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ESA’s Earth Observation Misions @esa

Satellites
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Copernicus Big-Data Revolution with First Generation Sentinels @esa

Copernicus Is the largest producer of EO data in the world

\
25 1B of Daily Data
A” global 4 Production by Sentinels
: r URE
landmass Is o 4
observed every ~ORING
i daysl a;[. P 250 TB of Daily Sentinel Products |
SElOVZIOH Disseminated for Services to Society
/xs
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Examples of Evolving needs in Metrology for Environment and @esa
Climate at the European Space Agency.

-
Why is a Climate Observing System Important?

» Climate change has very different requirements than weather observations:
— 10 times more accuracy: 0.03K instead of 0.3K
— 10 times as many key variables: 50 vs 5
— Prediction time scales of decades vs days Sl:Traceable Space-based Glimats

— Need for independent observations and analysis to verify surprises: cannot go Observing System:

Py : a CEOS and GSICS Workshop
back in time to verify them National Physical Laboratory,
— Observations that must maintain consistency over many decades Iéo1n1dgn, Ug,mg

. L -11 Sept.
= Much longer than space based instrument lifetimes (6-15 years)

SITSCOS Workshop Report
= Longer than a scientist’s career

ke ] 82;'-.'::.!_

+ Climate system physical, chemical, and biological processes occur on scales that
vary from millennia down to seconds, and from global down to micrometers

» The challenge of such an observing system exceeds anything humanity has
attempted to date for any scientific field.

( B ru Ce W I e I I C kl ) Editors: Nigel Fox, Tim Hewison, Greg Kopp, Bruce Wielicki

https://doi.org/10.47120/npl.9319
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TAKING THE PULSE
OF THE PLANET

Essential Climate Variables are key indicators that
describe Earth's changing climate. Scientists use
these variables to study climate drivers, interactions
and feedbacks, as well as reservoirs, tipping points,
and fluxes of energy, water and carbon.

The climate-quality datasets produced by the Climate
Change Initiative are a major contribution to the
evidence base used to understand climate change.

' Satellite products provide

a valuable complement to in-situ
measurements. These observations
are valuable (high confidence)

for regional applications since

they provide multi-channel images
at very high spatiotemporal
resolutions g

From space, the evidence

for climate change is compelling




The critical role of metrology and SI in Cesa
addressing global Climate challenges B

Timetoreach 1.5 C
(IPCC 2018)

NEED:- Trustworthy observations from space to:
 Monitor and assess progress resulting from mitigation

 Improve understanding of climate sensitivities, dependencies & forecasts
 Support adaptation, Food security emergency response, de-risk investments

REQUIRES
* Quantitative, comprehensive, accessible, useable data

* Integrated, interoperable global observing system (space and in-situ)

* Robust reference(s) (benchmarks) against which to reliably measure
change in as short a timescale as possible

« International acceptance

Confidence from metrological
traceability to international standards
(Sl) at location of measurement

9
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Climate-Space — ESA’s role...

INPUT

Addressing
requirements from
international climate
network and drivers,

such as GCOS,
WCRP, UNFCCC,
IPCC, climate
services/C3S, State
of the Climate
reports.

Using the excellence base

to expand on cross-cutting
activities

International Climate Network

UNFCCC | IPCC | GCOS | WCRP | Future Earth | CEOS |
CGMS | GEO | EUMETSAT | ECMWF | C3S | SCO | CMIP ...

esa

OUTPUT
R&D, pre-
operational
development

syad Ayjenb-ybiH

Support Member Linking R&D: cycles, tipping State of the
States in responding || observation and || points, trends, cross | Climate, IPCC,
to the requirements modelling ECV, R&D and pre- WMO etc
of the UNFCCC Paris || community: CMIP operational

Agreement IPO, CMUG, development for
CMIP7+ climate services OUTPUT

ESA recognises the essential role of the International System of Units (SI) in
providing confidence in the accuracy and global comparability of measurements
needed for protection of the environment, global climate studies and scientific research
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Core principles of metrology esa

