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Abstract— Radiometric water products from the neural net-
work (NNv2) in the alternative atmospheric correction (AAC)
processing chain of Ocean and Land Colour Instrument (OLCI)
data were assessed over different marine regions. These prod-
ucts, not included among the operational ones, were custom-
produced from Copernicus Sentinel-3 OLCI Baseline Collection
3. The assessment benefitted of in situ reference data from
the Ocean Color component of the Aerosol Robotic Network
(AERONET-OC) from sites representative of different water
types. These included clear waters in the Western Mediter-
ranean Sea, optically complex waters characterized by varying
concentrations of total suspended matter and chromophoric
dissolved organic matter (CDOM) in the northern Adriatic
Sea, and optically complex waters characterized by very high
concentrations of CDOM in the Baltic Sea. The comparison of
the water-leaving radiances LWN(λ) derived from OLCI data on
board Sentinel-3A and Sentinel-3B with those from AERONET-
OC confirmed consistency between the products from the two
satellite sensors. However, the accuracy of satellite data products
exhibited dependence on the water type. A general underes-
timate of LWN(λ) was observed for clear waters. Conversely,
overestimates were observed for data products from optically
complex waters with the worst results obtained for CDOM-
dominated waters. These findings suggest caution in exploiting
NNv2 radiometric products, especially for highly absorbing and
clear waters.

Index Terms— Ocean color, remote sensing, validation.

I. INTRODUCTION

THE Ocean and Land Colour Instrument (OLCI, [1]) oper-
ates on board the Sentinel-3A (OLCI-A) and Sentinel-3B

(OLCI-B) satellites since February 2016 and April 2018,
respectively. The standard OLCI Level-2 ocean color prod-
ucts are generated through the baseline atmospheric correc-
tion (BAC [2]) processor originally conceived for waters
exhibiting low optical complexity (i.e., Case-1 waters).
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Additionally, complementary data products are generated
through the alternative atmospheric correction (AAC) proces-
sor to support ocean color applications in optically com-
plex waters. In particular, AAC combines two distinct neural
networks (NNs), one performing atmospheric correction to
retrieve water reflectance ρNN

WN(λ) and the other one quan-
tifying the water inherent optical properties (IOPs) from
ρNN

WN(λ) [3]. These IOP data products are then used to deter-
mine the so-called OLCI NN operational products, i.e., the
concentrations of total chlorophyll-a (CHL_NN) and total
suspended matter (TSM_NN), and the total absorption coef-
ficient of chromophoric dissolved organic matter (CDOM)
and non-pigmented particles at the 443-nm center wavelength
(ADG_443_NN). Even though ρNN

WN(λ) is not included among
the OLCI operational data products, it can be generated by
any user through the Case-2 Regional CoastColour (C2RCC)
processor [3] and ideally applied in combination with local
bio-optical algorithms to generate regional data products. This
potential application of ρNN

WN(λ) data indicates the need for a
thorough assessment to support their confident exploitation.

A new Baseline Collection 3 of Level-2 ocean color prod-
ucts (OL_L2M.003 [2]) has been recently released benefit-
ting of System Vicarious Calibration (SVC) gains determined
for both OLCI-A and OLCI-B. In this collection, the AAC
products are generated through NNv2 neural network recently
introduced with the objective to increase the accuracy of
products from open ocean waters with respect to previous
NNv1 [2] and to match NNv2 implemented in the C2RCC
processor in the Sentinel Application Platform (SNAP).

A number of investigations already provided feedback
on the accuracy of the NNv2 radiometric data products.
Among these, Mograne et al. [4] compared the results from
five atmospheric correction algorithms over optically complex
waters in the Eastern English Channel and French Guiana.
In that study, NNv2 exhibited better results than the other
atmospheric correction algorithms, although affected by low
accuracy at the blue spectral bands. Giannini et al. [5] docu-
mented large underestimates in the blue and also a saturation
of remote sensing reflectance RRS(λ) for values above 0.008
sr−1 in the Northeast Pacific coastal waters. Finally, Vanhelle-
mont and Ruddick [6] indicated general underestimates of
radiometric products from NNv2 in the Belgian coastal turbid
waters. Poor results were specifically reported at the 665-
and 709-nm center wavelengths. It is important to mention,
however, that the SVC gains were not applied to the NNv2 data
products analyzed by [4] and [6]. Conversely, the SVC gains
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Fig. 1. (a) AERONET-OC sites location and (b)–(d) scatterplots of OLCI-A LNN
WN(λ) versus AERONET-OC LPRS

WN (λ) at the center wavelengths λ in the
400–665-nm spectral interval for different water types: (b) oligotrophic-mesotrophic (CPL); (c) optically complex (AAOT); (d) optically complex dominated
by CDOM (GDLT). N indicates the number of matchups and r2 is the determination coefficient across all points. The spectrally averaged root-mean-square
difference (rmsd) is expressed in mW cm−2μm−1 sr−1. The spectrally averaged median relative difference (ψm) and absolute (unsigned) relative difference
(|ψ |m) are in %.

from OLCI operational processing Baseline 2 were applied to
the data products examined by [5].

