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1 Introduction

1.1 Scope of the document

This Algorithm Theoretical Basis Document 2.24 describes the vicarious adjustment of the
MERIS ocean colour radiometry implemented in the Level 2 processing chain for the 4™ data
reprocessing.

It presents the evolution of the method from its first implementation for the MERIS 3™ data
reprocessing (MERIS ATBD 2.24, issued on Sep 2011), its validation against in situ data and
provides the adjustment factors used in the 4t reprocessing configuration and available in the
nominal configuration of the ODESA processor.

1.2 Acronyms

The definition of the acronyms used in this document is provided below.

Acronym Definition

AAOT Acqua-Alta Oceanographic Tower
AERONET-OC AEosol RObotic NETwork — Ocean Color
ATBD Algorithm Theoretical Basis Document
BOUSSOLE BOUée pour I'acquiSition de Séries Optiques a Long termE
BPAC Bright Pixel Atmospheric Correction

CCD Charged-Coupled Device

ESA European Space Agency

LUT Look-Up Table

MERIS MEdium Range Imaging Spectrometer
MERMAID MERIS Matchup In Situ Database

MOBY Marine Optical BuoY

MODIS Moderate Resolution Imaging Spectroradiometer
NIR Near Infra-Red

NOMAD NASA bio-Optical Marine Algorithm Dataset
OCR Ocean Colour Radiometry

ODESA Optical Data processor of ESA

QWG Quality Working Group

RR Reduced Resolution

SeaWiFS Sea-viewing Wide Field-of-view Sensor

TOA Top Of Atmosphere

VIS Visible part of the spectrum

1.3 Notations

The definition of the notations used in this document is provided below.

© 2017 ACRI-ST
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Dimension/Units

A Wavelength nm, also used as index
ANIR NIR wavelength nm, also used as index
i Index for a target measurement (location and time) Dimensionless
Pyt Reference pressure level for the radiative transfer hPa, also used as index
simulations
P, P, Closest and bracketing reference pressure levels hPa, also used as indices
Ppix Pixel pressure hPa
Lroa(A) Level 1 TOA radiance mW.m2.nm?.sr?
L,(1) Level 2 water-leaving radiance mW.m2.nm.sr?
Proad) TOA reflectance Dimensionless
Png ) TOA reflectance corrected for gaseous absorption Dimensionless
ty(1) Total gaseous transmittance Dimensionless
tpg(A) Glint reflectance at TOA level Dimensionless
Pgc %) TOA reflectance corrected for gaseous absorption and Dimensionless
glint
pgc(l) Targeted “all”-corrected reflectance Dimensionless
Pgc %) TOA reflectance corrected for gaseous absorption, glint, | Dimensionless
smile, Bodhaine latitudinal dependency of Rayleigh
optical thickness, and pressure (“all”-corrected)
P;’és(/l) Same as above but for in situ Dimensionless
Ppacn (1) Atmospheric path reflectance Dimensionless
pr(A) Rayleigh reflectance Dimensionless
(1) Rayleigh optical thickness m?
Paer (L) Aerosol reflectance Dimensionless
Pw(A) Water-leaving reflectance Dimensionless
pIs() In situ water-leaving reflectance Dimensionless
E.(Q) In situ, measured, solar irradiance mW.m=2.nm?
EME(Q) In situ, MERIS-normalized, solar irradiance mW.m2Z.nm™
PISME (2) In situ water-leaving reflectance, normalized to MERIS | Dimensionless
solar irradiance
ta(1) Total (direct and diffuse) transmittance Dimensionless
towc2(1) TOA water-leaving reflectance retrieved by the Bright Dimensionless
Pixel Atmospheric Correction at 709, 779, 865 and 885
nm
g Individual adjustment factor per macropixel Dimensionless

© 2017 ACRI-ST
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ag(A) Total uncertainty on individual adjustment factor per Dimensionless
macropixel
0;5(1) In situ uncertainty component of individual adjustment | Dimensionless
factor per macropixel
a"f (D) MERIS uncertainty component of individual adjustment | Dimensionless
factor per macropixel
w(A) Weight of individual adjustment factor Dimensionless
G(A) Weighted-mean adjustment factor Dimensionless
0 Sun zenith angle Degree
0, View zenith angle Degree
Ap Relative azimuth angle Degree

© 2017 ACRI-ST
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2 Motivation to implement a vicarious adjustment

2.1 Theoretical limitation of instrumental calibration

The primary aim of Ocean Colour Radiometry (OCR) space born sensors such as MERIS is to
retrieve the water-leaving signal at sea level from a Top-Of-Atmosphere (TOA) optical
measurement, over the Visible (VIS) and Near-InfraRed (NIR) spectral domain.