STABILITY [INTEROPERABILITY COHERENCE

Century scale equivalence world wide Combining different measurements

qu

THE DEFINING CONSTAI

Defining constant

0@

Tnit
" hyperfine transition .
08 9192631770
299792458 ms™
’ 6.62607015 x10=%  J Hz™'
1602176634 x107"* €
! Boltzmann constant* 1.380649 x10~*
Avogadro constant® A 602214076 x10%
luminous efficacy Ced 683
I 'y *These numbers are from the CODATA 2017 special adjustment. They were
' 'y calculated from data available before the 1% of July 2017.
.
4
4

20 May 1875

p \ 20 May 2019

UNCERTAINTY COMPARISON

TRACEABILITY




MEASURAND
(0]

Define the
measurand
and
Mmeasurement
function

Steps to an FDR / TDP or FRM
Uncertainty budget

i e =

A
TRACEABILITY: UNCERTAINTY CALCULATE
02 03 04
Establish the Evaluate each Calculate the Store
traceability source of product and relevant
with a uncertainty its information
diagram and fill out an uncertainty for future
effects table users

Guidance documentation and training
materials available at www.ga4eo.org




Fiducial Reference Measurements (FRM) esa

Fiducial Reference Measurements (FRM) are a suite of independent, fully characterized, and traceable ground measurements

that follow the guidelines outlined by the GEO/CEOS Quality Assurance framework for Earth Observation (QA4EO).

fiducial reference
%] measurements
for vegetation

\\ fiducial reference
) measurements for
i#// satellite ocean colour

measurements

fiducial reference
temperature

https://ships4sst.org/ https://frm4soc.org/ http: //www frm4sts.org/ https://www.frm4alt.eu https://frm4veq.orqg/

% remote sensing

FRM-BOUSSOLE: Buoy for the acquisition of long-
term optical time series
CLIMATE MEASURSHENTS. http://www.obs-vlfr.fr/Boussole

B s

*’Flduaal Refere}nce '
Measurements
for Satellite

Pandonia FRM: Fiducial Reference Measurements for
CRAIG 1 DONLON Ground-Based Direct-Sun Air-Qu

ALBERT C. PARR

https://www.pandonia-global-network.org/

Fiducial Reference Measurements for F R M
Ground-Based DOAS Air-Quality Observations DO AS

https://frm4doas.aeronomie.be/

Ocean Colour

Andrew Clive Banks, Christophe Lerebourg, Ke! sddic

13
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http://www.obs-vlfr.fr/Boussole
http://qa4eo.org/
https://www.pandonia-global-network.org/
https://frm4doas.aeronomie.be/
https://frm4veg.org/
https://frm4soc.org/
https://ships4sst.org/
http://www.frm4sts.org/
https://www.frm4alt.eu/

Traceability of Fiducial Reference instruments

National Physical Laboratory

ITS-90 |

Ga Fixed-Point

Fixed Point cells (Hg, H,O, Ga, In)

blackbody
“ Platinum resistance thermometers
~+30°C Variable temperature blackbodies
(Ammonia heatpipe, stirred liquid bath)
2 - point ~-30°C _
calibration | - - _ _ _ _ _____ Relative spectral
responsivity

| AMBER |

‘ Heitronics TRT-VI.82 ‘

Industrial / field
measuremen t



Lab comparison
13t -17th June, 2022, @ NPL, Teddington, UK

Radiometer comparison Blackbody comparison
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Field comparison NPL

National Physical Laboratory

Prepakation After set-up
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Simultaneous Transponder & Sea-Surface Cal/Val & ©°@

GVD1 Transponder

Sentinel 6 L1B HR Power waveform
Site: GVD1, Pass: P018, Date: 2021/324
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European Space Agency

CDN1 Transponder

Sentinel 6 L18 HR Power waveform P *‘

Site: CON1, Pass: P013, Date: 2021324

|
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Gavdos sea-surface

Daily Water Level, Gavdos Cal/Val, September 2021

- - ) ¢ adal SUG1 Cal/Val, 20210921
Googleearth
Continued, TS : EumET . P . .
"L iimate moritorng =" TR ). ESA Permanent Facility for Altimetry Calibration
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TPX- Range Bias @ CDN1 Transponder Gcesa

