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The presented article examines aspects of a PV module testing using natural sunlight in 

outdoor conditions. The article discusses the physical sense of indexes: atmosphere purity, 

diffused component content, beam clear sky index. Procedures for their determination are 

given in relation to both instantaneous and daily values. Their close connection with the 

values of solar irradiance spectral distribution such as Average Photon Energy and Useful 

Fraction is demonstrated, as well as their usefulness in module testing in outdoor 

conditions. Their influence on the conversion of modules made from various absorbers 

and various technologies is demonstrated. 
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1. Introduction  

It is quite difficult to estimate the usefulness of modules 

(i.e., maintaining their standard parameters) made of 

different absorbers using different technologies in areas 

located in higher geographical latitudes. This is due to the 

fact, that such areas are characterised by a considerable 

variability in climate conditions. There are considerable 

differences in yearly distributions of average environment 

temperatures, irradiance and average energy of photons of 

the solar irradiance spectrum. The annual distribution of 

environment temperatures and irradiance can be 

determined in a simple, unambiguous and cheap way; 

problems arise during preparation of the annual solar 

irradiance spectrum distribution. Performance of an 

analysis of solar irradiation spectrum distribution and 

spectral response of the applied PV modules’ 

correspondence require the use of expensive and complex 

measuring equipment. In this context, application of 

purity/transparency indexes and the respective index of a 

diffused component content in estimating the modules’ 

usefulness, made from various absorbers and in various 

technologies for operation in outdoor conditions, becomes 

simpler. The presented article was prepared using 

measurement data generated in two research centres – 

AGH University of Science and Technology in Krakow 

and Laboratorium SolarLab in Wroclaw Technical 

University (both located in Poland). The basic studies were 

carried out using the measurement data from SolarLab at 

Wroclaw Technical University, whereas data generated at 

AGH Krakow were treated as supplementary1, i.e., 

comparative. A precise description of the lab measuring 

stations used in the studies – at AGH Krakow and SolarLab 

at Wroclaw Technical University – was Refs. 1, 2 and in 

Refs. 3, 4, respectively. 

The presented article is the third one of a series of the 

interrelated articles which discuss the issue of PV modules 

and measurements, and testing cells in outdoor conditions, 

i.e., with the use of natural sunlight. The first article 

contains an analysis of the theory and practice 

of measurements with the use of Air Mass and its 

* Corresponding author: trodziewicz@wp.pl, mrajfur@o2.pl 

phone: +48 77 401 60 42, fax: +48 77 401 60 50 

 

1 Considering the occurrence of shade on the measuring systems in 
SolarLab early morning (i.e., for very low angles of solar irradiance), it 

was necessary to supplement the data from the AGH Krakow measuring 

system where this phenomenon did not occur. This applies particularly 
to the presentations of instantaneous relations of the values of Useful 

Fraction and Average Photon Energy with the value of Air Mass. 
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determination [5]. The second one refers to the theory and 

practice of measurements, with the use of such spectral 

parameters as Useful Fraction, Average Photon Energy and 

a connection was made with Air Mass [6].  
This article includes a discussion on the physical sense 

of the indexes: atmosphere purity, diffuse component 

content, beam clear sky index. A very close relation of the 

indexes with the figures characterizing spectral distribution 

of solar irradiation was demonstrated. The above article 

was written as a guide for the aforementioned research with 

very extensive details of some leads and comments. 

Nomenclature: 

AM – Air Mass [-]; 

AMp – the adjusted value of AM due to instantaneous fluctuations of 

atmospheric pressure [-]; 

Ao(), Aw(), Ag() – effective absorption coefficient of ozone, steam, 

gases mix (mainly O2 and CO2) [-];  
APE – Average Photon Energy of solar radiation [eV]; 

B – bandwidth of the spectroradiometer [m]; 

d – day number 1–365 (366);  

E0 – daily value of insolation energy [Wh/m2]; 
E0,H(0) – daily irradiation energy on the Earth's surface in horizontal 

plane [Wh/m2]; 

EB,H(0) – daily irradiation energy from direct component on the Earth's 
surface in horizontal plane [Wh/m2]; 

EC(0) – mean daily value of insolation energy in a month in the upper 

atmosphere in the horizon [Wh/m2]; 

Eph(() – photon energy with wavelength  [J]; 

EPOA – daily value of insolation energy in the plane of array [Wh/m2]; 

ES – daily value of insolation energy from diffuse component [Wh/m2]; 
ES,H(0) – daily irradiation energy from diffuse component on the Earth's 

surface on a horizontal surface [Wh/m2]; 

G0 = G0,H – global solar irradiance in the plane of the horizon [W/m2]; 
GB (t) – irradiation beam in the plane of array [W/m2]; 

GB,H (t) – beam irradiance/irradiation on a horizontal surface [W/m2];  
GB,H0 (t) – extraterrestrial irradiation in the upper atmosphere in the 

horizon[W/m2]; 

Gd external – extraterrestrial irradiance/irradiation on a surface 

perpendicular to the solar beam [W/m2]; 
GPOA – global irradiance in plane of array [W/m2]; 

GPOA() – spectral irradiance GPOA [Wm-2m-1]; 

GS = GS,0 – diffuse component in the plane of the horizon [W/m2]; 

I0 – solar constant (1367 7 W/m2); 