The signal at ocean surface can be either expressed in term of radiance (energy) L,, (1) or
reflectance (ratio to downwelling Solar irradiance) p,, (1), where A is the wavelength.
Hereinafter, we shall only consider the water-leaving reflectance p,, notation, used in the
MERIS data distribution context since 2002 (Rast and Bezy, 1999) and used more recently for
MODIS and SeaWiFS (see e.g. http://oceancolor.gsfc.nasa.gov/reprocessing/).

The expected accuracy on p,, (1) is mainly governed by further exploitation of the signal, for
instance to assess marine constituents concentration or other bio-optical quantities (e.g.
chlorophyll-a, suspended matter, diffuse attenuation coefficient, transparency, etc.) by
spectral inversion. In this document we shall rely on the only few specifications derived in the
past, essentially designed for quantifying chlorophyll-a in the open ocean. A typical order of
relative accuracy is 5% in the blue-green spectral region (Gordon, 1997). More recently, for
the MERIS mission, the goal of discriminating ten classes of chlorophyll concentration within
each of the three orders of magnitude between 0.03, 0.3, 3 and 30 mg/m?3 leads to a
requirement of about +1-2.103 absolute accuracy at 443 nm and +5.10* at 560 nm, using a
band ratio algorithm (Antoine and Morel, 1999).

Actual accuracy of remotely-sensed p,, depends mainly on the quality of both TOA acquisition
(i.e. quality of the absolute and interband sensor calibration) and the atmospheric correction
(i.e. ability to estimate and remove the atmospheric path contribution, see e.g. Antoine and
Morel, 1998). This can be made explicit by the following schematic decomposition of the
signal, in ideal conditions without sun specular reflection or white caps, and after correction
of atmospheric gas absorption (see symbols definition in § 1.3):

Pgc(D) = Ppaen(D) + ta (D). py (1) (1)

The pg4 quantity will be described more precisely latter in the MERIS context, and can be
understood, at this stage, as the TOA reflectance prp4 processed up to the atmospheric
correction.

Most of the current operational atmospheric correction algorithms consist in first, assessing
the aerosol optical properties from the NIR bands; then, propagating the path reflectance
Ppatn(4) and total (direct and diffuse) transmittance t;(4) at any wavelength 4 in the visible;
and finally, deducing the marine signal by inversing equation (1) (see Antoine and Morel, 1999,
for MERIS, and Gordon and Wang, 1994, for SeaWiFS). Hence, whatever the accuracy of the
path reflectance retrieval, any error Apy. on the total signal implies an error Ap,, on the
marine reflectance of:
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The denominator on the right-hand side represents the relative contribution of the marine
reflectance at TOA level to the total signal and typically lies between 5% and 20%, depending
on the wavelengths and type of water (see figure below). This means that reaching a 5%
accuracy on p,, requires an absolute accuracy on py. (hence on prg4) between 0.25% and 1%,

which cannot be insured through purely instrumental calibration and characterisation
(Gordon, 1998).

AAOT [ * 412 ® 443 4490 |
40

A
35 MOBY
30 - A -

s BOUSSOLE
25 A AN

4 A

percentage total signal (%)

0 50 100 150 200 250 300 350
Matchup index

Figure 1: Example of relative contribution of the marine signal to the total signal,
tq1(A)pw(4)/p4c(4), for MERIS acquisitions over different type of waters: AAOT (Adriatic
Sea), MOBY (Pacific Ocean) and BOUSSOLE (Mediterranean Sea).

For instance, first MERIS calibration and validation showed that the in situ estimations of TOA
radiances lie within less than 6% of the measurement (Kneubtihler, 2002). Regarding SeaWiFsS,

pre-launch calibration uncertainties are approximately 3% of the TOA radiance (Eplee et al.,
2001).
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2.2 Recall of the MERIS OCR quality assessement from MERIS 2" data
reprocessing

Several independent validation exercises conducted in the past have proven significant
positive bias in the MERIS 2™ reprocessing water leaving reflectance. For instance, Antoine et
al. (2008b) have quantified over the BOUSSOLE buoys relative percentage difference of about
60% at 412 nm, 30% at 443 nm, 15% at 490 nm and 20% at 510 and 560 nm. Zibordi et al.
(2006) found also values between 15% and 42% in the 443-560 nm spectral range at the AAOT
site.

In parallel with the MERIS 3™ reprocessing activities, the MERMAID matchup system has been
settled in collaboration with in situ data providers in order to get a significant number of
validation points with controlled quality. It constitutes a central tool in the present work, with
more than 20 in situ datasets (fixed stations or cruises, including the NOMAD dataset
described in Werdell and Bailey, 2005) associated to MERIS data extractions. Details on the
optical measurements protocols and matchup facility are available on the website
http://mermaid.acri.fr. The quality assessment of the MERIS 2™ reprocessing on the
MERMAID matchups confirms globaly a large overestimation in the water-leaving reflectance,
of few tens of percents (see histograms in Figure 2). It is especially true for clear or moderately
turbid waters (MOBY, BOUSSOLE, AAOT), while more turbid waters (part of the SIMBADA
cruise, Plumes & Blooms...) show negative bias. This difference between both kinds of waters
may come from the atmospheric correction over bright pixel in the NIR.

