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Abstract 

The mesoscale Weather Research and Forecasting (WRF) Model is used over the Iberian 

Peninsula to generate 60 years (1950-2010) of climate data, at 5 km resolution, in order 

to evaluate and characterize the incident shortwave downward radiation at the surface 

(SW), in present climate. 

The simulated values of SW in the period 2000-2009 were compared with data measured 

in Spanish and Portuguese meteorological stations before and a statistical BIAS 

correction was applied using data from Clouds and the Earth’s Radiant Energy System 

(CERES), on board four different satellites. The spatial and temporal comparison between 

WRF results and observations show a good agreement for the analyzed period, although 

the model overestimates observations. This overestimation has a mean normalized bias 

of about 7% after BIAS correction (or 17% for original WRF output). Additionally, the 

present simulation was confronted against another previously validated WRF simulation 

performed with different resolution and set of parametrizations, showing comparable 

results. WRF adequately reproduces the observational features of SW with correlation 

coefficients above 0.8 in annual and seasonal basis. 

60 years of simulated SW over the Iberian Peninsula were produced, which showed 

annual mean values that range from 130 W/m2, in the northern regions, to a maximum of 

around 230 W/m2 in the southeast of the Iberian Peninsula (IP). SW over IP shows a 

positive gradient from north to south and from west to east, with local effects influenced 

by topography and distance to the coast.  

The analysis of the simulated cloud fraction indicates that clear sky days are found in 

more than 30% of the period at the southern area of IP, particularly in the Algarve 

(Portugal) and Andalusia (Spain), and this value increases significantly in the summer 

season for values above 80%. 
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1 Introduction 

 

Incoming solar radiation is an important variable from meteorological, economic and 

social perspectives. In the last IPCC report it is stated that “CO2 emissions from fossil 

fuel combustion and industrial processes contributed about 78 % of the total greenhouse 

gas emission increase from 1970 to 2010, with a similar percentage contribution for the 

period 2000 – 2010” (IPCC, 2014). To reduce 𝐶𝑂2 emissions it is necessary to 

decarbonize the electricity generation. Detailed knowledge of the solar resource in the 

present and in the near future is essential for assessing the viability of projects related to 

the harnessing of solar energy. 

Solar radiation studies carried out in various regions have revealed that, in the past 

century, the Earth has undergone two opposite periods regarding the variability of solar 

radiation: Global Dimming (Stanhill and Cohen, 2001), with a reduction in solar radiation 

at the surface until the mid-1980s and later the global Brightening (Wild et al., 2005), 

with an increase of global radiation at the surface. Based on observations and ERA-40 

reanalysis, Perdigão et al. (2016) confirmed the existence of these two distinct periods in 

Portugal, known as dimming and brightening, but with an earlier turning year than the 

one described in the literature, in particular over the south of Portugal. This latter study 

revealed an increasing trend of surface global radiation located in the south of Portugal, 

without a pronounced decrease before the 1980s, in the period 1964–1986. 

Before reaching the Earth’s surface, incoming solar radiation is scattered, absorbed and 

reflected in the atmosphere. Clouds play a major role in spatiotemporal solar radiation 

variability. Hence, it is common that studies on solar radiation at Earth’s surface include 

also an analysis of cloud cover. Sanchez-Lorenzo et al. (2009) analysed observational 

cloudiness series for Iberian Peninsula (IP) and found a decreasing trend in the IP between 
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1960 and mid 2000s. The authors report higher annual values over northern areas ( 4.5 

oktas) and smaller values in southern areas ( 3.5 oktas), reaching minimum values in July 

and August (less than 3 oktas). According to the authors, the sunshine duration series 

show a decrease from 1950 to the mid-1980s that is not associated with total cloud cover. 

On the other hand, later on, Sanchez-Lorenzo et al. (2013) found, for the 1985-2010 

period, a positive trend in the global radiation in line with the sunshine duration trends 

since the 1980s. 

Many commercial systems have been installed in the IP intended for solar energy power 

generation, particularly in the southern regions. In the study of Ridao et al. (2007), present 

and future of renewable solar energy was analyzed for Andalusia, with an average solar 

radiation energy of 4.6 ± 0.3 𝑘𝑊ℎ 𝑚2⁄ 𝑑𝑎𝑦, which qualifies the southern IP as a strategic 

region in Europe regarding solar energy technology implementation. In the European 

Union, solar energy presents itself as the main source of renewable energy investment 

until 2030 (APREN, 2014). Spain is the fifth country of the European Union in the 

production of photovoltaic energy, with more than 4𝐺𝑊 of installed capacity (IDAE, 

2016). In Portugal, the currently installed solar power capacity is more than 450𝑀𝑊 

(almost 3% of the energy produced) and it is expected to double that capacity by 2030. 

Alentejo and Algarve are the Portuguese regions with the highest installed solar capacity 

(APREN, 2014). 

Santabàrbara et al. (1996) built annual and seasonal maps of solar radiation in and around 

Catalonia province (Spain), for the period 1964-1993, from daily in situ global solar 

irradiation datasets and found maximum values over the inner part of Catalonia and at the 

south coast. According to Jerez et al. (2013), IP shows a strong potential in terms of 

complementarity between solar and wind power. The authors combined simulated data 

obtained from the MM5 numerical model with a new developed algorithm to identify 
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optimum spatial distributions for solar and wind power plants in order to guarantee a 

certain energy generation provided by renewable resources. Results show Valencia, 

Murcia and Andalusia provinces (Spain), as well as Algarve (Portugal), as optimal 

locations for solar power plants. Šúri et al. (2007) used a solar radiation model (Šúri and 

Hofierka, 2004) and showed that Portugal and the Mediterranean regions have the greatest 

potential for solar electricity production with maximum values in summer months. Also, 

Ruiz-Arias et al. (2012) showed similar conclusions. The authors evaluated the potential 

of renewable energies in electricity production for the province of Jaén (southern of 

Spain) and proposed a scenario where PV could produce up to 21% of the electricity 

demand in that region. 

