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5 Acronyms and Abbreviations

Acronym Abbreviation
AAOT Acqua Alta Oceanographic Tower
AC Atmospheric Correction
ACRI-ST Company in France, member of ACRI group
ADC Analogue Digital Converter
AERONET Aerosol Robotic Network
AERONET-0OC Aerosol Robotic Network Ocean Colour
AMT Atlantic Meridional Transect
AOT Aerosol Optical Thickness
ASD Fieldspec Type of a spectroradiometer by Analytical Spectral Devices Inc.
Bio-ARGO Bio-Optical Sensors on Argo Floats
BIPM Bureau International des Poids et Mesures
BOUSSOLE BOUée pour l'acquiSition d'une Série Optique a Long termE
BRDF Bidirectional Reflectance Distribution Function
C2RCC-NN Case 2 Regional Coast Colour Neural Network
C-OPS Compact Optical Profiling System by Biospherical Instruments Inc.
CCD Charge coupled device
CDR Climate Data Records
CDhOM Coloured Dissolved Organic Matter
CEOS Committee on Earth Observation Satellites
CEOS WGCV Committee on Earth Observation Satellites
Working Group on Calibration & Validation
CIMEL SeaPRISM Above-water filter radiometer by Cimel Electronique
CMEMS Copernicus Marine Environment Monitoring Service
CMODIS Chinese Moderate Resolution Imaging Spectrometer
CNES Centre National d' Etudes Spatiales
CNR Consiglio Nazionale delle Ricerche
CNSA China National Space Administration
COCTS Chinese Ocean Colour and Temperature Scanner
COTS Commercial Off the Shelf
CSv Comma Separated Values
CZCS Coastal Zone Color Scanner
CZ1 Coastal Zone Imager
D-XXX Reference to a FRM4SOC deliverable, where XXX denotes the particular
number
ECMWF European Centre for Medium-Range Weather Forecasts
ECV Essential Climate Variables
EnMAP Environmental Mapping and Analysis Program
ENVISAT Environmental Satellite
EO Earth Observation
EOEP Earth Observation Envelope Programme
ESA European Space Agency
ESRIN ESA’s centre for Earth observation
ESTEC ESA’s Space Research and Technology Centre
EU European Union
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EU/FP5 European Union Framework Programme 5
EUMETSAT European Organisation for the Exploitation of Meteorological Satellites
FCDR Fundamental Climate Data Record
FEL An ANSI standard 1000 watt quartz tungsten halogen lamp
FICE Field Inter-Comparison Experiment
FOV Field of View
FR Final Report
FRM Fiducial Reference Measurements
FRM4SOC Fiducial Reference Measurements for Satellite Ocean Colour
FWHM Full Width at Half Maximum
GCOS Global Climate Observing System
GEO Group on Earth Observations
GEO-CAPE Geostationary Coastal and Air Pollution Events
GEOSS Global Earth Observation System of Systems
GIS Geographic Information System
GLASS Global Lake Sentinel Services
GLI Global Imager
GUM Guide to the Expression of Uncertainty in Measurement
GOCI Geostationary Ocean Colour Imager
GSM Global System for Mobile Communication
HICO Hyperspectral Imager for the Coastal Ocean
HyperNav Type of Hyperspectral radiometer by Sea-Bird Scientific
HYPERNETS Hyperspectral radiometer integrated in automated networks
HyspIRI The Hyperspectral Infrared Imager
IFOV Instantaneous Field of View
I0P Inherent Optical Properties
INSITU-OCR International Network for Sensor Inter-comparison and Uncertainty
Assessment for Ocean Colour Radiometry
ISO International Standards Organisation
ISRO Indian Space Research Organisation
ITT Invitation to Tender
JAXA Japan Aerospace Exploration Agency
JRC Joint Research Centre
L2R Level 2 Radiometric
LCE Laboratory Calibration/Comparison Experiment/Exercise
KARI Korea Aerospace Research Institute
KIOST Korea Institute of Ocean Science and Technology
MAST EU Marine Science and Technology Programme
MCM Monte Carlo Method
MDPI Multidisciplinary Digital Publishing Institute
