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ABSTRACT ARTICLE HISTORY

Ocean color remote sensing provides an efficient approach to monitor the state and iece'vec; 2186(;@:3%22225
changes in water bodies on Earth. The validation of an ocean color product is a key step ceepte e

in assessing its accuracy, directly influencing the confidence with which conclusions can KEYWORDS

be drawn. In this study, we compiled a comprehensive in situ optical and biogeo- Water quality; ocean color;
chemical dataset to assess the performance of ocean color products provided by the  black sea; earth observation
Copernicus Marine Service (CMEMS), Copernicus Evolution — Research for harmonized

and Transitional water Observation (CERTO), as well as products distributed by the

European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) in

the Black Sea. Results showed that both the CMEMS and CERTO provide accurate

remote sensing reflectance in the Black Sea at visible bands with the highest accuracy

at 555 nm or 560 nm, reaching a mean absolute percentage deviation (MAPD) lower

than 14%, but higher errors were found in the short-blue (<440 nm) and near-infrared

(>700 nm) bands. Chlorophyll-a concentration (Chl-a) products derived from two

CMEMS datasets: multi-sensor (CMEMS MULTI) and Sentinel-3 OLCI (CMEMS OLCI),

and two CERTO datasets: Sentinel-3 OLCI (CERTO OLCI) and Sentinel-2 MSI (CERTO

MSI), agreed with in situ-measured values. However, the Chl-a products from EUMETSAT

showed larger errors, with MAPDs higher than 150%. The total suspended matter (TSM)

concentration products from the EUMETSAT OLCI, CERTO OLCI and CERTO MSI showed

good agreements with the in situ data. The two diffuse attenuation coefficients for

downwelling irradiance at 490 nm (K4(490)) products from CMEMS showed a good

accuracy with MAPDs lower than 20%. Recommendations based on the results are

provided to further improve the ocean color products in the region, including merging

ocean color algorithms developed from different services based on optical water type

classifications.

1. Introduction

About 71% of our Earth is covered by water, of which about 97% are oceanic waters (Douville et al. 2021).
The oceans play a crucial role in global hydrological, carbon and nutrients cycles, providing essential
ecosystem services, including food, energy, transportation, and recreation, which are closely linked to
human well-being (Barbier 2017; Liquete et al. 2013). Monitoring the status and changes of marine and
coastal waters are fundamentally important for maintaining their ecosystem functions, especially in the
context of global warming, population increasing, and anthropogenic activity intensifying (Aronson et al.
2011; Douville et al. 2021; Duarte 2014). However, routine surveys are unable to cover the scales required to
deliver ocean system understanding. Ocean color remote sensing thus provides great benefits in global
ocean and coastal water monitoring, as proven since the first ocean color sensor was launched in 1978
(Groom et al. 2019).
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The advantages of large spatial coverage and short revisit period of the state-of-the-art satellite remote
sensing have allowed them to be widely applied in regional to global scale aquatic environment monitor-
ing (Stramski, Joshi, and Reynolds 2022; Wang et al. 2020; Wilson et al. 2025). Numerous algorithms have
been developed for monitoring biogeochemical parameters, including chlorophyll-a concentration (Chl-a,
e.g. Hu and Lee, 2012; O'Reilly and Werdell 2019), total suspended matter concentration (TSM, e.g. Jiang
et al. 2023; Nechad, Ruddick, and Park 2010), water transparency (e.g. Jiang et al. 2019; Lee et al. 2015), and
colored dissolved organic matter (CDOM, e.g. Aurin, Mannino, and Lary 2018; Shanmugam 2011). In
addition, platforms providing open access ocean color products support Earth and ocean system research,
marine management and policy development. The Ocean Color Thematic Assembly Center (OCTAC) of the
Copernicus Marine Service (CMEMS) from the European Union delivers merged ocean color products for the
global ocean and European Seas both in near-real time (NRT) and as reprocessed multi-year datasets. In
ocean color product development, one of the key steps is the validation of the ocean color algorithm using
in situ reference data. Although most generated products have been validated during algorithm develop-
ment stages using in situ data, it is always valuable to revisit the developed algorithms and further validate
them using newly collected data, covering more regions with wider bio-optical properties.

The Black Sea, located between Asia and Europe, is an enclosed sea connected with the Mediterranean
Sea through the Bosporus and provides important ecosystem services for nearby countries (Jiang et al.
2025a; Vespremeanu and Golumbeanu 2017). However, owing to industry expansion, urbanization and
agricultural intensification in the catchment, numerous pollutants are discharged into this system through
main rivers such as the Danube, Dniester, Dnieper and Bug (Vespremeanu and Golumbeanu 2017). These
nutrients have led to eutrophication with severe algal blooms and associated hypoxia area expansion,
which compounded with the invasion of alien species and overfishing, led to the Black Sea ecosystem being
largely devasted in the 1980s and 1990s (Kideys 2002). The enclosed sea has a long water residence time
(on the scale of hundreds of years, Murray, Top, and Ozsoy 1991; Wegwerth et al. 2021), making it extremely
vulnerable to human activities and slow to recover from pollution (Jiang et al. 2025b). Regular monitoring
of this system thus is crucially important for supporting environmental management, protection and
restoration. Although many studies conducted in the Black Sea have employed Earth observation focusing
on Chl-a (e.g. Barale et al. 2002; Grégoire et al. 2023; Sancak et al. 2005; Suslin and Churilova 2016; Vostokov,
Vostokova, and Vazyulya 2022) and TSM or turbidity (e.g. Constantin et al. 2024; Constantin, Doxaran, and
Constantinescu 2016; Guttler, Niculescu, and Gohin 2013; Kukushkin and Suslin 2020; Nazirova et al. 2021),
most either only focused on parts of the Black Sea or haven't been implemented into services providing
routine monitoring with regular updates. The CMEMS, Copernicus Evolution-Research for harmonized and
Transitional Water Observation (CERTO), and European Organization for the Exploitation of Meteorological
Satellites (EUMETSAT) have developed algorithms specifically including the Black Sea environment (Atwood
et al. 2024; Kajiyama, D'Alimonte, and Zibordi 2018) and regularly update ocean color products in the Black
Sea with higher spatial resolutions (20-300 m) than other services, such as the European Space Agency
Ocean Color Climate Change Initiative (ESA OC_CCl, 4 km). Although efforts have been made for validation
of these products using limited in situ data during algorithm development stages, the accuracy of these
products has not been extensively validated.

