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A B S T R A C T   

Cyanobacteria blooms are recurrent in the Baltic Sea with frequency and intensity increasing with temperature. 
By relying on autonomous multispectral measurements from the Ocean Color component of the Aerosol Robotic 
Network (AERONET-OC), this study exploited an unprecedented dataset of in situ remote sensing reflectance 
RRS(λ) spectra (with wavelength λ in the interval 400–667 nm) acquired during filamentous cyanobacteria 
blooms in the Baltic Sea. The study investigated the temporal evolution of the in situ RRS(λ) during these blooms 
with particular emphases on those spectral features that may show potential to identify cyanobacteria and their 
development stages. Additionally, it assessed operational satellite Ocean Colour RRS(λ) products from the Ocean 
and Land Colour Instrument (OLCI) and Moderate Resolution Imaging Spectroradiometer (MODIS) in the 
presence of cyanobacteria, for which only qualitative evaluations are available from previous studies. To 
ascertain to what extent satellite operational data products could be used for cyanobacteria detection in the 
Baltic Sea, the comparison of in situ and satellite derived RRS(λ) showed poor agreement with differences 
particularly pronounced at the blue centre-wavelengths. Nevertheless, band-differences in the green-red spectral 
region for OLCI and for MODIS exhibited less dependence on atmospheric correction issues with mean absolute 
relative differences between 8.3% and 9.6% for OLCI and between 12.6% and 12.9% for MODIS in the presence 
of cyanobacteria. Additionally, they showed potential to indicate the presence and development stage of cya
nobacteria blooms in Baltic Sea waters while not being sensitive to other algal blooms.   

1. Introduction 

Cyanobacteria are prokaryotic organisms with some species causing 
harmful phytoplankton blooms due to secondary toxic metabolites 
(Carmichael, 1992; Huisman et al., 2018). These blooms, which are of 
concern for riparian communities (Paerl and Paul, 2012) and exhibit 
higher occurrence and intensity with increasing temperatures (Munkes 
et al., 2021), are recurrent during summer months in the Baltic Sea 
where they can affect areas up to 200,000 km2 (Kahru and Elmgren, 
2014). 

Cyanobacteria blooms usually show patchy distributions with con
centrations characterized by small-scale horizontal and vertical het
erogeneity. In calm sea conditions, they tend to accumulate at the 
surface as swirls, eddies or even dense, thick, opaque scums when 
loosing buoyancy ability. During this stage, cyanobacteria blooms can 
be easily observed through remote sensing optical sensors (Kutser, 
2004). In fact, the gaseous vacuoles providing buoyancy aptitude to 
cyanobacteria cells, enhance their scattering properties. Cyanobacteria 

can also be identified by the absorption features of accessory pigments 
such as phycocyanin, unique to cyanobacteria, and carotenoids such as 
zeaxanthin. Nevertheless, the accurate quantification of cyanobacteria 
through satellite imagery is challenged by:  

i. The capability of these organisms to regulate their buoyancy, 
which affects the hypothesis of homogenous distribution within 
the water volume (Metsamaa et al., 2006). Specifically, Kutser 
et al. (2008) showed that the amplitude and shape of remote 
sensing reflectance RRS(λ) are largely impacted by the vertical 
distribution of cyanobacterial biomass.  

ii. The spatial resolution of satellite sensors, which is sometimes too 
coarse to capture the small-scale variability in spatial distribution 
characterizing these blooms. In fact, the chlorophyll-a concen
tration (Chl-a) may change significantly at a scale of a few tens of 
meters across cyanobacteria blooms (Kutser, 2004).  

iii. The potential failure of the atmospheric correction process or of 
the accurate determination of Chl-a in the presence of high 

* Corresponding author. 
E-mail address: ilaria.cazzaniga@ec.europa.eu (I. Cazzaniga).  

Contents lists available at ScienceDirect 

Remote Sensing of Environment 

journal homepage: www.elsevier.com/locate/rse 

https://doi.org/10.1016/j.rse.2023.113464 
Received 28 July 2022; Received in revised form 12 January 2023; Accepted 16 January 2023   

mailto:ilaria.cazzaniga@ec.europa.eu
www.sciencedirect.com/science/journal/00344257
https://www.elsevier.com/locate/rse
https://doi.org/10.1016/j.rse.2023.113464
https://doi.org/10.1016/j.rse.2023.113464
https://doi.org/10.1016/j.rse.2023.113464
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rse.2023.113464&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Remote Sensing of Environment 287 (2023) 113464

2

phytoplankton concentrations or scums (Kutser et al., 2018; 
Reinart and Kutser, 2006). Additionally, under these conditions, 
satellite image pixels could be flagged as bright targets due to 
their high radiance, and likely not properly handled by standard 
processors (Banks and Mélin, 2015).  

iv. The spectral resolution of multispectral sensors limiting the 
capability of distinguishing phycocyanin in the presence of other 
photosynthetic pigments as shown by Zolfaghari et al. (2022). 

Additionally, the execution of in situ measurements and, consequently, 
the validation of satellite products are difficult tasks in the presence of 
cyanobacteria. For instance, ship movement itself may modify the surface 
pattern of the blooms (Reinart and Kutser, 2006) and therefore affect the 
spatial representativeness of ship-based RRS(λ) measurements. Finally, 
focusing on the Baltic Sea, satellite ocean colour products are affected by 
large uncertainties and biases even in the absence of blooms due to the 
high concentration of chromophoric dissolved organic matter (CDOM) 
and the low sun elevations challenging the atmospheric correction algo
rithms (Zibordi et al., 2009a; Kutser et al., 2018). 

A number of investigations addressed the validation of radiometric 
ocean colour products in the Baltic Sea. In particular, RRS(λ) products 
from the National Aeronautics and Space Administration (NASA) 2005.1 
reprocessing of the Moderate Resolution Imaging Spectroradiometer 
(MODIS) were evaluated by Zibordi et al. (2009a) using data from the 
Ocean Color component of the Aerosol Robotic Network (AERONET-OC) 
while RRS(λ) products from the MODIS 2009.0 reprocessing were later 
assessed by Zibordi et al. (2011) with ship-based radiometric data from 
the Bio-Optical mapping of Marine Properties (BiOMaP) field program. 
These analyses showed RRS(λ) overestimations in the blue spectral re
gion and underestimations in the red, implying a positive bias for green 
to blue band-ratios and a negative bias for red to green ratios. Medium 
Resolution Imaging Spectrometer (MERIS) reflectance products were 
evaluated during the 2008 cyanobacteria bloom by Kratzer and Vin
terhav (2010). MERIS reflectance products were obtained alternatively 
through the standard MERIS processor (MEGS 7.4.1), the Case 2 
Regional processor (C2R), and the Case 2 Water Properties processor 
developed at the Freie Universität Berlin (FUB). With a small number of 
matchups, the analysis showed underestimations by all processors at all 
spectral bands, excepted at 412 nm. Atypical spectral shapes were 
observed for the C2R products in the blue. Additional assessments of 
RRS(λ) from the Ocean and Land Colour Instrument (OLCI) were per
formed by Kutser et al. (2018) and Toming et al. (2017) for data prod
ucts generated with the Neural Network Case 2 Regional CoastColour 
(C2RCC) algorithm and the Baseline Atmospheric Correction (BAC) 
embedded in the Level-2 processor of the European Organisation for the 
Exploitation of Meteorological Satellites (EUMETSAT). Kutser et al. 
(2018) reported that C2RCC-derived RRS(λ) showed “quite reasonable” 
spectra when excluding cases characterized by the presence of cyano
bacteria. Conversely, BAC-derived RRS(λ) exhibited systematically 
negative RRS(λ) at the visible centre-wavelengths (Kutser et al., 2018). 
More recently, Mélin (2022) and Zibordi et al. (2022) reported low ac
curacies at the blue centre-wavelengths for operational ocean colour 
products including MODIS (R2018 reprocessing) and OLCI (Collection 
3), using AERONET-OC Level 2 data from Baltic Sea sites. Still, these 
latter validation studies did not specifically address cases exhibiting the 
presence of cyanobacteria. Because of this, quantitative assessments of 
ocean colour products for cyanobacteria blooms are currently limited for 
the Baltic Sea. 

This notwithstanding, several studies applied RRS(λ), or the equiva
lent normalized-water leaving radiance LWN(λ), from satellite ocean 
colour sensors to quantitatively investigate cyanobacteria blooms in the 
Baltic Sea. For instance, Kahru et al. (2007) and Kahru and Elmgren 
(2014) proposed a single band approach relying on the MODIS turbid 
water flag (called ‘TURBIDW’ activated by RRS(667) > 0.0012 sr− 1) to 
identify areas affected by cyanobacteria accumulation. Neural Networks 
(Riha and Krawczyk, 2011) were specifically applied to determine 

phycocyanin absorption. Beltrán-Abaunza et al. (2014) suggested to use 
the high values at 709 nm in conjunction with a dip in the blue reflec
tance to identify surface cyanobacteria accumulation. Exploiting in situ 
RRS(λ) measurements acquired during cyanobacteria blooms in the Gulf 
of Gdansk (southern Baltic Sea), Woźniak et al. (2016) proposed 
empirical algorithms relying on the band-ratios RRS(595)/RRS(660), 
RRS(625)/RRS(650) and RRS(620)/RRS(710), best correlating with 
phycocyanin concentration. The same authors proposed an alternative 
algorithm relying on the two band-ratios RRS(620)/RRS(665) and 
RRS(620)/RRS(709). However, these latter band-ratios showed signifi
cant dependence on the spatial distribution of Chl-a, not necessarily 
linked to the presence of cyanobacteria. Karabashev (2021), solely 
relying on MODIS-derived RRS(λ), proposed the use of local minima of 
RRS(λ) at the 488 and 443 nm centre-wavelengths to detect cyanobac
teria blooms. Finally, Kutser et al. (2006) used laboratory measurements 
of cyanobacteria optical properties combined with a bio-optical model 
to simulate RRS(λ) spectra. 

