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Abstract 

Diffuse radiation is used in photovoltaic systems and other energy applications. Since global radiation is 

measured by local meteorological stations, it is possible to reach this radiation data. However, diffuse 

radiation is not usually measured, so it is not possible to obtain regular data on diffuse radiation. For this 

reason, efforts are underway to develop various empirical models to estimate diffuse radiation. This work 

aims to develop new empirical models to estimate the diffuse radiation values for Konya, Türkiye. The 

empirical models are used to determine the relationship between the diffuse fraction and the clearness index. 

Data from NASA-surface meteorology and solar energy and the measured global solar is used. The three 

most suitable developed models are selected, and it is suggested to estimate the diffuse radiation. The 

developed models consist of 2nd, 3rd, and 4th-order polynomial regression models. The proposed models are 

tested to evaluate their performances by using eight statistical methods. These are Mean Bias Error (MBE), 

Mean Absolute Error (MAE), Mean Squared Error (MSE), Root Mean Squared Error (RMSE), Sum Squared 

Relative Error (SSRE), Relative Standard Error (RSE), Coefficient of determination (R2), and Correlation 

Coefficient (r). For the suggested models, the statistical parameter R2 values are calculated as 0.999705413, 

1, and 1, and the RSE values are determined as 0.0084537, 0.000122, and 6.05E-06. The proposed models 

can contribute to the researchers working on the applications of photovoltaic systems. The approaches could 

be used to estimate diffuse radiation elsewhere under similar climatic conditions. 
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1. Introduction 

Energy consumption is increasing day by day due 

to technological developments in the world. There 

is a growing interest for renewable energy sources 

such as solar energy to meet the energy demand. 

Renewable energy sources can reduce 

environmental pollution, and provide sustainable 

energy. With the rapid depletion of fossil origin 

sources, clean and renewable energy sources form 

the basis of sustainable energy, and find wide 

application areas [1]. 

29% of solar radiation coming to Earth is returned 

in space by clouds, shiny surfaces, and the 

atmosphere itself, 23% is absorbed by gases, dust, 

and other particles in the atmosphere, and the 

remaining 48% is absorbed on earth. This shows 

that 71% of incoming solar energy is absorbed by 

the atmosphere and earth. The radiation reaching 

the earth after scattering from solar radiation due 

to reflection is called diffuse radiation [2]. 

Diffuse radiation is used in a variety of 

applications including solar power systems, 

climate modelling, and agricultural productivity. 

There are several methods to estimate diffuse 

radiation: empirical models, physical models, and 

statistical models. Empirical models are built 

using historical data on solar radiation and 

atmospheric conditions to estimate the amount of 

diffuse radiation. The isotropic sky model, which 

assumes that the sky brightness is the same in all 

directions, is the commonly preferred empirical 

model for estimating diffuse radiation. Physical 

models using radiative transfer theory need 

detailed atmospheric data such as water vapor, the 

content of aerosols, and atmospheric temperature 

profiles. These models can be complex and 

computationally intensive but they often can give 

more accurate results than empirical models. 

Some statistical models use artificial intelligence 

techniques to estimate diffuse radiation by 
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identifying patterns in historical data. These 

models need to be trained on large datasets to 

increase their accuracy [3]. 

The common feature of solar energy systems is to 

benefit from the sun's radiation at the maximum 

level. In photovoltaic applications all over the 

world, total radiation values on the horizontal 

surface are considered. After determining the 

diffuse and beam components of the total 

radiation on the horizontal surface, calculations 

are made for the titled surfaces, and then the 

performance of the titled solar PV panels can be 

evaluated using the calculated values [4]. In 

photovoltaic projects, it is necessary to know 

radiation components such as daily direct 

irradiance and diffuse radiation for solar energy. 

While total radiation values can be easily obtained 

for many places in Türkiye and the world, it is 

very difficult to reach diffuse radiation values. 

The cost, which arises because of the maintenance 

and calibration of the diffuse radiation devices at 

certain periods, does not allow for obtaining 

measurement data in many places [5]. Empirical 

models were used to obtain this data, especially 

since the diffuse radiation value could not be 

measured. Some models were proposed for 

diffuse radiation by using global radiation 

measurements, meteorological data or satellite 

data [6]. In these studies, basic parameters such as 

extra-terrestrial radiation, sunshine hours, and 

average temperature were used [7]. The most used 

parameters are the clearness index and relative 

sunshine duration. The diffuse radiation can be 

calculated theoretically from clear sky conditions. 

Consideration of more parameters will give more 

satisfactory results but this will increase the 

complexity of the radiation model [8]. Many 

models were derived for estimating solar radiation 

using solar radiation and different parameters [9]. 

The parameters such as instantaneous diffuse and 

beam radiation have been used [10, 11]. The 

properties between the clearness index and diffuse 

fraction were examined annually, monthly, daily, 

and hourly [12]. Another diffuse radiation model 

has been proposed that takes into account the total 

cloud cover instead of some meteorological data 

[13]. Besides, regression models and parametric 

models based on ASHRAE were used for hourly 

diffuse radiation estimation [14]. The effects of 

horizontal visibility, relative humidity, air 

temperature, and other meteorological or 

environmental variables on the diffuse radiation 

fraction were considered in constructing the 

hourly diffuse radiation model [15]. The use of 

artificial intelligence techniques in diffuse 

radiation estimation emerged as an alternative to 

regression methods. If global solar radiation is 

known, the machine learning methods can be used 

to estimate diffuse solar radiation. The estimation 

methods using machine learning were reported to 

be competitive in performance compared to other 

traditional methods [16, 17]. Hybrid models have 

been developed using the radiative transfer model 

and machine learning techniques [18]. However, 

empirical models are very common because of 

their readily available inputs, relatively simple 

forms of functions used, and easy handling [19]. 