Matching the required 5% uncertainty on the water-leaving radiometry is thus not met with
the standard MERIS 2" reprocessing, and, more generally, is agreed to be particularly difficult
for any sensor (see e.g. Hooker et al, 1992, Hooker and McClain, 2000 for SeaWiFS). This has
lead NASA to rely on vicarious calibration since few decades (from SeaWiFS onwards), that is
on a complementary calibration using ground-truth measurements (see Franz et al. 2001,
Franz et al. 2007; Bailey et al. 2008 for recent methodologies and results).

Following the recommendation of the works cited above, the MERIS Quality Working Group
has decided to consider a vicarious methodology for the 3@ MERIS data reprocessing.

This methodology has been adapted to the algorithmic evolutions of the 4™ MERIS data
reprocessing, which is the point adressed in this document.



http://mermaid.acri.fr/

Ref.: MER4RP-ATBD-2.24
Issue: 2.0

Date: 28/07/2017

Page: 12

MERIS 4th data reprocessing

ATBD 2.24: Vicarious adjustment of the
MERIS Ocean Colour radiometry

Stacked histogram RPD 412 Stacked histogram RPD 443
MEGS 7 5.1 processor MEGS 7.5.1 processor
sl 1 @ Ao E B AAGT
£ 3 @ AbuAlBukhoosh 55[ E AbuAlBukhoosh
a0l 1 | W Agarve E B Algarve
£ 4 | O soussoLe SOf O BOUSSOLE
E J | B BristllishSea s u
35 pl B GustavDalenTower E @ GustavDalenTower
2 F 1 B HelsinkiLighthouse a a0f B HelsinkiLighthouse
2 30[ 1 |@ mosy 2k O MOBY
£k j |® mvco S asf H mvco
£ o5t 1 |G NomAD Lr B NOMAD
=) I 1 |m NwBalicsea 2 a0f * B NWBalesea
S _t 1 | m Palgrunden Sk W Palgrunden
820 H 1 |®m smBaDA gosf | H SIMBADA
E F J | ® EastEngChannel € oo B EastEngChannel
2 15: E| B Pl 2 B PlumesAndBlooms
E I ] 15[ B A
10[ ] E =
= H 3] 10[
s ] £ 3
E 3 5[
E oL E E| E
<-100 -80 -0 -40 -20} 0 20 40 60 80 >100 ° <100 -80 -680 -40 -20 0 20 40 60 80 >100
Relative Error (%) Relative Error (%)
MERMAID data. MERMAID data
Stacked histogram RPD 490 Stacked histogram RPD 510
MEGS 7.5.1 processor MEGS 7.5.1 processor
o AROT E ] W e
oL = B AbuAlBukhoosh 45[- 1 |@ BoussoLE
£ d B Algarve E 1 | ® BrstolirishSea
80l- O BOUSSOLE 40[ 1 |@
£ B BristollrishSea E M j |3 NomAD
£ B GustavDalenTower @ 35[0 ] | ® NWBalticSea
8 sof B HelsinkiLighthouse eF 4 | M@ SIMBADA
2 r 0 MOBY z 30: - ] W EastEngChannel
g I H MVCO et 1 |m FrenchGuyana
g a0l O NOMAD s . . F 3] B PlumesAndBlooms
s F H B NWBaltioSea 3 23 " 1
5 W Palgrunden 5 of E
8 3of B SIMBADA 8 20[ E
E I | B EastEngChannel E I H E
2k B FrenchGuyana ERER ]
E o ]
20 B _PlumesAndBlooms E = E|
F L 1o g
to s O ]
C u: - 3
<100-80 -60 -40 20 O 20 40 60 80 »100

<-100 -80 -60 -40 20 0 20 40 60 80 >100

Relative Error (%) Relative Error (%)

MERMAID data
MERMAID data

Stacked histogram RPD 560
MEGS 7.5.1 processor

E 1 [m asor
45[ B 1 | B AbuAlBukhoosh
E 1 |m Algave
40[ 1 | O BoussoLE
E 1 | B BrstoliiishSea
350 q | @ GustavDalenTower
27F 3 | W HelsinkiLighthouse
2 30 | i |@= wmosy
L7 ] | mvco
g .t 1 | @ nomaD
< B 1 | ® NwBalticsea
2 E = 3 B Palgrunden
g 20[ ] | = smBabA
E F I E W EastEngChannel
2 15[ 3 | @ FrenchGuyana
£ = ] [®_PlumesAndBlooms
1of j. ]
s[ R =

m A
<100 -80 -60 -40 -20 O 20 40 60 80 =100
Relative Error (%)

0

MERMAID data

Figure 2: Relative errors of MERIS 2" reprocessing rhow on the MERMAID dataset.
Matchups are constructed on 5x5 RR pixels window with less than 50% pixels flagged by
Cloud or Ice_haze or High_glint or Medium_glint or PCD_1_13 or PCD_189.
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2.3 Principle of the vicarious adjustment for MERIS OC radiometry

In this document it is chosen to use the terminology of a vicarious adjustment, rather than
calibration as in the seminal work on the NASA sensors (e.g. Gordon, 1997, Franz et al., 2001),
because our purpose is to adjust internaly the Level 2 Ocean branch processing and not to
modify the Level 1 TOA radiometric calibration. Hence it is worth noting that the Level 1
products of the 4" MERIS data reprocessing are not vicariously calibrated.

