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Harmful algal blooms (HABs) caused by the dinoflagellate Alexandrium minutum can pose risks to human and
ecosystem health. HABs of different species can coexist in coastal waters and accumulate near the shoreline,
challenging their detection through Earth observation (EO). In this study, we use in situ geo-bio-optical and
taxonomical data from the Rias Baixas (NW Spain) to develop a new method for identifying high-concentration
blooms of A. minutum and its application to Sentinel-2 Multispectral Instrument (S2 MSI). Our approach named
A. minutum index (AMI) was developed to capture the low absorption and high backscattering properties of
A. minutum cells between 560 and 570 nm. We tested and validated the performance of three atmospheric
correction algorithms (AC) (C2RCC, POLYMER and ACOLITE) using matchups between in situ and satellite-
derived Rys. Results show that C2RCC had the lowest error across most wavelengths. Applying AMI to S2 MSI
indicates that our approach can accurately identify high-concentration blooms of A. minutum (F1 score: 70 %,
Kappa: 68.3 %, balanced accuracy: 87.7 %, MCC: 68.3 %) and discriminate blooms of A. minutum from other
phytoplankton species. We compared AMI with three existing indices for detecting HABs in coastal waters and
found that our approach achieved a better performance, with the NDTI, RGCI and NDCI yielding F1 scores of
21.28, 21.74, and 0.0 % and MCC values of 15.0, 15.0 and 0.0 %, respectively. We also investigated the spatial
resolution of S2 MSI to Sentinel-3 Ocean and Land Colour Instrument (S3 OLCI) for mapping fine-scale variations
in A. minutum blooms. We found that the higher spatial resolution data from S2 MSI were highly useful for
detecting small-scale variations in A. minutum in nearshore waters, enabling their detection in the mid-inner part
of the Rias, where aquaculture activities are more prominent. This study also showcases the significance of
accurate AC in near-shore waters, where high-concentration blooms can be more prevalent. Our findings show
that greater errors in AC are observed in near-shore pixels, where the socio-economic and environmental impact
of HABs are typically more severe.

1. Introduction

Coastal ecosystems are core to our well-being as well as providing
vital resources for established and emerging maritime industries such as
aquaculture, fisheries, tourism and energy (Brown and Jarman, 1978;
Hatcher and Larkum, 1983; Hatcher, 1990; Van der Maarel, 1993; Burke
et al., 2001; Martinez et al., 2007). Of the 5000 discovered species of
living phytoplankton, around 200 of these are known to produce a va-
riety of toxins and are classified as Harmful Algal Blooms (HABs)
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(Sournia et al., 1991; Lundholm et al., 2009). At low abundances, they
can directly harm both human and animal health and negatively impact
essential services provided by coastal ecosystems (Davidson et al.,
2012). In addition to the toxic species, HABs can also be related to non-
toxic microalgae. Non-toxic high-biomass blooms can result in seawater
discolourations, limit light penetration and cause anoxia when they
decay (Anderson, 2009; Hallegraeff et al., 2021). A key challenge in
understanding, predicting and managing HABs in coastal waters relates
to their high degree of diversity (both temporal and spatial) in species
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composition, non-point source nutrients contributing to the onset of
blooms and the inconsistent relationships between biomass and toxicity
(Stauffer et al., 2019).

Traditionally, HAB monitoring involves extensive field surveys or
static monitoring stations, which require further laboratory work
(Anderson et al., 2012b; Anderson et al., 2021). Conventional in situ
methods for HAB detection include morphological structure-based
techniques such as light microscopy and image identification (Dittami
et al.,, 2013; Yang et al., 2023), immunoassay technology (Cho and
Costas, 2004; Gas et al., 2009; Oloketuyi et al., 2020), and nucleic acid
detection methods (Bowers et al., 2017; Kim et al., 2017). Optical based
approaches, such as fluorescence and absorption spectral analysis and
pigment analysis from high-performance liquid chromatography (HPLC)
have also been used to detect and discriminate different phytoplankton
species based on their spectral signature and pigment compositions
(Kirkpatrick et al., 2000; Beutler et al., 2002; Yu et al., 2007). However,
in situ sampling is known to be time-consuming, costly, and not repre-
sentative of the system as a whole (Giardino et al., 2001). Satellite
monitoring provides a cost-effective and efficient means for the early
detection and monitoring of HABs on larger scales (Khan et al., 2021),
although in situ data are still required to confirm the species/toxins
present during a bloom event. Satellite sensors such as NASA’s Moderate
Resolution Imaging Spectroradiometer (MODIS), the Ocean and Land
Colour Instrument (OLCI) onboard ESA’s Copernicus Sentinel-3 A/ B
and The NASA/NOAA Visible Infrared Imaging Radiometer Suite
(VIIRS) have been used extensively to detect and monitor HABs from
space (e.g. Soto et al., 2015; Hu et al., 2015 Karki et al., 2018; Poli-
karpov et al., 2021; Hu et al., 2022; Shin et al., 2022; Li et al., 2022; Guo
et al., 2024).

Various methods have been developed for the detection of dinofla-
gellate Karenia brevis and diatom Pseudo-nitzschia using both bio-optical
and empirical approaches. These include the particulate backscattering
coefficient ratio (Cannizzaro et al., 2008; Cannizzaro et al., 2009),
chlorophyll-a (chl-a) anomaly (Stumpf et al., 2003), spectral shape
(Tomlinson et al., 2009), Normalised Fluorescence Line Height (nFLH)
(Hu and Feng, 2017), the Red-Band Difference (RBD) (Amin et al., 2009)
and more recently, machine learning (Hill et al., 2020; Gonzalez Vilas
et al., 2024; Yao et al., 2023). These techniques have shown promising
results in their respective environments. However, the satellites used in
these studies have moderate to low spatial resolution (300 — 1000 m),
limiting the detection of smaller HAB patches close to land.

