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New products of water-inherent optical properties have been made operational by European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), on behalf of the EC Copernicus Programme, based on a three-step semi-analytical algorithm to derive absorption coefficient products for all non-water components (anw), for phytoplankton (aphy), and for coloured detrital and dissolved matter (acdm), from the first eight bands of the Sentinel-3 (S3) Ocean and Land Colour Imager (OLCI). Additionally, based on a different type of retrieval, the absorption of coloured dissolved organic matter (CDOM) from the OLCI 443 nm band, acdom(443), has been introduced as a new product. In this study, we evaluate for the first time these new absorption coefficient products for OLCI, based on validation with a large (up to 1,000), global, and comprehensive in situ matchup dataset covering all optical water classes, considering the first 7 years of the S3 mission. Results show robust retrievals for all four OLCI absorption products (Rlog of 0.68–0.86), with a median absolute percent deviation of 30%–51% across all water types for the 443 nm band and similarly for the 400, 412, 490, and 510 nm bands. Performance was strongest for anw(λ) and weakest for acdm(λ). Results for these products for bands 560, 620, and 665 nm are much poorer. The results for OLCI anw(λ), aphy(λ), and acdm(λ) are consistent with previous in situ validation results presented for the European Seas. To obtain a good assessment on the temporal and spatial consistency, the monthly aphy(443) and acdm(443) data from 2019 have been intercompared with other operationally available products. The intercomparisons show that all products agree well for their 2019 average median value and in their overall regional distribution and seasonal variation. EUMETSAT operational processing now delivers the absorption products for the 443 nm band [aphy(443), anw(443), acdm(443), and acdom(443)] for S3 OLCI, and our study confirms the validity of these products. Furthermore, our study corroborates the skill of the EUMETSAT algorithm to obtain valid information in most of the blue and green spectra, making it of high potential for introduction into the processing of ocean-colour radiometry data from new hyperspectral satellite missions.
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1 INTRODUCTION
Understanding oceanic responses to the Earth’s changing climate, the ocean’s role in land–ocean–atmosphere carbon cycles, regional aquatic ecosystems’ responses to hazards, variations across systems, and the health of fisheries and aquatic habitats—to name only a few—requires access to substantial volumes of marine biogeochemical information [e.g., IOCCG (2008) and IOCCG (2009)]. Ocean-colour satellite instruments not only collect data on temporal and spatial scales that currently cannot be achieved by conventional in situ or aircraft sampling platforms but also provide data records that allow retrospective analyses of spatiotemporal trends. These instruments provide estimates of spectral water-leaving radiances [or when divided by the downwelling irradiance, then the remote sensing reflectance [Rrs(λ)]—the light exiting a water body that defines its colour, leading to the discipline colloquially named ocean colour. Initially, remote sensing of ocean colour focused primarily on the retrieval of the concentration of chlorophyll-a in the global oceans. Subsequent studies, however, have also emphasized the importance of understanding and retrieving inherent optical properties (IOPs), namely, the scattering and absorption characteristics of water and its constituents (the dissolved and suspended material) across oceans and seas, as well as coastal and inland waters.
The interest in IOPs and their derivation from ocean-colour radiometry stems from their role in the propagation of light in water, which, in turn, affects light-associated processes such as primary production, visibility, and phytoplankton diel vertical migration. IOPs are the main determinants of Rrs(λ) and thus play a critical role in the interpretation of ultraviolet-to-near infrared remote-sensing data (Werdell and Bailey, 2005). The total IOPs, those that result from additive contributions of all water constituents with optical signatures, determine the propagation of light within an aquatic medium and, hence, the changes in the magnitude and spectral composition of the light field throughout the water column. The sensitivity of IOPs to the variability of optically significant components also allows IOPs to be used as proxies of various seawater-dissolved and particulate constituents of biogeochemical significance. For instance, absorption by coloured dissolved organic matter [acdom(λ)] and its spectral behaviour, especially in the UV range, allows the assessment of dissolved organic carbon variability in coastal waters [e.g., Vantrepotte et al. (2015)]. Furthermore, the spectral absorption coefficients of phytoplankton [aphy(λ)] provide essential parameters for quantifying primary production [e.g., Marra et al. (2007)]. Phytoplankton absorption coefficients also provide the best parameters for optically based assessments of phytoplankton community composition that is typically described in terms of the community size structure and pigment composition [see summary provided in the study by Bracher et al. (2017)]. Together, these products are derived from IOP-based algorithms and allow the estimation of the carbon pool in aquatic environments (Brewin et al., 2023). Considerable effort has focused on the development of analytical frameworks for deriving marine IOPs from sensor-observed Rrs(λ), recognizing that these frameworks cannot be exactly reduced to an analytical equation or expression (IOCCG, 2006; Werdell et al., 2018). Deriving IOPs in this way requires the solution of an inverse problem, which is often mathematically ill-posed because different combinations of IOPs can result in the same Rrs(λ) spectrum in the visible (VIS) domain (e.g., Defoin-Platel and Chami (2007)). This is particularly the case when the number of independent observations (i.e., the number of sensor VIS wavelengths) is small compared to the number of unknown IOP variables, or when uncertainty in the observed Rrs(λ) is high. Many radiative transfer codes that compute Rrs(λ) from user-input IOPs and other key environmental parameters (e.g., sea surface state, atmospheric transmittance, solar geometry, viewing geometry, and water column depth) have been developed. In OLCI products, the historical IOP absorption parameter distributed is a coefficient of absorption for coloured detrital and dissolved organic matter [acdm(λ)]. This parameter has been developed for coastal waters by Doerffer and Schiller (2007) and uses a trained neural network for the inversion of Rrs to IOPs. This parameter has been distributed for a long time in MERIS and OLCI products and is not validated in this work.
EUMETSAT, on behalf of the EC Copernicus Programme, has recently developed new water IOP products (EUMETSAT, 2018) for Sentinel-3 (S3) OLCI which are based on the semi-analytical algorithm “3SAA” presented by Jorge et al. (2021). These products were tuned to work across all water types. Furthermore, Bonelli et al. (2021) have adapted an algorithm from the study by Loisel et al. (2014) and applied it to satellite data to derive acdom(443), using a new semi-analytical model (CDOM-KD2). The general workflow of these algorithms is presented in Figure 1. The three-step SAA IOP algorithm has been provided with the source code in GitLab (https://gitlab.eumetsat.int/eumetlab/oceans/ocean-science-studies/olci-iop-processor) and was implemented, with the addition of the acdom(443) algorithm presented by Bonelli et al. (2021), in February 2024 into operational processing for S3 A and B OLCI data (Data Store | EUMETSAT - User Portal). A SNAP toolbox (https://earth.esa.int/eogateway/tools/snap), including a standalone version of the software, has been publicly released (https://gitlab.eumetsat.int/eumetlab/oceans/ocean-science-studies/olci-iop-processor). With this software, the following IOP products can be retrieved from Rrs(λ): the spectral absorption of all non-water components [anw(λ)], the spectral particle backscattering coefficients [bbp(λ)], aphy(λ), and acdm(λ) and the spectral light vertical attenuation coefficient [Kd(λ)] with bands centred at λ = 400, 412, 443, 490, 510, 560, 620, and 665 nm, and acdom(λ) with λ = 443 nm. It is noteworthy that following EUMETSAT (2018), OLCI bands Oa2 at 412.5 nm and Oa3 at 442.5 nm are abbreviated as 412 nm and 443 nm, respectively, for brevity in this study.
