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Abstract. In this study, data of the monthly average of daily global solar radiation falling on a horizontal surface, relative humidity, 

maximum temperature, and duration of sunshine for the city of Baghdad were collected through two sources. First, from the Iraqi 

Meteorological Authority (IMA) for a period extending from 1961 to 2016. The second is from NASA, for the period from 1984 to 2004. 

Then, four linear regression models, two single and two polynomials were formulated to calculate the values of the monthly average of 

daily global horizontal solar radiation (GHSR) incidents. The models calculated the monthly average of daily extraterrestrial radiation 

and day length, using some data provided by NASA and the IMA. To ensure the validity of the used models, a statistical test was performed 

for the performance of the proposed models, using the indicators mean bias Error (MBE), root mean square error (RMSE) as well as mean 

percentage error (MPE). The validation shows the relationship between the measured and computed values (through the analysis of the 

results), where a great convergence was found between the measured and calculated values. This means that the proposed models can be 

adapted to predict global solar radiation. The highest values of measured solar radiation were during the month of June, which were 

28.555 and 27.280 MJ/m2/day from the IMA and NASA, respectively. The same applies to the radiation calculated using the four empirical 

models. The month of June was the highest in terms of solar radiation values. The radiation values were 28.947, 26.315, 29.699, and 

26.716 MJ/m2/day for the first, second, third, and fourth models, respectively. The lowest values of measured and calculated radiation 

were during the month of December. Always, radiation measured by the IMA was greater than those of NASA, as well as the values of 

radiation calculated in the two IMA-based models were greater than the other two NSA-based models. In the absence of a method for 

measuring the diffuse and direct (beam) solar radiations, as well as the lack of such values by meteorological authorities, and its 

paramount importance, they were reported to mathematically calculate them in this study. The values of statistical indicators RMSE; 

MJ/m2/day, MBE; MJ/m2/day and MPE% were (0.4769, 0.0164, 0.2207), (0.8641, 0.1773, -0.9680), (0.6420, 0.3996, -1.1487), (0.9604, 0.218, 

-1.0225) for the first, second, third and fourth models, respectively. According to the results of the statistical test, it can be indicated that 

the single linear regression model, based on the IMA’s data (model No.1), is the most accurate to calculate global solar radiation for 

Baghdad City.  
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1. Introduction 

The sun is the main source of all kinds of energies on 

the surface of the earth. All types of energies are directly 

or indirectly generated by the influence of the sun. For 

instance, but not limited to, wind energy is generated by 

the difference in pressure between two geographical 

regions, and this pressure difference is affected by 

temperature difference due to the effect of the sun; this 

makes the winds move from high-pressure areas towards 

the lower pressure areas. Another example is the tidal 
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energy that is produced by the effect of moon gravity, 

which is originally a reflection of the movement of the 

sun’s mass. There are also other types of energies that are 

related to the sun (Trenberth et al., 2009). Interest in solar 

energy is focussed on its promising future on the surface 

of the earth, due to its abundance, lack of depletion, and 

being environmentally friendly. On the other hand, there 

is the inability to rely on fossil fuels currently, which 

represents the first source of energy at present, as it is 

expected to decrease its stocks significantly in the next few 

decades. In addition to this, there is the onslaught of 
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global warming and negative impacts on the environment, 

due to the emissions of toxic gases associated with burning 

oil, gas, coal and other types of fuels (Chaichan et al., 2018; 

Moafaq, 2019). Solar energy reaches the earth through 

solar radiation, whose intensity on the earth’s surface 

varies from one region to another, as a result of many 

factors, the most important being geographic factors such 

as longitude, latitude, height above sea level, etc. The 

other factors include weather conditions such as rainfall 

level and wind speed. Furthermore, the amount of dust, 

relative humidity and temperature, length of daylight 

hours, clarity of the weather, etc., also affect solar 

radiation (El-Sebaii and Trabea, 2005; Moafaq, 2017a; 

Ertekin and Yaldiz, 2000). 

Energy demand is expected to double by 2030, and 

quadruple by 2050, compared to the year 2000. There are 

great ambitions to contribute renewable energies, 

especially solar energy, to meet these needs (Chaichan and 

Kazem, 2018). Solar energy is used in several applications, 

including heating homes, generating electricity, water 

heating, drying crops, water distillation and others 

(Chaichan and Kazem, 2018). There are many 

technological applications that can benefit from solar 

energy, the most important of which are thermal solar 

concentrators, photovoltaic panels, solar water heaters, 

etc. (Rabaia et al., 2021). 

For projects, which depends on solar energy, sufficient 

information must be available about the solar radiation 

values for the selected region, so these values are obtained 

either by employing measurements or theoretical 

calculations (Abdelhafidi et al., 2021). 