The Multi-Spectral Instrument (MSI) onboard ESA’s Copernicus
Sentinel-2 A/B (S2 MSI) offers the fine-scale resolution required to
monitor HABs at the land-sea interface. With high spatial resolution (10
— 20 m) in four visible bands coupled with high temporal resolution (5
days at the equator), S2 MSI could be effective for monitoring water
quality in near-shore coastal and inland waters (Toming et al., 2016;
Soomets et al., 2020; Pahlevan et al., 2022). However, the potential of
S2 MSI for detecting and monitoring HABs is not yet well integrated into
remote sensing studies of HABs, particularly in coastal waters (I0CCG,
2021). Rodriguez-Benito et al., (2020) and Caballero et al., (2020)
highlight the potential of S2 MSI for detecting red tides in the coastal
waters of Chile and Spain, respectively. Both studies apply the
Normalized Difference Chlorophyll Index (NDCI) described in Mishra
and Mishra (2012) which utilises the red and red edge bands of S2.
However, this is an indicator of chl-a that is present in all phytoplankton
and not necessarily a spectral property that can be used to discriminate
different species. More recently, Detoni et al., (2023) developed the
Normalized Difference Noctiluca Index (NDNI) and applied it to S2
images to detect blooms of Noctiluca scintillans and A. tamarense using
the blue and red edge S2 bands. However, empirical band ratios that
utilise the blue and red bands may be affected more by uncertainties
introduced through the atmospheric correction (AC) process at these
wavelengths (Warren et al., 2019; Pahlevan et al., 2021). Gernez et al.,
(2023) developed an optical bloom type classification based on the S2
remote sensing reflectance (R;s) of 109 red tide spectra covering twenty-
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seven species. The authors highlight that only three species could be
discriminated and found difficulties in separating blooms that shared
similar pigment compositions. This was a step forward in understanding
the bio-geo-optical diversity of monospecific, high-biomass HABs in
coastal waters.

On the Galician Coastline, NW Spain, shellfish farming is a major
source of income contributing to the economy, particularly with mussel
production. Spain is responsible for the production of around 50 % of
mussels in Europe, equating to 11 % of global production (Avdelas et al.,
2021). More than 80 % of this is produced on the Galician Coastline and
has a value of approximately 100 million euros (Iribarren et al., 2010;
Rodriguez et al., 2011, FAO, 2022). High primary productivity due to
seasonal upwelling favours the growth of phytoplankton in the area,
which sustains the aquaculture industry. However, these conditions also
favour the onset of HABs, which can result in seawater discolouration
and the closure of shellfish harvesting areas (Rodriguez et al., 2024).

A. minutum is a species of dinoflagellates that is known to produce a
range of toxins and is responsible for producing paralytic shellfish
poisoning (PSP), which if consumed by humans can be fatal. Cell counts
typically range from 10° - 10® cells/ L and the dynamic species of algae
can adapt to a range of environmental conditions and persist over long
time periods (Anderson et al., 2012a; Chapelle et al., 2015; Lewis et al.,
2018). Historically, A. minutum is known to proliferate within the
coastal embayments of the Rias Baixas and has been associated with
water stability and stratification, with maximum concentrations gener-
ally around 10° cells/L™! and blooms lasting less than one week (Bravo
et al., 2010). However, in recent years the occurrence and severity of
A. minutum blooms in the Rias Baixas are increasing (Nogueira et al.,
2022).

While limited work has been conducted on the detection of Alexan-
drium spp. blooms using satellite measurements in European waters
(Detoni et al., 2023), several studies have shown the potential for the
remote detection of A. tamarense (Keafer and Anderson, 1993), Alex-
andrium spp. (Luerssen, 2001), A. catenella (Li et al., 2020), A. monilatum
(Wolny et al., 2020) and A. fundyense (Devred et al. 2018) in the USA
and Canada. However, little is known about the optical properties and
spectral characteristics associated with these species and many of these
studies use a combination of satellite-derived SST and chl-a, which de-
tects more the environmental conditions that would favour the onset of a
bloom, rather than detecting causative organism of the bloom.

In 2018 and 2023, the Rias Baixas saw two large-scale prolonged
bloom events reaching up to 10° cells/L, resulting in seawater dis-
colourations and lasting more than one month (Nogueira et al., 2022;
Rodriguez et al., 2024). This study aims to characterise the optical
properties of A. minutum at varying cell concentrations and assess the
feasibility and applicability of S2 MSI for the detection and discrimi-
nation of it in diverse and optically complex nearshore waters.

2. Data and methods

2.1 Study Area.

The Rias Baixas are a series of V-shaped estuarine embayments
located along the Southern part of the Galician Coastline, NW Spain.
They are formed by four Rias, from north to south: Muros, Arousa,
Pontevedra and Vigo, all with a SW-NE orientation and characterised by
strong tides (Fig. 1). The Rias Baixas are connected to the North Atlantic
Ocean on the west side by several entrances and have rivers in their
innermost part providing the primary freshwater inputs. This study fo-
cuses on all four Rias and the Bay of Baiona which have a combined
surface area of approximately 600 km?, with depths varying from 5 —
60 m and widths ranging from 1 — 3 km in the inner to 8 — 12 km in the
external parts (Vilas et al., 2005; Spyrakos et al., 2011).

2.1. In situ data collection

Field campaigns were conducted between May 2018 and June 2019
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Table 1
Summary of in situ data collected during the dedicated field campaigns used throughout this paper.
Category Parameter Method/ Instrument Filter paper/ Pore size Reference Number of
Samples
Chlorophyll-a HPLC Whatman GF/F 25 mm Zapata et al., 2000; Van 77
(0.7 pm) Heukelem and Thomas, 2001;
Biochemical Hooker et al., 2009
Total suspended matter Gravimetry Whatman GF/F 47 mm Strickland and Parsons, 1972; 100
(TSM) (0.7 pm) Rottgers et al., 2014
Apparent Remote sensing reflectance Above-water approach TriOS RAMSES/ - Mobley, 1999; Simis and 117
opticalproperties (Rys) WISP-3 Olsson, 2013
(AOP)
Absorption coefficient of Whatman GF/F 25 mm Stramski et al., 2015 98
phytoplankton pigments Filter pad method (spectrophotometer (0.7 pm)
(@phy) equipped with a 150-mm integrating
Absorption coefficient of sphere) Whatman GF/F 25 mm Stramski et al., 2015 98
. nonalgal particles (ayap) (0.7 pm)
Inherent.optlcal Colouregd d[;ssolved organic Spectro-photometry WhatmanNicleopore Mannino et al., 2019 100
properties (IOP) matter (CDOM) (0.2 pm)
Particulate scattering Sea Bird AC-S - Huot et al., 2008 24
coefficient (bp)
Particulate backscattering WET Labs BB3 - Stockley, 2015 24
coefficient(byp)
Water temperature CTD - Mueller, 2003 43
Physical Salinity CTD - Mueller, 2003 43
Depth CTD - Mueller, 2003 43
Taxonomical Phytoplankton abundance Light microscopy - Utermohl, 1958; Gonzalez 22
and identification Vilas et al., 2019
Table 2
Bloom water types based on in situ cell abundance of A. minutum and descriptions.
Bloom water A. minutum (Cells/ L) Dominance Number of Description
Type (%) Samples
1 — — 61 Data collected during the 2019 field campaign. Taxonomical analysis was not conducted.
INTECMAR data show that no A. minutum was recorded during this time.
I 0 - 100,000 0.5—7 10 Presence of A. minutum in low — moderate concentrations. Abundance range causing closures of
shellfish area(s). Mixed phytoplankton assemblage with low dominance of A. minutum.
I 100,000—1,000,000 30—50 6 High concentration A. minutum with potential discolouration of the water. Mixed phytoplankton
assemblage with moderate dominance of A. minutum.
A% 1,000,000—10,000,000 60—90 6 Extremely high concentration A. minutum. A. minutum dominates the total phytoplankton