[image: Flowchart depicting the 3SAA model process how to retrieve from remote sensing reflectance (“Rrs”) the optical water classes (OWC), the attenuation of light (“Kd”) and the inherent optical properties (absorption (“acdom,” “acdm,” “aphy,” and “anw”) and particle backscattering (“bbp”) coefficients) using the retrievals based on the studies by Bonelli, Mélin, Jamet, Loisel, Mason, Zhang, and Jorge, spanning from step 1 to 3.]FIGURE 1 | 3SAA (Jorge et al., 2021), acdom (Bonelli et al., 2021), and OWC (Mélin and Vantrepotte, 2015) algorithm workflow as implemented by EUMETSAT in February 2024 into operational processing for EUMETSAT S3 A and B OLCI data. The baseline values of the 3SAA are obtained from several previous studies by Zhang et al. (2009), Jamet et al. (2012), Mason et al. (2016), and Loisel et al. (2018).Previously, the IOP algorithm absorption products have been evaluated, as described by Jorge et al. (2021) and Bonelli et al. (2021), by the algorithm’s developers. At that time, no validation of its application to OLCI data had been presented. Subsequently, independent in situ evaluation of the OLCI absorption products at the 443 nm band excluding the acdom(λ) product by Bonelli et al. (2021) was presented for European sea waters by Zibordi et al. (2023). However, no similar independent validation has been performed to assess the quality of these products at the other seven OLCI bands and in other waters, such as the world’s oceans, inland waters, and other coastal areas until now. There are also, to date, no assessments of the temporal and spatial patterns of these products.
In this study, we assess the quality of S3A and B OLCI water absorption products to provide a separate comprehensive validation and to instil confidence in the product quality coinciding with their operational release by EUMETSAT in February 2024. The approach is two-fold: first, we validated OLCI full resolution (300 m) products against satellite-simultaneous globally distributed in situ measurements, representing different clear and optically complex water types [following classification by Mélin and Vantrepotte (2015)]. The in situ dataset was compiled from public sources and complemented with more recent global in situ data. Second, we evaluated monthly 9 km gridded OLCI reduced-resolution (RR) products through intercomparison with corresponding absorption products from other missions.
2 MATERIALS AND METHODS
We first introduce in section 2.1 the products and data used in the validation and describe how they have been generated; in section 2.2, the details on the validation methodology used are provided, and in section 2.3, the chosen validation criteria are described.
2.1 Validation data
2.1.1 Evaluated S3 OLCI satellite data
S3A and S3B OLCI Level-2 (L2) were obtained on request from EUMETSAT. All the OLCI datasets were generated using the operational Processing Baseline (PB) OL__L2M.003.04 (EUMETSAT 2024). Matchups with the in situ data collection (as detailed in Section 2.1.2) were extracted from the OLCI full resolution (FR) dataset. For the global inter-comparisons, OLCI IOP RR products were gridded to 9 km monthly Level-3 (L3) products for 2019, following the study by Campbell et al. (1995). In this study, we only considered the OLCI L2 products of anw(λ), aphy(λ), and acdm(λ) at the first eight OLCI bands and acdom(443). For L3, only the aphy(443) and acdm(443) products from both OLCI sensors were evaluated. Furthermore, to obtain a merged monthly OLCI L3 RR product for each of those, the OLCI sensor-specific daily L3 RR products were accumulated using the l3bin tools version 5.13 from the SeaDAS software package version 8 (https://seadas.gsfc.nasa.gov).
2.1.2 In situ validation dataset
The in situ dataset consists of different datasets gathered together from measurements collected in open ocean, coastal, and inland surface waters spread around the globe and covering the time from first data delivery by OLCI on S3A until November 2022. We only used the absorption coefficient data derived from measurements on discrete water samples to ensure that a similar method procedure was followed with a similar uncertainty. All data were measured and processed using methods following specific standard protocols (IOCCG Protocol Series, 2018; Mannino et al., 2019). We used all publicly available data from different repositories [SeaWiFS Bio-optical Archive and Storage System (SeaBASS): https://seabass.gsfc.nasa.gov/, PANGAEA: https://www.pangaea.de, and Australian Open Access to Ocean Data portal (AODN): https://portal.aodn.org.au] and newly collected, measured, and analysed datasets from the Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI, PI: Astrid Bracher) and the Hellenic Centre for Marine Research (HCMR, PI: Andrew C. Banks). Details on the different in situ dataset collections [named as Bracher22 [collection from Álvarez et al. (2022), Liu et al. (2019a), Liu et al. (2019b), Bracher and Liu (2021a), Bracher and Liu (2021b), Bracher et al. (2021a), Bracher et al. (2021b), Bracher et al. (2021c), Bracher et al. (2021d), Bracher et al. (2021e), Bracher et al. (2021f), Bracher et al. (2021g), Bracher et al. (2021h), Bracher et al. (2021i), Bracher et al. (2021j), Bracher et al. (2021k), Bracher et al. (2021l), Bracher et al. (2025a), Bracher et al. (2025b), Bracher et al. (2025c), and Bracher et al. (2025d)], Castagna22 (Castagna et al., 2022a collection from Castagna et al., 2022b), Röttgers23 (Röttgers et al., 2023), Lehmann22 [Lehmann et al., 2022 collection from Lehmann et al., 2023], AODN-1, AODN-2, SEABASS, Bracher-new, and Banks-new] are provided in the supplement (S1).
Some of these in situ datasets contain coincident hyperspectral particulate absorption coefficients [or instead hyperspectral absorption coefficients by non-algal particulates and aphy(λ)] and acdom(λ) data, which were summed up to calculate anw(λ). In the cases where the datasets contained coincident hyperspectral absorption coefficients by non-algal particulates and acdom(λ), these were summed up to calculate acdm(λ). Supplementary Table S1 shows that for each in situ dataset, how many data points are provided for matchup extractions for each OLCI absorption product. Overall, 5,537, 2,952, 3,214, and 3,027 data points for acdom, acdm, aphy, and anw, respectively, have been compiled. Supplementary Figure S1 shows the spread around the world’s ocean and inland waters for these in situ IOP datasets used for OLCI matchup analyses. It shows that the open ocean is especially well covered for the Atlantic Ocean including the polar oceans. Moreover, the collection includes many global coastal areas, such as the Baltic Sea and the Mediterranean Sea. Only few data points are found in the open waters of the Pacific Ocean, and none in the Indic Ocean. The coverage of the acdom(443) dataset also includes much more inland waters (lakes, estuaries, and large rivers in Argentina, Australia, Belgium, Brazil, Canada, China, Estonia, France, Germany, Italy, Japan, New Zealand, Norway, and the United States). For the other three data products, which also include the information at the seven other OLCI bands, the in situ inland water dataset was limited to a few German and Belgium lakes.
In order to have a consistent and realistic inclusion of uncertainties affecting the in situ data used in our study, relative uncertainties for each dataset (Supplementary Table S2) have been determined based on previous studies quantifying the specific methods’ uncertainties (Neeley et al., 2015; Lefering et al., 2016; Lefering et al., 2017; Werdell et al., 2018; Mannino et al., 2019). Details are provided in the supplement (S1). We use these specific values as relative standard deviation for all in situ anw(λ), aphy(λ), and acdm(λ) at the OLCI bands and for acdom(443).
2.1.3 Satellite validation dataset
The S3 OLCI IOP absorption coefficient products were evaluated on a global scale against corresponding products publicly available from other missions. The selected products only encompassed aphy(443) and acdm(443). Both products are available from NASA (https://oceandata.sci.gsfc.nasa.gov) for MODIS-Aqua, MODIS-Terra, VIIRS, OLCI-A, and OLCI-B data. We selected NASA products only for OLCI-A and OLCI-B to compare, in particular, the differences of the algorithms. NASA Rrs(λ) products rely on a different atmospheric processing than those from EUMETSAT (Ahmad et al., 2010), and the NASA follow-on IOP products use the Generalized Inherent Optical Property (GIOP) model (https://oceancolur.gsfc.nasa.gov/resources/atbd/giop/, Werdell et al., 2013; Werdell and McKinna, 2019; McKinna and Werdell, 2024). For acdm(443), merged satellite products (encompassing all sensors as listed before) are available from the ESA Ocean Colour Climate Change Initiative (OCCCI, https://www.oceancolour.org/), applying the Quasi-Analytical Algorithm (QAA) by Lee et al. (2002) according to version 6 processing (Lee et al., 2014, https://www.ioccg.org/groups/Software_OCA/QAA_v6_2014209.pdf). For acdm(443), merged satellite products are also available from GlobColour (https://hermes.acri.fr/; note: the same global IOP products are also available from the Copernicus Marine Environment Monitoring Service, https://data.marine.copernicus.eu/; OCEANCOLOUR_GLO_BGC_L3_MY_009_103), applying the Garver–Siegel–Maritorena (GSM) algorithm (Maritorena and Siegel, 2005). OCCCI- and GlobColour-merged data are version 6 and version 4.0, respectively. We downloaded all NASA, OCCCI, and GlobColour L3 products on 5 October 2023 at monthly 4 km resolution.