Kb – beam clear sky index – proportion between beam irradiance and 

extraterrestrial solar irradiance on a horizontal surface [-]; 
Kb_day – daily beam clear sky index; 

ks/o – diffuse component content index of solar radiation [-]; 
ks/o_day – daily diffuse component content index of solar radiation [-]; 

kTm – atmosphere clearness (transparency) index [-]; 

kTm_day – daily atmosphere clearness index [-]; 
LST – Local Solar Time [hh:mm]; 

mo – optical masses of O3 [-], 

Pm_in STC – a module power achieved in STC conditions [Wp]; 
Pm(25°C) – a module power achieved at temperature of TC=25°C [Wp]; 

[Pm(25°C)/GPOA]norm – standardised value of a PV module power for TC 

= 25oC for 1 W of the rate GPOA (standardisation is carried out up to 
the power of Pmin STC obtained in STC conditions, for 1 W of the rate 

GPOA ) [-]; 

POA – Plane of Array; 

SR () – Spectral Response [A/W];  

TC – temperature of cells in a PV module [°C]; 

TL – Linke turbidity factor [-]; 

TR(), To(),Tg()Tw(),Ta() – transmittance related to Rayleigh 

scattering, absorption by ozone, mix of gases (mainly O2 and CO2), 

by steam particles and extinction on aerosols  [-]; 

UF – Useful Fraction [-]; 

w, wo −  content in atmosphere: steam [cm], ozone [atm-cm];  

z – angle between a falling beam and normal to horizon [rad];  

 – Angstrom turbidity coefficient [-]; 

cut – limit wavelength measured by the equipment; 

d – angle of the Earth’s orbiting the Sun [rad]; 

ph – photon spectral flux density [cm-2s-1m-1]. 

2. The spectrum structure of irradiation falling on the 

Earth’s surface 

The intensity of solar irradiation falling on the Earth’s 

horizon, its structure (i.e., the content of a diffused 

component) and the shape of the radiation spectrum depend 

on instantaneous value of solar radiation intensity in the 

upper atmosphere, geographical location, atmosphere 

thickness through which light passes, solar radiation 

incidence angle, area profile and current meteorological 

conditions. The value of the radiation reaching the upper 

layers of the Earth's atmosphere (i.e., outside of the 

atmosphere) is variable due to the Earth’s rotation around 

the Sun on an elliptical orbit. It fluctuates from 1.33 kW/m2 

in July, when the distance of the Earth to the Sun is the 

longest (1.522108 km) to 1.42 kW/m2 in January, at a 

distance of 1.472108 km [7]. Its mean value, at the average 

distance of the Earth from the Sun (1.495108 km) is called 

the solar constant I0 and amounts to 1367±7 W/m2 (WMO, 

Commission for Measurements and Observation Methods, 

8th session, Mexico City, 1981). 

Its instantaneous value was estimated by Spencer [8] in the 

following relation: 

𝐺𝑑 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙(𝛼𝑑) = 𝐼0( +  cos α𝑑 +
+ sin α𝑑 +  cos 2α𝑑 + sinα𝑑). 
  (1) 

The resolution of a component direct beam of solar 

irradiation on the Earth’s surface (GB(t)), its stream on the 

horizon plane (GB,H) and its global value (G0,H) depend on 

the instantaneous values of the following factors: 

atmosphere air mass (AM) value and beam clear sky index 

(Kb), as follows [8, 9]: 

𝐺𝐵, 𝐻(𝑡) = 𝐾𝑏(𝑡) ⋅ [𝐺𝑑 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 ⋅ 𝑐𝑜𝑠( 𝑧)] = 𝐾𝑏(𝑡) ⋅ 𝐺𝐵, 𝐻0(𝑡) 

   () 

𝐺0,𝐻(𝑡) = 𝐺𝐵,𝐻(𝑡) + 𝐺𝑆,𝐻(𝑡),  () 

𝛼𝑑 = 2𝜋(𝑑 − 1)/365.   () 

Attenuation of irradiation from the upper atmosphere 

(AM0 type) during the passage through the Earth’s 

atmosphere is the result of aerosol dispersion and 

absorption by various components of the atmosphere, 

mainly steam and such gases as ozone, carbon dioxide and 

oxygen. Some of them attenuate at a constant rate whereas 

others depend on the time and geographical location. The 

required minimum for the atmosphere characteristics 

includes turbidity parameters and steam content. 

Distribution of irradiation falling on the Earth’s surface is 

the effect of the air and steam reaction in the atmosphere, 

due to absorption bandwidths of the solar irradiation 

spectrum. Additionally, together with the increase of 

humidity, steam condenses in aerosols and their value and 

refractive index change, as well as, in consequence, their 

ability to disperse irradiation. Atmospheric turbidity is the 

measure of attenuation of a direct irradiation beam by 

atmospheric aerosol. It includes quantitative influence, 

type and size of aerosol, as well as steam quantity and 

distribution in the atmosphere. It is commonly represented 

as an index. Three indexes in use are , TL, and B [10,11].  
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The passing of solar irradiation through the Earth’s 

atmosphere is modelled as a product of reference 

irradiation beam with AM0 distribution falling in the upper 

atmosphere 𝐺𝐵, 𝐻0(𝜆) [10,12–14] and transmittance 

functions which model physical phenomena [15–18]: 