Due to the increasing demand of solar energy systems, an accurate knowledge of the solar 

resource plays a key role from an economic perspective. There are several methodologies 

and models to obtain solar irradiation maps and to predict solar radiation. For instance, 

Ehnberg and Bollen (2005) proposed a model based on cloud observations. Alsamamra 

et al. (2009) used a statistical methodology for mapping global solar radiation at the 

surface. Martín et al. (2010), applied several statistical methods based on observational 

time series to predict half daily values of global solar irradiances. Martín et al. (2010), 

proposed an empirical model to estimate the solar energy as a function of other climatic 

variables. Ruiz-Arias et al. (2015) used an interpolation methodology to adjust global 

horizontal and direct normal irradiances obtained with WRF model with observational 

ground-based station data. 

The application of Regional climate models (RCMs) in the evaluation of solar radiation 

features (trends, variability and climatology) in the past, present and future may overcome 

the problem of gaps in observational time series, the poor spatial coverage of ground-

based stations and time series size. This approach allows for a detailed spatial 
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characterization of any regions in order to select the one with best conditions to receive 

solar power plants, improving in that way the risk analysis of their implementations for 

political and economic decision-makers. 

RCMs are used for downscaling of global climate simulations and have been extensively 

used in various regions (e.g. Feser et al., 2011; Soares et al., 2012). Reviews on RCMs 

can be seen in Dudhia (2014), Rummukainen (2010), Laprise (2008) or Giorgi and 

Mearns (1999). The mesoscale Weather Research and Forecasting (WRF) model 

(Skamarock et al. 2008) has been increasingly used as RCM. It is an open source tool, 

with considerable flexibility given the variety of parameterizations available, which 

makes it a very versatile tool for research in atmospheric physics. This model was used 

and evaluated over IP for different meteorological variables and by several authors such 

as Ruiz-Arias et al. (2015), Dasari et al. (2014), Rios-Entenza et al. (2014), Soares et al. 

(2014), Cardoso et al. (2013), Soares et al. (2012), Mercader et al. (2010), among others. 

For instance, Santos-Alamillos et al. (2012) proposed and evaluated a method to analyze 

the spatiotemporal balance between solar and wind resources over the southern part of 

IP, using the WRF model with a spatial resolution of 9 km. The results show the existence 

of complementarity between the solar and wind energy, but with a marked seasonality in 

strength and spatial coverage. 

Lara-Fanego et al. (2012a) evaluated the reliability of WRF to predict global and direct 

irradiance over Andalusia (southern of Spain) and found that the model presents 

substantial quality. Nevertheless, their analysis showed that WRF tends to overestimate 

both irradiances with a relative seasonal bias of about 10% for global and twice higher 

for direct radiation.  

The common practice in dynamical regional climate downscaling is to perform long 

continuous integrations with RCMs, starting from a single set of initial conditions, for a 
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long period without re-initialization time slices. (e.g. Soares et al., 2012; Marteau et al., 

2015). This technique allows the model to develop internal variability but it is 

computationally expensive. In this work, we used a WRF simulation of six decades with 

annual re-initializations to avoid such computation costs (Dasari et al., 2014). This 

approach allows to perform model simulations simultaneously, resulting in a gain of 

execution time of the complete numerical experiment. This procedure is in agreement 

with other authors, namely Raju et al. (2015) and Xue et al. (2014). Lo et al. (2008) 

discuss advantages and disadvantages of this technique. According to these authors, the 

re-initialization approach is widely accepted in weather forecasting to mitigate the 

problems of systematic error growth in long integrations but it is rarely used in regional 

climate simulations. This happens because: (i) it is not easily portable; (ii) long spin-up 

time of RCMs constrains the re-initialization process and (iii) possible occurrence of 

discontinuity points between consecutive simulations. However, Lo et al. (2008) 

compared long-term continuous integration with short-term reinitialized simulations 

showing that the re-initialization runs outperform the continuous simulation runs. 

Many authors pointed out the difficulties RCMs have in the representation of the large-

scale features as they are forced at their boundaries (e.g. Jones et al., 1995; Yhang and 

Hong, 2011). Waldron et al. (1996) and Von Storch (2000) firstly presented the nudging 

methodology. In the subsequent years nudging techniques were further developed and 

employed in many studies, but its use is not consensual (Alexandru et al., 2008; Miguez-

Macho et al., 2004; Hong and Chang, 2012, Hong and Kanamitsu, 2014), due to 

disagreements regarding the advantage of reducing freedom from regional model’s large 

scales and other potentially negative lateral consequences. 

An important issue in NWP analysis is the evaluation of the model results. Usually, this 

evaluation is performed through the comparison between observational ground-based 
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data with the nearest grid point of the model outputs. BIAS correction (eg, Ruiz-Arias et 

al., 2015; Acharya et al., 2013; Haddeland et al., 2012; Piani et al., 2010), in a post-

processing stage, is often performed. Ehret et al., (2012) present the state-of-the art of 

bias correction methods as well the assumptions and implications. 

