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I. Introduction
Shortwave (SW) radiometers such as pyranometers and pyrheliometers are calibrated with traceability to a 
consensus reference, maintained by absolute cavity radiometers (ACRs). An ACR is an open cavity with no 
window that measures the extended broadband spectrum of the terrestrial direct solar beam irradiance, 
unlike shortwave radiometers that cover a limited range of the spectrum. The difference between the two 
spectral ranges may lead to a calibration bias that can exceed 1%. This article describes a method to reduce 
the calibration bias resulting from using broadband ACRs to calibrate shortwave radiometers by using an 
ACR with a Schott glass window to measure the reference broadband shortwave irradiance in the terrestrial 
direct solar beam from 0.3–3 µm. Reducing the calibration bias will result in lowering the historical solar 
irradiance by at least 0.9%. The published results in this article might raise the awareness of the calibration 
discrepancy to users of such radiometers and open a discussion within the solar and atmospheric science 
community to define their expectation from such radiometers to the manufacturers of radiometers and the 
calibration providers.  

III. Determine the Longwave Irradiance from the Sun
Determine the direct-beam longwave component (𝑾𝑾𝑳𝑳𝑾𝑾,𝑺𝑺𝒖𝒖𝒏𝒏) of the 
irradiance by subtracting the irradiance from the shortwave shaded 
pyrgeometer (𝑾𝑾𝒔𝒔) from the unshaded pyrgeometer (𝑾𝑾𝒖𝒖) ; see Figure 1). 

Figure 1. This system of measurement allows for the determination  
of the longwave irradiance from the sun.  

II. Pyrgeometer Measurement Equation
The pyrgeometer equation uses the voltage output of the pyrgeometer along with the case and dome 
temperatures to determine the calculated atmospheric long wave irradiance.  

𝑾𝑾 = 𝑲𝑲𝟎𝟎 +  𝑲𝑲𝟏𝟏 ∗ 𝑽𝑽𝒕𝒕𝒕𝒕 +  𝑲𝑲𝟐𝟐 ∗  𝑾𝑾𝒓𝒓 + 𝑲𝑲𝟑𝟑 ∗ (𝑾𝑾𝒅𝒅 −𝑾𝑾𝒓𝒓) 
where: 
- W = calculated atmospheric longwave irradiance (W/m2)
- K0, K1, K2, and K3 = calibration coefficients
- Vtp = thermopile output voltage (µV)
- Wr = receiver irradiance (W/m2) = σ * (Tc + 0.0007074 * Vtp)4, where Tc is the case temperature (K) and σ

is the Stefan Boltzmann constant = 5.6704*10-8 W/(m2 K4) 
- Wd = dome irradiance (W/m2) = σ * Td

4, where Td is the dome temperature (K).

IV. Determine the Direct Beam Longwave Component
Infrared irradiance from the sun =  𝑾𝑾𝑳𝑳𝑾𝑾,𝑺𝑺𝒖𝒖𝒏𝒏 = 𝑾𝑾𝒖𝒖 −𝑾𝑾𝒔𝒔 
where Wu = measured infrared irradiance using an unshaded precision infrared radiometer (PIR), and Ws = 
measured infrared irradiance using a shaded PIR (shaded with a Schott glass window; see Figure 4).  

Infrared direct normal irradiance from the sun =  𝑾𝑾𝑫𝑫𝑫𝑫𝑳𝑳𝑾𝑾 = 𝑾𝑾𝑳𝑳𝑾𝑾,𝑺𝑺𝒖𝒖𝒏𝒏
𝑪𝑪𝑪𝑪𝑺𝑺 𝐙𝐙  

where z is the solar zenith angle. 

VII. Conclusions
We find that using the historical calibration 
method of broadband shortwave 
radiometers recommended by the 
International Organization for 
Standardization (ISO) 9059:1990 results in 
an overestimation in the field measurement 
of the direct broadband shortwave beam 
solar irradiance by at least 0.75% and the 
global broadband shortwave solar 
irradiance by at least 0.6%.  

This overestimation might exceed 1% 
based on the atmospheric conditions 
during the calibration, primarily water vapor 
and aerosols. Because shortwave 
radiometers are designed to measure the 
broadband shortwave solar irradiance in 
the spectral range from 0.3–3 µm, per ISO 
9060:1990, the calibration method 
recommended by ISO 9059-1990 would 
cause biases in the results. These biases 
might be significant in atmospheric science 
and solar energy applications and would 
therefore warrant further study.   
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The down-welling shortwave component of 
the irradiance can be determined by 
subtracting the direct down-welling longwave 
component of the irradiance (as determined 
in Section IV) from the broadband cavity 
irradiance.  

The resulting value can be used to calibrate a 
shortwave cavity with a Schott glass window. 
This calibration of a shortwave cavity was 
performed at NRE.L The results are shown in 
Table 1, and the physical setup is shown in 
Figure 2. 

Broadband  
Cavity 

Broadband Shortwave 
Cavity 

Broadband Longwave  
Cavity 

Figure 2. The broadband cavity is used with the setup 
shown in Section III to calibrate the SW  cavity. 

Window Factor (FSW) 1.05655 
%SD = Type B Standard Uncertainty, uA 0.0002 
%Standard Uncertainty, u95,BB 0.19 
%Standard Uncertainty , u95,LW 0.09 
%Combined Standard Uncertainty, uc  0.21 
Coverage Factor 1.96 
%U95, SW 0.41 
 

Table. 1. Calibration results of the shortwave 
cavity; this calibration was  performed at NREL. 

VI. Calibration of Five Instruments
The shortwave cavity and the broadband 
cavity were sent to the Southern Great Plains 
site to perform a calibration of five sensors, 
as shown in Figure 3. 

Figure 3. Shortwave and broadband responsivities 
and percentage differences at SGP on August 17, 2016 


	Slide Number 1


<<
  /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 false
  /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 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 300
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (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 false
      /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