Following a previous attempt to exploit in situ radiometric data from 
AERONET-OC acquired during a cyanobacteria event (Zibordi et al., 
2006), which however did not propose radiometric solutions for the 
detection of cyanobacteria in the Baltic Sea, this study further in
vestigates time-series of AERONET-OC RRS(λ) embracing multiple cya
nobacteria blooms occurring in the northern Baltic Proper and the Gulf 
of Finland. Aiming at contributing to quantitative ocean colour appli
cations, with focus restricted to the Baltic Sea, the study exploits in situ 
AERONET-OC data to:  

i. investigate RRS(λ) spectral features that characterize the temporal 
development of cyanobacteria blooms;  

ii. assess the accuracy of RRS(λ) from current satellite ocean colour 
sensors, focusing on their performance during cyanobacteria 
blooms;  

iii. assess the capability by satellite-derived RRS(λ) of reproducing 
spectral features characteristic of cyanobacteria blooms;  

iv. identify, among satellite spectral bands or band combinations, 
those most robust to atmospheric correction and consequently 
relevant to detect cyanobacteria. 

The satellite data considered in the analyses are restricted to oper
ational products, freely accessible in near-real time by the user com
munity. These include the products from OLCI data from Sentinel-3A 
(OLCI-A) and Sentinel-3B (OLCI-B), which exhibit a comprehensive 
spectral band-setting for ocean colour applications (Donlon et al., 2012). 
MODIS data products from the Aqua (MODIS-A) and Terra (MODIS-T) 
platforms are also evaluated. These latter data are preferred to those 
from the Visible Infrared Imaging Radiometer Suite (VIIRS) because of 
their more suitable band-setting. 

The study is organised as follows. The spectral features character
izing cyanobacteria blooms are first identified in AERONET-OC time- 
series from the Baltic Sea. Satellite radiometric products are successively 
assessed with respect to these AERONET-OC time-series and then 
applied to extend the investigation to other regions of the Baltic Sea and 
to those periods for which AERONET-OC data are not available (e.g., 
early spring). Finally, the validity of a variety of algorithms for cyano
bacteria detection is evaluated and discussed. 

2. Materials and methods 

2.1. Study area and AERONET-OC data 

The study focuses on the Baltic Proper and Gulf of Finland, which 
exhibit optically complex waters and very low RRS(λ) in the blue spectral 
region because of a high concentration of CDOM (Berthon and Zibordi, 
2010; Kratzer and Tett, 2009). This is mainly due to several large 
watershed discharges and a limited exchange with the North Sea and the 
Skagerrak through the Danish Straits. 
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Recurring cyanobacteria blooms in the Baltic Sea are mostly consti
tuted by species belonging to two functional groups: picocyanobacteria, 
mainly Synechococcus sp., and colony-forming filamentous nitrogen-fixing 
species (Stal et al., 2003). Dominant species in this second group are 
usually the diazotrophic ‘scum-forming’ Nodularia spumigena, as well as 
Aphanizomenon sp. and Dolichospermum (previously called Anabaena). 
Nodularia spumigena and Dolichospermum are often observed to accumulate 
in the top 10 m below the surface (Hajdu et al., 2007). Conversely 
Aphanizomenon sp. is usually buoyant at lower depths. 

The study relies on in situ AERONET-OC spring-summer time-series 
of RRS(λ) at the centre-wavelengths 400, 412, 443, 490, 510, 560, 620 
and 665 nm (Zibordi et al., 2021). It is recalled that AERONET-OC has 
been established to support satellite ocean colour activities through 
globally distributed standardized instruments operated on offshore fixed 
structures: it ensures measurements of radiance from the sea, sky radi
ance and direct sun irradiance (Zibordi et al., 2009b). 

Two AERONET-OC sites were considered in the following analysis 
(see Fig. 1): Gustaf Dalen Lighthouse (GDLT) located in the northern 
Baltic Proper (Lat. 58.59◦ N, Lon. 17.47◦ E) and Helsinki Lighthouse 
(HLT) in the Gulf of Finland (Lat. 59.95◦ N, Lon. 24.93◦ E). 

CE-318 9-band radiometers were operated at the GDLT and HLT sites 
starting from 2005. Successively, CE-318T 12-band radiometers, repli
cating the main visible bands of OLCI (Zibordi et al., 2021), have been 
deployed since 2018 at GDLT and in 2019 at HLT. The new CE-318T 12- 
band marine instruments provide a larger number of daily AERONET-OC 
measurements compared to its predecessor because of the potential to in
crease the number of hourly measurement sequences (i.e., from 2 up to 6). 
This augmented number of acquisitions allows for describing the evolution 
of phenomena at the time scale of a few minutes. Taking advantage of CE- 
318T features, AERONET-OC data from GDLT and HLT were exploited to 
investigate the cyanobacteria blooms occurring in 2019 and 2020. 

Normalized water-leaving radiance LWN(λ) data corrected for bidirec
tional (BRDF) effects following Morel et al. (2002) (which is a standard 
AERONET-OC radiometric product) were used to determine RRS(λ) from: 

RRS(λ) =
LWN(λ)
F0(λ)

(1)  

where F0(λ) is the mean spectral extra-atmospheric irradiance from 
Thuillier et al. (2003). It is emphasized that the BRDF correction 
scheme, consistently applied to both AERONET-OC and satellite data in 
the visible spectral region, was not conceived for optically complex 
waters including those affected by blooms of filamentous cyanobacteria. 
Consequently, the uncertainties affecting these corrections may be 
rather large. 

AERONET-OC sea- and sky-radiance measurements are acquired 
asynchronously at the different spectral bands during each measurement 
sequence lasting approximately a few minutes (3–4 min depending on 
the instrument version). Consequently, any spatial or temporal vari
ability affecting the sea- or sky-radiance may diversely affect measure
ments at each spectral band. Because of this, the quality control scheme 
set for AERONET-OC data specifically designed to support satellite 
ocean colour validation during typical observation conditions charac
terized by spatial homogeneity and clear sky, discards sea and sky 
radiance measurement sequences exhibiting high variability likely 
affected by surface perturbations or cloudiness. In particular, the quality 
control process classifies data according to increasing quality levels (i.e., 
Level 1.0, Level 1.5 and fully quality-controlled Level 2.0, as described 
in Zibordi et al. (2021)) discarding measurement sequences whenever 
they exhibit variability beyond a given threshold at least in a single 
spectral band. In the presence of cyanobacteria blooms, which can be the 
source of high spatial inhomogeneity, a number of AERONET-OC mea
surements could thus be discarded by the quality control scheme. For 
this reason, the current study re-assessed AERONET-OC Level 1.0 data 
during bloom events, not included in previous validation works (e.g., 
Mélin, 2022; Zibordi et al., 2022). This solution allowed to recover 
measurements from sequences affected by high variability of the sea 
radiance and, additionally, those exhibiting LWN(412) > LWN(443) 
commonly excluded by the AERONET-OC quality control scheme in 
coastal waters. This increased the number of matchups by 5% for OLCI-A 
and by 13% for MODIS-A, with respect to those produced solely using 
the Level 2.0 data. Finally, in agreement with best practice, accurate 
spectral matching of satellite and in situ radiometric data was ensured 
through band-shifting of the in situ data (Zibordi et al., 2009a). This 

Fig. 1. Study area. The filled circles indicate AERONET-OC sites: Gustav Dalen Lighthouse Tower (GDLT) and Helsinki Lighthouse Tower (HLT). The stars indicate 
the field measurement sites managed by the Swedish Agency for Marine and Water Management (SwAM) and the Swedish Meteorological and Hydrological Institute 
(SMHI). Basemap and coastline were obtained from http://www.naturalearthdata.com. 

I. Cazzaniga et al.                                                                                                                                                                                                                              

http://www.naturalearthdata.com


Remote Sensing of Environment 287 (2023) 113464

4

correction, however, is expected to be minor for the OLCI matchups due 
to the closeness of the OLCI and CE-318T spectral bands. 