assemblage.

in the Ria de Vigo (Fig. 1). Bio-geo-optical and taxonomical data were
collected and used to describe the optical properties and spectral char-
acteristics associated with A. minutum. Table 1 highlights the data
collected during all three field campaigns. Data were grouped into three
water types to facilitate analysis (Table 2). Grouping was based on
A. minutum cell abundance taking into consideration its contribution to
the phytoplankton community. Additionally, The Technological Insti-
tute for the Control of the Marine Environment of Galicia (INTECMAR)
routinely monitors marine biotoxins and HABs every week across a
number of fixed sampling points distributed throughout the Rias Baixas
(Fig. 1). These data were used to validate our detection index with
satellite measurements.

2.1.1. Bio-geo-optical and radiometric data

During the dedicated field campaigns, water samples were collected
from the surface (0 - 5 m) and stored in a cool dark place before being
filtered using Whatman (GF/F and nucleopore) filter papers to deter-
mine several geo-bio-optical parameters. These included chl-a, coloured
dissolved organic matter (CDOM), particulate absorption coefficient and
total suspended matter (TSM). Radiometric observations were obtained
using a set of TriOS RAMSES hyperspectral radiometers (n = 92) and the
water insight WISP-3 handheld radiometer (n = 25). Concurrent mea-
surements with the two radiometers were carried out at specific stations
for intercomparison. All measurements were taken at optimal viewing
geometry concerning the sun to measure the water leaving radiance (L),
sky radiance (Lgy) and downwelling irradiance (Eq) above the water’s
surface, following the recommendation from Mobley (1999). R;s were
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calculated from Ly, Lsky and Eq based on the method from (Groetsch
et al., 2017). Between 10 — 100 radiometric measurements were taken at
each station, and the median R, value for each station was finally used
to avoid any contamination involved during the measurement. Ry
spectra were then checked for outliers using a series of quality in-
dicators. First, spectra were inspected for noise and the presence of an
oxygen absorption peak at around 762 nm, and a baseline shift was
performed if necessary following the methods/ code shown in Lehmann
et al. (2023). The in situ Rys measurements were then corrected for re-
sidual reflected skylight using the method by Jiang et al., (2020). Sec-
ondly, we then calculated the Quality Water Index Polynomial (QWIP)
score (Dierssen et al., 2022) for each Ry spectrum. R;s with a QWIP score
exceeding a value of + 0.2 were removed.

2.1.2. Taxonomical data

The taxonomical data obtained during the field campaigns (n = 22)
were used to describe the optical properties and spectral characteristics
associated with A. minutum and develop our detection index. Addition-
ally, identification of phytoplankton species and abundance between
2016 — 2023 in the Rias Baixas were obtained from the weekly HAB
monitoring programme operated by INTECMAR (https://www.inte
cmar.gal/) and was used for validating our detection index (n = 184).
All samples were analysed using light microscopy by experts at
INTECMAR. Total abundances (in cells L) for a given taxonomic group,
i.e. Dinophysis acuminata, Dinophysis acuta, Gymnodinium catenatum,
Alexandrium spp. and Pseudo-nitzschia spp., are counted using an inver-
ted light microscope at 250x and 400x magnification (Utermohl, 1958;
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Table 3
Summary of indices used to evaluate the performance of bloom detection methods using S2 MSI.
Technique Index Target parameter/ algae species Published Optimised Region Reference
Threshold Threshold
Normalized difference Ry5(705) — Rr5(490) N. scintillans and A. tamarense —0.3 > NDTI —0.62 > NDTI NW Spain Detoni et al.. 2023
Noctiluca index (NDTI) Ry5(705) + Rys(490) <0.3 < 0.25 o
Normalized difference R:5(705) — Ry5(665) chl-a, Lingulodinium polyedra and NDCI > 0 NDCI > —-0.11 NW Spain, , . .
Chlorophyll index (NDCI) ~ Ry(705) + Rys(665) Lepidodinium chlorophorum Chile Rodriguez-Benito etal., 2020;
Caballero et al., 2020
Red-Green-Chlorophyll- Ry5(665) Chl-a, K. Brevis RGCI > 0.22 RGCI > 0.25 West Florida . e
Index (RGCI) R(560) Shelf Qi et al., 2015; Yao et al.,

2023

Gonzalez Vilas et al., 2019).

2.2. Sentinel-2 MSI data processing

56 Sentinel-2 MSI level 1-C satellite products that matched up with in
situ measurements were processed over the Rias Baixas. The S2 MSI
images were resampled to 20 m x 20 m resolution before subsetting to
the area of interest. We then performed valid pixel (VP) identification
through IdePix (Skakun et al., 2022). All pixels identified as invalid,
cloud, cloud_ambiguous, cloud_sure, cloud_buffer, cloud_shadow, cir-
rus_sure, cirrus_ambiguous, land and vegrisk were flagged and not
considered further in the analysis. All remaining VPs were subject to
atmospheric correction (AC) through the POLYMER v4.16 (Steinmetz,
et al.,, 2011), C2RCC v1.0 (Brockmann, et al., 2016) and ACOLITE
v20231023 (Vanhellemont and Ruddick, 2014) algorithms to obtain R
using the default settings. The performance of the obtained satellite-
derived Rys was then evaluated against the in situ Ry. VPs were then
quality controlled using QWIP, with the same conditions outlined in
section 2.2.1. Finally, satellite matchups were considered valid if the in
situ data were collected within a + 3h window from the MSI overpass
and if there were 9 VPs within a 3 x 3 window around the in situ sampling
point. The average R, and cell abundance within the 3 x 3 window were
extracted and compared with in situ Ry for testing the AC and developed
detection index. Overall, n = 45 matchups were obtained to validate the
efficacy of the ACs and n = 184 matchups to validate our detection index
method