The objective of this work is to evaluate the accuracy of
NNv2 radiometric data products across regions characterized
by diverse water types. Specifically, by exploiting in situ
reference data from the Ocean Color component of the Aerosol
Robotic Network (AERONET-OC, [7]), the work presents
an assessment of the NNv2 radiometric products from the
OL_L2M.003 Collection for three European marine regions
characterized by a gradient from oligotrophic–mesotrophic
clear waters to various levels of concentrations of sediments
and CDOM.

II. DATA AND METHODS

A. In Situ Data

In situ normalized spectral water-leaving radiance LPRS
WN (λ)

data corrected for the bidirectional effects [8] were consid-
ered from three European AERONET-OC sites [Fig. 1(a)]:
1) Casablanca Platform (CPL) in the Western Mediterranean
Sea exhibiting occurrence of Case-1 waters (i.e., waters whose
optical properties can often be described as a function of
chlorophyll-a concentration); 2) Acqua Alta Oceanographic
Tower (AAOT) in the northern Adriatic Sea for optically com-
plex waters characterized by varying concentrations of sedi-
ments and CDOM; 3) Gustaf Dalen Lighthouse Tower (GDLT)
in the Baltic Sea, also characterized by optically complex
waters, but exhibiting high concentrations of CDOM. CPL
data have been screened to only represent clear water cases by
retaining exclusively those LPRS

WN (λ) spectra with the maxima
at the blue center wavelengths (i.e., between 400 and 442 nm).

To minimize the corrections required to reduce the differ-
ences in spectral bands, the following analysis has been limited
to the period 2018–2021. In fact, since 2018 measurements
at a number of European AERONET-OC sites have been
performed with CE-318T instruments with center wavelengths
matching those of OLCI in the visible spectrum [9]. The
AERONET-OC Level 2.0 data applied in the assessment were
from the Version 3 database.

B. Satellite Data

OLCI Reduced Resolution (1.2 km) ocean color Level-2
products were custom-processed by EUMETSAT through

Instrument Processing Facility (IPF) version 07.01 Collec-
tion 3 to ensure access to ρNN

WN(λ) from the AAC processing
chain. The NN devoted to the atmospheric correction in
NNv2 was trained with radiative transfer simulations obtained
with the successive order of scattering (SOS [10], [11])
code [3] using aerosol optical properties determined from
AERONET [12] sun-photometric measurements performed at
coastal sites. Lower boundary conditions have been imposed
based on the same dataset of water reflectance applied to
train the in-water component of NNv2 and determined with
HydroLight simulations ([13], [14]).

The NN ingests the OLCI top of the atmosphere (TOA)
reflectance corrected for gaseous absorption and for smile
effects, with the SVC gains applied. In Collection 3, the SVC
gains used in the AAC are the same as those obtained for BAC
processing, i.e., not expressly derived for AAC: the impact on
data products of such a solution has not yet been quantified.
NN output is the directional water reflectance ρNN

WN from which
the normalized water-leaving radiance LNN

WN(λ) is computed
according to

LNN
WN(λ) = ρNN

WN(λ)E0(λ)C f/Q(λ)

π
(1)

where E0(λ) is the mean spectral extra-atmospheric irradiance
at mean earth–sun distance [15] and C f/Q(λ) is the correction
for bidirectional effects consistent with that applied to the
in situ data [8]. It is recognized that this latter correction was
conceived for Case-1 waters and, consequently, the uncertain-
ties resulting from its application to optically complex waters
may be quite large.