It should be noted that the products from OCCCI, NASA, and GlobColour are named adg443 and aphy443, whereas for EUMETSAT, we use the naming acdm(443) and aphy(443). For brevity, we also denote OCCCI, NASA, and GlobColour adg443 and aphy443 products here as acdm(443) and aphy(443).
2.2 Validation methodology
2.2.1 In situ data validation methodology
The in situ validation of OLCI anw(λ), aphy(λ), and acdm(λ) with λ equal to 400, 412, 490, 510, 560, 620, and 665 nm and acdom(443) followed established community protocols (IOCCG Protocol Series, 2018; IOCCG et al., 2019b) and particularly EUMETSAT’s OLCI matchup protocol (EUMETSAT, 2022). First, a pre-processing for quality control and a conversion of the considered in situ data to a common format following the study by Valente et al. (2022) was performed. We flagged and disregarded the following data from the final quality-controlled dataset which had (1) unrealistic or missing date or geographic coordinate fields, (2) poor quality (e.g., original flags) or method of observation that did not meet the criteria for the dataset [e.g., not defined in the community protocols (IOCCG Protocol Series, 2018; Mannino et al., 2019)], and (3) spuriously high or low data. For the last item, the following limits were imposed: [0.0001–10] m−1 for anw(λ), aphy(λ), acdm(λ), and acdom(λ) at λ = 443 nm.
The matchup procedure was that in situ data points had to fall within the 3 × 3 OLCI FR pixel box and a time window of ± 12 h was selected to have a large number of matchups. It was further checked for aphy(λ) and acdom(443), whether the choice of a narrower time window of ±1 h might lead to different results or might be more appropriate in complex waters rather than ± 12 h. OLCI pixels were discarded when flagged with the recommended flags (EUMETSAT, 2022), and the remaining matchups were only considered valid if more than 50% of satellite pixels were available at Rrs(560) (e.g., 5 out of 9 for the 3 × 3 criterion) per in situ data point, with the coefficient of variation (CV) < 0.2. Dedicated matchup software developed using EUMETSAT ThoMaS (the tool to generate Matchups of OC products with S3 OLCI https://gitlab.eumetsat.int/eumetlab/oceans/ocean-science-studies/ThoMaS) was used to ensure that the validation process followed the established guidelines.
In situ data from AODN-2 and Lehmann22 were already provided at the nominal OLCI band(s). All other anw(λ), aphy(λ), acdm(λ), and acdom(λ) data were provided in hyperspectral resolution (1 nm, 2 nm, or approximately 3.3 nm resolution). Following the study by Zibordi et al. (2023), these hyperspectral absorption coefficients were transformed to the nominal OLCI bands by averaging over the specific bandwidth.
2.2.2 Intercomparison to other missions’ products
OLCI global Level 3 IOP aphy(443) and acdm(443) products were cross-checked on a global scale with corresponding products from other missions, as listed in section 2.1.3. As a first step, OCCCI and GlobColour merged adg443 products, and NASA’s OLCI-A and OLCI-B aphy(443) and acdm(443) products were gridded to the same spatial and temporal resolution (9 km, monthly), as provided by EUMETSAT for OLCI-A and OLCI-B IOP absorption L3 RR products. These 4-km products were binned using the Binning Operator in SNAP (https://step.esa.int/main/download/snap-download/), which is based on the NASA SeaWiFS binning algorithm (https://oceancolor.gsfc.nasa.gov/SeaWiFS/TECH_REPORTS/PreLPDF/PreLVol32.pdf). It is an operator that is used to perform spatial and temporal aggregations into “bin” cells for any number of source products.
EUMETSAT OLCI IOP aphy(443) and acdm(443) products were treated separately for OLCI-A and OLCI-B to compare the EUMETSAT versus the NASA-specific OLCI sensor products. Furthermore, the merged EUMETSAT OLCI acdm(443) data were compared to the original OLCI sensors’ acdm(443) and to OCCCI and GlobColour acdm(443) merged products. Comparisons concentrated on comparing the difference of algorithms for IOP products from NASA and EUMETSAT, in particular focusing on OLCI-A and OLCI-B, and the difference between merged global products, such as EUMETSAT merged S3A and S3B OLCI, GlobColour, and OCCCI.
2.3 Validation criteria
The main validation outcomes for EUMETSAT OLCI IOP absorption products are the validation results against the in situ measurements. OLCI statistical performances (as defined in section 2.2.) are qualified against corresponding in situ validation results from other mission IOP products. The quality of the EUMETSAT OLCI anw(λ), aphy(λ), and acdm(λ) products, for bands other than 443 nm, was evaluated compared to the 443 nm results. For valid matchups, we calculated the median, the 75% and 25% quantile concentrations, and the quantitative statistical metrics of differences between the OLCI product 3 × 3 pixels’ median and the in situ data. To assess the accuracy of the OLCI IOP products, the statistical metrics were chosen as defined in the studies by EUMETSAT (2022) and Zibordi et al. (2023) for a number (N) of matchups:
	• Correlation coefficient, slope, and intercept from regression on log10-scales (Rlog, Slog, and Ilog, respectively). Following the study by Brewin et al. (2023), we considered the uncertainty in the regression of matchups. We used the standard deviation of the 3 × 3 satellite data as uncertainty, together with the in situ data uncertainty. Here, instead of minimizing the vertical distance between independent data and linear fit (as in Type-1 regression), we minimized the perpendicular distance between independent data and linear fit (type-2 regression, Glover et al., 2011, MATLAB function lsqfitma.m).
	• Median of deviation (MD) and median of absolute deviation (MAD) in m-1 of satellite (O) to in situ (IS) can be calculated using Equations 1, 2:

MD=median1≤i≤NOi−ISi,(1)
MAD=median1≤i≤NOi−ISi.(2)
	• Median of percent difference (MPD) and median of absolute percent difference (MAPD) based on the median of the relative difference with respect to in situ can be calculated using Equations 3, 4:

MPD=median1≤i≤NOi−ISiISi×100,(3)
MAPD=median1≤i≤NOi−ISiISi×100.(4)
MAD and MAPD are statistical indices that describe the dispersion of the data, whereas MD and MPD are used to determine the biases. The relative quantities of MPD and MAPD can be used for immediate interpretation. Conversely, the MD and MAD indices are provided in physical units and are strictly related to the compared values. It is important to mention that the median, an alternative to the mean, was chosen to minimize the impact of non-ideal normal distributions of the compared quantities. According to the classification by Mélin and Vantrepotte (2015) and following the study by Jorge et al. (2021), the OLCI matchup dataset was separated into 17 distinct optical water classes (OWCs) within the L2 data processing (Figure 1). These range from very absorbing and turbid waters (OWCs 1 and 2), over other case-2 (OWCs 3–8) and mesotrophic case-1 waters (OWCs 9–12), to oligotrophic and very oligotrophic waters (OWCs 13–17). These were all considered by evaluating EUMETSAT OLCI IOP products with matchups of in situ measurements. We did not apply the quality control proposed by Zibordi et al. (2023) to remove individual values exceeding two standard deviations from the mean from the computation of MAPD and MAD as our global dataset covers many different water types and quite a lot of valid matchups would have been excluded. Furthermore, if this approach had been applied, there would have been no need to validate the IOP products across all OWCs.
The intercomparison also investigated the OLCI IOP consistency and the differences observed at the overall yearly and seasonal global scales to rank products against the other missions’ IOP datasets. The year 2019 was selected because it guaranteed OLCI-A and OLCI-B data to be equally available, and GlobColour and OCCCI datasets were still based on merging MODIS and VIIRS data, without OLCI being included. The missions’ monthly IOP products were projected in Hovmöller diagrams, which enable the depiction of their seasonal variation as a function of latitude across global waters. For the yearly comparisons, the mean, median, standard deviation, and the absolute and relative differences between the same IOP products and missions were calculated.