𝐺𝐵,𝐻(𝜆) = 𝐺𝐵, 𝐻0(𝜆) ⋅ 𝑇𝑅(𝜆)𝑇𝑎(𝜆)𝑇𝑤(𝜆)𝑇𝑜(𝜆)𝑇𝑔(𝜆) ,  (5) 

𝑇𝑅(𝜆) = 𝑒𝑥𝑝{ − 𝐴𝑀𝑝/[𝜆4(115.6406 − 1.355/𝜆2)]}, (6) 

𝑇𝑎(𝜆) = 𝑒𝑥𝑝(−𝛽 ⋅ 𝜆−𝛼 ⋅ 𝐴𝑀𝑝), (7) 

𝑇𝑤(𝜆) = 𝑒𝑥𝑝 [
−0.2385⋅𝐴𝑤(𝜆)⋅𝑤⋅𝐴𝑀𝑝

(1+20.07⋅𝐴𝑤(𝜆)⋅𝑤⋅𝐴𝑀𝑝)
0.45] , (8) 

𝑇𝑜(𝜆) = 𝑒𝑥𝑝[−𝐴𝑜(𝜆) ⋅ 𝑤𝑜 ⋅ 𝑚𝑜] , (9) 

𝑚𝑜 =
35.0

(1224.0 𝑐𝑜𝑠2(𝑧)+1)0.5   (10) 

𝑇𝑔(𝜆) = 𝑒𝑥𝑝 [
−1.41⋅𝐴𝑔(𝜆)⋅𝐴𝑀𝑝

(1+118.3⋅𝐴𝑔(𝜆)⋅𝐴𝑀𝑝)
0.45] . (11) 

 AMp parameter in equations is the value of actual air 

mass provided by Whitaker and Newmiller in 1998 in the 

following form of Eq. (12) [19]: 

𝐴𝑀𝑝(𝑡) =
𝑝

𝑝0
⋅ [𝑐𝑜𝑠( 𝑧 + 0.00094 ⋅ (1,6389 − 𝑧)−1.253]−1.

  (12) 

More information about this can be accessed in 

Refs. 20 - 23 and in Refs. 24 - 27. 

3. Atmospheric transparency parameter 

3.1 Beam clear sky index (Kb) 

The relation (proportion) between the value of the 

direct component beam reaching the Earth’s surface and 

the value of intensity of the irradiation beam entering the 

upper atmosphere in the plane of horizon is the so-called 

beam clear sky index (Kb). It is the measure of the amount 

of beam irradiance available (proportion between beam 

irradiance and extra-terrestrial solar irradiance on a 

horizontal surface) [28–31]: 

 𝐾𝑏(𝑡) =
𝐺𝐵, 𝐻(𝑡)

𝐺𝐵, 𝐻0(𝑡)
  () 

The integration of Eq. (7) after λ produces a formula for 
irradiation transmittance as a function of two variables: β 
and AMp: 

∫ 𝑇𝑎(𝜆, 𝛽, 𝐴𝑀𝑝)𝑑𝜆 = 𝑇𝑎(𝛽, 𝐴𝑀𝑝) ∝ 𝑒𝑥𝑝(−𝛽 ⋅ 𝐴𝑀𝑝).
 

 (14) 

The important aspect is that the value Ta transmittance of 

irradiation from extinction in aerosols is directly 

proportional to the factor 𝑒𝑥𝑝(−𝛽 ⋅ 𝐴𝑀𝑝). By analogy it 

can be determined for other transmittance functions, e.g., 

for Eq. (8), an expression for transmittance of irradiation 

connected with absorption by steam particles [Eq. (15)] can 

be obtained as the function w – content of steam and AMp. 

This function is directly proportional to the factor - 

𝑒𝑥𝑝 [
−0.2385⋅𝑤⋅𝐴𝑀𝑝

(1+20.07⋅𝑤⋅𝐴𝑀𝑝)
0.45]: 

∫ 𝑇𝑤(𝜆, 𝛽, 𝐴𝑀𝑝)𝑑𝜆 = 𝑇𝑤(𝑤, 𝐴𝑀𝑝) ∝ 

                                   𝑒𝑥𝑝 [
−0.2385⋅𝑤⋅𝐴𝑀𝑝

(1+20.07⋅𝑤⋅𝐴𝑀𝑝)
0.45] .    (15)  

With the integration of Eq. (5) after  and considering the 

definition of Kb(t), the following is obtained: 

𝐺𝐵, 𝐻(𝑡)

𝐺𝐵, 𝐻0(𝑡)
= 𝐾𝑏(𝑡) = 𝐴 ⋅ 𝑇𝑎(𝜆)𝑇𝑤(𝜆)𝑇𝑅(𝜆)𝑇0(𝜆)𝑇𝑛(𝜆)𝑇𝑔(𝜆)

  () 

where: A – proportionality constant. 

