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Motivation 

• Never measured !! … any known literature?
• Discrepancy in calibrating shortwave radiometers

(pyranometers and Pyrheliometers) using Absolute
Cavity Radiometers

• Lack of daytime reference for longwave radiometers
(pyrgeometers)

• Raise awareness to modify calibration procedures
of shortwave and longwave radiometers

• Might be used to develop method quantifying effect
of dome heating without dome thermistors.

I. Reda; J. Konings; Y. Xie, 2015. Method to Measure the Broadband Longwave Irradiance in the Terrestrial Direct Solar Beam.
Journal of Atmospheric and Solar-Terrestrial Physics Vol. 129 July 2015 pp. 23-29.
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Discrepancy in Shortwave Calibration 
• Solar and atmospheric science radiometers are calibrated 

with traceability to the World Radiometric Reference (WRR), 
maintained by Absolute Cavity Radiometers (ACRs)* 

• An ACR is open cavity with no window, developed to measure 
the extended broadband spectrum of the terrestrial direct 
solar beam irradiance beyond ultraviolet and infrared bands 
(i.e., below 0.2 µm and above 50 µm) 

• Pyranometers and pyrheliometers are developed to measure 
the broadband shortwave irradiance (~0.3 µm to ~3 µm), 
while photovoltaic cells are limited to ~0.3 µm to ~1 µm 

• The broadband mismatch of the ACR versus such radiometers 
causes discrepancy in radiometers’ calibration methods, 
which has not been discussed or addressed in solar and 
atmospheric science literature. 

ISO, 1990. ISO 9059: Solar energy-Calibration of field pyrheliometers by comparison to a reference pyrheliometer. International 
Organization for Standardization, Geneva, Switzerland, 8 pp. 
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Discrepancy in Shortwave Calibration (Cont.) 
• Responsivity of radiometer (Pyranometer or pyrheliometer), RS 

𝑹𝑹𝑹𝑹 =  
𝑽𝑽𝒕𝒕𝒕𝒕
𝑰𝑰  

 where Vtp is the thermopile output voltage from the test 
 radiometer, and I is the measured irradiance using an ACR 
• The measured I by the ACR includes the IR component from the 

sun beam which is not sensed by the test radiometer. Results in an 
underestimated RS! 

• When the radiometer is deployed in the field, the irradiance ISW 

𝑰𝑰𝑹𝑹𝑺𝑺 =  
𝑽𝑽𝒕𝒕𝒕𝒕
𝑹𝑹𝑹𝑹  

• Since RS is underestimated, then ISW would be overestimated! 

• The measured irradiance in the field* might be overestimated by 
~16 Wm-2 at solar noon, and approaches zero as zenith angle 
approaches 90°. 

 
*At NREL’s Solar Radiation Research Laboratory (SRRL) 
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Lack of Daytime IR Reference 

• Pyrgeometers are used for solar and atmospheric 
science applications and calibrated with traceability 
to the interim World Infrared Standard Group 
(WISG)  

• They are calibrated during the nighttime only, 
because no consensus reference has yet been 
established for the daytime longwave irradiance. 

 
 
 
 
Gröbner, J., 2010. Tutorial Pyrgeometer, presented at 11th International Pyrheliometer Comparison in Davos, Switzerland, 
available from ftp://ftp.pmodwrc.ch/pub/julian/. 

 
 

ftp://ftp.pmodwrc.ch/pub/julian/
ftp://ftp.pmodwrc.ch/pub/julian/
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Measurement Setup 

Shaded Pyrgeometer 

Shortwave Dome, 0.3 µm-3 µm 

Unshaded Pyrgeometer 

Solar Tracker 

 
Figure 1. Unshaded and shaded pyrgeometers at NREL/SRRL 
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Pyrgeometer Measurement Equation 

 𝑺𝑺 = 𝑲𝑲𝟎𝟎 +  𝑲𝑲𝟏𝟏 ∗ 𝑽𝑽𝒕𝒕𝒕𝒕 +  𝑲𝑲𝟐𝟐 ∗  𝑺𝑺𝒓𝒓 + 𝑲𝑲𝟑𝟑 ∗ (𝑺𝑺𝒅𝒅 −𝑺𝑺𝒓𝒓) (1) 

where, 
 - W is the calculated atmospheric longwave irradiance, in Wm-2 
 - K0, K1, K2, and K3 are the calibration coefficients 
 - Vtp is the thermopile output voltage, in µV 
 - Wr is the receiver irradiance, in W m-2 = σ * (Tc + 0.0007074 * Vtp)4, 
 where Tc is the case temperature, in Kelvin, and σ is Stefan-
 Boltzmann constant = 5.6704*10-8 W m-2 K-4  
 - Wd is the dome irradiance, in Wm-2 = σ * Td

4, where Td is the dome 
 temperature, in Kelvin. 
 
