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Abstract—In this work, an operational solar energy forecast 

model was developed based in correction of irradatiation 

obtained from WRF output. This output depends on the Hourly 

Clearness Index (kt). Three different physic schemes of WRF 

parametrization are analyzed in this work. The horizontal 

irradiation computed by Weather Research and Forecasting 

(WRF) is the input of the developed Model Output Statistic 

(MOS). Solar irradiation is converted from horizontal to tilted 

surface, and a final photo-voltaic solar energy plant coefficient is 

calibrated to obtain the minimal absolute error in the period of 

calibration. 

Index Terms—solar energy, forecast. 

 

I. INTRODUCTION 

Uruguay is changing its energetic matrix by introducing 

non conventional renawable energy sources, such as wind and 

solar power, aiming to 1718.2 MW by the year 2016. The 

solar power capacity to be installed in the country will be 

236.7 MW [1]. This means that the system will reach a 

penetration factor into the electrical system of 5%. This factor 

is defined as the ratio of photovoltaic and total power 

capacity. In order to improve experience in research and 

introducing solar power into the Uruguayan electric grid, a 

photo-voltaic (PV) plant was installed in the north of the 

country, region were irradiation reaches its maximum values. 

The solar irradiation data used in this work was provided 

by the national electric utility of Uruguay (UTE). In this work, 

a Model Output Statistic based in WRF simulations for three 

different physics schemes will be presented. First of all, the 

horizontal solar irradiation MOS-WRF model will be 

presented. Conversion from horizontal to tilted surface is 

computed, then the solar plant MOS model is calibrated and 

implemented in an operational forecast model.  

II.  MEASURED SOLAR IRRADIANCE AND PV-SOLAR PLANT 

This work analyzes observational data recorded by the 

National Electric Company of Uruguay (UTE), and historical 

data of the solar photovoltaic plant UTE-ASHAI. Solar 

irradiance measurements are made with Li-Cor LI-200SZ 

model NRG Pyranometers, sampled at a rate of 2 seconds. An 

installed commercial data logger registered the mean, 

maximun and standard deviation every 10 minutes. For this 

work, hourly data is computed and used for the analysis. 

Pyranometer measurements and ASHAI solar plant locations 

are presented in Fig. 1. In table 1, geographical locations and 

stations codes are presented. 

 

 

 

 

Fig.1. Pyranometer measurements, ASHAI solar plant location, and 

uruguayan topography expressed in meters. 



 

STATION CODE LAT LON 

Jose Ignacio JI2 -34.682 -55.575 

Rosendo 

Mendoza 
RM2 -34.343 -57.578 

Rocha RCH -34.094 -53.65 

Colonia 

Otamendi 
CO -32.142 -54.422 

Colonia Arias CA -33.823 -56.583 

Piedras de Afilar PAF -34.682 -55.575 

McMeekan MC2 -34.643 -56.695 

Buena Unión BU -31.059 -55.602 

Bonete BN1 -32.8 -56.415 

Colonia Rubio CRU -31.238 -57.465 

Baltazar Brum BB -31.78 -57.868 

Table 1. Stations and geographical location. 

A. WRF simulations 

The radiation schemes provide atmospheric heating due to 

radiative flux divergence and surface downward long-wave 

and short-wave radiation for the ground heat budget. The only 

source is the Sun, but processes include absorption, reflection, 

and scattering in the atmosphere and at surfaces. All the 

radiation schemes in WRF are column (one-dimensional) 

schemes, so each column is treated independently [3]. The 

simulations use initial and boundary conditions in a bigger 

domain, provided by the Global Forecast System (GFS) of the 

National Oceanic and Atmospheric Administration (NOAA) 

National Weather Service NCEP, downloaded from NOAA. 

Initial and boundary conditions are provided by the NOAA 

GFS at 00:00, 06:00, 12:00 and 18:00 GMT. The WRF run 

uses time horizon from 0 to 6 hours, with grid nudging. In 

Table 2 is presented the physics schemes that was run to 

develop the forecast of the irradiation in horizontal plane. 

Year 2012 was used in this work. 

Physics Schemes 1 2 3 

Microphysics Lin(Purdue) [2] Lin(Purdue) [2] WSM3 [3] 

Cumulus 

Parametrization 

Kain-Fritsch 

scheme [4] 

Kain-Fritsch 

scheme [4] 

Kain-Fritsch 

scheme [4] 

Land-Surface 

Model 
Noah [5] Noah [5] Noah [5] 

Planetary 

Boundary Layer 
MYJ [6] MYJ [6] YSU [7] 

Atmospheric 

Radiation 
CAM scheme [8] rrtmg scheme [9] 

Dudhia Scheme 
[10] 

Table 2. Physical schemes applied in the evaluation of the solar energy 

forecast model for the photo-voltaic solar plant. 

