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Abstract: Summer blooms of potentially harmful cyanobacteria are common in the Baltic Sea. Under
clear sky conditions, the cyanobacterial blooms are easily detectable from space. We propose a new
regional algorithm for cyanobacteria biomass estimation from satellite data in the eastern part of the
Gulf of Finland, developed on the basis of field measurements in July–August 2012–2014. The multi-
regression equation defines the cyanobacteria biomass as a function of the particle backscattering
coefficient and chlorophyll concentration. The use of this equation provides the best performance in
comparison to the linear one, which is reflected in both R2 and RMSE values (0.61 and 272 mg m−3

respectively). Unlike other algorithms, which determine only the cyanobacteria bloom area in the
Baltic Sea, our algorithm allows the determination of both a bloom area and its intensity. Considering
the algorithm errors, the bloom detection threshold has been shifted from the 200 mg m−3 determined
by biologists to 300 mg m−3. Based on data from the MODIS-Aqua satellite ocean color scanner,
the spatial and temporal variability of cyanobacterial blooms in this region from 2003 to 2022 was
analyzed. Significant interannual variability of cyanobacteria biomass was revealed in the central part
of the studied region, with minimum values in 2014 and maximum in 2004. The record bloom during
the studied period occurred in July 2004 (the average cyanobacteria biomass was 780 mg m−3). The
weakest blooms were observed in 2009, 2010, and 2014, when both in July and August, the bloom
areas did not exceed 30% of the study region.

Keywords: cyanobacteria bloom; Baltic Sea; MODIS; particle backscattering coefficient; chlorophyll
concentration

1. Introduction

Massive blooms of cyanobacteria (also known as blue-green algae) affect the Baltic Sea
almost every summer. However, there is growing evidence that they are likely to expand
even further in the coming decades due to ongoing eutrophication, rising atmospheric CO2
concentrations, and global warming [1]. On cloudless days, satellite sensors capture these
blooms well [2–12].

Cyanobacteria biomass (Bcyan) is one of the main indicators for the Baltic Sea eu-
trophication assessment [13]. The phytoplankton monitoring of the HELCOM COMBINE
(Cooperative Monitoring in the Baltic Marine Environment) program includes in situ Bcyan
measurements carried out during the summer months (June–August) for the entire Baltic
Sea. An annual report about cyanobacteria biomass is published on the HELCOM website
in the Baltic Sea Environment Fact Sheet section [14]. Note that during the period 1990–2019,
throughout the Baltics, the highest values of Bcyan were observed in the Gulf of Finland.
In 2004, Bcyan in the Gulf of Finland broke the record and reached 7470 mg m−3.

J. Mar. Sci. Eng. 2023, 11, 1746. https://doi.org/10.3390/jmse11091746 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11091746
https://doi.org/10.3390/jmse11091746
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-7792-8489
https://orcid.org/0000-0001-5641-4227
https://doi.org/10.3390/jmse11091746
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11091746?type=check_update&version=1


J. Mar. Sci. Eng. 2023, 11, 1746 2 of 14

Satellite data along with in situ data are actively used to monitor the cyanobacteria
blooms in the Baltic Sea. Since 2002, from June to August (or longer when blooms continue),
maps of cyanobacteria blooms in the Baltic Sea appear daily on the website of the Swedish
Meteorological and Hydrological Institute (https://www.smhi.se/en/weather/sweden-
weather/the-algae-situation, accessed on 4 September 2023), and an annual report has
been published on the HELCOM website [15] since 2004. However, the algorithms for the
operational assessment of cyanobacterial blooms based on satellite data determine only its
areas [4–7], whereas the number of bloom days or pixels marked determines the intensity
of bloom.