 
 
Reda, I., Hickey, J.R., Stoffel, T., Myers, D., 2002. Pyrgeometer calibration at the National Renewable Energy Laboratory (NREL). J. 
Atmos. Sol-Terr. Phy. 64 (2002) 1623–1629 
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Long and Shortwave Irradiance Sources 

Solar Tracker

Shaded Unshaded

Shading using PSP Dome

Shortwave Irradiance from 
the sun (WSW)

Longwave Irradiance from 
the sun (WLW)

(WSW)

(WLW)

Diffuse Irradiance (W LW&SW) Diffuse Irradiance (W LW&SW)

Clear sky

Sun

Direct
Beam

Figure 2. Sensed irradiance by unshaded and shaded pyrgeometers 
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Measurement Equation of IR Irradiance from the Sun Disk 
• 𝑺𝑺𝒖𝒖 = 𝑺𝑺𝒖𝒖,𝑳𝑳𝑺𝑺,𝑫𝑫 + 𝑺𝑺𝒖𝒖,𝑳𝑳𝑺𝑺,𝑹𝑹𝒖𝒖𝑺𝑺 + 𝑺𝑺𝒖𝒖,𝑹𝑹𝑺𝑺     (2) 
 where, Wu is the irradiance measured using the unshaded PIR, calculated using 
 Equation 1, Wu,LW,D is the diffuse IR irradiance, and Wu,SW is the direct and diffuse 
 shortwave irradiance 
• 𝑺𝑺𝒔𝒔 = 𝑺𝑺𝒔𝒔,𝑳𝑳𝑺𝑺,𝑫𝑫 + 𝑺𝑺𝒔𝒔,𝑹𝑹𝑺𝑺       (3) 
 where, Ws is the irradiance measured using the shaded PIR, calculated using 
 Equation 1, Ws,LW,D is the diffuse IR irradiance, and Ws,SW is the direct and diffuse 
 shortwave irradiance 
• Data is collected instantaneously from the pyrgeometers; therefore, Wu, LW, D = Ws, LW, D. The longwave 

irradiance from the sun disk (WLW) is calculated by subtracting Equation 3 from Equation 2, 
 𝑺𝑺𝑳𝑳𝑺𝑺 = 𝑺𝑺𝒖𝒖,𝑳𝑳𝑺𝑺,𝑹𝑹𝒖𝒖𝑺𝑺 =  𝑺𝑺𝒖𝒖 −𝑺𝑺𝒔𝒔 − (𝑺𝑺𝒖𝒖,𝑹𝑹𝑺𝑺 −𝑺𝑺𝒔𝒔,𝑹𝑹𝑺𝑺)   (4) 
• The unshaded and shaded pyrgeometers are chosen to have minimum spectral difference; 

therefore, the term (Wu, SW - Ws, SW) in Equation 4 will be minimum. This is verified to be less than 
0.73 Wm-2 by deploying pyrgeometers unshaded under clear sky. Then (Wu, SW - Ws, SW) is then 
considered zero, and the 0.73 Wm-2 is added to the uncertainty. Therefore, the IR irradiance in the 
sun beam equals WLW , 

   𝑺𝑺𝑳𝑳𝑺𝑺 = 𝑺𝑺𝒖𝒖 −𝑺𝑺𝒔𝒔    (5) 
• And the IR direct normal irradiance from the sun disk equals WDNLW , 

    𝑺𝑺𝑫𝑫𝑫𝑫𝑳𝑳𝑺𝑺 = 𝑺𝑺𝑳𝑳𝑺𝑺
𝑪𝑪𝑪𝑪𝑹𝑹 𝐙𝐙 

     (6) 
 where z is the solar zenith angle  
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Calculated IR Irradiance from the Sun 

Figure 5. Calculated longwave irradiance from the sun versus zenith angle Time for five clear sky days at NREL/SRRL 



11 

Preliminary Results of New Development 

Broadband Cavity 
(BB-Cavity) Broadband LW Cavity 

(LW-Cavity) 
Broadband SW Cavity 

(SW-Cavity) 

Calibrated five SW radiometers using SW-Cavity and BB-Cavity  
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Preliminary Results of New Development, cont. 
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Conclusion 

• The LW irradiance in the direct solar beam might reach ~16 Wm-2 
during SW radiometer calibration; might result in a ~1.6%  
underestimated shortwave responsivity at solar noon (RS)↓, 
where RS = Thermopile voltage/Reference irradiance, i.e. at 
irradiance ~1000 Wm-2. 

• When the biased RS is used in the field, the calculated direct 
beam irradiance might be overestimated by ~16 Wm-2 at solar 
noon, and approaches zero as zenith angle approaches 90°. 

Should we correct for this bias? 



Comments/Questions? 
 


	Measuring Broadband IR Irradiance in the Direct Solar Beam and Recent Development
	Motivation
	Discrepancy in Shortwave Calibration
	Discrepancy in Shortwave Calibration (Cont.)
	Lack of Daytime IR Reference
	Measurement Setup
	Pyrgeometer Measurement Equation
	Long and Shortwave Irradiance Sources
	Measurement Equation of IR Irradiance from the Sun Disk
	Calculated IR Irradiance from the Sun
	Preliminary Results of New Development
	Preliminary Results of New Development, cont.
	Conclusion
	Comments/Questions?


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[StdWeb150]'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