2.3. Performance metrics

The mean absolute percentage error (MAPE), median symmetric
accuracy (MdSA), symmetric signed percentage bias (SSPB) and median
absolute percentage difference (MAPD) were used to evaluate the per-
formance of the three AC algorithms outlined in section 2.3 (Morley
et al., 2018; Seegers et al., 2018). A confusion matrix was used to vali-
date the A. minutum detection index and report on the number of true-
positive (TP), true-negative (TN), false-positive (FP) and false-negative
(FN) classification instances. Additionally, the F1 score, Matthews Cor-
relation Coefficient (MCC), balanced accuracy, precision and Kappa
coefficient were calculated to determine the overall classification ac-
curacy. The equations used to calculate the validation metrics are as
follows:

(.Yi - }’p> 100

wenfofee))) -

wrso{om 1) o)) )

R~
MAPE=_% | )

(2)
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MAPD = M M
Yo

4

Where y; is the in situ measurement and y, is the corresponding esti-
mated value and n is the number of observations.

F1 = % *100 5)
TP = ﬁ ®)
TN = % )
FP= ﬁ ®
N = % ©)
Balanced Accuracy = M 10)
Precision = ﬁ an
Kappa = % 12)
MCC — TP*TN — FP*FN (13)

/(TP + FP)(TP + FN)(TP + FP)(IN + FN)

Where f is the observed agreement and f. is the expected agreement.

2.4. Evaluation with bloom detection methods using Sentinel-2 MSI

We tested the performance of bloom detection using AMI against
three published indices that have been used for the detection of di-
noflagellates in coastal waters (Table 3). Note that the Red-Green-
Chorophyll-Index (RGCI) (Le et al., 2013) was originally developed for
MODIS R5(665)/ R;5(547) and SeWiFS R.5(670)/ Ry(555). S2 bands
R;5(665)/ Ry5(560) were selected as the inputs of the RGCI for this study.
The thresholds used for each index were optimised for our in situ dataset
(Table 3) (See Appendix A).

Monthly A. minutum bloom coverage maps were generated for July
2018 (n = 5 images) during a large A. minutum bloom event and for
October 2018 (n = 7 images) during a non-bloom (A. minutum) period to
show the percentage of times a bloom is identified at each INTECMAR
sampling station. INTECMAR sample fixed stations five times per month
in Ria de Pontevedra and Ria de Vigo, and if four out of the five samples
contained A. minutum then the point shows 80 %. This was then
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Table 4
Pigment composition of each bloom water type, pigment concentration is scaled to chl-a (mg pigment mg~ * chl-a).
Bloom water Type Chl-a Chl-b Fucoxanthin 19 Hex’ fucoxanthin Peridinin Zeaxanthin
I 1 0.021 0.154 0.014 0.031 0.030
III 1 0.011 0.137 0.007 0.173 0.015
v 1 0.013 0.047 0.010 0.929 0.013
Table 5
Mean bio-geo-optical properties for bloom water types I — IV.
Bloom water type Chl-a TSM Aphy a*phy anap Adcpom Water temp Salinity
(443) (443) (443) (443)
(mg /m~%) (mg /m™~%) cQ
m™M (m=2/ m™M m™M
mg )
I 1.40 2.58 0.080 0.099 0.015 0.133 16.36 35.20
I 1.74 5.08 0.132 0.073 0.016 0.042 - -
111 2.92 3.93 0.187 0.069 0.027 0.074 16.54 34.60
v 3.30 9.25 0.386 0.049 0.030 0.017 18.30 34.56
Study area(s) in relation to the Spainish mainland 9.00°W 8 80°W
v
Z Z,
g s
=<3 <
O O
ol ol
< ~
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Fig. 1. Map of the study area(s) with (A) locations of the in situ sampling points from the field campaigns, and (B) locations of the routinely monitored stations from
the Technological Institute for the Control of the Marine Environment of Galicia (INTECMAR). The blue rectangle on panel (B) represents the location of the field
campaigns. (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. 2. (A) Mean Phytoplankton absorption (aphy), (B) Chlorophyll-a specific phytoplankton absorption (a*phy), (C) spectral backscatter (bp) and (D) particulate
backscatter coefficients (byp) for each bloom water type. Note that for Bloom water type II no b, or by, data was available during the field campaigns.

compared to satellite bloom coverage maps to capture the spatial extent
of A. minutum, showing the percentage of available pixels during the
month in which A. minutum was identified based on the AMI for each
pixel.

3. Results
3.1. Bio-geo-optical properties of water during A. minutum blooms.

The characteristics and variations in phytoplankton absorption
(aphy) and byp(2) play an important role in understanding optical prop-
erties and spectral characteristics associated with A. minutum and
developing detection methods. Fig. 2A highlights the mean a,py for each
bloom water type and Table 4 shows pigment concentrations measured
using HPLC. The appy spectrum for A. minutum waters revealed several
distinct features with peaks located at 435, 460, 490, 585, 620 and 670
nm and a shoulder around 415 nm. A noticeable difference in the aphy
spectrum is located in the blue part of the electromagnetic spectrum
(400 — 500 nm). There are several pigments, including chl-a, chloro-
phyll-c1, c2, chlorophyll-b, diadinoxanthin, peridinin, fucoxanthin, and
f-carotene, which overlap and absorb light in this region (Bricaud et al.,
2004). Chl-a, diadinoxanthin and peridinin are major pigments found in

A. minutum (Ignatiades et al., 2007). As the concentration of A. minutum
increases, there is a significant increase in the biomarker pigment Per-
idinin and the absorption peaks become more pronounced (Table 4,
Fig. 2B). Beyond 500 nm, aphy decreases sharply and reaches a minimum
around 600 nm. The two subtle peaks in this region occur from a com-
bination of chl-a and chl-cy (Bricaud et al., 2004). The last peak around
670 nm results from the second absorption maxima for chl-a. Absorption
due to non-algal particles (NAP) increases as A. minutum cell abundance
increases (Table 5). There are considerable variations in the magnitudes
of a*,py spectra (Fig. 2B), which could be attributed to the pigment
packaging effect and pigment composition (Bricaud et al., 2004; Leong
and Taguchi, 2005). Essentially, as the concentration of photosynthetic
pigments increases, the light absorption efficiency of the phytoplankton
cells diminishes (Morel and Bricaud, 1981; Sathyendranath et al., 1987;
Bissett et al., 1997). This is evident by examining the pigment concen-
trations in Tables 4 and 5 along with the a*pny in Fig. 2B.