There are several methods for estimating phycocyanin concentration (PC) as an indi-
cator of cyanobacterial blooms [11,12,16,17], which can be applied to satellite ocean color
data such as MERIS (Envisat) or OLCI (Sentinel-3). MERIS has several spectral bands in the
red and near-infrared that allow spectral shape algorithms to target strong blooms [18,19].
Forms of these algorithms for MERIS data include Fluorescence Line Height (FLH) [20], the
Maximum Chlorophyll Index (MCI) [18], and the Cyanobacteria Index (CI) [19]. MODIS
has a band similar to MERIS, centered at 678 nm, which suggests the possible application
of an equivalent algorithm to calculate the CI [21]. The analysis of CI for MODIS data
showed that the CIMODIS identifies the same blooms detected with CIMERIS, with similar
spatial patterns [22]. Hu developed a novel ocean color index, the Floating Algae Index
(FAI), and used it to detect floating algae in open ocean using medium-resolution (250 and
500 m) data from MODIS [23]. The PC and MCI algorithms have been tested to monitor
cyanobacterial blooms in the Baltic Sea [2,3,11,12].

Here, we present a regional algorithm for estimation of the cyanobacteria biomass
based on satellite data in the eastern part of the Gulf of Finland, developed on the basis
of in situ measurements in July–August 2012–2014. The novelty of our algorithm lies in
the ability to determine not only a bloom area, but also its intensity. The article has two
goals: to evaluate the accuracy of the new regional algorithm and to study the interannual
variability of Bcyan in selected regions using satellite data and the developed algorithm.
The MODIS-Aqua satellite ocean color scanner data made it possible to analyze the spatial
and temporal variability of Bcyan in this region from 2003 to 2022.

2. Materials and Methods
2.1. In Situ Data

Three summer expeditions (from late July to early August 2012–2014) aboard the
yacht Centaurus II in the eastern part of the Gulf of Finland between the islands of Kotlin
and Gogland provided the in situ data for the study. The in situ dataset includes direct
determinations of the total biomass of phytoplankton and cyanobacteria in the surface
layer, the concentration of chlorophyll a (Chl), as well as the subsurface radiance reflectance
ρ(λ) in the visual spectral range. To develop the algorithm, data from 28 stations were used,
where the Bcyan value exceeded 20 mg m−3 (Figure 1). At some stations near the Neva
Bay, the biomass of cyanobacteria exceeded 1000 mg m−3.

Phytoplankton biomass and chlorophyll samples, collected with a Ruttner water
sampler, represent integral values in the euphotic zone, defined as a tripled depth of the
Secchi disk. The phytoplankton samples (0.5 L) were fixed in Lugol’s iodine solution with
an admixture of formaldehyde and acetic acid. Chlorophyll concentration was measured
by filtering 500–1000 mL of water through a membrane filter with a pore diameter of about
0.8 µm. The concentration of chlorophyll a was determined in acetone extraction by the
spectrophotometric technique recommended by UNESCO [24].

https://www.smhi.se/en/weather/sweden-weather/the-algae-situation
https://www.smhi.se/en/weather/sweden-weather/the-algae-situation
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Figure 1. Location of stations in the eastern part of the Gulf of Finland.

A floating spectroradiometer was used to measure the subsurface spectral radiance
reflectance ρ(λ) [25]. The spectral measurement range is 390–700 nm, the band resolution
is 2 nm. The measurement accuracy is about 5%. The spectra of ρ(λ) allow the use of
regional algorithms to calculate such bio-optical parameters as particle backscattering
coefficient, chlorophyll, and suspended matter concentrations; in addition, these data give
us an opportunity to estimate atmospheric correction errors [26].

2.2. Satellite Data

We used the MODIS-Aqua satellite spectroradiometer data available on the NASA
website (http://oceancolor.gsfc.nasa.gov, accessed on 4 September 2023). For the evalua-
tion of cyanobacteria blooms, the values of the spectral remote sensing reflectance Rrs(λ)
with a spatial resolution of 1 km (Level L2) were used. The spectral subsurface radiance
reflectance ρ(λ), introduced above, is related to Rrs(λ) by the simple formula (Equation (25)
in [27]).

