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A B S T R A C T   

Among the many calcifying marine organisms, coccolithophores are the major producer of particulate inorganic 
carbon (PIC). Calcium carbonate plates covering coccolithophores, called coccoliths and released during blooms, 
are responsible for a large increase of the water reflectance. Aiming at investigating the spectral features of the 
remote sensing reflectance RRS(λ) of marine waters during coccolithophore blooms, this study exploits the 
radiometric data of Ocean Color sites of the Aerosol Robotic Network (AERONET-OC) in the Western Black Sea 
(Galata and Gloria/Section-7) by focusing on bloom events that occurred in 2017 and 2020. The analysis, besides 
showing elevated RRS(λ) in the blue-green spectral region in the presence of coccoliths, confirms a shift toward 
the blue of the RRS(λ) spectra as the bloom declines and coccoliths accumulate at the surface. Results also 
document a decreased capability of determining the bloom state in the presence of optically complex waters such 
as those associated with river runoff. Finally, the comparison of satellite versus AERONET-OC radiometric data 
for the extreme conditions created by the presence of coccolithophores, indicates agreements between RRS(λ) not 
significantly different from those previously determined for various satellite data products in the absence of 
appreciable concentrations of coccoliths.   

1. Introduction 

Coccolithophores are eukaryotic unicellular phytoplankton with an 
exoskeleton made of individual plates of calcium carbonate called coc
coliths. Among the many calcifying marine organisms, coccolithophores 
are the major producer of particulate inorganic carbon (PIC) that 
significantly influences the carbon balance and consequently impacts 
global biogeochemical cycles over short and geological time scales 
(Balch et al., 2011; Müller, 2019). Dedicated studies (e.g., Thierstein and 
Young, 2013) investigated the life cycle, global distribution and 
phenology of these organisms among which Emiliania huxleyi is the most 
spread species throughout latitude (Holligan and Balch, 1991). These 
investigations largely benefitted of remote sensing technologies 
exploiting the increase of the water reflectance due to the high scattering 
of coccolithophores and their detached coccoliths. Specifically, current 
algorithms use the spectral normalized water-leaving radiance LWN(λ) or 
alternatively the spectral remote-sensing reflectance RRS(λ) to detect the 
presence of coccoliths (Iglesias-Rodríguez et al., 2002; Moore et al., 
2012), estimate the back-scattering coefficient of particulate matter 
bbp(λ), and, from this, the concentration of coccoliths and PIC 

concentrations (Balch et al., 2005; Gordon et al., 2001). Recent in
vestigations proposed the direct application of RRS(λ) to determine PIC 
concentration (Mitchell et al., 2017). 

Several studies investigated the evolution and distribution of coc
colithophore blooms through remote sensing techniques by using 
Coastal Zone Color Scanner (CZCS) and Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS) imagery (Balch et al., 2018; Brown and Yoder, 1994; 
Cokacar et al., 2001; Holligan and Balch, 1991; Hopkins et al., 2015; 
Kopelevich et al., 2014). With specific reference to the Black Sea, which 
is the region of interest in this study, SeaWiFS time-series for the period 
1998–2002 showed an evident coincidence between the so called June 
maximum of the water-leaving radiance and coccolithophore blooms 
(Karabashev et al., 2006). Additionally, ocean color imagery from Sea
WiFS, Ocean Color and Temperature Scanner (OCTS) and Moderate 
Resolution Imaging Spectroradiometer (MODIS) showed an almost 
regular yearly occurrence of coccolithophore blooms between May and 
June (Cokacar et al., 2004; Cokacar et al., 2001; Kopelevich et al., 2014; 
Korchemkina et al., 2019). On the quantitative side, Kopelevich et al. 
(2014) proposed a regional algorithm for the Black Sea based on a 
relationship between coccoliths concentration and bbp(λ). More recently, 
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benefitting from the R/V Professor Vodyanitsky expedition carried out 
in the Black Sea during the 2017 coccolithophore bloom, Korchemkina 
et al. (2019) exploited field measurements of the beam attenuation co
efficient to investigate the bio-optical characteristics of coccolitho
phores and addressed the accuracy of coccoliths concentrations from a 
semi-analytical algorithm applied to MODIS derived RRS(λ). 

Regardless of the former extensive investigations, there are very few 
in situ reflectance spectra related to coccolithophore blooms docu
mented in the literature (e.g., Garcia et al., 2011; Iida et al., 2002; Smyth 
et al., 2002). For this reason, algorithms dedicated to coccolithophore 
blooms identification are based on satellite sensor derived reflectance 
from different regions around the globe (e.g., Brown and Yoder, 1994; 
Iglesias-Rodríguez et al., 2002; Moore et al., 2012), not including the 
Black Sea. Exception is the work by Slabakova et al. (2020) on the 
assessment of the Ocean and Land Color Instrument (OLCI) radiometric 
products in the Western Black Sea, still not focusing on coccolithophore 
blooms but embracing periods characterized by blooms. 

This study relies on an unprecedented description of coccolithophore 
blooms offered by time-series of in situ measurements performed by 
autonomous multispectral radiometers located in the Western Black Sea 
and belonging to the Ocean Color component of the Aerosol Robotic 
Network (AERONET-OC, Zibordi et al., 2009). Its main objectives are to 
investigate the RRS(λ) spectral features in the 400–700 nm interval and 
their variability in relation to the temporal evolution of coccolithophore 
blooms, and to evaluate current algorithms for coccolithophore blooms 
detection in the Black Sea. As an additional objective, the study aims at 
assessing the accuracy of remote sensing radiometric products from 
ocean color sensors from various satellite missions in the presence of 
coccoliths, which has been little documented so far. In fact, the strong 
backscattering due to the presence of coccoliths is not specifically 
accounted for by current atmospheric correction schemes, potentially 
challenging the accurate retrieval of LWN(λ) or RRS(λ), and consequently 
the performance of the algorithms for coccoliths detection and the 
determination of PIC concentration. 

1.1. Study area and measurement sites 

The Black Sea is a semi-enclosed sea whose catchment basin is 
approximately five times larger than its area. It receives drainage from 
almost one-third of the European rivers through the Danube, Dniester 
and Dnieper whose waters exhibit high concentrations of nitrogen and 
phosphorus nutrients (Vespremeanu and Golumbeanu, 2018). The 

north-western shelf region, of relevance for this study, exhibiting depths 
lower than 200 m (see Fig. 1), receives approximately 80% of the 
freshwater runoff discharged in the Black Sea (Aubrey et al., 1996). 

Considering a Black Sea regional partition as a function of bathym
etry and river runoff (Kopelevich et al., 2014), the AERONET-OC sites 
relevant for the study (i.e., Galata and Gloria/Section-7, see Fig. 1) are 
located in the north-western and south-western inner shelves. These 
regions are both characterized by high variability of their optically 
complex waters (Zibordi et al., 2015) as a result of the combined in
fluence of the local dynamics and discharge of the Danube, Dnieper, 
Dniester and Bug rivers. 

The Gloria AERONET-OC site (Lon. 29.36◦E, Lat. 44.60◦N), estab
lished in 2010 on the homonymous gas platform owned and managed by 
the Petrom company, is located at approximately 12 nautical miles from 
the Romanian coast south of the Danube mouth. In August 2019, this site 
was decommissioned and replaced by Section-7 (Lon. 29.45◦E, Lat. 
44.45◦N), a gas platform also owned and managed by Petrom and 
located a few nautical miles south of Gloria. The water depth at the two 
locations is approximately 40 m. 

The Galata AERONET-OC site (Lon. 28.19◦E, Lat. 43.05◦N) estab
lished in 2014 on the homonymous gas platform owned and managed by 
the Melrose company, is located at approximately 13 nautical miles off 
the Bulgarian coast in front of the city of Varna. The water depth at this 
site is 35 m. 

