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ABSTRACT 

The earthôs atmosphere causes pronounced spatial and temporal variability in 

downwelling solar radiation at the planetôs surface. Since the characterisation of 

sun strength is important in solar resource assessment studies, and in the Earth 

sciences generally, more effective methods are sought to measure irradiance at 

ground stations. The general drive is towards greater spatial coverage, reduced 

instrument uncertainty, lower costs and higher temporal data resolution.  

This study investigates a new method of measuring the principle components of 

solar irradiance at 1-minute intervals using a single pyranometer and a novel 

shading structure. The perforated shadow band decomposes global horizontal 

irradiance (GHI) to obtain the diffuse horizontal and direct normal irradiance 

components (DHI and DNI). The design of the band and its positioning relative to 

the thermopile sensor of a radiometer are described. A ray trace-derived model of 

pyranometer exposure is presented as a function of the local hour angle.  

In operation, the band produces a composite output trace incorporating both 

global and diffuse fragments that require separation and reconstitution as 

independent time-series. DNI values can then be calculated from these 

components. Gaps between data fragments must be filled using appropriate 

interpolation techniques to lower statistical uncertainty. The structure of the trace 

is dependent on atmospheric turbidity and the nature of the prevailing cloud field.  

A test programme was run at the US National Renewable Energy Laboratory in 

Colorado to establish performance of the system relative to collocated reference 

instruments. The band functioned most effectively under clear sky conditions, 

where it produced GHI, DHI and DNI measurements with root mean square 

differences of 2.7%, 13.6% and 2.0% respectively. Mean bias differences were 

0.1% for GHI, 7.9% for DHI and ï0.3% for DNI.    

The presence of cloud introduces stochasticity to the perforated band output trace. 

In such a case the ray trace model of pyranometer exposure can be used to identify 

and separate GHI and DHI data. Uncertainties rise for GHI and DNI under partly 

cloudy conditions. As the inaugural study on perforated band performance, this 

work tested several approaches to fill ing measurement gaps, including numerical 

interpolation and data replacement by radiometric decomposition models. A key 

finding of the study is that uncertainties may be lowered by interpolating 

adaptively according to the prevailing clearness index. Tests run at a southern 

hemisphere ground station suggest that the systemôs performance is not location-

dependent.            

It may be concluded that the perforated shadow band system is most effective in 

sunny regions where the average daily clearness index remains above 

approximately 0.7. This would include large parts of continental Africa in the 

south-western and northern desert areas. The best potential for deploying the band 

is in existing sub-optimal measurement schemes utilising a single pyranometer, 

where it would enable the direct measurement of two radiometric components 

rather than one.    
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OPSOMMING  

Die aarde se atmosfeer veroorsaak beduidende ruimtelike en tydafhanklike 

veranderlikheid in afwellende sonstraling op die planeet se oppervlakte.  

Aangesien die karakterisering van sonsterkte belangrik is in 

hulpbronbeoordelingstudies, en in die aardwetenskappe in die algemeen, is 

doeltreffender metodes in aanvraag om bestraling by grondstasies te meet.  Die 

algemene stukrag is in die rigting van groter ruimtelike dekking, verminderde 

instrument-onsekerheid, laer koste en hoër data-resolusie met tyd. 

Hierdie studie ondersoek ôn nuwe metode om die hoofkomponente van 

sonbestraling teen 1-minuut intervalle te meet deur ôn enkele piranometer en ôn 

nuutgeskepte skadubandstruktuur te gebruik. Die geperforeerde skaduband breek 

die globale horisontale bestraling (GHB) op om die diffuse horisontale en direkte 

normale bestralingskomponente (DHB en DNB) te verkry. Die ontwerp van die 

band en sy plasing relatief tot die termostapelsensor van ôn radiometer word 

beskryf.  ôn Straalnavolgmodel van piranometerblootstelling word voorgestel as ôn 

funksie van die plaaslike uurhoek. 

In bedryf lewer die band ôn saamgestelde uitsetverloop wat beide globale en 

diffuse breukdele inkorporeer, wat skeiding en hersamestelling as onafhanklike 

tydreeks vereis.  DNB-waardes kan dan uit hierdie komponente bereken word.  

Gapings tussen die data-breukdele moet gevul word deur geskikte 

interpolasietegnieke te gebruik om statistiese onsekerheid te verminder. Die 

struktuur van die verloop hang af van atmosferiese turbiditeit en die aard van die 

heersende wolkveld. 

ôn Toetsprogram is by die US National Renewable Energy Laboratory in 

Colorado bedryf om die vertoning van die stelsel te bevestig relatief tot 

aanliggende verwysings-instrumente. Die band het die doeltreffendste gewerk 

onder skoon lugtoestande, waar dit GHB-, DHB- en DNB-metings gelewer het 

met wortelgemiddelde kwadraat afwykings van 2.7%, 13.6% en 2.0% 

onderskeidelik. Gemiddelde afwykingsneigings was 0.1% vir GHB, 7.9% vir 

DHB en ï0.3% vir DNB. 

Die teenwoordigheid van wolke bring wisselvalligheid in die geperforeerde band 

se uitsetverloop mee.  In so ôn geval kan die straalvolgmodel van 

piranometerblootstelling gebruik word om die afsonderlike GHB- en DHB-data te 

identifiseer en te skei.  Onsekerhede in GHB en DNB ontstaan onder gedeeltelik-

bewolkte toestande. Synde die inleidende studie oor geperforeerde bandvertoning, 

toets hierdie werk verskeie benaderings vir die invul van meetgapings, insluitende 

numeriese interpolasie en datavervanging deur radiometriese dekomposisie-

modelle.  ôn Sleutelbevinding van die studie is dat onsekerhede verminder kan 

word deur aanpasbaar te interpoleer volgens die heersende helderheids-indeks.  

Toetse gedoen by die suidelike halfrond-grondstasie doen aan die hand dat die 

stelsel se gedrag nie afhanklik is van die ligging nie. 

Die gevolgtrekking kan gemaak word dat die geperforeerde-skaduband stelsel die 

effektiefste werk in sonnige streke waar die daaglikse helderheidsindeks bo 
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ongeveer 0.7 bly. Dit sluit groot dele van kontinentale Afrika in die suidwestelike 

en noordelike woestynareas in.  Die beste potensiaal vir die ontplooiing van die 

skaduband is in bestaande sub-optimale meetstelsels wat ón enkele piranometer 

gebruik, waar dit die direkte meting van twee radiometriese komponente moontlik 

maak, eerder as een. 
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1. INTRODUCTION  

1.1  Background 

Solar radiation is an abundant source of energy that drives the earthôs climate, 

fuels photosynthesis, supports life in its myriad forms and offers humanity a 

sustainable alternative to conventional power sources. Apart from its abundance, 

there is also considerable spatial and temporal variability to the resource that 

defies simple characterisation. The acquisition and analysis of sun strength data is 

therefore crucial to understanding the role of solar energy in our environment and 

to deploying solar technologies on a wider scale.  

This dissertation proposes and evaluates a novel instrumentation system for 

characterising the components of broadband solar irradiance. The system 

comprises a perforated shadow band operated in conjunction with a thermopile 

pyranometer and data logger. Under certain conditions, the perforated shadow 

band (PB) enables the extraction of greater amounts of data from a single 

thermopile pyranometer than is possible with a conventional solid band or an 

unshaded instrument. It is aimed at improving the coverage of solar measurement 

networks by reducing the cost of instrumentation and lowering the measurement 

uncertainty of data generated by existing radiometers of the pyranometric type.  