The MODIS-Aqua data used for the spatial and temporal variability of cyanobacteria
biomass cover almost the same region as the in situ measurements: it is bounded by 26◦ E
in the west and by the line of a storm-surge barrier (dam) in the east. The monthly average
(July and August) and seasonal distribution of cyanobacteria biomass for 2003–2016 for the
selected region was calculated. The calculations were limited only to July and August, as
these months are characterized by intense blooms, while the June blooms are irregular and
much weaker. The resulting monthly and seasonal Level L3 distributions were obtained
by averaging the Level 2 distribution over a given of 2 × 2 km bin and filtering out the
pixels flagged as LAND, CLDICE, and STRAYLIGHT, the latter flag allows the elimination
of errors related to the edge of the cloud and the proximity of the coast.

2.3. Accuracy Assessment Metrics

The statistical metrics for the Bcyan models were the coefficient of determination R2,
the root-mean-square error RMSE, the coefficient of variation CV. RMSE and CV were
calculated using the formulas:

RMSE =

√
1
N ∑N

i=1

(
ymod

i − ymeas
i

)2, (1)

CV = 100% × RMSE/
(

1
N ∑N

i=1 ymeas
i

)
. (2)

http://oceancolor.gsfc.nasa.gov
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where ymeas
i is the ith measured and ymod

i is ith modelled value. We also calculated the Ratio
and median percent difference (MPD) for measured and modelled values:

Ratio = median

(
ymod

i
ymeas

i

)
, (3)

MPD = median

(
100%·

∣∣∣∣∣ymod
i − ymeas

i
ymeas

i

∣∣∣∣∣
)

. (4)

2.4. Development of a Regional Algorithm for Estimating the Cyanobacteria Biomass

Kahru et al. proposed an algorithm [6,7] for the estimation of blooming areas in the
Baltic Sea. It is based on the use of satellite Rrs values (667 nm channel for MODIS-Aqua),
where a pixel is labelled with a “blooming” mark when the Rrs value exceeds the given
threshold. Figure 2 presents examples of Rrs(λ) spectra obtained using the formula [27]
from the ρ(λ) spectra measured with the floating spectroradiometer in 2014. Indeed, for
cyanobacterial bloom stations, where Bcyan exceeded 200 mg m−3, the Rrs(667) values
exceed the threshold value of 0.0012; moreover, the Rrs(667) values are commensurate with
Bcyan values. There are features of the Rrs(λ) spectra, previously detected from the data
of 2012 and 2013 [26] that are especially evident for the 1F5 station, notable for the record
Bcyan value of 2065 mg m−3. The Rrs maximum near 650 nm between the two minima at
620 and 680 nm is presumably associated with phycocyanin fluorescence at 650 nm, while
a sharp minimum at 620 nm is related to the phycocyanin absorption maximum. Note that
phycocyanin pigment makes it possible to identify the presence of cyanobacteria [28].
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Figure 2. Examples of the spectral remote sensing reflectance Rrs(λ) derived from the ρ(λ) spectra
measured with the floating spectroradiometer in 2014. The grey bar shows the threshold Rrs(667)
value for determining the cyanobacteria bloom according to the algorithm [7].

The main disadvantage of the Kahru algorithm is that it determines only the bloom
area and it does not allow the estimation of the intensity of bloom. The proposed algo-
rithm for estimating the biomass of cyanobacteria from satellite data makes it possible to
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determine both the area and the intensity of bloom. Two bio-optical products were used
to create this algorithm; the algorithms for determining which satellite data were previ-
ously developed by us. Instead of the Rrs(667) values, we used the particle backscattering
coefficient bbp, which is already “free” from the absorption influence. Another option is
to use the chlorophyll a concentration value; according to [29], the correlation coefficient
R between the average values of Bcyan and Chl, calculated from field measurements of
2004–2011, is 0.81.

Table 1 presents the results of testing the above options, as well as the use of the
multi-regression equation to determine Bcyan from bbp and Chl. In these calculations, the
in situ measured Chl were used, and the bbp values were calculated from the in situ spectra
of subsurface radiance reflectance ρ(λ); a brief description of the bbp calculation algorithm
is available on the website (http://optics.ocean.ru, accessed on 4 September 2023) and
in more detail, see [30]. The multi-regression equation provides the best results with the
highest R2 values and the smallest deviations between the modelled and measured Bcyan
values; therefore, it was chosen for all subsequent Bcyan calculations. The workflow of the
algorithm is presented in Figure 3.