Equation (16) determines that: 

𝐾𝑏(𝑡) ∝ 𝑇𝑎(𝜆), 𝑇𝑤(𝜆), 𝑇𝑅(𝜆), . ... In the case of transmitt-

ance connected with extinction in aerosol: 

 𝐾𝑏(𝑡) ∝ 𝑇𝑎(𝑡) =
1

𝑒𝑥𝑝(𝛽(𝑡)⋅𝐴𝑀𝑝(𝑡))
 .  (17) 

 
 

 

Fig. 1. a) Transmittance graph Ta connected with extinction in 

aerosols in the function Kb for the parametrically variable AM 

values, b) linear approximation of transmittance graph Ta in 
the function ln(Kb) marking the linearity field of these 

relations. The graphs were prepared for two AM values: <1.2 

and from the range of (1.5; 1.8). 
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By analogy, in the case of absorption of irradiation by 

steam: 

 𝐾𝑏(𝑡) ∝ 𝑇𝑤(𝑡) = 𝑒𝑥𝑝 [
−0.2385⋅𝑤(𝑡)⋅𝐴𝑀𝑝(𝑡)

(1+20.07⋅𝑤(𝑡)⋅𝐴𝑀𝑝(𝑡))
0.45]  (18) 

 The exponential form of the factor from Eq. (17) 

indicates that the course of the diagram ln(Kb(t)), in the area 

of domination of the processes connected with aerosol 

extinction, should be linear [see Fig. 1b)]. 

 𝑙𝑛(𝐾𝑏(𝑡)) ∝ −𝛽(𝑡) ⋅ 𝐴𝑀𝑝(𝑡) () 

In Fig. 1a) the course of irradiation transmittance was 

presented, at extinction in aerosol (Ta) described in Eq. (16) 

in the function of Kb for the parametrically variable value 

AM, whereas in Fig. 1b) linear approximation of 

transmittance graph Ta in the function ln(Kb) for low values 

of AM (i.e., <1.2) and the area of linearity of these relations 

were marked as hatched. Additionally, the course of 

transmittance for mean AM values was projected, i.e., from 

the range of (1.5–1.8). As can be seen, distribution of these 

points in the graph is almost identical and demonstrates 

linearity of the transmittance Ta with logarithm of the index 

Kb for the value ln(Kb)>-2 with the coefficient R2= 

0.99143. In Fig. 2 a comparison of power yield was 

observed from a single junction amorphous silicon module, 

with reference to the power of irradiation GPOA falling on 

the surface of the tested model in the function of: 

a) transmittance – Ta, b) beam clear sky index – Kb. More 

information on the characteristics of the applied conversion 

function can be found in Ref. 6. In the studies, the value  
– of Angstrom turbidity coefficient – was determined 

according to the procedures described in Refs. 5 and 32. 
Initial analysis proves that the obtained results are very 

similar. 

In Fig. 3 the results’ examples of the whole year of 

observation of a single junction amorphous silicon module 

operation were presented in the conditions of low and very 

low irradiance values. The studies were carried out for the 

typical AM values used in measurements of PV modules in 

outdoor conditions.  

 
 

 

 

Fig. 3. Comparison of the study results of the obtained power of 

a single junction amorphous silicon module, in the function 

of: a) transmittance Ta connected with extinction in aerosols, 

b) Kb – beam clear sky index. 

 

 

Fig. 2. Example of the operation analysis of a module made of 
amorphous silicon in the conditions of low and very low 

irradiance. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

1

2

3

a)

 [P
m (25 C)

/G
poa

]
norm

 ExpDec1 Fit of "[P
m (25 C)

/G
poa

]
norm

"

(P
m

 (
2

5
o
C

)/
G

P
O

A
) 

n
o

rm
 [

-]

K
b 
[-]

AM=(1.5 - 1.8)

M-96_a-Si_SJ

WroclawNLFit (ExpDec1) (2019-05-28 13:11:45)

Equation: y = A1*exp(-x/t1) + y0

Reduced Chi-Sqr 0.00824

Adj. R-Square 0.71316

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

0

1

2

3

b)

 [P
m (25 C)

/G
poa

]
norm

 Linear Polynomial Fit of "[P
m (25 C)

/G
poa

]
norm

"

(P
m

 (
2

5
o
C

)/
G

P
O

A
) 

n
o

rm
 [

-]

ln(K
b
) [-]

AM=(1.5 - 1.8)

M-96_a-Si_SJ

WroclawLinear (2019-05-28 13:15:19)

Equation: y = Intercept + Slope*x

Reduced Chi-Sqr 0.00789

R-Square 0.72367

Pearson's r -0.85069

 



   T. Rodziewicz et al. / Opto-Electronics Review 28 (2020) 15-34  19 

 

The value of AM <1.8 in the city of Wroclaw in summer 

months (i.e., from IV to IX) in the time range of (8 am – 4 

pm) (Fig. 10). A comparison of figures a) and b) 

demonstrates that the use of ln(Kb) results in the extension 

of the graph which reflects the range of low and very low 

irradiances, thus giving the possibility to thoroughly 

analyse a module conversion in the range of large 

attenuation of a direct irradiance component. 

In Fig. 4 the use of the logarithm beam clear sky index 

Kb for the analysis of the distribution of averaged values of 

photon energy (APE) in the function of variable air mass 

value is shown. All presented study results included in 

Figs. 1 - 4 were based on the data generated during all-year 

monitoring of the meteo and PV systems. As can be 

noticed, imaging of the results with the use of ln(Kb) results 

in emphasising the result of the observation of phenomena 

 

1 * It is also referred to as: atmosphere transparency index or clear sky index. 

occurring in the area of low and very low values of 

irradiance.  

From the above we can conclude that: first, within the range 

of values ln(Kb)  -2, i.e., for Kb  0.135, for the air mass 

value AM4 the occurrence with the coefficient R2 = 

0.99143 of the linear dependence between index ln(Kb) and 

transmittance Ta was determined, which is connected with 

fogginess of the atmosphere [Fig. 1b)]. 