This chapter describes the fundamentals of solar radiation and the rationale for its 

measurement. The components of sun strength are addressed, including the 

instrumentation commonly used to characterise the resource. A brief history of 

solar radiometry in South Africa is provided to contextualise the present study. 

Having considered existing radiometric methods, the perforated shadow band is 

proposed as an alternate approach and the outline of the dissertation is then 

described, including the technical aims of the research.  

1.2 Solar radiation and the earthôs climate 

Solar radiation is the primary driver of the earthôs climate, accounting for more 

than 99.9% of the energy input to the atmosphere (Kandel and Viollier, 2010).  

Since measurements began, the average shortwave solar flux at top-of-atmosphere 

(TOA), referred to as the solar constant, has been estimated and revised many 

times. Duffie and Beckman (1991) recommended a value of 1367 W/m2, while 

Gueymard (2004) confirmed a slightly lower value of 1366.1 W/m2 using a 

revised dataset. More recently, this value was lowered again to 1360.8 ± 0.5 W/m2 

by Kopp and Lean (2011). Aside from the seasonal variation due to the earthôs 

eccentric orbit, the solar constant, or total solar irradiance, is highly stable and 

changes by only about 0.1% within the Sunôs 11-year activity cycle (Frohlich and 

Lean, 2004).   

When averaged over the surface area of the earth, the annual solar constant is 

approximately 341 W/m2. The planetôs annual mean energy budget can be derived 

from this input value, as illustrated by Trenberth et al. (2009) in Figure 1.1. The 
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irradiance values in the graphic are annualised averages; in practice the measured 

solar irradiance at a given location on the earthôs surface may exceed 1000 W/m2, 

depending on sky conditions. 

Of the shortwave solar energy intercepted by the earth each year, approximately 

30% is reflected back into space by clouds, atmospheric particulates and the 

planetôs surface, while 47% is absorbed by the surface. The remainder is absorbed 

by the atmosphere which stores energy and exchanges it convectively and by 

radiation with the ground. Approximately 70% of the input energy is returned to 

space as longwave radiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Estimation of the global annual mean energy budget of the earth 

between Mar ch 2000 and May 2004 (Trenberth et al., 2009). 

 

Solar radiation thus fuels a complex set of energy exchanges between the ground, 

the atmosphere and space that drive weather systems and affect most aspects of 

human, plant and animal life. The study of sun strength by satellite-based 

instruments and ground-based stations has become an essential tool in 

understanding the earthôs climate.  

1.3 Solar radiation as energy source 

The worldôs total energy demand is predicted to grow by 36% between 2013 and 

2030 (British Petroleum, 2013). This trend, together with concerns over fossil-fuel 

consumption, is driving the acceptance of sustainable power sources and lowering 

their costs. As a result, the contribution by renewable energy (RE) to global 
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consumption is expected to rise from 13% in 2011 to as much as 26% by 2035  

(International Energy Agency, 2013). Although biomass, hydropower and wind 

will remain the dominant RE sources of electricity, solar photovoltaic (PV) and 

concentrating solar power (CSP) are predicted to grow substantially from their 

present levels (de Castro et al., 2013; Matsuo et al., 2013; Viebahn et al., 2011). 

Solar radiation can be harnessed in several ways, the most common being direct 

electricity generation by PV panels, conversion of thermal energy to electricity by 

concentrating systems such as central receiver and parabolic trough plants (Figure 

1.2), and the capture of thermal energy for heating.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Parabolic trough receiver at the Solar Electric Generating System 

(SEGS) I plant in Daggett, California. 

 

The rate at which CSP systems are being constructed has accelerated globally. At 

the beginning of 2014 there was 4 GW of operational capacity in parabolic trough, 

central receiver, compound linear Fresnel and parabolic dish systems, mostly for 

electricity generation. A further 11 GW has been announced or is now in the 

planning and construction phases (CSP Today, 2015). Matsuo et al. (2013) 

estimate the installed capacity of PV to rise from 38.9 GW in 2010 to 525.1 GW 

by 2035.     

South Africa is ideally positioned to exploit solar energy because of its strong 

resource. Five of the nine provinces receive irradiance levels deemed sufficient to 

implement CSP projects (Fluri, 2009) and the Northern Cape has among the best 

resources of any region on Earth.  

South Africaôs long-term policy on solar energy is articulated through the 

Integrated Resource Plan for Electricity (Department of Energy, 2013) which 

commits the country to installing 17.8 GW of RE-based electricity generating 

Direct normal 
irradiance 
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capacity by 2030. Of this, 8.4 GW is dedicated to PV and 1.0 GW to CSP. The 

implementation is effected through the Renewable Energy Independent Power 

Producers Procurement Programme (REIPPP), which had allocated 200 MW of 

CSP capacity and 1048 MW of PV to commercial developers by January 2014 

(Giglmayr et al., 2014).  

It is not possible to accelerate the roll-out of CSP and PV technologies without an 

extensive radiometric capacity, including satellite and ground-based 

measurements. Stoffel et al. (2010) consider solar data as integral to three phases 

of a CSP project: correct site selection, prediction of the long-term annual output, 

and development of short-term performance and operating strategies. 

Optimisation of the mechanical and optical design of solar energy equipment 

necessarily also requires an understanding of the solar resource. In addition, the 

financing or óbankabilityô of solar projects is based on accurate projections of sun 

strength at a given site (Leloux et al., 2014; Myers, 2010b). In South Africa, the 

importance of radiometry is illustrated by the growth of commercial enterprises 

such as CSAfrica and GeoSun Africa (Pty) Ltd that supply stations and 

monitoring services to clients in the CSP and PV industries. 

1.4 The measurement of sun strength 

1.4.1 Attenuation and the solar spectrum 

As sunlight passes through the atmosphere it is attenuated by water vapour, 

airborne particles and gases, reducing the flux at the earthôs surface. Even on a 

cloud-free day, more than 20% of the TOA irradiance may be lost to absorption 

and scattering. Attenuation forms the basis of numerous transmittance models of 

clear-sky irradiance, including the REST2 model of Gueymard (2008), given in 

equation (1.1). The direct normal irradiance at the earthôs surface, Ebn, may be 

obtained by applying band transmittance scaling factors (Ű) to the TOA irradiance, 

Eon.  

   Ὁ   Ὁ ††††† †                        (1.1) 

The factors in equation (1.1) are for Rayleigh scattering (ŰRi), extinction by mixed 

gases (Űgi), ozone absorption (Űoi), nitrogen dioxide absorption (Űni), water vapour 

absorption (Űwi) and aerosol extinction (Űai). The transmittances are obtained 

empirically. The REST2 model has low uncertainties that are comparable to the 

best radiometers, however it requires accurate input data from a sun photometer 

which makes it impractical as a general means of measuring sun strength.  

At Earthôs surface the sunôs energy is distributed across a range of wavelengths 

indicated by the blue trace in Figure 1.3. The ordinate represents the flux in 

W/m2/nm and has been normalised for readability. The ultraviolet band includes 

UVA (shaded blue) and UVB (yellow) up to a wavelength of about 380 nm. The 

infrared band (shaded cream) exceeds 780 nm, and the visible spectrum occurs 

between 380 and 780 nm (Duffie and Beckman, 1991). The black line centred on 
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555 nm represents the human eyeôs spectral (óphotopicô) response. The typical 

responses of thermopile (red) and photovoltaic (green) sensors are shown. 

The spectral nature of sunlight is of interest in different fields. For example, the 

ultraviolet spectrum is important to oncology because of its role in the 

development of skin cancers (de Gruijl, 1999; Medhaug et al., 2009; Utrillas et al., 

2013). Photosynthetically active radiation (PAR), which occurs within the visible 

band is of interest to biologists and the agricultural sector because of its effect on 

plant growth and crop yields (Alados and Alados-Arboledas, 1999; Oliphant et al., 

2006; Parisi et al., 1998). In most thermal engineering applications, the spectral 

nature of sun strength is less important than its broadband energy content.       