Spectral backscattering coefficients (b,) and the particulate back-
scattering coefficients (byp,) exhibited distinct patterns across three
wavelengths (Fig. 2C, D). Note that bpp is only measured at three
wavelengths (470, 532 and 660 nm) (Table 1). As the concentration of
A. minutum increases, b, and by, also increase with a considerable dif-
ference in magnitude compared to non-bloom (A. minutum) waters. The
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Fig. 3. (A) Remote sensing reflectance (R,s) and (B) Mean R, normalised by R,s(560), first derivative (C) and second derivative (D) for each bloom water type. The

grey and black dashed lines in (B) indicate 560 nm and 570 nm, respectively.

by and by, values are non-uniform across all wavelengths. by, is notably
greater in the blue and yellow regions with peaks around 400 and 560 —
570 nm and minimal backscatter was observed at 430 and 665 nm.
byp(A) decreases sharply from 470 to 530 nm with a gradual decline to
660 nm.

Rys spectra show a prominent peak in the green region between 560 —
570 nm with a shoulder around 645 nm, a trough located at 665 nm and
a peak in the red/ NIR region between 690 — 700 nm. The strengthening
of these spectral features with increases in A. minutum cell abundance
and pigment concentrations is evident (Fig. 3A, B). In the spectral range
between 530 — 600 nm, absorption due to photosynthetic pigments is
minimal and the pigment composition is not complicated (Bricaud et al.,
2004). In response, backscattering from phytoplankton cells becomes a
governing factor impacting the Ry (Gitelson et al., 1999). This spectral
response resulted in an overall increase in the magnitude of Ry as the
cell abundance of A. minutum increases, which peaks between 560 — 570
nm. Moreover, as the concentration of A. minutum increases, there is a
noticeable shift in the position of the green and red/ NIR peaks to longer

wavelengths that is apparent in Fig. 3B. The shoulder around 645 nm
results from the absorption of chl-a and chl-c, with a well-defined trough
in Rys around 665 nm which is the absorption maxima of chl-a. The last
peak in R between 690 - 700 nm is situated between the chl-a
maximum absorption and a sharp increase in water absorption (Smith
and Baker, 1981; Pope and Fry 1997). This peak can be attributed to a
combination and interaction between phytoplankton cell scattering and
minimal absorption due to pigments and water (Gitelson et al., 1999).
Derivative analysis in Fig. 3C and D revealed several peaks which
occurred due to the absorption of different pigments as discussed above.
The second derivative spectra show a similar shape/ peak position for all
bloom water types around 443 — 450 nm and 665 nm, as these features
result from the absorption of chl-a which is present in all algae. Differ-
ences become more apparent between 450 and 650 nm which reflects
the variations in pigment composition and concentrations of chloro-
phylls and carotenoids which overlap in this region.
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Table 6
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Mean performance metrics for ACOLITE, C2RCC and POLYMER AC processors per band and the number of matchups/ negative samples in each band. The best value

for each metric is highlighted in bold.

Processor A No. Obs No. Negative Obs MAPD MAPE MdSA (%) SSPB (%)
(nm) (%) (%)
ACOLITE 443 40 0 324.42 353.13 324.35 324.35
490 40 0 218.15 246.19 218.15 218.15
560 40 0 158.39 197.47 158.39 158.39
665 40 1 643.66 905.33 647.99 647.99
705 40 1 827.43 1295.94 831.66 831.66
740 40 1 4411.56 10850.40 4464.81 4464.81
783 40 1 3688.02 5504.25 3886.45 3886.45
C2RCC 443 45 0 44.72 45.81 72.69 —36.75
490 45 0 29.86 31.87 34.74 —16.12
560 45 0 23.47 25.03 24.97 —21.56
665 45 0 52.66 60.45 81.37 —15.37
705 45 0 59.33 67.21 96.37 —16.56
740 45 0 56.79 127.80 116.89 —2.26
783 45 0 52.94 122.24 108.03 —11.62
POLYMER 443 44 0 51.98 61.06 51.97 51.97
490 44 0 52.08 59.74 52.08 52.08
560 44 0 23.75 28.32 23.73 19.43
665 44 0 44.31 80.69 50.04 44.21
705 44 23 106.57 118.53 221.83 —221.83
740 44 23 174.50 442.36 78.05 54.02
783 44 0 302.62 478.04 302.23 302.23
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Fig. 4. Mean R, with standard deviation from each AC processor compared with the mean in situ Rys. (A) C2RCC, (B) POLYMER and (C) ACOLITE.

3.2. Atmospheric correction performance

Performance metrics for each processor and band are highlighted in
Table 6, with bold values showing the best-performing AC model for
each metric. C2RCC (45 match-ups) showed the strongest overall per-
formance, with the lowest MAPD, MAPE, MdSA across most bands and
metrics. POLYMER (44 match-ups) and ACOLITE (40 match-ups)
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produced fewer valid match-ups. The difference in the number of match-
ups results from each processor applying different thresholding schemes
and adopting different theoretical assumptions in the retrieval of Ry,
meaning the number of available valid pixels varies across each pro-
cessor (Pahlevan et al., 2021). The mean and SD for each AC processor
are shown in Fig. 4. Additionally, POLYMER produced many negative
values, particularly in wavelengths greater than 705 nm. These negative



C. McGlinchey et al.

ISPRS Journal of Photogrammetry and Remote Sensing 227 (2025) 415-437

443 490 560 665
0.010 0.010 0.010 0.004
0.008 0.008 0.008 0.003
0.005 %O 0.005 o@ 0.005 -7, o
® 0
—_ 3 9 ol o ®
=< 0002 4 0.002 0.002 - 7% 0.001 ¥ Py °
L & L o
z
~, 0.000 0.000 0.000 0.000
m‘- 0.000 0002 0005 0008 0010 0.000 0002 00605 0608 0010 0000 0002 0005 00608 0010 0.000 0401 0002 0003 0.004
& 705 740 783
— 0.004 0.001 0.001
e
)
k=
W 0003 0.001 0.001
0.002 0.000 0.000
0.001 0.000 0.000
) 00® ©®
& & -~ " ) “gE e - - . S e | ]
6 6
0.000 0.000 0.000
0.000 0001 0002 0003 0.004 0000 0600 0.600 0001 0.601 0000 0000 0000 0001 0.01

Insitu R (sr™")

Distance from land (m) e < 500 e 500 - 1000 © > 1000

Fig. 5. Per-band scatter plots between in situ R,s and Sentinel-2 MSI using the C2RCC atmospheric correction processor. Points are coloured by the distance to the
nearest land pixel, from < 500 to > 1000 m, solid black line represents a 1:1 relationship.

