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Abstract: Quality control (QC) may be a lengthy and tedious process. As a result, most data users 15 
use data from meteorological services without performing data quality checks. The South African 16 
Weather Service (SAWS) re-established the national solar radiometric network comprising of 13 17 
new stations within the six climatic zones of the country. This study reports on the performance 18 
results of the Baseline Surface Radiation Network (BSRN) QC procedures applied to the solar 19 
radiation data within the SAWS radiometric network. The overall percentage performance of the 20 
SAWS solar radiation network based on BSRN QC methodology is 97.79%, 93.64%, 91.6% and 21 
92.23% for Long Wave Downward Irradiance (LWD), Global Horizontal Irradiance (GHI), Diffuse 22 
Horizontal Irradiance (DHI) and Direct Normal Irradiance (DNI) respectively with operational 23 
problems largely dominating the percentage of bad data. The overall average performance of the 24 
Surface Solar Radiation Dataset – Heliosat (SARAH) data records for the GHI estimation for all the 25 
stations showed a Mean Bias Deviation (MBD) of -8.28 Wm-2, a Mean Absolute Deviation (MAD) of 26 
9.06 Wm-2 and the Root Mean Square Deviation (RMSD) of 11.02 Wm-2. The correlation (quantified 27 
by R2) between ground-based and SARAH-derived GHI time series was ~ 0.98. The established 28 
network has the potential of providing high quality minute solar radiation data sets (GHI, DHI, DNI 29 
and LWD) and auxiliary hourly meteorological parameters vital for scientific and practical 30 
applications in renewable energy technologies in South Africa. 31 

Keywords: Quality control, BSRN, solar radiation, satellite-retrieve irradiance, ground stations, 32 
validation 33 

 34 

1. Introduction 35 

Knowledge of the local solar radiation arriving at the surface of Earth is very important for many 36 
different applications; such as crop growth models, architectural designs, planning, designing and 37 
sizing of solar energy systems [1, 2, 3]. To be successful in these applications solar radiation 38 
measurements are required at strategic sites [1]. Historically, solar radiation data has been measured 39 
and recorded by the national meteorological services [4]. Until recently, the South African Weather 40 
Service (SAWS) has been the primary source of ground-based solar radiation data in South Africa [5, 41 
6]. The old solar radiometric network collapsed due to technical difficulties and lack of maintenance 42 
[5, 7]. Owing to the rapid development of solar-based renewable energy technologies and projects, 43 
the demand for reliable and accurate data for site-specific solar resource assessment has increased 44 
[4].  45 
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Quality control (QC) may be a lengthy and tedious process, as a result, most users are keen to 46 
use data directly from meteorological services in confidence without performing an additional and 47 
fine data check [8]. To this end, in 2013, the SAWS re-established the national solar radiometric 48 
network comprising of 13 new stations within the six climatic zones of the country as shown in Table 49 
1. These stations are equipped with robust and reliable instruments which are suitable for Baseline 50 
Surface Radiation Network (BSRN) solar radiation measurements [9]. Climatic zones are the regions 51 
with similar climatic conditions [10] and according to Conradie [11] climatic zones were established 52 
in order to classify different areas based on their maximum energy demand and maximum energy 53 
consumption. Where each radiometric station is located there is an automatic weather station (AWS) 54 
measuring hourly temperature, rainfall, pressure, humidity, cloud cover, wind speed and wind 55 
direction providing auxiliary meteorological parameters. 56 

Measurements of solar radiation are more susceptible to errors than other meteorological 57 
parameters [12]. According to Urraca et al. [12], there are two major sources of these errors related to 58 
ground-based solar radiation measurements. These are equipment and operational errors. 59 
Equipment errors are inherent to the type and construction of the sensors used in the measuring 60 
campaign [4, 8]. Solar measuring sensors produce electric current when reacting with radiation, 61 
which is converted into measurement of solar radiation. Solar radiation measurement instruments 62 
are also prone to change in sensitivity, thermal offsets, spectral effects, geometry and the environment 63 
[4]. On the other hand, operational errors are independent of the type of sensor and involve different 64 
factors such as shading by nearby objects or dust covering the dome of the sensor, incorrect levelling, 65 
station shut-downs, electric fields in the vicinity of cables or a malfunction in the data-logger, among 66 
others. An adequate selection of the place to install the station, as well as a regular maintenance, can 67 
ameliorate most of these operational errors.  68 

