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Abstract : The purpose of this work is to evaluate four empirical models developed in literature such as 

Ghouard, Perrin Brichambaut, Bird and Hulstrom and Dependent model of the Link trouble factor. The validation of 

these different theoretical models was carried out using solar global radiation data collected on the Cheikh Zayed 

Nouakchott power plant. These measurements were carried out at a time step of 5 minutes during the period of 

one year. (April 1, 2015 to March 31, 2016).The results show that the Ghouard model presents notable 

performances compared to the other models, with a determination coefficient of 96.2%.  This validation also 

shows that the solar radiation measured and that estimated by the different models have the same pace and have 

good performance with a coefficient of determination greater than 93%. The available solar potential estimation 

was carried out using the actual measurements collected on the Cheikh Zayed plant. The results obtained showed 

that the available solar potential is 5 kWh / m² / d. 
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Introduction 

The problem of energy has dominated the global economic 

and political scenes of the last forty years. The predominant 

use of fossil fuels such as oil and gas has led to a number of 

environmental and regional conflicts. The 1973 crisis, known 

as the energy crisis, has forced the world to think of 

alternatives to existing conventional resources that are 

exhaustible and in limited quantities on a global scale. 

Indeed, fossil fuels tend to be depleted by the high-energy 

consumption of the world, hence the need to find new 

energy resources. Renewable energies have a great 

advantage because they are abundant and inexhaustible. 

The major limit of these renewable resources remains the 

high initial investment cost [1] and its random 

characteristics that require a feasibility analysis of their 

available potentials. Solar energy occupies, today, one of the 

most important places among the various resources of 

renewable energies. The precise knowledge of the available 

potential of sunshine and its distribution at a given location, 

however, remains of major importance for the development 

of solar energy systems and the analysis of their 

performance. In recent years, many models have been 

proposed to predict solar radiation. Capderou et al. 1987 [2] 

proposed a prediction model of solar radiation based 

essentially on the knowledge of the atmospheric disorder 

factor. The model makes it possible to determine the 

different components of the solar radiation (global, diffuse 

and direct) of a given locality. Zhang et al, 2002 [3] 

proposed a model for estimating hourly solar radiation in 

Beijing and Guangzhou. As part of this modeling, the 

authors considered the influence of the variation of 

meteorological parameters as temperature, humidity and 

wind speed on the behavior of solar radiation. Chen et al, 

2004 [4] observed, following a study, that the Hargreaves 

and Allen models are not suitable for estimating global solar 

radiation for, especially, regions of China. As a result, they 

suggested another model to improve the estimation of 

sunshine. The aim of this work is to study different methods 

for determining global solar radiation on a horizontal plane 

and then to validate it by comparison with solar radiation 

measured at the Nouakchott-Mauritania site, which will 

make it possible to propose the most appropriate model for 

the prediction of solar radiation. Finally, we make an 

estimate of available solar energy in Nouakchott in the 

coastal region. 

Data and Methodologies 

Study site 

The site of study located in Nouakchott, the capital of 

Mauritania according to the coordinates (15.983˚E, 

18.153˚N). A photovoltaic plant of 15 MWp is installed in 

this site in 2013. The plant is instrumented by a system of 

measurements of meteorological parameters such as 

temperature, solar radiation and wind speed. Figure 1 

illustrates the geographical location of the site. The data 

collected on this system covers the period of one year (April 1, 

2015 to March 31, 2016) and is measured every 5 minutes. 

Calculation method of available solar energy 

The available solar energy represents the amount of energy 

received on the ground per unit area (Wh/m²). It can be 

defined as the integral of the solar power received on the 

ground during a period of 24 hours. This period is often limited 

to another period corresponding to the interval from sunrise to 

sunset. Available daily solar energy can be calculated using 

following equation: [5]. 
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With, Ig (t) indicates the instantaneous solar radiation (power 

received on the ground per unit area) in (W/m²). 

 

Figure1. Geographical location of the site 

Clearness Index 

Another parameter to analyze the feasibility of available solar 

potential will also be calculated. This is the clearness index kt, 

which is most often calculated using the following equation: 
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Where, Go is the solar energy measured on the ground 

(kWh/m²/d) and Gh is the solar energy measured outside the 

atmosphere (kWh/m²/d). 
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Where, n is the day number of the year, the parameter (X) is 

given by equation (4). 