Secondly, the occurrence of a linear correlation 

between index ln(Kb) and transmittance Ta allows for the 

influence of atmospheric fogginess in PV modules’ 

operation to be observed (Fig. 2). The presented feature is 

even more significant, if a difficulty level of determination 

is considered of: Kb – beam clear sky index and coefficient 

 of Angstrom turbidity. The former can be determined in 

a simple way, contrary to the latter () [5,32]. 

Thirdly, the use of ln(Kb) in testing modules supports 

observation of PV conversion capacity very well in the 

range of low and very low irradiance. 

3.2 Clear sky index/content of the diffused component 

The relation between the global value (G0,H) of the 

intensity of irradiance falling on the Earth’s surface, 

entering the upper atmosphere in the plane of horizon, is 

the measure of atmosphere clarity and is described by the 

clear sky index11 kTm. The index is directly converted on 

the content of the diffused component in global irradiance 

falling on the horizon plane, defined in literature as the 

index of diffused component content (ks/o) [Fig. 5a)] 

[33-36] and in Ref. 37: 

 𝑘𝑇𝑚(𝑡) =
𝐺0,𝐻(𝑡)

𝐺𝑑 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
𝐴𝑀𝑝(𝑡)

  () 

 𝑘𝑠

𝑜
(𝑡) =

𝐺𝑆,𝐻(𝑡)

𝐺0,𝐻(𝑡) 
  ()

 

 

Fig. 4. Example of the application of the logarithm index Kb in 

the analysis of a distribution of the averaged values of photon 

energy (APE) in the function of a variable air mass value in 
the analysis, with the particular focus of the phenomena 

occurring in the area of low irradiance values. The studies 

were carried out for the city of Wroclaw. 

 

Fig. 5. Influence of the clear sky index kTm on a) atmosphere clearness index ks/o, b) transmittance connected with extinction in aerosols. Imaging 

of the results of all-year data monitoring from the local meteo station in Wroclaw. 
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Similarly to the instantaneous values, daily, monthly 

and yearly values of these indexes can be determined, for 

example: 

− daily value of clear atmosphere index , as: 

 𝑘𝑇𝑚𝑑𝑎𝑦
=

𝐸0,𝐻(0)

𝐸𝐶(0)
 , (22) 

− daily value of the content of the diffused 
component of irradiance index, as: 

 𝑘𝑠/𝑜_𝑑𝑎𝑦 =
𝐸𝑆,𝐻(0)

𝐸0,𝐻(0)
 .  () 

In Fig. 5a) a mutual correlation of the diffused 

component index ks/o and the clear sky index kTm is 

presented, whereas in Fig. 5b) a correlation of the 

transmittance index Ta with the clear sky index kTm is 

shown. Comparison of distribution (concentration) of 

measurement points in the graphs: Fig. 5b) and Fig. 1 (for 

which the value of R2 was of 0.99143), the results show that 

there is no strong direct correlation between transmittance 

index Ta and clear sky index kTm.  In Fig. 5a) a mutual 

correlation of the diffused component index ks/o and the 

clear sky index kTm is presented, whereas in Fig. 5b) a 

correlation of the transmittance index Ta with the clear sky 

index kTm is shown. Comparison of distribution 

(concentration) of measurement points in the graphs: 

Fig. 5b) and Fig. 1 (for which the value of R2 was of 

0.99143), the results show that there is no strong direct 

correlation between transmittance index Ta and clear sky 

index kTm. 

Figures 6a) - 6i) present examples of daily values of 

clear atmosphere indexes and diffused component content 

in the global value of irradiance during days with various 

values of daily irradiance. The presented daily values of 

indexes kTm and ks/o were determined according to Eq. (22) 

and Eq. (23). In Fig. 7 the connection between the beam 

clear sky index Kb and the diffused component content 

index ks/o was presented, where in Fig. 7a) consolidation of 

points for six air mass value ranges, whereas in Fig. 7b) 

(blue field) differences in approximation curves: filtered 

low values of AM, i.e., AM=(1.2;1.5), marked in the graph 

 

Fig. 6. Example of the summary index of global irradiance and the related clear atmosphere index, as well as diffused component content during 
days1 with various irradiance values. The studies were carried out for the city of Krakow. 
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as F1 with the coefficient R2=0.98722, and a full range of 

occurrence, i.e., from the range of (1.1; 30) marked in the 

graph as F2 with the coefficient R2=0.97759. As can be 

seen, the maximum difference error between those curves 

does not exceed max=2.14 %. Obtaining such high 

determination coefficients for approximation curves F1 and 

F2 and their high convergence in a wide range of air mass 

values demonstrates a high level of correlation between the 

beam clear sky index Kb and the diffused component 

content index ks/o.   

The presented indexes: atmosphere transparency index 

or diffused component content are physically connected not 

only with the irradiance path through the Earth’s 

atmosphere, which depends on the AM value, but also on 

the chemical composition and cloudiness of the 

atmosphere. Liu and Jordan [38] demonstrated that 

regardless of geographical latitude, the global value of 

irradiance intensity reaching the Earth’s surface depends 

directly on this parameter. 