3 RESULTS
3.1 In situ validation
Overall, for all four EUMETSAT OLCI absorption products, more than 550 valid matchups have been found, with the maximum for acdom(443) reaching 986, followed by anw with 651, acdm with 604, and aphy with 554 (Table 1), all matchups are published in Bracher et al., 2025e-h. For all four parameters matchups are well distributed around the globe and cover 17 OWCs (Figure 2). The matchups from satellite and in situ data represent more than five orders of magnitude for the absorption coefficients. Based on their product for 443, they agree well (especially for anw) in their normal distribution on the log10 scale and also in their values for minimum, maximum, median, and the coefficient of variation (CV), as shown in Figure 3. Most of the matchups are found in the group of the very absorbing and turbid waters (OWCs 1 and 2, ∼40%), then approximately 30% in the other case-2 waters (OWCs 3–8), 20% in the mesotrophic case-1 waters (OWCs 9–12), and 5% in the oligotrophic and very oligotrophic waters (OWCs 13–17, Figure 4). As the latter group is too small for separate statistical analysis when evaluating EUMETSAT OLCI products’ performance for different OWC groups, OWC groups 13–17 were combined with OWC groups 9–12 to represent the case-1 waters. For each product, approximately 5%–10% of the matchups had no assignment to an OWC.
TABLE 1 | Statistics [N (number of matchups), Slog, Ilog, Rlog, MD (in m–1), MAD (in m–1), MPD (in %), and MAPD (in %); for abbreviation, see section 2.3] of the comparisons of in situ matchups to EUMETSAT OLCI acdom(443) and the acdm(λ), aphy(λ), and anw(λ) products at the eight OLCI bands.	Variable	Band	N	Slog	Ilog	Rlog	MD	MAD	MPD	MAPD
	acdom	443	986	0.98	−0.07	0.72	−0.006	0.039	−11	51
	acdm	400	431	1.04	−0.02	0.66	−0.005	0.080	−4	50
	412	604	1.09	−0.03	0.69	−0.011	0.069	−11	50
	443	604	1.12	−0.02	0.69	−0.012	0.040	−20	51
	490	601	1.17	0.01	0.68	−0.009	0.020	−32	56
	510	599	1.20	0.03	0.68	−0.007	0.015	−33	57
	560	594	1.22	0.05	0.65	−0.005	0.007	−46	63
	620	560	1.27	0.15	0.54	−0.003	0.004	−58	74
	665	555	1.12	−0.42	0.52	−0.004	0.005	−78	84
	aphy	400	514	1.35	0.46	0.61	−0.001	0.022	−4	51
	412	548	1.35	0.44	0.66	−0.001	0.022	−4	45
	443	554	1.29	0.38	0.68	0.000	0.023	0	40
	490	554	1.38	0.60	0.64	0.002	0.017	7	47
	510	547	1.49	0.84	0.61	0.001	0.014	11	55
	560	551	1.50	1.03	0.49	0.000	0.008	6	81
	620	528	1.54	1.14	0.45	0.000	0.005	6	69
	665	525	1.65	1.17	0.49	0.000	0.012	5	69
	anw	400	495	1.13	0.04	0.85	−0.005	0.055	−2	35
	412	651	1.12	0.02	0.85	−0.008	0.056	−5	33
	443	651	1.13	0.04	0.86	−0.008	0.034	−8	30
	490	651	1.13	0.09	0.84	−0.006	0.023	−11	30
	510	651	1.35	0.30	0.77	−0.007	0.024	−16	43
	560	624	1.16	0.27	0.67	0.004	0.015	22	58
	620	536	1.30	0.75	0.57	0.008	0.017	59	80
	665	474	1.43	0.80	0.54	0.009	0.022	40	79


[image: Four world maps displaying the matchup data between in-situ and satellite (OLCI) matchups data with colored dots. Each map represents different absorption coefficient datasets labeled “acdom,” “acdm,” “aphy,” and “anw.” Dots are color-coded as follows: red for OWC1-2, orange for OWC3-8, yellow for OWC9-12, blue for OWC13-17, and black for undefined. The maps show data distribution across oceans and continents, with a legend explaining the color categories.]FIGURE 2 | Global maps of distribution of matchups within ± 12 h, 3 × 3 pixels, >50% of valid pixels, and CV < 0.2 at RRs(560) provided for anw(λ), acdm(λ), aphy(λ), and acdm(443), highlighting the different OWC groups: 1–2 (red), 3–8 (yellow), 9–12 (green), and 13–17 (blue). Matchups with no OWC identification are also highlighted.[image: Four histograms comparing the in-situ and satellite matchup data for absorption coefficients at 443 nanometers for the four components coloured dissolved organic matter (top left), coloured dissolved and detrital matter (top right), phytoplankton (bottom left) and all non-water components (bottom right). Median, variability coefficients, minimum and maximum values and sample sizes are noted for each dataset.]FIGURE 3 | Histograms of absorption coefficients of matchups between in situ and EUMETSAT OLCI with M, N, and CV, which stand for median value in m−1, number of matchup points, and coefficient of variation, respectively. The minimum-to-maximum range values for the optical coefficients are indicated in parentheses (units in m−1 are omitted).[image: Four histograms showing the frequency (y-axis) of the satellite matchups (presented in Fig. 3) across different optical water classes (OWCs). The top-left chart has 423 in group 1-2, the top-right chart has 255, the bottom-left chart has 226, and the bottom-right chart has 287 in the same group. The numbers in smaller groups decrease progressively. Each graph includes a note on the number not classified.]FIGURE 4 | Histograms of classification in OWC of matchups between in situ and EUMETSAT OLCI absorption coefficients. In addition, the numbers of matchups in the four OWC groups (see section 2.3) and without OWC assignment are provided.As a quantitative comparison of EUMETSAT OLCI vs. in situ data, all statistical measures also for the four absorption products at all available wavebands and based on all valid matchups are provided in Table 1. Figure 5 shows the scatterplots of these comparisons for the 443-nm band only, highlighting their assignment to the OWC together with the MD and MAPD values; Figure 6 shows these metrics for the three different OWC groups.
[image: Four scatter plots comparing the matchup in-situ and satellite measurements presented in Figure 3. Each plot shows data points coloured by the OWC (see Figure 4) values from 1 to 17. Mean differences (MD) and mean absolute percentage differences (MAPD) are noted: −0.006m⁻¹, 51%; −0.012 m⁻¹, 51%; 0.000 m⁻¹, 40%; and −0.010 m⁻¹, 30%.]FIGURE 5 | EUMETSAT OLCI vs. in situ matchups for acdom(443), acdm(443), aphy(443), and anw(443) within +12 h, 3 × 3 pixels, and >50% of valid pixels and coefficient of variation (CV) < 0.2 at Rrs(560). The 1:1 line is represented in black, and the fitted line of the matchup comparison in blue.[image: Bar charts comparing the in-situ and satellite matchups absorption coefficients as presented in Figure 5 but separated across three OWC groups (#1-#2, #3-#8, #9-#17). MD chart shows values ranging from -0.030 to 0.030, and MAPD chart shows percentages up to 60. Different colors represent each variable (aCDM, aphy, anw).]FIGURE 6 | Median deviation (MD in m−1) and median absolute percentage deviation (MAPD in %) of the comparisons of in situ to EUMETSAT S3 acdom(443), acdm(443), aphy(443), and anw(443) product matchups within the three OWC groups, as defined in section 2.3 (the number of matchups is listed in Figure 4), Matchups are extracted as stated in Figure 4.At the 443-nm band, all four EUMETSAT OLCI products correlate well with the in situ matchups (Figure 5). For acdom(443), matchups agree very close to the 1:1 line (Slog = 0.98); for aphy(443), they disagree the most (Slog = 1.29), and for the other two products, they are within these two values. On the other hand, aphy(443) has no bias (MD = 0.000; MPD = 0%), whereas all the other products have negative biases (MD between −0.006 m-1 and −0.012 m-1; MPD −6%–20%). anw(443) products show the best performance in terms of correlation (R = 0.86) and MAPD (30%) compared to the three other products (R = 0.68–0.72; MAPD = 40%–51%), which also have many more “outliers” (matchups far away from the fitting line) than the anw(443) product. These outliers often [less for aphy(443)] have very large standard deviation for the EUMETSAT-OLCI product, indicating that despite the homogeneity of RRS(560) guaranteed by the matchup extraction procedure, the results of the absorption products within the 3 × 3 pixel box can be quite different. No OWC group was able to be assigned to these outliers. In contrast, the standard deviation of the EUMETSAT-OLCI anw(443) product is rather low.