C. Matchups Identification

Matchups (i.e., nearly simultaneous in situ and satel-
lite data pairs) were created using the average LNN

WN(λ) of
the 3 × 3 pixels centered at each AERONET-OC site. The
matchups were included in the analysis whenever: 1) the
time difference between the acquisition of in situ and satel-
lite data was lower than 2 h; 2) none of the nine pix-
els was affected by any of the processing flags recom-
mended for NN products (i.e., ’INVALID’, ’LAND’, ’COS-
METIC’, ’SUSPECT’, ’CLOUD’, ’CLOUD_AMBIGUOUS’,
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Fig. 2. (a), (c), and (e) AERONET-OC LPRS
WN (λ) and (b), (d), and (f) OLCI-A

LNN
WN(λ) spectra for the matchup pairs representative of different water types:

(a) and (b) oligotrophic-mesotrophic (CPL); (c) and (d) optically complex
(AAOT); (e) and (f) optically complex dominated by CDOM (GDLT). N is
the number of matchups. The continuous black lines indicate the median of
the spectral values, while the dashed lines indicate ±1 standard deviation.

’CLOUD_MARGIN’, ’SNOW_ICE’, ’HISOLZEN’, ’SATU-
RATED’, ’HIGHGLINT’, ’OCNN_FAIL’) [2]; 3) the coeffi-
cient of variation (i.e., the ratio of standard deviation to mean)
of LNN

WN(λ) at 560 nm for the set of nine pixels was lower than
20%; and 4) the satellite viewing zenith angle was lower than
60◦ and the sun zenith angle lower than 70◦. For each site, the
root-mean-square difference (rmsd), the median relative differ-
ence (ψm), and the median absolute (unsigned) relative differ-
ence (|ψ|m) were determined from the available matchups.
Data analysis was carried out for OLCI-A and OLCI-B
separately.

III. RESULTS

Figs. 1 and 2 display, for OLCI-A only, the satellite
and in situ LWN(λ) scatterplots and the related spectra,
respectively. Additionally, Fig. 3 summarizes the results from
the statistical analysis of matchups at each center wavelength
for both OLCI-A and OLCI-B. These results show an expected
high consistency between radiometric data products from
the two satellite sensors. However, the same results exhibit
accuracies of satellite-derived versus AERONET-OC LWN(λ)
largely varying across the three validation sites.

In clear waters at CPL, satellite-derived LNN
WN(λ) are largely

underestimated with ψm varying between −22.0% at 560 nm
and −15.0% at 412 nm for OLCI-A, and between −34.5%
at 665 nm and −15.1% at 412 nm for OLCI-B. Values of
r 2 ranging from 0.74 to 0.82 in the 400−442-nm spectral
interval indicate a good correlation between satellite and in situ

data. The correlation, on the other hand, rapidly degrades
beyond 490 nm with r 2 close to zero in the red, where
LPRS

WN (λ) values are very low and the related uncertainties are
high. More in general, satellite-derived LNN

WN(λ) shows a flatter
spectral shape in the green-red with respect to AERONET-OC
LPRS

WN (λ) [see Fig. 2(a) and (b)]. In addition, the LNN
WN(λ)

maximum usually appears at 442 nm rather than at 412 nm as
for LPRS

WN (λ).
LNN

WN(λ) shows the best agreement with in situ data for
the AAOT optically complex waters. Excluding the bands at
400 nm for OLCI-A and at 400 and 412 nm for OLCI-B,
an overestimate is observed at the blue and green center
wavelengths with ψm varying between +0.8% and +14.1%.
The dispersion of the compared data, as shown by |ψ|m,
decreases gradually from 400 to 560 nm and increases again
in the red at 620 and 665 nm where it also shows larger over-
estimates. A high correlation between satellite and in situ data
characterizes the comparison at all center wavelengths with
minimum r2 of 0.7 at 400 nm, increasing with wavelength.
The median spectrum shown in Fig. 2(c) for OLCI-A (and
similarly for OLCI-B) exhibits shape consistent with that of
the in situ one [see Fig. 2(d)], except for a slightly steeper
slope in the green.

The poorest results are obtained for the GDLT site represen-
tative of CDOM-dominated waters, with |ψ|m varying between
17.6% at 560 nm and 81.7% at 400 nm for OLCI-A, and
13.9% at 510 nm and 83.2% at 400 nm for OLCI-B. LNN

WN(λ)
values in blue are generally largely overestimated while they
exhibit a high dispersion in the red. Finally, although LNN

WN(λ)
spectra exhibit maxima at 560 nm as LPRS

WN (λ), the overes-
timated values at 510 nm appreciably affect the shape of
satellite-derived spectra [see Fig. 2(e) and (f)].

