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MetrOIOgy & An Clent Egypt Royal cubit, tomb of Maya, treasurer of

Tutankhamun, 14th C. BC (Louvre)
\ Monnier et al. 2016

Pharaoh / Royal
Royal Cubit ArCh'tGCt Foreman of each

construction site

« Dissemination of a unit

 Measurement standard (Royal Cubit)

* Traceability of length measurements to a reference

« Calibration of measuring systems (comparison of cubit sticks to the
reference at each full Moon)

« Standardization of measurement procedures over all Egypt

: De Blévre AQA 2005 H Commission



Metrology: in 4 dates (1)

- 1799: Definition of the “Metre définitif’ and
adoption of the metric system in France




Metrology: in 4 dates (2)

1875: Metre convention (“convention du meétre”)
creation of BIPM (International Bureau of Weights & Measures)

Bureau
International des
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‘
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551, SEVYRES - Parc de St-Cloud
Pavyillon de Breteuil -~ Bureau international
des Poids et Mesures _E. M.
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Metrology: in 4 dates (3)

1960: International System of Units (Sl) established
by the General Conference on Weights & Measures

&

2019: Four units re-defined in terms of universal B
constants (kg, A, K, mol)
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National Metrology Institutes (NMls)

] Argentina: Instituto Nacional de Tecnologia Industrial (INTI)

https://www.argentina.qgob.ar/inti

1 Brazil: Instituto Nacional de Metrologia, Qualidade e
Tecnologia (INMETRO)

https://www.gov.br/inmetro/pt-br



https://www.argentina.gob.ar/inti
https://www.gov.br/inmetro/pt-br

Metrology: 3 principles

» Traceability:

» Uncertainty analysis

= unit definition (SI)

= primary standards (BIPM, NMIs)

= secondary standards

= calibration (users)

= measurements

https://www.bipm.org/en/committees/jc/jcgm/publications

» Comparison
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Fast-forward to 21st Century....

Metrology has come of age as
the science of measurement

Definition of terminology

Development of methods

Uncertainty as a key element to allow

an informed use of data

JCGM 200:2012

—

International vocabulary of
metrology - Basic and general
concepts and associated terms
(Vim)

3rd edition

2008 version with-minor corrections

Vocabulaire international de
meétrologie — Concepts
fondamentaux et généraux et
termes associés (VIM)

3% édition

JCGM 100:2008
GUM 1995 with minor corrections

Evaluation of measurement
data — Guide to the expression
of uncertainty in measurement

JCGM.101:2008

Evaluation of measurement
data — Supplement 1 to the
“Guide to the expression of
uncertainty in measurement” —
Propagation of distributions
using a Monte Carlo method

e — Supplément 1 du
“Guide pour l'expression de lincerttude de mesure®—
fon de di JOfs par Lne de Monte
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Metrology & Ocean Colour Remote Sensing

IOCCG Report #18 (2019)

= Terminology and Main Principles

= Sources of Uncertainties

= Uncertainty Estimates

= Representation and Distribution of Uncertainties
st RS = Requirements for Different Applications
- = Recommendations

Reports of the
International Ocean-Colour
Coordinating Group

REPORT NUMBER 18 https://ioccg.org/what-we-do/ioccg-publications/ioccg-reports/
$CCG

An Affiliated Program of SCOR
An Associate Member of CEOS
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Vocabulary

<* measurand: well-defined physical quantity that is to be measured

< uncertainty of a measurement: a parameter, associated with the result of a
measurement that characterizes the dispersion of the values that could reasonably
be attributed to the measurand

dispersion => uncertainty expressed as a standard deviation (standard uncertainty u)
y-U <Y < y+U with U=k.u ; k: coverage factor

evaluation of uncertainty:

* Type A: based on a statistical analysis of a series of measurements
* Type B: based on other methods (expert judgment, specifications, ...)

H European
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Vocabulary

<» measurand: well-defined physical quantity that is to be measured

< uncertainty of a measurement: a parameter, associated with the result of a
measurement that characterizes the dispersion of the values that could reasonably
be attributed to the measurand

“ traceability: property of a measurement result whereby the result can be related to
a reference through a documented unbroken chain of calibrations, each
contributing to the measurement uncertainty

2 error: difference between the measurement and the true value of the measurand
(or a reference quantity value, assumed to have negligible uncertainty)

<+ accuracy: closeness of agreement between a measured quantity value and the
true value of the measurand

H European |
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ERROR

-+

UNCERTAINTY
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Vocabulary |

N
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“» precision: closeness of agreement between values N y &
obtained by replicate measurements