 

In each configuration of WRF, two domains are nested 

when running. The first domain has an horizontal resolution of 

30 km and the second one, high resolution domain, is 10 km. 

This domain covers all pyranometer measurements which are 

used for calibration and cross validation. Fig. 2 shows the grid 

domain used in the simulations. 

 

Fig.2. Domain d01 30 km grid resolution, and high resolution domain 10 

km, topography plotted. 

 

B. Horizontal irradiation Model Output Statistic 

The Model Output Statistics (MOS) considers the 

historical data of solar irradiation measured with the 

observational pyranometer network of UTE, and computed 

horizontal irradiation by WRF model for different physical 

schemes. The MOS was calibrated with irradiation data from 

five stations distributed along the country. Year 2012 data was 

used in this work.  

The MOS correction uses the WRF output, and is also 

based on the Clearness Index Kt. This index is defined in Eq.1 

as the ratio of the horizontal global irradiation I to the 

corresponding irradiation available on the top of the 

atmosphere I0 in an hourly basis. 

 

   kt = I/Io            (1) 

 

Three different atmospheric conditions are defined in the 

MOS model for the correction of WRF output: 

 

kt < 0.4 cloudy conditions 

0.4 ≤ kt < 0.65 partially cloudy conditions 

kt ≥ 0.65 clear sky conditions 

 

The MOS is calibrated with a linear regression approach. 

In order to obtain the best fit for irradiation forecast 

computing, a coefficient is adjusted using the three WRF 



irradiation schemes and the observed irradiation. IOBS
kt

 is the 

irradiation observed during the period of calibration in the kt 

condition previously defined, and IWRF
kt

  is the computed 

irradiation by WRF simulation. Therefore, the calibration 

coeffcient ρ(kt) is computed for different conditions of kt, 

according to Eq. 2. 

 

   IOBS
kt =ρ�kt�IWRF

kt                           (2) 
 
Five stations were chosen as the training group for the 

calibration of MOS-WRF model. These were: BO, BU, BB, 

RCH and RM. A map of coefficients was constructed by 

interpolation for all regions of the country.  

The coefficients ρ(kt) for six stations that result for the  

interpolation computed in the calibration process are presented 

in table 3.  
SCHEME 1 kt < 0,4 0,4 ≤ kt <0,65 kt ≥ 0,65 

CR 0,40 0,77 0,98 

CA 0,33 0,80 0,96 

CO 0,37 0,85 1,01 

JI 0,37 0,81 0,98 

MC 0,38 0,80 0,98 

PA 0,34 0,81 0,97 

SCHEME 2 kt < 0,4 0,4 ≤ kt <0,65 kt ≥ 0,65 

CR 0,37 0,76 0,98 

CA 0,32 0,80 0,96 

CO 0,35 0,81 0,99 

JI 0,35 0,79 0,97 

MC 0,35 0,79 0,98 

PA 0,33 0,80 0,96 

SCHEME 3 kt < 0,4 0,4 ≤ kt <0,65 kt ≥ 0,65 

CR 0,38 0,72 0,99 

CA 0,34 0,75 0,98 

CO 0,37 0,75 1,00 

JI 0,35 0,74 0,99 

MC 0,36 0,73 0,99 

PA 0,34 0,75 0,96 

Table 3. Calculated coefficients for different locations in Uruguay for each kt 
classification. These coefficients were obtained from an interpolated map 

constructed with the training group. 

For the same six stations, the MAE and RMSD are computed 

as statistical model indicators. Results are presented in Table 4 

for the three differents schemes, showing that the raw WRF 

irradiation output is overestimated for each kt classification in 

an hourly basis. For cloudy conditions, large errors were 

found, in an order of more than 100 % in rMAE for each 

radiation scheme. In some cases, an rMAE error of 146 % was 

found. Better results are obtained for partially cloudy 

conditions, but the errors obtained are still large. In the case of 

clear sky conditions, irradation obtained from WRF raw 

output is well represented in the majority of the simulated 

cases. Nevertheless, also improvements were found for clear 

sky conditions MOS-WRF. 

Once MOS technique is used, results improve dramatically for 

non-clear conditions, leading to lower rMAE errors down to 

half than those encountered with WRF raw output. The best 

results were found for the CAM scheme.  