As already documented, the Western Black Sea exhibits almost reg
ular yearly occurrence of coccolithophore blooms developing during 
June and usually gradually vanishing through July (Kopelevich et al., 
2014). However, the shelf regions were not always included in previous 
coccolithophore investigations relying on satellite data (e.g., Cokacar 
et al., 2004; Cokacar et al., 2001). The shelf areas with depth lower than 
200 m, indeed, are largely affected by the presence of particulate and 
dissolved matter from river runoff. This enhanced optical complexity 
may challenge the capability to detect coccoliths through ocean color 
techniques. Based on the time-series from 1991 to 2008, Danube runoff 
typically shows its peak between the end of April and the beginning of 
May (Stagl and Hattermann, 2015), when coccolithophore blooms may 
already occur (Kubryakov et al. (2019)). 

2. Materials and methods 

2.1. AERONET-OC data 

AERONET-OC was conceived to support ocean color activities with 
LWN(λ) and aerosol optical depth τa data retrieved from autonomous 
radiometer systems (Zibordi et al., 2009, 2021). AERONET-OC gathers 
field measurements from CE-318 and CE-318T radiometers deployed on 
fixed offshore structures and allows for their near real-time data pro
cessing and archival at different quality levels (i.e., Level 1.0, Level 1.5 
and Level 2.0). AERONET-OC CE-318 radiometers have up to 9 spectral 
bands in the 412–1020 nm interval largely overlapping with MODIS and 
the Visible Infrared Imaging Radiometer Suite (VIIRS) bands (for in
struments deployed in 2017 at both sites, nominal center-wavelengths 
were 412, 443, 490, 532, 551, 667, 870, 1020 nm). Conversely, 
AERONET-OC CE-318T radiometers, which have been deployed since 
2018, have up to 12 spectral bands in the 400–1020 nm interval 
matching most of the OLCI ones. For marine sites, including Galata and 
Section-7, the relevant center-wavelengths are 400, 412, 443, 490, 510, 
560, 620, 667, 779, 865, 1020 nm. In addition to an increased number of 
spectral bands, CE-318T systems offer the capability of performing 
replicate (typically three successive) sequences of measurements, thus 
delivering multiple LWN(λ) retrievals contrary to the single one 
permitted by CE-318 systems every 30 min. Definitively, the capability 
of performing a higher number of measurements allows for better 
addressing the temporal evolution of short-term events (i.e., at the scale 
of a few minutes). Gergely and Zibordi (2014) reported relative un
certainties for LWN(λ) for the Gloria site approaching 5–6% in the blue- 

Fig. 1. Study area: bathymetry map and AERONET-OC sites location. The green 
and orange crosses indicate the Galata and Gloria/Section-7 sites, respectively. 
For Gloria/Section-7 the mean values of the coordinates between the two sites 
are indicated. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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green spectral region and 10% in the red. These uncertainties are ex
pected to also apply to Section-7 and Galata LWN(λ). 

Details on AERONET-OC instruments and recent advances in mea
surement protocols and data processing, are comprehensively described 
in Zibordi et al. (2021). 

This study relies on AERONET-OC Level-2 fully quality checked 
LWN(λ) data in units of mW cm− 2 μm− 1 sr− 1, with λ indicating the center- 
wavelength of each spectral band (hereafter provided in units of nm). 
Exceptions are the LWN(λ) data for the year 2020 for which Level 1.5 
only was accessible when this study was performed. Level 2.0 data, 
indeed, are available with some delay: they are derived from Level 1.5 
data, but require final radiometric adjustments associated with the post- 
deployment calibration of field instruments and a final spectrum-by- 
spectrum screening performed by an experienced scientist. 

AERONET-OC LWN(λ) data, corrected for bidirectional effects 
applying the scheme proposed by Morel et al. (2002), were used. RRS(λ) 
in units of sr− 1, were derived from LWN(λ) through: 

RRS(λ) =
LWN(λ)
F0(λ)

(1)  

with F0(λ) the spectral mean extra-atmospheric irradiance, in units of 
mW cm− 2 μm− 1, from Thuillier et al. (2003). 

The Gloria and Section-7 data, which refer to contiguous periods and 
nearby sites, were considered as a single time-series. 

2.2. Events identification and analysis 

Coccolithophore bloom events have been investigated exploiting 
spectral features resulting from coccoliths scattering through an algo
rithm initially proposed for CZCS and SeaWiFS imagery (Iglesias- 
Rodríguez et al., 2002). This algorithm sets a flag, hereafter called 
coccoliths flag, on the basis of thresholds applied to spectral values of 
LWN(λ) and their ratios: 

coccoliths flag =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ON if

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

LWN(443) > 1.1
LWN (555) >= 0.9
0.75 < R1 < 1.85
1.0 < R2 < 1.65
0.6 < R3 < 1.15

OFF otherwise

(2)  

where 

R1 =
LWN(443)
LWN(555)

(3)  

R2 =
LWN(510)
LWN(555)

(4)  

R3 =
LWN(443)
LWN(510)

(5) 

The algorithm, as coded into the NASA’s Ocean Color processor 
(l2gen of the SeaWiFS Data Analysis System, SeaDAS (Baith et al., 
2001)), is currently applied to MODIS and VIIRS data, where LWN(510) is 
replaced by LWN(531) or LWN(489), respectively, acknowledging its 
potentially lower effectiveness (Moore et al., 2012). Consistently, in this 
study the coccoliths flag algorithm was applied to OLCI products and to 
AERONET-OC LWN(λ) using LWN(530), when LWN(510) was not avail
able, and also replacing LWN(555) with LWN(551) or alternatively with 
LWN(560), depending on the data source. 

The determination of PIC in units of mol m− 3 was obtained using the 
Color Index (CI) algorithm (Mitchell et al., 2017), recognizing that its 
validity for optically complex waters is still under investigation. PIC is 
determined from: 

PIC = 0.4579 CI − 0.0006 (6)  

with 

CI = RRS(547) − RRS (667) (7)  

When required, the values of satellite or AERONET-OC RRS(547) and 
RRS(667) were determined from RRS(λ) (with λ indicating the closest 
available center-wavelength) through the band-shift technique based on 
regional bio-optical algorithms developed using in situ data from the 
Western Black Sea (Zibordi et al., 2015). The band-shift corrections were 
also applied to AERONET-OC RRS(λ) data used for matchups (i.e., nearly 
contemporaneous in situ and satellite data pairs) to minimize the impact 
of spectral differences between in situ and satellite center-wavelengths. 
It is however acknowledged that the uncertainty associated with these 
corrections applied to data from optically complex waters dominated by 
the presence of coccoliths may be quite large. 

While recognizing the unique value of the AERONET-OC time-series 
at the two locations spanning across several years, the study focused on 
the 2017 and 2020 coccolithophore events because of their intensity and 
duration. These recent events, indeed, exhibited a spatial distribution 
embracing both AERONET-OC locations with duration exceeding three 
months in 2017 and approaching two months in 2020. Additionally, the 
availability of CE-318T 12-band data during the 2020 event offered 
access to more spectrally resolved LWN(λ), compared to the corre
sponding products from the CE-318 9-band radiometers used in 2017. 

The occurrence of the 2017 event was confirmed through in situ 
measurements by Kopelevich et al. (2020) and Korchemkina et al. 
(2019) in the Northern and Eastern Black Sea, and by Slabakova et al. 
(2020) in the Western Black Sea. For the 2020 event, confidence on the 
presence of coccolithophore blooms in the region was heuristically 
provided by RRS(λ) well above background values and the typical milky 
turquoise aspect of waters in true-color satellite images. 

2.3. Satellite data processing and satellite-derived RRS(λ) validation 

RRS(λ) from standard ocean color products, as distributed by space 
agencies, were evaluated. These products are associated with the 
following sensors: MODIS on board the Aqua and Terra platforms 
(MODIS-A, and MODIS-T, Esaias et al., 1998), VIIRS on board the Suomi 
National Polar-orbiting Partnership (VIIRS-SNPP) and the Joint Polar 
Satellite System 1 (VIIRS-JPSS, Goldberg et al., 2013; Schueler et al., 
2002), and OLCI operated on board the Sentinel-3A platform (OLCI-A, 
Donlon et al., 2012). 