MERIS Medium Resolution Imaging Spectrometer (ESA ENVISAT mission)
MERMAID MERIS MAtchup In-situ Database
MOBY Marine Optical Buoy
MODIS Moderate-resolution Imaging Spectroradiometer
MQC Measurement Quality Control
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Acronym Abbreviation
MSI Multispectral Imager
NA Not Applicable / Not Available
NASA National Aeronautics and Space Administration
NASDA National Space Development Agency of Japan
NIR Near Infrared
NEC Nippon Electric Company
NIST National Institute of Standards and Technology
NMI National Metrology Institute
NOAA National Oceanic and Atmospheric Administration
NPL National Physical Laboratory
NRT Near Real Time
ocC Ocean Colour
OCI Ocean Colour Index
OCM, OCM-2 Ocean Colour Monitor/India
OCR Ocean Colour Radiometer/Radiometry
OCR500 Type of multispectral radiometer by Satlantic Inc.
OCR-VC Ocean Colour Radiometry-Virtual Constellation
OCTAC CMEMS Ocean Colour Thematic Assembly Centre
COPERNICUS Marine Environment Monitoring Service
OCTS Ocean Colour and Temperature Scanner
0OGC Open Geospatial Consortium
OLCI Ocean and Land Colour Instrument
OLI Operational Land Imager
OSMI Ocean Scanning Multi-spectral Imager
OSPREy Optical Sensors for Planetary Radiant Energy by Biospherical
Instruments Inc.
PACE Plankton, Aerosol, Cloud ocean Ecosystem
PDF Probability Distribution Function
POLDER POLarization and Directionality of the Earth’s Reflectances
POLYMER POLYnomial-based algorithm applied to MERIS
PQC Processing Quality Control
ProVal Autonomous profiling float performing radiometric measurements
PML Plymouth Marine Laboratory
QA4EO Quality Assurance for Earth Observation
RBINS Royal Belgian Institute of Natural Sciences
RefSpec NPL Reference Spectroradiometer System
REVAMP Regional validation of MERIS chlorophyll products in North Sea coastal
waters
ROI Return on Investment
S3MPC Sentinel-3 Mission Performance Centre
S3VT Sentinel-3 Validation Team
SAA Solar Azimuth Angle
SBA Skylight Blocked Approach
SDG Sustainable Development Goal
SeaBASS Bio-optical Archive and Storage System (of SeaWiFS)
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Acronym Abbreviation
SeaWiFS Sea-Viewing Wide Field-of-View Sensor
SGLI Second-generation Global Imager
SI Systeme International d’Unites
SIMBADA Type of an hand-held radiometer
SIMBIOS Sensor Intercomparison for Marine Biological and Interdisciplinary
Ocean Studies
SI10 Southern Indian Ocean (vicarious calibration site for NIR band)
SNR Signal to Noise Ratio
SOA State Oceanic Administration of China
SOR Scientific Operational Roadmap
SoOw Statement of Work
SPG South Pacific Gyre (vicarious calibration site for NIR band)
SPM Suspended Particulate Matter
SRIPS NPL Spectral Radiance and Irradiance Primary Standard
SRF Spectral Response Function
SvC System Vicarious Calibration
SVT Sentinel Validation Team
SWIR Short-wavelength infrared (1.4—3 um)
SZA Solar Zenith Angle
UN United Nations
USGS U.S. Geological Survey
UT University of Tartu
VIM International Vocabulary of Metrology
VIIRS Visible Infrared Imaging Radiometer Suite
TO Tartu Observatory
TOA Top of Atmosphere
TR Technical Report
TriOS Manufacturer of optical metrology instruments
TriOS RAMSES Hyperspectral Radiance and Irradiance Sensors for UV/VIS/NIR range
by TriOS
UTC Coordinated Universal Time
uv Ultraviolet
VAA View Azimuth Angle
VIS Visible (spectral range)
VZA View Zenith Angle
WCR Water Colour Radiometry/Radiometers
WEFS Web Feature Service
WMS Web Map Service
WebEx Online teleconference and meeting platform
WISP A portable water quality spectrometer (Water Insight)
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6 Introduction