The main objectives of this paper are: firstly, to evaluate the quality of the 5 km resolution 

WRF simulations with annual re-initializations, to predict incident shortwave solar 

radiation at the surface (SW through the comparison with observations and other WRF 

simulations (continuous and previously validated); secondly, to characterize the solar 

radiation at the surface with BIAS correction and the cloud fraction, in the 1950-2010 

period over the IP, in order to assess the regions with major solar resource potential. The 

paper is structured as follows: section two describes the methodology used in this study, 

as well as the data, model setup and study area. The performance of the simulations and 

BIAS correction methodology is discussed in section 3. A detailed climatology of SW 

and cloud cover over IP is presented and discussed in section 4. Finally, conclusions are 

presented in section 5. 
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2 Datasets and Methods 

 

2.1. Model and numerical experiments 

 

WRF mesoscale model V3.3.1. (Skamarock et al., 2008) was configured with two 

domains, using two-way nesting, with horizontal resolutions of 75 𝑘𝑚 and 25 𝑘𝑚, and 

30 vertical pressure levels. From the 25 𝑘𝑚 resolution simulation output, a dynamical 

downscaling to a 5 km resolution domain was carried out (Figure1), using one way 

nesting, with hourly output. The results of the 5 𝑘𝑚 resolution simulation (WRF5 

hereinafter) are used in the characterization of the IP climatology.  

 

Figure 1. 75km, 25km and 5km WRF simulation domains (left) and orography (in meters) 

used by WRF simulations (right). 

 

In order to reduce the time required to simulate 60 years, the procedure adopted in this 

work consists in splitting the climate runs into several yearly simulations that are 

performed simultaneously. WRF5 was integrated continuously for 13 months starting 

from 00 UTC 1 May of each year for six decades (1950-2010). The first month of each 

simulation was used as model spin up time and was neglected in the analysis. The 

NCEP/NCAR (National Centers for Environmental Prediction/National Center for 
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Atmospheric Research) reanalysis data at 2.5° latitude/longitude resolution (Kalnay et al., 

1996), updated every 6 hours, was used as initial and forcing boundary condition. The 

model setup for these simulations are described in detail in Dasari et al. (2014), where the 

results were validated for extreme events of heat and cold waves and showing a good 

agreement with E-OBS V7.0 dataset (Haylock et al., 2008). 

Since the WRF5 simulation followed a less common simulation strategy based on 

multiple one year time-slices, its performance is also investigated through comparison 

with results obtained from a continuously integrated WRF simulation (WRF9). WRF9 

simulation was previously validated for temperature and precipitation over Portugal 

(Soares et al., 2012), precipitation over Iberia (Cardoso et al., 2013) and offshore wind 

(Soares et al., 2014), with the results showing a good agreement with observations. In 

WRF9, the model simulation ran continuously from 00 UTC 1 January 1989 to the end 

of 2012 where the first month is used as model spin up. The WRF9 simulation was 

performed using two one-way nested grids (27 and 9 km horizontal resolution) and the 

results from the finer domain are used for comparison. The outermost domain was 

designed in a way to reduce spurious boundary effects in the inner region and both grids 

were centered in the Iberian Peninsula. Additionally, grid nudging (Staufer and Seaman 

1990) was applied to the outermost grid, every 6h at all levels above the planetary 

boundary layer. This WRF simulation was forced by ERA-Interim reanalysis (Berrisford 

et al., 2009). CAM3 was selected to parameterize radiation processes at sub-grid scales 

for both shortwave and longwave radiation (Collins et al., 2004). This scheme takes into 

account the interactions of the radiation with clouds and with several aerosol types and 

trace gases. A detailed description of WRF9 simulations can be found in Soares et al. 

(2012). Similarities and differences in physical parameterizations, for WRF5 and WRF9, 

can be seen in Table1. 
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Table1. Configurations of the physical parametrizations used in each model. 

Model NCEP/NCAR ARW WRF 

Acronym WRF5 WRF9 

Resolution  5km 9km 

Vertical Level 30 49

Microphysics WSM3 – class simple ice scheme 

(Hong et al., 2004) 

WSM6 – Class single moment  

(Hong and Lim, 2006) 

SW CAM3 

(Colins et al., 2004) LW 

PBL YSU (Hong et al., 2006) 
Mellor-Yamada-Janjic 

(Janjic, 2001) 

Convection scheme 
Grell-Devenyi ensemble 

(Grell, G.A. and D. Devenyi, 2002) 

Betts-Miller-Janjic 

(Betts, 1986; Betts and Miller, 1986; 

Janjic, 1990; 1994,2000)  
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2.2 Observational data 

 

In order to assess the ability of WRF model to simulate the SW, these results were 

compared with daily observations obtained from 65 stations of IPMA (Portuguese 

Weather service) and AEMET (Spanish Weather service). 

Global solar irradiance was measured using Kipp & Zonen pyranometers, model CM-11, 

with a spectral sensitivity in the wavelength range 305-2800 nm and with an uncertainty 

of ± 2% (according to the manufacturer). These instruments are classified, in accordance 

with International Standard ISO 9060/1990, as secondary standards. This classification 

was adopted by the World Meteorological Organization (WMO, 2008). 

In the Spanish network, all radiometers are calibrated every two years. For more 

information see Ruiz-Arias et al. (2015) or García et al. (2014). Relatively to IPMA, 

calibration was performed only at the factory (Kipp & Zonen), and some of the 

pyranometers in the network were replaced in the period used. The quality control is based 

mainly on the spatial distribution of records over all observational stations. 

The comparison between simulations and observations was made using the nearest 

neighbour technique, i.e., the closest grid point model values were compared with the 

correspondent measured ones. The analysis was made for the time periods when 

observations and simulations were simultaneously available (2000-2009). 
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Figure 2. Geographical location of the 65 observational stations used to evaluate the WRF 

simulations and length of the time series. The scale indicates the percentage of days 

available at each station for the period 2000-2009. 