Many meteorological stations worldwide use different 

devices to measure weather parameters such as 

temperature, relative humidity, solar radiation intensity, 

etc. (Bailek et al., 2020). However, these stations do not 

cover the entire region of the world. Also, the measured 

values cannot be assured of their reliability due to several 

reasons, the most important of which are the accuracy of 

the devices used in the measurement, and the methods 

used to calibrate these devices.  

These issues have prompted researchers from 

different continents of the world to find other methods for 

calculating weather parameters. The most important 

weather parameter is solar radiation, and comparing it 

with the measured values of these stations to ensure their 

reliability (Kazem et al., 2016; Yousif et al., 2019).  

Iraq is characterised by sunny weather most days, 

except for some rainy and cloudy winter days. The number 

of sunny days reach more than 300 days during the year. 

In addition, the intensity of Iraq’s solar radiation is 

relatively high, compared to many regions of the world, 

which provides a fertile environment and a promising 

future for the use of solar energy technology in various 

applications in the country (Chaichan et al., 2018; Moafaq 

et al., 2021).  

Through the investigation of previous studies and 

looking at process of calculating the intensity of solar 

radiation, it was found that most of them depended on one 

type or several weather parameters (Bamehr and 

Sabetghadam, 2021). Some of these studies have been 

based on mathematical modeling on daily sunshine 

duration, relative humidity, the number of sunny hours, 

the values of latitude, the angle of inclination or maximum 

temperature, height above sea level, and geographical 

location (Sridharan, 2021; Mujabar and Venkateswara, 

2021; Blal et al., 2020). Additionally, other studies were 

based on surface albedo and turbidity of water (Liu et al., 

2020; Yu et al., 2021).  Besharat et al. (Besharat et al., 

2013) reviewed the literature related to the study of 

empirical models for calculating solar radiation. These 

models have been classified into four groups, depending on 

the parameters used in these models, as follows: models 

that are  depended on temperature, models that are based 

on sunshine duration, models that that are based on the 

number of clouds and models that are based on other 

weather parameters. These models were applied and 

compared using known statistical indicators, and the 

measured data from the weather station of the Iranian 

Yazd city. 

Koussa et al. (Koussa et al., 2009) studied several 

statistical models to calculate the global and diffuse solar 

radiation for three cities in Algeria. The authors 

recommended the necessity of formulating models that 

calculate solar radiation in other Algerian cities without 

weather stations that provide solar radiation data.  

Sen (Sen, 2007) developed the Angstrom equation to 

formulate a non-linear model based on the sunshine 

duration to calculate global solar radiation. This model 

includes three variables, all of which depend on the 

duration of the sunshine, and he concluded with the non-

linear relationship between sunshine duration and global 

solar radiation. Benghanem and Joraid (Benghanem and 

Joraid, 2007) calculated the global and diffuse solar 

radiations for Medina city in Saudi Arabia, using multiple 

proposed correlations to find a relationship between the 

diffuse and global solar radiation. These empirical 

correlations were of the first, second and third-order for 

sunshine duration. Sabbagh et al. (Sabbagh et al., 1977) 

proposed empirical models for calculating solar radiation 

for several countries in the Middle East, such as Egypt, 

Saudi Arabia, Lebanon, Kuwait, and Sudan.  

The current work aims to provide reliable values of 

solar radiation for the city of Baghdad, which is the capital 

of Iraq; Baghdad is located in the middle of Iraq at a 

latitude of 33.20°, longitude 44.26° and 34 m height above 

sea level, by developing four linear correlation models to 

calculate the intensity of solar radiation throughout the 

year. All models are compared employing the measured 

values obtained from the Baghdad Meteorological Station 

and satellite data provided by NASA. 

Investigating previous studies did not yield any 

reliable information for calculating the solar radiation for 

Baghdad city. This study is considered new in collecting 

and using meteorological data from two different sources: 

the Iraqi Meteorological Authority (IMA) and NASA. 

These data were used to formulate four new empirical 

models for calculating global solar radiation falling on 

horizontal surfaces. The empirical models were two 

singular and two polynomial models, depending on the 

data source used to formulate each model. The global solar 

radiation calculated by each of the four empirical models 

was compared with the global solar radiation values 

measured by the IMA and NASA, and most often showed 

good compatibility. In order to increase the reliability of 

the results obtained by the four models, statistical error 

indicators such as mean bias error (MBE), root mean 

square error (RMSE) and mean percentage error (MPE) 

were calculated. The results were excellent for all four 
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empirical models, as any of these models can be employed 

to estimate solar radiation reliably. Moreover, the absence 

of data about beam and diffuse solar radiation from 

weather stations, and the impossibility of measuring them 

were calculated using mathematical equations, due to 

their importance when constructing projects based on 

solar energy. 