A. Sidibba et al - Characterization and modeling of solar radiation on the ground 

 

OAJ Materials and Devices, Vol 4 (1), 1702 (2019) – DOI: 10.23647/ca.md20191702 

p3 

)  )sin( sin(L)  
180

+)sin( )cos( (cos(L) 


 X
 

(4) 

Modeling of solar radiation 

In this phase of the study, four models will be presented to 

analyze their performance on the Nouakchott coast using 

real data collected on this site.  

Bird and Hulstrom model 

The direct normal irradiance in this model described by Bird 

and Hulstrom [6] is in function of absorption and 

transmittance by the atmospheric components such as of 

ozone, gas, water and aerosols, and it is given as follows:  

awgrscn τττττI,I  097510
 

(5)
 

awgor ,τ,τ,τ,ττ
 (dimensionless) are the Rayleigh, ozone, 

gas, water and aerosols scattering transmittances, 

respectively. They are given as follows: 
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Where mA (dimensionless) is the air mass at the actual 

pressure of the site, mr  (dimensionless) is the air mass at 

standard pressure (1013.25 mbar), U1 (cm) is the pressure-

corrected relative optical path length of precipitable water, 

Ka  (dimensionless) is the optical aerosol thickness and U3 

(cm) is the optical path relative to the ozone layer. 
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λi (m) is the wavelength and ßA the Angstrom turbidity 

coefficients. Table 3 gives the values of ßA according to the 

type of site. 
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Table 1: Value of   according to the site 

Climate zones 
A  

Rural site 0,05 

Urban site 0,10 

Industrial site 0,30 

 

P (mbar) is the local ai- pressure, Z (m) is the altitude of 
studied site, LOZ(cm) is the vertical ozone-layer thickness and 
Hp (cm) is the precipitable water-vapor thickness. These 
parameters can be calculated by the following equations. 
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Diffuse Solar Radiation D (W/m2) at ground level is a 

combination of three components corresponding to Rayleigh 

scattering after the first pass through the atmosphere (Dr 

W/m2); the aerosol dispersion after the first passage through 

the atmosphere (Da (W/m2) and the multi-reflection processes 

between the ground and the sky Dm W/m2) All these 

components are given respectively by the equation following: 
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where hs (°) is the solar elevation; Isc (W/m2) is the solar 

constant; ζaa is the transmission factor of direct solar 

radiation due to aerosol absorption, ζas is the fraction of the 

incident radiation transmitted after the aerosol scattering 

effects, ρg (dimensionless) is the ground albedo (set at 0.2) 

and ρa (dimensionless) is the albedo of cloudless sky. 
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   asca τF,ρ  1106850
 

    (25)
 

ω0 (dimensionless) is the single-scattering albedo fraction of 

incident energy scattered to total attenuation by aerosols 

and it is taken to be 0.9, Fc is the diffusion fraction, it is 

equal to 0.84. 

Finally, the global radiation G (W/m2) received on a 

horizontal surface can be written in the form of the following 

equation. 

    
  DhIG n  sin  

     (26)
 

Ghouard model 

Ghouard et al. (1977) model proposed empirical formulas, 

which are based on the disturbing factor evaluations 

depending on the atmospheric conditions and astronomical 

parameters [7]. The direct solar radiation by this model 

does not take into account the absorbed and reflected solar 

flux by the atmospheric components (water vapor, aerosols, 

ozone …),and it is defined as follows:  
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The diffuse solar radiation comes from all the space and has 

no privileged orientation; and it can be calculated as 

follows: 
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The global solar radiation can be calculated by the following 

equation: 
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 represents the Earth-Sun distance correction. It can be 

given by: 

                        
 2cos034,01  nCt  

       (30) 

Where, n is the day number of the year. Ics is the solar 

constant, A1 and A2 are the coefficients of the turbidity factor, 

and they are given in the following Table 2. 

 

Table 2: Turbidity factors depending on climatic 

conditions. 

Climatic 

condition 

Clear 

sky 

Normal 

condition 

Covered 

sky 

A1 0.87 0.88 0.91 

A2 0.17 0.26 0.43 

 

Perrin-Brichambaut model 

In 1975, Perrin-Brichambaut proposed a model, which is a 

function of astronomical parameters [8]. The above 

relationships are transformed into the following ones according 

to the atmospheric conditions: 
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                                        DIG   (33) 

 

Where, R (W/m2) is the apparent extraterrestrial irradiance. A, 

B and C (dimensionless) are empirical values to calculate the 

solar irradiance according to the Perrin Brichambaut model 

(Table 3).  
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Table 3: R, A, B and C values according to the Perrin 

Brichambaut model. 