The primary idea of the vicarious adjustment is to consider that errors in water-leaving
reflectance come from a systematic bias at TOA, which can be assessed by comparison to
reference or targeted reflectance pgc on a trustworthy dataset of observations. We recall here
that p, is equivalent to pro4 after some pre-corrections and outside the sun glint (or after
correction for it). This problem might come either from an actual bias in the radiometric
calibration of the sensor or from inaccuracy of the atmospheric correction based on a radiative
transfer modelling. The vicarious adjustment aims at solving blindly the bias issue whatever
its exact origin.

For a given target in space and time, hereafter indexed by i, the comparison between the
ground truth signal pgc and the measured reflectance p,. leads to a local adjustment factor
defined by:

_ pgc@AD)

gAi) = m

(3)

Provided a statistically representative amount of targets, N, and homogeneous individual
factors g(4, i), a reliable average gain can then be calculated using a weighted average:

N i@, DgA,i)

(D =" D

(4)

Where weights are, for instance, the inverse of the uncertainty of each individual gains
determined from the sampling standard deviation of MERIS data as well as in situ uncertainty.
This means that we give more credence in the least uncertain individual gains.

Once determined, this gain is systematically applied in operation as a multiplicative factor to
the measured TOA reflectance p4.(4), just before the atmospheric correction step.

It is important to notice that a single set of spectral gains is applied throughout the entire
mission and whatever the camera and CCD detector in the field of view. Hence homogeneity
in the individual factors g(4, i) should ensure a robust vicarious calibration.

The targeted reflectance pgc required in the gain computation would ideally be built from
concomitant ground measurements of water leaving reflectance, atmospheric aerosol
reflectance and atmospheric diffuse transmittance. While reliable in situ water leaving
reflectances pX’ are accessible, simultaneous measurements with aerosol properties are not
widely available (Franz et al., 2001). To sort out this lack of in situ measurements, published
procedures have proposed to use the atmospheric variables determined algorithmically by
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the atmospheric correction above the marine target, after insuring a proper calibration of the
NIR bands (Franz et al., 2007, Bailey et al., 2008). This means a two-step procedure:

1. First, the NIR bands used in the atmospheric correction, 779 and 865 nm, are
independently adjusted, if necessary;

2.  Then, the atmospheric correction is applied, yielding to path reflectance and
transmittance in the VIS bands considered as sufficiently accurate to build the targeted
TOA reflectance:

PL(A D) = pEiG (A D) + €5 (A, D). pIS (A, ) (5)

where the exponent V¢ stands for vicariously adjusted quantities.

An advantage of this approach, pointed out in the first works of NASA, is to decouple the NIR
and VIS gains computation and avoid a complex iterative procedure.

Without further atmospheric in situ measurement, the first step needs assumptions on the
aerosol signal in the NIR. This can be either by fixing an aerosol model already tabulated in the
ground segment (e.g. Franz et al., 2007), or by making an assumption on the spectral shape,
which was done for the MERIS 3™ data reprocessing.

In the MERIS 4t data reprocessing NIR adjustment is performed through an evolution of the
BPAC algorithm (MERIS ATBD 2.6). Whether the water is considered turbid or clear a spectral
alignment is made on the NIR signal to fit the shape of the aerosol models used in the BPAC.
Residual terms from the alignment, if not coming from turbid water contributions, are
considered as NIR calibration residuals. At the end, both turbid water signature in the NIR and
NIR calibration are removed to the TOA reflectances in order to provide the dark water inputs
of the Antoine and Morel (1999) atmospheric correction. By construction, applying the
individual gain g(4,i) would locally make the atmospheric correction perfectly retrieve the
desired in situ reflectance p3 (4, i), whatever the NIR adjustment. This is not true in practice
since only an average adjustment factor G(A) is applied. Hopefully the near infrared
adjustment may tend to improve accuracy of the atmospheric correction and consequently
reduce dispersion in the visible gain factors.

2.4 Domain of applicability

The primary unknown in pgc(/l) being the water-leaving reflectance and the aerosol
reflectance (see e.g. equation 5), we have decided to put ourselves in situation of stable and
homogeneous marine and aerosol properties, i.e. avoid coastal areas to weaken the influence
of highly variable and complex waters and assemblage of aerosol particles.