Sentinel-6 Transponder Cal/Val Results, CDN1 Site, D18
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Uncertainty and Sl traceability in Satellite Mission Cesa
Requirements

2 ~ 4,2 2 2
IR s B M Utotal = UNEAT + uorbit—stability + ulifetime—stabilit 0
esa
estec No more ARA! Follow the BIPM GUM approach
European Space Research and
Technology Centre Keplerlaan 1
The "e‘ﬁi:&v’::t Effects Sources of Uncertainty Uncertainty propagation Combined uncertainty ...
T +31(0)71 565 6565
F +31 (0)71 565 6040 www.esa.int I. | _-“ - éﬁ@%{
1 e (y) A 102 8
uez) o % L
Copernicus Imaging Microwave e —= o
Radiometer (CIMR) Mission Requirements [N = u) S
Document
MRD-500 The calibration of L1b brightness temperature in|all channels shall be maintained
during science measurement acquisition using an on-board calibration system with
at least two reference values that are traceable to Sl.
MRD-770 A CIMR L1b data product shall contain the information necessary to generate all
L2 products and populate the CIMR L1b uncertainty model.
Ef:ct:;er)t type Eésk:s:;'f;;;e'{vi?:?nfr;t:r?;;ri:frl;ts (eMRD)
MRD-780 Standard total uncertainties and quality indicators shall be delivered for all CIMR
measurements in a L1b data product.

19
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Sentinel-6 -
dedicated to
Sea Level
Rise

Sentinel-6A 2019-

EUMETSAT




SEd-LEVEI [SEeNS a'SeCietal threat
Y0 [YEVUUY FUVY TUUUUIUY FVVY FUUU VUY TVVY PUUY VVPY PVUY PVVY VUYL FUVY VUY FYVEFVPN FVVY FYVY VUV FUUY POV VUY VU1 VUV PVOY PUVY POUY PPPL PO N s s
| TOPEX  Jason-1  Jason-2  Jason-3  Sentinel-6A Low-lying coastal zone is
80 5 - | ERS-2 Envisat CryoSat-2 SARAL home to 680 mllllon

70 3 Sentinel-3A

people

{ Sentinel-6 will maintain the
1 satellite Reference altimeter
404 time Series

3 million extra people at .
flooding risk for every cm __
of sea level rise

Global mean sea level (mm)
()
o

10 I
04 Overall trend: 3.33 mm/yr s IPCC predlCthnS for
3 Altimeter data up to 66° latitude |
-10 4 ' Corrected for GIA 3 2100 show 0.43 - 0.84
20 3 {}’ Annual signal removed :
A © EUMETSAT| meter increase of
=30 T T T T T T T T T T T P T IR T YT Y
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 average sea levels

- ] ™ 4+ Rl === |H l = == - " I == | 2 THE EUROPEAN SPACE AGENCY



FRM: Sentinel-6 and Jason-3 Tandem flight

30 seconds (~220 km)
The tandem flight lasted 12 months

2 THE EUROPEAN SPACE AGENCY



Methodologies — Uncertainty Tree Diagram

Effect 1.a 0x; Effect 2.a.1
Effect 1.b U,(X) dy == Effact 2.a.2
1 Y _ X9 ect 2.a.
0x1 x; = g1, x2) + 0 p u(x2)
Effect 1.c X2
( 9y
aXZ
y_f(x1;x21x3) )+O
Effect 3.a dy Assumptions and
u(x3) X3 u(0) approximations in
measurement function
23
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V(tp, s) =

Ao f X[tp - tr(Ca s)]G(m, Y, S)R(m, Y, C) exp[ _ izﬂ—(_fo o fd) -t + ‘FSO]d:lc -dy - dz + n(tp)
Vol

(4-1)* Lum(s) ()