This research aims to validate existing ocean color products from CMEMS, CERTO, and EUMETSAT using
extensive in situ data collected from the Black Sea, and provide recommendations on the improvement of
these services and support Black Sea stakeholders, based on the results and findings.

2. Methodology
2.1. In situ data measurements

In situ data were compiled from five main resources: Constantinescu (2019), CERTO project, Horizon 2020
Developing Optimal and Open Research Support for the Black Sea (DOORS) project, bio-optical datasets
collected by the Institute of Oceanology-Bulgaria Academy of Science (I0-BAS) within several national and
international scientific initiatives, and the Aerosol Robotic Network-Ocean Color (AERONET-OC) platforms. In
situ remote sensing reflectance (R), Chl-a and TSM data from Constantinescu (2019) were collected
through two research cruises in the Danube Delta onboard the research vessel (RV) Istros and the
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Table 1. Summary of the in situ data collected for ocean color validation in this study.

Source Variable Time Location
Constantinescu (2019) « R, (N=70) July 2015—May 2016 Danube Delta, Razelm-Sinoe Lagoon
Chl-a (N=99)
« TSM (N=101)
CERTO « R (N=20) April 2021—August 2022 Western Black Sea, Danube Delta, Razelm-Sinoe
Lagoon
Chl-a (N=142)
« TSM (N=142)
DOORS « Rs(N=92) May 2023—June 2024 Western, central, and eastern Black Sea
Chl-a (N=94)
TSM (N=92)
« K4(490) (N=36)
10-BAS « R (N=182) July 2011—1June 2021 Western and central Black Sea
Chl-a (N=424)
« Ky4(490) (N=181)
AERONET-OC « R, (N=2893) Galata: April 2014—December 2023 Western Black Sea

Gloria: January 2011—August 2019
Section-7: August 2019—August 2024

EuroFleets 2 ReCoReD research cruise onboard the RV Mare Nigrum between 2015 and 2016. During CERTO,
in situ R,, Chl-a and TSM data were collected between 2021 and 2022 from the Danube Delta and
Razelm-Sinoe Lagoon in Romania. During DOORS, data of in situ R, Chl-a, TSM and diffuse attenuation
coefficient for downwelling irradiance at 490 nm (K4(490)) were collected from three dedicated campaigns
between 2023 and 2024 covering the western, central and eastern Black Seas. As part of the I0-BAS national
monitoring program, in situ R,s, Chl-a and K4(490) data were collected from western and central Black Sea
waters between 2011 and 2021. Additionally, in situ R,s recorded at three AERONET-OC sites in the western
Black Sea (namely, the Gloria, Galata, and Section-7 platforms) between 2011 and 2024 were compiled. A
summary of all in situ data is provided in Table 1. Locations of the three AERONET-OC sites and the in situ
measurements from Constantinescu (2019), CERTO, DOORS, and I0-BAS campaigns are shown in Figure 1.
Water samples were collected from the water surface in the field and filtered through 0.7 um pore size
GF/F filters. To measure Chl-a concentration, high-performance liquid chromatography (HPLC) was used for
samples collected during the first and second DOORS cruises (N = 65), and spectrophotometry was used for
the remainder of the samples (Jeffrey and Humphrey 1975). TSM was measured following the gravimetric
method. Details of the protocol used for measuring Chl-a and TSM can be found in Jiang et al. (2021a).
R:s measurements were obtained from three shipborne platforms, i.e. Satlantic Micro profiler, HyperSAS
and TriOS, and were also available from the three AERONET-OC platforms in the Black Sea. The Satlantic
Micro Profiler is a free-fall profiling system (hereafter named Profiler), which simultaneously measures the
upwelling radiance Ll?’(z, A) and downwelling irradiance ng(z, A) at multiple bands (412 nm, 443 nm,
490 nm, 510 nm, 555 nm, 665 nm, and 683 nm) from different depths (z) of the water column. R,; were
determined from Ll?* (z, A) and Eg*(z, A) following the protocol by Zibordi et al. (2011). The HyperSAS and
TriOS systems measure hyperspectral data between 350 nm and 950 nm with the above-water approach,
both of them include three sensors for measuring the total radiance from water (L), the sky radiance (L),
and the downwelling irradiance above the water surface (ES*). R,s were then calculated from L, Lsky, and

EQ*. A further correction for residual reflected skylight for R, measured using HyperSAS and TriOS was
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Figure 1. Locations of in situ data collected in this research. Point represents the location of in situ data, with color
indicating the data source. Triangle indicates the location of the AERONET-OC platforms. Background bathymetry and
elevation data were sourced from the General Bathymetric Chart of the Oceans (GEBCO), with gray solid lines and numbers
indicating the water depth (m).

carried out following Jiang, Matsushita, and Yang (2020). Regarding AERONET-OC sites, automated above-
water multi-spectral radiometry data (downwelling and upwelling radiances) are collected from fixed
platforms, and processed data are made available online. In this study, we worked with Level-2 quality-
controlled measurements of normalized water-leaving radiances (L,n) corrected for bidirectional effects
and referred to the nadir. These L,y measurements were transformed to R, by dividing with the extra-solar
irradiance spectrum (Zibordi et al. 2021). It should be noted that before 2018, the AERONET-OC spectral
bands were adapted to MERIS, so 412 nm, 443 nm, 490 nm, 551 nm, 667 nm, and 870 nm were available for
our validation exercise. After 2018, bands were adapted to OLCI with the addition of 400 nm, 510 nm,
620 nm, and 779 nm, and furthermore, the 551 nm and 870 nm bands were replaced by 560 nm and
865 nm, respectively.