IV. DISCUSSION

A new water bio-optical model was implemented in NNv2
to better accommodate the large variability of natural waters
with respect to NNv1. To do so, the number of training sam-
ples of water reflectance was increased implying an extension
of the ranges of the water IOPs. Still, large overestimates
and inconsistent spectral shapes affect LNN

WN(λ) particularly
for the highly absorbing waters at GDLT. This inconsistency
of the spectral shape was already documented for the NNv1
products in the Baltic Sea by Kyryliuk and Kratzer [16], who
also reported a shift in RRS(λ) peak from 560 to 490 nm in
near-coastal areas explained by a poorer performance of the
atmospheric correction in the blue spectral region.

Inaccurate determinations of LNN
WN(λ) for those waters could

be likely due to a lack of representativeness in the dataset
of the reflectance spectra applied to define boundary condi-
tions in the training of the NNv2 component supporting the
atmospheric correction. Indeed, this dataset is only a part of
the full set of simulations generated with HydroLight. IOP
and reflectance values for some spectral bands have been
in fact limited to the natural range and the covariance of
the open ocean and coastal measurements included in the
MEris MAtchup In-situ Database (MERMAID), the NASA
bio-Optical Marine Algorithm Dataset (NOMAD, [17]) and
the CoastColour database [18].
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Fig. 3. Results from the comparison of OLCI-A and OLCI-B LNN
WN(λ) with AERONET-OC LPRS

WN (λ) at the three selected sites: (a) determination
coefficients (r2), (b) root-mean-square difference (rmsd), (c) median relative difference (ψm), and (d) absolute (unsigned) relative difference (|ψ |m) (these
latter are expressed in %). The number of matchups for OLCI-A is 55, 148, and 73 and for OLCI-B is 64, 133, and 77, at CPL, AOT, and GDLT, respectively.

The comparison of the results from LNN
WN(λ) assessment with

those obtained for BAC products in former investigations for
equivalent water types [19] indicates that accuracies of NNv2
radiometric products are more dependent on water type and
wavelength. For example, over the CPL blue waters, LNN

WN(λ)
shows a consistent underestimate of approximately 20%, while
BAC products are much closer to in situ data and show ψm

values varying between −2% and +6% at the blue center
wavelengths up to 510 nm, and then underestimates of 4%–6%
at 560 nm, largely increasing in the red spectral region. Over
CPL, LNN

WN(λ) exhibits a higher correlation with LPRS
WN (λ) at the

blue center wavelengths when compared with BAC products,
but at 560 nm the correlation is lower and comparable to
that characterizing the other center wavelengths. Over generic
optically complex waters such as those characterizing the
AAOT site, NNv2 outperforms BAC only at the shorter blue
bands below 442 nm, where BAC shows |ψ|m values up to
43.5%. Otherwise, NNv2 performance appears degraded with
respect to BAC. Over CDOM-dominated optically complex
waters, LNN

WN(λ) products show overestimates, whereas BAC
products show underestimates. For these water types, the
correlation with in situ data at wavelengths below 560 nm
is higher for NNv2 with respect to BAC products (these latter
show values varying between 0.00 and 0.58 between 400-
and 510-nm center wavelengths). It is, however, acknowledged

that for CDOM-dominated and generic complex waters,
additional sites besides GDLT and AAOT were considered
in [19].

V. CONCLUSION

OLCI NNv2 LNN
WN(λ) products in the 400–665-nm spectral

region have been assessed using in situ AERONET-OC data
representing different water types. The analysis has shown
comparable results for OLCI-A and OLCI-B and a strong
dependence of products accuracy on water type. A general
underestimate is shown for the CPL clear waters. Conversely,
overestimates (with ψm ranging between +0.8% and +35.7%)
characterize the optically complex waters at AAOT at almost
all center wavelengths. Finally, much poorer is the result from
the assessment for the CDOM-dominated waters at GDLT,
where LNN

WN(λ) values are widely overestimated (in the blue up
to +81.7% for OLCI-A and +92.0% for OLCI-B, according
to ψm).

These results indicate that NNv2 exhibits better perfor-
mance in optically complex waters, such as those charac-
terizing the northern Adriatic Sea at the shorter blue center
wavelengths below 442 nm, where it outclasses BAC. How-
ever, these same results suggest caution in exploiting NN
radiometric products in regions characterized by oligotrophic–
mesotrophic or highly absorbing waters.
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Finally, overall results confirm the importance of a globally
distributed dataset of in situ measurements, both for train-
ing the NNs and validating the output from the processing
algorithms.
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