The Fiducial Reference Measurements for Satellite Ocean Colour (FRM4SOC) project was
funded by the European Space Agency (ESA). It was structured to provide support for
evaluating and improving the state of the art in satellite ocean colour validation through a
series of comparisons under the auspices of the Committee on Earth Observation Satellites
(CEOS) Working Group on Calibration & Validation (WGCV) and in support of the CEOS
ocean colour virtual constellation (OCR-VC). FRM4SOC also strived to help fulfil the
objectives of the International Ocean Colour Coordinating Group (IOCCG) in situ ocean
colour radiometry white paper [1] and contribute to the relevant IOCCG working groups and
task forces (e.g. the working group on uncertainties in ocean colour remote sensing and the
ocean colour satellite sensor calibration task force).

The project made contribution to the European system for monitoring the Earth
(Copernicus) through its core role of working to ensure that ground-based measurements of
ocean colour parameters are traceable to SI standards [2]. This is in support of ensuring high
quality and accurate Copernicus satellite mission data, in particular Sentinel-2 MSI and
Sentinel-3 OLCI ocean colour products. The FRM4SOC project also contributes directly to
the work of ESA and EUMETSAT to ensure that these instruments are validated in orbit.

The FRM4SOC project was carried out in 2016 — 2018 by the consortium consisting of four
partners — the Royal Belgian Institute for Natural Sciences (RBINS), Belgium; National
Physical Laboratory (NPL), UK; Plymouth Marine Laboratory (PML); ACRI-ST (France) and
the lead partner University of Tartu! (UT), Estonia.

The current document D-290 “FRM4SOC Final Report” is written following the Contract No.
4000117454/16/1-SBo between the European Space Agency (ESA) and University of Tartu as
stated in the Statement of Work, for the ESA Invitation to Tender (ITT) ESA/AO/1-
8500/15/1-SBo  Fiducial Reference Measurements for Satellite Ocean Colour
(FRM4S00) [3].

The Final Report provides a thorough description of all work done and serves as a self-
standing document, not requiring other project reports to be read meaningfully. It highlights
all the activities conducted during the project (with reference to the deliverables of the
contract) and results obtained. However, papers of the FRM4SOC Special Issue of the MDPI
Journal Remote Sensing should preferably be considered as the primary reference for
citation of the study. Such reference to the related paper is provided at the beginning of each
relevant chapter.

1 The lead partner Tartu Observatory (TO) was merged with the University of Tartu as a sub-institute
since 01.01.2018.
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7  Scientific background

Our modern society puts the limited natural resources on Earth under increasing pressure.
We depend on these resources for our survival and development while our global population
continues to grow, thus generating an ever-increasing demand for safe living space, fresh
water, fertile land, and clean air. Society as a whole is facing numerous global threats,
including climate change, energy crisis, potential food shortages, and a higher frequency and
intensity of natural and manmade disasters. [4—7]

The United Nations (UN) General Assembly adopted the resolution “Transforming Our
World: the 2030 Agenda for Sustainable Development” in September 2015. The 2030 Agenda
also calls for new Earth Observation (EO) methods, data acquisition and exploitation of a
wide range of data sources to support implementation. [4]

In particular, Article 76 states,

“We will promote transparent and accountable scaling-up of appropriate public-private
cooperation to exploit the contribution to be made by a wide range of data, including Earth
Observation and geo-spatial information, while ensuring national ownership in supporting
and tracking progress”. [4]

Vast amounts of global data are being collected from satellites as well as airborne, ground-
based, and seaborne (in-situ) measurement systems all over the world as a key resource to
support decision-making in addressing environmental challenges, and provide information
for service providers, public authorities and other international organisations in improving
the quality of life. Decision-making relies, and will continue to rely, on the ability of expert
communities to utilize complex data from Earth observations and combine these with social
and economic analyses. Sound, evidence-based decision-making will encourage sustainable
behaviour by humankind in relation to Earth’s resources, leading to economic benefits for all
of society. [5,7]