Turkey has recently significantly increased its 

share of renewable energy sources in electricity 

generation, and continues to increase it. In 

addition, solar energy investments occupy a 

significant place among renewable energy 

sources. Diffuse radiation is considered an 

important parameter in the installation and 

economic operation of solar systems. There is 

little research on diffuse solar radiation estimation 

and modeling in Türkiye. Tiris, Tiris, and Türe 

[20] estimated diffuse radiation using the sunshine 

and cloudiness index for the Gebze location in 

Türkiye. Aras, Balli, and Hepbasli [21] proposed 

new hybrid models to estimate solar radiation for 

the central anatolian region of Türkiye. Ulgen and 

Hepbasli [22] obtained empirical correlations by 

using diffuse fraction and clearness index for the 

Izmir province in Türkiye. They also developed 

some empirical relationships to estimate the 

diffuse fraction for the three largest cities [23]. 

Tarhan and Sarı [24] determined two separate 

mathematical models to predict the global and 

diffuse radiations for the central Black Sea region. 

Arslanoglu [25] evaluated the feasibility of diffuse 

solar radiation models for Bursa. Tırmıkçı and 

Yavuz [26] studied the diffuse solar radiation 

estimation for the Antalya city. They used the 

clearness index and sunshine fraction. Bakirci and 

Kirtiloglu [27] derived empirical models to 

estimate diffuse radiation for Erzincan, Türkiye, 

using satellite data. They defined diffuse fraction 

as a function of the clearness index. Rusen and 

Konuralp [28] estimated global and diffuse 

radiation using satellite-based forecasting methods 

(HELIOSAT, Meteonom, and PVGIS) for nine 

locations in Turkey, and compared the 

performances of these methods. Bakirci [1] 

investigated models to estimate diffuse solar 

radiation in some regions of Türkiye, and 

determined the three most appropriate models for 

Erzurum and Gebze. Also Bakırcı [29] obtained 

new correlation models for diffuse radiation 

estimation in 13 locations in Eastern Anatolia 

region.  
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As mentioned above, some studies have been 

carried out to estimate diffuse radiation for a few 

locations in Turkey. However, there is still a need 

to develop accurate and reliable new forecasting 

models for different regions of Turkey. This work 

aims to correlate the diffuse fraction and the 

clearness index to estimate diffuse radiation. 

Diffuse radiation data cannot be measured in all 

regions of Türkiye due to difficulties in 

measurements. For this reason, diffuse radiation 

models have been formed for Konya, Türkiye. 

Two approaches are present for the estimation of 

diffuse radiation. First new correlations between 

diffuse fraction and clearness index were 

proposed using NASA-SSE data. This emphasizes 

the importance of using NASA-SSE data with 

empirical approaches in diffuse radiation 

estimation. Second new diffuse radiation models 

were developed by using 12 empirical models 

available in the literature. This approach had a 

significant contribution to developing new models 

for the accurate and reliable estimation of diffuse 

radiation. 14 diffuse radiation models were 

developed, and the validity of these models was 

tested using eight statistical methods. The three 

most suitable diffuse radiation models among 

developed models were selected, and it was 

suggested to use this model. The main 

contributions of this article are as follows: 

• Previous studies have addressed the estimation 

of diffuse radiation based on the parameters 

such as global radiation, sunshine duration, and 

calculated extraterrestrial solar radiation. In 

very few studies, the diffuse radiation model 

was formed using NASA-SSE data. In this 

work, new models were proposed using both 

existing models and NASA-SSE data, and 

these models were compared with each other. 

• Diffuse radiation has been studied for some 

locations in Türkiye, but no study has been 

conducted for Konya using both empirical 

models and NASA-SSE data. Thus there is no 

comprehensive study evaluating and 

comparing the different empirical models 

available. 

• 14 new models were developed based on 

diffuse fraction and clearness index. Eight 

statistical methods were used to evaluate the 

performances of the models. Considering these 

statistical test results, the three best models 

have been proposed for Konya, Türkiye. The 

proposed models can also be used to predict 

the diffuse radiation for any location in the 

Central Anatolian region of Türkiye.  

• The model development approach in this 

article can contribute to the researchers and 

scientists working on photovoltaic systems. 

The new models and approaches could be used 

to predict diffuse radiation. 

 

2. Materials and methods  

Since solar radiation cannot be measured, solar 

data is estimated by developing empirical models. 

In the literature, many models were proposed to 

determine the amount of solar radiation. These 

models are based on various parameters such as 

ambient temperature, sunshine duration, and 

cloudiness [27]. The most important parameter is 

the monthly average daily solar radiation values. 

It is necessary to know the monthly average daily 

value (H) of the global radiation to be used in 

solar applications. This value is available for 

many locations around the world. Another 

important parameter is the monthly average daily 

diffuse radiation (HD). However, since this value 

cannot be measured, it is estimated by developing 

some mathematical models. For reason, the 

diffuse fraction (KD) in equation (2), which is a 

function of the clearness index (KT) given in 

equation (1), is used for the estimation of diffuse 

radiation. The monthly average daily 

extraterrestrial radiation (H0) is calculated by 

equation (3) [30]. 
 

𝑲𝑻 =
𝑯

𝑯𝟎

 (1) 

  

𝑲𝑫 =
𝑯𝑫

𝑯
 (2) 

  

𝑯𝟎 =
𝟐𝟒

𝝅
𝑰𝑺𝑪 (𝟏 + 𝟎. 𝟎𝟑𝟑𝒄𝒐𝒔

𝟑𝟔𝟎𝑫

𝟑𝟔𝟓
) ∗ 

(𝒄𝒐𝒔𝝋𝒄𝒐𝒔𝜹𝒔𝒊𝒏𝝎𝒔 +
𝟐𝝅𝝎𝒔

𝟑𝟔𝟎
𝒔𝒊𝒏𝝋𝒔𝒊𝒏𝜹)  

(3) 

 

where ISC is the solar constant, and its value is 

1367 W/m2. D is the number of days of the year 

since January, φ is the latitude angle, δ is the solar 

declination angle, and ωS is the sunset hour angle. 