 

Figure 2 presents the location of the SW groundbased stations and the percentage of 

days with data within the mentioned period. Since the observations have different time 

periods, for seasonal analysis, it was decided not to compute monthly means for the 

stations with less than 20 days for each month in the respective observation period, 

yielding a total of fifteen stations. In turn, a given yearly value is considered valid if at 

least 2 3⁄  of valid monthly values are available in that year. IP average errors were 

computed considering all fifteen stations. Winter (DJF), Spring (MAM), Summer (JJA) 

and Autumn (SON) were defined according to standard procedures in meteorology. 
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2.3. Cloud Fraction estimation 

 

Clouds have a strong impact in the Earth’s radiation budget by modifying the shortwave 

(SW) and longwave (LW) radiative fluxes. From RCMs it is possible to obtain radiation 

fluxes considering the presence (all sky) or absence (clear sky) of clouds. In this work, 

clear sky and all-sky shortwave downward radiation are used in order to estimate the 

cloud fraction simulated by the WRF model. In this sense, a shortwave radiative cloud 

fraction (SWRCLF) was defined as the ratio of the global solar radiation downward to 

clear-sky radiation as suggested by Deardorf (1978), Crawford and Duchon (1999), Choi 

et al. (2008) and Gubler et al., (2012):  

𝑆𝑊𝑅𝐶𝐿𝐹 = 1 −
𝑆𝑊𝑎𝑙𝑙𝑠𝑘𝑦

𝑆𝑊𝑐𝑙𝑒𝑎𝑟𝑠𝑘𝑦

 

𝑆𝑊𝑎𝑙𝑙𝑠𝑘𝑦
 is the all-sky shortwave downward radiation at the surface, and 𝑆𝑊𝑐𝑙𝑒𝑎𝑟𝑠𝑘𝑦

 is the 

clear sky shortwave downward radiation that reaches the Earth’s surface. The ratio 

𝑆𝑊𝑎𝑙𝑙𝑠𝑘𝑦
𝑆𝑊𝑐𝑙𝑒𝑎𝑟𝑠𝑘𝑦

⁄  expresses the reduction of solar radiation mainly due to clouds, with 

values near one representing clear-sky conditions and near zero a total cloud cover. It 

should be noticed that the SWRCLF is not exactly a cloud fraction, in particular it never 

attains the value 1. Despite being different from the cloud cover estimated by the 

meteorological observers, this definition linked to the light attenuation by clouds, may be 

used as a proxy to cloud fraction, with the advantage of that it is directly applicable in the 

field of solar energy, as it is an indicator of the cloud effect on its availability at the 

surface. In this work, the term clear sky days means days without clouds or partially 

cloudy and refer to 𝑆𝑊𝑅𝐶𝐿𝐹 values lower than or equal to 0.10 (less than 1 okta ~ 0.13). 
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2.4 Statistical error measures and methods 

 

The results of global radiation for each station were compared  with the ground-based 

measurements in order to assess the quality of the simulations. The mean bias (BIAS), 

mean absolute error (MAE), mean absolute percentage error (MAPE), root mean square 

error (RMSE) and correlation coefficient (𝑟) were calculated and are defined as: 

𝐵𝐼𝐴𝑆 =
1

𝑁
∑(𝑚𝑖 − 𝑜𝑖)

𝑁

𝑖=1

 

𝑀𝐴𝐸 =
1

𝑁
∑|𝑚𝑖 − 𝑜𝑖|

𝑁

𝑖=1

 

𝑀𝐴𝑃𝐸 =
𝑀𝐴𝐸

1
𝑁

∑ 𝑜𝑖
𝑁
𝑖=1

 

𝑅𝑀𝑆𝐸 = [
1

𝑁
∑(𝑚𝑖 − 𝑜𝑖)

2

𝑁

𝑖=1

]

1
2

 

𝑟 =
∑ (𝑜𝑖 − �̅�) − (𝑚𝑖 − �̅�)𝑁

𝑖=1

[∑ (𝑜𝑖 − �̅�)2𝑁
𝑖=1 ∑ (𝑚𝑖 − �̅�)2𝑁

𝑖=1 ]
1
2

 

where 𝑁 is the number of data and 𝑚 and 𝑜 are respectively the model simulation and 

observed values. We defined normalized bias (NBIAS), and normalized root mean square 

error (NRMSE) as respectively BIAS and RMSE divided by the SW mean. 
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2.5 Statistical BIAS correction methodology 

 

In this study a BIAS correction was applied, based on the methodology proposed by Piani 

et al. (2010) where a detailed description may be found. The implementation described in 

Hagemann et al. (2011) was followed. The methodology is based on the adjustment of a 

transfer function that “transforms” the original simulated dataset in a corrected set with 

the same probability distribution function (PDF) as the observed set.  In order to adjust 

the transfer function, the simulated and observed time series, of the same length and for 

the same period, are sorted in ascending order and plotted one versus another. The transfer 

function, with a few set of parameters is then the result of a fitting procedure. In general, 

different kinds of functions can be tested, but Hagemann et al. (2011) found that in the 

majority of the cases a two-parameter linear fit is sufficient. 