In order to identify and quantify different all types of errors in the measurements of solar 69 
radiation, applying a QC procedure becomes an essential step before using ground-based datasets 70 
[4, 8]. According to Huld et al. [13], accurate and reliable solar radiation measurements provide 71 
investment grade bankable solar radiation data to the solar energy industry, project developers, 72 
decision makers in the financing institutions and policy and also to the scientific community. The 73 
accurate ground-based solar radiation is also important for the improvement and validation of 74 
satellite-derived solar radiation data and scientific models. In this study, the BSRN QC procedures 75 
are applied to the solar radiation data within the SAWS radiometric network.    76 

The paper is organised as follows: Section 2 describes the ground-based solar radiation 77 
measurements subjected to the BSRN QC procedures and the satellite-derived solar radiation data 78 
used for validation against the ground measurements. Section 3 presents the methods used in 79 
applying the BSRN QC procedures to the ground-based data, as well as for the validation of the 80 
satellite-derived data. Section 4 discusses the results of the QC and the validation. Conclusions are 81 
given in Section 5. 82 

2. Materials and Methods 83 

2.1. Ground-based solar radiation data 84 

The datasets used in this study comprise of ground measurements registered at thirteen stations 85 
in South Africa owned and maintained by the South African Weather Service. They are evenly 86 
distributed in six different climatic regions [10] over an area bounded by latitudes 23° to 34° south 87 
and longitudes 18° to 31° east, see Figure 1. The elevation of the stations ranges from 80 m to almost 88 
1700 m, as described in Table 1.   89 

 90 

Table 1. Coordinates of the considered stations in South Africa. The length of the time series, in 91 
months, is also indicated, along with the starting date of the dataset registered in every station. 92 
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 93 

Most stations were installed during 2014, although five started registering measurements only 94 
in the first quarter of 2015. The present study used data recorded up to December 2017, except for 95 
Prieska and Thohoyandou, where the last available ground measurement is from September 2015 96 
and October 2017 respectively. Therefore, the length of the time series depends on the location, 97 
ranging from the 23 months in Prieska to the 46 months in Upington. One year of recordings is, 98 
nonetheless, always considered at every station in order to guarantee analysing a representative 99 
dataset for every location and climate.  100 

 101 
Figure 1: Location of the thirteen considered stations and the six climatic regions (Hot interior, Temperate 102 

interior, Arid interior, Cold interior, Sub-tropical coastal and Temperate coastal). 103 
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The solar radiation stations share the following configuration: a SOLYS 2 sun tracker with 104 
shading ball assembly and one first class ISO - 9060 classified CHP1 pyrheliometer (Kipp & Zonen) 105 
for measuring the Direct (or beam) Normal Irradiance (DNI). All stations, except De Aar which is 106 
part of the BSRN network, are equipped with two high performance pyranometers CMP11 (Kipp & 107 
Zonen) for registering the Global and the Diffuse Horizontal Irradiances (hereafter GHI & DHI 108 
respectively). The CMP11 pyranometer is fully compliant with all ISO 9060:1990 secondary standard 109 
instrument performance criteria. De Aar, being a BSRN station, employs two ventilated CMP21 110 
pyranometers by Kipp & Zonen, which are rated in the highest possible ISO pyranometer 111 
performance category. The ventilation units keep the pyranometer's domes clean from frost and 112 
water. All stations are equipped with an automatic weather station that registers basic weather 113 
parameters such as rainfall, temperature, cloud cover, humidity wind speed, wind direction, pressure 114 
and sunshine. Periodical maintenance procedures are applied to the various instruments in order to 115 
satisfy the BSRN quality requirements. The ground-based solar radiation database contains one-116 
minute values of all the measured parameters at each station.  117 

