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= S| System of Units and NMis role

= Principle of radiometric measurement

= Radiometers and calibration




Famous quotes...

NVhen you can measure what you are \
speaking about, and express it in numbers,
you know something about it; but when

you cannot measure it, when you cannot
express it in numbers, your knowledge is

of a meagre and unsatisfactory kind: it may
be the beginning of knowledge, but you

have scarcely, in your thoughts, advanced

to the stage of science. /

/fe/fm/'n

/

William Thomson,
Lord Kelvin of Largs (1824 - 1907)

Higgs boson — 1960 idea
CERN 2013 — experiment (tentatively confirmed)



Metrology

[VIM3] 2.2 metrology

science of measurement and its application

Notes

NOTE Metrology includes all theoretical and practical aspects of measurement, whatever the measurement uncertainty and field of application.

http://jcgm.bipm.org/vim/en/index.html



International System of Units

Le Systéme

The Convention of the international d'unités
The International
Metre: System
of Units
Created BIPM S I
the intergovernmental organization through which

Member States act together
on matters related to measurement science and
measurement standards.

First signed in 1837 In
Paris by 17 nations

el ANl
'il] “!

Now 58 countries
members states and 40
associate

http://mww.bipm.org/en/about-us/

Pictures in courtesy of BIPM



International System of units

JET'S FUEL RAN OUT AFTER METRIC CONVERSION
ERROR

- R
By AL VTN

ublished: J 30, 1883

uky 30, 19E3

Air Canada said yesterday that its Boeing 767 jet ran out of fuel in
midflizht last week because of two mistakes in figuring the fuel

supply of the airline's first aireraft to use metric measurements.

Mystery of Orbiter Crash Solved

By Kathy Sawyer
Washington Post Staff Writer
Friday, October 1, 1999; Page Al

NASA's Mars Climate Orbiter was
lost 1n space last week because
engineers failed to make a simple
conversion from English units to
metric. an embarrassing lapse that
sent the $125 muillion craft fatally
close to the Martian surface.
mvestigators said yesterday.




Traceability

Cryogenic

radiometer 0.01 %
> Reference

photodiode 0.1%

Filter Radiometer

> ~0.35 %

Black Body ~0.5 %

Standard Lamp
~0.7%



Radiometry

Measurement of optical energy

Table 1-1. Radiometric quantities (Palmer J. M. 2010)

Radiometric . ) .
_ Equation and units Definition
quantity
Radiant Energy 0 [ T ]
Radiant Power daQ
o =—[W] Energy per unit time
(radiant flux) dt
Power per unit area that 1s
Irradiance dD [ s
(radiant incidence) E= E [1%1:] incident on a surface. Irradiance
ra incidence -
i 1s measured at the detector
Solid anele :11[ 51‘] The plane-angle concept
- extended to three-dimension
Radian I d'® ["V :| Power per unit area and per umit
ce =— ;
dAd dQL 7 m'sr projected solid angle.

The Art of Radiometry, Palmer J.M. 2010




Inverse Square Law of Irradiance

g=2-L 4A
A d- A
l .................................
.MT .............................................

Palmer J.M, 2010

| Intensity




Radiance invariance

= Throughput invariance (étendue) T = AQ

A.SQGE - A{}QSG - A{}Q{fﬂ — “4.:3‘95.:3‘ . Assuming lossless beam

propagation and no lens transmission
Palmer J.M, 2010



“No ice cream cones” in
radiometry

Palmer J.M, 2010



Reflectance pand Reflectance
factors

We have 9 kinds of reflectance and 9 equivalent reflectance
factors.

First defined in 1977 by Nicodemous to simply surface
scattering phenomena,

Assumptions:

Geometrical ray optics

A flat surface that is uniformly illuminated

Incident radiance depends only on direction

Surface has uniform and isotropic scattering properties

Nicodemous, 1977



BRDF bidirectional reflectance

function
Definition

dL, (6.9, 6k 9. 4 E))
dE, (6,,¢,)

100,00 05, 4) =

Measurement equation

BRDF=

O (6,00 Pr: A)

fr(0|,¢|,9R,¢R,ﬁ)=d,0(19|,¢|,6R1¢R1l):!2i_r2 CI) (A)COSQ Q
| R



BRF bidirectional reflectance
factor

BRF (6, ;6,,1) = BRDF - = lim —x %% )

-0 (A)cosb.Q

the ratio of the radiance flux actually reflected by a sample surface
to that which would be reflected into the same reflected-beam
geometry by an ideal perfectly diffuse standard surface irradiated in
exactly the same way as the sample