2. Data and Methodology 

Weather stations provide long-term data for several 

years to calculate instantaneous solar radiation values, 

using different mathematical models. The metrological 

data for Baghdad was obtained from the IMA, extending 

from 1961 to 2016 (Moafaq, 2017b). Since 1980, another 

way to measure solar radiation appeared in the form of 

satellites deployed in space. The meteorological satellites 

provide coverage for most of the continents on the surface 

of the earth. Sophisticated devices are installed on 

satellites that measure both the solar radiation emitted by 

the sun, and the solar radiation reflected from the earth’s 

surface towards outer space. The difference between these 

two values is the solar radiation that the earth receives. 

These radiation values can be obtained through the NASA 

site, adopted in this study (NASA site). NASA assumes 

that the measurement of solar radiation divides each 

latitude on the earth’s surface into several points, at which 

the measurement is made. Each point is 111 km away 

from the other, and evaluates the solar radiation as the 

monthly mean, which is an average of three hours per 

month (NASA site). The radiation values for each month, 

for over 22 years, from 1983 to 2005, have been included 

(NASA site). NASA states that the monthly values it 

provides are not 100% accurate, as it estimates that the 

RMSE of these values is 13 to 16%, and that the absolute 

mean bias error (AMBE) is around -2 ± 0.7% (NASA site). 

The global solar irradiance is calculated using the 

linear regression model, proposed by Angstrom 

(Angstrom,1924), later modified by Page (Page, 1961). 

This model includes a method that involves using some of 

the measured parameters in a linear equation to calculate 

the total solar irradiance. This model used the clarity 

index with the sunshine hours (Ali et al., 2020). 

To construct the mathematical model, we must first 

calculate the sun’s zenith angle, which can be defined as 

the angle that describes the path of the sun. In this way, 

the solar radiation falling on the horizontal surface, at any 

moment is inclined with the vertical line on the earth’s 

surface, from sunrise to sunset. The cosine of the sun’s 

zenith angle (z) can be calculated using Eq. 1. (Moafaq, 

2017b): 

𝑐𝑜𝑠 𝑧 = 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝐿 𝑐𝑜𝑠 ℎ + 𝑠𝑖𝑛𝛿𝑠𝑖𝑛𝐿                            (1) 

Where, δ is the solar declination angle, L is latitude, and 

h the solar hour angle. 

The proposed mathematical model to be used can be 

developed by finding the monthly rate of daily radiation 

on a horizontal surface outside the planet (extraterrestrial 

radiation), as shown using Eq. 2. (Moafaq, 2017b; Garba 

et al., 2020):  

𝐻𝑜 = (𝐼)(𝑐𝑜𝑠 𝑧)                                                            (2) 

For any day of the year, and at a point on the surface 

of the earth, where the distance from the sun is equal to 

the average distance between the sun and the earth, the 

radiation outside the earth is measured on the horizontal 

surface, which can be defined as described by (I), as shown 

using Eq. 3. (Moafaq, 2017b; Garba et al., 2020): 

𝐼 = (𝐼𝑜)(𝐸𝑜)                                                                 (3) 

The equation (2) becomes: 

Ho = (Io)(Eo)(cos z)                                                    (4) 

Io is known as the solar constant, which was first 

introduced by the French physicist Claude Pouillet in 1837 

(Iqbal, 1983), and NASA determined its value as 1353 

W/m2, but later, studies found that its value was 

approximately 1366.1 W/m2. The correction factor (Eo) of 

aberration for the Earth’s orbit at any day (n) of the year 

is calculated using Eq. 5 (Duffie and Beckman, 1991; 

Bakirci, 2009): 

𝐸𝑜 = 1 + 0.033 𝑐𝑜𝑠 (
360×𝑛

365
)                                          (5) 

Substituting equation (1) and equation (3) into 

equation (2) yields: 

𝐻𝑜 = (𝐼𝑜)(𝐸𝑜)(𝑠𝑖𝑛𝛿𝑠𝑖𝑛𝐿 + 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝐿 𝑐𝑜𝑠 ℎ)                (6) 

The daily solar radiation outside the earth 

(extraterrestrial) for horizontal surfaces can be obtained 

as shown by Eq. 7: 

𝐻𝑜 =
24

𝜋
(𝐼𝑜)(𝐸𝑜)(

𝜋ℎ𝑠

180
𝑠𝑖𝑛𝛿 𝑠𝑖𝑛𝐿 + 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝐿 𝑠𝑖𝑛 ℎ𝑠)     (7) 

The last equation was the result of performing the 

mathematical integration of Eq. 6, and for the period from 

sunrise to sunset, which represents the limits of the 

integration. 