 

     

 

 

 

 

 

 

 

 

Figure 1.3: Normalised solar energy spectrum at the earthôs surface (adapted 

from Kipp & Zonen (2014)). 

 

1.4.2 Broadband solar radiometry 

Radiometry is the acquisition and analysis of sun strength data. As an important 

field of study it serves the needs of many sectors, including agriculture, physics, 

environmental science, solar energy engineering, the medical sciences and 

biology. In order to advance, radiometry needs efficient, accurate and widespread 

methods of data collection together with effective analytical tools to make sense 

of the information.  

Unlike spectroradiometry that characterises light as a function of wavelength, 

broadband radiometry aims to measure sun intensity for the full spectrum from 

300 to 3000 nm. Irradiance is measured in watts per square metre, while radiation 

is the time integrated equivalent, measured in joules per square metre.  

The sensors used to detect solar irradiance must be capable of responding to the 

wavelengths present in the spectrum. In the case of sunlight, thermopile detectors 
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composed of a mat of temperature thermocouples, cover the full wavelength range 

(red line in Figure 1.3) and are commonly used, although they are more expensive 

than photodiode-based sensors that are similar to photovoltaic cells. Photodiodes 

have a limited spectral response shown by the green line in Figure 1.3, and their 

output must be corrected, particularly with respect to diffuse irradiance measured 

under clear sky conditions (Alados-Arboledas et al., 1995).  

Broadband irradiance is highly variable with respect to both space and time. 

Stoffel et al. (2010) suggest that variability represents the single greatest 

uncertainty in the forecast output of CSP power plants. Temporal variability at a 

site is driven mainly by the dynamic nature of cloud fields and results in 

stochasticity in the output data trace of measurement instruments. There is also 

the problem of interannual variability in which the resource changes from year to 

year. This is most pronounced for direct normal irradiance (DNI) and necessitates 

the installation of ground measurement stations during the early planning stages 

of solar energy projects so that performance models can be refined and financing 

secured (Gueymard, 2012).  

Gueymard and Wilcox (2011) note that a minimum of 30 years of measurements 

is necessary to understand precisely the resource at a location. This is illustrated in 

Figure 1.4 which shows the convergence of annual DNI, global horizontal 

irradiance (GHI) and global tilt irradiance (GTI) averages towards the long-term 

average at the National Renewable Energy Laboratory (NREL) in Golden, 

Colorado. Similar trends are given by Pitz-Paal and Hoyer-Klick (2010).  

The spatial variability of solar radiation is a function of topography, climate and 

differences in ground reflectivity, or albedo. The lack of ground measurement 

stations has led to gaps in geographic coverage and spurred the development of 

interpolation techniques for solar data (Bosch et al., 2010; Glasbey et al., 2001; 

Miller et al., 2008; Rehman and Ghori, 2000). 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Interannual variabilit y of the solar resource at Golden, Colorado, 

between 1981 and 2008 (Gueymard and Wilcox, 2011). 
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1.4.3 The components of sun strength and their measurement  

The solar energy incident on a surface within the earthôs atmosphere per unit time, 

correctly termed óirradianceô, is composed of several parts. These include direct 

normal irradiance emanating from the solar disc, diffuse circumsolar irradiance 

from the discôs aureole, diffuse isotropic irradiance from the sky, atmospheric 

particulates and translucent clouds, diffuse irradiance reflected off clouds and 

nearby objects, and a horizon brightening component.   

In the case of the exposed horizontal surface of a stationary measurement sensor, 

irradiance can be grouped into two categories: diffuse irradiance and a component 

of the DNI which may be absent when the sun is obscured by cloud. The 

relationship between the components measured in the horizontal plane is 

commonly given as: 

   Ὁ  Ὁ ÃÏÓὤ  Ὁ                        (1.2) 

where Eg is the global horizontal irradiance (sometimes called total hemispherical 

irradiance), Ebn is the direct normal irradiance, Z is the solar zenith angle and Ed is 

the sum of all diffuse horizontal irradiance components. The product EbncosZ is 

the direct horizontal irradiance, that is, the vertical component of direct normal 

irradiance. Figure 1.5 illustrates the difference between the three solar 

components, and how they are measured.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: The direct normal, global horizontal and diffuse horizontal 

components of solar irradiance and their measurement. 
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Broadband sun strength is fully described when the DNI, GHI and DHI 

components are known contemporaneously. Since they are related through the 

closure equation (1.2) it is only necessary to measure two components in order to 

determine the third, although many ground stations measure all three 

independently to provide redundancy and enable cross-checking of the sensors.  

Irradiance is measured with a radiometer that generates a voltage proportional to 

the solar flux. This is converted to a measurement in watts per square metre by 

applying a shortwave responsivity factor, determined when the sensor is 

calibrated.  

Radiometers are classified according to the ISO 9060 standard as secondary 

standard, first class or second class instruments (Table 1.1). Secondary standard 

sensors are of the best quality and are generally employed for specific research-

grade climatological and radiometric measurements, while first and second class 

instruments are more commonly used in applications such as meteorological 

networks, equipment testing and agricultural monitoring systems. Often, the 

choice of sensor is dictated by cost. Surprisingly, ISO 9060 does not classify 

sensors according to their measurement uncertainty, thus a first class instrument 

may, under specific conditions, provide more accurate data than a secondary 

standard sensor. 

 

Table 1.1: Specifications of radiometers according to the ISO 9060 standard 

(Ammonit, 2014). 

ISO 9060 Radiometer Specifications 
Secondary 

Standard 

First  

Class 

Second 

Class 

Response time: time to reach 95% response < 15s < 30s < 60s 

Zero offset-A: response to 200 W/m² net thermal 

radiation, ventilated 
+ 7 W/m² + 7 W/m² + 7 W/m² 

Zero offset-B: response to 5 K/h change in 

ambient temperature 
± 2 W/m² ± 2 W/m² ± 2 W/m² 

Non-stability : % change in responsivity per year ± 0.8% ± 1.5% ± 3% 

Non-linearity : % deviation from responsivity at 

500 W/m² in range from 100 to 1000 W/m² 
± 0.5% ± 1% ± 3% 

Directional response (for beam irradiance): the 

range of errors for a beam of 1000 W/m² 
± 10 W/m² ± 20 W/m² ± 20 W/m² 

Spectral selectivity: % deviation of the product of 

spectral absorbance and transmittance from the 

corresponding mean, from 0.35 to 1.5 ɛm 

± 3% ± 5% ± 10% 

Temperature response: % deviation due to 

change in ambient within an interval of 50K 
2% 4% 8% 

Tilt response: % deviation in responsivity relative 

to 0 to 90° tilt at 1000 W/m² beam irradiance 
± 0.5% ± 2% ± 5% 
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The most common types of radiometer are the pyranometer, which measures total 

hemispherical irradiance in a 180° solid angle field of view, and the pyrheliometer 

which is typically mounted on a tracker and measures collimated irradiance 

emanating from the solar disc (Figure 1.6).  

Pyranometers are commonly fitted with either a thermoelectric (thermopile) or 

photodiode detector (Myers, 2013). The thermopile sensor of the Eppley Precision 

Spectral Pyranometer (PSP) used with the perforated shadow band in this study 

consists of multiple thermocouple junctions housed beneath a set of glass domes 

(Figures 1.6 (a) and (b)). The domes filter incoming light to the wavelength range 

of interest, namely 285 nm to 2800 nm. This coincides with the red line in Figure 

1.3 indicating the thermopile sensorôs response to visible light. The PSP is 

ubiquitous in broadband radiometry with over 10 000 having been produced 

(Kirk, 2013). It is classified as a first class radiometer, while the Kipp & Zonen 

CMP 11 and 22 models are defined as secondary standard sensors. 