Regarding the performance of these EUMETSAT-OLCI products for different OWC groups (Figure 6), acdom(443) and acdm(443) perform similar for MAPD and in terms of bias (MD). The latter is negative for OWCs 3−8 and OWCs 9–17, whereas it is positive for the very complex waters (OWCs 1–2). acdm(443) mostly performs much worse in the two case-2 water groups; however, it performs better than acdom(443) in the case-1 water group. When considering the different OWC groups, aphy(443) exhibits low biases. In both case-2 water groups, it exhibits opposite biases to acdom(443) and acdm(443), whereas in case-1 waters, it is also (slightly) negative. In terms of MAPD, aphy(443) shows the highest values for MAPD (59%) in the very complex waters (OWCs 1–2) among all OWC groups and products while showing a nearly low value in other case-2 waters (OWCs 3–8) as anw(443), and the lowest value in all case-1 waters (OWCs 9–17). In summary, the statistical analysis shows clearly that the retrieval of the different components is more successful in waters where they dominate the optical signature, that is, for aphy(443) in case-1 waters and for acdom(443) and acdm(443) in case-2 waters. Interestingly, anw(443) works well in terms of bias and MAPD in both case-2 water groups, but in case-1 waters, it exhibits the highest negative bias (MD = −0.02 m−1) among all four products and also rather high MAPD (39%).
We also analysed the performance of the matchups for bands other than 443 nm. The statistical metrics of these comparisons are shown in Table 1. Figure 7 presents the anw(λ), aphy(λ), and acdm(λ) matchups of in situ and satellite median spectra with the 75% and 25% quantile based on their assignment to the four OWC groups.
[image: Spectral shape of the matchup absorption coefficients from in-situ and satellite against wavelength for the three components (acdm, aphy, anw – each in one row with separation for the three OWC groups) with median and 25 and 75 percentiles and standard deviation.]FIGURE 7 | Median +75 percentile and −25% percentile for all three parameters for which EUMETSAT OLCI absorption coefficients are available at the eight OLCI bands (400, 412, 443, 490, 510, 560, 620, and 665 nm) for the matchup in situ (black) and satellite (blue) data based on classification to OWC groups as in Figure 6.For acdm, the statistical metrics (Table 1) for EUMETSAT OLCI bands 400 nm, 412 nm, 490 nm, and 510 nm are very similar to those for band 443 nm, with a range of Rlog from 0.68 to 0.69, MPD from −4% to −33%, and MAPD from 50% to 57%. They are much poorer for the 560, 620, and 665 nm bands in terms of correlation and relative absolute deviation (Rlog 0.52–0.54 and MAPD 63%–84%; see Table 1). As acdm is generally much lower in these bands than that in the bands at shorter wavelengths, as expected, their negative bias in terms of MD is much lower (between −0.003 and −0.005 m−1) than shorter wavelengths (between −0.005 and −0.012 m-1). The spectral shapes of the in situ and the satellite matchup acdm spectra (Figure 7) agree well (75% quantiles are overlapping) for the first three OWC groups, except at 490 nm–510 nm for the mesotrophic case-1 waters (OWCs 9–12). For the oligotrophic case-1 waters (OWCs 13–17), at all blue and green wavebands, in situ and satellite data are significantly different. For the in situ data compared to the satellite data, the spread between 25% and 75% quantiles is larger, especially in the blue–green range of the spectrum. The comparison of the median spectra shows, for mostly all OWC groups, an underestimation of the satellite compared to the in situ data, which confirms the negative biases observed in the statistics for all matchups.
For aph, the statistical metrics (Table 1) for EUMETSAT OLCI bands at 400 nm, 412 nm, 490 nm, and 510 nm are slightly worse than those for 443 nm, with lower Rlog of 0.61–0.66, higher bias (slightly negative for 400 and 410 and slightly positive for 490 and 510), and higher MAPD (45%–55%). For acdm, Rlog and MAPD are worse for 560, 620, and 665 nm (0.45–0.49 and 69%–82%, respectively), but this is not the case for MPD and MD. The in situ and satellite matchup aphy spectra (Figure 7) agree very well for all four OWC groups (25% and 75% quantiles are overlapping). The spread between 25% and 75% quantiles is similar for both datasets. The comparison of the median spectra shows, for the less complex case-2 waters (OWCs 3–8) and oligotrophic case-1 waters (OWCs 13–17), higher values of satellite data than the in situ data, whereas for the other two OWC groups, it shows slightly lower or similar values. For the OWC 9–12 group (mesotrophic case-1 waters), the medians show a slightly different shape from 400 nm to 443 nm. The values of the 25% and 75% quantiles at each waveband are similar in magnitude for the two datasets for all OWC groups.
For anw, the statistical metrics (Table 1) for EUMETSAT OLCI bands at 400 nm, 412 nm, 490 nm, and 510 nm are comparable to band 443 nm performance, with a slightly lower Rlog of 0.77–0.86, a similar negative bias (MD is smaller and MAD decreases with wavelength, so higher for 400 and 412 and lower for 490 and 510 nm), and a slightly higher MAPD (30%–35%, except at 510 nm where it is 43%). For acdm, the Rlog MPD and MAPD values are worse for 560, 620, and 665 nm (0.54 to 0.67, +22% to +59%, and 58% to 83%, respectively). The latter is most probably due to the same reasoning as for acdm; that is, anw is generally much lower in these bands than that in the bands at shorter wavelengths. For acdm, the median spectral shapes of the in situ and satellite matchup spectra for anw (Figure 7) agree well for the case-2 water groups (OWCs 1–2 and OWCs 3–8) and show lower and much lower values in the case-1 waters for the satellite data. However, the ranges of 25% and 75% quantiles are mostly overlapping, except for band 400 nm and for bands between 400 nm and 443 nm for OWCs 9–12 and OWCs 13–17, respectively. For anw, the values of the 25% and 75% quantiles at each waveband are similar in magnitude for the two datasets for all OWC groups.
In summary, the best statistical results are obtained for all products generally in the blue range, with bands 412, 443, and 490 performing the best and bands 620 and 665 nm performing the worst, as shown in Table 1. Considering all the metrics at band 443 nm, the results for anw are the best (MPD of −8%, MAPD of 30%, and Rlog of 0.89), followed by aphy, which shows no bias (MPD 0%) and a slightly worse MAPD (40%) and an Rlog of 0.68 at 443 nm. Performances of acdom and acdm are weaker, with higher negative MPD (−11% to −20%) and MAPD (51%) and only slightly better Rlog (0.69–0.72) than aphy. In terms of performance in different OWC groups, the results confirm the much higher uncertainty of the EUMETSAT OLCI acdom and acdm products in OWC of the case-1 waters and of aphy products in the very complex case-2 waters, where the contribution of these components is low. Similarities (for most statistical metrics) and differences (considering MD in the different OWC groups) in performance for acdm(443) and acdom(443) are interesting as these EUMETSAT OLCI products are based on two different algorithms, acdom(443) being directly retrieved from RRS(λ) inversions to the bulk IOPs and from that to the specific water component IOPs (see Figure 1).