2.2. In situ measurements of phytoplankton 

In situ measurements of Chl-a, phytoplankton biovolume and com
munity composition were obtained from the Swedish Agency for Marine 
and Water Management (SwAM) and the Swedish Meteorological and 
Hydrological Institute (SMHI), via the SHARKweb database. Data were 
obtained for the period 2006–2020 for two different measurement sites: 
BY31 (Landsort Deep, Lat. 58.58◦ N, Lon. 18.23◦ E) and BY15 (Gotland 
Deep, Lat. 57.33◦ N, Lon. 20.05◦ E) in the Baltic proper (see Fig. 1). The 
former is located at approximately 45 km from GDLT, whereas the latter 
is located east of Gotland Island. No equivalent data were available for 
the Gulf of Finland. Information on the vertical distribution of the 
blooms, when available, was instead gathered from the SMHI algal 
monthly reports at the measuring stations BY15 and BY32 (Norrkoping, 
Lat. 58.02◦ N, Lon. 17.98◦ E, see Fig. 1). In situ data of phytoplankton 
biovolume and composition were used to evaluate the seasonality of 
cyanobacteria and algal bloom occurrence, and additionally to confirm 
the presence of cyanobacteria blooms when observed through satellite 
images. Nevertheless, biovolume measurements are only available as 
integrated samples collected by a hose pipe over the first 10 m of the 
water column, which naturally limits their use in support of remote 
sensing applications. Finally, biovolume from picoplankton cyanobac
teria, which do not have gas vacuoles, was not considered in this study. 

2.3. Satellite data 

OLCI and MODIS operational ocean colour products are expected to 
guarantee global coverage with near-real-time access by a multitude of 
users. MODIS-A and MODIS-T Level-1A data for the area of interest were 
processed with the l2gen processor embedded in the version 7.5 of SeaDAS 
(Mobley et al., 2016 and references therein). The resulting Level-2 data are 
consistent with the Ocean Biology Processing Group (OBPG) Reprocessing 
R2018 of NASA and associated calibration tables (NASA Goddard Space 
Flight Center, 2018a, 2018b). OLCI-A and OLCI-B Level-2 Reduced- 
Resolution (1.2-km) products from the Baseline Atmospheric Correction, 
Collection 3 (OL_L2M.003.01, EUMETSAT, 2021), were obtained from 
EUMETSAT. OLCI Full-Resolution data (300 m) from Collection 3 were 
not available at the time this analysis was carried out. It is recalled that, 
consistently with the in situ data, satellite derived RRS(λ) were also cor
rected for BRDF effects applying the same scheme. 

Sentinel-2 MultiSpectral Instrument (MSI, Drusch et al. (2012)) im
ages, which offer a spatial resolution of 10 m in the visible spectral bands, 
are effective in detecting small superficial accumulations and were 
consequently used to qualitatively inspect the distribution and patchiness 
of blooms. However, since consolidated ocean colour products from this 
sensor do not exist, MSI data were not applied for quantitative analyses. 

OLCI-A, OLCI-B, MODIS-A and MODIS-T radiometric products were 
assessed against AERONET-OC RRS(λ). In addition to the analysis of the 
individual RRS(λ) spectral products, the assessment was performed for 
those band combinations (both ratios and differences) supporting cya
nobacteria dedicated algorithms for which corresponding AERONET-OC 
spectral bands are available (see next section). For each satellite data 
product, a macro-pixel made of the 3 × 3 pixels centred at each 
AERONET-OC site was selected and the median of the RRS(λ) values was 
calculated excluding data affected by the standard processing flags 
recommended by space agencies (NASA, https://oceancolor.gsfc.nasa. 
gov/atbd/ocl2flags/ for MODIS, and EUMETSAT (2021) for OLCI). 

Matchups of AERONET-OC and satellite RRS(λ) were constructed 
applying the following criteria (Mélin et al., 2011): i. none of the 9 pixels 
in the macro-pixel was flagged by the exclusion flags; ii. the coefficient 
of variation (CV, i.e., the ratio of macro-pixel standard deviation and 
average) at 560 nm (or equivalent centre-wavelength) was lower than 
20%; iii. the time difference between the acquisition time of AERONET- 

OC data and the satellite overpass was lower than 1 h to minimize the 
impact of the high spatial and temporal variability characterizing cya
nobacteria blooms. The threshold imposed on CV is meant to increase 
comparability of satellite and in situ data products. Nevertheless, in this 
analysis the criterion resulted in the exclusion of only 1 MODIS-T data 
point out of 136, which suggests quite homogeneous conditions at the 
scale of satellite sensors resolution for the potential matchups. 

For each sensor, spectral band, and spectral band combination (ratio 
or difference) relevant to address bloom developments, the mean rela
tive difference Ψ and the mean absolute relative difference |Ψ|, were 
determined as: 

Ψ = 100
1
N
∑N

i=1

(
xS

i − xA
i

)

xA
i

(2)  

|Ψ | = 100
1
N
∑N

i=1

⃒
⃒xS

i − xA
i

⃒
⃒

xA
i

(3)  

where N is the number of matchups, xi
S indicates the satellite data 

product (e.g., RRS(λ)) and xi
A the equivalent AERONET-OC data product. 

Linear least-squares regressions were used to estimate the determination 
coefficient r2. 

Finally, to assess the relevance of the various radiometric indexes for 
cyanobacteria remote sensing, matchups were also created for the 
monitoring sites BY15 and BY31 using in situ biovolume and satellite- 
derived RRS(λ) for selected band combinations by applying the same 
criteria described above. In that case, matchups were created pairing in 
situ and satellite data by date because the acquisition time was not 
available for all the in situ measurements. The Pearson correlation (rp) 
was calculated for these matchups. 

2.4. Cyanobacteria-specific algorithms 

The spectral features of cyanobacteria were investigated using 
AERONET-OC data acquired during bloom events. Techniques for the 
detection of cyanobacteria are generally based on the quantification of 
either chlorophyll-a or other accessory pigments typical of cyanobac
teria (e.g., zeaxanthin and phycocyanin). Schalles and Yacobi (2000) 
and references therein detailed the natural water reflectance spectral 
features caused by the various pigments. In the blue spectral region, the 
minimum near 430 nm is due to the chlorophyll-a blue Soret absorption, 
whereas the inflection near 480 nm in the left shoulder of the green 
reflectance peak is produced by carotenoids (i.e., zeaxanthin) absorp
tion. The reflectance peak occurring in the green spectral region is 
originated by a reduced pigment absorption between 550 and 580 nm. 
Phycocyanin absorption and secondary chlorophyll-a absorption peaks 
cause a trough around 620 nm and a more pronounced one near 670 nm, 
respectively (e.g., Mishra and Mishra, 2014; Qi et al., 2014). These ab
sorption features are only effective in the presence of high biomass 
concentrations with blooms characterized by Chl-a generally higher 
than 10 mg m− 3 (Reinart and Kutser, 2006). Schalles and Yacobi (2000) 
still proposed a semi-empirical equation based on a band-ratio using the 
local peak near 650 nm and the trough feature near 625 nm as a pre
dictor of phycocyanin. Additionally, to reduce the influence of the 
spectral absorption and scattering caused by pigments other than 
phycocyanin, Dekker (1993) proposed a baseline subtraction algorithm 
based on the decrease in subsurface irradiance reflectance at 624 nm 
weighted through the subtraction of a baseline value calculated from 
two close bands not sensitive to phycocyanin absorption (i.e., 600 and 
648 nm). Simis et al. (2005) proposed a nested band-ratio relying on 
RRS(709)/RRS(665) to determine the absorption of phycocyanin in 
turbid inland waters concurrently correcting for the contribution by 
chlorophyll-a absorption at 620 nm. The phycocyanin index (PCI) by Qi 
et al. (2014) also uses RRS(620) normalized values against a baseline 
obtained from the linear regression of RRS(560) and RRS(665) to estimate 
phycocyanin concentration. PCI can also be calculated from the 
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Rayleigh corrected reflectance RRC(λ), circumventing the effects of 
inaccurate atmospheric corrections. Finally, the feature at 620 nm is also 
used by the three-band algorithm (PC3), proposed by Mishra and Mishra 
(2014) for inland waters to derive phycocyanin concentration from 
RRS(λ), but introducing a correction factor for the chlorophyll-a ab
sorption at 620 nm. 

Wynne et al. (2008) applied an approximation of the second deriv
ative of RRS(λ) to MERIS data to exploit the negative spectral slope at 
681 nm (SS(681)) with respect to the values at the 665 nm and 709 nm 
centre-wavelengths in the presence of cyanobacteria. The same method 
was proposed for MODIS data, but based on RRC(λ) at the 678, 667 and 
748 nm centre-wavelengths (Wynne et al., 2013). The prominent 
gradient in phycocyanin absorption in the green was used by Dash et al. 
(2011) to estimate phycocyanin concentration with an empirical algo
rithm relying on the RRS(556)-RRS(510) band-difference applied to the 
Oceansat-1 satellite Ocean Colour Monitor (OCM). Finally, the position 
and height of the Maximum Peak Height (MPH) was used to identify 
algal or cyanobacteria-dominated blooms (Matthews et al., 2012; Mat
thews and Odermatt, 2015). Other algorithms dedicated to the Baltic 
Sea (i.e., those from Kahru et al., 2007; Kahru and Elmgren, 2014; 
Karabashev, 2021; Woźniak et al., 2016) were already put forward in the 
introduction. 

