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Preview
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- Motivation (Why is this important?)
- GUM?
- GUM guidelines
- NREL’s scope of accreditation
- Uncertainty analysis and reporting.
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Motivation
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NREL is expected to maintain high quality results 
- Use peer reviewed quality/calibration procedure
- Provide Nationally/Internationally accepted calibration
- Use controlled process for continuous improvement and 
early detection of problems/solutions
- Provide consistent reporting of calibration results and 
associated uncertainties
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Broadband Outdoor Radiometer Calibrations

Reference Absolute Cavity
Radiometer traceable to WRR

• Pyrheliometers

• Pyranometers

www.nrel.gov/solar_radiation
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GUM
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“Guide to the expression of uncertainty in measurement,” BIPM, IEC, 
IFCC, ISO, IUPAC, IUPAP and OIML, ISO TAG 4, Geneva, 1995. 

Uncertainty components: 
-Type-A from statistical methods (random)

-Type-B from non statistical methods, such as manufacturer 
specifications, calibration results, and experimental or judgment 
information (bias).

Available on line at 
http://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf
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GUM Guidelines
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1. Determine the measurement equation
2. List or estimate the standard uncertainty, for each 
variable in the measurement equation and for each 
component (e.g. curve fitting uncertainty, environmental 
conditions uncertainty, etc.) that might introduce uncertainty 
to the calibration process
3. Calculate the combined standard uncertainty using the 
root-sum-of-squares method of all standard uncertainties 
in step 2
4. Calculate the expanded uncertainty by multiplying the 
combined standard uncertainty by the coverage factor, 
typically Student’s “t”.

Note: Report calibration data only, no extrapolation
Reference: Reda, I.; Myers, D.; Stoffel, T. (2008). Uncertainty Estimate for the Outdoor Calibration of Solar Pyranometers: A Metrologist Perspective.
Measure. (NCSLI Journal of Measurement Science). Vol. 3(4), December 2008; pp. 58-66; NREL Report No. JA-581-41370 
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Scope of Accreditation-I
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- Calibration Conditions: 
Outdoors under natural sunlight 
Pyranometers on horizontal plane 
Pyrheliometers on sun trackers

-Traceability:
An unbroken chain of comparisons relating an instrument's measurements to a 
consensus reference
Here: International System of units (SI), through World Radiometric Reference 
(WRR) maintained by using a set of World Standard Group of absolute cavity 
radiometers.

-Reference irradiance level:
Direct beam ≥ 700 W/m2 0.35%  (restricted by WRR) 
Diffuse: 10 W/m2 to 150 W/m2 (2.6%+1 W/m2)  [clear sky conditions]



Scope of Accreditation-II
- Zenith angle range of calibration:

Minimum zenith angle range: 30° to 60° [ to include 45° ]
Maximum zenith angle range: 16.5° to 80° (varies)

- Uncertainty of nominal values:
reported with 95% confidence level, and coverage factor k = 1.96

-The Best Expanded Uncertainty, U95 ,  of Unit Under Test (UUT):
Pyranometers: < 1.5%, depending on the valid z-range
Pyrheliometers: < 1%, depending on the valid z-range.
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Guideline 1: Measurement equation
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where:
I = ith data point during calibration
Ri = responsivity [uV/(Wm-2)]
Vi = thermopile output voltage (uV)
Rnet = longwave net responsivity of the pyranometer [uV/(Wm-2)]
Wi, net = infrared net irradiance measured by collocated pyrgeometer (Wm-2)
Ni = beam irradiance measured by a reference pyrheliometer  (Wm-2)
Zi = solar zenith angle ( )
Di = diffuse irradiance (Wm-2).
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Guideline 2: List/Estimate standard uncertainty
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Standard uncertainty for common distributions

Use Rectangular distribution if:
1. If reported uncertainty from calibration provider is not reported with coverage factor
2. If the uncertainty is estimated based on experimental data/knowledge

 

Type of Distribution or Data 
Source Parameters Standard 

Uncertainty, u 

Experimental Data 
(Assumed Normal) 

Standard deviation = s 
Number of readings = n u

s
n

=
− 1

 

Rectangular 
Uncertainty Bounds: 

– a to + a u
a

=
3

 

Triangular 
 

Uncertainty Bounds: 
– a to + a u

a
=

6

 

Calibration Certificate 
(Expanded Uncertainty and 

Coverage Factor Stated) 