It is recognised that collected EO data must be reliable and of high quality. For example if
ground-based measurements are to be credibly used for satellite validation activities
(particularly for assessment of climate data record stability, e.g. [8,9]) then they must be
obtained contemporaneously, co-located with satellite measurements and be accurate and
precise [3]. For that purpose, the Group on Earth Observation (GEO) has identified the need
to develop and implement a data quality assurance strategy and works closely with the
Committee on Earth Observation Satellites (CEOS). The mission of the CEOS Working Group
on Calibration & Validation (WGCV) is to ensure long-term confidence in the accuracy and
quality of Earth Observation data and products and to provide a forum for the exchange of
information about calibration and validation, including the coordination of cooperative
activities. The CEOS Quality Assurance Framework for Earth Observation (QA4EO) has set
general principles for EO data quality assurance. [5,10—14]

As noted in 1995 at the 20t Conference Generale des Poids et Mesures [15], a
recommendation was made that:

“those responsible for studies of Earth resources, the environment, human wellbeing and
related issues ensure that measurements made within their programs are in terms of well-
characterized SI units so that they are reliable in the long term, are comparable world-wide
and are linked to other areas of science and technology through the world’s measurement
system established and maintained under the Convention du Metre”.

This lays the foundation to relate satellite measurements to Systeme International d’Unites
(SI) standards and gives the guiding principle for an EO data quality assurance strategy to
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relate all data and derived products associated with them to SI reference
standards. [2,3,10,16].

In addition, in order to have an objective indication for the quality level of data and compare
available datasets meaningfully, all relevant measurement uncertainties must be
evaluated [17]. The principles of metrological traceability and measurement uncertainty
being a part of general, internationally recognised good practices for conducting
measurements are developed and endorsed by the Bureau International des Poids et Mesures
(BIPM) and National Metrology Institutes (NMI) [16—20].

As defined by BIPM and the International Vocabulary of Metrology (VIM) [19,21]:

Metrology is the science of measurement, embracing both experimental and theoretical
determinations at any level of uncertainty in any field of science and technology.

Traceability is a 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.

Calibration is an 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.

Unequivocally linking an “observation” to an invariant constant of nature (e.g. international
system of units) with a robust estimate of uncertainty ensures the “measurement” can be:
trusted, coherent and comparable with others, and have longevity “improving with age” [22].

We need to trust our collected measurement data:

e Fundamental Climate Data Records (FCDR),
¢ Data and time series,
e Data products

This can be achieved by implementation of the principles and methods of metrology
including

establishment of the metrological traceability of the measurement data to the
units of SI with related end-to-end uncertainty analysis.

8 Fiducial Reference Measurements

In order to build trust and ensure the quality of EO data, the concept of Fiducial Reference
Measurements (FRM) has been established. [23—25]

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). These FRM provide the maximum Return On Investment
(ROI) for a satellite mission by delivering, to users, the required confidence in data
products, in the form of independent validation results and satellite measurement
uncertainty estimation, over the entire end-to-end duration of a satellite mission. [23,24]

The defining mandatory characteristics for FRM are [23,24]:

—
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« FRM have documented SI traceability (e.g. via calibration and/or round robin
intercalibration of instruments) using metrology standards.

« FRM measurements are independent from the satellite geophysical retrieval process
(noting the exception of L2 product vicarious adjustment that fundamentally depends
on FRM ground based measurements).

« Uncertainty budgets for all FRM instruments and derived measurements are available
and maintained, traceable where appropriate to SI, ideally directly through an NMI.

« FRM measurement protocols and community-wide management practices
(measurement, processing, archive, documents, etc.) are defined, published openly
and adhered to by FRM instrument deployments.

+ FRM measurements are openly and freely available for independent scrutiny.

9 The FRM4SOC project

Copernicus is the European Union's Earth Observation Programme, looking at our planet
and its environment for the ultimate benefit of all European citizens. It offers information
services based on satellite Earth observation and in situ (non-space) data. The Programme is
coordinated and managed by the European Commission (EC). It is implemented in
partnership with the Member States, the European Space Agency (ESA), the European
Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), the European
Centre for Medium-Range Weather Forecasts (ECMWF), EU Agencies and their
contractors. [6,7]

Within the context described above, ESA has initiated a series of projects targeting the
validation of ESA altimetry, atmosphere, land, and ocean products [24]. The FRM4SOC
project, with funding from ESA, has been structured to provide support for evaluating and
improving the state of the art in OC validation through a series of comparisons under the
auspices of CEOS WGCV and in support of the CEOS OCR virtual constellation [3,26].