2.2. Satellite-derived solar radiation data 118 

 The Surface Solar Radiation Dataset – Heliosat (SARAH) [18] is part of the climate data records 119 
produced by Satellite Application Facility on Climate Monitoring (CMSAF), where the objective is to 120 
produce a temporally homogeneous data record for long time periods suitable for climate analysis, 121 
i.e. assessment of anomalies and trends. The SARAH data records are derived using data from the 122 
Meteosat Visible Infra-Red Imager instruments of the MFG satellites (Meteosat 2-7) up to the end of 123 
2005, and from the Spinning Enhanced Visible and Infra-Red Imager (SEVIRI) instruments on the 124 
Meteosat Second Generation (MSG) (Meteosat 8-10) satellites after then. SARAH provides data for 125 
the GHI and DNI irradiance at the earth surface from 1983 to 2015 at high temporal (down to 30 126 
minutes, but also daily and monthly averages) and spatial (0.05°x0.05°) resolutions. 127 

Surface solar radiation is obtained using a modified Heliosat method to calculate the effective 128 
cloud albedo (CAL), and the SPECMAGIC clear-sky model [14], which is an extension to spectral 129 
bands of the MAGIC model (Mesoscale Atmospheric Irradiance Code) [15]. The SPECMAGIC uses 130 
monthly average values of atmospheric water vapour content from the European Centre for Medium-131 
Range Weather Forecasts ERA-interim product and long-term monthly climatologies of aerosol 132 
optical depth based on monitoring atmospheric composition and climate [16, 17].  133 

Validation of SARAH, using high-quality ground stations from international networks (e.g., 134 
Baseline Surface Radiation Network, BSRN, http://bsrn.awi.de) as well as from national networks, 135 
has been reported in a number of publications [18-21].  136 

At present the SARAH dataset provided by CMSAF exists in two versions. The dataset used in 137 
the present work is based on version 1 of SARAH, with one difference: the hourly data used here are 138 
calculated from one satellite image per hour. In contrast, the SARAH version 1 data available from 139 
CMSAF use a weighted average of three half-hourly satellite images to calculate the hourly solar 140 
radiation values. 141 

2.3. Methods for quality control and validation 142 

2.3.1. Quality control solar radiation data 143 

The schematic diagram illustrating the methodology considered in the present study is given in 144 
Figure 2. 145 

 146 
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 147 
Figure 2: Flow chart of the quality control applied to SAWS Solar Radiation data 148 

 149 
 150 
 According to Urraca et al. [20], there are several and diverse QC methods applied to solar 151 
radiation data by different meteorological services and independent researchers. The SAWS has 152 
preferred to use well-known QC procedures from the BSRN [22]. These QC procedures flag those 153 
samples identified out of the normal test limits of data and usually leave the decision of removing 154 
flagged cases to the user. In this study, the BSRN QC procedures with three levels of testing was 155 
applied on the archived monthly minute data stored in a central database. Each point minute data is 156 
associated with its own quality code after the test. These tests can be classified in three major 157 
categories: physical possible limits, extremely rare limits, and coherence between measurements or 158 
across quantities relationships. 159 
 160 
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 Physical possible limits  161 
Physical possible limits check for possible physical reasonable maximum and minimum values. 162 

These extremal values are assigned codes 1 and 2 corresponding to less than a minimum and greater 163 
than maximum reasonable values respectively [12, 22]. Data that did not pass this test is regarded as 164 
highly suspect and it is strongly recommended to exclude it from further analysis. 165 

 Extremely rare limits 166 
Extremely rare limits check the data that is in the physical possible limit range for random errors 167 

often associated to unusual weather conditions like multi reflexion between broken clouds and the 168 
snow surface or a tracking problem (hardware). Data that is beyond the extremely rare cases should 169 
at least be visually inspected and if no physical reasons are found it is excluded in the analysis. 170 