Photodiodes make use of photovoltaic sensors and offer certain advantages over 

the thermopile. They are less expensive, smaller in size and they offer much 

shorter response times (King et al., 1998). Disadvantages include spectral and 

temperature-related dependencies that cause variation in the output signal under 

different cloud conditions. These can be corrected (Alados-Arboledas et al., 1995) 

but photodiode detectors do not comply with the ISO 9060 or WMO standards 

and are generally not used in research-grade solar radiometric installations. Their 

spectral response is indicated by the green line in Figure 1.3. 

Duffie and Beckman (1991), Myers (2013) and Vignola et al. (2012) provide 

useful descriptions of commercially available radiometers, of which there are 

many, ranging in cost from a few hundred to several thousand US dollars.   

Diffuse horizontal irradiance: the shading method 

The measurement of diffuse irradiance requires a pyranometer in conjunction with 

a shading device that occludes the sun and prevents DNI from striking the sensor. 

This is commonly achieved with a shadow band, as in Figure 1.6 (a), or a shading 

ball (or disc) mounted on a tracker (Figure 1.7).  

The perforated shadow band used in this study is designed for use with an Eppley 

shadow band stand (SBS) as shown in Figure 1.6 (a). The arms holding the band 

are inclined at the latitude angle of the site and are adjusted manually along their 

axis every few days to maintain an occluding position as the declination angle 

changes. The SBS is widely used with approximately 500 having been sold 

globally (Kirk, 2013). Kipp & Zonen manufactures a fully circular shading ring 

for use at higher latitudes where the range of azimuth angles exceeds the 

occluding limits of the Eppley band.  

As an alternate approach, the shading ball occludes less of the sky and is the most 

accurate method of measuring DHI, however it requires a tracker and is costlier to 

implement. A ground station developed by the author at the University of 
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KwaZulu-Natal (UKZN) in Durban, South Africa, operates an automated tracker, 

Kipp & Zonen radiometers and a shading ball as shown in Figure 1.7. 

 

 

 

 

 

 

 

 

                    (a)                                       (b)                                        (c) 

Figure 1.6: (a) Pyranometer with a shadow band for measuring DHI, (b) 

exposed pyranometer for GHI, and (c) pyrheliometer on a mechanical 

tracker for measuring DNI (Kunene, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: UKZN HC ground station with first class pyrheliometer and 

secondary standard pyranometers. 
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Two corrections are often applied to DHI data; the first is for the excessive 

blocking effect of the shadow band and the second is to account for the thermal 

offset error of the instrument.  

The shadow band introduces an error in DHI by blocking more of the sky than the 

area around the solar disc. This must be accounted for by a correction factor (fsb) 

that inflates the instrument output, that is, fsb > 1. A number of formulations for fsb 

based on geometry have been proposed, including that of the South African 

radiometry pioneer, Drummond (1956), who later worked for the Eppley 

Laboratory. For ease of use, the Eppley Laboratory publishes a table of correction 

factors for their solid band that decrease the measurement uncertainty of the 

system to ±5% versus the reference DHI (Drummond, 1964). Other studies on the 

shadow band method include those of Ineichen et al. (1983), De Oliveira et al. 

(2002) and Kudish and Evseev (2008).  

An infrared (IR) thermal offset error is caused by the difference in temperature 

between a shortwave sensor and the sky. This is more pronounced for all-black 

thermopile instruments like the Eppley PSP because of the positioning of the 

reference junction inside the sensor casing. If the effective sky temperature is 

lower than that of the sensor, net radiation is lost skywards, lowering the output 

signal (Bush et al., 2000; Dutton et al., 2001; Gueymard and Myers, 2009). A 

correction flux (ȹEcorr) can be determined if the net infrared long-wave radiation 

between the ground and the sky (IRnet) is measured. This is achieved using 

specially tuned sensors called pyrgeometers that detect terrestrial radiation in the 

wavelength range between about 3.5 and 50 ɛm. The correction flux is then 

obtained using equation (1.3) (Reda et al., 2005): 

   ЎὉ   ὍὙȢὙὛ ȢὙὛ    (1.3) 

where RSnet is the net infrared responsivity of the pyranometer in [ɛV/W/m
2] and 

RSmfr is the inverse of the instrument manufacturerôs shortwave sensitivity in 

[W/m2/ɛV]. The output from the pyranometer is adjusted by ȹEcorr to yield a final 

irradiance that is corrected for thermal offset. Typically, the magnitude of ȹEcorr is 

between 1 and 15 W/m2.  

All PB data used in this study from the United States National Renewable Energy 

Laboratory (NREL) were corrected using equation (1.3). Southern hemisphere 

data from the University of KwaZulu-Natal (UKZN) ground station were not 

corrected because pyrgeometers are not installed.  

Global horizontal irradiance 

An exposed pyranometer is used to measure GHI directly, since it must detect 

both the DHI and the horizontal component of the DNI simultaneously (Figure 1.6 

(b)). In fact, the most accurate way of obtaining GHI is not by direct 

measurement, but by obtaining DNI and DHI separately, and then summing DHI 

with the horizontal component of DNI calculated using the zenith angle, as in 

equation (1.2) (Gueymard and Myers, 2009; Michalsky et al., 1999). This is 
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because diffuse and direct normal irradiance can be measured with lower 

uncertainties than that with which an exposed pyranometer measures EbncosZ. 

This is provided that the DHI component is obtained with a shading ball and not a 

band. The slightly higher uncertainty of a GHI measurement obtained from an 

exposed pyranometer is caused by the instrumentôs variable response to irradiance 

as a function of the incidence angle. The cosine effect, as it is known, is 

exacerbated for DNI because of its directional nature and becomes more 

pronounced at medium to high zenith angles.   

Direct normal irradiance 

DNI can be measured directly by pointing a pyrheliometer at the sun and 

following it through the course of the day. This requires a tracker as shown in 

Figure 1.6 (c). The instrument is an Eppley Normal Incidence Pyrheliometer 

(NIP) and the tracker is an electrically driven, non-automated ST-1 model that 

rotates at 15° per hour to keep pace with the sun. Regular adjustment of the clamp 

is required to maintain alignment with the plane of the ecliptic. The pyrheliometer 

in Figure 1.7 is a Kipp & Zonen CHP1 mounted on an automated SOLYS 2 

tracker that locates the sun using an accurate solar position algorithm and a GPS 

system. It requires no manual adjustment but is considerably more expensive than 

the ST-1 device. Both the NIP and CHP1 models are first class instruments, 

although with traceability to the World Radiometric Reference (WRR) a sensor 

might be classified as a secondary standard. Other manufacturers of first class 

pyrheliometers include Eko Instruments, Middleton Solar and Hukseflux.  

DNI can also be measured by an absolute cavity radiometer (ACR) which is 

considered as a primary standard instrument because it does not require 

calibration against another thermopile sensor. The Hickey-Friedan ACR measures 

solar irradiance by comparing the output of two thermopiles, one of which is 

irradiated by solar energy and the second of which is heated electrically (Hickey 

et al., 1977).  

ACRs are unsuitable for continuous use because of their open aperture design and 

complex operation but they exhibit extremely low measurement uncertainties on 

the order of 0.3% (PMOD-WRC, 2010) and are used to calibrate other 

radiometers. The World Standard Group is a set of six ACR-type sensors that 

defines the World Radiometric Reference for solar irradiance. This is updated 

every five years at the International Pyrheliometer Comparison in Davos, 

Switzerland. National laboratories send instruments to be calibrated alongside the 

WSG, after which they are returned home to transfer the reference to secondary 

standard field instruments by repeat calibration.      