In addition, and despite the importance to monitor coastal regions, the objective of vicarious
adjustment is to improve remote-sensing of the widest possible areas of the oceans: open
ocean areas dominated by phytoplankton optical properties. For these reasons, computation
of the vicarious adjustment gains has been performed on clear oceanic waters. The application
of those gains will obviously present some limitations in coastal waters. We indeed extended
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our work and computed vicarious gains on more coastal datasets (mainly AERONET-OC sites;
http://aeronet.gsfc.nasa.gov, Holben et al., 1998). In coastal regions, the spectral gains proved
to present opposite trends in comparison to open ocean derived ones. These results are
confirmed by the work of Melin and Zibordi (2010).

© 2017 ACRI-ST
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3 Implementation of the vicarious adjustment in the MERIS
4* data reprocessing

3.1 Overview of the MERIS 4" reprocessing Level 2 chain

We give here an overview of the Level 2 processing chain and detail where the vicarious
adjustment has been inserted. Depency on the geometrical angles 6, 68,, and Ag is not made
explicit.

One major evolution of the MERIS 4™ data reprocessing ocean branch is the pressure
adjustment scheme that adjusts the TOA signal to the signal that would be acquired if the
target pressure were fixed to a standard pressure. This scheme must be applied to cope with
the radiative transfer modeling of the atmospheric signal at fixed standard pressure levels.

In the MERIS 3™ data reprocessing, this adjustment took place on the path reflectance just
prior to the selection of the aerosol models in the Antoine and Morel (1999) atmospheric
correction scheme.

In the MERIS 4% data reprocessing, decision of the MERIS QWG has been to adjust the TOA
signal to the standard pressure just after the gaseous transmission and glint corrections. The
rationale is to consider at the same time the dependency of the Rayleigh optical thickness with
latitude (so-called Bodhaine correction (Santer and Zagolski, 2017)), the smile correction
(wavelength-shift induced correction), and the pressure adjustment. The adjustment is done
using an equivalent Rayleigh optical thickness shift following the 6S theoretical formulation of
the signal.

MERIS Level 1 products correspond to geolocated and calibrated TOA radiances Lyg4(4). The
Level 2 chain starts by converting the Level 1 data into TOA reflectances pyo4(A4). Then,
several processings are sequentially applied, at a pixel level:

= a pixel identification allowing to flag Cloud, Water and Land pixels and guide the next
processing steps into the corresponding branches

= a correction of the total gaseous absorption for O3, O, NOz,and H;0, leading to png(/l)
related to pro4(4) through:

proa(d) = ty(1). ppg () (6)

= a glint correction removing the glint reflectance estimated at sea level by the Cox and
Munck (1954) model and propagated at TOA by a simplified transmittance t(4) (see Cox
and Munk, 1954, and MERIS ATBD 2.13) depending only in the Rayleigh optical thickness.
This correction leads to the glint-corrected reflectance p,.(4) related to p, (1) through:

Prg (D) = pgc (D) + t(1). pg(1) (7)

= the smile, Bodhaine, and pressure adjustment (see Santer and Zagolski 2017 for details)
reducing the in-field of view variation of channels central wavelengths, correcting for the
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latitudinal dependency of the Rayleigh optical thickness, and adjusting the signal to Py,
the standard pressure of the radiative transfer look-up-tables (LUTs):

pgc(ﬂ-) - Péc (A» Pstd) (8)

= the BPAC removing turbid water contributions to the TOA signal as well as NIR calibration
residuals in the NIR only:

ppath(/lNIR' Psrq) = pgc(ANIRf Psta) — tpwez(Anirs Psta) 9)

= the Antoine and Morel atmospheric correction estimating the atmospheric path
reflectance and the transmittance related to combined aerosols and Rayleigh effects in
the VIS from the NIR

ppath(ANIR' Pstd) - ppath (/1: Pstd) and td (/1: Pstd) (10)

|II

-corrected reflectances can be related to the water pixels by:

(11)

= at this stage these “al

p‘;c(lt Pseq) = Ppath (4, Pseq) + ta(4, Psa). pu (1)

The atmospheric path reflectance p,q:n(4, Pstq) and the total transmittance t4 (4, Pseq) are
given the dependency on Pz which is implicit through their computation but is important to
mention for the following. Note that there is no white-caps correction in the MERIS
processing. Once the spectrum p,, (1) is retrieved, the further steps of the Level 2 chain deal
with bio-optical inversions.

3.2 Interpolation scheme for the water-leaving reflectance

In the formulation of pgc(/l, Pi;q) there is no pressure dependency of the water-leaving
reflectance p,,(1) because it is not dependent on the atmospheric state. It means that any
value Py, used for simulating the atmospheric state must, in principle, lead to the same
results.