The societal Benefits of Ocean Colour Radiometry (OCR) are well articulated (e.g. [27—29])
and include management of the marine ecosystem, the role of ocean ecosystems in climate
change, aquaculture, fisheries, coastal zone water quality, and mapping and monitoring
harmful algal blooms.

Addressing the need for reliable EO data — a series of recommendations on activities critical
to ensure high accuracy and consistency for ocean colour mission products have been agreed
under the guidance of the International Ocean Colour Coordinating Group (IOCCG),
representatives of Space Agencies and Institutions supporting INSITU-OCR. [1]

The aim of the FRM4SOC project is: “To establish and maintain SI traceability of Fiducial
Reference Measurements for satellite ocean colour radiometry” [3].

The Objectives of the FRM4SOC project were [3]:

Obj1. Design and document measurement procedures and protocols for OCR
FRM used for satellite OCR validation activities.

Obj2. Document the design and performance of OCR radiometers commonly used
for satellite OCR validation including a review of their known characterisation (e.g.
immersion factor, cosine response, linearity, stray light, spectral, temperature
sensitivity, dark currents etc.) and identify significant issues to address.

Obj3. Design, document protocols and procedures and implement a laboratory based
(round robin) comparison experiment to verify the performance of
reference irradiance and radiance sources (i.e. lamps, plaques, etc.) used to
maintain the calibration of FRM OCR radiometers traceable to SI.
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Obj4.

Objs.

Objé.

Obj7.

Design, document protocols and procedures and implement a laboratory based
comparison experiment to verify the performance (i.e. absolute
radiometric calibration and characterisation) of FRM Field Ocean Colour
Radiometers (OCR) used for Satellite Validation.

Design, document protocols and procedures and implement field
intercomparisons of FRM OCR radiometers and build a database of
OCR field radiometer performance knowledge over a several years.

Conduct a full data analysis, derivation and specification of uncertainty
budgets, following agreed NMI protocols, for FRM OCR field measurements used
for satellite OCR validation collected as part of FRM4SOC.

Evaluate options for long-term future European satellite OCR vicarious
adjustment.

10 Strategy for implementation of FRM

The main

goal to ensure the high quality of EO data is achieved by implementing the

following activity chain [30]:

g @hE

Analysis and establishment of requirements.

Definition of measurement methods and protocols to meet the requirements.
Selection of instruments that meet the established requirements and protocols.
Establishment of the traceability chain to the units of SI by calibration (Figure 1.).
Evaluation of uncertainty sources (including characterisation of instruments) and

compilation of end-to-end uncertainty budgets (including characterisation).

o

Validation of the methods and uncertainty budgets in comparison experiments.
Collection and database storage of measurement and comparison data.

Traceability chain

I\ / Measurement result £ uncertainty *

Definition of the units of SI

Primary optical standards

m I |

Secondary optical standards

¥ . E et
m T Y R A

Field ocean colour radiometers

TP B2 Wy T - I e S Methads
rieia UL measurements i
_ § Validation

Measurement protocols

Figure 1. Establishment of the traceability chain with
related uncertainty evaluation for collection of reliable in situ data.
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11 Requirements and recommendations for infrastructure required for the long-term

vicarious calibration of the Sentinel-3 OLCI and Sentinel-2 MSI A/B/C and D instruments

11.1 International workshop “Options for future infrastructure required for the
long-term vicarious calibration of the Sentinel-3 OLCI and Sentinel-2 MSI
A/B/C and D instruments” (WKP-1) [D-230]

An international workshop “Options and approaches to the long-term vicarious calibration
of Sentinel- OLCI & MSI A/B/C and D instruments” was held on 21 — 23 February 2017 at
ESA/ESRIN, Frascati, Italy [3,26,31]. The objective of the workshop are listed below:

1. Foster an open-forum, wide-ranging debate with the international ocean
colour community Figure 2 and Figure 3;

2. Review of historical and contemporary approaches to vicarious adjustment;

Document lessons learned from international teams;