Perfect “Lambertian”
diffuser

» Reflects all radiance equally to all directions
p=1

BRDF(HU ¢ii HT‘J ¢T) — 1/7-[
= Lambertian source, radiance is independent of direction
L(6,¢p) = constant

[5(8) = I;cos(bs)



Reflectance configurations

Table 2
Relation of incoming and reflected radiance terminology used to describe reflectance quantities
Incoming/Reflected Dhirectional Conical Hemispherical
Directional Bidirectional Directional—conical Directional-hemispherical
CASE | CASE 2 CASE 3
Conical Conical-directional
CASE 4
Hemispherical Hemispherical-directional
CASET

B #

The labeling with “Case” comesponds to the nomenclature of Nicodemus et al. (1977). Grey fields comespond to measurable quantities (Cases 5, %), the others
(Cases 1-4, 6, 7, 9) denote conceptual quantities. Please refer to the text for the explanation on measurable and conceptual quantities.

From: Schaepman-Strub at all 2006



Reflectance scale

_}_______

Sampl-e
Detect
Reference reflectometer | oeecor
T I ‘
| — :
U ' Detector
(reflected light)
Ellipsoidal Teralon
Selic ribll;og lamp

Paraboloidal
mirror

Interference T Polarizer

Sample Lens filter A i
Detector plane pair l S SR

aperture

Williams, 1999



Radiometers

= Multispectral = Hyperspectral

Stable and reliable Demanding characterisation necessary !
Limited spectral information “Full” spectral information
Front Aperture E‘;ﬁ%m Rear Aperture

S=3_.50Clmm . .
H DR 23mm Focussing mion

Detector
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Silicon detector

== Spectral response

. Ta=25 @
0.4 (Typ C)

ol \
::I.l.(ﬂ-’r | \.

200 400 600 800 1000 1200

Photosensitivity (A/W)

Wavelength (nm)

http://mww.hamamatsu.com/resources/pdf/ssd/s12698_series_kspd1084e.pdf/



InGaAs detector

== Spectral response

5 (Typ. Ta=25 °C, Va=0 V)

1.0 ;,...!-'—'-.W
0.8 -""/
/—// '
0.6 /
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|
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] >l
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Wavelength (pm)

http://www.hamamatsu.com/resources/pdf/ssd/s12698_series_kspd1084e.pdf/



Calibration

“operation that, under specified conditions, in a first step,
establishes a relation between the quantity values with
measurement uncertainties provided by measurement
standards and corresponding indications with associated
measurement uncertainties and, in a second step, uses this
Information to establish a relation for obtaining a

measurement result from an indication.”

http://jcgm.bipm.org/vim/en/index.html



Irradiance standards

= |amps tungsten-halogen lamp ( FEL) 1 kW (~ 3000 K)




Typical FEL irradiance

Irradiance [W/im"2/nm]

0.25 -
s FEL 399 irradiance
[W/mA2/nm)] (left axis)
0.20 \.r\ —— Uncertainty (k=1) (right axis) I
0.15 -
0.10 -
0.05 4
0.00 -

Wavelength [nm]

- 1.4%

1.2%

- 1.0%
- 0.8%
- 0.6%
- 0.4%

350 400 450 500 550 600 650 7F00 750 800 850 900 950 1,000

[95] Aurepaoun



Calibration Certificate example

FEL BN-5101-606
ABS0LUTE SFECTEAL IREADIAN

FOR:

DESCRIPTION: The lamp was a2 Gigahertz FEL tungsten hal
powar 1 KW mounted m a lamp holder.

IDENTIFICATION: The number BX-8101-606 was marked on the

DATES OF
CALIBEATION: 1 June 2013 to 22 June 20135

The raported sxpanded uncertamty iz based on a standard uncert
factor k=1, providing a coverags probability of approximately 53
has been carmiad out i accordance with UK AS requirements.

Reference: 2014110132/5IB2-15-1
Date of iszwe: 2 July 2015 Sigmed:
Checked by: Name: I} Gibhs

MEASUREMENTS

The r&mmable\ignmeut jig waz placed vertically i the rear of the lamp mount, |\1.rith the scratchad

side towards an aliznment laser behimd the lamp. The verfical aliznment of the lamp 1n the plane
perpandicular to the optical axiz was =at by placing a spint lavel on top of the alignment jiz and
adjusting the mount so that it was level The lamp mount was then adjusted so that the ]ight from
the lasp_fr fall centrally on ﬂ:e Jig target and was reﬂe:ted back al-:mg ﬂ'l-E measurement axis, thus

The lamp was operatad from anf[actively stabilized de power supply at 3.107 A] Tha polarity of the
electrical current was as marked on the lamp, it was not changed. The lamp was ramped up and mn

for 30 mimites before measurements commenced. IT'he voltage was monitored during meazurement

and 1z given for checking purposes only.