All hyperspectral in situ R,s data (i.e. HyperSAS and TriOS) were convolved into Sentinel-3 OLCI and
Sentinel-2 MSI bands using their spectral response functions. For in situ R,s measured using multi-spectral
instruments (i.e. Profiler, AERONET-OC), R,s were band shifted to the satellite bands using inverse and direct
application of the Quasi-Analytical Algorithm (Mélin and Sclep 2015), similarly to several studies using the
AERONET-OC data in the Black Sea (e.g. Zibordi et al. 2022; Zibordi, Mélin, and Berthon 2018).

2.2. Satellite matchup generation

The Copernicus Marine Service Ocean Color Thematic Assembly Center (CMEMS OCTAC) provides opera-
tionally daily consistently projected Level-3 ocean color variables (i.e. R,s, Chl-a, K4(490)) for the Black Sea at
two spatial resolutions and temporal coverages: multi-sensor datasets (CMEMS MULTI) at 1 km, available
from 1997 to present; and Sentinel-3 OLCI datasets (CMEMS OLCI) at 300 m from 2016 to present (Brando
et al. 2024). The CMEMS MULTI R, timeseries is built from SeaWiFS, MODIS, MERIS, VIIRS-SNPP & JPSS1,
Sentinel-3A and 3B OLCI sensors by merging the standard Level-2 R, data distributed by space agencies
after applying inter-sensor bias correction and band shifting to the reference bands (Brando et al. 2024;
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Colella et al. 2025). CMEMS OLCI merges directly, without bias correction or band shifting, Sentinel-3A and
3B OLCI Level-2 R, at full resolution (300 m) distributed by EUMETSAT (Brando et al. 2024). Chl-a retrieval for
both datasets is based on a merging of two algorithms depending on the optical complexity of the water: a
regional band ratio approach using two bands (490 nm and 555 nm) and a multilayer perceptron (MLP)
neural network based on three bands (490 nm, 510 nm and 555 nm) (Kajiyama, D’Alimonte, and Zibordi
2018), with the band of 560 nm shifted to 555 nm for OLCI (Brando et al. 2024; Colella et al. 2025). A daily
interpolated “gap-free” Level-4 Chl-a dataset (CMEMS INTERP) is also produced at 1 km resolution by using a
modified version of the DINEOF algorithm (Brando et al. 2024; Volpe et al. 2018). K4(490) from CMEMS
MULTI is computed using a 4™ degree polynomial algorithm based on the R, band ratio between 490 nm
and 510 nm, and applying the coefficients used in the NASA Ocean Biology Processing Group (OBPG)
(Colella et al. 2025). In the case of the CMEMS OLCI, the standard Level-2 algorithm for K4(490) distributed
by the EUMETSAT is directly implemented (Brando et al. 2024). Although all these datasets are available as
NRT, we worked in this study with the multi-year (MY) datasets included in the CMEMS products OCEA-
NCOLOUR_BLK_BGC_L3_MY_009_153 and OCEANCOLOUR_BLK_BGC_L4_MY_009_154 (Colella et al. 2025).

CERTO products are built from Sentinel-3 OLCI and Sentinel-2 MSI imagery freely provided through the
Copernicus Data and Information Access Services (CREODIAS). To obtain R, OLCI Level-1 data are
atmospherically corrected by POLYMER v4.16 (Steinmetz, Deschamps, and Ramon 2011), while MSI
Level-1 data are atmospherically corrected by combining outputs from POLYMER v4.16 and ACOLITE
v20231023 (Vanhellemont and Ruddick 2018) to enhance accuracy across diverse water and atmospheric
conditions, in particular for smaller area transitional water systems (Steinmetz and Ramon 2023; Van der
Zande et al. 2024). The level-2 data from both sensors are masked using IdePix in SNAP 8 to remove land,
cloud, and spurious data points with high uncertainty (Warren et al. 2019). OLCl and MSI R, were classified
into 18 and 11 Optical Water Type (OWT) classes, respectively, based on the method from Atwood et al.
(2024). For each sensor, the optimal performing water quality (Chl-a, TSM) estimation algorithm for each
OWT class is selected (Jackson and Atwood 2022), and the algorithm outputs are blended using fuzzy-
clustering membership to each OWT class as weights (Jackson, Sathyendranath, and Mélin 2017; Moore,
Campbell, and Feng 2001). More details about Chl-a algorithm blending are described in Jackson and
Atwood (2022) and that for TSM in Lin et al. (2026).

In addition, Chl-a and TSM concentrations available from the Sentinel-3 OLCl Level-2 Water Full
Resolution (WFR) products processed by EUMETSAT within the baseline collection “OL_L2M.003" were
also included in the validation exercise (EUMETSAT 2021). The EUMETSAT Chl-a concentration is derived
from two methods: (1) OC4ME, a maximum band ratio semi-analytical chlorophyll algorithm developed by
Morel et al. (2007) and a chlorophyll index (Cl) approach applied in low-chlorophyll oligotrophic waters; and
(2) Neural Network (NN), which is based on the Case 2 Regional Coast Color (C2RCC) NN v.2 for the retrieval
of water inherent optical properties (IOPs) in optically complex waters. The EUMETSAT TSM concentration
product was also produced by the C2RCC NN v.2 algorithm. Chl-a and TSM concentrations from Sentinel-3A
and 3B were then resampled to the CMEMS OLCI geographical grid and merged to obtain a Level-3 dataset
equivalent to the OLCI datasets distributed by the CMEMS. A summary of the ocean color products is
provided in Table 2.