Characterising DNI is important because of its use in CSP projects but it is the 

most expensive component to measure because of the tracking requirement, and is 

often calculated instead from DHI and GHI using equation (1.2). Although DNI is 

directional, the sun subtends an average solid angle of 0.53° at the surface of the 

earth such that DNI rays are not perfectly parallel (Duffie and Beckman, 1991). 

The effect is negligible for most applications although it contributes to the spread 
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of focused images in CSP equipment such as heliostats and parabolic troughs, 

reducing the concentration ratio and the optical efficiency of the system (Stine and 

Harrigan, 1985). 

1.4.4 Alternate instruments 

Inevitably, there is a trade-off between the cost of an instrument and its accuracy. 

Since cost varies inversely with measurement uncertainty, there is an ongoing 

challenge to introduce better quality low-cost sensors. The need for radiometric 

ground data from multiple stations distributed over as wide an area as possible is 

also driving research efforts in radiometer development.  

Examples of recently introduced alternatives to traditional radiometers include the 

Delta-T SPN1 instrument and the Irradiance Rotating Shadowband Radiometer. 

Delta-T SPN1 radiometer 

The SPN1 sunshine pyranometer contains seven thermopile sensors that each 

produce a voltage output when exposed to sunlight (Figure 1.8). A shading mask 

beneath the instrumentôs glass dome shields the sensors such that at least one 

sensor is always fully exposed to GHI while one is exposed only to DHI (Delta-T 

Devices Ltd., 2006). Coupled with an onboard computer processor and software 

algorithm, the SPN1 is able to determine separate instantaneous values for GHI 

and DHI from the sensor readings. Direct normal irradiance can then be calculated 

using equation (1.2). The cost of the instrument was about R87 400 in 2014. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: A Delta-T Devices Ltd. SPN1 radiometer installed at the UKZN 

Howard College ground station. 
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An advantage of the SPN1 is its ability to generate DHI, GHI and DNI values 

from a single, compact device, making it easier to deploy in monitoring networks 

than optimal equipment schemes with trackers. Although it is thermopile-based 

the instrument exhibits some spectral selectivity below 400 nm meaning that it 

tends to under read diffuse irradiance in very clear conditions, and at high 

altitudes (Delta-T Devices Ltd., 2007). A further disadvantage is that the 

instrument requires a power supply for signal conditioning and the onboard 

heater. In addition, the SPN1 must be run for several weeks alongside a reference 

sensor when outdoor calibration is required, because of the presence of the mask 

and multiple thermopiles. The cost is also high compared with an Eppley PSP, 

however this must be weighed against the greater capabilities of the device. 

Rotating Shadowband Radiometer (RSR) 

The Rotating Shadowband Radiometer uses a single silicon diode sensor to 

produce GHI and DHI measurements of irradiance (Michalsky et al., 1986). It 

does this by rotating an electrically driven arm twice per minute into position over 

the sensor, blocking DNI and enabling the instantaneous measurement of DHI 

(Figure 1.9). The device measures GHI five times a minute, from which it builds a 

continuous measurement history of both components. Direct normal irradiance 

can be obtained from the closure equation (1.2). The Irradiance RSR2 model cost 

approximately R83 300 in 2014. 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: RSR2 Rotating Shadowband Radiometer measuring GHI on the 

left and DHI on the right. 

 

The RSR2 device uses a LI-COR silicon photodiode sensor, which is known to 

suffer from spectral selectivity (Vignola, 1999). The LI-COR LI-200 sensor 

responds to radiation in the 400 to 700 nm range, which eliminates the remaining 

LI-COR sensor 
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visible wavelengths from 700 to 3900 nm. It typically produces low readings for 

diffuse irradiance under clear sky conditions.   

1.4.5 Optimal and sub-optimal measurement schemes 

A measurement scheme refers to the combination of radiometers in use at a 

ground station, the array of data they provide and the quality of the measurements. 

Configuring a station can be difficult given the variety of sensors available and 

the numerous ways in which they may be combined. Consideration must be given 

to factors including the number of solar components to be measured, the cost of 

the installation, the desired measurement uncertainty, the availability of sensors 

and technical backup in a given location, the frequency of maintenance required, 

the power requirements of the station and the integration of the station with 

existing networks.    

In an attempt to provide guidance, the US National Renewable Energy Laboratory 

proposed two standard station configurations (Wilcox and Stoffel, 2009). The first 

is a low-cost, higher uncertainty option comprising silicon photodiode sensors 

based on the RSR instrument, providing GHI and DHI data. This would be 

deemed sub-optimal because the resulting data do not exhibit the lowest 

uncertainty. The second is a more expensive configuration comprising 

independent measurement of DHI, GHI and DNI using secondary standard or first 

class thermopiles. The measurement uncertainty for GHI is approximately half 

that of the cheaper version.    

To assist in the selection of station instruments, several studies have compared the 

relative performance of commercial radiometers. Gueymard and Myers (2009) 

considered common sources of uncertainty in 12 silicon and thermopile 

instruments located at the NREL Solar Radiation Research Facility (SRRL), 

including thermal offset error and seasonal variation. Myers and Wilcox (2009) 

tested 12 pyranometers and four pyrheliometers over a year-long period, also at 

SRRL. Michalsky et al. (2011) documented the comparative performance of 33 

pyrheliometers over a trial period of ten months.      

Gueymard (2009) argued that an optimal scheme should make use of Kipp & 

Zonen CM22 pyranometers for GHI and DHI, together with a CHP1 

pyrheliometer for obtaining DNI. Using this as the reference scheme, Table 1.2 

gives a comparison of selected instrument configurations ranging from the 

optimal setup to less expensive options. The comparison is based mainly on 

secondary standard Kipp & Zonen and Eppley radiometers. 

To facilitate a fair comparison, the calculated costs include radiometers, trackers, 

shading devices where applicable and a logger, but exclude site preparation, 

mounting equipment, ventilation, battery backup and remote communications 

equipment. All of the schemes except 6 and 7 are configured with Kipp & Zonen 

or Eppley sensors. The least expensive combination of sensors is used to establish 

the normalised cost and the RSR2 in scheme 6 is the only non-thermopile 

instrument.  
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Schemes 1 and 2 incorporate redundancy in that they permit the independent 

measurement of DHI, GHI and DNI without recourse to calculation. The others 

measure one or two components and calculate the outstanding values, including 

the perforated shadow band system. The normalised costs are based on 2014 retail 

prices of landed sensors in South Africa, converted to US dollars at an exchange 

rate of ZAR10.50 to $1. 

 

Table 1.2: Notional cost comparison of selected radiometric measurement 

schemes using commercially available instrumentation, normalised and 

calculated in 2014 US dollars.  

 Measurement scheme 
Normalised 

Cost 
Comment 

1* Tracked pyrheliometer + 

unshaded pyranometer + shaded 

pyranometer with tracked 

occulting disc or ball  

1.00 Optimal measurement capability, 

with thermopile/secondary standard 

sensors, low uncertainty and 

redundancy. From $32,500.  

2 Tracked pyrheliometer + 

unshaded pyranometer + shaded 

pyranometer with shadow band 

Ó0.57 From $18,550. Full measurement 

capability with redundancy. 

3 Tracked pyrheliometer + 

unshaded pyranometer 

Ó0.36 From $11,830. Partial capability. Ebn 

and Eg measured, Ed calculated. 