Solar declination angle and sunset hour angle can 

be calculated using equation (4) and equation (5), 

respectively. The irradiance values of the sun 

represent monthly average daily values [23]. 
 

𝜹 = 𝟐𝟑. 𝟒𝟓𝒔𝒊𝒏 [
𝟑𝟔𝟎𝑫 + 𝟐𝟖𝟒

𝟑𝟔𝟓
] (4) 

  

𝝎𝒔 = 𝒄𝒐𝒔−𝟏[− 𝐭𝐚𝐧(𝜹) 𝐭𝐚𝐧(𝝋)] (5) 
 

Many statistical methods are used to compare 

solar radiation forecasting models. In this study, 

eight different statistical methods, which are 

widely used in the literature, were applied to test 

the performance of the developed diffuse radiation 

models. These are Mean Bias Error (MBE), Mean 

Absolute Error (MAE), Mean Squared Error 
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(MSE), Root Mean Squared Error (RMSE), Sum 

Squared Relative Error (SSRE), Relative Standard 

Error (RSE), coefficient of determination (R2), 

and correlation coefficient (r). 

MBE provides information on the long-term 

performance of the developed models. A negative 

MBE shows an underestimation, while a positive 

MBE indicates an overestimation. RMSE gives 

information about short-term performance, and its 

ideal value is zero [31]. 
 

𝐌𝐁𝐄 =
𝟏

𝐧
∑(𝐲𝐢 − 𝐱𝐢)

𝐧

𝐢=𝟏

 (6) 

  

𝐑𝐌𝐒𝐄 = √
𝟏

𝐧
∑(𝐲𝐢 − 𝐱𝐢)

𝟐

𝐧

𝐢=𝟏

 (7) 

 

where n is the total number of observations, xi is 

the measured data, and yi is the calculated data. r 

is preferred to determine the relationship between 

measured and predicted values [27]. 
 

𝐫 = √(𝐒𝐭 − 𝐒𝐫)/𝐒𝐭 (8) 
  

𝐒𝐭 =∑(𝐱𝐚 − 𝐱𝐢)
𝟐

𝐧

𝐢=𝟏

 (9) 

  

𝐒𝐫 = ∑(𝐲𝐢 − 𝐱𝐢)
𝟐

𝐧

𝐢=𝟏

 (10) 

  

𝐱𝐚 =
𝟏

𝐧
∑𝐱𝐢

𝐧

𝐢=𝟏

 (11) 

 

where St is the standard deviation and xa is the 

average of the measured values. 

MAE is an indicator of the fit used to obtain the 

models, and its ideal value is zero. MSE measures 

the mean square difference between the predicted 

values and the actual value. MSE is a risk function 

and is always positive. It can be said that 

estimators with MSE values close to zero perform 

better [18]. 
 

𝑀𝐴𝐸 =
1

𝑛
∑|𝑦𝑖 − 𝑥𝑖|

𝑛

𝑖=1

 (12) 

  

𝑀𝑆𝐸 =
1

𝑛
∑(𝑦𝑖 − 𝑥𝑖)

2

𝑛

𝑖=1

 (13) 

 

SSRE is zero, and gives the positive value of the 

sum of the squares of the relative deviation. RSE 

shows the degree of accuracy of the estimate, and 

is an alternative measure of fit and always 

represents a proportion. R2 is applied to determine 

the linear relationship between calculated and 

measured values, and it is desired to be close to 1 

[32]. 
 

𝐒𝐒𝐑𝐄 = ∑(
𝐲𝐢 − 𝐱𝐢
𝐱𝐢

)
𝟐

𝐧

𝐢=𝟏

 (14) 

  

𝐑𝐒𝐄 =
√
∑ (

𝐲𝐢 − 𝐱𝐢
𝐱𝐢

)
𝟐

𝐧
𝐢=𝟏

𝐧
 

(15) 

  

𝐑𝟐 =
∑ (𝐲𝐢 − 𝐲𝐚). (𝐱𝐢 − 𝐱𝐚)
𝐧
𝐢=𝟏

√[∑ (𝐲𝐢 − 𝐲𝐚)
𝟐𝐧

𝐢=𝟏 . ∑ (𝐱𝐢 − 𝐱𝐚)
𝟐]𝐧

𝐢=𝟏

 (16) 

 

2.1. Estimation of diffuse solar radiation  

 

2.1.1. Data collection and climate 

characteristics  

Türkiye is located between 36° and 42° latitudes in 

the northern hemisphere. Türkiye's annual solar 

energy potential is predicted to be around 380 

GWh [33]. Konya is geographically located 

between 36.41' and 39.16' north latitudes and 

31.14' and 34.26' east longitudes. Konya is one of 

the places with the highest solar radiation value. 

The solar radiation values of Konya are above the 

annual averages and reach the highest values. 

First, diffuse and global solar radiation values 

were obtained from the Nasa-SSE web portal [34]. 

This data enables rapid evaluation of solar 

projects. The NASA-SSE dataset includes data 

from NASA satellites for 22 years (1983–2005). 

Secondly, the data for the years 2010 to 2020 was 

taken from the Turkish State Meteorological 

Service. Extraterrestrial solar radiation, H0 was 

computed for each day, and then monthly 

averages were obtained using these values. 