This study focuses on those approaches that use bands or band 
combinations among those available in the band set of AERONET-OC 
instruments in the visible spectral region where the in situ radiometric 
data have quantified uncertainties. It includes the analysis of the 
response to cyanobacteria presence of the bands and band combinations 
applied by Dash et al. (2011), Kahru et al. (2007), Kahru and Elmgren 

(2014), Karabashev (2021), Qi et al. (2014) and Woźniak et al. (2016). 
The band-ratios applied in the standard algorithms OC4ME and OC3M to 
determine Chl-a (Morel et al., 2007; O’Reilly et al., 1998), together with 
a number of additional band-ratios and band-differences detailed in 
Table 1, are also examined. Finally, a few algorithms based on red and 
near-infrared (NIR) spectral bands for which equivalent AERONET-OC 
data are not available, are also considered for qualitative evaluations 
during cyanobacteria blooms. 

2.5. Identification of bloom events in the Baltic Sea 

As already mentioned in Section 2.2, in situ measurements of 
phytoplankton biovolume were used to confirm the occurrence of cya
nobacteria or algal blooms and the related dominant species. The 
occurrence of surface accumulation was also occasionally confirmed by 
the SMHI monthly reports describing algae state as part of the Swedish 
national monitoring program. However, considering the relatively low 
frequency of in situ measurements, additional techniques were also 
applied to identify cyanobacteria blooms and their spatial distribution. 
Following previous works on the Baltic Sea (Kahru et al., 2007; Kahru 
and Elmgren, 2014), the threshold of 0.0012 sr− 1 was applied to 
AERONET-OC RRS(665) to identify as a first guess any bloom event. 
Additionally, true colour MODIS, VIIRS, OLCI and MSI imagery of the 
study regions were also examined to verify the presence of blooms. 
Furthermore, Surface Algal Bloom products by the Finnish Environment 
Institute (SYKE, 2021) were used as a reference. Despite its name, this 
SYKE product was conceived as a cyanobacterial surface accumulation 
indicator and classifies waters in four states: i. no surface accumulations, 
ii. potential surface accumulations, iii. likely surface accumulations and 
iv. evident surface accumulations (Anttila et al., 2018). 

Finally, in situ measurements and algal reports were used to identify 
generic algal blooms occurring in spring. This allowed to investigate the 
spectral features of these blooms with respect to those of cyanobacteria 
and to verify the robustness of the conclusions reached in this work. 

3. Results 

3.1. Cyanobacteria blooms 

Fig. 2 shows biovolume concentrations measured at BY31 from 2005 
and 2020. As clearly visible from the boxplot in panel b, cyanobacteria 
are usually detected in large amounts from June to August and occa
sionally in September. The maximum is usually registered in July with a 
few exceptions (e.g., in June 2018). Still, the accuracy of statistics is 
affected by the measurement date that does not necessarily coincides 
with the occurrence of the peak. Noteworthy, biovolume concentrations 
of phytoplankton other than cyanobacteria displayed in panel c show 
the largest values in April. 

Table 1 
Band combinations analysed in this study using both AERONET-OC and OLCI or 
MODIS RRS(λ) data.  

Band combination Reference 

RRS(442)-RRS(412) (Karabashev, 2021) 
RRS(560)-RRS(510) (Dash et al., 2011) 

RRS(620)/RRS(665) (Schalles and Yacobi, 2000;  
Woźniak et al., 2016) 

RRS(560)+
620 − 560
665 − 560

*(RRS(665)-RRS(560))- 

RRS(620) 
(Qi et al., 2014) 

RRS(667) (turbid water flag) 
(Kahru et al., 2007; Kahru and 
Elmgren, 2014) 

RRS(443)/RRS(560), RRS(490)/RRS(560), 
RRS(510)/RRS(560) 

OC4ME Chl-a algorithm for OLCI 
bands (Morel et al., 2007) 

RRS(443)/RRS(547), RRS(488)/RRS(547) OC3M Chl-a algorithm for MODIS 
bands (O’Reilly et al., 1998) 

RRS(560)/RRS(490), RRS(620)/RRS(490), 
RRS(665)/RRS(510), RRS(560)-RRS(490), 
RRS(560)-RRS(620), RRS(560)-RRS(665) 

From this study for OLCI bands 

RRS(547)/RRS(488), RRS(667)/RRS(531), 
RRS(547)-RRS(488), RRS(547)-RRS(667) 

From this study for MODIS bands  

Fig. 2. (a) In situ cyanobacteria biovolume concentration at the BY31 measurement site from 2005 to 2020. (b) Corresponding monthly boxplot of cyanobacteria 
concentration. (c) Monthly boxplot for phytoplankton biovolume concentration other than cyanobacteria. Each box extends from the first to the third quartile with a 
line indicating the median value. The whiskers extend from the box by 1.5 times the inter-quartile range. Diamonds show outliers. 
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3.2. Evolution of in situ RRS(λ) during cyanobacteria blooms 

AERONET-OC data show that RRS(λ) increases at all visible bands 
during summer blooms. RRS(560), which always exhibits the highest value 
across the RRS(λ) spectra regardless of the presence of cyanobacteria, 
generally exceeds 0.004 sr− 1 with the turbid water flag activated (Figs. 3, 
6 and 8). The highest RRS(560) values were determined at GDLT in 2005 
(not shown) and at HLT in 2019. Large and abrupt variations of RRS(λ), 
which are common during bloom events, are certainly explained by the 

heterogeneity of cyanobacteria distributions typical of colony-forming and 
buoyant species. Blooms do not equally affect the two regions investi
gated: as expected, the magnitude and duration of the events, as well as 
their starting dates, are quite different. However, in some cases the un
availability of AERONET-OC data limits a comprehensive analysis of these 
differences. For example, at the beginning of July 2019 (see Fig. 3), 
AERONET-OC data are not available at GDLT during the period preceding 
the systematic activation of the turbid water flag, which may potentially 
hinder the accurate identification of the starting date. 

3.2.1. Bloom event at GDLT during summer 2019 
AERONET-OC and satellite RRS(560) data at the GDLT site are dis

played in Fig. 3 for the year 2019 where the cyanobacteria bloom period 
is indicated by black crosses according to the turbid water flag deter
mined from AERONET-OC RRS(665). These data show high values 
already in the second half of June whereas the related SYKE products 
available since June 27th, classify the area immediately south of GDLT as 
potential surface accumulation (see definition in Section 2.5). At the 
beginning of July, RRS(560) drops and the SYKE products do not indicate 
the presence of cyanobacteria until July 10th. The highest values of 
0.016 sr− 1 for RRS(560) occur on July 26th. A second peak appears on 
August 2nd after a signal drop observed between July 27th and August 
1st. With a few exceptions, the turbid water flag is activated from July 
12th (no data are available on the 10th) till August 7th in correspondence 
of a RRS(560) maximum. In general, both in situ and satellite RRS(560) 
exhibit comparable temporal variations. 

Fig. 4 displays the daily median RRS(λ) for selected dates and the 
related values normalized at 560 nm, nRRS(λ). The daily standard de
viations associated with each spectrum provide an index of the vari
ability characterizing the AERONET-OC data included in the analysis. In 

Fig. 3. AERONET-OC (black solid line) and satellite-derived RRS(λ) at 560 nm, 
or corresponding centre-wavelength, at GDLT in 2019. The grey line indicates 
the median AERONET-OC RRS(560) calculated for all available data outside the 
summer bloom periods. Crosses and circles indicate that the turbid water flag is 
ON or OFF, respectively. 

Fig. 4. Daily median AERONET-OC RRS(λ) (a) and nRRS(λ) (b) during the 2019 bloom event at GDLT. The error-bar on the y-axis indicates the standard deviation of 
the data applied (in a few cases, their values are smaller than the size of the symbols). The grey line indicates the median spectrum outside the summer bloom period. 
The Sentinel-2A or -2B MSI true colour image generated through SYKE TARKKA web application is displayed for each date (i.e., July 26th and 28th, August 2nd and 
15th, extending from 58.35◦ N, 16.97◦ E to 58.85◦ N, 18.07◦ E) in panels (c-f). The colour of the square framing each satellite image is that associated with the daily 
AERONET-OC spectra in panels (a)-(b). The red point indicates the location of the GDLT AERONET-OC site. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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each plot, a reference spectrum constructed from AERONET-OC data 
outside typical bloom periods (i.e., excluding data from June to August) 
for the years 2018–2020 is also shown in grey. Values at 779 nm are 
reported for completeness while recalling that large uncertainties may 
affect these data and that BRDF corrections are not applied beyond 709 
nm (Zibordi et al., 2021). 

The spectra displayed in panels a and b of Fig. 4 show significant 
variations in the blue at 400 nm and 413 nm, in the red at 620 nm and 
665 nm, and in the NIR at 779 nm. The highest RRS(λ) values are 
observed on July 26th concurrent to evident accumulations at the sur
face and likely very high cyanobacteria concentrations. These specific 
conditions are qualitatively documented through the MSI true colour 
image displayed in Fig. 4c. On August 2nd (see Fig. 4e) swirls moving 
around the site cause changes at a fine temporal scale in RRS(λ) 
explained by variations in surface accumulation. For this specific day, 
the coefficient of variation of the radiance LT(λ) from the sea within 
AERONET-OC measurement sequences shows values up to 7% at 560 nm 
(see Zibordi et al., 2009b for details on the AERONET-OC measurement 
protocol). Moreover, RRS(λ) values from successive measurement se
quences performed within approximately 4 min from each other, exhibit 
coefficient of variations up to 24% at 560 nm. This temporal variability 
affecting AERONET-OC measurements could be explained by the small- 
scale spatially inhomogeneous conditions characterizing the surface 
accumulation confirmed by the MSI image acquired on that same day. 
This high spatial variability suggests the difficulty for either AERONET- 
OC point measurements or satellite products with coarser spatial reso
lution, to capture the whole range of changes during such events (see 
Fig. S1 and the dedicated paragraph in the supplementary material for 
further details). 