Since δ is the solar declination angle, the average 

sunrise angle  hs  can be calculated as shown by Eq. 8. and 

Eq. 9: 

𝛿 = 23,45𝑜 𝑠𝑖𝑛 (
360(284+𝑛)

365
)                                          (8) 

 ℎ𝑠 = 𝑐𝑜𝑠−1(− 𝑡𝑎𝑛 𝐿 𝑡𝑎𝑛 𝛿)                                           (9) 

In the typical case of the incoming solar radiation, the 

zenith angle z can be considered equal to 90o, and the 

angle of sunset can be considered equal to the hour angle; 

thus, the length of the day can be calculated as shown by 

Eq. 10: 

𝑆𝑚𝑎𝑥 =
2

15
ℎ𝑠 =

2

15
𝑐𝑜𝑠−1(− 𝑡𝑎𝑛 𝐿 𝑡𝑎𝑛 𝛿)                      (10) 

It is possible to obtain a coefficient called the clarity 

coefficient (Kt), by calculating the ratio between the 

monthly average of daily global solar radiation (H̅) and the 

monthly average of daily extraterrestrial radiation (Ho). 

The relative duration of sunlight represents the ratio 

between the monthly average of the daily sunshine 

duration (S) and the monthly average of daily length 

(Smax). 

The linear regression model proposed by Angstrom is 

most widely employed for calculating the ratio between 

the global solar radiation monthly rate on a horizontal 

surface, and the monthly average of daily calculated 

horizontal extraterrestrial radiation. Since Ho and Smax 

can be calculated, therefore calculating H̅ can be obtained 
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in this study, which will be compared with the values 

obtained from the IMA and NASA. A relationship between 

the clarity coefficient and the relative duration of sunlight 

will be extrapolated by modeling these equations in 

FORTRAN language. The programme inputs were feed 

from calculated and measured factors, which will be used 

to find the global horizontal solar radiation (GHSR) 

values.  

The monthly average of daily calculated GHSR can be 

obtained by the linear regression equation (model No.1 

and model No.2, depending on the data source), as shown 

by Eq. 11 (Angstrom,1924; Page, 1961): 

�̅� = 𝐻𝑜 [а + 𝑏 (
𝑆

𝑆𝑚𝑎𝑥
)]                                              (11) 

More than one value is obtained for each of the 

equation constants a and b, by entering different data 

from both IMA and NASA, thus obtaining two different 

empirical models (models No.1 and No.2). 

The total solar radiation can be calculated using 

other models by establishing a relationship between the 

duration of the sun’s brightness and the maximum 

temperature with relative humidity. The equation was 

formulated in this mathematical model, based on the 

model proposed by Gopinathan (Gopinathan, 1988). The 

two other empirical models which have been used in this 

study can be described as shown by Eq. 12 (model No.3 

and model No.4, depending on the data source) 

(Gopinathan, 1988; Kacem and Yahia, 2013): 

�̅�

𝐻𝑜̅̅ ̅̅
= 𝑎 + 𝑏 (

𝑆

𝑆𝑚𝑎𝑥
) + 𝑐(𝑇𝑚𝑎𝑥) + 𝑑(𝑅𝐻)                        (12) 

Where, Tmax is the maximum air temperature, RH relative 

humidity, and a, b, c and d are the constant coefficients of 

the empirical models. 

Regression coefficients are constants that can be 

found for the city of Baghdad, using a FORTRAN language 

programme that was employed to solve the equation. 

Using two different data sources, IMA and NASA, two 

values for each of the equation constants were obtained, 

and thus two different models were formulated. 

In the current study, four regression models were 

formulated to calculate the monthly average of daily 

GHSR for the city of Baghdad, which is summarised as 

follows:  

1- The first model (model No. 1) is a single linear 

regression model, derived from the Angstrom 

equation (Eq. 11), and its variables were obtained 

using the IMA data as input to the computer 

programme. 

2- The second model (model No. 2) is a single linear 

regression model that was formulated using the 

Angstrom equation (Eq. 11), and its variables were 

obtained using NASA data as input to the computer 

software. 

3- The third model (model No. 3) is a polynomial linear 

regression model, derived from the Gopinathan 

equation (Eq. 12), and its variables were obtained 

using IMA data as input to the computer programme. 

4- The fourth model (model No. 4) is a polynomial linear 

regression model, derived from the Gopinathan 

equation (Eq. 12), and its variables were obtained 

using NASA data as input to the computer software. 

Models No. 1 and No. 2 depend on sunshine duration, 

while models No. 3 and No. 4 depend on sunshine 

duration, maximum temperature and relative humidity. 