Level-1A data from MODIS-A, MODIS-T, VIIRS-SNPP and VIIRS-JPSS 
for the area of interest were processed with the atmospheric correction 
l2gen embedded in the version 7.5 of SeaDAS (Franz et al., 2007 and 
references therein). The resulting Level-2 data are consistent with 
NASA’s Ocean Biology Processing Group (OBPG) Reprocessing R2018 
and the latest calibration table. Data from OLCI-A were obtained as 
Level-2 Reduced-Resolution (1.2-km) products from the European 
Organisation for the Exploitation of Meteorological Satellites (EUMET
SAT) Data Centre (EUMETSAT, 2018, Processing Baseline 2.23 and 
successive revisions up to 2.58), and corrected for bidirectional effects 
using the same scheme that was applied to AERONET-OC data. 

Both the EUMETSAT (Antoine, 2010; Moore and Lavender, 2010) 
and NASA (Gordon and Wang, 1994; Ahmad et al., 2010; Bailey et al., 
2010) atmospheric correction schemes rely on the black pixel assump
tion, including corrections for non-black pixels in the near-infrared 
(NIR) spectral region. The correction applied to MODIS and VIIRS 
data is based on an iterative process leading to the determination of 
RRS(λ) in the NIR through the IOP-based method detailed in Bailey et al. 
(2010). The alternative method implemented for OLCI, instead, applies 
a correction based on the similarity spectrum detailed in Moore and 
Lavender (2010). 

The vicarious calibration gains (i.e., g-factors) required to minimize 

I. Cazzaniga et al.                                                                                                                                                                                                                              



Remote Sensing of Environment 264 (2021) 112607

4

the effects of biases affecting the calibration of the space sensor and the 
models embedded in the atmospheric correction, were determined for 
either MODIS, VIIRS and OLCI relying on the method proposed by Franz 
et al. (2007). However, while the NIR g-factors were equally determined 
by the two institutions using observations over the South Pacific Gyre, 
the determination of the g-factors for the visible spectral bands requiring 
in situ reference measurements is marked by differences. MODIS and 
VIIRS processing benefitted of g-factors determined with reference data 
from the Marine Optical Buoy (MOBY, Clark et al., 2003). Conversely, 
OLCI-A processing relied on a temporary solution using a variety of in 
situ measurements and the GlobColour climatology (EUMETSAT, 2017). 

It is emphasized that none of the processors benefits of specific 
implementations supporting atmospheric corrections in the presence of 
coccolithophore blooms. 

For each macro-pixel made of the 3 × 3 image elements centered at 
each AERONET-OC site, the median of the RRS(λ) values was calculated 
excluding data affected by the standard processing flags. For the NASA 
data products (i.e., MODIS and VIIRS), the exclusion flags used in this 
study were: ‘ATMFAIL’, ‘LAND’, ‘HIGLINT’, ‘HILT’, ‘HISATZEN’, 
‘STRAYLIGHT’, ‘CLDICE’, ‘HISOLZEN’, ‘LOWLW’, ‘CHLFAIL’, ‘NAV
WARN’, ‘MAXAERITER’, ‘CHLWARN’, ‘ATMWARN’, ‘NAVFAIL’ (except 
for ‘COCCOLITH’, the above flags are those recommended by NASA for 
global processing). 

For the EUMETSAT data products (i.e., OLCI-A) the exclusion flags 
were: ‘CLOUD’, ‘CLOUD_AMBIGUOUS’, ‘CLOUD_MARGIN’, ‘INVALID’, 
‘COSMETIC’, ‘SATURATED’, ‘SUSPECT’, ‘HISOLZEN’, ‘HIGHGLINT’, 
‘SNOW_ICE’, ‘AC_FAIL’, ‘WHITECAPS’, ‘RWNEG_O2’, ‘RWNEG_O3’, 
‘RWNEG_O4’, ‘RWNEG_O5’, ‘RWNEG_O6’, ‘RWNEG_O7’, ‘RWNEG_O8’. 

Two analyses were performed: one including those matchups 
affected by the presence of coccoliths during the two blooms; and the 
other including all available matchups since 2018, but not affected by 
coccoliths. It is specified that the presence of coccoliths was established 
through the application of the coccoliths flag to AERONET-OC data. On 
the contrary, for time-series of satellite data products, the presence of 
coccoliths was determined from the satellite data themselves using the 
embedded coccoliths flag in NASA products, or alternatively calculated 
for OLCI-A data. 

Adopting an approach similar to previous works (e.g., Mélin et al., 
2011), in situ – satellite matchups were constructed using the following 
criteria: (a) the time difference between the acquisition time of 
AERONET-OC data and satellite overpass was lower than 2 h; (b) none of 
the 9 pixels in the macro-pixel was flagged by exclusion flags; (c) the 
coefficient of variation (CV, i.e., the ratio of macro-pixel standard de
viation and average) at 560 nm (or equivalent center-wavelength) was 
lower than 20%. 

For each site and sensor, the root mean square difference RMSD, 
mean relative difference ψ and mean absolute relative difference |ψ|, 
were determined from the available matchups as: 

RMSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

i=1
(xS

i − xA
i )

2
√

(8)  

ψ =
1
N

∑N

i=1

(
xS

i − xA
i

)

xA
i

100 (9)  

|ψ | = 1
N

∑N

i=1

⃒
⃒xS

i − xA
i

⃒
⃒

xA
i

100 (10)  

where N is the number of matchups, xi
S indicates satellite-derived RRS(λ) 

and xi
A the AERONET-OC RRS(λ) at corresponding center-wavelengths. 

These statistical indices summarize the observed differences in terms 
of scatter and systematic difference (bias), in both relative terms (%) and 
units of RRS(λ). These indices are commonly used by the ocean color 
community to describe results from matchup analysis and were also 
adopted in this work to make results comparable across independent 
studies. It is fully acknowledged that the use of percent differences 

(relying on field data as the reference) instead of unbiased-percent dif
ferences, may lead to unrealistic values in the presence of RRS(λ) close to 
zero. The regression slope m, intercept q and determination coefficient r2 

were also computed through linear least-squares regressions. 
The matchups identified in the former statistical analysis were also 

used to compare PIC determined from satellite RRS(λ) with those from 
AERONET-OC RRS(λ). It is stressed that this is not a validation of satellite 
products for PIC (for which in situ data are not available), but a quan
tification of how differences between field and satellite RRS(λ) data 
propagate into the determination of PIC. 

3. Results 

3.1. Temporal evolution of the 2017 and 2020 coccolithophore blooms in 
the Western Black Sea 

The analysis of AERONET-OC data shows the occurrence of cocco
lithophore blooms at both AERONET-OC locations during recent spring- 
summer periods (Table 1). The duration of each bloom was determined 
yearly by the interval between the first and the last occurrence of raised 
coccoliths flag as determined from AERONET-OC data during the spring- 
summer period. It should be noted that the correct identification of the 
start and end dates is conditioned by data availability and, additionally, 
by perturbations from estuarine optically complex waters that may mask 
the coccoliths scattering (see the case of May 2017 discussed later in 
Section 3.4). Table 1 also shows the PIC values at the start and end dates 
of the bloom: high PIC values at the start date may indicate that the 
bloom is already occurring and consequently a failure of the coccoliths 
flag (e.g., see the Gloria site during 2017). 

Bloom intervals based on the outcome from the coccoliths flag were 
also derived from satellite-sensors data during spring-summer of each 
year. As an example, Table 2 indicates the blooms duration in 2017 and 
2020. Excluding exceptions (e.g., the first activation for VIIRS-JPSS and 
OLCI-A in 2020 at Galata), satellite-based and AERONET-OC de
terminations describe a fairly consistent picture of bloom evolutions. It 
is however noted, and later addressed in Section 4, that false negatives, 
as well as different sensor band-settings and data availability may affect 
satellite outputs. Finally, when comparing satellite and AERONET-OC 
determinations, differences in measurement frequency and spatial res
olution may also influence results, particularly in regions characterized 
by high temporal and spatial variability. 