443 490 560 665
. 0.008 0.010 0.004
0.006 o o
o o
> 0.006 2 o 0.008 7 0003
° - °
0.004 & > .‘g/
®
0.004 0.005 o7 0.002 e
® .-
> g4
0.002 -
—I"\ 0.002 0.002 © 0001{ -
= @
&,
= 0.000 0.000 0.000 0.000
m‘- 0000 0002 0004  0.006 0000 0.002 0004 0.006 0.008 0000 0002 0005 0008 0.010 0000 0001 00602 0.003 0.004
8 705 740 783
: 0.004 0.0010 0.0010
—
5}
"C'“' g
wn M o008 9 g
0.0005 . - e o
-— ® L’ o %)/
-00. s [ ] »
8” 2~ 0.0005
° % . ®
0.001 - - 0.0000 7 °
Z7 0.0002
& P &
0.000 [
-0.0005 °© 0.0000
0000 0001 0.002 0.003 0.004 200005 00000 00005 0.0010 0.0000 0.0002 0.0005 0.0008 0.0010

Insitu R, (sr™")

Distance from land (m) e < 500 e 500 - 1000 © > 1000
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values were removed only at 705 and 740 nm and only for the compu-
tation of MdSA and SSPB. In the 443, 560, and 665 nm bands, POLYMER
performed slightly better in some metrics compared to C2RCC. POLY-
MER had a lower MAPD at 665 nm (44.31 % vs 52.66 %) and a lower
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MdASA for 443, 560, and 665 nm (51.97 %, 23.73 %, and 50.04 %,
respectively, compared to C2RCC 72.69 %, 24.97 %, and 81.37 %).
Additionally, POLYMER showed a lower SSPB at 560 nm (19.43 % vs.
C2RCC — 21.56 %) (Table 6). However, the variations between
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performance in these bands and both processors were minimal. ACO-
LITE had the poorest performance out of all three processors, over-
estimating the R in every band compared to the in situ Ry (Table 6).
C2RCC had SSPB values closer to zero for each band except 560 nm
compared to both ACOLITE and POLYMER. Both POLYMER and ACO-
LITE were found to have a positive bias in almost every band which
indicates an overestimation of Rys in comparison with the in situ Rys.

Match-up points are coloured by their distance to land to highlight
any impact adjacency effects may have on the match-up quality. It can
be seen that the quality of matchups for points < 500 m from land
generally diminishes for all processors, particularly in the longer
wavelengths. The data points for C2RCC are split around the 1:1 line for
bands 443 and 490 nm, with underestimations and overestimations of
Rys. The green band (560 nm) has the strongest performance with the
lowest values for MAPD, MAPE and MdSA across all processors and the
data points are spread around the 1:1 line (Fig. 5). POLYMER generally
overestimates R in bands 443, 490, 560, 665 and 783 (Fig. 6), and
ACOLITE severely overestimates Ry in all bands (Fig. 7). Both C2RCC
and POLYMER processors underestimate R in the red-edge band (705
nm) which results in the absence of a chl-a peak which is often observed
in this region.

3.3. A. Minutum index (AMI)

A new spectral index was developed to capture a key distinctive
feature in the green region of the spectrum, enabling the detection and
classification of A. minutum blooms in Rias Baixas. The index is defined
as:

R,(570) — R,(560)

A.minutum index (AMI) = R(570) © Ru(560)
TS TS

14)

The green region of the spectrum was chosen for the detection index
based on three key factors:
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Fig. 8. Third order polynomial fit for estimating R;5(570) from R,s(560) using
our in situ dataset of R,y measurements (n = 138).

1. Firstly, Fig. 3 (B) and (D) demonstrate a distinguishing optical
characteristic in this region that differentiates A. minutum bloom
waters from non-bloom waters. As A. minutum concentration in-
creases, there is a noticeable shift in the position from 560 nm to 570
nm. This shift results from a combination of minimal absorption by
photosynthetic pigments and increased A. minutum cell
backscattering.
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2. Secondly, the green band (R;s 560) had the lowest AC error (see
Table 6), thereby making the index highly applicable to satellite-
derived Rys.

. Lastly, the method was designed for use with Sentinel-2 MSI, offering
high spatial resolution but limited spectral resolution. This
constraint restricts the choice of available bands. R;s(560) was cho-
sen to estimate R,5(570) as it is the closest band to 570 nm on MSI.

To estimate R;(570) from R;5(560), an empirical relationship was
developed using our in situ Rys (n = 138) (Fig. 8). Following the method
proposed by Jiang et al. (2023), a third order polynomial was fitted to
the data, resulting in the following equation:

¥ = 0.00015 4 0.76R,;(560) + 61.5R;(560)> — 2.61E°R,;(560)>  (15)

Several observations were revealed when applying the AMI approach
to our in situ Ry dataset (Fig. 9). First, AMI values show a positive cor-
relation with A. minutum concentration, particularly evident in bloom
water IV (A. minutum > 10° cells/L'l). This correlation indicates the AMI
sensitivity to high concentrations of A. minutum. Second, the differen-
tiation among bloom types varies. While there is a clear separation for
high-concentration blooms (type IV), the distinction becomes less pro-
nounced for bloom water types I and II. This reduced differentiation is
due to the spectral similarity between types I and II, as shown in Fig. 3A
and B. It is worth noting that in type II waters, A. minutum contributed
less than 10 % to the total phytoplankton count (Table 2), and further
provides evidence for the observed lack of clear separation between
these water types. Third, some anomalies are observed in type I waters.
Some samples from bloom water type I exhibit higher AMI values than
group III. These samples, collected during the 2019 field campaign, lack
taxonomical analysis, leaving the absence of A. minutum unconfirmed.
Lastly, based on this analysis, we can establish a detection threshold.
High-concentration blooms of A. minutum in the Rias Baixas can be

detected when AMI > 0. This threshold should serve as a practical
guideline for using the index in bloom detection efforts.