Satellite matchups, including R, Chl-a, TSM, and K4(490) were generated for Sentinel-3 OLCI
(2017-2024), Sentinel-2 MSI (2016-2024), and CMEMS MULTI (2011-2024) based on protocols proposed
in the literature for medium- and high-spatial-resolution sensors (Concha, Bracaglia, and Brando 2021;
EUMETSAT 2022). Specifically, the following methods and criteria were used for matchup generation:

(1) A 3 x 3-pixel window was used to extract data from satellite products for each in situ sampling location,
and the median and standard deviation were calculated for the 9 pixels in this window;

(2) A matchup is considered valid when the number of valid values within the 3 x 3 window is not less
than 5;

(3) The time difference between in situ sampling and satellite time must be less than 2 h, which was
determined after checking different time windows against the ocean color product accuracy;

(4) All bands of in situ-measured R,s must be positive, if there are any negative values in one in situ R
spectrum, then the whole spectrum was excluded from the validation dataset; while all satellite R,s
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Table 2. Summary of ocean color products validated in this research.

Satellite Spatial
Source sensor Parameter resolution Algorithm Reference
CMEMS MULTI Ris 1km Sensor merging of Brando et al. (2024); Colella et al. (2025)
standard L2 R
Chl-a 1km Blended algorithm Kajiyama, D'Alimonte, and Zibordi (2018)
K4(490) 1km Band ratio algorithm Colella et al. (2025)
INTERP Chl-a 1km Interpolated Brando et al. (2024)
Volpe et al. (2018)
oLcl Ris 300m Standard Level 2 EUMETSAT (2021)
Chl-a 300 m Blended algorithm Kajiyama, D'Alimonte, and Zibordi (2018)
K4(490) 300 m Band ratio algorithm Colella et al. (2025)
EUMETSAT oLcl Chl-a 300m OC4ME EUMETSAT (2021)
300m Neural network EUMETSAT (2021)
TSM 300 m Neural network EUMETSAT (2021)
CERTO oLl Ris 300 m POLYMER Steinmetz and Ramon (2023); Steinmetz, Deschamps,
and Ramon (2011)
Chl-a 300m Blending based on OWT Atwood et al. (2024); Jackson and Atwood (2022)
TSM 300 m Blending based on OWT Atwood et al. (2024); Lin et al. (2026)
MSI Ris 60m POLYMER and ACOLITE Steinmetz and Ramon (2023); Steinmetz, Deschamps,
and Ramon (2011), Vanhellemont and Ruddick (2018)
Chl-a 60m Blending based on OWT Atwood et al. (2024); Jackson and Atwood (2022)
TSM 60m Blending based on OWT Atwood et al. (2024); Lin et al. (2026)

including negatives were retained so that a comprehensive evaluation of the R, products can be
achieved;

(5) In situ Chl-a must be larger than 0.01 mg/m3, to avoid any values below the instrument detectability
threshold, which can lead to potential errors in the validation.

Satellite time was fixed to 11:00 UTC for the CMEMS-MULTI products. In case of the CMEMS OLCI, CERTO
OLCI and CERTO MSI, the satellite time was taken from the metadata from the satellite images. In addition,
we only selected AERONET-OC R, data, which have the same number of valid data across the spectra, to
ensure that the number of valid R, are same for each AERONET-OC band and the validation results
comparable between the AERONET-OC bands.

2.3. Accuracy assessment

The root mean square deviation (RMSD), mean absolute percentage deviation (MAPD), and Bias were used
to quantify product accuracy. The slope and R’ of linear regression analysis were also included.

RMSD = ““XL (Xestimated,i - Xmeasured,i)2 ) (—I)
N
Xestimated i~ Xmeasured i
MAPD = mean f -100% |, (2)
Bias = Z{\Izl (Xestimatedl,\il - Xmeasured,i) ) 3)

where Xieasured iS the in situ data, Xestimated 1S the corresponding satellite-derived value, and N is the number
of data points.

3. Results
3.1. Bio-optical characteristics

A total number of 363 in situ R,s spectra were collected from field campaigns in the Black Sea. There are
more than two thousand spectra available from the three AERONET-OC sites since 2011, but the number of
spectra finally used for validation varied between products: CMEMS MULTI (N=1370), CMEMS OLCI
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Figure 2. Remote sensing reflectance (R,) spectra collected from (a) Profiler, (b) TriOS and HyperSAS, and (c) AERONET-
OC sites in the Black Sea. The color indicates the spectra from different stations or dates.

(N =706), CERTO OLCI (N=2831), and CERTO MSI (N = 175) after quality control and matching with satellite
data, as detailed in Section 2.2. Our collected spectra presented a wide range of shapes and magnitudes
covering clear and turbid waters (Figure 2), with the magnitude of R,s at 560 nm ranging from 0.001 sr™' to
0.05 sr™". High spectra with R.s(560) > 0.02 sr™' were collected from the Danube Delta and Georgian coast.
As shown in Figure 2, these spectra showed either R,; peaks at around 700 nm, indicating high phyto-
plankton biomass, or peaks at around 810 nm, indicating high sediments in the water.