 Coherence between measurements 171 
Compared measurements or across quantities relationships is based on the relationship between 172 

all three main solar radiation parameters (GHI, DHI, DNI). Data that does not pass this test is difficult 173 
to make a decision to exclude them in the analysis because it is unclear which parameter, two 174 
parameters or all parameters that caused the inconsistency. 175 

 176 
Table 2. Description of QC flags for SAWS solar radiation data. The flag numbers are a 177 
summation of all 3 QC stages and it indicates a stage where the data failed the QC test. 178 

 179 
 180 

The minute ground-based solar radiation data of GHI, DHI, DNI and LWD from all 13 SAWS 181 
solar radiometric stations as shown in Table 1 above, was subjected to quality check procedures based 182 
on BSRN QC standards [22, 23, 24], before the validation was performed. Only the data that passed 183 
the first two quality check tests (physically possible limits and extremely rare limits) was used in the 184 
validation. Files containing missing values and the data that did not pass the first two BSRN QC tests 185 
were flagged and later discarded (replaced by NaN) and was considered for the validation [22, 23, 186 
24]. After quality check, months that have less than 10 % of missing data plus data that failed the first 187 
two quality checks were used (only a month with 90% or more of available data plus the data that 188 
passed the first two quality check tests was used). Moreover, the minute values were averaged to 15 189 
minutes and then 4 slots of 15 minute averages were averaged to get hourly mean values [23, 24]. 190 
Furthermore, all night values, values between sunset (20:00) and sunrise (05:00) based on South 191 
African standard time (SAST), i.e., when the solar zenith angle is less than 90 degrees (SZA < 90 192 
degrees) were replaced by 0. Hourly mean values were then averaged to get daily mean values and 193 
subsequently monthly mean values calculated from the daily mean values. 194 

2.3.2. Validation of the satellite-based solar radiation 195 

Quality controlled irradiance values in the validation 196 
In order to assess the quality of the satellite-based models, the computed monthly mean satellite-197 

retrieved estimates were compared to the monthly averaged ground-based solar radiation data. The 198 
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CMSAF-SARAH monthly mean surface incoming shortwave radiation (SIS) data with a spatial 199 
resolution of (0.05°x 0.05°) from Meteosat Second Generation (MSG) was used to validate concurrent 200 
quality checked monthly average GHI values calculated from minute GHI values measured from 13 201 
SAWS solar radiometric network. According to Schulz et al [25], the CMSAF-SARAH products are 202 
accurate enough to be used for solar energy applications and to support meteorological organization 203 
with diurnal, sub-seasonal and seasonal solar radiation data sets.  204 

 205 
Validation metrics 206 

 207 
The validation metrics including the Mean Bias Deviation (MBD), Mean Absolute Deviation 208 

(MAD), Root Mean Square Deviation (RMSD), square of correlation coefficient (R2) were calculated 209 
from all the months with 90% or more good data. In addition, Diffuse Fraction (DHI/GHI) and 210 
clearness index (GHI/ToA), hereafter referred to as DF and KT respectively were also calculated from 211 
all 13 stations from the months with 90% or more of both GHI and DHI good data. Annual average 212 
temperature and humidity of each station from 2013 to 2017 were calculated for each radiometric 213 
station using hourly data from AWS 214 
 215 
 216 
 Satellite-retrieved and ground-based solar radiation values of GHI were compared at the 217 
different stations for every year and month independently. The mean bias deviation (MBD), the root 218 
mean square deviation (RMSD), and mean absolute deviation (MAD) in absolute (Wm-2) values were 219 
computed according to Equations 1 to 3 [3, 26, 27]. In addition to these, the R2 correlation coefficient 220 
was also calculated using Equation 4 [26, 27]. 221 
 222 
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 230 
 231 