S

4. Review the strengths and weaknesses of alternative methods and approaches
to OCR satellite vicarious adjustment;

5. Derive an optimum European location for OCR vicarious calibration
infrastructure based on spatial and temporal distributions of chlorophyll,
atmospheric aerosol loading and cloud cover (and other geophysical quantities
if deemed appropriate);

6. Review and define justified traceability requirements for vicarious calibration
measurements to be made in support of satellite OCR;

7. Review the costs to implement, operate and maintain a European satellite OCR
vicarious adjustment infrastructure for Sentinel-2 and -3 missions;

8. Conclude with a consensus on the way forward to deliver the best scientific
outcomes to support long-term Copernicus operations using European
infrastructure Sentinel-2 and Sentinel-3 OCR vicarious -calibration
infrastructure.

Figure 2. The workshop gathered excellent world-class specialists from a large diversity of

institutions and scientific fields.
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The workshop gathered the world experts in ocean and satellite-borne optical radiometry to
open a wide-ranging debate on the way forward to provide the best possible outcome of the
Sentinel-2 and Sentinel-3 series. Ocean colour remote sensing relies on highly precise and
accurate in situ measurements of the optical properties of the oceans (FRM), to optimize its
reliability through indirect calibration, the so-called System Vicarious Calibration (SVC).

An important aspect of the meeting was to analyse the actual needs from the community
(Sentinel-2 and Sentinel-3 Mission Performance centres, Copernicus — Marine Environment
Monitoring Service, scientific users) and constraints for long term applications like the
generation of Climate Data Records (CDR) of Essential Climate Variables (ECV) to specify
the requirements for future System Vicarious Calibration (SVC).

On the oceanic aspect, great attention was paid to reviewing and learning from the
experience of the existing reference sites for SVC: MOBY (the Marine Optical Buoy) deployed
off the Hawaiian coast since 1996 and BOUSSOLE (Buoy for the acquisition of long-term
optical times series) deployed in the Ligurian Sea since 2003. The two systems are currently
being refreshed to better respond to the new challenges of operational ocean colour remote
sensing. In addition, new emerging techniques based on autonomous profiling floats have
also been reviewed as they offer potential for both vicarious adjustment and data
validation [32,33].

The discussions held during the workshop have converged toward a consensus for future
development of SVC infrastructure in Europe.

Figure 3. The discussions held during the workshop converged toward a consensus for
future development of SVC infrastructure in Europe.
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11.2 Proceedings of the workshop (PROC-1) [D-240]

The presentations and proceedings [29] of the workshop are available at the FRM4SOC
project website https://frm4soc.org [23].

The conclusions from the workshop are summarised in the technical report TR-10. [34]

11.3 Report on requirements and recommendations for infrastructure required
for the long-term vicarious adjustment of the Sentinel-3 OLCI and
Sentinel-2 MSI A/B/C and D instruments (TR-10) [D-250], [34]

11.3.1 Introduction

Since the launch of SeaWiFS in 1997, spaceborne ocean colour sensors have provided
continuous records of ocean optical properties and opened new research areas as well as
industrial and technological innovation to support its development. Satellite ocean colour has
provided the means for monitoring the spatial and temporal variability of remote areas of the
world’s oceans hardly accessible through conventional shipborne surveys on a daily basis. It
has also enabled the collection of crucial data from other complex coastal regions where
anthropogenic activities and interaction with terrestrial ecosystems have a major influence
on the optical properties of water. A large international scientific community now relies on
OCR data to perform activities covering from short or medium term coastal water quality
monitoring to long-term analysis of climate change through Climate Data Records of
Essential Climate Variables. Several Space Agencies have been actively supporting ocean
colour remote sensing in the past: NASA (CZCS, SeaWiFS, HICO), ESA (MERIS), CNES
(POLDER series), CNSA/SOA (CMODIS and COCTS), NASDA/NEC (GLI, OCI, OCTS), ISRO
(OCM), KARI (OSMI). Ten OCR missions are currently in operation: SOA (COCTS CZI),
JAXA (SGLI), KARI/KIOST (GOCI; the first geostationary ocean colour sensor), NASA
(MODIS Aqua and MODIS Terra), ISRO (OCM-2), ESA/EUMETSAT (OLCI-A and OLCI-B),
NOAA (VIIRS 1 and 2). Several other OCR missions are planned to launch in the near future.
In this context, the European Commission Copernicus ocean colour program has the most
ambitious objective in the long term with the Sentinel-3 series committed to maintain two
identical sensors in orbit (OLCI) for the next decades. Two of this family are already in
operation (OLCI-A and OLCI-B). OLCI-C and OLCI-D are currently being assembled by
Thalés Alenia Space. With the OLCI series, scientists around the world are ensured that data
will continuously flow in the future to support their activities. Also importantly, with
European ocean colour going fully operational, public institutions and private businesses can
invest in the development of environmental monitoring and services based on these data.
CMEMS for instance already relies on OLCI data for its operational services.

