

et al,2016). 

 A graphical plot of the result of the new model BMNGombeState with FAO56-PM model shows an 

impressive agreement between the models. 

 
Figure 7: Plot of ETo (FAO56-PM) and ETo (BMNGombeState) of Gombe State 2021 

 

BMNGombeState Reference Evapotranspiration App 
The new BMN model was used to developed an android mobile App for calculating ETo using Java 

programming language. The new developed App is as presented below, 
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Plate 2: Default Icon BMNGombeState ETO App   Plate 3: Icon BMNGombeState ETo App 

 

    
Plate 4: Interface BMNGombeState ETo App  Plate 5: Result BMNGombeState ETo App 

 

The BMNGombeState ETo App is simpler, effective and user friendly as oppose to the mobile App by Rodrigues et 

al. (2018), that requires up to fifteen user inputs and Lykhovyd (2022), that requires only a temperature input 

which might be inadequate depending on location though it was designed specifically for Ukraine. 

 

IV.SUMMARY, CONCLUSIONS AND RECOMMENDATIONS  

Summary 

The study successfully achieved its objectives as shown below, 

i. The Blaney Morin Nigeria model was modified by minimising the sum of squared deviations using Levenberg 

Marquardt Algorithm and a new model specific for Gombe State and areas with similar climatic conditions was 

obtained. 

ii. The new model (BMNGombeState) performed excellently in comparison with FAO 56-PM model in Gombe 

State.  

iii. An android mobile phone application for calculating reference evapotranspiration was developed for Gombe 

State using the modified model. 
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Conclusions 

The following conclusions were made from the study, 

i. Blaney Morin Nigeria is a model that is better applied peculiarly to a location. 

ii. Blaney Morin Nigeria model is an excellent alternative to FAO 56-PM model and can even replace it where 

necessary. 

iii. The developed android mobile phone application will make the estimation of reference evapotranspiration 

easier and accessible to many at an instant. 

 

Recommendations 

Based on the outcome of the study the following recommendations were made, 

i. An updated version of the app where the meteorological data are obtained automatically via internet will make 

the estimation further easier and simple. 

ii. A software for calibrating BMN model using the script written for this work should be developed as that will 

make available a means of calibrating the model faster and easier where the need arises for any location 

anywhere in Nigeria and beyond. 

iii. A further study to modify BMN model for North Eastern Nigeria and beyond will make an optimised single 

model available for many locations. 
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APPENDICE 1: Summary of Optimisation Outputs of BMN for Gombe State in MATLAB 
Iteration Func-count Residual First-Order 

optimality 

Lambda Norm of step 

0 3 134.13 76.5216 0.01 - 

1 6 86.6889 98.1 0.001 34.9271 

2 9 76.767 38.5 0.0001 24.7138 

3 12 76.5218 1.3 1e-05 2.21106 

4 15 76.5216 0.0032 1e-06 0.0374687 

5 18 76.5216 1.16e-05 1e-07 0.000370169 

6 21 76.5216 5.29e-07 1e-08 1.71726e-06 

 

H_est = 520 m_est = 1.31 

<stopping criteria details> 
H_opt = 458.1103     

m_opt = 1.1974 

resnorm = 76.5216  
residual =  

0.4542 

0.2208 
0.2597 

-1.8428… 

exitflag = 3 
output =  

struct with fields: 

iterations: 6 
funcCount: 21 

stepsize: 1.7173e-06 

cgiterations: [] 
firstorderopt: 5.2938e-07 

 algorithm: 'levenberg-marquardt' 

message: … '↵Optimisation stopped because the relative sum of squares (r) is changing by less than options. Function Tolerance = 

1.000000e-15. ↵↵' 
lambda =  

struct with fields: 
upper: [2×1 double] 

lower: [2×1 double] 

fval =    
0.0148   -2.2521 

0.0146   -2.0892 

0.0173   -1.5911 
0.0129   -0.8927… 

ans = 

7.1042    7.8950    6.3137 
6.2508    7.0335    5.4684 

6.3997    7.2011    5.5987 

4.1172    4.9415    3.2931… 
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