A beolute spectral rradiance values were determined by refarence to the WPLogso spactral iradiance
scale. The measurements were mads using the MPL Spectral Eadiance and Irradiance Primary
Scales (SFIPE) facilityv by direct companzon to a radiometnically-calibrated ulira-high temperaturs,
high emuszvaty blackbody source operated at a temparatore of approximately 3050 E.

Spactral iradiance measuremants were made over the range 230 nm o 390 mm with an instroment
bandwidth of approxmmately 1.4 mm (FWHM), fom 400 nm to 900 mm with an instroment
bandwidth of appromimately 2.7 mm (FWHM), from 210 nm to 1390 nm with an instoment
bandwidth of 4.5 mm (FWHM) and from 1600 nm to 2300 am with an instrument bandwidth of
9.5 noem (FWHRLD.

|.5‘-_m]:-ieut temperature dunng measurement was 22 %C = 3 °C. |
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Irradiance

Radiometsr

E(A,d) = E(A,500 mm) <

Lamp

Aliznment lazar
pe=——]

/ﬂ

x-y translation stage

Shields

500 mm

d
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Radiance standards

= |amp —reflectance standard

* [ntegrating sphere



Reflectance Standard

= Spectralon® Diffuse Reflectance Standard

\
|

Ssmisstaricn % Aefiscuince
1 A : 2 = = ]

Typical 8° Hemispherical Reflectance SRM-990

https://www.labsphere.com/site/assets/files/1828/spectralon_targets.pdf



BRF

Spectralon BRF
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Yoon et al. 2009, The Extension of the NIST BRDF Scale from 1100 nm to 2500 nm
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Radiance

Radiometer

Lamp - tile

\ 45°

Lamp

Reflectance tile Shields
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Radiance

Integrating sphere



Calibration certificate example

MEASUREMENTS

The radiance standard was positioned with the sphere port verfical and perpendicular to the
measurement axis. The unit was operated from the controller provided with [the current setto 5 850 A |
as displaved on the controller. On each occasion of operation the radiance standard was run for at
least 15 minutes before measurements commenced | The micrometer was set t¢ & for the calibration.

The absolute spectral radiance of the source was measured for a cenfral area of the sphere port not
exceeding 18 mm in diameter. Absolute spectral radiance values were measured using the NPL
spectral Radiance and Irradiance Primary Scales (SRIPS) facility by direct comparison to
radiometricallv-calibrated ultra-high temperature, high emissivity blackbody source operated at a
temperature of approximately 2800 K.

Spectral radiance measurements were made over the range 300 nm to 400 nm with an instrument
bandwidth of approximately 2.6 nm (FWHM), from 400 nm to 200 nm with an instrument bandwidth

of approximately 5.4 nm (FWHM) and from 850 nm to 2500 nm with an imstrument bandwidth of
approximately 2.2 nm (FWHM).

Ambient temperature during measurement was 22 “C+ 2 °C.




Straight-line calibration function

AERONET radiance calibration uses sphere with
5 different radiance levels

18,
141
12}

10

ISO/TS 28037 x

http://www.npl.co.uk/science-technology/mathematics-modelling-and-simulation/products-and-services/software-downloads



http://www.npl.co.uk/science-technology/mathematics-modelling-and-simulation/products-and-services/software-downloads

Calibration fit for purpose

ACCURACY VS COST AND
TIME REQUIRED



Above water radiometer system
uncertainty

Source Lww

412 443 488 551 667

Sensitivity change 0.4 02 0.2 0.2
Correction 1.6 20 2.8 2.9
t 1.5 1.5 1.5 1.5
p 1.8 1.3 0.7 0.6
W 1.1 0.8 0.4 0.4
Environmental effects 3.1 2.1 2.1 2.1
Quadrature sum 5.1 4.5 4.7 4.7

G. Zibordi et al., “AERONET-OC: A Network of the Validation of Ocean Color Primary
Products”, Journal of Atmospheric and Oceanic Technology, 2009, vol. 26