In this study, data from the Clouds and the Earth’s Radiant Energy System (CERES) were 

used as the observations, in order to correct the WRF5 model outputs. The CERES 

experiment is one of the scientific satellite instruments developed for NASA's Earth 

Observing System (EOS). The first CERES instrument was launched in December of 

1997 aboard NASA's Tropical Rainfall Measurement Mission (TRMM) satellite. CERES 

instruments are now installed also on three separate satellite missions, including the EOS 

Terra and Aqua observatories more recently on the Suomi National Polar-orbiting 

Partnership (S-NPP) observatory. CERES is a set of three co-aligned broadband 

radiometer detectors whose spectral ranges are 8 to 12m for infrared, 0.3 to 5m for 

shortwave and 0.3 to 100m for global radiation. CERES products include both solar-

reflected and Earth-emitted radiation from the top of the atmosphere to the Earth's surface. 

The Energy Balanced and Filled (EBAF) surface products (Kato et al., 2013) are used in 

this study corresponding to the Surface Downwelling Shortwave Radiation and Surface 
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Downwelling Clear-Sky Shortwave Radiation, for the period March 2000 until December 

2009. CERES data were obtained from NASA website (ceres.larc.nasa.gov) and are 

available on a monthly basis with a 1° × 1° horizontal resolution.  Detailed information 

about CERES origins, instrument calibrations, source of errors among other technical 

features, can be found in Wielicki et al. (1996). 
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3. Regional Climate model simulations: Assessment and BIAS correction 

 

3.1 Comparison of daily and seasonal simulated SW against observations 

 

Figure 3a shows the daily BIAS values of SWand it is found that for the majority of the 

stations the model overestimates the SWwith values of approximately 30 𝑊 𝑚2⁄ . The 

highest BIAS values are mostly located in the north/northeastern part of IP (Asturias, 

Basque Country and Catalonia) with values between 30 − 50 𝑊 𝑚2⁄ . In the central part 

of IP, WRF5 overestimates the SW by  30 𝑊 𝑚2⁄ . At southwest and southeast, WRF5 

tends to underestimate observations exhibiting values in the range of −20 𝑊 𝑚2⁄  to 

0 𝑊 𝑚2⁄ .  

The mean BIAS in WRF5 is consistent with the one obtained for Spain by Ruiz-Arias et 

al. (2016). These authors found a mean BIAS of approximately  29 W m2⁄  over the period 

2003-2012, with highest values along the Cantabrian coast and mountains as in the case 

of present WRF5 analysis. 
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Figure 3. Daily BIAS (a) and correlation coefficient (b) for the WRF5. BIAS in 𝑊 𝑚2⁄ . 

(In the computation of the correlation, the annual cycle was not suppressed). 

 

WRF5 daily simulation shows highest RMSE at the northern regions of IP (not shown 

here), especially over the Basque country (above 80 𝑊 𝑚2⁄ ) and smallest values in 

central and south regions over IP ( 65 𝑊 𝑚2⁄ ). 

Daily correlation coefficients between ground-based observations and WRF5 (figure 3b) 

show that WRF5 performs better in the central part of IP, with high correlation 

coefficients, above 0.80. North/northwestern regions of IP present the smallest 𝑟 values 

(above 0.6). It is important to notice that the correlation coefficient is insensitive to biases 

and thus it only explains the spatial similarities/differences between simulations and 
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observations for the various stations over the figure. Table 2 summarizes the errors found 

for daily values.  

 

Table 2. Performance of WRF model for both resolutions in a daily and seasonal basis 

(spatially averaged values over the IP).  

 Resolution DAILY DJF MAM JJA SON 

BIAS (W/m2) 
WRF5 29.9 25.1 43.6 37.1 22.1 

WRF9 31.8 17.1 47.6 45.4 21.1 

       

MAE (W/m2) 
WRF5 51.7 25.9 46.8 52.4 28.1 

WRF9 39.2 18.0 47.6 46.1 21.7 

       

RMSE 

(W/m2) 

WRF5 71.6 29.7 53.9 61.7 33.0 

WRF9 55.5 21.6 51.6 52.5 25.5 

      

       

r 
WRF5 0.8 0.9 0.8 0.6 0.9 

WRF9 0.9 0.9 0.9 0.8 0.9 

 

As detailed in section 2.2, the seasonal analysis was done considering only fifteen ground-

stations. The seasonal BIAS shows similar spatial patterns to the results obtained for the 

daily BIAS analysis. WRF5 is able to simulate the seasonal evolution of SW (see figure 

4), although an overall overestimation can be seen in the majority of the ground-based 

stations for all seasons, with only two exceptions: Sines (south-west coast of Portugal) 

and Ibiza (Spanish Mediterranean island). 
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Figure 4. Seasonal BIAS and correlation coefficient for SW compared with ground-

based observational data. BIAS in 𝑊 𝑚2⁄ .  
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WRF5 performance is better in winter and autumn in comparison with spring and summer 

(see Table 2). The smallest mean BIAS error is found in autumn ( 22 𝑊 𝑚2⁄ ) and the 

highest value for spring ( 44 𝑊 𝑚2⁄ ), which may be related to the larger variability of 

cloud conditions over the area in springtime (Salgueiro et al., 2014). According to Ramos 

et al. (2014), the cyclonic weather type over IP has a maximum in spring, imposing a 

considerably large cloud radiative effect as documented in Salgueiro et al., 2016. RMSE 

are relatively high in spring and summer, with values above 50 𝑊 𝑚2⁄  (Table 2), and the 

smallest errors are found in the southwestern region and southeastern coast of Iberian 

Peninsula (not show here), in line with the spatial distribution obtained for BIAS analysis 

(Figure 3a).  

WRF5 seasonal errors are also consistent with the monthly errors found by Ruiz-Arias et 

al. (2016). The worst statistical results obtained in the mountainous regions of Cantabria 

and the Pyrenees suggest that the model, at this resolution, has limited skill in representing 

orographic clouds. However, this topic needs further investigation. Ruiz-Arias et al. 