Table 1. Comparison of algorithms for cyanobacteria biomass calculations.

Algorithm R2 RMSE, mg m−3 CV, % Ratio MPD, %

bbp based:
Bcyan = 64.6 bbp 103 − 263

0.55 282 75 1.5 60

Chl based:
Bcyan = 92 Chl + 6 0.50 304 81 1.1 52

Multi-regression:
Bcyan = 45 bbp 103 + 38.5 Chl − 227 0.61 272 72 1.4 54
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Figure 4a shows a comparison of the Bcyan values calculated from the field data (Bcyan
model) and measured (Bcyan measured). The regression algorithm provides satisfactory
agreement with the measured Bcyan values. The mean values for the measured and model
values of Bcyan are in close agreement and equal to 378 mg m−3. The Ratio for all 28 stations
is 1.4. However, one can see in Figure 4a that overestimation of Bcyan occurs mainly for
stations where Bcyan values were less than 200 mg m−3, where there was no bloom [31].
Indeed, for 17 stations, where Bcyan > 200 mg m−3, the Ratio is 0.9, and for 11 stations with
Bcyan < 200 mg m−3, it is already 2.4.

http://optics.ocean.ru
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Figure 4. Comparison of the Bcyan values (mg m−3): calculated (Bcyan model) versus measured
(Bcyan measured) in 2012–2014: (a) with field data; (b) with satellite data. The dashed line shows the
perfect agreement.

3. Results
3.1. Validation of the Algorithm with Satellite Data

To validate the algorithm on satellite data, the average distributions of Bcyan for the
periods of the expedition (26–30 July 2012; 24 July–2 August 2013; 25 July–2 August 2014)
were generated using the multiple regression formula. The concentration of chlorophyll was
calculated using a regional algorithm [26]. Thus, it was possible to obtain Bcyan estimates
for 24 stations from MODIS-Aqua data. The comparison of Bcyan values measured and
calculated from satellite data is shown in Figure 4b. As expected, the correspondence
between measured Bcyan and model Bcyan using satellite data is worse than for the field
dataset (Figure 4a). However, the resulting discrepancy is not very large. The coefficient
of determination R2 is 0.53, the RMSE is 427 mg m−3, the averages for the measured and
model Bcyan are 398 and 434 mg m−3, respectively. The Ratio for all 24 stations is 0.87. At
the same time, as in the case of field dataset (Figure 4a), the Ratio is 0.75 for 15 stations with
an evident bloom, and it is equal to 2.1 for nine stations without bloom.

When satellite data were used, deterioration in the correspondence between the model
Bcyan and the measured ones was expected. Most likely it is due to the averaging. In our
calculation, the satellite data were averaged both over space (the size of a pixel of the input
L2 level is about 1 km, and at the L3 level, it equals to 2 km) and over time (about 1 week
during expeditions). Time averaging was necessary due to the lack of appropriate satellite
data for field measurements under cloudy conditions. Only in 2014, for almost all stations
(eight from nine), L2 satellite data was available, while the discrepancy between satellite
and field measurements time did not exceed 6 h. As a result, it was possible to compare the
correspondence indicators between the model Bcyan calculated for different input dataset
and measured Bcyan (Table 2). The first set of input data (#1 in situ) was obtained from the
field measurements (Rrs and Chl); the same data were used to derive the algorithm. The
second dataset (#2 MODIS L2, 1 px) was generated from the MODIS-Aqua L2 data using
the nearest pixel to the station. The third dataset (#3 MODIS L2, 9 px) was also based on the
MODIS-Aqua L2 data, but averaging was carried out for the nine nearest pixels. The fourth
dataset (#4 MODIS L3) was generated with the MODIS-Aqua L3 data averaged during the
expedition (25 July–2 August 2014) as a mean of 5–7 satellite overpasses; the size of bin was
2 km.
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Table 2. The parameters of correspondence between the model and measured Bcyan for 8 stations in
2014. The model Bcyan were computed for the different input datasets (see text for details).