In situ biovolume data at BY31 confirm the occurrence of cyano
bacteria in the area. In particular, Fig. 5 shows an increase in cyano
bacteria concentration since mid-June (0.15 mm3 L− 1 on June 17th), 
with a peak on July 31st (0.54 mm3 L− 1) and again values close to zero at 
the end of August. Cyanobacteria biovolume concentrations are initially 
dominated by Aphanizomenon with Chl-a at BY32 indicating a peak at a 
depth lower than 10 m on June 16th. Conversely, in correspondence with 
the peak observed at the end of July, the bloom is dominated by ‘scum- 
forming’ Nodularia spumigena (measured on July 31st). In the same 
period, MODIS RRS(λ) and RRS(547)-RRS(667) (see Fig. 5) increase with 
the maximum value occurring on July 24th (no satellite image is avail
able for July 31st due to cloudiness). MODIS RRS(547)/RRS(531) instead 
shows enhanced values in correspondence of any phytoplankton bloom, 
including the algal spring one. Conversely, in correspondence with the 
algal spring blooms, neither RRS(λ) nor RRS(547)-RRS(667) increase and 

the water appears dark in satellite true-colour images. This peculiarity 
can be explained by the fact that algal spring blooms usually do not 
accumulate at the surface as cyanobacteria do. Additionally, cyano
bacteria species furnished with gas vacuoles exhibit enhanced back
scattering properties with respect to most algae species. 

3.2.2. Bloom event at HLT during summer 2019 
The RRS(λ) evolution at HLT during the 2019 bloom event is dis

played in Fig. 6. Although the SYKE product indicates the potential 
presence of a bloom in the area surrounding HLT during the second 
week of July 2019, the presence of surface accumulations and swirls is 
already visible in satellite imagery at the end of June. Still, the bloom 
does not appear to strictly influence the water at the AERONET-OC site. 
On July 7th and 8th, when the turbid water flag applied to AERONET-OC 
data is activated, the satellite imagery is largely affected by clouds. 
Nevertheless, the cloud-free pixels show the presence of accumulations 
and swirls in the Gulf of Finland explaining the increased AERONET-OC 
RRS(λ) at HLT. Successively, RRS(560) increases and decreases until the 
peak occurring between July 27th and 28th. High values of RRS(λ) are 
observed for a few hours on July 27th: the related median spectrum in 

Fig. 5. In situ measurements of biovolume concentration of cyanobacteria (in blue), Nodularia spumigena (in red), Aphanizomenon (in orange), Dolichospermum (in 
brown) and other phytoplankton species (in green) at BY31 in 2019. MODIS-A RRS(547), RRS(547)-RRS(667) and RRS(667)/RRS(531) are provided on the right axes. 
Crosses and circles indicate that the MODIS-A turbid water flag is ON (i.e., RRS(667) ≥ 0.0012 sr− 1) or OFF, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. AERONET-OC (black solid line) and satellite-derived RRS(λ) at 560 nm 
or corresponding centre-wavelengths at HLT in 2019. The grey line indicates 
the median RRS(560) calculated for all available data outside the summer bloom 
periods. Crosses and circles indicate that the turbid water flag is ON or OFF, 
respectively. 
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Fig. 7 exhibits a shape very similar to that displayed in correspondence 
of the peak occurring at GDLT. The RRS(λ) values rapidly decrease at the 
end of July. Indeed, from July 27th to 29th the bloom is visible from 
satellite imagery as a big filamentous structure just in front of the Hel
sinki Gulf (see Fig. 7d) and disappears on August 1st (see Fig. 7e). The 
wind speed, included in the AERONET-OC data records, indicates daily 
mean values increasing from 4.3 m s− 1 on July 27th to 7.3 m s− 1 on 30th, 
likely hindering the accumulation of cyanobacteria at the surface. Suc
cessively, until the end of September, high-resolution imagery shows the 
presence of cyanobacteria accumulation at the surface appearing as 
swirls in the Gulf of Finland. However, as revealed by the turbid water 
flag occasionally activated until August 13th, these cyanobacteria are 
only intermittently detected by AERONET-OC data. 

Fig. 7, similar to Fig. 4, shows the daily median RRS(λ) and nRRS(λ) 
spectra, except for the peak date of July 27th exhibiting high values of 
the standard deviation suggesting fast-varying conditions. For this date, 
the daily values from 8:00 to 12:00 and from 12:00 to 14:00 GMT are 
separately presented through the green and blue spectra. Panels a and b 
show that the RRS(λ) spectral shape does not exhibit significant differ
ences during the first part of the bloom event (see the orange spectrum). 
Indeed, in the absence of large surface accumulation (as shown by the 
MSI image in Fig. 7c), the RRS(λ) values indicate a large increase with the 
bloom across the whole spectrum in the visible while exhibiting minor 
spectral variations in the nRRS(λ) values. Conversely, at the peak, 
nRRS(λ) exhibits increased values in the blue, red and NIR, with a local 
minimum at 443 nm. 

3.2.3. Bloom event at GDLT during summer 2020 
The bloom affecting GDLT in 2020 also exhibits a complex temporal 

evolution. Thin accumulations are visible in MSI images of early June 
(unfortunately AERONET-OC data are not available for that specific 
period). Successively, the AERONET-OC RRS(560) time-series displayed 

in Fig. 8 shows two peaks corresponding to sequential episodes of the 
bloom separated by a period exhibiting less pronounced effects. 
RRS(560) gradually increases till reaching a peak on June 28th contem
porary to the appearance of greenish waters in satellite imagery (e.g., 
see Fig. 9c-d). During August, RRS(560) shows repeated maxima with 
satellite imagery displaying very heterogeneous accumulation at the 
surface near GDLT (see Fig. 9f). Looking at the spectra displayed in 
Fig. 9a, the RRS(λ) median spectrum determined during the peak of June 
looks similar to those observed in 2019 with a relative minimum at 443 
nm and the highest value at 560 nm. Looking at nRRS(λ) in Fig. 9b, the 

Fig. 7. Median AERONET-OC RRS(λ) (a) and nRRS(λ) (b), calculated on a daily basis or shorter time frame expected to represent homogeneous surface conditions 
during the 2019 bloom event at HLT. The error-bar on the y-axis indicates the standard deviation of the data applied (in a few cases, their values are smaller than the 
size of the symbols). The grey line indicates the median spectrum outside the summer bloom period. The Sentinel-2A or -2B MSI true colour image from 59.67◦

N,24.49◦ E to 60.19◦ N,25.68◦ E and generated through SYKE TARKKA web application, is displayed for each date (i.e., July 19th and 27th, August 1st and 28th) in 
panels (c-f). The colour of the square framing each satellite image is that associated with the daily AERONET-OC spectra in panels (a)-(b). Panel d relates to the same 
day of both blue and green spectra. The yellow point indicates the location of the HLT AERONET-OC site. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 8. AERONET-OC (black solid line) and satellite-derived RRS(λ) at 560 nm 
or corresponding centre-wavelengths, at GDLT in 2020. The grey line indicates 
the median RRS(560) calculated for all available data outside the summer bloom 
periods. Crosses and circles indicate the turbid water flag is ON or OFF, 
respectively. 
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change in slope in the blue spectral region is notable, well characterizing 
the “bloom” with respect to the “non-bloom” conditions. 

Biovolume data at BY31 indicate that Nodularia spumigena appears in 
very low concentration in mid-June. However, Fig. 10 shows cyano
bacteria peak at the beginning of July, with some presence until the 
beginning of September in conjunction with other phytoplankton spe
cies still dominating the bloom. The evolution of MODIS-A RRS(547) 
exhibits a sequence of peaks and troughs suggesting temporal and 
spatial changes of surface accumulation. Unfortunately, there were no in 
situ biovolume measurements available matching these peaks. 