(2016), suggest that the BIAS found in WRF could be a result of an underestimation of 

the actual cloud amount, and possibly, a misrepresentation of the radiative impact of low 

cumulus clouds. 

Seasonal correlation coefficient varies between 0.6 in summer and ~ 0.9 in autumn, with 

large spatial dispersion in spring and especially in summer. The poor performance of the 

model in summer was also found by Dasari et al. (2014) for temperature, and it may be 

explained by an incorrect quantification of the aerosol effects, since the model uses a 

monthly mean distribution of aerosols (Collins et al., 2004) and not actual values. Cardoso 

et al. (2013) also found small correlation coefficients in summer precipitation as a result 

of a combination of strong surface heating, instability and the connected convection over 

some parts of IP. According to Alapaty et al. (2012), NWP models do not consider 
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cumulus cloud feedbacks in radiation at a subgrid-scale, and these effects can cause a bias 

in shortwave and longwave radiation. This may also explain the relatively high RMSE 

found in our analysis.  
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3.2 Comparison with other validated WRF simulation 

 

The WRF5 performance is additionally investigated by comparison with results obtained 

from the previously validated WRF9 experiment, where continuous model integration 

was performed. 

Table 2 and figure 5 show the results of the comparison with the observation, for both 

models. 

 

Figure 5. Correlation coefficients and statistical errors (NBIAS, NMAE and NRMSE) 

over IP, in the 2000-2009 period for WRF5 and WRF9. 
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In general, WRF5 and WRF9 overestimate the observed SW either on a daily or on a 

seasonal basis. Daily NBIAS of SW in WRF5 is slightly smaller than in WRF9, whereas 

with respect to the MAPE, NRMSE and correlation coefficients, WRF9 shows a slightly 

better performance than WRF5. Daily NBIAS values show, for both configurations, 

errors below 17%. NRMSE for WRF5 are larger than for WRF9, with values of  ~40% 

and  ~30%, respectively. The correlation coefficients between daily simulated and 

observed SW, for both experiences during the whole period compared (2000-09)  are 

greater than 0.8, revealing a good model behaviour 

Seasonal NBIAS of SW show that the WRF5 forecast has a slightly better performance 

than WRF9, with values varying between  ~13% and  ~28%. With respect to the 

NRMSE, WRF5 (WRF9) forecast shows values in the range of  ~22% ( ~19%) in 

summer and ~33% (~ 24%) in winter (see Figure5). MAPE shows that WRF5 slightly 

outperforms WRF9 in spring with an error of  ~22%, and in the summer season with an 

error of  ~16%. Seasonal correlation coefficients produce very similar results with high 

correlations, for both experiences, especially in autumn (𝑟 ≥ 0.9). It can be observed in 

Figure 5, that for both experiences, the errors show a clear seasonal dependence. 

Our errors present the same magnitude as those of other studies such as Lorenz et al. 

(2009) over the south of Spain, with NRMSE between irradiance forecasts and 

observations in the range of 20% to 35%. 

The use of different parameterizations in numerical models inevitably leads to different 

results (Cossu and Hocke, 2014; Mercader et al., 2010) but, according to this analysis, 

statistical errors obtained in WRF5 and WRF9 are in agreement for SW and presents 

comparable errors. 

The comparisons of the simulations obtained in both experiments with the observations 

show that the quality of the prediction of solar radiation by the WRF5 simulation, which 
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uses the less conventional technique of annual re-initializations, is not lower than the 

previously validated WRF9 simulation.  
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3.3 Statistical BIAS correction and comparison against observations   

 

The BIAS between models and observations may be reduced by applying a BIAS 

correction. This methodology was applied to SW radiation by Ruiz-Arias et al. (2015).  

Following the methodology described in Hagemann et al. (2011), summarized in section 

2.5, the shortwave all sky and clear sky shortwave radiative fluxes at the surface were 

corrected using the CERES dataset. To obtain the transfer function, WRF and CERES 

data were spatially averaged over IP for the common period. The transfer function, shown 

in figure 6, was obtained using monthly average values. 

 

Figure 6. Transfer functions obtained from WRF data and CERES data on a monthly basis 

for SW (a) and clear Sky SW (b). The functions were obtained from monthly spatial 

mean values over IP for 2000-2009 period. 

 

Figure 6b also reveals that the model produces higher clear sky shortwave radiation than 

estimated by CERES. The SWRCLF was determined from the BIAS corrected WRF5 

clear sky radiation parameter. 

The transfer function obtained was applied to all modelled values, at all grid points and 

time steps. The corrected values were then compared with ground-based observations for 
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the same period. Note that these time series are independent from the CERES data used 

to compute the transfer function. Figure 7 shows the correlation and the NBIAS between 

WRF5 and ground-based observed SW fluxes, for the 2000-2009 period, after BIAS 

correction. 

 

Figure 7 (a) NBIAS (in percentage) and (b) correlation coefficient (c) NRMSE and (d) 

MAPE for SW over 2000-2009 period between model and observations for several 

Iberian ground-based stations. 

 

The analysis of figure 7 shows a strong correlation between WRF5 SW and 

observations, with a mean correlation of the order of ~0.97, improving the scores obtained 

before the BIAS correction (see section 3.1). The differences between model and 

observations were significantly reduced after the correction. The mean NBIAS fell from 
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17% to 7% (~11W/m2). The corrected NBIAS are close to those shown in Ruiz-Arias et 

al. (2015). NRMSE (figure 7c) and MAPE (figure 7d) dropped respectively from 39% to 

18% and from 28% to 14%. 