 

2.1.2. Estimation of diffuse radiation using 

NASA satellite data  

Generally, the most widespread method is to 

obtain diffuse fraction (cloudiness index), KD by 

using the clearness index, KT. Then diffuse 

radiation values, HD is produced using the diffuse 

fraction value. Figure 1 shows the model 

development flowchart for diffuse radiation using 

NASA-SSE. Monthly average global, H, and 

diffuse, HD radiations are obtained from the 

NASA-SSE data set. Extraterrestrial solar 

radiation Ho is calculated and given in table 1. 

The clearness index, KT was computed using 

global and diffuse radiation data. Here, equations 

for diffuse fractions were developed utilizing a 

curve-fitting tool in MATLAB. The diffuse 

radiation was derived from these equations and 

compared with NASA-SSE data. Then the model 

that best represents the reference diffuse radiation 
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values is selected. 

 
 

Figure 1. Model development flowchart for diffuse 

radiation using NASA-SSE. 
 

Table 1. Solar radiations and clearness index.  
 

M
o
n
th

s 

HD(SSE) 

 [MJ/m2 day] 

H (SSE) 

[MJ/m2 day] 

H0 

 [MJ/m2 day] 
KT = H/H0 

1 3.132 8.208 16.0612836 0.5110426 

2 4.14 11.124 21.0140476 0.5293602 

3 5.508 15.336 28.1370411 0.5450467 

4 7.092 18.576 35.4719675 0.5236811 

5 7.992 22.032 40.7576153 0.5405616 

6 7.668 25.668 43.0257691 0.5965727 

7 6.768 26.604 41.9896443 0.6335848 

8 6.12 23.724 37.6852992 0.6295293 

9 4.932 19.836 30.907469 0.6417866 

10 4.284 13.572 23.2994694 0.5825025 

11 3.384 9.072 17.2405714 0.5262007 

12 2.88 6.84 14.5945841 0.468667 

 

The models in the literature seem to have been 

developed depending on diffuse fraction and 

clearness index. The clearness index has more 

importance on diffuse radiation compared to the 

relative sunshine duration [25]. Thus seven 

empirical models were formed by considering the 

correlation between the clearness index and 

diffuse fraction. These are linear, quadratic, third 

and fourth-order polynomial, logarithmic, and 

exponential models. The model development is 

implemented using the MATLAB curve fitting 

toolbox. The models are as follows: 
 

𝐊𝐃 = 𝟎, 𝟗𝟐𝟓𝟖 − 𝟏, 𝟎𝟓𝟐𝟔𝐊𝐓 R2 = 0.9988 (17) 
   

𝐊𝐃 = 𝟎. 𝟑𝟓𝟐𝟗 + 0.9944KT R2 = 0.9995 (18) 
   

KD= -07995 + 7.33064KT - 

13.54KT
2+6.964KT

3 
R2 = 0.9997 (19) 

   

𝐊𝐃 = 𝟐, 𝟎𝟕𝟎𝟗𝐞−𝟑,𝟐𝟕𝟐𝐊𝐓 R2 = 0.9973 (20) 
   

𝐊𝐃 = 𝟎, 𝟏𝟏𝟒𝟒𝐊𝐓
−𝟏,𝟖𝟐𝟏 R2 = 0.954 (21) 

   

𝐊𝐃 = −𝟎, 𝟎𝟔𝟗 − 𝟎, 𝟓𝟖𝟕𝐥𝐧𝐊𝐓 R2 = 0.9976 (22) 
   

KD = 55.33 – 394.67KT + 

1081KT
2 – 1311.5KT

3 + 

593.14KT
4 

R2 = 0,9983 (23) 

 

Table 2 shows the monthly average diffuse 

radiation values for seven equations and NASA-

SSE. In table 2, the diffuse radiation produced 

from equation (19) varies between 3.189872 

MJ/m2day and 2.871569 MJ/m2day. The statistical 

test results for diffuse radiation values are given in 

table 3. The third order polynomial model, 

Equation (19) shows the highest estimation 

accuracy with MBE = -0.00285085 MJ/m2, MAE 

= 0.035414734 MJ/m2, MSE = 0.001854687 

MJ/m2, RMSE = 0.043066072 MJ/m2, SSRE = 

0.000857583, RSE = 0.00845371, R2 = 

0.999705413, and r = 0.999687975. This is 

followed by Equations (18) and (17) with -

0.00410764 and -0.006818814 MJ/m2 of MBE, 

0.041738416 and 0.074243664 MJ/m2 of MAE, 

0.00256197 and 0.007493633 MJ/m2 of MSE, 

0.050615905 and 0.086565772 of RMSE, 

0.001018766 and 0.002979797 of SSRE, 

0.009213965 and 0.01575806 of RSE, 

0.999580532 and 0.99885125 of R2, and 

0.999568961 and 0.99873872 of r. 
 

 
 

Figure 2. Diffuse radiations obtained using NASA-SSE data. 
 

The bold values in table 3 represent the most 

suitable models determined according to statistical 

indicators. As it can be seen in table 3, the most 

suitable equations with NASA-SSE data are 

Equations (17), (18), and (19) considering the 

regression constants, the results of R2, and the r 

correlation coefficient. Figure 2 shows diffuse 

radiation obtained from NASA-SSE data and 

developed models.  

A comparison of equations (17), (18), and (19) 

which are the best models of diffuse radiation, is 

shown in figure 3. If it is necessary to define a 

model that provides the highest agreement with 

NASA-SSE data, equation (19) can be selected 

among these models. After that equation (18) and 

equation (17) are the ones with low error rates, 

respectively. As shown in figure 5, there are good 

agreements between the estimations and the 
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NASA-SSE data. 