3.2.4. In situ RRS(λ) spectral features during blooms 
The time-series of various RRS(λ) spectral values, band-ratios and 

band-differences introduced in Section 2.4, were evaluated. As ex
pected, RRS(λ) shows increasing values in correspondence of blooms. 
RRS(665), used to raise the turbid water flag, increases but the threshold 
of 0.0012 sr− 1 seems to be ineffective (i.e., too high) to identify blooms 
in their early stage as shown in Fig. 11 by the intermittent activation of 
the turbid water flag at the beginning of blooms. The band-differences 
shown in panels b, d, f of Fig. 11 (RRS(560)-RRS(510), RRS(560)- 
RRS(490), RRS(560)-RRS(620), and RRS(560)-RRS(665)), as well as the PCI 
band combination (not displayed), exhibit very similar temporal 

Fig. 9. Daily median AERONET-OC RRS(λ) (a) and nRRS(λ) (b) during the 2020 bloom event at GDLT. The error-bar on the y-axis indicates the standard deviation of 
the data applied (in a few cases, their values are smaller than the size of the symbols). The grey line indicates the median spectrum outside the summer bloom period. 
The Sentinel-2A or -2B MSI or OLCI-A true colour image extending from 58.47◦ N,17.13◦ E to 58.73◦ N, 17.67◦ E and generated through the SYKE TARKKA web 
application is displayed for each date (i.e., June 25th and 26th, August 4th and 19th) in panels (c-f). The colour of the square framing each satellite image is that 
associated with the daily AERONET-OC spectra in panels (a)-(b). The red point indicates the location of the GDLT AERONET-OC site. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. In situ measurements of biovolume concentration of cyanobacteria (in blue), Nodularia spumigena (in red), Aphanizomenon (in orange), Dolichospermum (in 
brown) and other phytoplankton species (in green) at BY31 in 2020. MODIS-A RRS(547), RRS(547)-RRS(667) and RRS(667)/RRS(531) are provided on the right axes. 
Crosses and circles indicate that the MODIS turbid water flag is ON (i.e. RRS(667) ≥ 0.0012 sr− 1) or OFF, respectively. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 11. AERONET-OC (a,c,e) band-ratios RRS(560)/RRS(490), RRS(620)/RRS(490), RRS(665)/RRS(510) and (b,d,f) band-differences RRS(560)-RRS(490), RRS(560)- 
RRS(620), RRS(560)-RRS(665) at GDLT (a,b,e,f) and HLT (c,d) in 2019 (a-d) and at GDLT in 2020 (e,f). The solid lines indicate moving average values determined with 
a time window of 3 days. 
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evolutions with values increasing in correspondence of blooms. 
Conversely, the band-difference RRS(412)-RRS(442) exhibiting very 
noisy values, was not included in Fig. 11. The band-ratio RRS(620)/ 
RRS(665) (not shown) also exhibits noisy values at GDLT, with maxima 
occurring away from peak dates. Among the band-ratios used in OC4ME, 
the inverse of RRS(490)/RRS(560) and RRS(510)/RRS(560) displayed in 
Fig. 11a, c and e, show increasing values in correspondence of cyano
bacteria blooms. Finally, other band-ratios leading to apparently rele
vant results are RRS(620)/RRS(490) and RRS(665)/RRS(510) (panels a, c, 
e). Results illustrated in panels a, b, e and f of Fig. 11 for the GDLT site, 
show an increase of values with the bloom occurrence between the end 
of July and the beginning of August 2019, and additionally at the end of 
June and in August 2020. For the 2020 event at GDLT, RRS(560)/ 
RRS(490) and band-differences show a more pronounced increase during 
the early phase of the event in June with respect to the final one 
occurring in August. This could be explained by the higher cyanobac
teria biovolume characterizing that early stage of the event. A general 
increase of band-ratios and band-differences with bloom appearance, in 
addition to those already shown in Fig. 11, is also observed for 
RRS(412)/RRS(442), RRS(412)/RRS(490), RRS(412)/RRS(510), RRS(560)/ 
RRS(510), RRS(620)/RRS(510), RRS(665)/RRS(490), RRS(620)-RRS(400) 
and RRS(620)-RRS(665). 

When looking at HLT (see Fig. 11d), band-differences and PCI (not 
shown) exhibit a peak at the end of July with features comparable to those 
observed at GDLT. Conversely, band-ratios do not provide any clear 
indication of bloom occurrence (see Fig. 11c). At both sites, the additional 
ratio RRS(400)/RRS(443) indicates increasing values until the bloom peak 
(not shown). However, due to the very low signal at 400 nm leading to a 
decrease of the signal-to-noise ratio, the trend determined by RRS(400)/ 
RRS(443) should be considered with caution. Overall, these results clearly 
indicate that band-differences, and in particular PCI and RRS(560)- 
RRS(620), but also RRS(560)-RRS(665) even though not benefitting of the 
620-nm centre-wavelength, appear relevant indexes for the detection and 
quantification of cyanobacteria in the Baltic Sea. 

The optical properties of Aphanizomenon and Nodularia spumigena well 
justify the amplified RRS(λ) spectra and the enhanced band-difference 
values. The specific absorption coefficients of Aphanizomenon and Nodu
laria spumigena (as shown in Fig. 2 by Wojtasiewicz and Stoń-Egiert (2016) 
and in Fig. 1 by Kutser et al. (2007)) in fact exhibit a minimum around 
550–560 nm and an increase towards longer wavelengths until approxi
mately 670 nm, which enhance the differences RRS(560)-RRS(665), 
RRS(560)-RRS(620) and RRS(620)-RRS(665) with cyanobacteria 

accumulation. Additionally, the backscattering coefficient of Aphanizo
menon and Nodularia spumigena, mainly due to gas vacuoles and exhibiting 
fairly flat spectral values (Wojtasiewicz and Stoń-Egiert, 2016), is 
responsible for the increase of RRS(λ) at all wavelengths, which potentially 
allows to distinguish cyanobacteria from algal blooms in the Baltic Sea. 

3.3. Assessment of ocean colour radiometric data products 

The cumulative number of matchups produced for GDLT and HLT is 
80, 93, 137, 135 for OLCI-A, OLCI-B, MODIS-A and MODIS-T respec
tively. Among them, the matchups affected by cyanobacteria presence 
are 12, 18, 29 and 26, respectively, as identified relying on the turbid 
water flag applied to AERONET-OC data as described in Section 3.2. 
When considering the whole dataset, results from the analysis of 
matchup data confirm the poor performance of the atmospheric 
correction process reported in previous studies in the Baltic Sea (e.g., 
Mélin, 2022; Zibordi et al., 2022), particularly in the blue bands, with 
respect to other sites. The low performance of the atmospheric correc
tion could be explained by a combination of high solar zenith angles, low 
RRS(λ) values and issues with the NIR corrections, as reported by Mélin 
(2022), Zibordi et al. (2009a) and Kutser et al. (2018). Specifically a 
systematic underestimation of OLCI-A and OLCI-B derived RRS(λ) across 
most of the spectrum is noted, whereas MODIS-A and MODIS-T RRS(λ) 
show a more complex spectral dependence with overestimations at the 
blue centre-wavelengths and underestimations at the red ones. The 
matchup data analysis shows that results are not usually degraded in the 
presence of cyanobacteria. The scatterplots and statistics for single 
bands and sites are provided in the supplementary material (Fig. S2). It 
is worth, however, mentioning that the results for the red bands usually 
show a large underestimation of the satellite value (with Ψ typically of 
about − 41% for OLCI-A and OLCI-B and − 8% for MODIS-A and MODIS- 
T), likely leading to the omission of some cyanobacteria cases if the 
turbid water flag is applied to detect cyanobacteria using satellite data. 

Conversely, when considering the band combinations proposed in 
Section 3.2.4, some of them show appreciable agreement with the in situ 
data. Among band-ratios, only RRS(620)/RRS(510) and RRS(665)/ 
RRS(510) show reasonably good results for either OLCI-A and OLCI-B, 
with values well distributed near the 1:1 line, even though largely 
underestimated (see the results of band-ratio analyses in the supple
mentary material’s Figs. S3 and S4). A remarkable agreement between 
satellite and in situ data is instead shown by the band-differences 
RRS(560)-RRS(620) and RRS(560)-RRS(665) (see Fig. 12) with |Ψ| of 

Fig. 12. Scatterplots illustrating the 
matchup comparison of OLCI-A or OLCI-B 
with AERONET-OC for RRS(λ) band- 
differences from GDLT (indicated by 
squares) and HLT (indicated by circles). Ψ is 
the mean of relative differences and |Ψ| the 
mean of absolute relative differences, both 
in %. N is the number of matchups. The red 
symbols and numbers indicate matchups and 
corresponding statistics related to cyano
bacteria blooms identified applying the 
turbid water flag to AERONET-OC data. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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7–8%. Matchups affected by the presence of cyanobacteria show slightly 
worse statistics (see the red numbers in brackets in Fig. 12). Reasonable 
results are also obtained for RRS(560)-RRS(510), with r2 approaching 
0.90, and |Ψ| equal to 28.2% and 33.6% for OLCI-A and OLCI-B, 
respectively (down to 17.3% and 16.3% in the presence of cyanobac
teria). Slightly lower performance is also obtained for the PCI band 
combination with r2 between 0.88 and 0.92, and |Ψ| equal to 16.4% and 
15.5% for OLCI-A and OLCI-B, respectively (down to 11.3% and 11.9% 
in the presence of cyanobacteria). Finally, RRS(620)-RRS(665) (not 
shown) exhibits a slightly worse performance with r2 equal to 0.72 and 
0.84, and |Ψ| equal to 16.7% and 18.4% for OLCI-A and OLCI-B, 
respectively, while performing better in the presence of cyanobacteria 
(r2 equal to 0.78 and 0.89 and |Ψ| equal to 13.3% and 10.9% for OLCI-A 
and OLCI-B, respectively). 

Unsurprisingly, band-differences involving any centre-wavelength in 
the 400–443 nm spectral region (not shown) exhibit a very limited 
performance. 