Atmospheric condition R A B C 

Clear sky 1210 1,67 3,9 0,67 

Normal condition 1230 1,61 3,1 0,47 

Industrial site 1260 2,23 4 0,45 

 

Dependent model of the Link trouble factor  

The Link trouble factor integrates several forms of 

attenuation, such as attenuation by clouds, aerosols, water 

vapor, etc.). These factors are widely used, in the case of 

missing data to estimate the attenuation of solar radiation 

for each component of the atmosphere. For this reason, 

models of solar radiation estimates often use this factor. 

The global solar radiation on a horizontal plane given by the 

following equation: 

                                      IDG         (34) 

Where I represents the solar radiation received on the 

horizontal plane without undergoing modification through 

the atmosphere. This component can be given by the 

following equation: 
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Where, hs is the solar elevation, TL is the Link trouble factor 

given by the following equation: 

   vTATAL PF.F,,T ln214061442       (36) 

 represents the atmospheric trouble factor. It can take 

several values depending on the atmospheric nature of the 

areas. 

 = 0,05 in rural areas; 

 = 0,1 in urban area; 

 = 0,2 in industrial or polluted zone. 

Pv is the partial pressure of water vapor (expressed in 

mmHg). It can be calculated by the following equation: 
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(37) 

With Pat is the atmospheric pressure (in Pascal), Psec  the dry 

air pressure, equal to 1,01222*105Pa. 

Diffuse solar radiation can be calculated by the following 

equation:  

 )sin(5,0)sin(040 hsThsID Lcs 
 

  (38) 

Models performance validation 

In addition, the performance of the proposed model has been 

evaluated based on the following well established statistical 

error parameters [9]:     

Root Mean Square Error (RMSE) 

The RMSE (W/m2) is always positive, a zero value is ideal. This 

test provides information on the short-term performance of the 

models by allowing a term by term comparison of the actual 

deviation between the calculated value and the measured 

value [10]. It can be expressed by the following equation: 

                            (39) 

Mean Bias Error (MBE) 

The test of MBE (W/m2) provides information on the long term 

performance of the models [11]. A positive MBE gives the 

average amount of over estimation in the predicted value and 

a negative MBE value gives the average amount of under 

estimation in the predicted value. It is given by the following 

equation: 

                   (40) 

Coefficient of determination  

The R2 takes values between 0 and 1. While a value around 1 

shows perfect linear relationship between the measured and 

calculated values, a value around zero indicates the absence of 

the linear relationship [12]. This coefficient can be expressed 

by equation (41). 

                            (41) 

                                      (42) 

K is the total number of observations, Ges is the value 

estimated by the model, Gmes is the measured value. 

 

Results and analysis 

Global solar energy available 

Measurements of global solar radiation collected in Nouakchott 

(Cheikh Zayed plant) are used to analyze the available solar 

potential. The application of available solar energy calculation 

methods and clearness index was used to determine solar 
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energy and daily clearness index. The monthly average of 

these two parameters is calculated. The results obtained are 

given in Table 4. The results shows that solar energy 

available on the Nouakchott coast is quite large. The values 

obtained varies from 5023.07 Wh/m²/d (December) to 

7117.18 Wh/m²/d observed for the month of April. The 

corresponding clearness indices are 0.67 for the two 

months, respectively. These results show the clarity of the 

sky during these two months (kt greater than 65%). The 

results of the clearness index obtained (Table 4) show in the 

majority of cases (75% of the time), that the clearness 

index corresponds to clear sky days. For the months of 

February, June and August, the clearness index is less than 

the clear-sky threshold. The values remain however high 

(higher than 60%).  