3.4. Evaluation of AMI detection method with Sentinel-2 MSI

The application of the AMI to Sentinel-2 MSI data presented chal-
lenges in distinguishing between the four bloom water types outlined in
Table 2. To address these challenges, we proposed a simplified
approach: reducing the continuous AMI values to a binary bloom/no-
bloom classification. This decision was based on two key consider-
ations: First, the limited spectral resolution of Sentinel-2 (fewer bands)
combined with uncertainties in atmospheric correction made it difficult
to discriminate between bloom water types III and IV, as well as between
types I and II. These pairs of water types were spectrally very similar
when observed via Sentinel-2. Second, a binary bloom/ no-bloom clas-
sification aligns well with the needs of end-users who primarily require
information on whether a given pixel is dominated by high biomass
A. minutum, rather than precise biomass estimate. For such detailed high
biomass quantification, other phytoplankton chl-a algorithms (Spyrakos
et al., 2011) are better suited. The AMI index, therefore, serves as a tool
tailored for A. minutum bloom detection. A confusion matrix was used to
evaluate the AMI effectiveness in detecting and discriminating high-
concentration blooms of A. minutum.

From the 184 matchups, 9 were categorized as “bloom” (A. minutum
> 100,000 cells/L™Y) and 175 as “no-bloom” (A. minutum < 100,000
cells/L'1). Note that the “no-bloom” class contains 99 matchups with
samples containing diatom Pseudo-nitzschia spp. of which 18 were high
biomass (> 100,000 cells/L1). Other species present in this class include
D. acuta and D. acuminata. The AMI demonstrated promising perfor-
mance metrics. It achieved an F1 score of 70 %, a balanced accuracy of
88 %, a precision of 64 % and MCC of 68.7 % (Table 7). Example MSI
products of True-positive (TP), True-negative (TN), False-positive (FP)

Table 7
Performance evaluation of the AMI detection method using Sentinel-2 MSI, showing the number of samples in each class and the total number of matchups.
Actual (%)
Total = 184
Bloom No- bloom TP rate TN rate Balanced Accuracy Precision F1 score Kappa MCC
. Bloom 7 4
Predicted No- bloom 9 171 78 97 88 64 70 68 68.7
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Table 8
Performance evaluation of bloom detection methods, highest balanced accuracy, precision, F1 score and MCC are shown in bold.

Technique TP rate (%) TN rate (%) FP rate (%) FN rate (%) Balanced Accuracy (%) Precision (%) F1 score (%) Kappa (%) MCC (%)
AMI 77.7 97.7 2.3 22.3 87.7 63.6 70.0 68.3 68.7
NDTI 0.0 96.6 3.4 100.0 48.3 0.0 0.0 —-4.0 —4.2

NDTIgpe 55.7 81.1 18.9 44.3 68.4 13.0 21.3 15.0 19.6
RGCI 77.7 75.3 24.7 22.3 76.5 14.0 23.7 16.8 24.4
RGClope 55.7 81.7 18.3 44.3 68.6 14.0 21.7 15.0 20.1
NDCI 0.0 100.0 0.0 100.0 50.0 0.0 0.0 0.0 0.0
NDClope 0.0 100.0 0.0 100.0 50.0 0.0 0.0 0.0 0.0

and False-negative (FN) classifications are shown in Fig. 10. These AMI
products provide insights into both the strengths and limitations of the
AMI approach in detecting A. minutum blooms across various scenarios.

3.5. Comparative analysis: AMI versus established bloom detection
methods using Sentinel-2 MSI

Performance evaluation for the four techniques using the same
match-up points and metrics outlined in section 3.3, with the highest
accuracy, precision and F1 score for each index shown in bold (Table 8).
Each index was applied using both the published threshold and the
optimised thresholds outlined in section 2.5 (Table 3). The AMI tech-
nique shows the most promising results with more true-positives and
fewer false-positives followed by the RGCI, NDTI and NDCL

3.6. Discrimination of phytoplankton species using S2 MSI

The AMI approach was effective in discriminating blooms of
A. minutum in the Rias Baixas from blooms of N. scintillans (Detoni et al.,
2023) and Pseudo-nitzschia spp. (Fig. 11A — I). Images are shown in
ERGB, AMI and the classification using the threshold outlined in section
3.3. Fig. 11 (J) and (K) show the S2 MSI Rys normalised by R;s(560) of the
coloured circles in (A - C) along with the R,s(665) against AMI feature
space, respectively. The results from the classification highlight that
neither N. scintillans nor Pseudo-nitzschia spp. are misclassified as
A. minutum, while all the A. minutum points were correctly identified
using an AMI threshold of 0. This is due to the AMI capturing the spectral
feature between 560 — 570 nm which is not present in N. scintillans or
Pseudo-nitzschia spp. (Fig. 11J — K).

3.7. Discussion

In coastal waters such as the Rias Baixas, A. minutum blooms do not
always occur in isolation, multiple species of phytoplankton can often
reach bloom levels simultaneously. We have shown here that A. minutum
blooms can be found in waters with a wide diversity of optical proper-
ties. This makes it challenging to distinguish the optical features asso-
ciated with the species in question, but this is probably the case in many
other natural waters (Wolny et al., 2020). Using our in situ data, we
separated bloom water types into 4 groups based on the abundance and
dominance of A. minutum cells in each sample (Table 2). The a,ny and
a*phy spectra showed little variations in terms of shape, which largely
depends on the absorption of photosynthetic pigments present within
the cell (Hoepffner and Sathyendranath, 1991; Ciotti et al., 2002).
Maxima absorption values were observed in all groups around 435 and
670 nm, corresponding to the absorption maxima for chl-a, with mini-
mal absorption values for all bloom water types located around 560 —
570 and 690 - 700 nm, occurring from weak absorption of