Input Dataset <model> *,
mg m−3

<model>/
<measured> R2 RMSE,

mg m−3 Ratio Range of
‘mod/meas’

#1 in situ 522 0.83 0.59 428 1.31 0.34–3.61
#2 MODIS L2, 1 px 527 0.84 0.66 393 1.53 0.53–3.41
#3 MODIS L2, 9 px 564 0.90 0.75 332 1.45 0.58–4.18

#4 MODIS L3 506 0.81 0.56 443 1.22 0.42–7.40

*—<model> is average value of Bcyan model; <model>/<measured> is the ratio of the mean values of Bcyan
model and measured; R2 is coefficient of determination; RMSE is root-mean-square error; Ratio is median value of
the ratio of Bcyan model to Bcyan measured; ‘mod/meas’ is ratio of Bcyan model to measured.

Table 2 shows that all four input datasets yield very similar results. Based on the coeffi-
cient of determination, the RMSE, and the ratio of the mean values <model>/<measured>,
the best match between the model and measured values is with the MODIS-Aqua L2 data
with averaging over the nine nearest pixels (#3 MODIS L2, 9 px). It is even better than
using the field dataset (#1 in situ). If judging by the Ratio value, then the best match is for
the MODIS-Aqua L3 dataset (#4 MODIS L3). The other statistical metrics of the dataset (#4
MODIS L3) differ insignificantly from those for the considered datasets, and they seem
to be close to the statistical parameters of the field data (#1 in situ). This suggests that
time-averaged satellite data can be used for both the algorithm validation and investigation
of the spatial and temporal variability of Bcyan. Note that Table 2 only represents results
for eight stations and that the field data, both the measured Bcyan and input values of Rrs
and Chl in the dataset (#1 in situ), contain measurement errors.

Figure 5 presents another attempt to validate the algorithm of Bcyan estimation from
satellite data. The average field values of Bcyan, measured during summer expeditions
(late July–early August) in the eastern part of the Gulf of Finland in 2004–2011 [29] are
compared with values of Bcyan calculated from satellite data. To better match the field data,
the MODIS-Aqua estimates were generated over the expedition period (about one week),
and the region for calculating the mean Bcyan was reduced (it is bounded in the west by
the 27◦ E, which passes through the island of Gogland). The in situ average values were
obtained from measurements for about 20 stations, while satellite estimations of Bcyan
in the given region were calculated by averaging over approximately 2000 pixels. This
leads to a significant difference between the measured and estimated-from-satellite data
Bcyan values. Nevertheless, Figure 5 shows that the estimates from satellite data confirm
the cyanobacteria biomass reduction in 2009–2011 compared to 2004–2007, which can be
related to the invasion of polychaetes Marenzelleria arctia [29]. But according to satellite
estimations, the decrease in Bcyan was not as sharp (only about three times) as in the field
data (about seven times).
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3.2. Threshold for Determining the Cyanobacteria Bloom

According to [31], cyanobacteria vital activity may be considered as “blooms” at
a biomass concentration of about 200 mg m−3 in the mixed upper layer of the water.
According to the Kahru algorithm for MODIS-Aqua [6,7], a pixel receives a “blooming”
mark if Rrs(667) > 0.0012. An example of bloom areas comparison on 25 July 2014, according
to the Kahru and our algorithms, is shown in Figure 6. Apparently, the locations of
the bloom regions are similar for both algorithms, but there are negligible differences,
particularly near the shore. Using the biologists’ bloom threshold value for field data
(Bcyan = 200 mg m−3), the bloom area by our satellite algorithm appears much larger than
by the Kahru algorithm, 4380 versus 2574 km2, respectively. Considering the errors in the
satellite Bcyan algorithm, the Bcyan bloom absence threshold should be shifted to a value
of Bcyan = 300 mg m−3. In this case, the resulting bloom area estimated by our algorithm
is 2579 km2, and the bloom areas estimated by both algorithms almost coincide. Further
in our study (Section 3.3), value Bcyan = 300 mg m−3 has been used as a threshold for
determining the cyanobacteria bloom area from satellite data.
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3.3. Interannual Changes of the Cyanobacteria Blooms’ Characteristics