In general, WRF5 simulations show a very similar performance when compared with 

observational ground-based data, WRF9 and CERES data, which increases the 

confidence in the climatology that will be addressed in the next section. 
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4. SWclimatology over the Iberian Peninsula for 1950-2010 period 

 

Figure 8 illustrates the climatological 60 year mean SW over IP, at a 5 km horizontal 

resolution, obtained from the WRF5 simulations after applying the post-processing BIAS 

correction methodology. 

 

Figure 8 Sixty-year annual mean for the 1950-2010 period of, (a) SW↓ and (b) standard 

deviation. Values are in 𝑊 𝑚2⁄ . 

 

During this period, the mean SW ranged from a minimum of ~140 𝑊 𝑚2⁄  in the north 

of IP to a maximum value above ~230 𝑊 𝑚2⁄  at the south corresponding to a spatial 

average value of ~190 𝑊 𝑚2⁄ . The spatial distribution clearly shows a gradient 

increasing from north to south and from west to east modelled by the effects of the coast 

and topography. Ruiz-Arias et al. (2015) also found this gradient, with lower irradiation 

values northward.  

In Spain, Andalusia and Murcia are the regions with the highest SW. The greatest mean 

value of SW ( ~230 𝑊 𝑚2⁄ ) was found in Granada and Almeria. The lowest mean 

values are associated with the west and north Atlantic coastal zone and range between 

~140 𝑊 𝑚2⁄  and ~180 𝑊 𝑚2⁄ . The smallest values are found in Coruna (Galicia – 
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Spain). For Portugal, the central and southern parts (Alentejo and Algarve) are those with 

the highest mean SW values (above ~200 𝑊 𝑚2⁄ ). This pattern is, in general, consistent 

with the study conducted by Sanchez-Lorenzo et al. (2009) for Spain, over the 1985-2010 

period, which used observational sunshine duration data.  

The SW variability (annual standard deviation) is relatively high in the northern part of 

IP, particularly in Galicia (Spain), with an average value of  ~105 𝑊 𝑚2⁄ . For Portugal, 

Minho and Douro Litoral (at north) are the regions where the SWvariability is larger, 

with averages above 100 𝑊 𝑚2⁄ . The spatial distribution of SW during the four seasons 

is depicted in Figure 11 and reveals values that range from a minimum of 50 𝑊 𝑚2⁄ , in 

winter, to a maximum around 325 𝑊 𝑚2⁄ , in the summer season. Maximum SW values 

are found over the south of Portugal and Spain. The lowest SW values, independently 

of the season, are found over north/northeast regions of IP. High variability (standard 

deviation) is found in spring and summer seasons (figures 9), especially along the Atlantic 

coastal regions, with values above 80 𝑊 𝑚2⁄ . This same high variability was found by 

Ruiz-Arias et al. (2015), with the Cantabrian coast presenting lower values of radiation 

in comparison with the rest of Spain. 
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Figure 9. Spatial seasonal average in the period 1950-2010 for SW, Winter (DJF), 

Spring (MAM), Summer (JJA), Autumn (SON), and standard deviation in Winter 

(STD_DJF), Spring (STD_MAM), Summer (STD_JJA) and Autumn (STD_SON). 

Values are in 𝑊 𝑚2⁄ . 
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Annual cycles of SW and SWRCLF, obtained from monthly means over land, are 

plotted in figure 10. These plots show, as expected, an annual pattern for SW with 

maximum values in summer, presenting a peak of  340 𝑊 𝑚2⁄  (median value) in July and 

an inverse pattern for SWRCLF, with a minimum peak in June and July (0.04). It should 

be noted that SWRCLF is computed using SW, which reinforces their interdependence. 

 

Figure 10. Annual cycle of monthly mean area averaged SW (a) and SWRCLF (b) over 

IP for the 1950-2010 period. The horizontal solid line within the box represents the 

median. The bottom and top of the boxes indicate the first and third quartiles, respectively. 

The circles and crosses represent outliers. The lower and upper ends of the whiskers are 

the minimum and maximum values of the datasets, respectively. SWRCLF varies 

between 0 (without clouds) and 1 (overcast). 

 

The shape of the boxplots show that the data distributions are generally symmetrical (see 

box and respective median). The interquartile ranges are relatively small in July and 

August for SW and SWRCLF, which suggest a low inter-annual variability (long 

periods with no clouds) during summer. SW variability is higher in March and 

September. For SWRCLF, larger spreads are obtained in the months of autumn and winter 

(figure 10b). In those months, upper quartiles have values above 0.2 as expected and in 

accordance with the results obtained by Sanchez-Lorenzo (2009), for total cloud cover in 

Spain. The boxplots of Figure 10 allow for the identification of potential outliers. The 
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existence of outliers may be partially explained by the interannual variability in the frontal 

system tracks affecting the region (Ramos et al., 2014; Trigo et al., 2002) and by the 

irregular occurrence of Saharan dust events (Obregón et al., 2015; Wagner et al., 2009; 

Alados-Arboledas et al., 2003). These events are not taken into account by the numerical 

model since the concentration and properties of the aerosols are fixed in the WRF 

simulations (Collins et al., 2004).  

Figure 11 shows maps of the percentage of clear sky days for the whole period and over 

two selected months: August and December. The maps show a high percentage of days 

without clouds, especially over central, south (Andalusia and Algarve) and northeast 

(Catalonia) parts of IP. Over these regions, more than 30% of the days may be considered 

as clear sky (less than 1 okta - SWRCLF less or equal to  0.1 for a conservative 

perspective, since the synoptic scale of WMO considers clear sky days until 2 oktas for 

the recording of the total cloud cover). 

 

Figure 11 Percentage of clear sky days of (a): daily, (b) August and (c) December. Values 

are in percentage. 