This is not completely true in practice as the pressure (or so-called “Rayleigh”) adjustment is
more efficient for small deviations (i.e. when applied using the LUT reference pressure closest
to the target geophysical pressure). For MERIS 4t reprocessing specific radiative transfer
simulations have been run to deal with high altitude (low pressure) water bodies, the series
of LUTs representing the atmospheric state now includes the dependency in Py so that
P4 € {1040,1013.25,970,900,800,700} hPa where it used to be only Py, = 1013.25
hPa.
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An analysis has been conducted to assess the sensitivity of p,, (1) to a change in Pyy. It
appeared that a better precision on p,, (1) is obtained if the atmospheric correction is made
on the two closest pressure levels of the LUTs and then interpolated.

Let P; and P, be the pressure levels (one of the six levels available) bracketing the target
pressure Py;y, P, being the closest to Py;y.

Mathematically we have:

p;c(lr Pl) = Ppath(/l; Pl) +tq (A, P1)-,0w(/1' Pl) (1261)

and

Pgc(A P2) = ppacn (4, P2) + ta(4, Py). pw (4, P2) (12b)

The Antoine and Morel (1999) atmospheric scheme is performed only at P; to retrieve the
aerosol models and mixing ratio (see below for explanations). These are later propagated to
P, through interpolation in the LUTs.

Because the pressure adjustment scheme relies on the Rayleigh optical thickness, the
interpolation of p,, (4, P;) and p,,, (4, P,) is performed using the corresponding Rayleigh optical
thicknesses, namely 7z (4, P,), T (4, P,), and T (4, Ppix).

Tr(A4,P1)-TR (lfppix)
tr(A,P1)—TR(4,P;)

Pu@) = (1= €(D)). pu (4, P) + €(1). py (A, P,)

Defining (1) =

, we have
(13)

3.3 Methodologies for the vicarious adjustment of the visible bands

We recall that the NIR bands are supposed to be adjusted within the MERIS 4t reprocessing
BPAC, residual spectral alignment of the NIR bands is transferred in the turbid correction term
towc2(Anir, P1) which is removed to the “all”-corrected reflectance prior to atmospheric
correction. The aerosol loading (AOT, angstrom exponent, selected aerosol models and mixing
ratio) is thus determined from the signal adjusted at P; using ppaen(Anr, P1) =

Pgc(Anirs P1) — tpwez (Anir, Pr)-

The aerosol loading is supposed independent of the choice of Py, it is in second step used to
get the atmospheric path reflectances and transmittances at both P; and P, at all
wavelengths.

As a NIR spectral alignment is performed through the BPAC, only the visible bands need a
proper vicarious calibration. To do so one must relate the in-situ water-leaving reflectances
plS(4,1) to the “all”-corrected reflectances pgc(4, Py) and p. (4, P), or going backwards into
the pressure adjustment scheme to relate these to the sole glint-corrected reflectances p4. (1)
which is less straightforward.
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That is now a slight change compared to equation (3) proposed for MERIS 3™ reprocessing.
Two solutions have been proposed by MERIS QWG, leading to equivalent results, to apply
vicarious gains on pg.(4, P;) and pg.(4, P;):

1. Compute vicarious gains independently for each Py, branch, i.e. force the processing
to not interpolate between two branches so that only one branch is used for
adjustments and atmospheric correction, then compute gains for each of the six
branches. In the nominal processing two different sets of vicarious gains would then
be applied to py.(4, P;) and pg.(4, P,) respectively.

2. Compute one unique set of vicarious gains to apply on both pgc(l, P;) and pgc(/l, p,).

On an individual basis (i.e. on each matchup between in-situ measurements and MERIS
acquisitions) this leads to solve per wavelength:

1. g i, Pyg) = P;'és(l,i,Pstd) Ppath()L L,Pst)+tqa(Li,Pseq) ply (A1)
. Vostd Pgc(AiPsta) )Opatth(/’L LPsta)+ta(AiPseq) pw(A0)

2. find g(4,1i) independently of bracketing pressures P; and P, so that

for each Py (14)

I Dpge(A, 6, Pi_3) = ppaen(A, 1, Pr_p) + ta(4, 1, Py 2)pis (A, 1)

Because one wants pLs (1,i) = (1 — e(4, 1)) p (/1 P1) +e(4,0).p (/1 Pz) injecting
the formulations (9a) and (9b) in both P; and P, branches leads to solve

B+ (1- e i)).% +e(a, i).%
g4,i) = : o 2 (15)
pgc( 1) ch( d 2)

(1= @) ary *< D@y

The implementation of the second choice was decided as it is the simplest and the closest to
the implementation for MERIS 3™ reprocessing. However, question remains on the proper
computation and validation of vicarious gains dedicated to high altitude water bodies.

