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Abstract 

Correlated Color Temperature provides a single number, in units of Kelvin, for a given Spectral Power Distribution.  Calculation of a 
correlated color temperature involves integrating a spectral power distribution and the International Commission of Illumination spectral 
tristimulus values and performing calculations on the results.  Applying these calculations to standardized solar irradiance data results in 
correlated color temperatures of 5124 K for AM0, 5528 K for AM1.5G, and 5814 K for AM1.5.D.  These temperatures provide insight 
into solar irradiance.  A change in CCT indicates that the spectral power distribution and thus the irradiance has changed.  Instead of 
spectral analysis, a simple measurement of CCT can show variations of the source irradiance and subsequent photovoltaic testing results. 
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1. Introduction 

Researchers of Photovoltaic (PV) systems are interested in incident solar irradiance to determine performance.  
Characteristics of input light include Spectral Power Distribution (SPD) and Correlated Color Temperature (CCT).  The 
ASTM G173-3, direct reference spectra standard, established the defined spectral component of solar irradiance, available 
from a spreadsheet of SPD from the National Renewable Energy Lab [1].  Three of the primary standards are Atmospheric 
Model 0 (AM0) for sunlight outside the atmosphere, Atmospheric Model 1.5 Global Tilt (AM1.5G), and Atmospheric 
Model 1.5 for Direct and Circumsolar (AM1.5D) for irradiance inside the atmosphere.  AM1.5G data integration produces 
the well-known 1000 watts per meter square (1,000 W/m2) irradiance value used to evaluate PV module performance [2].  
Utilizing SPD, there are many techniques to calculate the CCT; this manuscript uses the methods described by Krystek [3] 
and McCamy [4]. 
 
The Planckian black body radiator color temperature stated in degrees Kelvin determines the spectral power distribution [5]. 
Correlated Color Temperature is the closest value to the Planckian black body radiator [6], with the Planckian curve, Tc (K), 
shown in Figure 1.  CCT is a single number that indicates a quality of light with terms such as cool (a higher temperature) 
and warm (a lower temperature).  For example, a bright clear blue sky can be 12000 K, while a warm red sunset can be 
2000 K.   

 
An evaluation method of PV performance entails the measurement of light power input versus electrical power output.  The 
light irradiance in watts per meter squared (W/m2) is a function of photon count and wavelength.  Shorter wavelength 
photons provide more energy (E) than longer wavelength photons, according to E = hc/λ.  A change in spectral power 
distribution directly affects the CCT.  A change in CCT quickly indicates that the irradiance source is different, a 
measurement may be problematic, and the source may require recalibration.  A caveat is the phenomenon of metamerism, 
where two different SPD can produce the same CCT value. 
. 
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2. Methods 

Calculations of CCT utilize an integration of SPD of the incident light and the International Commission of Illumination 
(CIE) spectral tristimulus values of x̄(λ), ȳ(λ), and z̄(λ), over the wavelengths of concern.  In 1931 experiments, conducted 
on humans determined a method of how color is perceived.  The results of the combination of variable amounts of red, 
green, and blue light, in a 2° field of view, produced data for x̄(λ), ȳ(λ), and z̄(λ).  Equations 1, 2, and 3 generate X(T), Y(T), 
and Z(T) values, where L is the incident sunlight irradiance. 
 
 

    

  

     
The CIE 1931 chromaticity equations 4 and 5 produce the x and y coordinates values by entering the X(T), Y(T), and Z(T) 
results. 
 

 

 
The intercept of the x and y values on the CIE 1931 (x, y) Chromaticity Diagram provides an interpellated CCT value.  The 
CCT, as found in Figure 1, is the x and y-intercept point closest point on the equal temperature line intercept to the 
Planckian black body locus. 
 

 

 
 

 
Both SPD and tristimulus values are provided in a table of discrete numbers by wavelengths, so a summation replaces 
integration.  The integration equations 1, 2, and 3, with tristimulus wavelength limits, become the summation equations 8, 9, 
and 10. 

   

 

   
The CIE 1931 2° tristimulus values provide x, y, and z numbers from 360nm to 830nm in 1nm increments [10], with the 
Figure 2 graph showing the data.   
 
 

392 

http://www.ijiset.com/


IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 8 Issue 9, September 2021  

ISSN (Online) 2348 – 7968 | Impact Factor (2020) – 6.72 

www.ijiset.com  

 
Fig. 1. 1931 CIE Chromaticity Diagram with Planckian locus [7] 

A more precise method utilizes a calculated CCT value via the formulas provided by McCamy [4].  The McCamy model for 
sunlight is supported [8], which, from this manuscript, varies from about 4800 K to 10000 K [9].  Open Internet sources 
state ranges of 2000 K to 12500 K.  The calculated x and y values are entered into the following equations to derive the 
CCT. 
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Fig. 2. CIE 1931 2° XYZ Color Matching Functions.  

The AM0, AM1.5G, and AM1.5D include solar irradiance values from 280nm to 4000nm.  Any wavelengths outside of the 
CIE range have no contribution to the results.  Therefore, values below 360nm and above 830nm are truncated.  Also, the 
irradiance data provides 0.5nm values from 360.5nm to 395.5nm.  With tristimulus data at 1nm increments, instead of 
interpolation, the ½ wavelength irradiance values are truncated. 