There are 759 in situ Chl-a concentration data ranging from 0.02 mg/m? to 121.9 mg/m?, with an average
value of 8.4 mg/m3, and median value of 1.1 mg/m3 (Figure 3b). A clear spatial pattern was observed for
Chl-a (Figure 3a), which shows a decrease trend from the western coast to the central Black Sea, and
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Figure 3. Chl-a and TSM distributions in the in situ dataset. (a) Map of in situ Chl-a, (b) histogram of in situ Chl-a, (c) map
of in situ TSM, and (d) histogram of in situ TSM. The red dashed line in the histogram plots represents the median value of
Chl-a and TSM.
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becomes lower from the north (Danube Delta) to the south of the Black Sea. All samples with Chl-a higher
than 10 mg/m?> were collected from Danube Delta regions, including lakes, lagoons, and coastal waters. In
situ TSM data ranged from 0.04 g/m?® to 245 g/m?, with an average value of 22.9 g/m® and a median of
12.4 g/m? (Figure 3d). The TSM showed a similar spatial pattern as Chl-a (Figure 3c), and high TSM appeared
mainly in lakes, lagoons, and coastal waters of the Danube Delta region in the western Black Sea, and
coastal waters near Georgia in the eastern Black Sea. In addition, we compiled 218 K4(490) data (Table 1)
ranging from 0.02m™" to 0.84 m™', with an average of 0.17m™' and a median of 0.11m™", and a similar
spatial pattern as TSM was observed.

3.2. R,s product

Validation of the CMEMS MULTI R,s was based on in situ data from all the sources collected between 2011
and 2024, resulting in 1438 valid matchups, including 36 spectra from Profiler, 32 from TriOS and HyPerSAS,
and 1370 from the AERONET-OC sites. The band of 670 nm has significant smaller number of matchups
(N=163) because data were not available from Section-7, only available until 2018 for Gloria, and only
available between 2014 and 2021 for Galata.

CMEMS MULTI presented overall accurate R, values across blue-green-red bands, with all MAPD lower
than 30%, except for the short-blue band of 412 nm (Figure 4). The bands between 490 and 555 nm showed
higher accuracies than the other bands, with the lowest MAPD of 11.11% at 555 nm, indicating the
reliability of R,s at these bands from the MULTI products. However, some underestimations were observed
in turbid waters. For instance, when R,(555) was higher than 0.015 sr!, and R.s(670) was higher than
0.01sr".

Matchups for the CMEMS OLCI R, validation included 16 spectra measured by Profiler, 26 by TriOS and
HyperSAS, and 706 by AERONET-OC platforms. For simplification and better comparison with other satellite
sensors, we used integers of the OLCI central wavelengths (e.g. 413 nm rather than 412.5 nm). Because
band availabilities varied between these instruments, this resulted in a maximum number of matchups for
bands 413, 443, 490, 510, 560, and 665 nm (N = 748), with data available from all three instruments, and was
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Figure 4. Validation of R, for CMEMS MULTI products. Vertical bar represents one standard deviation of each data point
within the 3 x 3-pixel window. The color represents the instrument (or platform) used for measuring R,s.
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the lowest for bands 674, 709, 754, and 885 nm (N = 26), as these bands were only available from TriOS and
HyperSAS (Figure 5).

The accuracy of OLCI R,s from the CMEMS varied at different bands, with generally more accurate results
in visible bands (between 490 and 681 nm) with a MAPD lower than 35% and R? higher than 0.88 (Figure 5).
The highest accuracy was found for 560 nm with a MAPD of 12.93%. R, at shortwave blue bands (400 and
413 nm) showed larger errors than other bands, with MAPD higher than 100%. R,s at near-infrared (NIR)
bands from 754 nm to 885 nm presented slightly larger errors compared to visible bands, with some
underestimations observed, particularly in clear waters, where R, comes close to zero (e.g. 779 nm and
865 nm).

The number of valid R,s matchups obtained from CERTO OLCI is higher than the one from the CMEMS
OLCI for all spectral bands, with a maximum of 883 matchups for bands at 413, 443, 490, 510, 560, and
665 nm (Figure 6). This consisted of 15 in situ spectra from Profiler, 37 from TriOS and HyperSAS, and 831
from AERONET-OC. Similar to the CMEMS OLCI, the number of matchups varies between bands due to the
band availability of the different instruments.

OLCl R,s from CERTO presented high accuracy in visible bands between 443 nm and 665 nm, with all
MAPD lower than 30% and R? higher than 0.88 across clear and turbid waters (Figure 6). The most accurate
band is 560 nm, with a MAPD of 10.43%. Similar to CMEMS OLCI R, products, CERTO OLCI R,s at 400 nm and
413 nm showed larger errors, with MAPD higher than 50%, as well as underestimations for low values and
overestimations for high values being observed. For the NIR bands from 709 nm to 885 nm, larger errors
were found compared to visible bands, with slight underestimations in turbid waters, and many negative
R:s particularly at 709 nm, 865 nm and 885 nm.

Although CERTO MSI shows a lower coverage as compared to the CMEMS MULTI and OLCI datasets, we
were able to obtain up to 190 matchups for all the bands from 443 nm to 665 nm, which consist of 4 in situ
spectra from Profiler, 11 from TriOS and HyperSAS, and 175 from AERONET-OC. Bands 705 and 740 nm have
only 11 matchups, as they are only available from TriOS and HyperSAS.

MSI R, from CERTO showed the highest accuracy at 560 nm, with a MAPD of 13.97% (Figure 7). R, at
443 nm, 490 nm and 665 nm showed slightly overestimations, but all R? were higher than or equal to 0.75,
and the regression slopes were higher than 0.80. R,s at NIR bands (>700 nm) generally exhibited under-
estimations for turbid waters, and some negative values were observed in clear waters with low R,s values.