Similar to OLCI, MODIS band-ratios also perform rather poorly (see 
Fig. S5 in supplementary material). Good agreement is instead shown for 
RRS(547)-RRS(667) in Fig. 13 (panels b and d), slightly worsening in the 
presence of cyanobacteria (still with |Ψ| below 13% for both MODIS-A 
and MODIS-T). RRS(547)-RRS(488) (see Fig. 13a and c) shows a slight 
underestimation with Ψ of − 5.9% and − 6.2% for MODIS-A and MODIS- 
T, respectively, more pronounced for the larger values characterizing 
the bloom events (− 9.8% and − 7.2%, respectively). 

The in situ and satellite data displayed in Fig. 14 illustrate RRS(λ) 
matching spectra in the presence of cyanobacteria blooms. These qual
itative comparisons suggest consistent spectral shapes between in situ 
and satellite RRS(λ), despite some large biases. The characteristic peak at 
709 nm (Matthews et al., 2012) is occasionally shown by OLCI data 
products. 

The above results suggest the potential use of OLCI and MODIS data 
products to investigate cyanobacteria blooms in the Baltic Sea. This is 
best achievable by exploiting the green-red part of the spectrum through 
the band-differences RRS(560)-RRS(620) and RRS(560)-RRS(665) for 
OLCI-A and OLCI-B, or RRS(547)-RRS(667) for MODIS-A and MODIS-T. 
On the contrary, the noise affecting satellite derived RRS(λ) at the blue 

centre-wavelengths does not support a reliable identification and spec
tral characterization of blooms, as suggested by Fig. S2 in supplementary 
material and the spectra displayed in Fig. 14. This figure also shows that 
OLCI data do not always exhibit the expected minimum at the 443 nm 
centre-wavelength observed at bloom peaks (see also Sections 
3.2.1–3.2.4, and Karabashev (2021)). Conversely, this minimum may 
characterize satellite data products outside bloom periods (see for 
example the spectra of August 28th 2019 for OLCI-A and MODIS-A and -T 
in Fig. S6), once more highlighting potential atmospheric correction 
issues in this spectral region. 

3.4. Satellite-derived RRS(λ) temporal evolution and spectral features 
during blooms 

AERONET-OC data in the Baltic Sea allowed to investigate RRS(λ) at 
specific locations in the northern Baltic Proper and in the Gulf of Finland 
from late spring to early autumn. These data, however, were generally 
not available during the month of April when the spring bloom con
sisting of diatoms and dinoflagellates usually occurs. The application of 
satellite-derived RRS(λ) allowed to extend the analysis in time and space. 
Figs. 5 and 10 show MODIS-A RRS(547), the band-difference RRS(547)- 
RRS(667) and the band-ratio RRS(667)/RRS(531) for 2019 and 2020. 
Results clearly indicate that RRS(547) and the band-difference increase 
in the presence of cyanobacteria. Conversely, they are not sensitive to 
algal blooms, while the band-ratio shows relative maxima also during 
algal spring blooms. 

To further evaluate the effectiveness of the indexes presented in 
Section 2.4 and 3.2, in situ measurements of cyanobacteria biovolume 
concentration were matched with satellite-derived RRS(λ). This analysis 
was restricted to bands or band combinations showing good perfor
mance in the assessment of radiometric data products: RRS(665) used for 
the turbid water flag; the PCI band combination and the band- 
differences RRS(560)-RRS(510), RRS(560)-RRS(620) and RRS(560)- 
RRS(665) for OLCI or the corresponding RRS(547)-RRS(667) for MODIS; 
and finally, the band-ratio RRS(665)/RRS(510) for OLCI or the corre
sponding RRS(667)/RRS(531) for MODIS. 

Fig. 15 displays the scatterplots obtained for OLCI-A and OLCI-B and 

Fig. 13. Scatterplots illustrating the comparison of MODIS-A or MODIS-T with AERONET-OC RRS(λ) band-differences for GDLT 
(indicated by squares) and HLT (indicated by circles). Ψ is the mean of relative differences and |Ψ| the mean of absolute relative 
differences, both in %. N is the number of matchups. The red symbols and numbers indicate matchups and corresponding sta
tistics related to cyanobacteria blooms identified applying the turbid water flag to AERONET-OC data. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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for MODIS-A and MODIS-T at the two in situ measurements locations 
BY31 and BY15. As already mentioned in the previous section, the turbid 
water flag activated by RRS(665) > 0.0012 sr− 1 in several cases does not 
detect the presence of cyanobacteria partially due to an underestimation 
of the RRS(665) values. Still, it shows some proportionality between 
biovolume concentration and RRS(λ) magnitude (rp = 0.79 for OLCI and 
rp = 0.71 for MODIS, p-value < 0.01, see panels a and b). There is also a 
good relation (rp = 0.70, p-value < 0.01) between biovolume concen
tration and RRS(560)-RRS(510) (panel c), and a stronger one between 
cyanobacteria biovolume and RRS(560)-RRS(620) (not shown, rp = 0.78, 
p-value < 0.01) or RRS(560)-RRS(665) (panel e, rp = 0.77, p-value < 0.01), 
or the corresponding MODIS bands (panel f, rp = 0.74, p-value < 0.01). 
Similar results are also proposed for PCI (panel d, rp = 0.78, p-value <
0.01). As expected, band-ratios exhibit a weak relation with cyanobac
teria biovolume concentrations (see panels g and h, rp < 0.5, p-value <
0.01), which is partly explained by the low accuracy shown by satellite- 
derived data for these band combinations and partly by the fact that they 
are also sensitive to algal blooms. To evaluate the performance of those 
existing algorithms for which no equivalent could be reproduced 
through AERONET-OC data, values obtained from OLCI RRS(λ) through 
PC3 (Mishra and Mishra, 2014) and SS(681) (Wynne et al., 2013) and 
from OLCI RRC(λ) through MPH (Matthews et al., 2012) and PCI, were 
also matched with biovolume concentration. No significant 

relationships could be established for MPH (rp = − 0.23, p-value > 0.05), 
SS(681) (rp < 0.1, p-value > 0.05), and PC3 (rp = − 0.16, p-value > 0.05). 
These results are probably explained by the different concentrations 
characterizing cyanobacteria blooms in the basins for which they were 
developed, responsible for very different RRS(λ) shapes in the red and 
NIR spectral regions (see for example the RRS(λ) spectra in Fig. 1 in 
Mishra and Mishra (2014)). Conversely, a quite good relation is 
observed for PCI calculated from RRC(λ) (rp = 0.61, p-value < 0.01, see 
Fig. S7), but still weaker than that computed with RRS(λ). 

It is further remarked that the in situ measurements of biovolume 
refer to integrated values within the first 10 m below the surface, and 
that blooms occurring away from the surface are not seen from satellite 
sensors due to the high attenuation of light in these waters. For this 
reason, the definition of any relation between concentrations and RRS(λ) 
or even the determination of any threshold for cyanobacteria identifi
cation solely based on these data, would be speculative. 

A few of these indexes were also applied to a test case, and specifically 
to an OLCI-B image acquired during a cyanobacteria bloom on August 
19th, 2020, when the biovolume phytoplankton concentration available at 
station BY15 indicated the presence of a cyanobacteria bloom dominated 
by Nodularia spumigena. From this test case, it is possible to confirm that 
the underestimation of satellite-derived RRS(665) does not allow to fully 
identify the presence of cyanobacteria. Band-differences and the PCI band 

Fig. 14. Sample AERONET-OC and corresponding OLCI-A, OLCI-B, MODIS-A or MODIS-T RRS(λ) matching spectra during cyanobacteria blooms at GDLT and HLT. 
Median and standard deviation are reported for the AERONET-OC spectra available within a ± 1 h interval from the satellite overpass. 
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Fig. 15. Scatterplot for cyanobacteria biovolume concentrations measured in situ at BY31 and BY15 versus a) OLCI RRS(665) and b) MODIS RRS(667) where the 
vertical lines indicate the turbid water flag threshold (i.e. 0.0012 sr− 1), c) OLCI RRS(560)-RRS(510), d) OLCI PCI band combination from RRS(λ), e) OLCI RRS(560)- 
RRS(665), f) MODIS RRS(547)-RRS(667), g) OLCI RRS(620)/RRS(510) and h) MODIS RRS(667)/RRS(531). 
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combination instead appear capable of capturing cyanobacteria and their 
spatial distribution with increased sensitivity with respect to the turbid 
water flag. Equivalent distributions are obtained for PCI calculated with 
RRS(λ) or RRC(λ), although the RRS(λ) Level-2 product flags allow to 
exclude pixels affected by clouds. 

It is generally not possible to reliably distinguish between the 
enhanced scattering caused by cyanobacteria from that due to inorganic 
particles (see Kratzer et al. (2020) and Kratzer and Moore (2018)) unless 
applying dedicated techniques (e.g., Miller et al., 2006). In fact, high 
concentrations of Total Suspended Matter (TSM, including mineral 
constituents) are usually translated into high values of RRS(λ) and 
potentially of band-differences too. Nevertheless, PCI and RRS(560)- 
RRS(620) appear to be less affected by the presence of TSM-rich turbid 
waters mostly occurring near the coastline. Still, away from these very 
coastal areas, the patterns displayed by band-differences are quite 
similar. This suggests that comparable mapping results could be ob
tained with satellite sensors not specifically benefitting from the 620-nm 
centre-wavelength (at least for the bloom conditions characterizing this 
study). The maps produced for this test case are available in the sup
plementary material (Fig. S8). 