 

In December, for over 2/3 of the Iberian Peninsula (north coastal regions of Portugal until 

Tagus River, Galicia and Basque Country), the percentage of clear sky days is less than 

10% of the days in all period. However, areas along Spanish Mediterranean coast 

(Southeastern part of Andalusia, Murcia, Valencian community and Catalonia) present 

more than 30% of clear sky days, even in December. On the other hand, in August, the 
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percentage of clear sky days is above 70% in more than half of the Iberian Peninsula 

(central and south). This result is consistent with Ridao et al. (2007), which found that 

Andalusia (south of Spain) is the region with the greatest potential of all European regions 

for the implementation of solar energy systems. 
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5 Conclusions 

A high resolution climatology of SW solar radiation over IP, obtained from simulations 

performed using the WRF model at 5 km resolution (WRF5) is presented in this work. 

The comparison between WRF5 and observations for the downward shortwave radiation 

at the surface shows a good performance, although with a slight overestimation of 

radiation. The results indicate that the model simulations were significantly improved 

after applying a BIAS correction using CERES data. The daily BIAS over central IP was 

approximately 28 W m2⁄  (~17%) before BIAS correction and 7% after. In the northern 

coastal regions, namely in Galicia, Asturias, Cantabria and Basque Country, daily BIAS 

are above 40 W m2⁄  (before BIAS correction). Similar results were obtained for the 

seasonal analysis. Correlation coefficients obtained from the comparisons between the 

observations and the model results are high, above 0.8 for 70% of the ground-based 

stations. Seasonal correlation coefficients show a lower correlation in summer and higher 

values in autumn with values between 0.4 (summer) and 0.9 (autumn). 

The WRF5 strategy, based on multiple one year time-slices, was found to be a valid 

alternative to the more computationally time demanding strategy based on continuous 

model integration, as its results exhibit a similar behaviour and comparable errors to those 

obtained in a previously validated WRF run simulation at 9km (WRF9). NRMSE for 

SW ranges from 22 W m2⁄  to 39 W m2⁄ , for WRF5 and 18 W m2⁄  to 30 W m2⁄ , for 

WRF9 configuration. Regardless of the season, WRF9 always presents smaller NRMSE 

than WRF5.  

The errors found in the present work, although mitigated by the application of a BIAS 

correction, may be related with a misrepresentation of clouds at higher spatial resolution 

(see Lara-Fanego et al., 2012b), and first of all, by an incorrect quantification of the 
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aerosol effects, since the run uses a monthly mean distribution of aerosols (Collins et al., 

2004) and not actual values. In fact, the main limitation of this work is the failure to take 

into account the evolution of aerosol distribution over the Iberian Peninsula, which is 

known to have been very important during the last century (see for example Mateos et 

al., 2014; Antón et al., 2017). This misrepresentation of the aerosols may introduce large 

temporal and spatial deviations and prevents the utilization of the simulated series for 

trend analysis, as the uncertainties related to the non aerosol inclusion are larger than 

those resulting from solar radiation changes. Future works should take into account the 

spatial and temporal evolution of aerosol loads. 

The IP climatology of SW produced for the 1950-2010 period confirms the existence of 

two gradients (latitudinal and longitudinal). Regions with higher SWvalues are situated 

in the southeastern regions of IP (Andalusia and Murcia). The lowest values of mean 

SW were found in the northwestern region of Galicia. The variability of SW also 

increases from south to north and from east to west directions with higher values over 

Galicia. 

The cloud cover was also evaluated following the definition proposed by Crawford and 

Duchon (1999) namely the shortwave radiative cloud fraction (SWRCLF). Results show 

that the southern half of the Iberian Peninsula has a larger part of its territory with more 

than 30% of clear sky days during the period under study, and these values are 

substantially higher in summer months (above 80% for almost all territory). 

The SW radiation climatology obtained from the WRF 5km simulations is a solid base 

in the planning of renewable power plants on solar resources, providing estimates in areas 

where there are no measurements. It should however be taken into account that aerosols 

can attenuate on average 10 to 20% of the horizontal irradiance and even more when 
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desert dust aerosols are present. Thus the simulation results presented should be used with 

some caution since a monthly mean distribution of aerosols was considered. 

The presented climatology points out Andalusia (Spain), Murcia (Spain), Alentejo 

(Portugal) and Algarve (Portugal) as the regions with the greatest SW potential to 

implement solar energy systems, allowing to identify, at a fine scale, the areas that have 

higher solar potential. 

Based on these results, it can be stated that WRF simulations over Iberian Peninsula 

represent relatively well the downward solar radiation at the surface after a simple BIAS 

correction and can be used to study the future distribution of solar radiation over the 

region, according to different climate change scenarios.  
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Highlights 

 Manuscript presents an evaluation of shortwave Solar Radiation (SW) at the surface 

in the Iberian Peninsula (IP) from 1950 to 2010 using the Weather Research and 

Forecasting (WRF) NWP model, at high resolution – 5km; 

 

 Simulations obtained with annual re-initializations (time-slices) were compared with 

observations and with another WRF configuration operating with a continuous run; 

 

 WRF strategy, based on multiple one year time-slices, was found to be a valid 

alternative to the more computationally time demanding strategy based on continuous 

model integration  

 

 WRF simulations over IP represent relatively well the SW (after post-processing 

methodology) and can be used to study the future distribution of Solar Radiation over the 

region as a qualitative approach; 

 

 A climatology of SW and cloud fraction (after a post-processing methodology), over 

Iberian Peninsula is done and results show that the southern half of the IP has a larger 

part of the territory with clear sky days; 
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