Expanded Unc., Ucert 
Coverage Factor, k = 2 u

Ucert=
2
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The estimated standard uncertainties 
from a typical NREL calibration

- u = a/√3 for rectangular distribution
- This table is calculated at each data point

 
Variable Value U % U Offset a=U+Offset Distribution DF u 

V 7930.3 µV 0.001 0.079 µV 1 µV 1.079 µV Rectangular 1000  
0.62 

Rnet 
0.4 

µV/Wm-2 10 0.04 
µV/Wm-2 -- 0.04  

µV/(Wm-2) 
Rectangular 1000 0.02 

W net -150 Wm-2 5 7.5 Wm-2 -- 7.5 Wm-2 Rectangular 1000 4.33 

N 1000 Wm-2 0.4 4 Wm-2 -- 4  Wm-2 Rectangular 1000 2.31 

Z* 20° -- 0.00002 -- 0.00002 Rectangular 1000 0.00001 

D 50 Wm-2 3 1.5 Wm-2 1 Wm-2 2.5 Wm-2 Rectangular 1000 1.44 

R = 8.0735 µV/Wm-2 
* The uncertainty of Z is ±0.003°, therefore the uncertainty is calculated as U=COS(Z+0.003)-COS(Z).  

Example
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Sensitivity coefficients
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Guideline 3:Calculate combined standard uncertainty 
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- Then calculate the combined degrees of freedom

u c uB j j
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where dfj is the degrees of freedom of the jth variable (e.g. df=nu. of readings – 1)
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The Type-B standard uncertainty contribution 
to the responsivity for each variable at Z = 20

DF is calculated using 1000 to check on calculation, should be infinity

 

Variable cj c j . u j (µV/(Wm-2) % of Sum 

V 0.0010 (Wm-2)-1 0.00063 2 % 

Rnet 0.1516 0.0035 9 % 

W net 0.0004 μV/(Wm-2)2 0.00175 5 % 

N 0.0077 μV/(Wm-2)2 0.0177 50 % 

Z 2.7901 μV/(Wm-2) 0.00003 0.1 % 

D 0.0082 μV/(Wm-2)2 0.0118 33 % 
uB 0.022  (µV/(Wm-2) 

DFB 1860 
 

Example
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Pyranometer responsivity from NREL 
calibration certificate

Calibration is performed outdoor from sunrise to sunset under clear sky conditions

Example
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An example of pyranometer responsivity 
versus even zenith angle during NREL 

calibration
Example
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Example

Maximum uB = 0.62% and DF = Infinity for all zenith angles
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Type-A standard uncertainty and 
effective degrees of freedom

• AM and PM piecewise interpolating polynomials
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• Standard Deviation

 u rint = +2 2σ

• Standard Uncertainty

• DF = m+n-2
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Residuals from Spline Interpolation
Example
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The standard uncertainty 
contribution using the AM and PM 

interpolating functions

 

Standard Uncertainty Source Standard 
uncertainty 

DF % 
of Sum 

Type-B: uB 0.57 % DFB = 1860 80  

Type-A: Interpolating Functions, uint 0.14 % DFf = 1419 20  
 

Example

20
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Guideline 4:Expanded Uncertainty and Reporting
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-Calculate combined standard uncertainty
uc = √(uB

2 + uint
2)

-Calculate Student’s “t” from the effective degrees of freedom = k

-Calculate the Expanded Uncertainty U95
U95 = k * uc

Example



Another method of reporting
-Calculate Type-B Expanded Uncertainty at z = 45° U(B)-Calculate Type-B Expanded Uncertainty at z = 45 , U(B)

-Calculate Maximum and minimum responsivity in the z-range 30° to 
60°, Rmax & Rmin , then calculate U(off)± = (Rmax/min - R45)±60 , Rmax & Rmin , then calculate U(off)±  (Rmax/min R45)±

-Calculate the Expanded Uncertainty, U± = U(B) ± + U(off)±

Example
Example

+U(off)

U(off)-U(off)
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Closing Remarks
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- NREL is ISO-17025 accredited for outdoor pyranometer and 
pyrheliometer calibrations

- Reported uncertainty is the calibration process uncertainty only 

- Users must add uncertainties associated with field set-up and 
environmental conditions different from that of the calibration 
conditions 

- Interpolating the responsivity versus zenith angle for field 
measurement improves the field measurement uncertainty with 
respect to using a SINGLE responsivity (>2 times??)

NREL Metrology Laboratory: http://www.nrel.gov/solar_radiation/metrology_lab.html
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