3.4 Data preparation for the vicarious calibration of the visible bands

For reasons already mentioned in section 2.4, the in situ datasets for vicarious adjustment
have been selected with respect to their representativeness of world ocean Case 1 waters.
We have chosen the MOBY (Clark et al., 2003) and BOUSSOLE (Antoine et al., 2006, Antoine
et al., 2008a) buoys for they provide the longest time series of quality checked data in such
conditions. Matchups extractions were made from the MERMAID system available at
http://mermaid.acri.fr. A reason to consider two sites is to dispose of the maximum of
reference optical measurements. As we shall see hereafter, this approach is a posteriori
validated thanks to a good consistency in the gain factors from the two sites.
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3.4.1 The BOUSSOLE dataset

The BOUSSOLE mooring (BOUée pour l'acquiSition de Séries Optiques a Long termE) is in
operation since 2003 and located in the Ligurian Sea (Western Mediteranean — 7°54’E,
43°22’N, depth of 2440m). Oligotrophic conditions prevail during summer with Chl-a ranging
within 0.05-0.1 mg.m-3. The higher concentrations can be observed during early spring bloom
(February to April) with peaks of up to 5 mg.m-3. Concentrations between 0.1 and 0.2 mg.m-
3 characterize the other periods of the year (Antoine et.al., 2008a). BOUSSOLE site
permanently presents Case 1 water characteristics.

BOUSSOLE measures upwards and downwards plane irradiance and nadir upwelling radiance
(respectively E,, Eq and L,) at two depths as well as above surface solar irradiance (Es). A full
description of the theoretical work, practical design and construction, laboratory and in situ
testing of the buoy, along with a description of the instrument suite and of some aspects of
the data processing are presented by Antoine et al. (2008a). The main steps are as follows.
Lu(A,0) is extrapolated for the shallowest measurements as a function of K; (diffuse
attenuation coefficient for the upwelling nadir radiance), & and chlorophyll concentration. K;
is calculated for the two depths L, measurements. Ly(A,07) is then corrected for instrument
self-shading. From L,(A,07), the Lw(A) is calculated through signal propagation across the air/sea
interface. pls (1) can then be calculated after Es(A) tilt correction.

3.4.2 The MOBY dataset

The Marine Optical BuoY (MOBY - Clark et al., 2003) has been moored since 1996 in the vicinity
of Hawaii and measures upwelling radiance L,(A) and downwelling irradiance Eq4(A) over the
spectral range 340nm to 955nm with 0.5nm spectral resolution at 1, 5 and 9m depth. MOBY
also measures the surface irradiance Es(A) through a collector on top of the buoy. Full details
on the MOBY system can be found in Clark et al. 2003. Data processing includes extrapolation
of Luy(A,z) to Ly(A,0) through the computation of upwelling radiance attenuation coefficient
from two measurements of Ly(A,z), nominally the two upper arms. Ly(A,07) can then be
propagated across the air/sea interface to compute Lw(A). Although MOBY is primarily
designed for the NASA sensors SeaWiFs and MODIS, the hyperspectral data are also processed
for MERIS bands. MERMAID database make use of Lw(A) and Es(A) measured at MOBY to
compute plS(1). No tilt correction is accounted for in MOBY data processing.

3.4.3 Data matching and screening

We gather all MERIS 19x19 pixels box overpassing each site coordinates over the complete
MERIS mission duration, which makes a total of 1077 and 900 macropixels for BOUSSOLE and
MOBY respectively, that we process at Level 1 and Level 2. We then employ a nested box
approach, by searching among macropixels with the less possible cloud, ice haze, high glint,
and medium glint, finally keeping the 5x5 central pixels. This procedure has been developed
and checked for the MERIS 3™ data reprocessing.
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3.4.4 Correction of downwelling sun irradiance for the in situ water-leaving reflectance

In the computation of pl’(A,i) using downwelling and upwelling irradiances the solar
irradiance E; is the one measured in situ by the instruments. To remove potential bias from
this measurement a normalization using the irradiance EME computed through the MERIS L2
processing is done.

EME is computed using the solar flux, the solar angle, the gaseous transmittance, and the total
downward transmittance computed while performing the atmospheric correction (i.e. defined
by the aerosols selected through the Antoine and Morel (1999) procedure).

It follows that we use the MERIS-normalized in situ water-leaving reflectance defined by

Es(4,1)

PMEQLD = Pl LD pie s

(16)

3.4.5 Denormalization procedure for the in situ water-leaving reflectance

All in situ water-leaving reflectances come into a fully-normalized format, which means that
the original measurements have been normalized to a zenith-illuminating / nadir-viewing
geometry. For the comparisons with MERIS a denormalization procedure is used to transform
the reflectance to that which would be measured in the acquisition geometry (both
illuminating and viewing) of MERIS. The denormalization is pixel-based and uses the same
algorithm as the normalization of MERIS water-leaving reflectances (MERIS ATBD 2.9).