3.2 Global intercomparison with other operational products
Figure 8 shows the comparison of monthly 2019 9 km gridded S3 OLCI-A L3 products averaged over all longitudes along a latitudinal grid for the EUMETSAT and the NASA acdm(443) and aphy(443) products. For both parameters, the results of the NASA and EUMETSAT processors are nearly identical for OLCI A and B (results for OLCI-B are shown in Supplementary Figure S2), also supported by their mean, median, and standard deviation values calculated from their L3 products (Table 2). The seasonal variation of EUMETSAT products follow, in general, the one depicted by the NASA products, except for the northern hemisphere, where acdm(443) from the EUMETSAT products shows an enhancement in May–June, whereas for NASA products, this starts in August. Considering the global distribution of the relative differences between the EUMETSAT and NASA products (Figure 8, left panel), EUMETSAT products agree within ∼20% with the NASA products for acdm(443), with a slight underestimation in non-productive waters and an overestimation in highly productive waters. Although EUMETSAT aphy(443) products also agree within 20% for most of the open ocean within 55°S–40°N, they are higher in most of the other area, reaching up to 80% in the high latitudes. Furthermore, both EUMETSAT OLCI products show unrealistic values either very early or very late in the season at high latitudes, close to the solar zenith angle limit set for observations, where NASA products do not provide any data.
[image: Six-panel graphic showing monthly and global variations in ocean color data from 2019, comparing EUMETSAT and NASA OLCI-A retrievals. The top row shows data for the absorption of coloured detrital and dissolved organic matter (acdm) at 443 nm, with two latitude-month charts and a world map of percentage differences between the two data sets. The bottom row displays similar data for phytoplankton absorption (aphy) at 443 nm with corresponding charts and map. Color gradients indicate values, with legends provided.]FIGURE 8 | Comparison of EUMETSAT- and NASA-processed acdm(443) and aphy(443) for 2019 monthly 9 km gridded OLCI-A products as Howmöller plots and as mean relative difference for 2019 (EUMETSAT–NASA/NASA).TABLE 2 | Mean, median, and standard deviation of the different monthly 9 km gridded acdm(443) and aphy(443) products from 2019: NASA and EUMETSAT (EUM) OLCI-A and OLCI-B, EUM merged OLCI (OLCIm), GlobColour (GlobC), and OCCCI merged MODIS and VIIRS (MVm) products.	Variable	Metrics	GlobC
MVm	OCCCI
MVm	EUM
OLCIm	EUM
OLCI-A	NASA
OLCI-A	EUM
OLCI-B	NASA
OLCI-B
	acdm(443)	Mean (SD)	0.0239 (0.0457)	0.0397 (0.148)	0.0166 (0.0415)	0.0165 (0.0418)	0.0153 (0.0214)	0.0167 (0.0417)	0.0160 (0.0237)
	Median	0.0135	0.0163	0.0112	0.0111	0.0109	0.0113	0.0110
	aphy(443)	Mean (SD)			0.0240 (0.0561)	0.0242 (0.0579)	0.0182 (0.0297)	0.0245 (0.0597)	0.0181 (0.0318)
	Median			0.0126	0.0124	0.0129	0.0127	0.0125


Figure 9 (upper panel) shows the monthly 9 km gridded L3 data for the merged EUMETSAT OLCI, GlobColour, and OCCCI acdm(443) products in Hovmöller plot representation. EUMETSAT OLCI merged products are nearly identical to EUMETSAT OLCI-A and OLCI-B results (Figure 8; Supplementary Figure S2; Table 2). All three merged product processors show similar seasonal patterns and latitudinal distributions, except for the latitudes >60°. At these high latitudes, in contrast to EUMETSAT OLCI and GlobColour, OCCCI products exhibit a different seasonality and are very high. Figure 9 (lower panel) shows the yearly global difference between the products: except for the tropics, EUMETSAT acdm(443) underestimates by 5% to 40% compared to GlobColour and by 20% to 60% compared to OCCCI products, whereas GlobColour compared to OCCCI products underestimates from 5% to 40%. For all comparisons, the underestimation increases with latitudes.
[image: Six-panel graphic showing monthly and global variations in ocean color data from 2019 for EUMETSAT merged OLCI, GlobCOlour and OCCI products as latitude-month charts (top row from left to right) and as a world map of percentage differences between the three data set pairs. Color gradients indicate values, with legends provided.]FIGURE 9 | Comparison of merged OLCI from EUMETSAT and merged MODIS-VIIRS from GlobColour and OCCCI acdm(443) for 2019 monthly 9 km gridded products in Hovmöller plot presentation (upper panel) and as mean relative difference for 2019 (lower panel): (EUMETSAT-OLCI–GlobColour)/GlobColour (lower left panel), (EUMETSAT-OLCI–OCCCI)/OCCCI (lower middle panel), and (GlobColour–OCCCI)/OCCCI (lower right panel).Comparing the yearly gridded average values for 2019 among all products (Table 2) and the statistical metrics (Table 3) results in the following:
	• For acdm(443), NASA and EUMETSAT agree on the global 2019 average for mean and median, whereas GlobColour is approximately 35% and 20% higher than both, respectively. OCCCI is much higher (+150% for mean and +45% for median) than NASA (and EUMETSAT) and also higher than GlobColour (+66% for mean and +20% for median). The standard deviation is similar for EUMETSAT and GlobColour, whereas it is approximately half for NASA and even less for OCCCI. Overall, the statistical results confirm the EUMETSAT products’ agreement to the NASA products within a low MAPD (13%) and low bias (−3%). They show slightly larger deviations than GlobColour (MAPD 16% and MPD −16%) and much larger deviations than OCCCI (MAPD 27% and MPD −27%) products. The later deviation is supported by the difference between GlobColour and OCCCI, with an MAPD of 15% and an MPD of −13%.
	• For aphy(443), generally NASA and EUMETSAT agree in distribution and are very similar in median values, but NASA’s mean and standard deviation values for the 2019 average are approximately 25% and 50% lower than the EUMESAT product, respectively. Overall, EUMETSAT agrees within a MAPD of 13% and a positive bias of <5% (MPD). Furthermore, for both products, the values are very similar for S3A and S3B OLCI.

TABLE 3 | Statistics of the absolute (MD and MAD) and relative differences (APD and APD) between acdm(443) and aphy(443) NASA, EUMETSAT (EUM), GlobColour (GlobC), and OCCCI products. Product pairs for absolute differences in black and for relative differences in black and green.	Variable	Product pair	MD (m-1)	MAD (m–1)	MPD (%)	MAPD(%)
	acdm(443)	(EUM-NASA)/NASA (OLCI-A)	−2.52e-04	0.0013	−3	13
	acdm(443)	(EUM-NASA)/NASA (OLCI-B)	−3.45e-04	0.0013	−4	13
	acdm(443)	(EUM-GlobC)/GlobC	−0.0015	−0.0018	−16	17
	acdm(443)	(EUM-OCCCI)/OCCCI	−0.0035	0.0039	−27	27
	acdm(443)	(GlobC-OCCCI)/OCCCI	−0.0018	0.0024	−13	15
	aphy(443)	(EUM-NASA) /NASA (OLCI-A)	7.46e-05	0.0016	1	13
	aphy(443)	(EUM-NASA) /NASA (OLCI-B)	4.98e-05	0.0015	5	13


4 DISCUSSION
4.1 In situ validation
In this study, we have validated for the first time EUMETSAT OLCI water absorption products at all available OLCI bands, with a global in situ matchup dataset covering all different water types, according to the classification by Mélin and Vantrepotte (2015) and updated by Jorge et al. (2021).
Formerly, these IOP algorithm-derived absorption coefficients at band 443 nm were validated by the algorithm developers (Jorge et al., 2021; Bonelli et al., 2021). They had applied the algorithms to either in situ or GlobColour merged satellite RRS data (www.hermes.fr). The latter at that time did not contain any OLCI data. Their results were validated with coincident in situ data at band 443 nm only [except aphy(665) was also validated]. The matchup criteria to the GlobColour data were similar to ours but a bit looser for the time window (daily matchups) and a bit stricter for the CV (a value of 0.15 was used). They obtained very similar validation results for all four products compared to ours, with about the same for anw(443), slightly worse for acdm(443), and slightly better for acdom(443), aphy(443), and aphy(665) results (considering Slog, Ilog, Rlog, MD, and MAPD). Although the matchup dataset by Jorge et al. (2021) had approximately the same number of matchups as our data set and included nearly all OWC, it consisted of much more data from oceanic rather than complex waters. This is apparent from the much lower range of their absorption coefficients that do not cover high values than those of our matchup dataset, which spread of over five magnitudes. acdom(443) in situ validation by Bonelli et al. (2021) was based on the open ocean matchups only and on a much lower number of matchups than those of our study (∼16%).