To study the spatial and temporal variability of cyanobacteria biomass in the eastern
part of the Gulf of Finland, the mean distributions of cyanobacteria biomass in 2003–2022
for months of the bloom season (July–August) were calculated using the MODIS-Aqua
data with the help of the developed algorithm. The maps of mean monthly distributions
are available in the SIO RAS electronic bio-optical Atlas (http://optics.ocean.ru, accessed
on 4 September 2023).

Figure 7 shows the variability of the monthly mean values of Bcyan in the study region
in 2003–2022. As one can see, almost all the years when obvious blooms were observed,
the Bcyan value was higher in July than in August. Only in 2015 and 2020 did the average
Bcyan values in August significantly exceeded those in July. The record bloom during
the studied period occurred in July 2004 (<Bcyan> = 780 mg m−3). Figure 7 also agrees
well with the conclusion about a significant reduction in the blue-green algae biomass in
2009–2011 compared to 2004–2008 [29].

http://optics.ocean.ru
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Figure 7. Variability of the monthly mean values of Bcyan (mg m−3) in the eastern part of the Gulf of
Finland in 2003–2022. The horizontal dotted line is the threshold value for cyanobacteria blooms.

The analysis of the interannual variability of cyanobacterial bloom areas (Figure 8) is
based on the monthly distributions of Bcyan. The assessment of these areas shows that the
maximum cyanobacteria bloom in the eastern part of the Gulf of Finland usually happens
in July, similarly to findings based on analysis of mean values of Bcyan. In July 2004, 2005,
and 2008, the bloom areas occupied more than 90% of the region area; in August 2015 and
2020, they occupied89 and 92%, respectively. The weakest blooms were observed in 2009,
2010, and 2014, when both in July and August, the bloom areas did not exceed 30% of the
study region.
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Figure 8. Variability of the monthly mean values of cyanobacteria bloom area (103 km2) in the eastern
part of the Gulf of Finland in 2003–2022. Value Bcyan = 300 mg m−3 is used as a threshold for
determining the cyanobacteria bloom area.

Figure 9 presents maps of mean distributions of Bcyan for the bloom season (July–
August) from 2003 to 2022, while Table 3 gives the statistical parameters. Almost every year,
maximum values of Bcyan (over 900 mg m−3) occur in the estuary of the Neva River, in
the Kaporskaya and Luga Bays. There is considerable interannual variance in Bcyan in the
central part of the studied region from the minimum values in 2014 to the maximum in 2004.
The most intense and extensive blooms fell on 2004–2008, 2015, and 2019–2020: the region’s
average biomass exceeded 400 mg m−3, with bloom areas occupying more than 75% of the
study region. The record bloom was observed in 2004: average <Bcyan> = 598 mg m−3;
100% of the area was occupied by the bloom; 43% of the study region was occupied by
intensive bloom with Bcyan > 600 mg m−3. The weakest blooms were in 2009, 2010, and
2014: the average biomass in the region did not exceed 250 mg m−3, while the bloom areas
occupied less than 25% of the region.
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Table 3. Characteristics of mean distributions of Bcyan for bloom season (July–August) in the eastern
Gulf of Finland for 2003–2022: the region-average cyanobacteria biomasses <Bcyan> and standard
deviations; bloom areas with Bcyan exceeding 300 and 600 mg m−3; the numbers in parentheses
indicate the proportion of blooms in relation to the area of the region.