Two other essential types of solar radiation are 

diffused and beam radiation; however, as these types of 

radiation cannot be measured directly, mathematical 

methods are used to calculate them. Meteorological 

stations usually lack data on these types of solar radiation 

because it is impossible to measure. In this study, the 

diffuse solar radiation was calculated, and by using the 

value of the diffuse and global solar radiation, it was 

possible to calculate the beam solar radiation. Liu 

formulated an empirical equation for calculating monthly-

average daily diffused solar radiation. This equation was 

used in the current study as shown by Eq. 13. (Liu, 1996):  

 
�̅�

�̅�
= 1.39 − 4.02𝐾𝑡 + 5.53𝐾𝑡

2 − 3.108𝐾𝑡
3                  (13) 

The extraterrestrial solar radiation enters the atmosphere 

and reaches the surface of the earth; it is exposed to 

reflection as a result of water vapor and dust particles 

suspended in the air, and under the influence of other 

factors. This part of solar radiation is called diffuse 

radiation. The radiation reaching the earth’s surface is 

called beam radiation, where beam radiation represents 

the difference between global and diffuse radiation, and it 

can be calculated as shown by Eq. 14: 

�̅� = �̅� − �̅�                                                              (14) 

3. Statistical Test and Models Performance 

To verify the reliability of any arithmetic model, the 

calculated values must be compared with measured 

values, and in this study, four values of solar radiation 

were calculated, one value by each model, depending on 

the inputs representing some weather parameters, which 

were obtained by the two methods: NASA and the IMA. 

The calculated values adopted in its inputs from the NASA 

data were compared with the measured values of GHSR 

provided by NASA, and the same was done with the 

calculated values that used inputs from the IMA. It is 

common to use statistical tests to show the reliability of 

computational models; some well-known and widely used 

indicators are MBE, RMSE as well as MPE. 

MBE and MPE are given information about the 

performance of the mathematical model for a long-term 

period, and their values should be low, which indicates a 

convergence between the calculated values and the 

measured values of GHSR. Positive values of MBE 

indicators mean that there is an exaggeration in the 

calculated values compared to the measured values, and 

vice versa. As for the indicator MPE, it behaves opposite 

to the indicator MBE – if its value is positive, this 

indicates that the calculated values have a lower value 

compared to the measured values, and if its value is 

negative, then there is an overstatement in the calculation 

relative to the measured values. RMSE is in the ideal case 
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equal to zero, which means that the calculated and 

measured values are equal, and its value is always 

positive. Whenever there is a small value, it means that 

the values of the proposed arithmetic model is closer to the 

measured values; this indicator reflects the information 

about the short-term correlation performance. The three 

indicators can be formulated as shown by Eq. 15, Eq. 16 

and Eq. 17. 

𝑴𝑩𝑬 = (
𝟏

𝒏
) ∑ (𝑯𝒊,𝒄 − 𝑯𝒊,𝒎)𝒏

𝒊=𝟏                                     (15) 

𝑅𝑀𝑆𝐸 = √1

𝑛
∑ (𝐻𝑖,𝑐 − 𝐻𝑖,𝑚)

2𝑛
𝑖=1                                  (16) 

𝑀𝑃𝐸 = [∑ (
𝐻𝑖,𝑚−𝐻𝑖,𝑐

𝐻𝑖,𝑚
× 100)𝑛

𝑖=1 ] /𝑛                             (17) 

Where, 𝐻𝑖,𝑐 is the ith calculated and 𝐻𝑖,𝑚 is the ith 

measured monthly average daily GHSR, and n is the 

number of observations. The negative values give an 

indication that the average measured values are greater 

than the mean values calculated mathematically. 

 

4. Results and Discussions 

As has been shown earlier, four models were 

formulated to calculate daily GHSR for the city of 

Baghdad, where two models were obtained from each 

equation, depending on the programme’s inputs. These 

inputs represent some of the weather parameters. In the 

first and second models, the sunlight duration (S) was 

used, while more parameters were added in the third and 

fourth models. The maximum temperature (Tmax), relative 

humidity (RH%) in addition to the sunlight duration (S) 

were used as the programme’s inputs. These parameters 

were obtained from two different sources. The first source 

of the programme’s inputs was the IMA, which provided 

meteorological data for the period 1961 to 2016. The 

second source was NASA data for the period of 1984 to 

2004. In the current study and for the city of Baghdad, the 

location of the study, the solar radiation was calculated 

using single and polynomial linear regression models (Eq 

18-21). 

For single linear regression model employing IMA inputs, 

Eq. 11 can be formulated as shown by Eq. 18 (model No. 

1). 

�̅�

𝐻𝑜
= 0.390 + 0.354 (

𝑆

𝑆𝑚𝑎𝑥
)                              (18) 

When NASA inputs are used, Eq. 11 can be formulated as 

shown by Eq. 19 (model No. 2). 

�̅�

𝐻𝑜
= 0.331 + 0.349 (

𝑆

𝑆𝑚𝑎𝑥
)                                       (19) 

For the polynomial linear regression models, Eq. 12 can be 

formulated as shown by Eq. 20 and Eq. 21. 

• By using IMA inputs (model No. 3): 

�̅�

𝐻𝑜̅̅ ̅̅
= 0.603 + 0.018 (

𝑆

𝑆𝑚𝑎𝑥
) + 0.0027(𝑇𝑚𝑎𝑥) − 0.0008(𝑅𝐻)         (20) 

• By using NASA inputs (model No. 4). 