4 Tracked pyrheliometer + shaded 

pyranometer  

Ó0.47 From $15,430. Partial capability. Ebn 

and Ed measured, Eg calculated. 

5 Pyranometer (unshaded) + 

pyranometer (shaded) 

Ó0.35 From $11,250. Partial capability. Eg 

and Ed measured, Ebn calculated. 

6 RSR2 silicon photodiode 

rotating shadow band radiometer 

Ó0.24 From $7,260. Partial capability. Eg 

and Ed measured, Ebn calculated. 

7 Delta-T SPN1 thermopile 

radiometer 

Ó0.31 From $10,190. Partial capability. Eg 

and Ed measured, Ebn calculated.  

8 Single pyranometer (shaded) + 

model 

Ó0.25 From $8,120. Only Ed measured, Ebn 

and Eg derived from model(s).  

9 Single pyranometer (unshaded) + 

model 

Ó0.15 From $4,990. Only Eg measured, Ebn 

and Ed derived from model(s). 

10 Single pyranometer + perforated 

shadow band on SBS 

Ó0.27 From $8,680. Partial capability. Ed 

and Eg measured, Ebn calculated. 

11 Replace existing solid band with 

perforated shadow band 

Ó0.003 From $100. Adds measurement of Eg 

to Ed. Ebn calculated. 

*Reference scheme 

 

There is a substantial premium to be paid for scheme 1 which includes a shading 

disc on a tracker and conforms to Gueymardôs definition of an optimal setup 

(Gueymard, 2009) with redundancy. This is nearly twice the cost of scheme 2, 



17 

 

which utilises high quality instruments but which relies on less expensive 

pyranometers and a sub-optimal shadow band for DHI. Scheme 4 is potentially 

optimal but only if CMP22 sensors are used and shading is accomplished with a 

tracking disc. This would raise the cost substantially over the given value which is 

based on Eppley sensors and a shadow band. 

The RSR2 and SPN1 sensors in schemes 6 and 7 offer good value, but the non-

thermopile sensor of the RSR2 limits its use in research-grade applications. 

Scheme 9 represents one of the most common setups in use, namely a single 

unshaded pyranometer measuring GHI (Perez et al., 1990b). The output can be 

used in conjunction with a radiometric decomposition model, described in 

Chapter 4, to estimate DHI, from which DNI can then be calculated. 

Two values are given for the perforated band system. Scheme 10 accounts for the 

purchase of new components at 27% of the nominal schemeôs cost. This places 

the PB system in a similar range as the RSR2 and SPN1 sensors. Scheme 11 

considers the replacement of the solid shadow band in scheme 8 with a perforated 

band, for which the cost is restricted to the band itself and is negligible. Given that 

a substantial number of SBS systems have been distributed, this scheme 

represents an opportunity to extract greater amounts of data from an existing 

single thermopile radiometer than operating it in the fully shaded state.      

The uncertainties associated with several of the schemes in Table 1.2 are 

addressed in Chapter 5. 

1.4.6 Clearness index  

As a classification tool in resource assessment analyses, clearness index, kT, is a 

measure of the atmosphereôs solar energy transmission efficiency and hence, 

indirectly, of cloud presence. It can be calculated for any one of the solar 

components as the ratio of the measured flux at the planetôs surface to that 

componentôs extraterrestrial value at the earthôs top of atmosphere (Myers, 2013). 

In addition, it can be varied for time periods ranging from one minute to monthly, 

with the minute-based value for GHI as follows: 

   Ὧ  
Ὁ

Ὁ
                        (1.4) 

Eg and Eo are the measured GHI and calculated minute-average of extraterrestrial 

global horizontal irradiance, respectively. That is, Eo is the component of the 

direct normal top of atmosphere irradiance (Eon) perpendicular to the earthôs 

surface. Eon is available for download alongside NREL solar data and is 

continuously adjusted to account for the variation in Earth-Sun distance. The 

hourly averaged clearness index for GHI is designated KT_hour and the daily 

equivalent is KT_day. The value of the parameter lies in its ability to characterise 

relative sun strength when only the global irradiance is measured (Perez et al., 

1990b). Although there are more complex ways to classify the sky condition, such 

as total sky imaging camera systems, they are more expensive and rarely 

available.  
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In this study clearness index is used extensively because GHI values are generated 

by the perforated band system whose performance is heavily dependent on the sky 

condition. The metric can thus be used to grade data and inform the processing 

methodology.  

Clearness index is often correlated with the diffuse fraction, k, to yield an 

empirically derived method of calculating diffuse irradiance when GHI is known. 

This is described in greater detail in Chapter 4. 

1.5 Global data availability 

The high cost of instrumentation remains a central challenge to the large-scale 

deployment of radiometric networks and drives the search for lower-cost sensors. 

Although station density remains limited, a substantial number of monitoring 

stations are operated throughout the world by government agencies, weather 

services, research institutes and universities. These are located mostly in Europe 

and the United States. Stoffel et al. (2010) provide a useful summary of data 

sources, including satellite-derived measurements. In some cases instruments are 

integrated into networks and the data are made available to the public (Table 1.3). 

  

Table 1.3: Examples of active solar radiometric monitoring networks (Brooks 

et al., 2015).  

Data source Website access 

Baseline Surface Radiation Network (BSRN) www.gewex.org/bsrn.html 

World Radiation Data Center  wrdc-mgo.nrel.gov 

Surface Radiation Network  www.esrl.noaa.gov/gmd/grad/surfrad/ 

Atmospheric Radiation Measurement  www.arm.gov 

University of Oregon Solar Radiation Monitoring 

Laboratory 
solardat.uoregon.edu/index.html 

Australian Bureau of Meteorology  
www.bom.gov.au/climate/data-

services/solar/ 

Southern African Universities Radiometric 

Network (SAURAN) 
www.sauran.net 

 

There are several advantages to systematising the collection of radiometric data 

through networks of sensors (Brooks et al., 2015). The management of 

measurement campaigns can be centralised according to accepted principles of 

metrology, instruments can be properly maintained, data can be subjected to 

quality control filters and rigorous methods of data analysis can be encouraged 

among users. Networks may also be better funded and more widely publicised 

than single installations, broadening public access to solar measurement 

information.  
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Perhaps the best known network is the Baseline Surface Radiation Network 

(BSRN) which falls under the World Climate Research Programme. Data are 

obtained from research-grade sensors located at more than 50 stations on seven 

continents, and subjected to rigorous quality checks (Zhang et al., 2013). Other 

sources of information include the Surface Radiation Network (SURFRAD) and 

the World Radiation Data Center in Russia which publishes daily totals of global 

irradiance from more than 1000 stations (Stoffel et al., 2010). SURFRAD 

maintains seven stations across the United States and is funded by the National 

Oceanic and Atmospheric Administration. The United States Department of 

Energy operates the Atmospheric Radiation Measurement programme with 

instruments located mainly in the United States as well as at three sites in the 

Western Pacific ocean (US Department of Energy, 2013).  

An extensive historical record of solar data for the Pacific Northwest of the 

United States is available through the University of Oregonôs Solar Radiation 

Monitoring Laboratory. Measurements from as far back as 1977 can be 

downloaded for certain of the locations. Lastly, the Australian Bureau of 

Meteorology operates a network of 10 active stations and makes historical data 

available to the public from several others.   

1.6  South African data availability 

Although South Africa (SA) has a history of sporadic radiometric monitoring 

campaigns, there has been no continuous, coordinated deployment of high-quality 

ground measurement stations. From the 1980s to the mid-90s the South African 

Weather Bureau, now the Weather Service (SAWS) maintained a network of 

thermopile sensors, however this fell into disrepair and no systematic 

measurement programme was in operation until rehabilitation began very 

recently. SAWS archived data are not freely available to the public. Ciolkosz 

(2009) presented results from a network of silicon-based sensors operated by the 

Agricultural Research Council, but these do not output research-grade data nor is 

the archive easily accessible.  