Figure 4 shows boxplots of statistical metrics. The 

boxplot typically displays quartiles (or 

percentages) and averages. This presents a visual 

distribution of numerical data and variability. Box 

charts are a good tool when comparing 

distributions of multiple groups or datasets, with 

the advantage of taking up less space [35]. The 

box plots in figure 4 clearly show that the 

estimation error of equation (19) is very low, and 

is the best diffuse radiation model. Equation (23) 

has the highest error rate among the developed 

models. 

 

  

(a) (b) 
 

Figure 3. Comparison of diffuse radiation for the equations (17), (18), and (19). 
 

 
Table 3. Statistical test results for monthly average daily diffuse radiation values. 

 

 
Eqnt. (17) Eqnt. (18) Eqnt. (19) Eqnt. (20) Eqnt. (21) Eqnt. (22) Eqnt. (23) 

MBE -0.006818814 -0.00410764 -0.00285085 -0.01773166 -0.01881961 -0.01148105 -0.29076208 

MAE 0.074243664 0.041738416 0.035414734 0.124708475 0.159909865 0.110281619 0.290762082 

MSE 0.007493633 0.00256197 0.001854687 0.01835336 0.030114738 0.015075771 0.109400763 

RMSE 0.086565772 0.050615905 0.043066072 0.135474573 0.173535984 0.122783433 0.330757862 

SSRE 0.002979797 0.001018766 0.000857583 0.008957568 0.014863803 0.006064889 0.036103266 

RSE 0.01575806 0.009213965 0.00845371 0.027321494 0.035194464 0.022481268 0.054850757 

R2 0.99885125 0.999580532 0.999705413 0.997345827 0.995433726 0.997644582 0.998352372 

r 0.99873872 0.999568961 0.999687975 0.996908329 0.994922111 0.997460994 0.981943602 

Table 2. Diffuse radiations calculated from the seven equations. 
 

Months HD(SSE) Eqnt. (17) Eqnt. (18) Eqnt. (19) Eqnt. (20) Eqnt. (21) Eqnt. (22) Eqnt. (23) 

1 3.132 3.1836 3.1821 3.1898 3.1930 3.1883 3.1777 3.0452 

2 4.14 4.1002 4.1310 4.1379 4.0756 4.0526 4.0767 3.9792 

3 5.508 5.3995 5.4659 5.4672 5.3376 5.2977 5.3574 5.2772 

4 7.092 6.9580 6.9949 7.0091 6.9335 6.9017 6.9253 6.7253 

5 7.992 7.8611 7.9487 7.9542 7.7815 7.7262 7.8035 7.6734 

6 7.668 7.6451 7.7268 7.6920 7.5476 7.5220 7.6058 7.1822 

7 6.768 6.8874 6.7921 6.8003 6.9306 6.9869 6.9432 6.2259 

8 6.12 6.2431 6.1814 6.1799 6.2629 6.3038 6.2810 5.6398 

9 4.932 4.9640 4.8499 4.8742 5.0306 5.0888 5.0271 4.5286 

10 4.284 4.2433 4.3037 4.2874 4.1788 4.1539 4.2117 4.0668 

11 3.384 3.3740 3.3953 3.4017 3.3583 3.3412 3.3566 3.2673 

12 2.88 2.9581 2.8783 2.8715 3.0565 3.1105 2.9956 2.7995 
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Table 4. Solar radiations and clearness index. 

 

Months Mean of 12 equations (HD) Measured, H Ho KT = H/HO KD = HD/H 

1 3.473722 7.5927618 16.0612836 0.472736924 0.457504 

2 4.335037 12.09514185 21.01404757 0.575574116 0.358411 

3 5.864856 15.8501781 28.13704113 0.563320714 0.370018 

4 7.229537 20.8638711 35.47196753 0.588179133 0.34651 

5 8.48711 23.01012945 40.75761532 0.564560249 0.368842 

6 8.489352 26.5097709 43.02576907 0.616137061 0.320235 

7 7.694236 27.85216365 41.98964435 0.663310301 0.276253 

8 7.05005 24.5576754 37.68529918 0.651651332 0.287081 

9 5.744565 20.25730845 30.907469 0.655417901 0.28358 

10 4.709259 13.8876156 23.2994694 0.596048578 0.339098 

11 3.565807 9.87299775 17.24057141 0.572660703 0.361168 

12 3.146526 7.23950055 14.59458408 0.49604021 0.434633 

 

 
 

Figure 4. Boxplot plots for equations (17)-(23). 
 

2.1.3. Estimation of diffuse radiation from 

existing models  
New diffuse radiation models have been developed by 

using existing empirical models for Türkiye and other 

localizations in the world. Figure 5 shows the flowchart 

for the estimation of diffuse radiation. Equations (24) 

to (35) are the empirical models obtained from the 

literature. While selecting the existing empirical 

models from different regions of Türkiye and the 

world, attention was paid to having similar climatic 

conditions to be compatible with the reference data. 

The diffuse radiation values, HD were generated by 

using twelve existing empirical models from the 

literature. The generated values are averaged to form 

reference diffuse solar radiation data. Global solar 

radiation, H was obtained from Turkish State 

Meteorological. Extraterrestrial solar radiation Ho is 

calculated. The diffuse fraction, KD was obtained by 

curve fitting methods using the clearness index, KT. 

The solar radiations, diffuse fraction, and clearness 

index are given in table 4. 
 