That is why the index can correctly describe irradiance 

conditions of individual locations. It can also provide 

information on the average photon energy in the spectrum 

and on the very structure of the irradiance spectrum. For 

example, the diffused component content index ks/o directly 

describes the cloudiness level. It also provides information 

on the average photon energy (see Fig. 8). 

 

Fig. 7. Connection between the beam clear sky index (Kb) and the diffused component content index (ks/o). Imaging for: a) parametrically variable 

air mass from the range of 1.2–3, and b) influence of air mass on the approximation function. Studies were carried out for the city of Krakow.  
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Fig. 8. Diffused component content index; average photon energy of irradiance and global  intensity 
of irradiance on a cloudy day. 
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3.3 The use of indexes in the analysis of solar energy 

resources for PV 

The discussed indexes are very useful in preparing 

correct characteristics of the selected locations in order to 

select the optimal modules for the locally prevailing 

climate  conditions.  The  annual  distribution  of  averaged  

 
daily values, together with the distribution of averaged 

daily insolation values characterize the potential resources 

of solar energy for PV purposes. 

 
 

 
 

 
 

Fig. 9. Distribution of instantaneous values: a) solar irradiance intensities G0,H, b) diffused component content index ks/o, c) sky clearness index 

kTm, d) beam clear sky index Kb, and e) logarithm of beam clear sky index ln(Kb) – occurring in the laboratory SolarLab in Wroclaw during 

PV modules testing. The enlarged field f) presents distribution of attenuation of direct component ln(Kb) in June in Wrocław. 
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In Fig. 9a) a distribution of irradiance falling on the 

plane of horizon in the location of tested modules is 

presented. It should be emphasised that the changes of both 

irradiance rate value and the Sun activity times occur in a 

very wide range. The obtained data is used in determining 

the so-called area insolation, i.e., determining an average 

number of hours of solar activity in each month, sufficient2 

for a PV operation.  

Figures 9e) and 9f) show the annual and monthly 

distribution of the logarithm beam clear sky index Kb. As 

shown, the index allows for a detailed analysis to be carried 

out in the areas of low and very low insolation. This is 

dedicated for analyses of the PV modules’ conversion 

capacity in conditions of low and very low insolation. 

3.4 Relations between atmospheric transparency 

indexes/parameters and spectral distribution of 

irradiance 

a) Analyses in the function of instantaneous values 

In order to present clear Krakow  images of the data from 

all-year observations, data was segregated into nine 

subgroups (Fig. 10). 

The subgroup, for which AM<1.2, includes the data from 

the south, with the lowest AM values – considering time, it 

offers the best measurement conditions for cells and 

measuring equipment calibration. The second group, i.e., 

for the measurements carried out at AM=(1.2–1.5), includes 

the measurement data from a typical time period, during 

which cells and PV modules’ measurements are taken in 

outdoor conditions. The obtained data is always used to 

translate the results into STC conditions. The third area, 

AM=(1.5–1.8), is still suitable for taking measurements of 

PV modules. The areas from the fourth to the eighth – time 

areas are used in testing photovoltaic operation/conversion 

of PV modules and cells in natural conditions. The area 

nine, i.e., for which the value of AM>4, is the time area used 

for analysing PV modules’ conversion in operating 

 
2 Typical photovoltaic inverter has a characteristic threshold of DC input power connected to the area of this work at maximum efficiency. For properly 

designed PV system that threshold inverter DC input power corresponds to the value of solar radiation of  200 W/m2. Then, a typical efficiency of the 

inverter is already above 95% of its maximum efficiency.  

conditions, during sunrise/sunset, i.e., in the conditions 

with a very high content of the diffused component of 

irradiation. For example, in the location where the studies 

were carried out, i.e., AGH Krakow and SolarLab 

Wroclaw, testing of PV modules in the conditions of air 

mass AM>8 refers in reality to testing only with the 

diffused component in which the spectrum is strongly 

modelled by long-wave absorption component phenomena 

(mainly by steam) and scattering: by the particles with a 

diameter of less than 0.1 of the light wavelength, e.g., N2 

and O2 molecules described by Rayleigh’s theory [10] and 

by particles suspended in the atmosphere with a diameter 

larger than 0.1 of the light wavelength, referred to as the 

atmosphere turbidity 𝜏𝑎(𝜆), described by Mie’s theory 

[39-42]. The whole phenomenon is emphasised by the total 

path of a sunbeam of the diffused component going through 

the Earth’s atmosphere. The phenomenon of beam 

diffusion by clouds, rain, snow and hail reduces intensity 

of irradiance on the Earth’s surface, according to the model 

prepared by Mie [43]. In most cases, influence of this 

phenomenon on the value of irradiance intensity and its 

spectral distribution can be described by determining the 

function of spectrum modification for a cloudy day, 

depending on three variables: wavelength, value of air mass 

index and content of a diffused component in the global 

irradiance value [44]. 