In the last fifteen years several universities have started radiometric measurement 

and research programmes, including Mangosuthu University of Technology 

(Brooks and Harms, 2005; Zawilska and Brooks, 2011), Stellenbosch University 

and the University of KwaZulu-Natal (Brooks and Roberts, 2009; Kunene et al., 

2013; Lysko, 2006). Zawilska et al. (2012) provided a more comprehensive 

history of radiometric initiatives in South Africa. Given the lack of a long-term, 

coherent record of sun strength in the region, they argued for the establishment of 

a formal network utilizing instrumentation at universities and elsewhere. 

In 2014 the Southern African Radiometric Network, or SAURAN, was 

established to address the regional lack of publicly accessible, long-term, high-

quality solar data of high-temporal resolution. This was an initiative of the Centre 

for Renewable and Sustainable Energy Studies at Stellenbosch University and the 

Group for Solar Energy Thermodynamics at the University of KwaZulu-Natal in 

Durban (Brooks et al., 2015). 
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In its initial phase, SAURAN consists of ten ground stations across South Africa, 

marked in black in Figure 1.10. Six of these are located on university campuses in 

the cities of Stellenbosch (SUN), Port Elizabeth (NMU), Durban (KZH and 

KZW), Pretoria (UPR) and Bloemfontein (UFS). Four are on farms in rural areas 

near the towns of Vanrhynsdorp in the Western Cape, Vryheid (VRY) in 

KwaZulu-Natal, Graaff-Reinet (GRT) in the Eastern Cape and near Alexander 

Bay in the Richtersveld region of the Northern Cape (RVD). The ten sites cover a 

range of climate and vegetation conditions, from desert scrubland through to 

coastal sub-tropical. Some of the stations are existing facilities that have also 

contributed historical data to the archive that predate the SAURAN project.   

In the projectôs second phase, stations are planned in the far northern province of 

Limpopo (UVT), near the town of Alice in the Eastern Cape (UFH) and at the 

Mangosuthu University of Technology south of Durban. Data from the USP 

station will be of particular interest given the construction of several CSP and PV 

power plants in the region, which boasts very high DNI levels. Further stations are 

planned in the Namibian capital city of Windhoek (PNW), at Gaborone in 

Botswana (UBG) and on the Indian Ocean island of Reunion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Initial SAURAN stations (in black) and planned stations (in 

white) on a satellite-derived map of annual average global horizontal 

radiation (Brooks et al., 2015). 

 

The primary aim of the SAURAN initiative is to build a high-quality, long-term 

dataset of high temporal resolution for public use. To this end, the ten initial 

stations use research-grade first class and secondary standard thermopile 
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radiometers that are properly maintained and cleaned regularly. All sites measure 

DNI, DHI and GHI independently so that cross-checking of the radiometric 

components at a given location is possible through the closure equation (1.2). The 

responsibility for maintaining sensors belongs to the partner universities that own 

the stations.  

SAURAN data are provided to website users as 1 minute, hourly and daily 

averages from sensor scans conducted at sub-6 second intervals. Some of the sites 

host additional radiometers for research purposes. Stellenbosch University 

operates a CMP11 under a shading ring to provide additional diffuse 

measurements and UVS-AB-T sensor for recording ultraviolet radiation in the 

wavelength ranges of 280 to 315 nm and 315 to 400 nm. UKZN has a CUV5 

sensor for UV radiation in the 280 to 400 nm range. The KZH station also hosts a 

Delta-T SPN1 pyranometer and an Eppley Precision Spectral Pyranometer fitted 

with the perforated shadow band. 

1.7 Objectives of the research 

Whereas most solar radiometric systems use two sensors to measure GHI and 

DHI, this research proposes a novel radiometric scheme that generates 

independent global and diffuse time-series from a single thermopile pyranometer. 

The key component of the scheme is an innovative shadow band incorporating a 

series of perforations so as to cyclically shade and expose a radiometer sensor. 

Used in conjunction with a stationary pyranometer and a data processing 

methodology, the perforated band system enables the decomposition of global 

horizontal irradiance to obtain the direct normal and diffuse components. The 

research has potential to impact solar monitoring programmes by providing an 

inexpensive measurement scheme that yields competitively low statistical 

uncertainties under certain cloud conditions.  

To date, the approach of occluding and exposing a radiometric sensor has been 

used in two specific applications. The first is by instrument laboratories to 

establish the responsivity factor of pyranometers by the shade-unshade calibration 

method (Reda et al., 2003). Shading is effected manually over brief periods to 

determine the relationship between GHI and DHI. The second application is in the 

Rotating Shadowband Radiometer where an electrically driven solid band 

periodically blocks the sunôs direct normal component, from which the global and 

diffuse components can be obtained.   

The PB system represents a new type of radiometric scheme. The solid shadow 

band of a conventional diffuse measurement station is replaced by a perforated 

version such that the accompanying pyranometer is intermittently exposed as the 

sun traverses the sky. This has the same cyclical shading effect used in the RSR 

device, however it is mechanically simpler and the switch between GHI and DHI 

takes place at much lower frequency because the band is static. The output from a 

pyranometer used with such a device comprises a single curve that alternates 

between global (exposed) and diffuse (shaded) irradiance. A processing algorithm 



22 

 

separates the curve into independent traces and completes the measurement of 

both components of sun strength, from which DNI can then be calculated.  

The study is motivated by the need to expand solar radiometric efforts through the 

provision of less expensive monitoring techniques. The research has particular 

application in sun-rich regions such as south-western and northern Africa where 

the solar resource is strong but underexploited, and where radiometric coverage is 

limited. While the output from a PB system cannot be classified as optimal, it 

offers potential advantages to station operators: 

1.  The perforated band does not require electrical power  

2.  A secondary standard thermopile sensor can be used 

3. Although the normalised cost of a new PB system is not insignificant, it is 

possible to retrofit the perforated band in place of solid bands at existing 

measurement stations, such that the investment is negligible 

The technical objectives of this research were three-fold: 

1. To define the physical geometry of a perforated shadow band that can be 

retrofitted to existing station architecture. 

2. To establish a test programme in which the performance of the PB system 

is rigorously assessed in conjunction with adequate reference instruments. 

3. To characterise the performance of a PB system under all sky conditions 

through recognised measures of statistical uncertainty. 

1.8 Dissertation outline and methodology 

Chapter 2 introduces the concept of the perforated shadow band and describes the 

geometry governing its interaction with the sunôs direct normal component. A ray 

trace model of pyranometer exposure is then developed to describe the dynamic 

shading mask that the band creates over the course of a day, and seasonally 

throughout the year. Performance of the ray trace model is assessed using data 

from an experimental system. The derivation of a correction matrix is described to 

account for physical distortion of the band under operational conditions. 

Chapter 3 addresses the performance of the PB system under clear sky conditions. 

A clear sky processing methodology is proposed to disaggregate the composite 

GHI/DHI data trace into its constituent parts and reconstitute the irradiance 

fragments as continuous time-series. The perforated band test programme, which 

was carried out in collaboration with the United States National Renewable 

Energy Laboratory, is also described. Experimental results from the operation of 

the system are given. The test methodology compares outputs from the PB system 

with reference data from collocated instruments at the NREL site. Performance is 

quantified via several statistical metrics including root mean square difference and 

mean bias difference. 