[V (tp, 8)*
< Vit s)* >

dz

- : _ N b - 6P @ y)ou(e v, 2)
Assumption 1: Far Zone Py (tp) = A LA /m )

approximation due to far-zone =>
1 1

ri(z) ~ H*

Assumption 3: Gaussian Ocean

oo(x, y, z) assumed to be gaussian
with skewness of 0.1

1
1 22 A (2 3z
O'D(ma Y, z) = Pu{ \/%O’z exP( - E) |:1 + ?(?z - U_z):| }
T
s = 0 assumed E.M skewness Assumption 3b

1

1 22 X [ 2° 3z vs [ z

=P —_— = —— 1 _ —= - — ] = = —

70(®: 9, 2 “{ maze"p( 202)[ "% (o% oz) 3 (o)]}

1

o is sea surface height and Pu is amplitude of waveform and used o )  (ocean topography skewness) is
SWH = 4o, derive backscatter coefficent o (2, ¥, 2) given in input as 0.1
Gaussian distribution of ocean heights ’

A5
(47)® L2

atm

PML(tp) = _H

Squared

Multilook

~dy - dz + N(tp)

Assumption 2: Antenna Pattern

52 is the squared antenna G is the antenna Gain at

boresight (characterised on

034g is 3dB antenna
pattern aperture

(characterised on ground) | mispointing ground)
| \
v
8In(2) , , o
G{z) exp{ o 02 (9 —¢ )
3dB

G (, y) assumed to be gaussian
and isotropic
(Ox3qB = Oy3aB = O34B):

Assumption 4: Point Target Response

|sin c|2 approximated as gaussian with
std oy

f

' . . . 1 2] |
ity = ) = lsinelB(t, ~ I = exp| - 2ty — )]
\ i )

([t~ (PG @)oo, s )z - dy - az) - g (I, ) + NGt

E. Wooliam s
( ooliams) Py, (t) = Aexp(— 1) - [+ erf(u1)] = - - exp( = v3)[1 + erf(us)]
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Propagating Uncertainties and Error Correlation Structures
through Retracking and Sea State Bias Correction

Sajedeh Bahinia®, Jenathan Mittaz®®, Hannah Cheales®, and Emma Woslllams? ) . e - B 4 o U S5y, 855 1201008
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An ESA EarthWatch mission

A ‘gold standard’
===== reference in space

~~=- to support the

B 4 - climate emergency
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SITSats and TRUTHS Mission Objectives esa

What is a SITSat?: ‘Space borne missions specifically designed, characterised and documented to provide high
accuracy Sl-Traceable ‘reference’ measurements.’ (Evidencing comprehensive uncertainty to Sl, ‘in-space’, of all

contributors to observations made from the satellite)

TRUTHS is an operational climate mission, that will enable:
Climate benchmarking: enhance our ability to estimate the Earth
Radiation Budget (and attributions) through direct measurements of

a of on-gromﬁ Incoming & outgoing energy and reference calibration of other ERB &
' similar missions.

2. Satellite cross-calibration: establish a ‘standards laboratory in space’
to create a ‘gold standard’ reference data set to cross-calibrate other
sensors and improve the quality and interoperability of their data throught:
simultaneous observations, surface reference sites and the moon

| 3. provide SlI-traceable measurements of the solar spectrum
| (incoming & reflected) to address its impact on climate and
interactions with the atmosphere and surface

that allows it to be unequivocally considered a ‘reference’ of the specified measurand against which future measurements of
the same measurand, can be compared. 27
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Conclusion @esa

 Climate datarecords from satellites are a fundamental at ESA —we are committed to deliver
Climate Space

- Metrology is essential due to the overwhelming volume of data from space: small errors have
major impacts on climate time series

- We are embedding Metrology (uncertainty and traceability) into all of our satellite engineering
and scientific processes:

In our satellite designs and data processing

Via Fiducial Reference Measurements (FRM) for validation

For our flying constellations using tandem flights

In new SITSat missions dedicated to Sl traceabillity (e.g. TRUTHS)
By implementing QA4EO uncertainty modelling techniques

ESA recognises the essential role of the International System of Units (Sl) in
providing confidence in the accuracy and global comparability of
measurements needed for protection of the environment, global climate studies
and scientific research 28
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