Due to the large number of charts presented in the 

article and the need to maintain their readability, other 

examples are included in the Attachment. 

b) Analysis of daily energy values 

Figures 11 - 13 present the influence of daily values of 

the respective index: diffused component (ks/o_day), beam 

clear sky (Kb_day), logarithm of beam clear sky index 

[ln(Kb_day)] – irradiance on a) – e) averaged daily content of 

useful fractions UFday, f) average daily value of APE – of 

irradiation falling on the plane of horizon. The presented 

results were obtained with reference to band 

B=(0.3; 1.7) μm of spectroradiometer. The daily values of 

indexes used in the analyses were determined according to: 

Eq. (22) and Eq. (23). The daily value of the beam clear sky 

index Kb_day was determined according to Eq. (24): 

 𝐾𝑏_𝑑𝑎𝑦 =
𝐸𝐵,𝐻(0)

𝐸𝐶(0)
  () 

The obtained results confirm the observed tendencies in 

changes of the content of UF in the function of daily values 

of clear atmosphere parameters, i.e., daily values of clear 

sky index – kTm_day, diffused component content index – 

ks/o_day, or beam clear sky index – Kb_day. Similarly, as in the 

case of analyses with the use of instantaneous values (kTm, 

ks/o, or Kb), in the analyses with the use of energy values 

very good characteristics of ln(Kb) can be noticed in the 

studies of the areas with low and very low insolation. 

 

 

 

Fig. 10. Correlations of the analysed AM values ranges with the day, 

time and season of the year for the city of Wroclaw. 

04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00

1

2

3

4

5

6

7

8

9

(1.17-1.2)

(1.2-1.5)
(1.5-1.8)

(1.8-2.2)

(2.2-2.6)

(2.6-3)

(3-3.5)

Wroclaw:

51
o
12'N, 17

o
01'E

A
ir

 M
a

s
s
 [

-]

Solar time [h]

I, XII

II, XI

III, X

IV, IX

V, VIII

VI, VII

AM<1.2

AM:

>4
(3.5-4)



    T. Rodziewicz et al. / Opto-Electronics Review 28 (2020) 15-34 24 

 

 
 

 
 

 
 

Fig. 12. Influence of daily value of the beam clear sky index (Kb_day) of irradiance on: a) – e) averaged daily content of useful fractions UFday, 

f) average daily value of APE – of irradiance falling on the plane of horizon. The presented results were obtained with reference to band 

B=(0.3;1.7) m of the measuring spectroradiometer. The studies were carried out for the city of Krakow (POA Modules: S-facing, Slope 

0°). 
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Fig. 13. Influence of daily value of the beam clear sky index logarithm ln(Kb_day) of irradiance on: a–e) averaged daily content of useful fractions 
UFday, f) average daily value of APE – of irradiance falling on the plane of horizon. The presented results were obtained with reference to 

band B=(0.3;1.7) m of the measuring spectroradiometer. The studies were carried out for the city of Krakow (POA Modules: S-facing, 

Slope 0°). 
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4. CONCLUSIONS 

The following conclusions can be drawn from the research 

carried out: 

The use of atmosphere transparency parameters, such 

as: atmosphere transparency index kTm, diffused component 

content index ks/o, beam clear sky index Kb is a cheap and 

very practical method of testing module conversion 

capacity in actual operating conditions. 

The occurrence of the linear correlation between index 

ln(Kb) (logarithm of beam clear sky index) and 

transmittance Ta, allows for the influence of atmospheric 

fogginess on a PV module operation to be observed. The 

presented feature is even more significant if one considers 

the difficulty level of determination of Kb – beam clear sky 

index and coefficient  of Angstrom turbidity. The first can 

be determined in a very simple way, contrary to the second . 

The use of ln(Kb) in testing modules supports 

observation of a PV conversion capacity very well in the 

range of low and very low irradiance. 

Making long-term studies of a PV module conversion 

capacity in outdoor conditions provides a full picture of 

usefulness in specific climate conditions, characteristic for 

higher geographical latitudes inparticular. In this context, 

the use of transparency indexes in the above-mentioned 

studies becomes indispensable.  

The main problem with measurements using sunlight is 

its large spectral changeability which means that the 

measurement conditions using natural sunlight restrict its 

possibilities. The measurements can be carried out only in 

appropriate conditions. In natural conditions, even for the 

same day, spectral distribution of solar radiation of the 

same AM from before and after noon is different which 

results in different measurement outputs for the same PV 

cells and modules. In this context, due to the occurrence of 

a strong connection between atmosphere transparency 

parameter and spectral parameters which characterize 

irradiance, such as APE or UF (see chapter 3), determined 

in a simple and cheap way atmosphere transparency 

parameters are very useful in characterising atmospheric 

conditions during the studies. 

The data obtained during long-term actinometric 

measurements, including the above-mentioned parameters, 

precisely characterise the structure of solar energy 

resources of a region for photovoltaic purposes. The maps 

of their annual distribution in the dedicated climate zones 

should be used as the main input parameter in optimising 

newly created cells and modules dedicated to operation in 

such geographical and climate conditions. They provide a 

full picture of the modules’ usefulness in specific climate 

conditions characteristic for the areas at higher 

geographical latitudes. In this context, the use of clearness 

index in the above-mentioned studies becomes 

indispensable.  

In this context, due to the occurrence of a strong 

connection between the atmosphere transparency 

parameter and spectral parameters, such as APE or UF (see 

chapter 3), the obtained results can be skilfully used (i.e., 

with proper understanding) with clearness indexes which in 

practice may totally replace the need to carry out studies 

using spectral parameters of irradiance which require the 

application of very expensive measuring equipment, i.e., 

their analysis should lead to the same conclusions which 

are obtained as a result of research using spectral 

parameters. 