Fig. 2 displays the temporal evolution of AERONET-OC RRS(λ) at 
selected bands and satellite derived RRS(490) at the two sites during the 
2017 and 2020 coccolithophore blooms. In correspondence with each 

Table 1 
Coccolithophore bloom events occurring since 2015 in the Western Black Sea as 
identified through the coccoliths flag determined from AERONET-OC data from 
Galata and Gloria/Section-7. The PIC values associated with the first and the last 
activation dates are also shown.  

Year Period 
(Galata) 

Period 
(Gloria/ 
Section-7) 

PIC at start 
(10− 3 mol m− 3) 

PIC at end 
(10− 3 mol m− 3) 

Galata Gloria/ 
Section-7 

Galata Gloria/ 
Section-7 

2015 11 July - 
28 July 

26 July - 
30 July 

3 1.8 1.7 1.6 

2016 30 May - 
18 June 

19 June - 
25 June 

3.7 3.8 3.1 3.7 

4 July - 7 
July 

1.6 2.3 

2017 7 May - 11 
August 

25 June - 9 
August 

2.2 6.4 1.7 2.1 

2018 – – – – – – 
2019 23 May - 

14 June 
– 2.3 – 1.8 – 

2020 30 April - 
23 June 

10 May - 
28 June 

2.2 6.3 1.6 3.4  
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bloom period, as identified by the coccoliths flag shown by black dots, 
high reflectance values are observed. The 2017 event, that tentatively 
occurred from May 7th through August 11th (as determined using 
AERONET-OC data from Galata), was characterized by the highest 
RRS(490) values. An extremely high reflectance determined with 
MODIS-A and MODIS-T was also documented by Korchemkina et al. 

(2019) who reported values ten times higher than the seasonal mean in 
the north-western Black Sea. In 2020, according to the AERONET-OC 
data from both Galata and Section-7, the bloom event occurred from 
at least April 30th through June 28th. 

During both the 2017 and 2020 events (see Fig. 2), satellite data 
closely reproduce the temporal evolution of the blooms determined with 

Table 2 
Coccolithophore bloom events duration in 2017 and 2020 as identified by coccoliths flag, for each sensor and site.  

SITE YEAR VIIRS-SNPP VIIRS-JPSS MODIS-A MODIS-T OLCI-A 

Galata 2017 11 May - 4 August Not available 11 May - 10 August 11 May - 6 August 16 May - 16 August 
2020 30 April - 20 June 24 May - 18 June 1 May - 22 June 30 April - 20 June 24 May - 12 June 

Gloria/ 
Section-7 

2017 24 June - 8 August Not available 23 June - 5 August 23 June - 3 August 28 June - 2 August 
2020 5 May - 28 June 11 May - 29 June 5 May - 29 June 8 May - 4 July 21 May - 4 July  

Fig. 2. AERONET-OC RRS(λ) data as a function of 
time at selected center-wavelengths from (a,b) Galata 
and (c,d) Gloria/Section-7 for the (a,c) 2017 and (b,d) 
2020 coccolithophore events. The black • and grey ×
symbols indicate the values ON (raised) and OFF (not 
raised), respectively, of the coccoliths flag for each 
AERONET-OC measurement. The red dots indicate 
satellite derived RRS(λ) at 490 nm (or at an equivalent 
center-wavelength) for MODIS-T, MODIS-A, VIIRS- 
JPSS, VIIRS-SNPP and OLCI-A. (For interpretation of 
the references to color in this figure legend, the reader 
is referred to the web version of this article.)   

Fig. 3. True color MODIS-T images of May 26th, May 31st and June 6th 2020. The red circles identify the region centered on Section-7. The true color images were 
generated through EOSDIS worldview with corrected reflectance products using the MODIS bands 1, 4 and 3 for the red, green and blue, respectively (see htt 
ps://earthdata.nasa.gov/faq/worldview-snapshots-faq#modis-true-color for products description). Turquoise waters are indicative of coccolithophore blooms. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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AERONET-OC data at both locations. Exceptions are a few outliers 
appearing in OLCI-A data (e.g., see panels a and b), likely caused by 
cloud contamination not captured by the relevant flags. 

It is also noted that in some periods the coccoliths flag is irregularly 
activated. At Galata, this is particularly evident at the beginning and end 
of the bloom and is likely explained by fluctuations in the concentration 
of coccoliths. Conversely, at Gloria/Section-7 the abrupt changes char
acterizing the coccoliths flag during the evolution of blooms are more 
likely explained by the impact of the Danube waters, rich of sediments 
and organic dissolved matter affecting the RRS(λ) spectra. This is illus
trated by Fig. 3 through successive MODIS-T corrected reflectance true 
color images generated with EOSDIS worldview (see description of data 
products at https://earthdata.nasa.gov/faq/worldview-snapshots-faq). 
The image of May 31st 2020, opposite to those of May 26th and June 
6th, indicates green-brownish waters from the Danube mouths affecting 
the region surrounding Section-7. The analysis of the coccoliths flag 
determined from AERONET-OC indicates it was ‘OFF’ on May 31st, and 

‘ON’ on May 26th and June 6th, when the water nearby Section-7 ex
hibits the turquoise color typical of coccolithophore blooms. 

3.2. Spatial distribution of the 2017 and 2020 coccolithophore blooms in 
the Western Black Sea 

As already anticipated for Fig. 3, evidence of the occurrence of 
coccolithophore blooms during the periods identified by AERONET-OC 
data is distinctly provided by satellite observations. Fig. 4 shows a se
lection of VIIRS-SNPP corrected reflectance true color images. They 
qualitatively show, as indicated by the turquoise waters, the spatial 
distribution of the coccolithophore blooms at different dates during the 
2017 and 2020 events. Notably, the shelf regions including the location 
of the AERONET-OC sites were particularly impacted during both 
events. In 2017, as shown by the image of June 23rd, the bloom involved 
almost the whole basin. During its final stage, it only affected the north- 
western region. During 2020, when compared to 2017, the spatial extent 

Fig. 4. True color VIIRS-SNPP imagery showing the spatial distribution of the 2017 and 2020 coccolithophore blooms in the Western Black Sea at different dates. The 
true color images were generated through EOSDIS worldview with corrected reflectance products using the VIIRS-SNPP bands I1, M4 and M3 for the red, green and 
blue respectively (see https://earthdata.nasa.gov/faq/worldview-snapshots-faq#snpp-true-color for products description). Dots indicate the Gloria/Section-7 and 
Galata sites in red and yellow, respectively. The triangle indicates a location in the Central Black Sea referred to in Section 4. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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of the bloom was less pronounced and the central part of the basin was 
much less affected than the western and southern regions. Similar to 
2017, the 2020 bloom only occupied the north-western region during its 
final stage. 

3.3. Assessment of satellite-derived RRS(λ) during coccolithophore blooms 

A quantitative application of satellite ocean color data in marine 
regions affected by coccolithophore blooms requires an assessment of 
their primary radiometric products: LWN(λ) or alternatively RRS(λ). 
Benefitting of the in situ reference data from the Black Sea AERONET-OC 
sites, this section aims at providing an assessment of RRS(λ) data affected 

Fig. 5. Scatterplots summarizing matchup results for selected bands between AERONET-OC and satellite derived RRS(λ) in units of sr− 1 for the Galata (GLT) and 
Gloria/Section-7 (GLR/S7) sites during the 2017 and 2020 coccolithophore bloom events. RMSD is in sr− 1, ψ (mean of relative differences) and |ψ| (mean of absolute 
relative differences) are in %. The number of matchups is shown in brackets beside the site name in the first panel of each row. 

I. Cazzaniga et al.                                                                                                                                                                                                                              



Remote Sensing of Environment 264 (2021) 112607

8

by coccoliths for the major satellite ocean color missions. For each sat
ellite sensor, Fig. 5 shows the scatterplots of RRS(λ) at selected center- 
wavelengths for matchups passing the filtering criteria and for which 
the AERONET-OC derived coccoliths flag is raised. 