3.3. Water quality products

There are seven Chl-a products from CMEMS, EUMETSAT, and CERTO, but each with different number of
matchups, ranging from 28 for CERTO MSI to 263 for CMEMS INTERP (Figure 8). The variations were due
mainly to differences in masking during data processing and the spatial resolution of the satellite images.
CMEMS INTERP provided a significantly greater number of matchups than other products due to the
temporal and spatial interpolation, including twelve Level-3 daily images, and gap filling using climatology
values (Colella et al. 2025). Considering only the products from OLCI, CERTO provided a remarkably higher
number of valid matchups (109) as compared to CMEMS or EUMETSAT OC4ME (73) or EUMETSAT NN (90).
CERTO MSI shows the lowest number of matchups because of the longer revisit time of the Sentinel-2
satellite.

Chl-a from CMEMS OLCI showed the highest accuracy, with a MAPD of 56.22% and bias of 0.13 mg/
m>(Figure 8b). The CMEMS MULTI and INTERP Chl-a products presented good agreements with in situ
values in clear waters, but more scattered in turbid waters when in situ Chl-a is higher than 10 mg/m?
(Figures 8a and 8c). The two Chl-a products from EUMETSAT showed larger errors (MAPD > 150%) than the
others (Figures 8d and 8e), with the neural network overestimating when in situ Chl-a lower was than 1 mg/
m? and underestimating when higher than 10 mg/m>. The OC4ME Chl-a was consistently overestimated
across the validation range. Chl-a products from CERTO showed good agreement with in situ data in turbid
waters but slight overestimations in clear waters when in situ Chl-a was lower than 1 mg/m>3(Figures 8f
and 8g).

Three TSM products were validated in this research: EUMETSAT OLCI, CERTO OLCl and CERTO MSI. CERTO
OLCI (Figure 9b) has 21 more TSM matchups than EUMETSAT OLCI (Figure 9a), and they presented good
comparable accuracy, with a lower RMSD (13.80 g/m> vs 28.98 g/m?) and bias (-1.90 g/m? vs —6.58 g/m°)
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Figure 7. Validation of R, for CERTO MSI products. The vertical bars represent one standard deviation within the 3 x 3-

pixel window. Color represents the instrument (or platform) used for measuring Ry.

from EUMETSAT but a lower MAPD from CERTO (70.47% vs 47.29%). CERTO MSI has only 18 TSM matchups
because of the smaller spatial and temporal coverages (Figure 9c¢), showing the smallest MAPD (45.65%)
among all TSM products, although a few underestimated values in turbid waters were observed.

There are 21 more K4(490) matchups from CMEMS MULTI than from OLCI. Both products presented an
accuracy with a MAPD lower than 20% and RMSD lower than 0.1 m™' and agreed with in situ measurements
in both clear and turbid waters (Figure 10).

3.4. Comparison between CMEMS, CERTO, and EUMETSAT OLCI products

Only OLCI ocean color products are available across the CMEMS, EUMETSAT and CERTO. In terms of
coverage, a larger number of valid matchups is obtained from CERTO for R, Chl-a, and TSM datasets
(see Figures 5, 6, 8, and 9). These discrepancies are explained by the different atmospheric correction
processors and flagging schemes.

To compare the accuracy of ocean color products between the CMEMS, EUMETSAT, and CERTO, we
compiled the common matchups of R, Chl-a, and TSM (i.e. matchups available from all products on the
same date and site to exclude the influence of using different data flagging). We found that R,s from CERTO
presented slightly higher accuracy than CMEMS at bands 400-665 nm, 754 nm and 779 nm, while CMEMS
provided more accurate R, at the other mostly NIR bands (Figure 11).
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We obtained 60 common Chl-a matchups between the CMEMS and CERTO OLCI products covering clear
and turbid waters, as indicated by the CERTO OWT classes from 1 (clear) to 18 (turbid) in Figure 12. Both of
the satellite-derived Chl-a agreed with the in situ measurements, with points aligning along the 1:1 line and
further indicated with slope higher than 0.80. Slight overestimations were observed for CERTO OLCI Chl-a
when in situ Chl-a was lower than ~10 mg/m?* (Figure 12b). Comparing the performance between different
OWT classes, CERTO OLCI Chl-a has higher accuracy in OWTs 4, 8, 12, and 18, and CMEMS OLCI Chl-a higher
in the other OWTs (Figure 13).

In case of TSM, we compared the CERTO product with the EUMETSAT dataset (Figure 14). We obtained the
opposite results as compared to Chl-a, with EUMETSAT provided more accurate estimates in turbid waters and
CERTO with higher accuracy in clear waters. Overall, both provided accurate results, except for a few scattered
points in medium turbid waters with in situ TSM at around 20 g/m>. When comparing accuracy between
different CERTO OLCI showed better estimates for OWTs 1, 2, 3, 6, 7, 9, 10, 12, 13, 14, 15, and 16, which are
mainly in clear waters. EUMETSAT OLCI performed better in waters for OWTs 4, 5, 17, and 18 (Figure 15).

3.5. Showcase of ocean color products

An example of CMEMS OLCI, CMEMS MULTI, CMEMS INTERP, and CERTO OLCI Chl-a products on 23 May
2019 covering the Danube Delta region in the Black Sea is shown in Figure 16. All four products consistently
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Figure 13. Comparison of RMSD and MAPD between CMEMS and CERTO OLCI Chl-a products in different optical water
types (OWTs).

showed high Chl-a near the coast and low Chl-a offshore. However, some differences were observed. First,
the range of Chl-a from the CMEMS OLCI (0.07 to 99.98 mg/m?) was larger than that of the other three
products (e.g. CMEMS MULTI between 0.13 and 44.28 mg/m?), with higher Chl-a values in coastal turbid
waters (Region A in Figure 16) and lower values in offshore clear waters (Region B in Figure 16, Table 3). This
agreed with the results in Figures 8 and 12, with the CMEMS MULTI, CMEMS INTERP, and CERTO OLCI
showing slightly higher Chl-a estimates than the CMEMS OLCI in clear waters. Second, the spatial coverage
between the four Chl-a products are different, as Region C indicated in Figure 16. The CMEMS MULTI
(covered 84.10% of Region C area) showed wider coverage than CMEMS OLCI (52.37%) and CERTO OLCI
(53.16%), as would be expected to benefit from merging multiple satellite image sources. CMEMS INTERP
further improved the spatial coverage by filling the data gaps (99.89%, Table 3).