�̅�

𝐻𝑜̅̅ ̅̅
= 0.527 + 0.016 (

𝑆

𝑆𝑚𝑎𝑥
) + 0.0025(𝑇𝑚𝑎𝑥) − 0.0006(𝑅𝐻)         (21) 

The coefficients a and b for the first and second 

models, as well as the coefficients a, b, c, and d for the third 

and fourth models, are usually constants. These constants 

depend on the periodic climate changes, so they have 

variable values, according to the change of the source of 

the climate input. The values of the constants (a, b) for 

Baghdad city for the first and second models were 0.390, 

0.354 and 0.331, 0.349, respectively. The values of (a, b, c, 

d) for the third and fourth models were 0.603, 0.018, 

0.0027, -0.0008 and 0.527, 0.016, 0.0025, -0.0006, 

respectively. These resulting values are summarized in 

Table 1. The constants in all models have greater values 

in the case of relying on the IMA than NASA data. In 

general, regardless of the atmospheric parameters, the 

measured radiation values provided by NASA are lower 

than the values provided by the IMA. This is due to the 

change in constants for all models. Moreover, the period 

used by the IMA to collect data extended to more than 55 

years, while NASA collected data for 20 years only. The 

period used data was reflected in all measured and 

recorded values, in both sources, leading to the emergence 

of a difference in the constants of values of the four models.  

To evaluate the proposed models, RMSE, MBE, and 

MPE% indicators were used. It can be noted from Table 1 

that the lowest value of the RMSE, MBE, and MPE% by 

using a single linear regression model were related to the 

values provided by the IMA (model No. 1). The RMSE, 

MBE and MPE% values were 0.4769, 0.0164 and 0.2207, 

respectively. Prior studies recommend that whenever 

these values are small, the calculated GHSR values are 

close to the measured values (Mohamed et al., 2014). Also, 

the value of MPE% should be close to zero. 

 

 

 
 

 

Table 1 

Regression coefficients, root mean square error (RMSE), mean bias error (MBE) and mean percentage error (MPE) for 

the two models based on data values from IMA and NASA. 

Model number a b c d 
RMSE 

MJ/m2/day 

MBE 

MJ/m2/day 

MPE 

% 

Model No.1 0.390 0.354 - - 0.476 0.016 0.220 

Model No.2 0.331 0.349 - - 0.864 0.177 -0.968 

Model No.3 0.603 0.018 0.0027 -0.0008 0.642 0.399 -1.148 

Model No.4 0.527 0.016 0.0025 -0.0006 0.960 0.218 -1.022 
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Fig. 1 Variation of monthly means daily maximum temperature, relative humidity and sunshine 

duration by using data of IMA for a period (1961-2016) and NASA for the period (1984-2004) for Baghdad 

city..  

 
Fig. 2 Variation of clearness index and S/Smax for Baghdad city by using IMA and NASA data. 

 
Fig. 3 Monthly avearge variation of calculated daily extraterrestrial radiation, measured daily global solar radiation by 

IMA and NASA. 
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Fig. 4 Monthly avearge variation daily global solar radiation; measured by IMA and calculated by model No. 1 

and model No. 3. 

 

 
Fig. 5 Monthly avearge variation daily global solar radiation; measured by NASA and calculated 

by model No. 2 and model No. 4. 

 

The values calculated by the four regression models were 

compared with the measured ones by IMA and NASA, 

through a statistical test by calculating the RMSE, MBE 

and MPE% indicators – Eqs. 15 to 17, respectively, as 

shown in Table 1. Each of these equations include the 

product of subtracting the measured values from the 

calculated ones, or vice versa. All the values for these three 

indicators obtained were very small, which means that the 

calculated values using the four models are very close, 

compared to the values measured by the IMA and NASA. 

Table 1 demonstrates that the value of the MPE% by 

using a single linear regression model with IMA input 

values (model No. 1) is positive, with a value of 0.2207. 

This means that the calculated GHSR values are less than 

the measured GHSR values in general. As shown by Eq. 

17, and in the other three cases, the values of the 

indicators of MPE% are negative at -0.9680, -1.1487, and -

1.0225 for models No. 2, No. 3, and No. 4, respectively. 

This indicates that the calculated values are greater than 

the measured values of GHSR. The values of the three 

statistical indicators RMSE, MBE and MPE% were 0.4769, 

0.0164, 0.2207; 0.8641, 0.1773, -0.9680; 0.6420, 0.3996, -1.1487; 

0.9604, 0.218, -1.0225 for models No. 1, No. 2, No. 3 and No. 

4, respectively. These results mean that the single linear 

regression model that is related to the values provided by 

the IMA (model No. 1) is the best for the city of Baghdad, 

when calculating the GHSR, and it is the closest to reality. 