Table 4: Monthly average of extraterrestrial solar 

irradiation, global solar irradiance on ground and 

clearness index 

Months 

    Solar 

energy on the 

ground 

G (Wh/m²/d) 

Solar energy 

outside the 

atmosphere 

G
h
 (Wh/m²/j)

 

Clearness 

index K
t 

(-)
 

January 5390,21 7807,94 0,69 

February 5472,16 8772,77 0,62 

March 6939,06 9851,57 0,70 

April 7117,18 10584,86 0,67 

May 7004,98 10845,87 0,65 

June 6640,87 10859,26 0,61 

July 6997,18 10792,69 0,65 

August 6510,48 10566,52 0,62 

September 6840,42 9938,71 0,69 

October 6076,91 8917,93 0,68 

November 5348,61 7910,39 0,67 

December 5023,07 7455,46 0,67 

 

Distribution of available solar energy 

The data collected on the Nouakchott coast are also used to 

study the distribution of available solar energy. The daily 

solar energies calculated from these measurements are 

therefore used. The frequency and cumulated frequency of 

each energy varies from 0 to 9 kWh/m²/d in steps of 0.5 are 

determined. The results obtained are illustrated in figure 2 (a 

and b). Figure2 (a) shows that daily solar energy is available 

at different frequencies. These energies vary between 1 and 8 

kWh/m²/d. For energy variations in the interval between 0 and 

4 kWh/m²/d, the available frequencies are low (less than or 

equal to 1.5%). On the other hand, for energy variations in the 

interval between 4 and 8 kWh/m²/d, the frequency of the 

energy is between 6 and 22%. The highest frequency (22%) is 

obtained for the daily energy of 7 kWh/m²/d. These results 

show that a PV generator installed on the Nouakchott coast 

can operate at a rate of 22% with available solar energy of 7 

kWh/m²/d. The results of the cumulated distribution (Figure 2 

(b)) show that the  daily energies frequency less than or equal 

to 5 kWh /m²/d is 6%, which means that during 94% of time, 

a PV generator can operate at available solar energy   above 5 

kWh/m²/d. This value is greater than average solar energy in 

many parts of the world [5]. 

 

 

Figure 2 (a), (b): Daily distribution of available solar energy 
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Analysis of the clearness indices 

distribution 

The results obtained from daily clearness index calculations 

are used to analyze the distribution. Thus, the frequency 

distribution and the cumulated distribution are indicated in 

figure 3 (a and b). It can be seen that there nearly exist no 

clearness index between 0 and 0.35, the frequency 

observed in this interval being 1.5% at most. For the 

clearness index between 0.35 and 0.65, the observed 

frequency can reach 25%. The highest frequency is 

observed for the clearness index greater than 65%. Indeed, 

the figure (3b) of the cumulated distribution illustrates that 

the frequency for which clearness index is less than or equal 

to 0.65 is about 25%, so 75% of the time represents a 

clearness index greater than 0.65. We can say that 75% of 

the time, the sky is clear with a cloud cover almost nil. This 

is interesting for a photovoltaic or thermal application using 

global solar radiation. 

 

 

Figure 3 (a), (b): Distribution of the clearness index 

Model performance analysis 

This study part presents the results obtained on solar radiation 

modeling. The four models presented above are studied by 

determining the solar radiation in steps of 5 minutes for cases 

of clear sky days where Kt is greater than or equal to 65%. 

The results obtained as a result of the calculation are 

compared with the measurements corresponding to the 

measurement period. Thus, the parameters of performance 

analysis of the models such as the root mean square error, the 

coefficient of determination, the mean error between the 

measurements and the predicted values are determined for 

each model. The results obtained are shown in Table 5. 

Table 5: Model Performance Parameters 

Type of Models MBE (W/m2) RMSE (W/m2) R2 (-) 

Ghouard -0,54 79,69 0,962 

Trouble of Link -4,83 79,74 0,960 

Bird and Hulstrom 5,88 81,66 0,959 

Perrin-

Brichambaut 

-40,78 102,83 0,935 

The results (Table 5) show that the models give good results 

with a coefficient of determination greater than 93%. It should 

be noted that the Ghouard model gives, however, better 

results with a mean error of 0.54 W / m2, a root mean square 

error of 79.69 W / m² and the corresponding coefficient of 

determination of 96.2%. The results also shows that the 

highest errors are observed for the Perrin-Brichambaut model, 

so the Perrin Brichambaut model is the worst performer at the 

Nouakchott site. The observed errors are 40.78 and 102.83 

W/m² for the mean error and mean squared error respectively. 

The corresponding coefficient of determination is 93.5%. 

These results are comparable to those found in reference [7]. 