 
Figure 5. Model development flowchart for diffuse radiation. 
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The empirical models taken from the literature, 

which are thought to best represent Konya and the 

Central Anatolian region, are given below: 

• Model 1 [36]: 
𝐊𝐃 = 𝟎. 𝟗𝟏 − 𝟎. 𝟖𝟒𝟕𝐊𝐓 

 

• Model 2 [21]:             

𝐊𝐃 = 𝟏. 𝟏𝟐𝟒𝟒 − 𝟏. 𝟓𝟓𝟖𝟐𝐊𝐓 + 𝟎. 𝟑𝟔𝟑𝟓𝐊𝟐
𝐓 

 

• Model 3 [24]:             

𝐊𝐃 = 𝟎. 𝟗𝟖𝟖𝟓 − 𝟏. 𝟒𝟐𝟕𝟔𝐊𝐓 + 𝟎. 𝟓𝟔𝟕𝟗𝐊𝟐
𝐓 

 

• Model 4 [22]:        

𝐊𝐃 = 𝟏. 𝟕𝟖𝟐𝟏 − 𝟔. 𝟔𝟒𝟖𝐊𝐓 + 𝟏𝟏. 𝟏𝟕𝐊𝟐
𝐓 

−𝟔. 𝟓𝟔𝟒𝟏𝐊𝟑
𝐓 

 

• Model 5 [37]:           

𝐊𝐃 = 𝟏. 𝟎 − 𝟏. 𝟏𝟑𝐊𝐓 
 

• Model 6 [38]:    

𝐊𝐃 = 𝟏. 𝟎𝟑 − 𝟏. 𝟏𝟕𝐊𝐓 
 

• Model 7 [39]:   

𝐊𝐃 = 𝟏. 𝟑𝟏𝟕 − 𝟑. 𝟎𝟐𝟑𝐊𝐓 + 𝟑. 𝟑𝟕𝟐𝐊𝟐
𝐓 

−𝟏. 𝟕𝟔𝟗𝐊𝟑
𝐓 

 

• Model 8 [40]: 

𝐊𝐃 = 𝟏. 𝟔𝟗𝟏𝟐 − 𝟖. 𝟐𝟐𝟔𝟐𝐊𝐓 + 𝟐𝟓. 𝟓𝟓𝟑𝟐𝐊𝟐
𝐓 -

37.8070K3
T+19.8178K4

T 
 

• Model 9 [41]:       

𝐊𝐃 = 𝟎𝟗𝟏𝟑𝟖 − 𝟎. 𝟗𝟔𝟐𝟐𝟓𝐊𝐓 
 

• Model 10 [24]: 

𝐊𝐃 = 𝟏. 𝟎𝟐𝟕 − 𝟏. 𝟔𝟓𝟖𝟐𝐊𝐓 + 𝟏. 𝟏𝟎𝟏𝟖𝐊𝟐
𝐓 

−𝟎. 𝟒𝟎𝟏𝟗𝐊𝟑
𝐓 

 

• Model 11 [42]: 

𝐊𝐃 = 𝟏. 𝟎𝟖𝟗𝟔 − 𝟏. 𝟒𝟕𝟗𝟕𝐊𝐓 + 𝟎. 𝟏𝟒𝟕𝟏𝐊𝟐
𝐓 

 

• Model 12 [43]:  

𝐊𝐃 = 𝟏. 𝟑𝟗𝟎 − 𝟒. 𝟎𝟐𝟕𝐊𝐓 + 𝟓. 𝟓𝟑𝟏𝐊𝟐
𝐓 − 𝟑. 𝟏𝟎𝟖𝐊𝟑

𝐓 
 

The model development is implemented on the 

MATLAB curve fitting toolbox. Seven new 

models were proposed for the estimation of 

diffuse solar radiation. These are linear, quadratic, 

third and fourth-order polynomial, logarithmic, 

and exponential models. The developed models 

are based on the diffuse fraction, which is a 

function of the clearness index. The models are as 

follows: 
 

𝐊𝐃 = 𝟎, 𝟗𝟎𝟓𝟐 − 𝟎, 𝟗𝟒𝟗𝟑𝐊𝐓 
𝐑𝟐 = 𝟎. 𝟗𝟗𝟗𝟗 

(36) 

  

𝐊𝐃 = 𝟎, 𝟗𝟓𝟎𝟗 − 𝟏, 𝟏𝟏𝟎𝟓𝐊𝐓 + 𝟎, 𝟏𝟒𝟎𝟗𝐊𝐓
𝟐 

𝐑𝟐 = 𝟏 
(37) 

  

KD=1.0198-1.4782KT+0.7895KT
2-0.3785KT

2 
𝑹𝟐 = 𝟏 

(38) 

  

𝐊𝐃 = 𝟏, 𝟔𝟒𝟑𝟕𝐞−𝟐,𝟔𝟔𝟒𝐊𝐓 
𝐑𝟐 = 𝟎. 𝟗𝟗𝟗𝟑 

(39) 

  

𝐊𝐃 = 𝟎, 𝟏𝟓𝟑𝟓𝐊𝐓
−𝟏,𝟓𝟎𝟐 

𝐑𝟐 = 𝟎. 𝟗𝟗𝟖𝟎 
(40) 

  

𝐊𝐃 = 𝟎, 𝟎𝟓𝟗𝟏 − 𝟎, 𝟓𝟑𝟖𝐥𝐧𝐊𝐓 
𝐑𝟐 = 𝟎. 𝟗𝟗𝟗𝟔 

(41) 

  

KD=1.1884-2.6792KT+3.9838KT
2-

4.1375KT
3+1.6515KT

4 
𝑹𝟐 = 𝟏 

(42) 

 

Table 5 shows the diffuse radiation values for 

seven equations. In table 5, diffuse radiation 

values produced from equation (42) vary between 

3,473759 MJ/m2day and 3,146557 MJ/m2day.  

 

Table 5. Diffuse radiation values calculated from equations (36)-(42). 