°® .}" & |

repeatability, reproducibility ( \ (S
) | G s
< verification: process providing objective ® J \

evidence that stated uncertainty fulfill specific -
requirements

@Qﬁ N

<+ compatibility: property of a set of measurement results, such that the absolute
value of the difference of any pair of measured quantity values from two
different measurement results is smaller than some chosen multiple of the
standard measurement uncertainty of that difference

(agreement within stated uncertainties) @
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Types of errors
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editing
model technical/
structure model pumerical

parameters

structural/epistemic
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Random
Locally systematic
Systematic

Uncorrelated
Spectrally correlated
Spatially correlated
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Unce I‘talnty tree sensitivity coefs

. Py oY = error 1
_ . 2::2:; u(B) 3B ‘ ax u(X) = error 2
Measurement model/equation . -

defined as a function of

N _
influence quantities = error 1 200) () [.— B + Al+ do J u(qo)
" error 2 I\ 0%z model error
G

aY
A= f(x1,%) + qo EY
= error 1 af u model error
= error2 —4(1) P ) (90)
1
For each element: oo —

= Understand the process

= |dentify assumptions made in modelling

= Characterize the error terms (distribution, ...)

= |dentify error correlation terms (time, space, spectrally, ...)

| I I ]
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Law of propagation of Uncertainties

— A N
y = f(X))i=1n _ ‘ . Eﬂ (X, Taylor expansion for
£ 0x; v small perturbations

yte=f(xi+&)i=1n

combined uncertainty of measurand y'
N

() -Z(a,f) ey Y ‘1, u(xo %)

=1 j=i+1 covariance terms
N 2
=S80 125 5 e
/. \ax, 0x; X; U
i—1 i=1 j=i+1

H European
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Impact of error correlation

Example of a temperature gradient:

eror 1S [ﬁz _J uZ (AT) = u?(Ty) + u?(T3) — 2ru(Tu(T?)

on T; dT;
AT =Ty T}
- u(T,) = 0.1°C
on 7, 20| g =1 u(T,) = 0.15°C
riz =0 u(AT) = 0.18°C
r12 — 1 u(AT) — O OSOC

riz = —1 u(AT) = 0.25°C

17



Law of propagation of Uncertainties (2)

combined uncertainty of measurand y:

) a2y > S oex)

N

uZ(y) —Z(

i=1 i=1 j=i+1
- i of ! sensitivity
Cr = (0_761 """ axN) coefficients

2 . T
uc(y) = CeMCy error covariance

u? (x1) o u(xg, X)) matrix




Application to Radic

Uncertainties of AERONET-OC



AERONET-OC

born as a JRC/NASA collaboration,
generates globally distributed, highly
consistent, time-series of standardized
reflectance Rpg(A) and t,(A) measurements to
support Ocean Color validation activities

- Bahia_Blanca
* RdP-EsNM

* X%
*
*
*

* ek

P

European

Commission
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@ GODDARD SPACE FLIGHT CENTER

I + Visit NASA.gov

AERONET Data Display Interface  Version 3 Direct Sun Algorithm

Level 1.5 Data:
The following data are cloud cleared and quality controls have been applied but these data may not have final calibration applied. These

+Home

JEGE NG DLl data may change.
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
+ AEROSOL/FLUX NETWORKS To zoom the map click on it.
+ CAMPAIGNS Back to World Map
Total Data (Years):
+ COLLABORATORS Lwn Level
+ LOGISTICS
+ NASA PROJECTS
+ OPERATIONS
+ PUBLICATIONS
+ SITE INFORMATION
+ STAFF
+ SYSTEM DESCRIPTION

AERONET DATA ACCESS
DATA VISUALIZATION

+ Synergy Tool
+ Map Explorer
AEROSOL OPTICAL DEPTH (V3)-
OLAR

+ Data Display

L AAOT ( 45.314N. 12.508E)
ARIAKE_TOWER_2 ( 33.114N,130.290E)
Blyth_NOAH ( 55.146N, 1.421W)
COVE_SEAPRISM ( 36.900N, 75.710W)

| Galata_Platform { 43.045N, 28.193E)
AEROSOL INVERSIONS (V3) Grizzly_Bay ( 38.108N,122.056W)
Helsinki_Lighthouse ( 59.949N, 24.926E)

KAUST_Campus ( 22.305N. 39.103E)
Lake_Okeechobee ( 26.902N, 80.789W)

Lucinda (18.520S.146.386E)

PLOCAN_Tower { 28.041N, 15.385W)
San_Marco_Platform ( 2.942S, 40.215E)

South_Greenbay ( 44.596N, 87.951W)
USC_SEAPRISM_2 ( 33.564N.118.118W)
[ Zeebrugge-MOW1 ( 51.362N, 3.120E)