Notably, the number of matchups largely varies across missions 
regardless of the application of the same filtering criteria. This is mostly 

explained by differences in the acquisition frequency and swath width 
across missions. Then, for a given field datum, differences among data 
products from the various missions are the result of different calibration 
accuracies, radiometric performances, center-wavelengths, viewing ge
ometries, and processing algorithms (i.e., from NASA or EUMETSAT). 

Results indicate a determination coefficient r2 usually above 0.9 and 

Fig. 6. Scatterplots summarizing matchup results for selected bands between AERONET-OC and satellite derived RRS(λ) in units of sr− 1 for the Galata (GLT) and 
Gloria/Section-7 (GLR/S7) sites between 2018 and 2020, excluding data affected by coccoliths presence according to the coccoliths flag. RMSD is in sr− 1, ψ (mean of 
relative differences) and |ψ| (mean of absolute relative differences) are in %. The number of matchups is shown in brackets beside the site name in the first panel of 
each row. 
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an overall underestimate of RRS(λ) across all sensors, more pronounced 
in the blue and red regions with ψ ranging between − 33% for OLCI-A to 
− 10% for MODIS-A in the blue and varying between − 21% and − 32% in 
the red. A general better performance is observed between 443 and 560 
nm for all sensors, with an absolute minimum ψ = − 4.3% at 469 nm (not 
shown in the scatterplots) for MODIS-A. Notably, in this spectral region, 
data generally show a much lower dispersion compared to the blue and 
red ones. 

These results, even though relying on a relatively small number of 
matchups, appear consistent with those formally presented for MODIS-A 
and VIIRS-SNPP products for the Gloria site not accounting for the 
coccoliths flag (Zibordi et al., 2015). A complementary analysis, solely 
relying on matchups not affected by the coccoliths flag is presented in 
Fig. 6. Usually, differences are lower in the coccoliths cases when 
expressed in relative terms (ψ and |ψ|) and higher when expressed in 
units of sr− 1 (RMSD), which is explained by the different ranges char
acterizing RRS(λ) in the two matchup datasets (i.e., the range is lower in 
the absence of coccoliths). For the same reason, r2 is higher for the 
coccoliths matchup set. These results show that the RRS(λ) accuracy is 
not much degraded by the presence of coccoliths. 

A good performance of the atmospheric correction should imply a 
correct determination of the radiance in the NIR spectral bands in the 
presence of coccolithophores, still recognizing it does not necessarily 
imply an equally accurate determination of the radiance at shorter 
center-wavelengths. In view of exploring such a feature of the atmo
spheric correction process in the NIR, AERONET-OC and satellite- 
derived RRS(λ) at 870 nm, or at corresponding center-wavelength, 
have been investigated. Specifically, Fig. 7 displays the RRS(870) time- 
series for the 2017 bloom event. Fig. 7a, referring to the Gloria site 
shows a notable agreement between in situ and all satellite derived 
RRS(870) during the entire bloom event (the random noise affecting the 
AERONET-OC data is due to the unavoidable uncertainties character
izing its spectrally asynchronous measurements (Zibordi et al., 2021)). 
On the contrary, Fig. 7b shows a good agreement between AERONET-OC 
and OLCI-A RRS(870), but increasing underestimates with the bloom 
evolution for MODIS and VIIRS. An explanation could be provided by a 
different performance of the two correction approaches in the presence 
of sediment-rich waters and coccolithophores. In fact, it is recalled that 
the Gloria region, opposite to Galata, is likely affected (as it was during 
the 2017 event) by the presence of estuarine waters. This may suggest a 
better capability of the EUMETSAT processor relying on the bright-pixel 
correction, to quantify non-negligible RRS(λ) in the sole presence of 
coccolithophores. Still, this better performance does not appear to lead 
to any superior determination of the radiometric products in the visible, 
where underestimates are large especially at the blue center- 
wavelengths. 

The general underestimate of RRS(λ) affects the spectral RRS(λ) dif
ferences and thus PIC concentrations from the CI-based algorithm. 
Table 3 summarizes results obtained comparing PIC computed from 
AERONET-OC and satellite RRS(λ) with the absolute maximum ψ ob
tained for VIIRS-SNPP (i.e., − 8.7%) and best performance obtained for 
MODIS-A (i.e., ψ = − 3.1%). It is recalled that these results do not refer to 
the uncertainties associated with the algorithm, but simply quantify how 
the algorithm outputs are affected by differences in RRS(λ). 

3.4. Spectral evolution of RRS(λ) during coccolithophore blooms 

The time-series of AERONET-OC in situ data at Galata and Gloria/ 
Section-7 provide the unique opportunity for a comprehensive investi
gation of the spectral features of marine waters during the various 
phases characterizing coccolithophore blooms from their early growth 
through their decay. 

Generally, for both events, AERONET-OC data show a rapid increase 
of RRS(λ) at comparable rates in the blue-green part of the spectrum at 
the beginning of the bloom. During this early phase, RRS(λ) in the green 
prevails over the blue values, which is likely due to the high absorption 

Fig. 7. Time series of AERONET-OC RRS(λ) at 870 nm from the (a) Gloria and (b) Galata sites for the 2017 coccolithophore event. The black • and grey × symbols 
indicate the values ON (raised) and OFF (not raised), respectively, of the coccoliths flag for each AERONET-OC measurement. The colored dots indicate satellite 
derived RRS(λ) at 870 nm (or at an equivalent center-wavelength) for MODIS-T, MODIS-A, VIIRS-JPSS, VIIRS-SNPP and OLCI-A. 

Table 3 
Matchup statistics for PIC values for each satellite sensor at both sites. The 
symbol ψ indicates the mean of relative differences, |ψ| the mean of absolute 
relative differences (both expressed in %). RMSD indicates the root mean square 
of differences (in 10− 3 mol m− 3), while the range is determined by the minimum 
and maximum values determined with AERONET-OC data (in 10− 3 mol m− 3). N 
is the number of matchups.  

VIIRS-SNPP (N = 36) ψ − 8.7 
|ψ| 8.8 
RMSD 0.6 
Range (min-max) 2–16 

VIIRS-JPSS (N = 12) ψ − 8.5 
|ψ| 9.0 
RMSD 0.5 
Range (min-max) 2–9 

MODIS-A (N = 27) ψ − 3.1 
|ψ| 4.8 
RMSD 0.3 
Range (min-max) 2–11 

MODIS-T (N = 47) ψ − 4.7 
|ψ| 7.1 
RMSD 0.4 
Range (min-max) 1–11 

OLCI-A (N = 31) ψ − 8.1 
|ψ| 9.3 
RMSD 0.5 
Range (min-max) 2–11  
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by pigmented matter. On the contrary, the maximum of RRS(λ) spectra 
moves toward shorter wavelengths during the decaying phase of the 
bloom. 

Figs. 8 through 11 show spectra of RRS(λ) during the blooms and their 
values normalized at 560 nm, nRRS(λ). The median and standard devi
ation from 2014 data are also shown as the background reference: these 
data are considered not affected by coccoliths and were determined for 
each site and yearly period spanning from May to July. 

In detail, at the beginning of the bloom at Galata, the maximum 
value across the RRS(λ) spectra occurs between 490 and 530 nm (or 510 
nm, depending on band availability). Panels a and c in Figs. 8 and 9 
show that during this early phase, the RRS(λ) shape does not exhibit any 
dramatic change, but relatively higher values with respect to the nRRS(λ) 
reference spectrum, especially in 2017. RRS(λ) exhibits a maximum at 
490 or 510 nm in 2020, and alternatively at 490 or 532 nm in 2017, with 
RRS(443) lower than RRS(551) or RRS(560). At the bloom peaks identi
fied by the PIC maxima, RRS(λ) spectra exhibit their highest values at 
490 nm, exceeding 0.05 sr− 1 on June 6th 2017 and approaching 0.03 
sr− 1 on May 25th 2020 (while the median value is lower than 0.005 sr− 1 

in the absence of coccoliths). After the bloom peaks (see panels b and 
d in Figs. 8 and 9) with the coccoliths scattering prevailing in the blue, 
RRS(λ) values in the green spectral region decrease more rapidly than in 
the blue with RRS(443) prevailing over RRS(551) and RRS(560), while 
RRS(510) or alternatively RRS(530) is always lower than RRS(490). 