In order to ensure the best possible data quality for scientific research, operational
monitoring and commercial applications, it is crucial that OLCI data processing provides the
best possible product quality. The sub-sections below present the general principle of Ocean
Colour Radiometry (OCR) from spaceborne sensors and the justification for SVC.

11.3.2 Principle of OCR

Spaceborne sensors measure the radiance leaving the earth atmosphere, referred as the Top
Of Atmosphere (TOA) radiance. Past (HICO), present (CHRIS, PRIMSA) or planned
(EnMAP, PACE, GEO-CAPE/GLIMR, HyspIRI/SBG, CHIME) missions have provided or will
provide hyperspectral data but the large majority of OCR sensors are the so-called
multispectral sensors, measuring TOA radiance at discrete wavelengths (1) ranging from
visible (~400 nm) to near infrared (NIR; ~1000 nm) [35]. Most of the signal measured by an
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ocean colour sensor actually comes from the atmosphere that represents from 60% to 80% of
the total signal in the visible spectral region depending on the wavelength. Atmospheric
Correction (AC) needed to separate and retrieve the water signal is therefore the most
important part of ocean colour data processing.

Historically, the NIR bands have been used to perform the atmospheric corrections based on
the so-called black pixel assumption [36,37]. The black pixel assumption states that a marine
pixel’s signal is null in the NIR. The entire signal measured by a spaceborne sensor therefore
comes from the atmosphere. The molecular (Rayleigh) and aerosol signal is estimated at
these bands and then extrapolated toward the visible bands. While true in the open ocean,
the black pixel assumption is not realistic for coastal and shallow water pixels due to the
influence from the continent and most importantly river sediment discharge and sediment
resuspension. Specific algorithms have to be applied to these pixels to account for the water
signal in the NIR bands [38,39] or, for sensors such as MODIS and Sentinel-2/MSI, the
black pixel assumption can be applied reliably to the Short Wave Infra-Red bands [40].

Alternatively atmospheric correction algorithms using all available wavebands can be
implemented: C2RCC-NN [41], POLYMER [42]. This document will focus on the standard
“NIR black pixel” AC and the derived methodology to perform SVC. SVC is indeed closely
linked to the AC procedure itself. Vicarious gains computation defined in the following
sections is therefore solely based on the standard AC.

Water-leaving radiance or reflectance in the visible spectrum are the core variables produced
through ocean colour data from which are derived biogeochemical variables like the diffuse
attenuation coefficient K4, Inherent Optical Properties (IOP), Suspended Particulate Matter
(SPM) concentration and the ECV chlorophyll concentration. If regional water quality
monitoring and global change studies based on OCR are to be trusted, it is essential to ensure
the quality of these products.

11.3.3 Optical pathways

Radiant power from the sun reaches the atmosphere where it is partially absorbed at specific
wavelengths by aerosols and atmospheric gases like O,, O;, H.O, and scattered by
atmospheric molecules (Rayleigh scattering) and aerosols (Mie scattering) before it hits the
sea surface. The sea surface, depending on the sea state and sun geometry, reflects part of
this solar radiance back into the atmosphere while some of the energy penetrates the water.
Within the water column, the solar energy can either be diffused or absorbed by water
molecules and dissolved or