Remarkable differences between OLCI products are also observed in Region D: some white pixels are
seen in CMEMS (Figure 16a) because Chl-a was not produced, whereas a more spatially consistent Chl-a
map was created for CERTO (Figure 16d). Discrepancies are explained by the different atmospheric
correction processors: POLYMER (CERTO) managed to provide reliable R,s data throughout the whole
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area, but WFR (CMEMS) produced some pixels with negative R, values that were flagged prior to Chl-a
computation. The CMEMS MULTI product (Figure 16b) also shows good values, as the NASA Level-2 R,
products deliver non-negative values.

To illustrate differences in the success rates of valid data between different products, a comparison on
the number of negative and valid R, spectra between the CMEMS and CERTO are provided in Table 4. A
negative spectrum was defined as a satellite spectrum that has one or more negative bands. The
comparison was carried out for the period of 01 July 2016-30 June 2024 (2922 days), when all products
were available, and all AERONET-OC bands were included. An initial comparison for all available bands from
each product revealed that the CMEMS MULTI provides the highest success rate of 69.92%, with no
negative R,. CERTO OLCI and MSI have a success rates lower than 10%, as there were many negative
Rs, especially in the NIR bands (Figures 6 and 7). However, when comparing only the six bands that all the
CMEMS and CERTO products have available and are widely used for Chl-a retrieval (e.g. OC4ME), CERTO
OLCI provided 12.5% more valid R,s than CMEMS OLCI as CMEMS has more negative spectra than CERTO (93
vs 14). This explains why CERTO OLCI provides better spatial coverage than CMEMS OLCI in Figure 16.
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Figure 16. Examples of Chl-a product on 23 May 2019 in the Danube Delta region of the western Black Sea from (a)
CMEMS OLCl, (b) CMEMS MULTI, (c) CMEMS INTERP, and (d) CERTO OLCI. Regions A and B indicate high and low Chl-a
areas, respectively. Region C indicates the influence of Chl-a retrieval by clouds, and Region D differences in atmospheric
correction processors.

4. Discussion
4.1. Advantages and limitations of the validation work

In this research, we compiled a comprehensive in situ dataset from the Black Sea to validate the ocean color
products provided by the CMEMS, CERTO, and EUMETSAT. The in situ dataset covered wide spatial and bio-
optical ranges, including turbid waters in the Danube Delta with high sediment loading from the Danube
River, shallow (average depth of around 2m and shallowest less than 1 m) productive waters in the
Razelm-Sinoe Lagoon to the South of the Danube Delta, and deep (>1000 m) clear waters from the central
Black Sea. Particularly, we collected novel optical and biogeochemical data from the Georgian coast, a
region from which such a complete dataset has not yet been reported. Other studies have focused on
particular characteristics of the Black Sea water environment, such as microbial water quality in Georgian
coastal waters using in situ data (Janelidze et al. 2011), phytoplankton monitoring using Earth observations
in the Black Sea (Kopelevich et al. 2014; Vostokov, Vostokova, and Vazyulya 2022; Yunev et al. 2021), and
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Table 3. Summary of Chl-a values and the spatial coverage of valid data in the four regions
indicated in Figure 16.

Region Product Median Chl-a (mg/m3) CV (%) Spatial coverage (%)
A CMEMS OLCI 21.71 62.31 99.77
CMEMS MULTI 9.65 37.08 100.00
CMEMS INTERP 9.65 37.08 100.00
CERTO OLCI 12.00 29.09 99.99
B CMEMS OLCI 0.18 99.37 100.00
CMEMS MULTI 0.23 76.47 100.00
CMEMS INTERP 0.23 76.47 100.00
CERTO OLCI 0.43 58.07 100.00
C CMEMS OLCI 0.80 235.14 52.37
CMEMS MULTI 0.62 173.27 84.10
CMEMS INTERP 0.57 177.36 99.89
CERTO OLCI 0.96 135.94 53.16
D CMEMS OLCI 23.17 88.22 83.00
CMEMS MULTI 8.68 5240 93.38
CMEMS INTERP 8.57 52.08 96.17
CERTO OLCI 11.46 94.10 96.44

Table 4. Comparison of valid R from different ocean color products in the Black Sea between 1 July 2016 and 30 June
2024. Rate of valid R, is calculated by dividing the number of valid R, by the number of days. “All bands” represents all
available bands from each product, while “Six bands” represents the common six bands between CMEMS and CERTO
products: 413 nm, 443 nm, 490 nm, 510 nm, 560 nm and 665 nm (note CERTO MSI only include four out of the six bands).

Band Source Satellite N of days N of R.s matchup N of valid R Rate of valid R (%)

All bands CMEMS MULTI 2922 2043 2043 69.92
CMEMS oLd 2922 1446 642 21.97
CERTO oLdl 2922 1732 236 8.08
CERTO MSI 2922 347 125 4.28

Six bands CMEMS MULTI 2922 2043 2043 69.92
CMEMS oLd 2922 1446 1353 46.30
CERTO oLd 2922 1732 1718 58.80
CERTO MSI 2922 347 347 11.88

phytoplankton light absorption characteristics in Chl-a maximum layer of the Black Sea (Churilova et al.
2019). However, none of them have used such a large and comprehensive in situ optical and biogeo-
chemical dataset as compiled in our research. Knowing the most accurate ocean color products could
support researchers in hydrological and climate modeling, and support water management sectors through
the delineation of algal bloom or sediment plume area detections.