Where ܩ௜௦ is the satellite-retrieved irradiance value at the ith time point and ܩ௜௠ is the ground-232 
based solar radiation value for that timestamp, N is the total number of points considered in the 233 
period of time analysed, year or month, and ܩ௠തതതത is the average ground-based solar radiation value 234 
during the considered time period. 235 
 236 
3. Results and Discussion 237 
3.1 BSRN QC results 238 
 Considering the BSRN QC results shown in Table 3 and Table 4 below, the overall percentage 239 
performance of SAWS’ solar radiation network based on BSRN QC procedures is 97.79%, 93.64%, 240 
91.6% and 92.23% for LWD, GHI, DHI and DNI respectively. Operational problems dominated the 241 
percentage of bad data as follows LWD 2.21%, GHI 1.6%, DHI 3.57% and DNI 3.57%. Only data 242 
represented by code 0 is regarded as the data that passed all the three BSRN QC tests, and thus 243 
representing the overall percentage performance. Code 5 represents missing data or data that was 244 
not recorded, which is indicative of overall percentage of the operational problems and errors. On 245 
the other hand, code 8 and 10 represent data that failed first and second BSRN QC tests respectively. 246 
All the irradiance data sets passed the first QC test and only 0.3% of GHI and DHI data failed the 247 
second QC test. Code 16 and 32 represent data that failed the third BSRN QC test, with the results 248 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 August 2018                   doi:10.20944/preprints201808.0363.v1

http://dx.doi.org/10.20944/preprints201808.0363.v1


 

showing that at least 4% of GHI, 4.3% of DHI and 4.2% of DNI failed the measurement coherence test 249 
between them. Code 40 represent data that failed both the second and third BSRN QC test and 42 250 
represent data that failed all three BSRN QC tests. For the validation, only data coded 0, 16 and 32 251 
was used. This data was regarded as good quality data. On the other hand, data bearing the codes 5, 252 
8, 10, 40 and 42 was discarded and replaced by NaN as they were regarded as bad data. The final 253 
number of monthly data used at every station depends on the QC results of the measured data. In 254 
general, only the data with more than (90 % sum of the data coded 0, 16, 32) was used in the validation 255 
study.256 
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 257 
 258 

 259 
Table 3. Weighted averages of all BSRN QC codes for GHI, DHI and DNI per station from when the station started recording a full month of data to end of 260 

December 2017. 261 

 262 
 263 

 264 
 265 
Table 4. Weighted averages of all BSRN QC codes for LWD at De Aar from when the station started recording a full month of data to end of December 2017.266 
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3.2 Validation of the satellite-derived solar radiation product 267 
  268 

Considering the results obtained in all the stations, the overall average performance of the 269 
SARAH data record for the GHI estimation showed an MBD of -8.28 Wm-2, MAD of 9.06 Wm-2 and 270 
RMSD of 11.02 Wm-2. Analysing the correlation between ground-based and satellite-derived GHI 271 
time series with the R2 coefficient, the average performance of the SARAH satellite product in the 272 
estimation of the GHI values was ~ 0.98.  273 

Table 5 contains the absolute average MBD, RMSD and MAD values obtained from the 274 
validation of the complete valid time series of the SARAH GHI estimates at every station. Besides, 275 
the R2 coefficient, the number of months used at every location are also indicated.  276 

From the validation of the global irradiance estimates, it can be observed that the SARAH 277 
product provided accurate estimates of the monthly average GHI values in every location other than 278 
Durban and Cape Point, where it also showed the highest overestimation. This overestimation from 279 
at these locations could indicate some problems with the measuring instruments. The lowest levels 280 
of the global irradiance, were registered at these coastal stations, where the satellite products tended 281 
to overestimate the solar resource to a greater extent. This could indicate either a problem with the 282 
ground measurements or a misinterpretation of the input parameters used by the satellite methods. 283 
The deviations observed in these stations could indicate a possible underestimation of the attenuation 284 
suffered by solar radiation in the atmosphere. 285 