Year
<Bcyan>,
mg m−3

Bloom Area, 103 km2

>300 mg m−3 >600 mg m−3

2003 297 ± 148 5.1 (35%) 0.7 (5%)
2004 598 ± 205 14.5 (100%) 6.2 (43%)
2005 434 ± 182 12.6 (87%) 2.1 (15%)
2006 422 ± 219 11.2 (77%) 1.6 (11%)
2007 543 ± 308 13.6 (94%) 3.3 (22%)
2008 401 ± 265 8.2 (56%) 1.9 (13%)
2009 247 ± 150 3.0 (21%) 0.5 (3%)
2010 231 ± 135 2.7 (19%) 0.4 (3%)
2011 289 ± 150 5.2 (36%) 0.4 (3%)
2012 325 ± 181 6.2 (43%) 0.8 (5%)
2013 347 ± 209 7.1 (49%) 1.4 (9%)
2014 240 ± 205 3.0 (20%) 0.9 (6%)
2015 498 ± 313 11.3 (78%) 3.3 (23%)
2016 283 ± 173 4.4 (30%) 0.8 (6%)
2017 289 ± 204 4.3 (30%) 0.9 (6%)
2018 360 ± 121 9.9 (68%) 0.4 (3%)
2019 451 ± 163 13.6 (94%) 1.5 (10%)
2020 518 ± 256 13.1 (91%) 3.7 (26%)
2021 302 ± 142 6.1 (42%) 0.6 (4%)
2022 365 ± 217 8.4 (58%) 1.6 (11%)

2003–2022 372 ± 107 8.2 (56%) 1.6 (11%)
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The interannual variability of the region average cyanobacteria biomass <Bcyan>,
shown in Table 3, is in good agreement with the results of in situ measurements in the
Gulf of Finland performed during the HELCOM COMBINE program [14]. Considering the
apparently expected discrepancy between satellite estimates and in situ measured values
of cyanobacteria biomass, and only a partial overlap for data acquisition areas (in situ
HELCOM COMBINE measurements were carried out mainly in the western part of the
Gulf of Finland), the obtained coincidence of the average <Bcyan> values over the region is
especially remarkable.

Figure 2 from the HELCOM Baltic Sea Environment Fact Sheet 2020 [14] maintains
that for the period 2003–2019, the maximum values of Bcyan were observed in 2004, 2015,
and 2018. The region average values of cyanobacteria biomass <Bcyan> calculated using
satellite data (Table 3) and in situ measurements [14] are very close as well: in 2004, the
satellite value of <Bcyan> is 598 against in situ estimates about 625 mg m−3, while in 2015,
these estimates are about 500 and 490 mg m−3, respectively.

For years with weak cyanobacteria bloom, the coincidence of satellite and in situ
assessments of <Bcyan> turned out worse. According to in situ data, the minimum
cyanobacteria biomass was observed in 2014, when <Bcyan> were about 140 mg m−3,
versus ~240 mg m−3 from satellite data. At the same time, according to satellite estimates,
2014 is one of the three weakest blooming years. The greatest difference between satellite
estimates of <Bcyan> and in situ values occurred in 2007: 543 versus 200 mg m−3. A
possible explanation of the disagreement is that 2007 intensive bloom and high Bcyan
values were observed in the northeastern part of the study region (Figure 9), outside the in
situ data coverage. Additionally, the authors of [29] suggest that the introduction of Maren-
zelleria arctia polychaetes caused a decrease in <Bcyan> starting 2009. Since the polychaetes
introduction in the western part of the region occurred earlier than in the eastern part, the
decrease in <Bcyan> came into effect earlier.

The satellite and in situ average Bcyan values for the period 2003–2019 are in good
agreement: 368 and 330 mg m−3, respectively.

4. Discussion

We present the regional algorithm for cyanobacteria biomass assessment in the eastern
part of the Gulf of Finland using satellite data. The algorithm was developed on the basis
of field measurements in July–August 2012–2014. According to the measurement data,
the cyanobacteria biomass correlates with two bio-optical characteristics of water: the
chlorophyll a concentration (the coefficient of determination R2 = 0.50) and the particle
backscattering coefficient (R2 = 0.50). The multi-regression equation with these two param-
eters provides the best correlation (R2 = 0.61) and the smallest Bcyan determination errors
(RMSE is 272 mg m−3, median percent difference is 54%). At the same time, for stations
with cyanobacteria blooms, the relative errors are much smaller.