Calibration fit for purpose

Above water system uncertainties

Source Lwn
443 667 |[443 | 667 | 443 667 443 667 | 443 667
Absolute calibration| 2.7 2.7 1.4 | 14 0.7 0.7 0.3 0.3 0.0 0.0
Sensitivity Change | 0.2 02 |02] 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Correction 2 1.9 2 1.9 2 1.9 2 1.9 2 1.9
tyq 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
p 1.3 2.5 1.3 2.5 1.3 2.5 1.3 2.5 1.3 2.5
W 0.8 04 | 08| 04 0.8 0.4 0.8 0.4 | 0.8 0.4
Environmental

effects 2.1 6.4 21 | 64 2.1 6.4 2.1 6.4 2.1 6.4
Quadrature sum 4.5 7.8 39| 74 3.7 7.3 3.6 7.3 3.6 7.3

1.05[ 3.2

34| 4.9




MNIs recommend inter-comparison to ensure and validate the
calibration measurements and its uncertainties.

VALIDATION



In- situ inter- comparison

Zibordi et al. 2012

Table 2. Uncertainty budget (in percent) for A, determined from WiSPER data at selected
center-wavelengths.

Uncertainty source 443 555 665
Absolute calibration of L ,(z, 1) 28 28 28 Refel‘ence Sensor
Self- and tower-shading corrections 3.0 18 3.2
Absolute calibration of £4(07,1) 25 25 25
Environmental perturbations 07 07 08
Quadrature sum 49 42 50

Table 9. Average values of the absolute of relative percent differences (AD) determined for
R (4) atthe 443, 555 and 665 nm center-wavelengths for the various systems/methods with re-
spect to WiSPER, and combined uncertainties (CU) determined from the statistical composition
of uncertainties quantifies for F4(1) derived from WiSPER and from each other inter-compared
system/method. Underlined values indicate AD significantly greater than the computed CU

values.
AD (%) CU (%)
p 443 555 665 443 555 665
Comparison results TACCS-S 45 61 [212] 83 80 93
p TACCS-P 87 78 84 77 88

SeaPRISM 57 60 76 69 60 11.0
TRIOS-B 7.7 27 80 55 6.7

TRIOS-E 59 38 72 80 b5 67




Quality check — Sun inter-comparison

BOUSSOLE EXAMPLE



QA/QC: intercalibration before deployment

V. Vellucci

M—Ed9 (uW/cm?/nm) M—Ed9 (uW/cm?/nm) M—Ed9 (uW/cm?/nm)

M—Ed9 (uW/cm?/nm)

443.000
[APD=3.99% RPD=-3.99 1:
140FN=16492 r2=0.99
[ RMS=5.37
120-Y=0.68+0.95X

100
80+

60+

60 80 100 120 140
M—Ed4 (uW/cm?/nm)

PR T WP WP

511.000

160 APD=1.24% RPD=-1.24
IN=16492 r2=0.99

140 RMS=1.96

1Y=1.23+0.97X

120

100F

60 80 100 120 140 160
M—-Ed4 (uW/cm?/nm)

560.000
[ APD=3.32% RPD=-3.32
140 -N=16492 r2=0.99
| RMS=4.40
120Y=—-0.5+0.97X

100

60 80 100 120 140
M—Ed4 (uW/cm?/nm)

683.700
120 -APD=5.67% RPD=-5.67
[N=16492 r?=0.99
| RMS=6.02
100 y=—-2.0+0.96X

11

60 80 100 120
M—Ed4 (uW/cm?/nm)

160

140

100

80

M—Ed9 (uW/cm?/nm)

60

140

120

100

80

M—Ed9 (uW/cm?/nm)

60

140

12

(=]

100

80

M—Ed9 (uW/cm?/nm)

60

* A fine example.

I APD=2.47% RPD=2.477

FN=16492 r?=0.99
RMS=3.40

LY=—-0.8+1.03X

80

490.600

A R I P R
100 120 140 160
M—Ed4 (uW/cm?/nm)

-

555.500

APD=0.86% RPD=0.559 14
[N=16492 r2=0.99 ]

RMS=1.48

Y=-2.6+1.02X

60

80 100 120 140
M—-Ed4 (uW/cm?/nm)

665.200

APD=5.30% RPD=-5.30 1:
N=16492 r?=0.99

RMS=5.99

Y=-6.6+1.00X

60

80 100 120 140
M—Ed4 (uW/cm?/nm)




QA/QC: intercalibration before deployment

100

80

60

40

H—Es (uW/cm?/nm)

20

10

o

8

o

60

40

H—Es (uW/ecm?/nm)