At Gloria/Section-7, a spectral dependence similar to that charac
terizing the Galata data is confirmed at the beginning of the 2020 bloom, 
despite a complex temporal evolution likely explained by the effects of 
the Danube waters and local dynamics. This evolution, however, is very 
different from that observed during the 2017 event (see Fig. 10). In fact, 
the RRS(λ) values of 2017, in the initial phase of the bloom, show their 
highest values alternatively at 530 or 551 nm, with RRS(λ) and nRRS(λ) 
spectra comparable to the reference spectrum. Again, the impact of the 
Danube waters likely lessens the signature of the bloom and may also 
affect the performance of the coccoliths flag, which was proposed for a 
different type of waters. In fact, for the 2017 event at Gloria the coc
coliths flag is only effective after the peak date tentatively corresponding 

to the maximum PIC value. Nonetheless, the estimated PIC already in
creases, with a value exceeding 10 × 10− 3 mol m− 3 on June 8th 2017. 
Only at the end of June the coccoliths flag is raised and the RRS(λ) 
spectra exhibit maxima shifted toward the blue center-wavelengths with 
RRS(443) prevailing over RRS(551). 

During the initial phase of the bloom in 2020, the RRS(λ) spectra 
show a plateau between 490 and 560 nm (see panels a and c in Fig. 11), 
with much higher normalized values at shorter wavelengths with 
respect to the reference spectrum. When compared to the RRS(λ) spectra 
from Galata for the same period, the slope in the green is less pro
nounced until the occurrence of the first peak of the bloom. After that, 
RRS(490) prevails until the end of the bloom, even in correspondence of 
lower PIC values. In this case too, RRS(443) is usually higher than 
RRS(560) during the decline of the bloom. 

It is noted that at the bloom peak, the computed PIC values are 
generally higher at Galata than at Gloria in 2017 (Figs. 8 and 10 show 
peak values of 15.9 × 10− 3 versus 10.1 × 10− 3 mol m− 3), while the 
opposite occurs in 2020 (Figs. 9 and 11 show peak values of 8.3 × 10− 3 

versus 11.5 × 10− 3 mol m− 3) as also shown by the CI values proportional 
to PIC displayed in Figs. 12 and 13. 

It is expected that the RRS(λ) relative spectral changes observed 
during coccolithophore blooms have an effect on the band ratios R1, R2 
and R3 applied to set the coccoliths flag. Figs. 12 and 13 display the 
values of R1, R2 and R3 during each bloom as a function of time in 
conjunction with the CI difference applied for computing PIC, which 
qualitatively indicates the bloom progression for both AERONET-OC 
and satellite data. However, the different band setting for each sensor 
and AERONET-OC deployment causes differences in the R2 and R3 
values. For this reason, only MODIS-A and MODIS-T results are shown in 
Fig. 12c and d, and only VIIRS-SNPP and VIIRS-JPSS ones in Fig. 13. This 
choice was suggested by the higher temporal resolution of these prod
ucts and center-wavelengths better corresponding to those of the 
AERONET-OC data applied for the computation of band ratios (see 
Sections 2.1 and 4 for band settings). Daily means and standard de
viations are displayed for both AERONET-OC and satellite data (for the 
latter, when data from multiple sensors are available for the same date, 

Fig. 8. Daily median AERONET-OC RRS(λ) spectra (a, 
b) and their normalized values nRRS(λ) at 551 nm (c, 
d) during the 2017 bloom event at Galata. Panels a 
and c refer to data acquired up to the bloom peak 
while panels b and d refer to the data acquired after 
the peak. Colors indicate the PIC values, also pro
vided for selected dates: May 7th (in the bloom initial 
phase), June 6th (corresponding to the bloom peak), 
August 10th (during the bloom decay). The median 
and standard deviation calculated from 2014 data are 
indicated in red. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the web version of this article.)   
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their mean and standard deviation are shown). The band ratio values for 
data exhibiting the coccoliths flag raised are displayed with solid circles, 
and are the sole applied to determine the linear regressions. For 
completeness, the values exhibiting the coccoliths flag ‘OFF’ are dis
played as empty circles. 

As expected from the spectral analysis of RRS(λ) with the coccoliths 

flag raised during the different phases of the blooms, the ratios show a 
clear temporal trend with a general increase for both field and satellite 
data. Considering the AERONET-OC data, R1, R2 and R3 show the 
fastest increase for R1, at both sites, with the highest values in 2020. The 
angular coefficient resulting from a robust linear regression for R1, R2, 
R3 are 0.0036, 0.0011, 0.0022 day− 1 and 0.0040, 0.0021, 0.0018 day− 1 

Fig. 9. Daily median AERONET-OC RRS(λ) spectra (a, 
b) and their normalized values nRRS(λ) at 560 nm (c, 
d) during the 2020 bloom event at Galata. Panels a 
and c refer to data acquired up to the bloom peak 
while panels b and d refer to data acquired after the 
peak. Colors indicate the PIC values, also provided for 
selected dates: May 2nd (in the bloom initial phase), 
May 25th (corresponding to the bloom peak), June 
22nd (during the bloom decay). The median and 
standard deviation calculated from 2014 data are 
indicated in red. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. 10. Daily median AERONET-OC RRS(λ) spectra 
(a,b) and their normalized values nRRS(λ) at 551 nm 
(c,d) during the 2017 bloom event at Gloria. Panels a 
and c refer to data acquired up to the bloom peak 
while panels b and d refer to data acquired after the 
peak. Colors indicate the PIC values, also provided for 
selected dates: May 16th (in the bloom initial phase), 
June 8th (corresponding to the bloom peak), June 
26th (during the bloom decay). The median and 
standard deviation calculated from 2014 data are 
indicated in red. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the web version of this article.)   
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Fig. 11. Daily median AERONET-OC RRS(λ) spectra 
(a,b) and their normalized values nRRS(λ) at 560 nm 
(c,d) during the 2020 bloom event at Section-7. 
Panels a and c refer to data acquired up to the 
bloom peak while panels b and d refer to data ac
quired after the peak. Colors indicate the PIC values, 
also provided for selected dates: May 10th (in the 
bloom initial phase), May 17th (corresponding to the 
PIC peak), June 28th (during the bloom decay). The 
median and standard deviation calculated from 2014 
data are indicated in red. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   

Fig. 12. Band ratio R (i.e., R1, R2, R3) and CI mean daily 
values and standard deviations for the 2017 coccolithophore 
bloom, determined from Galata (a,c) and Gloria (b,d) 
AERONET-OC data (a,b), and from MODIS-T and MODIS-A 
products (c,d). Values from multiple sensor data were aver
aged for each day. The result of a robust linear regression with 
relative confidence interval at 95% (displayed through shaded 
areas) is also shown for each series of band ratio values 
(limited to cases with the coccoliths flag raised). Filled and 
empty circles indicate R1, R2 and R3 ratio values for dates 
when the coccoliths flag is and is not activated, respectively. 
In panel b, AERONET-OC values are also shown before the first 
activation to provide a coherent time-series with the satellite 
one.   
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in 2017, and 0.0095, 0.0058, 0.0037 day− 1 and 0.0135, 0.0096, 0.0041 
day− 1 in 2020, at Galata and Gloria/Section-7, respectively. When 
comparing these values, it should be taken into account that different 
band settings were available in the two different years, and consequently 
R2 and R3 were calculated using LWN(530) in 2017 and LWN(510) in 
2020. 