Months 
Mean of 12 

equations (HD) 
Eqt. (36) Eqt. (37) Eqt. (38) Eqt. (39) Eqt. (40) Eqt. (41) Eqt. (42) 

1 3.4737218 3.465571 3.473036 3.473312 3.509779 3.563846 3.591118 3.473759 

2 4.3350371 4.339828 4.334936 4.334465 4.309978 4.316698 4.256447 4.335063 

3 5.8648555 5.871534 5.865266 5.864112 5.83158 5.844556 5.761127 5.864895 

4 7.2295370 7.236457 7.228749 7.22863 7.19141 7.200324 7.107221 7.229575 

5 8.4871104 8.496788 8.487624 8.486026 8.438647 8.456727 8.336017 8.487167 

6 8.4893524 8.491108 8.487605 8.488655 8.47502 8.492136 8.422073 8.489382 

7 7.6942355 7.673815 7.695195 7.692671 7.798514 7.868507 7.92043 7.694235 

8 7.0500497 7.03792 7.049878 7.049279 7.110404 7.156648 7.172073 7.050056 

9 5.7445646 5.733057 5.744673 5.743804 5.802457 5.844486 5.865157 5.744568 

10 4.7092585 4.713055 4.708543 4.708713 4.687497 4.693321 4.637277 4.709281 

11 3.5658073 3.569811 3.565802 3.565338 3.5451 3.55108 3.501028 3.565829 

12 3.1465259 3.14418 3.147131 3.146411 3.159036 3.193499 3.185302 3.146557 

 

Table 6 shows statistical test results for monthly 

average daily diffuse radiation. The 4th order 

polynomial model, equation (42) showed the 

highest estimation accuracy with MBE = 2.59E-

05 MJ/m2, MAE = 2.60E-05 MJ/m2, MSE = 

9.25E-10 MJ/m2, RMSE = 3.04E-05 MJ/m2, 

SSRE = 4.39E-10, RSE = 6.05E-06, R2 = 1, and r 

= 1. This is followed by equations (37) and (38) 
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with -0.00013 and -0.00072 MJ/m2 of MBE, 

0.000568 and 0.00072 MJ/m2 of MAE, 5.36E-07 

and 6.40E-07 MJ/m2 of MSE, 0.000732 and 

0.0008002 of RMSE, 1.79E-07 and 1.89E-07 of 

SSRE, 0.000122 and 0.0001255 of RSE, 1 and 1 

of R2, and 1 and 0.9999999 of r. The bold values 

in table 6 represent the most suitable models 

determined according to statistical indicators. As 

it can be seen in table 6, the most compatible 

equations with literature models are equations 

(37), (38), and (42) considering the statistical test 

results. If it is necessary to define a model that 

provides the highest agreement with literature 

models, equation (42) can be selected among 

these models. After that equation (37) and 

equation (38) are the ones with low error rates, 

respectively.  

Figure 6 shows diffuse radiation obtained from 

developed models. Figure 7 shows the comparison 

of equations (37), (38), and (42) which are the 

best models of diffuse radiation. In figure 7, the 

values obtained from the models and literature 

data overlap with each other. The average diffuse 

radiation value was generated using the empirical 

models available in the literature, and this 

generated value was named as literature. The 

developed models were compared with this 

reference diffuse radiation value, and their 

performance was evaluated. 
 

 
 

Figure 6. Diffuse radiation values for literature and 

developed models. 
 

Figure 8 shows boxplots of statistical metrics. As 

seen in figure 8, the best model developed is 

equation (42). This is followed by the second-best 

model, equation (37), and the third-best model, 

equation (38). In addition to equation (40) has the 

highest error rate among the developed models. 

 

Table 6. Statistical test values for equations (36)-(42). 
 

 
Eqt. (36) Eqt. (37) Eqt. (38) Eqt. (39) Eqt. (40) Eqt. (41) Eqt. (42) 

MBE -0.00141 -0.00013 -0.00072 -0.00272 -0.0029 0.00489 2.59E-05 

MAE 0.007682 0.000568 0.00072 0.061191 0.107063 0.039604 2.60E-05 

MSE 8.43E-05 5.36E-07 6.40E-07 0.004362 0.013709 0.002155 9.25E-10 

RMSE 0.009179 0.000732 0.0008002 0.066044 0.117087 0.046421 3.04E-05 

SSRE 2.68E-05 1.79E-07 1.89E-07 0.001558 0.00477 0.000663 4.39E-10 

RSE 0.001494 0.000122 0.0001255 0.011395 0.019937 0.007431 6.05E-06 

R2 0.999988 1 1 0.999389 0.998062 0.999699 1 

r 0.999988 1 0.9999999 0.999383 0.99806 0.999695 1 

 

(a) (b) 
Figure 7. Comparison of the diffuse radiation values for equations (37, 38, 42). 
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Figure 8. Boxplot plots for equations (36)-(42). 

 

3. Findings and Discussion  

In solar energy research, it is important to be able 

to decompose the diffuse radiation component 

from global radiation. Therefore, constructing an 

accurate and effective model is valuable in diffuse 

radiation. In this study, linear and non-linear 

correlations based on diffuse fraction and 

clearness index have been developed for diffuse 

solar radiation. In this context, 14 models were 

established to predict diffuse radiation using 

existing models and NASA-SSE data. The 

performances of the developed models were 

evaluated and compared with eight statistical 

metrics. To decide whether the developed models 

are a more accurate model, it is checked that the 

errors have low values, the coefficient of 

determination, and the correlation coefficient is 

close to 1. Equation (19) is the most accurate 

model obtained using NASA-SSE data. Equations 

(37) and (42) are the best diffuse radiation models 

proposed using existing models in the literature. 

The proposed models are given below. 
 