The proposed algorithm makes it possible to determine both the area of cyanobacteria
bloom and its intensity. Considering the algorithm errors, the threshold value for bloom
detection was shifted from 200 mg m−3 determined by biologists [31] to 300 mg m−3.

The MODIS-Aqua ocean color data gave us an opportunity to analyze the spatial and
temporal variability of cyanobacteria blooms in the eastern part of the Gulf of Finland from
2003 to 2022. Almost every year, the maximum values of Bcyan (more than 900 mg m−3)
are observed in the estuary of the Neva river, in the Kaporskaya and Luga bays. In the
central part of the region under study, there is a significant interannual scatter of Bcyan
from the minimum values in 2014 to the maximum in 2004. The bloom record was observed
in 2004: average <Bcyan> = 598 mg m−3; 100% of the area was occupied by the bloom;
43%—intensive bloom with Bcyan > 600 mg m−3. The interannual variability of the region-
averaged cyanobacteria biomass <Bcyan> is in good agreement with in situ measurements
in the Gulf of Finland [14] obtained within the HELCOM COMBINE program.

The proposed algorithm makes it possible to use satellite data from all known ocean
color scanners, including SeaWiFS, VIIRS, MODIS, and OLCI. The algorithm can be used for
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real-time monitoring of cyanobacteria blooms in the region with a spatial resolution up to
300 m, according to OLCI data, as well as to analyze interannual variability since 1998, when
SeaWiFS data became available. There are recent applications of remote sensing data for
the Baltic Sea. For instance, there are emerging opportunities to utilize these data for time-
series monitoring of shorelines, classification of coastal regions, and wetland monitoring
in the Baltic Sea [32–34]. Note that this algorithm can be applied to AERONET-OC Rrs
data [35], which are free from atmospheric correction errors. In addition, the developed
algorithm will allow in the future not only the monitoring of harmful algal blooms in
the study area, but the exploration of the relationship between bloom characteristics and
marine hydrological factors [36].

5. Conclusions

A regional algorithm for estimating the biomass of cyanobacteria and their bloom area
in the eastern part of the Gulf of Finland in the Baltic Sea has been developed and validated.
It is based on field bio-optical measurements and direct species composition determinations
carried out in July–August 2012–2014 in the eastern part of the Gulf of Finland. The
algorithm uses the particle backscattering coefficient and chlorophyll concentration as
input parameters. The Bcyan values are calculated according to a multi-regression equation,
which provides better performance than a linear one, resulting in both R2 and RMSE values
(0.61 and 272 mg m−3, respectively). Unlike other algorithms [6,7], which determine only
the bloom area, our algorithm also allows the estimation of its intensity. Note that the
location of bloom areas is the same for both types of algorithms, with minor differences
near the shore. Taking into account the errors in the satellite Bcyan algorithm, we shifted
the bloom threshold to Bcyan = 300 mg m−3. According to the results of the analysis of
the processed MODIS ocean color data for the period 2002–2022, significant interannual
variability of cyanobacteria biomass in this region was revealed. For almost all the years
when blooms were observed, the Bcyan value was higher in July than in August. The record
bloom during the study period occurred in July 2004 (the average Bcyan value was equal
to 780 mg m−3). The weakest blooms were observed in 2009, 2010, and 2014, when both in
July and August, the bloom areas did not exceed 30% of the study region. These results are
in good agreement with the in situ measurements in the Gulf of Finland obtained within
the framework of the HELCOM COMBINE program [14]. It is shown that the agreement
between direct measurements and satellite data is higher for cases of more intense blooms.
Maps of mean monthly distributions are available in the electronic bio-optical Atlas of the
SIO RAS (http://optics.ocean.ru, accessed on 4 September 2023) [37].
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