4. Discussion 

The analysis of the evolution of the spectral shape of RRS(λ) data 
during the 2017 and 2020 Black Sea coccolithophore blooms highlights 
a larger variation with time at the blue with respect to the green center- 
wavelengths. Groom and Holligan (1987) already documented that the 

Fig. 13. Band ratio R (i.e., R1, R2, R3) and CI mean daily 
values and standard deviations for the 2020 coccolithophore 
bloom, determined from Galata (a,c) and Section-7 (b,d) 
AERONET-OC data (a,b), and from VIIRS-JPSS and VIIRS- 
SNPP products (c,d). Values from multiple sensor data were 
averaged for each day. The result of a robust linear regression 
with relative confidence interval at 95% (displayed through 
shaded areas) is also shown for each series of band ratio values 
(limited to cases with the coccoliths flag raised). Filled and 
empty circles indicate R1, R2 and R3 ratio values for dates 
when the coccoliths flag is and is not activated, respectively.   

Fig. 14. Coccolithophore bloom on June 7th 2017: (a) True color MODIS-A image over study area generated through EOSDIS worldview with corrected reflectance 
products using the MODIS bands 1, 4 and 3 for the red, green and blue, respectively (see https://earthdata.nasa.gov/faq/worldview-snapshots-faq#modis-true-color 
for product description). Dots indicate the Gloria/Section-7 and Galata sites in red and yellow, respectively. (b) MODIS-T RRS(λ) on June 7th 2017 at the Galata and 
Gloria sites. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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blue reflectance relative to the green one usually tends to be low at the 
beginning of a bloom because of a higher pigment concentration or cell- 
to-coccoliths ratio. This explanation was recently confirmed by radiative 
transfer simulations (Neukermans and Fournier, 2018). Those results 
showed that, while during the initial stage of the bloom the absorption 
from the coccolithophores cores impacts the RRS(λ) magnitude and 
shape by reducing the reflectance in the blue, during the decaying phase 
the RRS(λ) maximum shifts toward the blue-turquoise wavelengths as a 
result of cores death and accumulation of detached coccoliths. These 
theoretical findings are experimentally consolidated in this study 
through results from the analysis of in situ and satellite derived RRS(λ). 

However, as expected, results also indicate that RRS(λ) variations and 
the activation of the coccoliths flag can be impacted by local perturba
tions not related to the bloom phenology. In this respect, the optically 
complex waters of the Danube plume may strongly affect the radio
metric signal at the Gloria/Section-7 location, likely explaining the 
short-term abrupt changes in RRS(λ) displayed in panels c and d of Fig. 2 
(as illustrated in Fig. 3). This is clearly shown by a reduction of RRS(λ) in 
the marine regions affected by the Danube waters at the beginning of the 
2017 bloom and toward the end of the 2020 one. Figs. 14 and 15 display 
two examples produced from MODIS-A and OLCI-A imagery. Fig. 14a 
shows that, on June 7th 2017 (i.e., at the bloom peak), the coccoliths 
presence at Gloria, in comparison to Galata, is marked by more brownish 
waters leading to a MODIS RRS(λ) spectrum exhibiting maximum at 
around 560 nm with values decreasing toward the blue (see panel b in 
Fig. 14). Fig. 15, instead, shows the spatial variability through OLCI-A 
RRS(λ) spectra along two transects: one crossing Section-7, the Danube 
plume and the nearby region clearly characterized by the coccolitho
phore bloom; and the other one intersecting Galata and the nearby 
bloom region. The RRS(λ) spectra away from the coast along the Gloria/ 
Section-7 transect are similar to the spectra along the Galata one, with 
features typical of water optical properties affected by the presence of 
coccoliths. Conversely, the RRS(λ) spectra closer to the Danube mouth 

show values relatively higher in the green and, in some cases lower at 
412 nm, which suggests the presence of detritus particles and dissolved 
substances associated with the Danube waters. 

In order to consolidate these conclusions, bloom evolutions were also 
investigated in regions of: i. the Central Black Sea away from the coast 
and consequently expected to be less affected by estuarine waters; and ii. 
the Celtic Sea and the North Sea characterized by water types different 
from those typical of the Black Sea. For each case, the RRS(λ) values were 
determined from 3 × 3 image elements extracted from MODIS-A and 
MODIS-T data products. The related PIC and band ratio values were 
determined in agreement with the methodology detailed in Section 2.2. 

With reference to the Black Sea 2017 event, the offshore RRS(λ) 
usually show the highest values at 469 or 488 nm with RRS(λ) increasing 
faster at 443 and 488 nm than at longer center-wavelengths in the 
proximity of the peak date. Notably, the coccoliths flag is raised more 
rarely than at the AERONET-OC sites: in some case it is raised occa
sionally, in some other only at the late stage of the bloom when CI 
already exhibits low values. This could be explained by very high values 
of R3 (calculated with LWN(443) and LWN(531) for MODIS) not meeting 
the threshold defined to raise the coccoliths flag as a result of biases in 
satellite-derived RRS(λ) affecting the performance of the flag, or also 
relatively low concentrations of coccoliths. 

An alternative to the coccoliths flag is CI appearing more effective in 
identifying turquoise waters. Still, the assessment of the performance of 
either the coccolith flag or CI, would require in situ measurements of 
coccolithophores concentrations, which are not available for this study. 

Fig. 16 shows the RRS(λ) evolution for a location in the Central Black 
Sea (43.32◦N, 32.27◦E, see Fig. 4) chosen because the related PIC con
centrations are comparable to those observed at the AERONET-OC sites. 
With respect to the reference spectrum (referring to pre-bloom condi
tions at the location), RRS(λ) exhibits values increasing up to approxi
mately 15 times at 490 nm during the bloom growth (see panel a and b) 
while preserving a similar shape (see the nRRS(λ) values in panel c). 

Fig. 15. (a) OLCI-A True Color image of the Western Black Sea, generated applying the S3 toolbox to Level-1 Full Resolution products of 2020 May 31st, using the 
bands 8, 6 and 4 for the red, green and blue, respectively. The plots show the RRS(λ) spectra along transects crossing Section-7 (b) and Galata (c) from the corre
sponding OLCI-A Level-2 Full Resolution products. The spectra corresponding to the AERONET-OC locations are displayed in black. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the web version of this article.) 
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Conversely, during the decaying phase nRRS(λ) shows a more pro
nounced value in the blue spectral region (see panel d). 

Fig. 17a shows the band ratios R1, R2 and R3 for the Central Black 
Sea location during the bloom as identified by the coccoliths flag, for all 
points within the first and last activation. The band ratios notably in
crease in the period around the bloom peak (about 1 week before and 3 
weeks after the PIC maximum). However, on July 5th 2017 the RRS(λ) 
values in the 443–490 nm spectral region decrease suddenly, leading to 
a drop in the ratios, which later increase again up to the end of the 
bloom. From the examination of other locations away from the coastal 
regions, the increase in ratios with time does not appear to be a general 
feature when considering MODIS data. 

Panels b and c in Fig. 17 refer to coccolithophore bloom events 

identified in the Celtic Sea (51.26◦N, 5.8◦W) in 2017 and in the North 
Sea (56.33◦N, 6.30◦E) in 2010, respectively (see Fig. 18). With reference 
to the Celtic Sea event, the cloud cover prevented observing the entire 
evolution of the bloom. Still for some location, data show increasing 
values of R1, R2 and R3 from the first to last occurrence of activated 
coccoliths flags although a robust linear regression is only evident for 
R2. More marked is the positive and robust trend shown by R1 and R3 
for the North Sea event. Still, R2 does not exhibit any trend. It is worth 
recalling that R2 for MODIS data is computed with RRS(531). The same 
spectral band was used for R2 calculated with 2017 AERONET-OC data 
which showed modest trends (see Section 3.4) at the two sites. 
Conversely, the use of RRS(510) in R2 led to more pronounced trends in 
the AERONET-OC series from 2020. These results suggest that 

Fig. 16. MODIS-A and MODIS-T RRS(λ) spectra (a,b) 
and their normalized values nRRS(λ) at 555 nm (c,d) 
during the 2017 bloom event at a location in the 
Central Black Sea. Panels a and c refer to data ac
quired up to the bloom peak while panels b and 
d refer to data acquired after the peak. Colors indi
cate the PIC values, also provided for selected dates: 
May 28th (during the initial phase of the bloom), 
June 21st (corresponding to the bloom peak), August 
7th (during the bloom decay). When multiple satellite 
products are available for the same date, the mean 
spectrum is shown. As a reference, the median and 
standard deviation values calculated over April 2017, 
before the bloom starts, are indicated in black in each 
panel.   