The authors hope that the above publication shall 

contribute to popularising the presented research methods 

as a cheap and effective method of estimating usability of 

modules to operate outdoors. This will allow for the 

research to be intensified on the optimisation of newly 

created cells and modules to the conditions reflecting 

actual climatic conditions in specified geographical 

regions. 
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The presented figures (Figs. A1 - A14) are detailed 

descriptions of the local research environment in which 

long-term studies of PV modules have been carried out.  

Figures A1a) – A1e) present the observed influence of 

air mass value (AM) on the content of useful fractions (UF) 

and the level of averaged photon energy values 

[Fig. A1. f)] – in the spectrum of irradiance falling on the 

plane of horizon; whereas Figures A2a) – A2e) present the 

observed influence of the averaged photon energy (APE) 

on the content of useful fractions (UF) in irradiance 

spectrum. The presented results were obtained with 

reference to band B=(0.3; 1.7) m of the measuring 

spectroradiometer. The description of methodology of 

determining UF and APE is included in Ref. 1 and Ref. 6. 

The consecutive figures present the determined 

distributions of useful fractions for the absorbers used in 

PV modules, in the function of: clear sky index value kTm – 

Figs. A3 - A6; diffused component index value ks/o – Figs. 

A7 - A10 and ln(Kb) – Figs. A11 - A14.  
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Fig. A1. The value of AM on: a–e) content of UF, f) value of APE – of irradiance falling on the horizontal plane. The presented results were 

obtained with reference to band B=(0.3; 1.7) m of the measuring spectroradiometer. 

 

 

 

Fig. A2. The influence of APE on UF content value – of the irradiance falling on the plane of the horizon. The presented results were obtained 

with reference to band B=(0.3; 1.7) m of the measuring spectroradiometer. 
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Fig.A3. The influence of clear sky index (kTm) of irradiance on a–e) content of UF, f) value of APE – irradiance falling on an optimally inclined 

plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring spectroradiometer and to the value 

of air mass from the range AM=(1.2; 1.5). The studies were carried out for the city of Kraków. 

 

 

 

Fig. A4. The influence of clear sky index (kTm) of irradiance on: a–e) content of UF, f) value of APE – irradiance falling on an optimally inclined 

plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring spectroradiometer and to the value 

of air mass from the range AM=(2.6; 3). The studies were carried out for the city of Kraków. 
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Fig. A5. The influence of clear sky index (kTm) of irradiance on: a–e) content of UF, f) value of APE – irradiance falling on an optimally inclined 

plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring spectroradiometer and to the value 

of air mass from the range AM=(3.5; 4). The studies were carried out for the city of Kraków. 

 

 

 

Fig. A6. The influence of clear sky index (kTm) of irradiance on: a–e) content of UF, f) value of APE – irradiance falling on an optimally inclined 

plane POA of PV modules. The presented results relate to band B=(0.3 ;1.7) m of the measuring spectroradiometer and to the value 

of air mass from the range AM=(4; 25). The studies were carried out for the city of Kraków. 
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Fig.A7. The influence of the diffused component index value (ks/o) of irradiance on a–e) content of UF, f) value of APE – irradiance falling on 

an optimally inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring 

spectroradiometer and to the value of air mass from the range AM=(1.2; 1.5). The studies were carried out for the city of Kraków. 

 

 

 

Fig. A8. The influence of the diffused component index value (ks/o) of irradiance on: a–e) content of UF, f) value of APE – irradiance falling on 

an optimally inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring 

spectroradiometer and to the value of air mass from the range AM=(2.6; 3). The studies were carried out for the city of Kraków. 
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Fig. A9. The influence of the diffused component index value (ks/o) of irradiance on: a–e) content of UF, f) value of APE – irradiance falling on 

an optimally inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring 

spectroradiometer and to the value of air mass from the range AM=(3.5; 4). The studies were carried out for the city of Kraków. 

 

 

 

Fig. A10. The influence of the diffused component index value (ks/o) of irradiance on: a–e) content of UF, f) value of APE – irradiance falling 

on an optimally inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring 

spectroradiometer and to the value of air mass from the range AM=(4; 25). The studies were carried out for the city of Kraków. 
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Fig. A11. The influence of the value of logarithm beam clear sky index (Kb) on a–e) content of UF, f) value of APE – irradiance falling on an 

optimally inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring spectroradiometer 

and to the value of air mass from the range AM=(1.2; 1.5). The studies were carried out for the city of Kraków. 

 

 

 

Fig. A12. The influence of beam clear sky index logarithm (Kb) on: a–e) content of UF, f) value of APE – irradiance falling on an optimally 

inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring spectroradiometer and to 

the value of air mass from the range AM=(2.6; 3). The studies were carried out for the city of Kraków. 
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Fig. A13. The influence of beam clear sky index logarithm (Kb) on: a–e) content of UF, f) value of APE – irradiance falling on an optimally 

inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring spectroradiometer and to 

the value of air mass from the range AM=(3.5; 4). The studies were carried out for the city of Kraków. 

 

 

 

Fig. A14. The influence of beam clear sky index logarithm (Kb) on: a–e) content of UF, f) value of APE – irradiance falling on an optimally 

inclined plane POA of PV modules. The presented results relate to band B=(0.3; 1.7) m of the measuring spectroradiometer and to 

the value of air mass from the range AM=(4; 25). The studies were carried out for the city of Kraków. 
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