Our analysis of the EUMETSAT OLCI product validation for different OWC groups confirms variations in bias (represented by MD) and MAPD among the OWC groups. Compared to Jorge et al. (2021) validation results based on the same OWC groups (and their algorithm applied to their large in situ RRS matchup dataset), we obtained much lower MD, but our MAPD values were often higher [acdm(443) for all OWC groups; aphy(443) for OWCs 1–2 was 59% versus 40%; anw(443) for OWCs 3–8 was 28% versus 18%], whereas the values are the same or even lower in other cases. Higher MAPD values for our OLCI matchups may result from higher uncertainty in the OLCI RRS input data resulting from atmospheric correction compared to that in the study by Jorge et al. (2021), who evaluated the application of the algorithm to the directly measured in situ RRS data.
We acknowledge that our open water data are mainly confined to the Mediterranean Sea and most latitudes of the Atlantic Ocean, whereas hardly matchups are available for the Pacific and Indic oceans. We still assume our statistical results to be valid for these waters as our results confirm the findings of Jorge et al. (2021) and Bonelli et al. (2021), where the IOP retrieval validation results were very similar and also matchups from these two oceans were covered within the open water OWCs. Moreover, our analysis showed that the performance of the validation based on matchups in very complex waters (OWCs 1–2) was robust and comparable to the performance obtained for matchups in the other OWC groups. We conclude from this analysis that despite applying a rather large time window (±12 h) for matchups (which was also used by Jorge et al. (2021) for their satellite validation of the same algorithm’s products), we still obtained adequate matchups between the satellite and in situ data as we applied the matchup condition of having 50% of valid pixels in the 3 × 3 pixel matchups meeting a CV < 0.2. Results by González et al. (2024) for the validation of chlorophyll-a concentration in the Baltic Sea confirm that using these criteria allows loosening the temporal time condition even in very complex waters. This is because only matchups are kept for the validation ensuring homogeneous conditions within a larger footprint of the in situ data point. In addition, this was confirmed by our first attempt when we extracted matchups using a very strict time window (±1 h) for acdom(443) and aphy for the eight OLCI bands. Results show very similar statistical performance (Supplementary Table S3) for both temporal criteria. However, the first matchup dataset (±1 h) was based on 15%–25% of the total matchups obtained with the ±12-h temporal criterion, and it did not cover any OWC in the oligotrophic waters (OWCs 15–17) and also missed out on many more OWCs (OWCs 5, 7, 10, and 12). Therefore, in order to not limit our assessment of the OLCI products along different water types, we opted for the matchups based on the larger time window. We further analysed the temporal difference between our matchups, as illustrated in the new Supplementary Figure S3. We can clearly see that for OWCs 1–8, most matchups are within ± 6 h, with median absolute time differences between >2 and <4 h. For nearly all case-1 waters (OWCs 9–17), this value is similar (except for the oligotrophic OWC 15, where it reaches 8 h), but the range of most extends for the 75% percentile up to 9 h. In general, this confirms that in our study, the time difference for matchups of the more complex waters has met a more stringent criterion than for the matchups of the case-1 waters. Mélin and Vantrepotte (2015) characterised the optical diversity in accordance with our OWC classification. Their analysis shows that along with case-1 waters, the most turbid waters, closed seas, and inland water bodies have very low values, which allow the loosening of the generally recommended time criterion of ± 4 h (EUMETSAT, 2022; Zibordi et al., 2023). Furthermore, their analysis supports keeping the strict criterion for the intermediate waters between the coastal domain and open ocean, which show the highest optical diversity and vary on much shorter time scales. The varying optical diversity across the OWCs is further confirmed in our study by the varying standard deviation shown in Figure 7 for both in situ and satellite matchups. Due to the relatively young age of the mission, our EUMETSAT OLCI absorption product assessment is limited to evaluate the results based on the OWC classification. This is because global ocean matchups were not available for all regions (as mentioned above for most of the Pacific Ocean and all of the Indian Ocean), which would have allowed a deeper analysis of the water type classification.
Furthermore, our validation results for EUMETSAT OLCI FR products are quite consistent with the former independent in situ validation of absorption products at 443 nm by Zibordi et al. (2023). Here, nearly the same matchup procedure was used but with EUMETSAT OLCI-A RR products (i.e., a larger spatial window used for matchups compared to ours as RR products have 1 km resolution as opposed to 300 m for FR products) and with a stricter time window (±4 h). Their validation results were worse for anw (their MPD at −29% showed a strong negative bias but with other metrics nearly identical to ours), slightly worse for acdm [a higher MPD (+32%) and a lower Rlog (0.64), but a lower MAPD at 32%], and slightly better for aphy [a higher MPD (3%), but lower MAPD (18%) and higher Rlog (0.87)]. Zibordi et al. (2023) focused on 88 matchups obtained around the European Seas, whereas we have compiled a very large global matchup dataset covering all OWCs for all the absorption products with six to more than ten times the number of matchups, depending on the product.
In summary, our validation results support the high confidence in the EUMETSAT OLCI FR absorption products found by Zibordi et al. (2023) for the RR products. Our results are also in agreement with previous results generated by the algorithm developers’ when the algorithm was applied to in situ or other satellite RRS data. Results are consistent for OLCI-A and OLCI-B, and even with the relaxed time window for matchups, no clear outliers in the statistical analysis were identified. Furthermore, considering the lifetime of the S3 mission so far, but also overall, this is the first study presenting a very large and comprehensive matchup dataset for acdom(443) and for eight bands of anw, aph, and acdm covering all OWCs, as defined by Mélin and Vantrepotte (2015). The in situ dataset was based on a strict quality control (Valente et al., 2022) after only considering data from measurements on discrete water samples following the standard protocol (IOCCG Protocol Series, 2018) and using an realistic estimate of the uncertainty in the in situ dataset. However, the detail on data reporting still varies among the different datasets which contribute to the uncertainty estimate analysis for product validation. Our matchup criteria and statistical analysis also followed the standard protocols (EUMETSAT, 2022), and for the validation, as suggested by Brewin et al. (2023), we accounted in the type-2 model regressions (used to determine Rlog, Slog, and Ilog) for a realistic uncertainty of the in situ measurements and the standard deviation in the matched satellite data. Based on our evaluation of the in situ validation results, and compared to former in situ validations, we can infer that the algorithm provides robust results (Rlog = 0.61 to 0.89, MPD = −20% to +11%, and MAPD = 30%–57%) for acdom(443) and at 412, 443, 490, and 510 nm for acdm, aph, and anw. Results are less robust for these coefficients at the longer wavebands, where (according to its OWC) the contribution of the specific optical component is low, and atmospheric correction often introduces higher uncertainties. Because of the dominance of the contribution of pure water to total absorption from the green (555 nm) to the red part of the spectrum, the retrieval accuracy of anw(λ) (and then of the other absorption components) in this part of the spectrum is very challenging. In addition, in situ measurements of acdom(λ) and the spectral absorption coefficient of non-algal particles which are used to obtain acdm(λ) in this spectral domain are usually even more largely impacted by measurement uncertainties than shorter wavelengths (IOCCG Protocol Series, 2018; Mannino et al., 2019).
4.2 Intercomparison among operational absorption products
Our evaluation of the intercomparisons of monthly 9 km gridded L3 products from EUMETSAT, GlobColour, NASA, and OCCCI for 2019 provided the following insights on the global performance of EUMETSAT OLCI RR aphy(443) and acdm(443) products. To our knowledge, our activity was the first to globally intercompare different operational IOP satellite products. We picked a representative year (2019) where both, Sentinel-3A and B, OLCIs were fully operational and compared these products with the corresponding GlobColour, NASA, and OCCCI products (as well as between OLCI-A and B for the same EUMETSAT products). Results enabled the depiction of typical and expected seasonal distributions for all four different retrievals (and satellite data inputs), along with systematic differences which were mostly linked to features of high vs. mid-low latitudes or low vs. highly productive regions showing opposite features.