Fig. 17. Band ratio R (i.e., R1, R2, R3, mean 
daily values and related standard deviation) 
and CI values from MODIS-T and MODIS-A 
derived products for the coccolithophore 
blooms in the Central Black Sea in 2017 (a), 
in the Celtic Sea in 2017 (b) and in the North 
Sea in 2010 (c). The result of a robust linear 
regression and relative confidence interval 
at 95% (displayed through shaded areas) for 
each band ratio series is also shown. All 
points in the identified period are displayed, 
regardless of the coccoliths flag activation.   
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wavelengths around 530 nm are in general too close to the green to 
reveal a clear trend in the R2 ratio. 

Building on previous considerations on the performance of the coc
coliths flag in relation to the sensor band settings, it is reminded that the 
matchups analyzed in this study rely on flag values solely determined 
with AERONET-OC LWN(λ) data. This choice has ensured independence 
of results from different center-wavelengths (i.e., 445, 489, 556 nm for 
VIIRS-JPSS; 443, 486, 551 nm for VIIRS-SNPP; and 443, 531, 547 nm for 
MODIS-A and MODIS-T; 443, 510, 560 nm for OLCI-A). It is thus of 
interest to explore the capability of data products from different mis
sions to correctly detect coccoliths, keeping in mind that the lack of in 
situ data on coccoliths concentration only allows verifying the consis
tency between AERONET-OC and satellite derived values of the cocco
liths flag. 

Table 4 shows the confusion matrix produced for various satellite 
data products at the AERONET-OC sites using all available matchups. 
For each matchup, the flag was set ‘ON’ for AERONET-OC data if it was 
activated for at least one measurement in a 2-h time window from the 
satellite overpass. Conversely, for satellite data it was activated when at 
least 50% of the 3 × 3 elements considered for the analysis had the 
coccoliths flag raised. Results show the consistency of MODIS and VIIRS 
flagging for coccoliths, with almost no false positive but with some false 
negative (from 2 to 3% for VIIRS and from 2 to 4% for MODIS, still 
representing a large fraction of those identified as positive through 
AERONET-OC data). Even though some disagreement (false positive or 
negative) happens at the scale of the single day and location, the overall 
agreement (sum of diagonal terms) for MODIS and VIIRS products varies 
from 95% to 98% and suggests that the various satellite missions have 
potentials to support investigations on the evolution of a bloom in the 
region (as anticipated by Table 2). Also, results obtained applying the 
NASA coccoliths flag algorithm to OLCI-A show fair consistency with 
other missions. 

5. Conclusions 

The spectral signature of major coccolithophore blooms occurring in 
the Black Sea in 2017 and 2020 were investigated using RRS(λ) from two 

AERONET-OC sites and various satellite ocean color missions. This 
invaluable time-series of reference measurements allowed to investi
gate the coccolithophore blooms at distinct locations diversely affected 
by the Danube waters by documenting the spectral, temporal and spatial 
variability of marine waters during these events. In particular, it allowed 
assessing the spectral changes of RRS(λ) during blooms in the study area, 
which is relevant to evaluate algorithms applied for coccoliths detection, 
and to identify successive stages of bloom evolution that could be put in 
relation with different levels of cells-to-liths ratios. The in situ data also 
permitted the assessment of satellite derived RRS(λ) over marine regions 
characterized by coccolithophore blooms and extremely high scattering 
properties. 

By investigating the blooms evolution from the radiometric point of 
view, at both temporal and spatial scale, the study led to the following 
findings: 

a. An expected increase of RRS(λ) was observed during the coccolitho
phore events, more pronounced in the blue-green spectral region, 
with peaks occurring between 490 nm and 530 nm at Galata and 
between 490 nm and 560 nm at Gloria/Section-7. RRS(λ) were 
extremely high during the 2017 event with RRS(490) exceeding 0.05 
sr− 1, i.e., 10 times the median value characterizing the region in the 
absence of coccoliths. 

b. A shift in the RRS(λ) spectral shape characterized the blooms evolu
tion at the AERONET-OC sites. In particular, when the blooms 
approached their peak, the intensity of RRS(λ) in the blue prevailed 
over the one in the green as a result of the accumulation of detached 
coccoliths and the death of absorbing cell cores. A similar depen
dence, although less pronounced, was observed during coccolitho
phore blooms from the analysis of satellite derived RRS(λ) in some 
regions in the Central Black Sea, Celtic Sea and North Sea. It is 
however acknowledged that this behavior is not systematic because 
the spectral variations are impacted by the background optical 
properties of sea water. It is also recognized that an analysis con
ducted at a fixed location is prone to being influenced by local dy
namics that may affect the spatial homogeneity of coccoliths 
concentration and optical properties of sea water. 

Fig. 18. True color VIIRS-SNPP imagery showing the coccolithophores bloom in (a) the Celtic Sea on June 2nd 2017 and (b) in the North Sea on June 3rd 2010. The 
true color images were downloaded from EOSDIS worldview with corrected reflectance products using the VIIRS-SNPP bands I1, M4 and M3 for the red, green and 
blue, respectively (see https://earthdata.nasa.gov/faq/worldview-snapshots-faq#snpp-true-color for products description). Yellow and red dots indicate the points 
related to the time series in Fig. 17. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Confusion matrix showing the activation of the coccoliths flag for the matchup data across the entire AERONET-OC time-series at Galata and Gloria/Section-7 sites 
since 2014. Values are expressed in percentage with respect to the number of matchups indicated in brackets below the sensor name.   

VIIRS-SNPP 
(549) 

VIIRS-JPSS 
(274) 

MODIS-A 
(521) 

MODIS-T 
(706) 

OLCI-A 
(336) 

ON OFF ON OFF ON OFF ON OFF ON OFF 

AERONET-OC ON 7 2 4 3 6 2 6 4 8 6 
OFF 1 90 <1 93 <1 92 <1 89 <1 86  
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c. Differences between coccolithophore bloom evolutions observed at 
the AERONET-OC sites were largely explained by the impact of the 
Danube estuarine waters. This was particularly evident for the 
Gloria/Section-7 location, where data showed the occurrence of 
relative minima alternated to maxima in RRS(λ) time-series, or the 
existence of extremely high RRS(λ) in the green spectral region at the 
late stage of blooms, suggesting the presence of high concentrations 
of suspended particles.  

d. The application of the NASA coccoliths flag, proposed for oceanic 
waters, is naturally affected by the presence of high concentrations of 
colored dissolved organic matter and detritus particles, and its values 
might not always match the evolution of PIC as estimated by the CI- 
based algorithm. Still, with some caution, it remains a valuable tool 
for coccolithophore bloom investigations in the Black Sea optically 
complex waters. 

Satellite derived RRS(λ) analysis showed that:  

e. Overall, RRS(λ) satellite data products from the main ocean color 
missions do not exhibit a significantly degraded accuracy for obser
vations performed in conditions characterized by the presence of 
coccoliths. Still, all satellite data products show a generic underes
timate of the RRS(λ) values.  

f. Satellite derived RRS(λ) show consistency with the AERONET-OC 
derived spectral evolutions of coccolithophore bloom events. How
ever, the activation of the coccoliths flag determining the presence of 
coccoliths may sometime exhibit false negative cases when applied 
to satellite data with respect to AERONET-OC data. This is naturally 
explained by the use of center-wavelengths not exactly matching 
those for which the coccoliths flag was proposed and by biases 
affecting satellite-derived RRS(λ). On coccoliths identification, CI 
appears more effective. Still, any application relying on it would 
require measurements of coccolithophores concentrations, which are 
not available for this study.  

g. The algorithm applied in the study exhibits underestimates ranging 
between -3.1% and -8.7% of PIC concentrations determined from 
satellite data with respect to those from AERONET-OC data, thus 
further confirming the potential for current satellite data products in 
quantifying PIC concentrations. 
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