Figure 1 includes the monthly average values of daily 

sunlight duration, maximum temperature, and relative 

humidity for each month of the year, provided by the IMA 
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and NASA. As indicated in Figure 1, the highest values of 

sunlight duration are in June for both sources. The value 

recorded by IMA was higher than NASA’s, recorded at 

12.34 and 11.60, respectively. The lowest value of sunlight 

duration was recorded in January, and the value of NASA 

was higher than that of IMA at 6.20 and 5.96, respectively. 

The highest value of the maximum temperature was in 

July, reaching 44°C for both NASA and IMA, while the 

lowest value was in January. The value maximum 

temperature of IMA was greater than NASA’s, recorded at 

16.80 and 15.50, respectively. The highest value of relative 

humidity recorded by the IMA in January was 72%, while 

its highest value was recorded by NASA at 71%, for both 

December and January. The lowest value was 25% in July 

by the IMA, while June recorded 21% as the lowest value 

by NASA. The discrepancy in these values is due to the 

difference in the number of measurements of the year and 

methods used in measuring, as well as the accuracy of 

measurement devices for both the IMA and NASA. Similar 

behavior to those parameters was recorded by both 

sources, and was observed with little difference in their 

values. 

In Figure 2, a comparison of clarity factor (Kt) and 

S/Smax is shown using IMA and NASA data. In most 

months of the year, the IMA-based values are found to be 

slightly larger than the NASA-based values. The highest 

value of S/Smax was 0.904 in the month of August, based 

on IMA, while it was 0.861 in August and September, 

according to NASA. The lowest value was in January for 

both IMA and NASA at 0.594 and 0.618, respectively. The 

maximum value of Kt was 0.715, according to the IMA, in 

September, and was 0.657 by NASA in June. The 

minimum value of Kt was 0.603 by the IMA in January, 

and was 0.526 in November, according to NASA. This 

means that the daily mean of global solar irradiance 

calculated for the horizontal surface, the measured 

irradiance value, and the duration of the daily sunshine 

provided by the IMA are greater than the values provided 

by NASA. 

Figure 3 shows that the calculated extraterrestrial 

radiation (𝐇𝐨) is higher than the global radiation values 

measured (�̅�) by both NASA and IMA. This is because 

when the radiation enters the atmosphere, a proportion of 

it is reflected back to the atmosphere due to dust, water 

vapor particles, and other factors. Maximum values of 𝐇𝐨 

and �̅�, according to NASA and the IMA, were in June with 

values 41.489, 28.555, and 27.28, respectively, while 

minimum values were 17.762, 11.268, and 9.89, 

respectively, in December.  

Figures 4 and 5 provide a comparison between the 

measured values of global radiation by the IMA and 

NASA, with the calculated values using Eqs. 18 to 21 (the 

four models). In Figure 4, it was observed that the 

difference between the measured and calculated values by 

model No. 1 and model No. 3, from April to July, was 

greater than the other months, where the values were 

22.105, 22.641, 20.381; 24.482, 25.497, 22.992; 28.555, 

28.947, 26.315; 28.182, 28.493, 25.907, respectively; the 

largest difference was recorded during May. As for the 

values of the other months, they appear almost identical. 

It can be said that models No. 1 and No. 3 can be relied 

upon to calculate the yearly daily GHSR. with great 

accuracy, but they are less accurate for the months from 

April to July. Despite that, in general, the values 

calculated by each of the two models correspond well with 

the measured values by the IMA. 

 

 

 

 

 
Fig. 6 Monthly average variation of calculated daily extraterrestrial radiation, measured daily global solar 

radiation by the IMA and NASA, calculated daily global solar radiation by models No. 1–No. 4. 
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Table 2  

Comparison between the calculated daily diffuse solar radiation (MJ/m2/day) by the IMA-based, NASA-based, model No. 

1, model No. 2, model No. 3 and model No. 4, for Baghdad city. 
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January 3.403 3.141 3.387 3.394 3.037 3.005 

February 4.106 3.871 4.015 3.936 3.615 3.505 

March 5.183 4.837 5.123 5.167 4.495 4.604 

April 6.411 5.644 6.567 6.957 5.911 6.161 

May 7.082 6.746 7.376 7.880 6.651 7.078 

June 6.558 6.265 6.648 6.821 6.044 6.136 

July 6.402 5.716 6.473 6.643 5.886 5.905 

August 5.717 5.181 5.747 5.770 5.232 5.156 

September 4.793 4.132 4.648 4.715 4.224 4.189 

October 4.000 3.141 3.852 3.876 3.491 3.444 

November 3.464 2.830 3.434 3.403 3.098 3.057 

December 3.065 2.691 3.046 2.960 2.744 2.601 

Table 3  

Comparison between the calculated daily beam solar radiation (MJ/m2/day) by the IMA-based, NASA-based, model 

No. 1, model No. 2, model No. 3 and model No. 4 for Baghdad city. 
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January 8.125 7.498 8.087 8.101 7.251 7.175 