We also find that Ghouard, Perrin-Brichambaut models and the 

dependent model of Link trouble factor underestimate the 

measures, and the Bird and Hulstrom model overestimate the 

measures. Figure 4 illustrates the pace of the solar radiation 

calculated by the four models and the measured solar 

radiation. These results represent the solar radiation of a 

typical clear-sky day, calculated over the period of the year 

after having subtracted 25% of the data corresponding to the 

averagely covered sky and / or covered corresponding to Kt 

lower than 65%. It can be noted that the times of sunrise and 

sunset correspond for all the models and the measurements as 

well as the time of the maximum solar radiation. The 

maximum observed difference between the measured and 

calculated solar radiation is 16.67%, for the Perrin 

Brichambaut model and the minimum difference is 7.7% 

observed for the Ghouard model. 

Solar radiation calculated and measured for days with clear 

skies are also used to analyze the distribution. The cumulated 

distribution is then determined for the four models and for the 
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measurements. The results obtained are illustrated in figure 

5. It can be seen that solar radiation less than or equal to 

500 W / m² is available at a time percentage between 50% 

(model using the Link trouble factor) and 70% (Perrin-

Brichambaut). The percentage corresponding to the 

measurements is about 65%. For solar radiation greater 

than 500 W / m², the time percentage is 50%, 30% and 

45% for the three cases (model using the Link trouble 

factor, Perrin-Brichambaut model and the measurements) 

respectively.  

 

 

Figure 4: Solar radiation measured and calculated as a 

function of time 

 

Figure 5: Cumulated distribution of solar 

radiation 

Calculated and measured solar energy 

The solar radiation calculated  for each model over one year 

period has been used to estimate the solar potential available. 

Thus, the available daily solar energy is calculated on the 

period of each month using the equation 1, the results of the 

calculations are presented in figure 6. The results show that 

the calculated solar energies follow the same pace for all 

models with a significantly difference between the models. On 

the other hand, the measured solar energy shows a significant 

and stable potential for the months of September, October, 

November, December and January. These high values of 

available solar energy observed for measurements can be 

explained by the significance of the solar radiation intensity 

essentially due to a lack of cloud cover and low attenuation of 

solar radiation during the indicated period. Indeed, the 

clearness index observed for these months is greater than 

65%, which corresponds to days with clear skies. 

 

Figure 6: Measured and calculated monthly solar 

energy variation 

 

Distribution of calculated energies 

The energy calculated for clear-sky days is also used to 

determine the available energy distribution by taking into 

account the same step of variation of previously adopted 

energies. The results obtained are illustrated by figure 7. It 

can be seen that for energies less than or equal to 5 

kWh/m²/d, the frequency is equal to zero. This can be 

explained that  the days whose energy is less than 5 

kWh/m²/d corresponds to covered or averagely covered sky, 

so are not taken into account in the calculation. 
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Figure 7 (a), (b), (c), (d), (e): Distribution of 

calculated and measured energies 

Conclusion 

The objective of this study is to characterize and model solar 

radiation received on a horizontal plane for the Nouakchott 

site. For this, measurements collected on the Cheikh Zayed 

plant are used. These data measured in steps of 5 minutes 

covering the period of a year, include measurements on solar 

radiation, wind speed and ambient temperature. 

In order to estimate the available solar potential, an available 

solar potential estimation approach using real measurements 

is presented. The application of this approach made it possible 

to calculate the available solar energy and the clearness index. 

The results obtained showed that the available solar potential 

is very important (greater than 5 kWh/m²/d).  
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In order to choose an appropriate model to predict the solar 

radiation available on a horizontal plane for the Nouakchott 

region, four of the most used models in the literature are 

presented. There is the model of Ghouard, Perrin-

Brichambaut, Bird and Hulstrom and the model dependent 

on the Link trouble factor. The performance of these four 

models is also studied by determining the determination 

coefficient , the mean squared error and the mean error 

between the calculated value and the measured value. The 

performance analysis is performed considering the one-year 

period of measurements.  

The results obtained showed that, overall, the models give 

good results (with a coefficient of determination (R2) greater 

than 93%). These models can, therefore, be used to estimate 

global solar irradiance for Nouakchott site and for locations 

with climates similar. In this study, we showed that the best 

results are however obtained with the Ghouard model. 

In perspective, it is important to characterize and model the 

available solar potential using a longer period (10 years) and 

for other regions of Mauritania and sub-regions to take into 

account the influence of spatiotemporal variation on the 

available potential and on the quality of solar radiation 

modeling. 
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