Months with 90% or more of minute good data were used to calculate monthly mean GHI and 286 
DHI. Table 5 provides information on the number of months (for each station) that were used for 287 
validation analysis. Furthermore, the validation results show that almost all the sites had a negative 288 
MBD (observation minus satellite) values implying that SARAH derived irradiance parameters were 289 
consistently overestimated compared to ground measurements. According to Posselt et al [28], the 290 
validation accuracy threshold for MAD of monthly mean GHI against SARAH monthly mean GHI 291 
ought to be 15 Wm-2, target accuracy threshold is 10 Wm-2 and optimal accuracy threshold is 8 Wm-2. 292 
The comparison between concurrent SARAH GHI against SAWS GHI monthly means showed a great 293 
similarity with MAD of less than 15 Wm-2 in 11 of 13 stations. Figure 3 shows only Cape Point 294 
(temperature coastal) and Durban (subtropical coastal) stations had an MAD greater than the 295 
validation threshold accuracy of 15 Wm-2, recording 18.9 Wm-2 and 19.0 Wm-2 respectively.  296 

Prieska, Upington, De Aar, Irene, Mafikeng, Bethlehem, Polokwane (stations located in the arid 297 
climatic regions, cold interior and temperature interior) reached an optimal threshold with a MAD 298 
of less than 8 Wm-2 when compared to the SARAH GHI. On the other hand, Nelspruit (hot interior) 299 
reached a target accuracy threshold with MAD less than 10 Wm-2, while Thohoyandou (hot interior), 300 
George (temperature coastal) and Mthatha (Subtropical coastal) meet the validation threshold with 301 
MAD less than 15 Wm-2.       302 

  303 
  304 

 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
 315 
 316 
 317 

 318 
 319 
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Table 5. Results from the validation of the global horizontal irradiance (GHI) estimates retrieved 320 
from the Surface Solar Radiation Dataset – Heliosat (SARAH), which are comparable to other 321 

countries. 322 
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 326 
Figure 3: Monthly MAD values for the validation of the GHI estimates derived from the SARAH product 327 

for all locations. 328 

 329 
 330 
 331 
 332 
3.3 Diffuse Fraction and Clearness index 333 
 334 
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 The clearness index and diffuse fraction given in Figure 4 depict higher values (near 1) of 335 
clearness index suggesting a clear sky and calm atmosphere. In case of Upington and De Aar, 336 
clearness index averages > 0.6 throughout the year. The diffuse fraction of solar radiation was also 337 
calculated for all locations. It also varies from 0 to 1. Higher values indicate more aerosols and clouds. 338 
The values for diffuse fraction for Upington and De Aar were always < 0.3 in all of the months. This 339 
indicates suitability of the locations for solar energy prospecting. 340 

 341 

 342 

 343 

 344 
Figure 3: Monthly Diffuse Fraction and Clearness Index for one station per climatic region. 345 

 346 
 347 
 348 
 349 
 350 
 351 
 352 
4. Conclusion 353 
 354 
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The BSRN QC tests proved to be the effective and efficient in detecting errors at different 355 
stations. Furthermore, the validation of the CMSAF-SARAH GHI estimates against ground-based 356 
solar radiation with the SAWS radiometric network showed that: 357 

 The overall average performance of the SARAH data record for the GHI estimation for all 358 
the stations exhibits MBD of -8.28 Wm-2, MAD of 9.06 Wm-2 and RMSD of 11.02 Wm-2. These 359 
values compare favorably to the recommended validation accuracy threshold for MAD of 360 
monthly mean GHI of 15 Wm-2, target accuracy threshold of 10 Wm-2and optimal accuracy 361 
threshold of 8 Wm-2. High values of the correlation (R ~ 0.98) between ground and SARAH 362 
derived irradiance parameters were also obtained. The higher values of clearness index 363 
observed in Upington and De Aar indicate the clear sky and atmosphere condition. 364 

 The SARAH estimates can provide the basis for further analysis, such as the one presented 365 
in this paper on annual PV electricity production.  366 

The overall percentage performance of SAWS’ solar radiation network based on BSRN QC 367 
procedures is 97.79%, 93.64%, 91.6% and 92.23% for LWD, GHI, DHI and DNI respectively 368 
demonstrating the potential value of SAWS solar resources database’s practical and scientific 369 
applications in South Africa.  370 
 371 
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