 SCHEME 1   WRF RAW MOS-WRF 

    rMAE rRMSD rMAE rRMSD 

kt < 0,4 

CR 145 208 55 75 

CA 127 190 52 72 

CO 131 188 56 75 

JI 109 162 52 70 

MC 119 180 55 76 

PA 119 175 49 67 

0,4≤kt<0,65 

CR 46 55 26 35 

CA 44 56 28 38 

CO 47 56 31 40 

JI 38 50 30 41 

MC 43 55 28 38 

PA 42 54 29 38 

kt≥0,65 

CR 19 23 16 21 

CA 15 22 13 22 

CO 22 28 20 27 

JI 15 22 15 22 

MC 15 21 13 21 

PA 15 20 14 20 

SCHEME 2  WRF RAW MOS-WRF 

  rMAE rRMSD rMAE rRMSD 

kt < 0,4 

171 229 51 67 

145 204 47 65 

145 196 51 68 

139 190 46 63 



154 212 65 47 

155 207 44 61 

0,4≤kt<0,65 

44 52 21 28 

42 54 21 30 

43 53 23 30 

41 53 24 33 

43 54 20 28 

43 56 22 30 

kt≥0,65 

14 17 11 14 

9 14 8 13 

15 19 11 15 

10 16 10 16 

10 14 8 14 

11 14 9 12 

 SCHEME 3 WRF RAW MOS-WRF 

  rMAE rRMSD rMAE rRMSD 

kt < 0,4 

146 211 54 73 

123 188 60 82 

122 190 62 86 

115 174 57 77 

122 190 62 84 

125 189 57 79 

0,4≤kt<0,65 

43 52 23 32 

44 56 33 46 

43 54 31 43 

44 55 33 46 

42 54 31 43 

44 55 32 44 

kt≥0,65 

19 25 18 24 

18 27 17 27 

15 24 15 24 

18 27 18 27 

15 24 15 24 

16 25 15 24 

Table 4. rMAE and rRMSD results for each station used for validation of the 

model. 
 

C. Solar irradiation conversion from horizontal to tilted 

surface 

Incident solar irradiation on a surface depends on its 

position. Once the surface position is defined, and knowing the 

relative position of the sun, the incidence angle (between the 

Sun-Earth line and the surface's normal) may be determined 

using Eq. 3 [13], 

      

 cos θ = [�sin δ cos ϕ − cos δ sin ϕ cos ω� cos γ+
cos δ sin ω sin γ] sin β+[ sin δ sin ϕ+ cos δ cos ϕ cos ω] cos β	           
                                                                                    (3) 

 

where, δ is solar declination, ω is the hourly angle, ϕ 

corresponds to the latitude where the surface is located, γ is 

the azimuth (angle between the surface's normal projection on 

the horizontal plane and the observer's meridian) and β the tilt 

of the surface. 

Global irradiation Ii on a tilted surface can be calculated 

from horizontal measures and depends on cosθ. Global 

irradiation can be calculated as the sum of three components, 

according to Eq. 4. 

 

                                    Ii=Ibi+Idi+Iri                                 (4) 

 

where Ibi is the Direct Irradiation, Idi	is the Diffuse 

Irradiation and Iri is the Reflected Irradiation. 
Direct irradiation is the one that comes directly from the 

Sun. Therefore, its direction is collinear to the Earth-Sun line. 

This component is predominant in the global irradiation. To 

calculate it, the direct ratio is defined, as the ratio between the 

hourly direct irradiation on an inclined surface and a 

horizontal one.  

 

                           rbi=
Ibi

Ibh
=

Ibncosθ

Ibncosθz
=

cosθ

cosθz
                       (5)        

       

The second component is the diffuse irradiation. This type 

of irradiation isn't totally isotropic. While the largest 

proportion of it's total is actually isotropic (Isotropic 

Component), the diffuse irradiation exhibits an increase of 

intensity in the Earth-Sun direction (surrounding the Sun). 

This contribution is named ''Circumsolar Irradiation''. On clear 

days, the sky tends to be brighter near the horizon. This 

phenomena is called ''Horizon Brightness'', and is another of 

the contributing components of the diffuse irradiation. 

Several models that represent diffuse irradiation coexist. In 

the current work, the HDKR (Hay, Davies, Klucher y Reindl) 

[13] was implemented in the model. This model is explicit in 

Eq. 6, and it considers all of the three mentioned components: 

isotropic, circumsolar, horizon brightness. 



				Idi=I_dh[(1-Tb )(
1+ cos β

2
) (1+	1-fd 
sin

β

2
 �3

+Tb rb   

 (6) 

 

where the term 
1+ cos β

2
 is the view factor (with which the 

surface ''sees'' the sky), and the term Idh is the diffuse 

irradiation value on a horizontal surface. Also, atmospheric 

transmittance Tb is used as an anisotropic indicator. This 

factor is calculated as the ratio between the direct and 

extraterrestrial irradiation as in Eq. 7, 

 

                    	Tb=
Ibn

Ion
=

Ibh

Ioh
=�1-fdkt                   (7) 

 
The parameter fd is defined as the proportion of diffuse 

reflected irradiation in relation to global irradiation in Eq. 8.  