The two EUMETSAT absorption products at 443 nm agree well with NASA products, with low biases (<±5%). Our results confirm that differences between OLCI-A and OLCI-B instruments are marginal, and results are consistent for NASA and the EUMETSAT IOP retrievals. For EUMETSAT acdm(443), the bias to GlobColour is within −15% and the overall agreement, as is the case for the NASA products, is within 15%. In contrast, the negative bias to OCCCI is even higher (−27%), and the agreement is also only within 27%. However, with the bias of GlobColour to OCCCI also close to −15% and the agreement only within 15%, this points towards a likelihood that the OCCCI acdm(443) products are too high. Regarding the standard deviation of the yearly 2019 products, the EUMETSAT products have a standard deviation almost twice as large as the NASA and OCCCI products, whereas the values are very similar to those calculated for GlobColour. Both evaluated EUMETSAT products show unrealistic values in the high latitudes close to the solar zenith angle limit set for observations. The flagging of invalid EUMETSAT OLCI Rrs data seems to be failing in these cases. Improvements in quality flagging of EUMETSAT OLCI Rrs are recommended to eliminate the unrealistic absorption values of OLCI IOP products. EUMETSAT is planning to implement new flagging of Rrs products in the next processing version in 2026 (E. Kwiatkowska, EUMETSAT, pers. comm.).
The systematic observed differences between operational products can be caused by differences either in IOP algorithms (see details in section 2.1.) or in the input RRS data resulting from the uncertainty of atmospheric corrections:
	1. The NASA GIOP products for SeaWiFS, MODIS, and MERIS are regularly validated (https://oceancolor.gsfc.nasa.gov/resources/atbd/giop/). No results for the NASA OLCI products have been presented. The in situ validation results significantly vary between the different sensors (SeaWiFS, MODIS, and MERIS) of GIOP products. However, they generally show less bias (lower MD) for acdm(443) compared to aphy(443) and vice versa for MAD, which is the opposite to the comparisons for EUMETSAT OLCI products. The GlobColour acdm(443) product has been validated within the Copernicus Marine Service (Garnesson et al., 2023), which showed better results for Slog (1.06) and Rlog(0.78), but much worse Ilog (−0.17) and MD (0.23 m-1) than EUMETSAT OLCI products. This validation was based on approximately 75% of the matchups used in our in situ validation. To our knowledge, no satellite product in situ validation has been performed so far for the OCCCI acdm(443) (see ESA-OCCCI, 2022). This product is based on the QAA_v6 algorithm (Lee et al., 2014).
	2. Based on the different operational product providers, the different input RRS data generally meet mostly their missions’ requirements (<5% uncertainty) in the blue bands and the open ocean. EUMETSAT OLCI, OCCCI, and GlobColour RRS data validations against in situ show very similar performance (EUMETSAT, 2021; ESA-OCCCI, 2021; Brockmann and Stelzer, 2022; Garnesson et al., 2023), with OCCCI showing slightly better results for the intercept and RMSD, whereas GlobColour products have lower biases, better slopes, and higher R2 values. EUMETSAT OLCI products’ slope lays in between GlobColour and OCCI, and the products show slightly higher biases. NASA OLCI RRS data are based on the l2gen atmospheric correction (Ahmad et al., 2010). Validation for NASA OLCI RRS data is presented for a few wavebands for the two OLCI instruments separately (https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2022/s3a/, https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2022/s3b/). Statistical results of the MAD are slightly worse for bands 412, 443, and 665 nm and slightly better for band 490 nm than that of the EUMETSAT OLCI products (EUMETSAT, 2021).

In summary, the current status of these previous assessments of the operational products of aphy(443) and acdm(443) intercompared in this study does not allow us to interpret the deviations among them as an indicator of poorer or superior performance. Regarding the quality of their RRS input data, these appear to be similar among the different products considered here. Most probably, the differences in the algorithm parametrizations are the main influence on the biases between the different operational products. Validation of the operational NASA OLCI aphy(443) and acdm(443) and merged GlobColour and OCCCI acdm(443) using the same in situ dataset as for the EMETSAT-OLCI products will enable a ranking of their performance.
5 CONCLUSION
Considering the 8-year S3 mission lifetime so far, this is the first study presenting a large and comprehensive global matchup in situ dataset covering all OWCs and including validation of acdom(443) and anw(λ), aphy(λ), and acdm(λ) (with λ equal to bands centred at 400, 412, 490, 510, 560, 620, and 665 nm). Results for the four EUMETSAT OLCI absorption products at the 443 nm centred band, based on in situ validation, confirm their robustness with reasonable accuracy (MAPD 29%–51% and MPD 0% to −19%). For two of these products, aphy(443) and acdm(443), this may be confirmed by our global intercomparison with operationally available data from other missions and agencies, which showed consistent seasonal and regional variations in accordance with each other. Our evaluation of EUMETSAT OLCI absorption products supports EUMETSAT’s decision to recently release these products into operational processing. Furthermore, our results for bands 400, 412, 490, and 510 nm showed very similar performance in the in situ validation to the results of band 443 nm, suggesting that the absorption products for these bands could be released as well. Nevertheless, in the following, we raise a list of open points for improving the IOP algorithm, enlarging its applicability and enabling the continuity of the assessment of the operational product.
We recommend revising the EUMETSAT OLCI IOP algorithm to improve the performance for the bands centred at 560, 620, and 665 nm. Optimizing the retrieval might benefit from newly released simulated dataset allowing optical closure from water constituent concentrations and IOPs to Rrs(λ), covering specific IOPs characteristic for many water types (Bi et al., 2023; Loisel et al., 2023). Flagging of invalid OLCI retrievals (artefacts) should be targeted, for example, in areas and at wavebands where the obtained signal is too close to the noise. A special focus for development should also be targeted on the high latitudes; this became especially visible in the L3 intercomparison. This should probably start with improving the quality (flagging) of the input Rrs OLCI products used in the IOP algorithm in high latitude waters and at high solar zenith angles.
To ensure that current and future versions of the IOP algorithms are accompanied by a comprehensive uncertainty characterization, regular global in situ validations encompassing the majority of OWCs and intercomparison with other mission data are pre-requisites. A protocol on measuring in situ absorption properties, data analysis, and uncertainty has been developed (IOCCG Protocol Series, 2018; Mannino et al., 2019). However, training events and organization of round robins for intercomparison of different IOPs’ in situ measurement systems is necessary to consolidate the protocols for global satellite validation. Similar efforts are successfully ongoing for the in situ measurements and data analyses of phytoplankton pigments and for ocean colour radiometry used in validation (e.g., Banks et al., 2020; Tilstone et al., 2020; Canuti et al., 2022). Inline spectrophotometric measurements also enable the retrieval of hyperspectral anw, along with acdm, acdom, and aphy data (IOCCG et al., 2019a). These inline datasets, despite their higher uncertainty than discrete water measurements, could be particularly useful to assess the data quality of EUMETSAT products at all eight OLCI bands for anw and allow a better assessment of satellite data when acquired in spatially and/or temporally inhomogeneous scenes (e.g., Liu et al. (2018)).
L3 intercomparisons with all available products from other processors and missions helped identify important latitudinal and seasonal inconsistencies. It would be valid to enlarge these intercomparisons over the whole mission’s lifetime, now covering more than 8 years. Finally, the large number of ocean colour missions that will be launched in the coming years provides additional justification for a continuous iterative approach in repeating and updating the validations presented here as new sensors come online.
Finally, the 3SSA IOP algorithm (Jorge et al., 2021) is set to be tested on the recently launched hyperspectral satellite sensors, for example, the Ocean Color Imager (OCI) from the global Plankton, Aerosol, Cloud, Ocean Ecosystem (PACE) mission (Werdell et al., 2019). This will enable IOPs’ retrievals across the visible spectrum with the abundance of information contained in hyperspectral IOPs helping obtain much more quantitative information about the composition of the different optically active substances in the surface ocean and lower the uncertainties in estimates of primary production. These hyperspectral products will also need validating and comparing with results such as those presented in this paper.
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