Although efforts have been made to ensure the quality of in situ data, potential uncertainties exist that
might have influenced our validation work. First, the R, data were measured from different methods, which
includes above-water and below-water approaches, and different platforms, including Profiler, TriOS,
HyperSAS, and AERONET-OC. These measurements were made over different time periods and at different
locations, mainly determined by instrument availability. The consistency between them has not been
investigated in the present research, mainly because of the lack of concurrent measurements. In addition,
some bands are not available from Profiler and AERONET-OC, making the number of matchups much lower
than that of other bands (Figures 4-7). This led to the lack of comparable results between different bands
for R,s products. The band shifting method we used to convert the R,; measured by Profiler and AERONET-
OC to the OLCI, MSI, and MULTI bands potentially contributed some uncertainties but can be considered
very limited because most (about 76%) of the wavelength differences were smaller than 3 nm. In situ Chl-a
data were collected from two main approaches including HPLC and spectrophotometry. This introduces a
certain degree of impact on uncertainty to the validation practice because of the recognized differing
accuracy between these two methods. We did investigate their correlation using concurrent Chl-a data,
which showed good consistency through a R? of 0.84 and an average difference of 0.11 mg/m?, thus
impacts to validation uncertainty are likely low. A follow-up analysis showed that using only HPLC-
measured Chl-a for validations provided the same conclusions as found in Figure 8. In addition, we only
considered Chl-a and TSM measured from the surface of the water in the Black Sea. Future work should
focus on the inclusion of data from the water column. Propagating uncertainties from the in situ data into
the ocean color product validations should also be considered in future studies.
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4.2. Recommendations for improving the ocean color products

Our analysis suggested that R, products from both the CMEMS (MULTI and OLCI) and CERTO (OLCl and MSI)
showed overall good accuracies in the visible bands (Figures 4-7), ensuring the correct input for algorithms
that employ these bands. However, both products showed larger errors at short-blue bands (<440 nm)
compared to visible bands, and most were overestimated. R, at NIR bands (>700 nm) also presented larger
errors, with some underestimations for all four products. Particularly, we observed some negative values at
short-blue and NIR bands in both the CMEMS and CERTO OLCI R, products (Figures 5 and 6), as well as the
CERTO MSI product (Figure 7), which could impact ocean color applications. For instance, when considering
Chl-a estimation for productive waters which employs 709 nm (e.g. Liu et al. 2021) and TSM estimation for
high sediment waters, which employs 754 nm and 865 nm (e.g. Jiang et al. 2021b). Therefore, further
developments are required to improve the accuracy of atmospheric correction methods, especially in the
short-blue and NIR bands. The release of the new standard OLClI WFR product (collection 4) expected in
early 2026 may bring improvements for the Black Sea ocean color products. Otherwise, the inclusion of ad-
hoc atmospheric correction (e.g. POLYMER) in the operational processing chain should be considered.

As expected, Chl-a and TSM from CMEMS, EUMETSAT, and CERTO showed different accuracies across
different OWTs since they are based on different atmospheric correction and retrieval algorithms. Blending
algorithms used in different services could potentially improve the Chl-a and TSM estimates in the Black
Sea. For instance, adding the Chl-a algorithm for turbid waters used in CERTO (Gitelson et al. 2011) to the
current operational algorithm blending scheme for moderate and clear waters from CMEMS (Kajiyama,
D'Alimonte, and Zibordi 2018), and a blend of the EUMETSAT TSM algorithm in turbid waters with the
CERTO TSM algorithm in clear waters. Our results also emphasized the importance of regional calibrated
algorithms. The above-mentioned findings that CMEMS OLCI performs better in low Chl-a waters while
CERTO OLCI in high Chl-a waters, which is possibly because CMEMS Chl-a algorithm was calibrated with
in situ data mainly from clear waters (<10 mg/m3, Kajiyama, D'Alimonte, and Zibordi 2018), while CERTO
Chl-a algorithm was calibrated with in situ Chl-a mostly from eutrophic waters in European transitional
water systems including the Danube Delta. The OC4ME algorithm is also an empirical algorithm, but we
found that it is not suitable for the Black Sea, as it was not developed specifically for these waters. Other
researches also reported the same findings for the OC4 algorithm (Sancak et al. 2005; Suslin and
Churilova 2016).

We also found spatial coverage differences between the CMEMS and CERTO OLCI products in our
validation, which showed that CERTO provides a better coverage resulting in a higher number of valid
matchups (Figures 5 and 6, Tables 3 and 4). The CERTO and CMEMS OLCI R,s products are built on the same
source imagery but using different atmospheric correction approaches: POLYMER + ACOLITE for CERTO and
the standard OLCI WFR for CMEMS. Therefore, there are differences not only in terms of accuracy but also in
terms of flagging, and it would be worthwhile to revisit the flagging approaches used in the processing
chains.

5. Conclusions

A comprehensive in situ dataset was collected from the western, central, and eastern Black Seas to validate
the accuracy of existing ocean color products provided by CMEMS, CERTO, and EUMETSAT in this area. We
concluded that the R,s products provided by both CMEMS and CERTO are accurate in the visible bands.
However, further improvements are needed for R, in the short-blue (<440 nm) and NIR (>700 nm) bands.
Chl-a and TSM from the CMEMS MULTI and OLCI, CERTO OLCI and MSI overall agree with in situ-measured
values, but space exists for further improvements in specific water types for each of the products. The
K4(490) products from the CMEMS provided accurate values across clear and turbid waters with a MAPD
smaller than 20%.
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