3. Results 

Combining irradiance and tristimulus values into the formulas enables, via a spreadsheet, calculation of the parameter 
required for CCT determination.  Table 1 shows the results of X, Y, Z, x, y, and CCT for AM0, AM1.5G, and AM1.5D.  
The AM0 values differ from the effective 5772 K temperature of the sun [11].  No comparison values for AM1.5G and 
AM1.5D were found. 

Table 1. CCT Characteristics of AM0, AM1.5G, AM1.5D Solar Irradiance at 1nm Increments. 

Description AM0 AM1.5G AM1.5D 

X Tristimulus Value 189.439 155.564 137.793 

Y Tristimulus Value 194.876 160.315 142.230 

Z Tristimulus Value 201.495 152.232 126.444 

CIE x coordinate 0.323380 0.33232 0.33900 

CIE y coordinate 0.33266 0.34247 0.34992 

Color Correlated Temperature 5124 K 5528 K 5814 K 

 4. Discussion 
4.1 General Application 
The spreadsheet developed to calculate the CCT has general application and can be used for spectral input with results 
ranging from 2000 K to 10000 K.  These ranges are the valid CCT for the McCamy Model equations 6 and 7.  The CCT 
analysis specifically applies to Light Emitting Diodes (LED), which provide high efficacy outputs in the visible light range.  
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Visible LED light sources are helpful for PV research, particularly at low irradiance values, with some solar simulators 
utilizing LED [12]. 
 
4.2 Alternate Wavelength Resolution 
The results shown in Table 1 are for 1nm increments from 360nm to 830nm, with 471 data points.  Table 2 shows the 
results of truncating the data to only 5nm and 10nm wavelengths and performing the same calculations.  SPD data with 
resolutions of 5nm (95 data points) and 10nm (48 data points) are less costly to obtain and easier to calculate.  Even with 
fewer points, useful data in the analysis of the CCT are realized.  Along with the CCT values, Table 2 lists the percent 
difference from the 1nm calculations.  This table confirms that the use of SPD with increments of 5nm and 10nm provides 
useful results.  However, the SPD must contain limited spectral variation and would, for example, apply to the output of 
LED and incandescent light sources.  Lower resolution data used for spectra containing spikes, such as fluorescent lights, 
would be problematic. 

Table 2. CCT of AM0, AM1.5G, and AM1.5D at 1nm, 5nm, and 10nm Increments.  

Description AM0 AM1.5G AM1.5D 

1nm increment 5124 K 5528 K 5814 K 

5nm increment 5117 K 5514 K 5796 K 

% Δ of 1nm value -0.14% -0.25% 0.31% 

10nm increment 5172 K 5555 K 5833 K 

% Δ of 1nm value 0.9% +0.5% -0.3% 

4.3 Comparison of Solar Irradiance CCT with Solar Black Body Temperature 

The accepted value for the temperature of the sun is 5772 K [11], which does not match the calculated CCT of 5124 K for 
AM0.  The graphs of Figure 3 overlaid AM0 data with a black body curve generated, via Planks Law for 5772 K, and the 
calculated CCT of 5124 K.  The irradiance scales for the two black body curves are adjusted for similar relative irradiance 
levels.  The 5772 K curve has a closer visual fit to the AM0 spectra.  For AM1.5G, Figure 4 shows the AM1.5G spectra, 
with a 5528 K black body curve overlay, which presents an excelent visual fit. 
 

 
Fig. 3. Solar AM0 and Black Body Curves for 5772 K and 5124 K.  
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Fig. 4. Solar AM1.5G and Black Body Curve for 5528 K.  

 
4.4 CCT and Irradiance 
 
The comparison of the solar irradiance values from outside the atmosphere (AM0) and inside (AM1.5G and AM1.5D) 
shows attenuation at various wavelengths.  The atmospheric attenuation is caused by the effects of, for example, water vapor, 
ozone, and CO2.  Ozone causes high attenuation in the shorter blue wavelength of the spectrum, but this has minimal impact 
on the CCT because of the CIE tristimulus cutoff of wavelengths below 360nm.  At longer wavelengths, the atmosphere 
attenuates the red end of the spectrum; and results in higher CCT values for AM1.5G and AM1.5D. 
 
4.5 CCT Indication of Spectra Change 
 
An alteration in light source spectra changes the incident power irradiance.  A change in the irradiance, in turn, affects the 
output of a PV system under test.  A spectral change results in an easily measured variation of the CCT; therefore, CCT can 
be utilized as a simple test to indicate irradiance change. 

5. Conclusion 

The calculated CCT values for AM0 is 5124 K, 5528 K for AM1.5G, and 5810 K for AM1.5D.  Calculated irradiance 
values for AM0 is 1348 W/m2, 1000 W/m2 for AM1.5G, and 900 W/m2 for AM1.5D.  Higher CCT values indicate a greater 
attenuation of the incident solar irradiance in the red end of the spectrum.  Within the CIE tristimulus bandwidth limits, 
atmospheric filtering affects the longer wavelength light and moves the CCT to a higher value.  A change in CCT indicates 
that the light source spectral content has changed, and a check of PV testing results is in order.  Additional investigation into 
the relationship between solar SPD, general SPD, black body temperature, color rendition index (CRI), and Duv (CCT 
distance from the black body curve) is warranted. 
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