𝐊𝐃 = −𝟎𝟕𝟗𝟗𝟓 + 𝟕, 𝟑𝟑𝟎𝟔𝟒𝐊𝐓 − 𝟏𝟑, 𝟓𝟒𝐊𝐓
𝟐 + 𝟔,𝟗𝟔𝟒𝐊𝐓

𝟑 
 

𝐊𝐃 = 𝟎, 𝟗𝟓𝟎𝟗 − 𝟏, 𝟏𝟏𝟎𝟓𝐊𝐓 + 𝟎,𝟏𝟒𝟎𝟗𝐊𝐓
𝟐 

 

𝐊𝐃 = 𝟏, 𝟏𝟖𝟖𝟒 − 𝟐, 𝟔𝟕𝟗𝟐𝐊𝐓 + 𝟑, 𝟗𝟖𝟑𝟖𝐊𝐓
𝟐 − 𝟒, 𝟏𝟑𝟕𝟓𝐊𝐓

𝟑 +

𝟏, 𝟔𝟓𝟏𝟓𝐊𝐓
𝟒  

 

Figure 9a shows diffuse solar radiations for 

NASA-SSE and literature. The average diffuse 

radiation value was calculated using the empirical 

models available in the literature, and this value 

was named literature. Then the newly developed 

models were compared with this reference diffuse 

radiation value. Figure 9b shows the general 

comparison of developed models. In figure 9b, the 

developed models represent the best compromised 

diffuse radiations by producing the results closest 

to the reference diffuse radiation values in figure 

9a. 

The second, third, and fourth-order polynomial 

equations give better results, whereas logarithmic 

and exponential equations are relatively 

unsuccessful in estimating diffuse radiation. The 

models found to predict diffuse solar radiations 

are optimal solutions. A new approach to 

estimating diffuse solar radiation using both 

literature existing models and NASA-SSE data is 

presented. It is hoped that the models developed 

will help researchers, and investors, and will 

provide significant insight into this field. 
 

 
(a) 
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(b) 

 

Figure 9. (a) Diffuse radiations for NASA-SSE and 

literature b) Comparison of the best models. 
 

4. Conclusion  

It is necessary to know the diffuse radiation value 

in evaluating the suitability of solar energy 

systems to be installed in any part of the world, 

which is one of the components of solar radiation. 

In this paper, we proposed empirical models to 

improve the diffuse radiation estimation results. 

The global radiation and NASA-SSE data were 

used in the construction of empirical models. Two 

approaches were presented to construct a diffuse 

solar radiation model. First, seven new models 

were developed using NASA-SSE data. Secondly, 

empirical models were chosen from the literature, 

and the diffuse radiation values obtained from 

these empirical models were averaged. Then new 

models were constructed using the average values 

of diffuse radiation and the measured solar 

radiation values. The developed models were 

validated using eight statistical test methods: 

These are Mean Bias Error (MBE), Mean 

Absolute Error (MAE), Mean Squared Error 

(MSE), Root Mean Squared Error (RMSE), Sum 

Squared Relative Error (SSRE), Relative Standard 

Error (RSE), Coefficient of determination (R2) 

and Correlation Coefficient (r). The best three 

models were proposed. Equation (19) is the most 

accurate model obtained using NASA-SSE data. 

Equations (37) and (42) are the best diffuse 

radiation models proposed using existing models 

in the literature. 

The third order polynomial model, equation (19) 

showed the highest estimation accuracy with 

MBE = -0.00285085 MJ/m2, MAE = 0.035414734 

MJ/m2, MSE = 0.001854687 MJ/m2, RMSE = 

0.043066072 MJ/m2, SSRE = 0.000857583, RSE 

= 0.00845371, R2 = 0.999705413, and r = 

0.999687975. 

Another second-order polynomial model, equation 

(37) showed the highest estimation accuracy with 

-0.00013 MJ/m2 of MBE, 0.000568 MJ/m2 of 

MAE, 5.36E-07 of MSE, 0.000732 of RMSE, 

1.79E-07 of SSRE, 0.000122 of RSE, 1 of R2, and 

1 of r. 

This is followed by the 4th order polynomial 

model, equation (42) with MBE = 2.59E-05 

MJ/m2, MAE = 2.60E-05 MJ/m2, MSE=9.25E-10 

MJ/m2, RMSE = 3.04E-05 MJ/m2, SSRE = 4.39E-

10, RSE = 6.05E-06, R2 = 1, and r = 1. 

These three models with the lowest statistical 

errors yielded accurate results compared to other 

models. According to the results of both box plot 

analysis and statistical test methods, the proposed 

models are quite compatible with the reference 

diffuse radiation data. New models could be used 

to predict diffuse solar radiation possibly 

elsewhere in similar conditions. 

As the computational resources become more 

powerful, the accuracy and reliability of the 

predictions will increase, and thus the models 

representing diffuse radiation will continue to be 

improved. It is also important to note that the 

choice of diffuse radiation estimation method may 

vary depending on the specific application and 

available data. Future research may focus on 

hybridizing multiple methods and combining 

satellite data with ground-based observations to 

improve the accuracy of diffuse radiation 

estimates. Depending on the availability of local 

atmospheric data, prediction methods can be 

developed that integrate empirical and radiation 

transfer models. Popular machine learning 

algorithms such as deep learning and support 

vector machines can be used for diffuse radiation 

estimation. 

 

5. Nomenclature  
H Monthly average daily global radiation  MJ/m2day 

HD Monthly average daily diffuse 

radiation  

MJ/m2day 

H0 Monthly average daily 

extraterrestrial radiation  

MJ/m2day 

ISC Solar constant  W/m2 

D Number of days of the year  

φ Latitude of the place  (O) 

δ Solar declination  (O) 

ωS Sunset hour angle  (O) 

KT Monthly average daily clearness 

index 

 

KD Monthly average daily diffuse 

fraction index 

 

MBE Mean bias error  

MABE Mean absolute bias error  
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MSE Mean squared error  

RMSE Root mean squared error  

SSRE Sum squared relative error  

RSE Relative standard error  

r Correlation coefficient  

R2 Coefficient of determination  
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