3.5 Vicarious gains computation

Formulations (14) and (15) using (16) are applied on the datasets mentioned above on an
individual basis. Per match-up the uncertainty is given using the combination of the in situ and
MERIS uncertainties:

= (02" + (") an

In the lack of in situ measurements assessment of total uncertainty o ’5 is taken as 5% of

plS(4,1). The MERIS uncertainty is taken as the dispersion within the coIIection of p,, (4,1) per
match-up. Then the weight associated to an individual gain is

wAi) =

ag(4,1) (18)

The higher the uncertainty, the lower the weight. The final gain is firstly computed per site
using (4):

Y 0@ i)gh i)
YN @A, i)

GQA) =
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with g(4, i) computed following (15).

The whole visible spectrum from the 412 nm band to the 753 nm band is covered. BOUSSOLE
had no data available at 620 nm and from 709 nm upwards, therefore we rely on MOBY from
709 nm. The 620 nm band is a special case: a rough interpolation of BOUSSOLE gains is made
for the computation of the final gains.

Gains are first obtained separately for both sites along with the corresponding number of
selected match-ups, at 620 nm the number of match-ups for BOUSSOLE is taken as the mean
of the numbers for 560 and 665 nm. Then a mean, weighted by the number of match-ups as
weights per site, is done per wavelength. Results are displayed in Table 1 and summarized in
Figure 3 along with the associated standard deviations.

Table 1: Averaged gains per site and number of matchups, Final gains and standard
deviation

Band Gains N Gains N Gains Standard

(nm) BOUSSOLE | BOUSSOLE MOBY \"/[0]:)4 Final deviation
412 0.9810 42 0.9813 127 0.9812 0.0104
443 0.9785 95 0.9833 127 0.9812 0.0111
490 0.9848 114 0.9849 127 0.9849 0.0112
510 0.9853 115 0.9848 127 0.9850 0.0121
560 0.9850 116 0.9853 127 0.9851 0.0100
620 N/A 0 0.9932 127 0.9910 0.0087
665 0.9926 72 0.9921 127 0.9923 0.0077
681 0.9921 62 0.9911 127 0.9915 0.0076
709 N/A 0 0.9925 122 0.9925 0.0085
753 N/A 0 0.9968 110 0.9968 0.0038

© 2017 ACRI-ST
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Vicarious gain as a function of wavelength
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Figure 3: Vicarious gains computed over BOUSSOLE, MOBY, and final gains for MERIS 4t
data reprocessing. Dashed lined represent standard deviation.

BOUSSOLE and MOBY gains are quite consistent, most differences occur at 443 nm. The overall
spectral shape is quite linear, which is rather different to the gains of the 3" data reprocessing.
The dispersion is similar to that of the 3™ data reprocessing.

Applying the same methodology but using the formulation (14) of g(A,i) different sets of
gains are obtained when choosing the atmospheric correction to be performed only using
simulated atmospheres with reference pressure levels 1040, 1013.25, and 970 hPa. Results
are displayed in Figure 4.

© 2017 ACRI-ST
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Figure 4: Final vicarious gains computed independently for selected pressure levels 1040,
1013.25, 970 hPa, compared to the nominal set of gains (dashed).

These results highlight the sensitivity of the atmospheric correction with the choice of the
reference pressure of the radiative transfer simulations.

3.6 Validation on MERMAID matchups

Comparisons can be made between 2", 3" and 4™ data reprocessings with respect to the
MERMAID database. Such database provides match-ups between in situ measurements and
satellite water-leaving reflectances. Relative percent differences (used for the comparisons as
figures from the 2" and 3™ reprocessings are extracted from MERIS ATBD 2.24 issue 2011)
are displayed in Figure 5 and Figure 6 for bands between 412 and 665 nm except 620 nm.
Latest results from the 4™ reprocessing are better (less bias) or at least in line (same bias and
same dispersion) with previous reprocessings.

© 2017 ACRI-ST
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Figure 5: Relative percent difference in water-leaving reflectance between in situ and
satellite (MERMAID) for wavebands 412, 443, 490 nm. From top to bottom: 2", 3% and 4"

data reprocessings
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Figure 6: Relative percent difference in water-leaving reflectance between in situ and
satellite (MERMAID) for wavebands 510, 560, 665 nm. From top to bottom: 2", 3", and 4t
reprocessings.

Comparisons using either the individual gain formulation (14) or (15) can be made on the same
basis. Both methods exhibit very similar results, for instance at 412 nm, which is shown
through simple differences in Figure 7. These results show that it is comparable to use one
“mean” set of gains for any pressure branch of the atmospheric correction than to use specific
sets of gains for each pressure branch. Question remains for high altitude water bodies: which
approach would suit these cases ? We do not possess in situ measurements over high altitude
waters to answer this question.

© 2017 ACRI-ST
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Figure 7: Difference in water-leaving reflectance between in situ and MERIS 4
reprocessing (MERMAID) for waveband 412 nm. Left: individual gain formulation (15),

right: formulation (14).
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