                                    fd=
Idh

Igh
                                 (8)  

 
Finally, the diffused reflected irradiation that depends on 

the reflectance coefficients of the surface is and is given by 

Eq. 9, 

 

                               Iri=
�1+cosθ�

2
 Ih                                (9) 

 
In order to be able to calculate the expression before, it is 

necessary to isolate direct and diffuse irradiation, because the 

model processes them differently. To separate the different 

components that make global irradiation, empirical 

correlations or physical models must be used. Several 

correlation have been created for this purpose. In this work, 

the correlation presented in [14] is used. 

 

D. Photovoltaic plant model 

The photovoltaic plant is composed by 215 Wp Sanyo HIT 

solar panels, with a total power of 0.50 MW. HIT is an hybrid 

solar cell, composed of a single-crystal silicon wafer 

surrounded by layers of thin amorphous silicon.  

A power forecasting model was developed for the 

photovoltaic plant. This model attempts to estimate the energy 

that will be generated and introduced to the electric grid. The 

calibration period for this model was during the warmest 

season of the southern hemisphere, from October 2013 to 

March 2014.  

The main input parameters for the development of this 

forecast PV model are the irradiation product obtained from 

the MOS-WRF, explained before in the previous section, and 

the historical data of the ASAHI PV plant. These two 

parameters allow to construct a calibrated model for the plant 

of interest. 

A schematic summary of the model development is 

illustrated in figure 3. 

 

 

Figure 3. Schematic flow chart of photovoltaic model concepts. 
 

 Three important steps were made and are described next: 

1) MOS-WRF irradiation data as input. 

MOS-WRF irradiation on horizontal surface data is 

generated by the model described before and is dependent on 

atmospheric conditions given by the mentioned hourly index 

clearness classification. As a consequence, the photovoltaic 

forecasting model plant will be also dependent on kt index. 

 

2) Passage from irradiation on horizontal plane to 

irradiation on tilted surface (PPI). 

Passage from horizontal to tilted surface must be done in 

order to find the best coefficients that adjust to the 

observational data of the photovoltaic plant. This passage can 

be done applying HDKR model with the Arias correlation 

explained in section C.  

 

3) Calibration of coefficients for photovoltaic plant model. 

A fine calibration of the model is required in order to 

obtain reasonable energy predictions from the irradiation 

forecast data. 

For this reason, the coefficients are estimated with the 

same MOS technical approach described in B. In this case, the 

computed coefficients consider the global irradiation in tilted 

surface and the power data of ASAHI photovoltaic plant. This 

fitting was made according to Eq. 10, 

 

                              PVWRF,PPI
kt =cPV �kt� IWRF,PPI

kt                   (10)      

 

where  IWRF,PPI
kt

 is the irradation in tilted surface obtained 

form MOS-WRF and the passage from horizontal to tilted 

surface, cPV �kt� IWRF,PPI
kt

 is the fitted coefficient and 

PVWRF,PPI
kt

 is the measured data of the photovoltaic plant. 

Each of this parameters depend on the index clearness 

classification made before, so three coefficients are found as a 

result of this calibration, as seen in table 5.  

 

 
Clear Sky Partial Cloudy Cloudy 

cpPV(MW(W/m2)-

1) 
0.00036 0.00027 0.00025 



Table 5. Calibration coefficient for forecast model PV plant. For each 

atmospheric condition.  

E. Results and discussions 

Model's performance can be seen by observing the error 

histogram shown in figure 4. This histogram was calculated as 

the difference between the measured power and the model 

forecast power. Forecast power is well represented by the 

developed model. Almost 70 % of forecast cases are in the 

error band of ± 0.05 MW. The Mean Absolute Error 

represents an error of 5 % respect to the maximum power 

generated by the 0.50 MW photovoltaic plant. The histogram 

was computed for a period with a significant number of clear 

sky condition hours.  

 

Figure 4. Error histogram of solar forecasting for PV plant ASAHI. Error 

histogram is constructed as the difference of observed power minus forecast 

power. 

III. CONCLUSIONS 

WRF irradiation output is overestimated for each kt 

classification in an hourly basis. For cloudy conditions it was 

found that error were significantly larger in comparison to 

clear sky conditions, in an order of more than 100% in rMAE 

for each radiation scheme used for each simulation. In some 

particular cases, an rMAE error of 146% was found. For 

partially cloudy conditions resutls obtained are better, but the 

errors found are still large. For clear sky conditions, irradation 

obtained from WRF raw output is well represented in the 

majority of the simulated cases. When the MOS technique was 

used, results improved dramatically for cloudy and partially 

cloudy conditions, leading to lower the rMAE error down to 

half than those encountered with WRF raw output. 

Improvements for clear sky conditions were also found. Of the 

three studied cases, the CAM scheme was found to be the 

most accurate. The results shown in this study conclude that 

the developed photovoltaic power forecasting model leads to 

good representation of the ground truth behavior of the plant.  

In future works, the model will be analyzed for a longer 

period of time and with other solar plants' data, leading to a 

more robust validation. 
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