February 11.287 10.638 11.034 10.817 9.935 9.634 

March 13.974 13.042 13.812 13.930 12.117 12.412 

April 15.693 13.815 16.073 17.029 14.469 15.082 

May 17.399 16.573 18.120 19.356 16.340 17.386 

June 21.996 21.014 22.298 22.877 20.271 20.579 

July 21.779 19.443 22.019 22.598 20.020 20.086 

August 20.930 18.968 21.043 21.128 19.158 18.876 

September 18.396 15.857 17.839 18.093 16.210 16.078 

October 14.211 11.158 13.684 13.770 12.404 12.235 

November 9.633 7.869 9.550 9.463 8.614 8.502 

December 8.202 7.198 8.151 7.921 7.343 6.958 
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Figure 5 shows the semi-match between the 

measured daily GHSR values by NASA and the values 

calculated by model No. 4, throughout the year, except for 

April, May, and June, where the values were 19.460, 

20.381, 21.244; 23.320, 22.992, 24.46; and 27.280, 26.315, 

26.716, respectively. As for model No. 2, it shows a larger 

deviation from model No. 4 for all months of the year, 

compared to the daily GHSR values measured by NASA. 

Despite that, the difference is very small between daily 

GHSR calculated values for both models (models No. 2 and 

No. 4) compared to the values measured by NASA. 

All the values of calculated daily GHSR using the four 

mathematical models (equations 18 to 21), and the values 

of measured daily GHSR by NASA and the IMA, as well 

as the values of the calculated extraterrestrial radiation 

throughout the year, are included in Figure 6. It can be 

noted that daily GHSR calculated by models No. 1 and No. 

3, which are based on some of the IMA’s inputs, are close 

to the daily GHSR measured by the IMA. Likewise, for 

models No. 2 and No. 4, their calculated daily GHSR are 

very close to the measured NASA values. The difference 

between extraterrestrial radiation on the one hand and 

global radiation on the other – calculated by all four 

models or measured the by IMA and NASA – occurred as 

a result of absorption and reflection of part of the radiation 

by suspended particles in the air, water vapor particles or 

other factors. It can be noted that all the models behave 

similarly and have convergent values; Figure 6 was done 

for the sake of comparison and to ensure the reliability of 

the models proposed in this study. 

Table 2 reviews the values of daily diffuse solar 

radiation, calculated depending on the IMA, NASA, and 

the values calculated by each of the four models. The 

lowest values of diffused radiation were in December, 

when their values were 3.065, 2.691, 3.046, 2.960, 2.74, 

and 2.601, respectively, while the maximum values in May 

were 7.082, 6.746, 7.376, 7.880, 6.651, and 7.078, 

respectively. 

Table 3 presents the values of daily beam (direct) 

radiation that reaches the earth’s surface after a reflection 

of part of the global radiation away from the earth. 

Maximum daily beam solar radiation values were 21.996, 

21.014, 22.298, 22.877, 20.271, and 20.5799 in June, for 

values calculated depending on the IMA, NASA, and the 

values calculated by four models, respectively. While 

minimum values were 8.125, 8.087, and 7.251 in January, 

calculated depending on the IMA and values calculated by 

models No. 1 and No. 3, respectively. The minimum values 

for the beam, calculated depending on NASA and the ones 

calculated by models No. 2 and No. 4, were 7.198, 7.921, 

and 6.958785, respectively, in December. 

5. Conclusion 

In this study, the possibility of using linear regression 

models to calculate solar radiation was demonstrated. 

Each linear regression equation resulted in two models, 

one of which depended on the use of some parameters of 

NASA, and the other was based on the IMA’s parameters. 

As a result, four models were formulated. These models  

were produced as a result of calculating the constants of 

equations, which changed as a result of using the two 

input sources for the computer programme, which was 

formulated in FORTRAN. The obtained results were 

analysed to calculate the GHSR using the four models, two 

models were single and two polynomials. It was noted that 

the performance of all the models was good and acceptable, 

compared to the values measured by NASA and the IMA. 

Through statistical tests for all models, statistical 

indicators values (RMSE; MJ/m2/day, MBE; MJ/m2/day 

and MPE%) were obtained for model No. 1 (0.4769, 0.0164, 

0.2207), model No. 2 (0.8641, 0.1773, -0.9680), model No. 

3 (0.6420, 0.3996, -1.1487), and model No. 4 (0.9604, 0.218, 

-1.0225). It can be concluded that the single linear 

regression model that depends on IMA’s data (model No. 

1) is closer to reality, as compared to the measured values, 

followed by the single linear regression model based on 

NASA’s data (model No. 2), the polynomial model based on 

NASA data (model No. 4), and finally the polynomial 

model based on the IMA’s data (model No. 3). The four 

models can be used to calculate the GHSR for the city of 

Baghdad. For more accurate values, it is recommended to 

use a single linear regression model based on the IMA’s 

data (model No. 1). 
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