20

10

o

8

]

60

40

H-Es (uW/ecm?/nm)

20

80

60

40

H—Es (uW/cm?/nm)

20

443.000

[APD=10.1% RPD=-10.1
N=3162 r?=0.99
[RMS=6.75
Y=1.45+0.85X

20 40 60 80 100
M—Es (uW/cm?/nm)
511.000

APD=11.6% RPD=-11.6
FN=3162 r*=0.99
RMS=8.09

[Y=1.12+0.84X

20 40 60 80 100
M—Es (uW/cm?/nm)
560.000

APD=12.6% RPD=-12.6
rN=3162 r*=0.99

RMS=8.54
[Y=1.16+0.83X

20 40 60 80 100
M—Es (uW/cm?/nm)
683.700

APD=13.8% RPD=-13.8

[N=3162 r?=0.99
RMS=7.45

1Y=0.73+0.82X

20 40 60 80
M—Es (uW/cm?/nm)

V. Vellucci

H—Es (uW/cm?/nm) H—Es (uW/cm?/nm)

H—Es (uW/cm?/nm)

100

80

60

40

20

8

o

60

40

20

100

80

60

40

20

490.600

FN=3162 r?=0.99
RMS=9.01
[Y=1.40+0.83X

APD=12.6% RPD=-12.6 1

1400 APD=10.8% RPD=-10.8 1:1

1200 -N=1389 r’=0.99

RMS=88.5

> A < 1000 1
20 40 60 80 100 NE FY=7.10+0.86X N
M—Es (uW/cm?/nm) N : :
555.500 S 800 -
APD=9.34% RPD=-9.34 1:] o I i
0r — 2_
N=3162 r2=0.99 < i |
| RMS=6.28 T e00f 1
Y=0.97+0.87X T L ]
] 400 - _
; ; : ; ' 200 -
20 40 60 80 100 L 4
M—Es (uW/cm?/nm) ‘ ‘ ‘ ‘ ‘ ‘ ‘
665.200 200 400 BSAOR 8EOO 2WOOO 1200 1400
FAPD=11.4% RPD=—11.4 1:11 (uE/m?/s)
N=3162 r?=0.99 :
FRMS=6.80 ]
Y=0.87+0.84X
20 40 60 80 100
w2 (oo * A bad example.

* Instrument sent back to factory for verification:
collector replacement and recalibration.



Why do we have these problems?

Due to other instrument characteristics.

= Stray light, temperature, linearity, cosine response,
Immersion coefficient

= REMEMBER!

Calibration is valid only under specified conditions, (during
calibration)



Example results

Stablhty - Temperature stable instument
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Example results

Linearity

2.00%

1.50%

1.00%

0.50%

0.00%

-0.50%

Deviationfrom linearity

-1.00%

-1.50%

-2.00%

Linearity

Signal Levelau

1.005

Hyper 422

995

Linearity factor

0.99

0.985
400

500 600

700 800 9200 1000

Wavelength in nm

Medium

Low Hi

Linearity factor

1.005

0.995

0.99

0.985

Hyper 422

 § S
% ﬂ
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# 512ms 100%
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W 512 ms 50% 512 ms 25A 100%




excitation wavelength (nm)

Example results

Stray Light

Measurement set up

Supercontinuum laser

Aperture

Integrating

300
300 400 500 600 700 800 900 100011001200

recorded spectrum (nm)

A 4

Tuneable Filter —»

sphere

0.01

0.001

0.0001

1e-005

1e-006

1e-007

excitation wavelength (nm)

Order sorting
filter used
above 800nm

=1
%)
~+
=
c
1100 1 3
1000 l 0. =
=08 0.01
800
0.001
700
0.0001
600
500 16-005
400 1e-006
300 ————————— 1e-007

300 400 500 600 700 800 900 10001100

recorded spectrum (hnm)



Example results

= Cosine response

3500
3000
2500
2000
1500
1000
500
0

light-shutter / DN

\ —run 1

—run 2

-80-60-40-20 0 2040 60 80

angle / degrees

% difference from

cosine

15%

2

5%
0%
-5%
-10%
-15%

DN

———378.58

i

—498.89

)

—699.4

—937.01

-80 40 0 40 80

angle / degree




Summary

Metrology view

= S| traceability — ensures the valid measurements

= Calibration link instrument output readings to physical
values

= S| traceability especially important to radiometry, as these
measurements are used calibration and validation of
satellite sensors

* |nstruments characteristics influence theirs properties and
performance
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