An important feature of the PB system is its sensitivity to cloud which induces 

stochasticity in the pyranometer output trace and invalidates the use of visual 

filtering to separate GHI from DHI data. Chapter 4 addresses the complexities 
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introduced by cloud fields and describes a cloudy sky processing methodology for 

the PB system. The methodology uses three methods of reconstituting fragmented 

GHI and DHI traces; numerical interpolation techniques, data replacement via 

radiometric models and an adaptive approach that monitors clearness index and 

deploys best-performing techniques in response. 

Chapter 5 gives the experimental performance results of the PB system for cloudy 

sky conditions. In line with best practice, two independent, long-term datasets 

extending over several years are used to assess the Cloudy Sky Processing 

Methodology and confirm reproducibility of the statistical results. The chapter 

includes a comparison between the performance of the PB system and that of 

alternate measurement schemes, including the SPN1 radiometer, the rotating 

shadow band system and commercially available satellite data. 

Chapter 6 describes PB system performance under southern hemisphere 

conditions. Results are presented from an experimental trial at the UKZN Howard 

College ground station in Durban. These shed light on whether the bandôs 

performance is affected by geographic location. The chapter concludes by 

considering the advantages and disadvantages of the system versus existing 

radiometric schemes.  The deployment of the perforated shadow band system is 

briefly discussed with reference to regions in Africa where it may register lower 

uncertainties than competing measurement schemes. 

The dissertation is concluded with Chapter 7, which summarises the main findings 

of the study and describes further areas of research that might improve the 

performance of the PB system.              
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2 THE PERFORATED SHADOW BAND 

2.1  Introduction  

The perforated shadow band permits the decomposition of global irradiance, as 

measured with a pyranometer, to obtain the diffuse and direct normal solar 

components. The band represents a novel type of radiometric scheme whose 

concept and performance have not been characterised prior to this study.  

The band is introduced in this chapter, which is drawn mainly from the first three 

sections of the journal article by Brooks (2010). The geometry of the device is 

described and a time-dependent model of pyranometer exposure is developed with 

the aid of ray tracing software. Operation of the model is illustrated using 

experimental data from the NREL Solar Radiation Research Laboratory (SRRL) 

in Golden, Colorado. A method is described for adjusting the exposure model so 

as to account for structural deformation of the band in situ.  

2.2 Principle of operation 

The perforated shadow band is a semi-circular structure similar in dimension to its 

solid counterpart, from which apertures are cut, as shown in Figure 2.1. The 

perforations impose a cyclical shade/unshade regime on the sensing thermopile of 

a horizontally oriented pyranometer located below the band (Figure 2.2). As a 

result, the instrument output trace cycles between measurements of GHI when 

exposed and DHI when shaded yielding a characteristic square-wave trace under 

clear sky conditions (Figure 2.3). 

 

 

 

 

 

 

 

 

 

Figure 2.1: Perforated shadow band operated in conjunction with an Eppley 

Laboratory Precision Spectral Pyranometer, adapted from Brooks (2010). 
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Figure 2.2: Perforated shadow band with an Eppley PSP at NREL SRRL 

showing (a) full sensor exposure for measurement of GHI, (b) partial sensor 

exposure and (c) full occlusion for DHI.  
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Figure 2.3: (Left) Schematic of square-wave output trace from the PB system 

under clear sky conditions and (right) its reconstitution as independent 

diffuse and global horizontal irradiance curves (Brooks, 2010). 

 

A defining feature of the system is its inability to measure both GHI and DHI 

simultaneously; when one component is recorded, the other is missing. Under 

clear sky conditions the band generates clearly defined but fragmented upper and 

lower curves that must be separated and then reconstituted individually. Under 

partly cloudy and overcast conditions the coherency of the trace is disrupted, 

although the fragmentation effect remains. Developing appropriate data 

processing algorithms to separate and reconstitute the DHI and GHI curves with 

acceptably low uncertainties thus represents the primary challenge of this study. 

2.3 The geometry of the perforated shadow band 

The geometry of the band is influenced by several factors. First, the greater the 

number of apertures, the more frequently the sensor can switch between DHI and 

GHI. Secondly, as the shading mask transitions from exposure to occlusion 

(Figure 2.2 (b)) the pyranometer generates indeterminate data which represent 

neither GHI nor DHI, and which are discarded. These factors give rise to 

competing constraints: the first drives the design towards many smaller apertures, 

while the second suggests fewer apertures to limit transitional data.  

In addition, the band must permit unhampered exposure and occlusion of the 

pyranometer thermopile (Figures 2.2 (a) and (c)), therefore the geometry of the 

radiometer also influences the bandôs design. Early trials with greater numbers of 

smaller apertures (Figure 2.4) produced a shading mask that never fully exposed 

the pyranometerôs outer glass dome. Although this does not affect the 

measurement of GHI, provided the sensing thermopile is exposed, the apertures 

were lengthened in response. A minimum of 20 minutes full exposure or 

occlusion was considered adequate in the GHI and DHI time-series fragments for 

trend identification during the reconstitution of the curves. This equates to 20 

individual 1-minute averages of sun strength from a ground station logger.   
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Figure 2.4: Alternate aperture configurations. 

 

The total width (W) of the band and the internal aperture width (Wa) are set at  

84 mm and 60 mm respectively to ensure lateral occlusion of the solar disc during 

shading and unobstructed communication between the sun and the outer glass 

hemisphere of the sensor during exposure, regardless of declination angle or time 

of day (Figure 2.5). 

The aperture length (La) in the circumferential direction was determined using a 

two dimensional analysis, based on a maximum zonal exposure time (tz) of 30 

minutes.  This is illustrated in Figure 2.5 for a zenith angle of 0° during the solar 

noon period of exposure. The PSP measures GHI while the solar disc of diameter 

Ws is in full sight of the sensor, that is, while the disc appears fully within the 

window of the band. For a mean radial distance from sensor to band of 320 mm 

and sun speed of 0.25 deg/min, the arc length (s) of the sunôs movement at the 

band radius and the total aperture length are obtained from equations 2.1 to 2.3: 

   ‘  
πȢςυ“ὸ

ρψπ
 πȢρσπω ÒÁÄ                      (2.1) 

   ί  σςπ• τρȢω ÍÍ                      (2.2) 

   ὒ  ί  ὡ τυ ÍÍ                     (2.3) 

To account for variation in tz due to three dimensional effects, and to ensure that 

the aperture length exceeds the diameter of the outer glass hemisphere of the PSP 

(48 mm), La is extended to 55 mm.  

Multiple rectangular apertures of length 55 mm are cut from the band as shown in 

Figure 2.6. They are equal to the eight alternating solid zones contained between 

the first and last apertures such that the band has a total of nine apertures and ten 
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shading zones, with zone 1 located to the left of aperture 1 and zone 10 to the 

right of aperture 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Top and side views of perforated shading band geometry with 

solar disc traversing a single aperture (Brooks et al., 2007). 

 

In this study, three pyranometer exposure states (Es) are defined as a result of the 

sun-band interaction. They are: complete shade during which DHI is measured, 

denoted as Es = 0, transitional exposure (Es = 0.5) when the edge of the aperture 

throws a creeping shadow over the sensor and full exposure (Es = 1) during which 

GHI is measured. 

The perforated band is manufactured from a strip of stainless steel 1700 mm long, 

84 mm wide and 2 mm thick. It is inclined on a polar mount at the local 

geographic latitude angle, ű, and aligned with true north (Figure 2.7). It is 

manually adjusted daily or every few days to accommodate changes in the 

declination angle of the sun, ŭ, which varies between extrema of +23.45° and ï

23.45° and is defined as positive in the northern hemisphere and negative in the 

south. The band is inclined with the upslope pointing north in the northern 

hemisphere and south in the southern hemisphere. 
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