[ Abu_Al_Bukhoosh { 25.495N, 53.146E)
Bahia_Blanca (39.148S, 61.722W)
Casablanca_Platform ( 40.717N, 1.358E)
Frying_Pan_Tower ( 33.485N, 77.590W)
Gloria ( 44.600N, 29.360E)
Gustav_Dalen_Tower ( 58.594N, 17.467E)

|| ARIAKE_TOWER ( 33.104N,130.272E)
I
l
|
I
l
leodo_Station ( 32.123N.125.182E) |
|
|
|
|
|
l
|

Banana_River ( 28.367N, 80.633W)
Chesapeake_Bay ( 39.124N, 76.349W)
Gageocho_Station ( 33.942N,124.593E)
| GOT_Seaprism ( 9.286N,101.412E)

HBOI ( 27.534N, 80.357W)
Irbe_Lighthouse ( 57.751N, 21.723E)
Lake_Erie ( 41.826N, 83.194W)
LISCO ( 40.955N, 73.342W)
Palgrunden ( 58.755N, 13.152E)
Sacramento_River ( 38.050N,121.888W)
Socheongcho ( 37.423N,124.738E)

USC_SEAPRISM ( 33.564N,118.118W)
WaveCIS_Site_CSI_6 ( 28.867N. 90.483W)

+ Data Display
+ Download Tool

+ Download All Sites
+Web Service

Kemigawa_Offshore ( 35.611N,140.023E)
Lake_Okeechobee_N ( 27.139N, 80.739W)
MVCO ( 41.325N, 70.567W)
RdP-EsNM (34.818S, 57.896W)
Section-7_Platform ( 44.546N, 29.447E)
Thomton_C-power ( 51.532N, 2.955E)
Venise ( 45.314N, 12.508E)

SOLAR FLUX

+ Data Display

OCEAN COLOR




Top view
o Side view P

N=11 measurements for L;
(average of lowest 2)

N=2 for L, (average) Eq (X, 00, ¢0) Li(A, ¢, )

Gergely & Zibordi M 2014
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Figure 1. AERONET-OC measurement geometry for direct solar irradiance E,, sky-radiance L, and total radiance from the sea L.



Measurement equation for L,

_ (3L, 3L, *
U(.LT(){, 9; 00) 90)) aLT =1 aL = =P 'u(Li(Ai 91 901 (p))
| : |

= calibration error = calibration error

= pointing error (1) =.(/1) —I(A) + qo] u(qo) = pointing error
= environmental

Mélin et al. FRS 2024

" environmental
perturbations model error  nertyrhations
OLy;
p = 1 B + @5 = 1
— u(qo)— model error Uen, computed from
Pomtlng_u(m a_p ap ° . variability in triplets
EEron 0Q) 3w u(w) [—wind error of measurements

u.,(p) computed from

I f
Standard uncertainty for L values ot w

u?(Ly) = (Lyug(L1))? + (Liug,(L)p)? + (Liug,(p)p)?
2 Cazzaniga & Zibordi JAOT 2023 Bl &%,



Calibration

TABLE Al. Sources and related relative uncertainties (in %) contributing to absolute radiometric calibration uncertainties.

A (nm)
400 412 443 490 510 560 620 667
Lamp (NPL #1333) 0.90 0.55 0.55 0.50 0.50 0.45 0.45 0.40
Lamp fit 0.30 0.30 0.20 0.20 020 0.20 0.20 0.20
Lamp aging (with 25 h of use) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Hooker et al., SeaWiFS Postlaunch NASA-TM, vol. 17, 2002 Plaque 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Shunt 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Power supply (with a 7.5 mA bias) 0.07 0.07 0.07 0.06 0.06 0.05 0.05 0.04
Lamp-plaque distance 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Lamp positioning 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Plaque repositioning 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Sensor alignment 0.10 0.10 0.10 010 0.10 0.10 0.10 0.10

Cazzaniga & Zibordi JAOT 2023

Commission
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Measurement equation for Rps = Ly WE,

U(Rgs)
pointing C||0Cy| e ——
== error %) EEY u(qo)
error | RS dal
ont,, ) 5L, IRes| Icy = 1, L10B ) oI
¢ wind error
-()., 0, 00, (p) .
R A = Co )q 9 ) 9 I P )

N\

model error

7Ty o ORgs
ad ORRS atd td (/L 90)=-(A: 90)-(’1' 60) -(1' 90) +l'_*u(q0)
|

dE,

erroron d model error

(Eo) Otq dty at,
u —

| 2 atd,r atd,a atd’o u(td,O) [03] error
error on

T error — u(ty,) |u(tzq)—™= aerosol OP error
= T, error

Standard uncertainty for L :

Mélin et al. FRS 2024

u.,(Cp) from Talone
et al. (2018)