4. Discussion 

Since the deployment of the new CE-318T 12-band marine in
struments, the number of daily AERONET-OC measurements has strongly 
increased. For example, the number of Level 1.0 data at GDLT between 
June and August are almost 10 times higher. This allows a better 
description of the development of phenomena varying at the time scale of 
a few minutes and provides an increased number of matchups with sat
ellite data. It also allows to identify spectral features that characterize 
different development stages (e.g., the local minima in the blue region 
observed in correspondence of intense cyanobacteria accumulation at 
surface). However, some considerations are necessary on the quality 
assessment of AERONET-OC Level 1.5 and Level 2.0 data for sites char
acterized by the presence of blooms. The exclusion criteria implemented in 
the current AERONET-OC processor aim at ensuring the highest quality to 
in situ data in view of best supporting the validation of satellite data 
products. In this work, however, the quality control criterion imposing 
LWN(412) lower than LWN(443) at coastal sites has been ignored for data 
acquired during blooms. In fact, in the presence of blooms, several mea
surements show LWN(412) and LWN(400) higher than LWN(443), which 
may lead to the exclusion of relevant measurement sequences (as observed 
for July 28th 2019 at HLT, and July 26th 2019 at GDLT). This remark is not 
meant to question the quality control criteria that must ensure the creation 
of robust and consistent validation datasets, but rather to point out the risk 
that the specific generalized criterion can reduce the possibility of rising to 
higher quality levels (i.e., Level 1.5 and Level 2.0) those data relevant for 
bloom investigations. 

Ultimately, the availability of AERONET-OC data from CE-318T in
struments, including spectral bands replicating all the main visible 
bands of OLCI, benefit of supplementary bands with respect to those 
available with the instruments deployed in the Baltic Sea up to 2017. 
These include a spectral band at 400 nm and one at 620 nm, which were 
expected to have particular relevance for the study of cyanobacteria 
blooms. The analysis led to the identification of basic indexes best 
applicable for cyanobacteria detection such as the spectral band- 
differences RRS(560)-RRS(620) and RRS(560)-RRS(665) for OLCI or the 
equivalent RRS(547)-RRS(667) for MODIS, which exhibit promising 
performance on the detection and possibly quantification of cyanobac
teria superficial blooms in the Baltic Sea. By relying on the turbid water 
flag to heuristically determine the presence of cyanobacteria, the index 
RRS(560)-RRS(620) computed from AERONET-OC data exhibits values 
varying in the range of 0.0011–0.0083 sr− 1 with a median of 0.0030 sr− 1 

when the flag is raised, and conversely in the range of 0.0003–0.0041 
sr− 1 with a median of 0.0015 sr− 1 when not raised. The index RRS(560)- 
RRS(665) shows values in the range of 0.0013–0.0102 sr− 1 with a 

median of 0.0036 sr− 1 in the presence of cyanobacteria and conversely 
in the range of 0.0007–0.0043 sr− 1 with a median of 0.0018 sr− 1 in their 
absence. The ambiguity raised by the partially overlapping RRS(560)- 
RRS(665) values in the presence or absence of cyanobacteria, can only be 
addressed by matching in situ measurements of phytoplankton and 
pigments concentrations, also essential to determine a relationship 
linking concentrations and radiometric indexes. The use of these in
dexes, when compared to the turbid water flag relying on a threshold 
applied to a single spectral band value, would reduce the impact of 
biases affecting RRS(λ) such as those due to an inaccurate atmospheric 
correction. The impact of a poor atmospheric correction could also be 
minimized in the green-red spectral region by relying on RRC(λ). Pre
liminary results from this study, however, do not show any benefit from 
the use of RRC(λ) for both the PCI and MPH algorithms. 

It is also mentioned that the use of near and shortwave infrared 
bands has shown some potential to detect cyanobacteria scum or other 
surface features (e.g., Gower and King, 2020; Hu et al., 2019; Hu et al., 
2010, 2023), but this has admittedly not been explored here because the 
study focused on bands common to both AERONET-OC and satellite 
data. Still, the test performed with red-NIR-based indexes (MPH, SS 
(681), PC3) did not show promising results. 

It is finally stressed that the results obtained in this work relates to 
blooming conditions typical of the Baltic Sea region. They may not be 
applicable to other regions characterized by different phytoplankton 
compositions and concentrations during cyanobacteria blooms and 
consequently different RRS(λ) spectral shapes. Examples are in inland 
waters such as Lake Erie and Lake Taihu or the Curonian Lagoon, where 
blooms are dominated by Microcystis (Paldavičienė et al., 2009; Qi et al., 
2014; Wynne et al., 2008) characterized by a quite different absorption 
spectrum (see Fig. 1 in Wojtasiewicz and Stoń-Egiert (2016)). It is finally 
noted that band-differences and PCI alone would not allow to distinguish 
cyanobacteria from highly-scattering phytoplankton species such as coc
colithophores, whose concentration is strongly correlated to these indexes 
as shown for RRS(560)-RRS(665) by Mitchell et al. (2017). Nevertheless, 
coccolithophores are currently not a relevant species in the Baltic Sea. 

5. Conclusions 

This work presented an unprecedented dataset of RRS(λ) spectra ac
quired during cyanobacteria blooms in the Baltic Sea from the GDLT and 
HLT AERONET-OC sites between 2018 and 2020. It benefitted of the 
most recent AERONET-OC instrument series providing data at addi
tional centre-wavelengths and at higher frequency with respect to those 
operated up to 2017, fundamental to identify rapid changes in RRS(λ) 
features. AERONET-OC data usually discarded by the quality assurance 
process, but useful to detect cyanobacteria attributes during bloom 
events, were also considered. The analysis of AERONET-OC data 
allowed to investigate the radiometric features and the temporal evo
lution characterizing cyanobacteria blooms in the Baltic Sea and addi
tionally to evaluate the capability of satellite data products to reproduce 
these features. Specifically, the analysis of in situ AERONET-OC data led 
to the following conclusions:  

a. In situ RRS(λ) in the Baltic Sea, as determined from time-series from 
the GDLT and HLT sites, show an almost regular increase across the 
spectrum as a function of the accumulation of cyanobacteria during 
summer blooms. The observed spectral changes are more pro
nounced at 560 nm, which corresponds to the maximum of the RRS(λ) 
spectra. 

b. In situ RRS(λ) referring to bloom with respect to non-bloom occur
rence, exhibit spectral features that can be augmented through 
RRS(λ) band-differences. When solely considering the AERONET-OC 
visible spectral bands, cyanobacteria appear to significantly affect 
the band-differences RRS(560)-RRS(490), RRS(560)-RRS(510), 
RRS(560)-RRS(620), RRS(560)-RRS(665), RRS(620)-RRS(665) and the 
PCI band combination. Nevertheless, it is recognized that in situ 
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matching measurements of phytoplankton concentrations and RRS(λ) 
are needed to quantitatively define relationships between cyano
bacteria concentrations and radiometric indexes. 

The assessment of OLCI and MODIS radiometric products in the 
presence of cyanobacteria instead showed that:  

c. RRS(λ) from satellite ocean colour sensors exhibit low accuracy more 
marked in the blue spectral regions, which largely limits the 
exploitation of blue bands data for quantitative applications. Addi
tionally, some band-ratios specifically proposed for the identification 
of cyanobacteria exhibit low accuracy.  

d. OLCI RRS(665) and the corresponding MODIS RRS(667) show large 
underestimation (up to − 41% for OLCI), potentially impacting the 
effectiveness of the turbid water flag exclusively relying on their 
values.  

e. Conversely, the outstanding agreement between satellite and in situ 
data shown by the spectral differences RRS(560)-RRS(620) and 
RRS(560)-RRS(665) for OLCI or the equivalent RRS(547)-RRS(667) for 
MODIS, indicate that these band-differences could potentially be 
used for cyanobacteria bloom detection and for any related quanti
tative application. Still, caution is suggested in applying these fea
tures in sediment-rich coastal waters because the current data set did 
not allow to evaluate their efficacy in these specific conditions. 

These conclusions are focused on bands common to AERONET-OC 
and ocean colour satellite sensors, but do not exclude the potential 
offered by other bands, for instance in the near-infrared, for cyanobac
teria applications. 

Finally, in situ measurements of phytoplankton biovolume allowed 
to qualitatively evaluate those relations between cyanobacteria con
centration and band combinations potentially relevant for 
cyanobacteria-specific algorithms. A quite strong relation with bio
volume concentrations was found for RRS(665), RRS(560)-RRS(510), 
RRS(560)-RRS(620), RRS(560)-RRS(665), RRS(620)-RRS(665) and the PCI 
band combination applied to OLCI, and for RRS(667) and RRS(547)- 
RRS(667) applied to MODIS. Conversely, these bands and band combi
nations did not appear affected by the presence of other phytoplankton 
blooms in the Baltic Sea, which usually develop deeper in the water 
column and are not characterized by high backscattering properties. 
Further progress could be achieved by the concurrent collection of op
tical and biological field measurements in cyanobacteria bloom 
conditions. 
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