Cy = d*cosB,ty

U%(CA) =1 .50/0

u?(Lyn) = (CoCau(Ly))?* + (Lywtoy(Co)CaCo)?* + (LywCoCati,(C4)CaCH)3

24
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AAOT: Acqua Oceanographic Tower

Ros(443) — AAOT

0.020-N_=21303

- o
o

0.015

0.010

Rs {Srgq

0.005 f

0.000 |uwsfussssgins

]

035104

06

07108

10
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19

20
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Sciuto et al. 2023

0.020

0.015

0.010

0.005

., 0.000




Uncertainty at AAOT:

26

Source of
uncertainty

absolute
calibration

sensitivity
change

correction Cq
o

P

wind w

environmental
effects

quadrature
sum

412

2.7

0.4

1.6
1.5
1.8
1.1
3.1

5.1

443

2.7

0.2

2.0
1.5
1.3
0.8
2.1

4.5

Zibordi et al. JAOT 2009

2.7

0.2

2.8
1.5
0.7
0.4
2.1

4.7

551
2.7

0.2

2.9
1.5
0.6
0.4
2.1

4.7

488

667
2.7

0.2

1.9
1.5
2.5
0.4
6.4

7.8

European
Commission



Uncertainty budget at : AAOT

uc(Lwn)/[Lwn| [70]

—_—
1

)

uc(Lwn)/[Lwnl [%]
18]

\®)

e

NN

(8]
1

o
1

52 o o o

412 490 560 667
Wavelength [nm]

412 490 560 667
Wavelength [nm]

B usc(Lwn)/ [Lwn|
B us (Lyww)/|Lwn
B up(Lwn)/[Lww|
M uCS(Lwn)/[Lwnl
uco(Lwn )/ Lwnl
“uca(Lwn)/|[Lwnl
W uep,  T(Lwn)/[Lwn
M uep, i(Lwn)/[Lwn|

B u,c(Lwn)/[Lwnl
B usc(Lwn)/|ILwnl
B u,(Lwn)/ Ly
M uCG(Lwn)/|Lwnl
uco(Lwn)/|Lwnl
W uca(Lwn)/[Lwn|
M uen,  7(Lwn)/|Lwnl
M e, i(Lwn)/[Lwnl

Cazzaniga & Zibordi JAOT 2023

CSP: Casablanca Platform

gprr HLT

TCP,ZEE

AAOT
CSP

“IRLT

ST7

GIT

Cazzaniga & Mélin 2024

NB: budget
variable with
water type

Commission



AAOT

Uy, (Rps)

28

0.010

0.008

— 0.006

I
-
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— 0.004

0.002

0.000 b iy,

I
.
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A [nm]

QT o]
i

= b

953
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20¢F

A [nm]

Uy(Rgs) — 490 nm

A M e e
u=4.5
o=1.7
10P 1
u=4.2
0=0.9 ]

0 2 4 6 8 1012 14
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Uy(Rgs) — 665 nm

AT ZAT O
gl =
oo "o =
o W@
, ,

—— CE-318T
----- CE-318
O 00O R&H

Mélin et al. FRS 2024
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Argentinian sites (tentative results):

0.0020[ TR T
0.030F
© i [
(&) . ' -
c 0 025; 0.00157
© 0.020F . [
m 00154 ' 0.0010]
m — [//1 — L 4
" — 0.010 2 - ]
A= i 0.0005 1
ég 0.005 | [ ]
0.000 & ) =~ 00000 e v
400 500 600%700 800 900 1000 400 450 500 550 600 650
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© 0.0035F
il [
S 0.0030}
o 0.0025}
(© T 0.0020|
% 2, 0.0015}
0.0010}
(@) :
oy 0.0005F
o 0.0000 [
N [nm] 400 450 500 550 600 650

29 b) N [nm]

Co: Chl-based

Co: |IOP-based

NB: only Level 1.5 data
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Argentinian sites (tentative results):

u%(RRS> — 412 nm

55 T T T IOPI T
L u=54 1
30 0=2.0
o5
. 20F
5,
15F
10F
5.
O L 1 1 1
0O 2 4 6 8 10 12 14
a) (%]
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60 T T T T IIOPI T
u=4.9
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40
B 30
20
10k
ok o b
0O 2 4 6 8 10 12 14
d) (%]

Bahia Blanca

u%(RRS) — 443 nm u%(RRS> — 490 nm
55 T T T T IIOPI T 50 T T T T |I P| T
] ©=52 ] =51
30 o=1.1 40 0=0.5
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15¢ 1 20F
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Courtesy: |. Cazzaniga

Uy, (Rps)

Rio de la Plata

u%<RRS> — 412 nm u%(RRS) — 443 nm
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v' A measurement is meaningless
unless accompanied by a statement
of uncertainty

v' Respect terminology

v Include metrological practices right at
the start of any project