427

photosynthetic pigments in these regions (Bricaud et al., 2004). There is
an overall increase in appy across all wavelengths as the concentration of
A. minutum increases, with the opposite relationship observed in a*ppy.
This increase in aphy and decrease in a*py is possibly due to the rise in
photosynthetic pigment availability (Table 4) and the pigment pack-
aging effect (Morel and Bricaud, 1981; Bissett et al., 1997). Subtle var-
iations in a*,py are visible between 400 — 500 nm for all bloom water
types, relating to the absorption maxima of different accessory pigments
which overlap in this region, these variations are also apparent in the Ryg
derivative spectra (Fig. 3C and D). High-concentration blooms exhibit
low reflectance in the blue spectral region, and this signal is further
complicated by the light absorption of CDOM and NAP in these wave-
lengths (Sathyendranath et al., 1989; Barnes et al., 2014). Moreover,
due to the spectral resolution of current satellite missions, overlapping
pigment compositions and uncertainties in atmospheric correction in the
blue wavelengths, accurately identifying individual phytoplankton
species from space using this wavelength range is problematic (Kutser,
2009). Additionally, as discussed in McLeroy-Etheridge and Roesler
(1998), many HAB species share similar pigment compositions and
therefore, variations in a,y alone cannot describe the dynamic changes
in ocean colour.

Examining the magnitudes of b, and apy, it is evident that by, has a
greater contribution to the light attenuation than apy (Fig. 2A and C),
with depressions in b, occurring in similar locations to strong peaks in
@phy in the blue and red wavelengths and could be related to the effects
of anomalous dispersion (Bricaud et al., 1983; Morel and Ahn, 1990;
Vaillancourt et al., 2004). The distinct reddish/ brown colour of
A. minutum which is often reported results from a combination of blue/
green wavelengths being strongly absorbed and yellow/ red wave-
lengths being scattered out of the water. There is an overall increase in
b, and by, for waters containing high concentrations of A. minutum
(Fig. 2C and D) (bloom water types Il and IV) which explains the similar
increase in the magnitude of R;s as the abundance of A. minutum in-
creases (Fig. 3A). The R, of waters containing A. minutum exhibit several
features due to a combination of absorption and backscattering char-
acteristics. Between 400 — 500 nm, there is a distinct trough that is
typical of phytoplankton blooms (Tao et al., 2015) relating to the ab-
sorption of chl-a and accessory pigments in this region along with two
prominent peaks in the green (560 — 570 nm) and red/NIR (690 — 700),
occurring due to minimal pigment absorption, where backscatter pro-
cess can dominate (Fig. 3A). These features become more prominent as
the concentration of A. minutum increases. Contrary to the findings for
dinoflagellates K. brevis (Cannizzaro et al., 2008) and C. polykrikoides
(Kim et al., 2016), increases in cell abundance and a,p,y did not lead to a
decrease in the magnitude of Ry for A. minutum (Fig. 3A). This further
supports the hypothesis that strong backscattering, driven by the cell
size and shape combined with the sheer number of cells, outweighs the
absorption processes in determining the overall magnitude of Ry for
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waters containing A. minutum. Similar findings have been reported for
cyanobacteria Anabaena sp. and diatom Navicula minima var. atomoides
(Gitelson et al., 1999). Lastly, the distinct shift in both the green and red
peaks to longer wavelengths as cell concentrations of A. minutum in-
crease results from a combination of reduced absorption from photo-
synthetic pigments and an increase in A. minutum cell backscattering in
these regions, a similar finding has been reported for C. polykrikoides
(Maldonado, 2008). Moreover, the peak in the green wavelength is
significantly larger magnitude compared to the red which indicates that
the backscattering processes are stronger in this region.

This study presents a robust method to detect and monitor blooms of
A. minutum in the coastal waters of the Rias Baixas using S2 MSI based on
the bio-optical properties of high-concentration A. minutum waters.
Central in our approach is that when A. minutum blooms in high abun-
dance, the R spectra show a shift in the green peak from 560 — 570 nm
due to a minimal absorption by photosynthetic pigments associated with
A. minutum and increased cell backscattering. This technique has several
advantages over previously published methods for detecting HABs,
particularly when applied to detect blooms of A. minutum. We evaluated
three published methods that have been used for detecting HABs in
coastal waters, using similar bands to S2 MSI against the AMI (Table 3).
Our AMI technique had the overall strongest performance in detecting
blooms of A. minutum (F1 = 70 %, Kappa = 68.3 %, MCC = 68.7 %)
(Table 8). The main reason for this is that the other methods utilise a
combination of red-edge/ blue (Detoni et al., 2023), red-edge/ red
(Rodriguez-Benito et al., 2020; Caballero et al., 2020) and red/ green (Qi
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et al., 2015) bands in their empirical relationships, which introduces
errors due to uncertainties in AC at these wavelengths (Table 6). By
evaluating the performance of three widely used AC algorithms (C2RCC,
POLYMER and ACOLITE), we found that C2RCC had the strongest
overall performance in the Rias Baixas (Table 6). Moreover, we found
that the blue, red and red-edge bands of S2 MSI had some of the largest
errors in AC performance (MdSA (%) = 34.74, 81.37 and 96.37,
respectively). These findings are similar to those of (Warren et al., 2019)
and (Pahlevan et al., 2021), who also found poor performance in AC in
these bands for S2 MSI in coastal waters. We found that high errors in the
red/ red-edge bands resulted in an underestimation of R (Fig. 4), which
has negative implications when applying indices such as the NDCI, RGCI
and NDTI. These rely on a chl-a peak in the red-edge and/ or a trough at
665 nm, which is severely diminished due to underestimations from the
AC and invalidates the indices’ assumptions. This is also apparent in
Appendix A, which shows that the optimised thresholds work well in
capturing the bloom events with our in situ R, as these meet the as-
sumptions required for each index. However, when these are applied to
S2 MSI, there is no significant improvement in the performance, and for
the RGCI, the performance diminishes (Table 8). Fig. 12 further dem-
onstrates the capabilities of the AMI technique against the other
methods outlined in Table 3. These are monthly A. minutum coverage
maps from July (A. minutum bloom) and October (non-bloom ~
A. minutum) in 2018. During July 2018, several fixed INTECMAR sta-
tions in Ria de Pontevedra and Ria de Vigo consistently had A. minutum
present in high abundances (> 100,000 cells/L), predominantly in the
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Fig. 13. A. minutum bloom shown in ERGB captured using (A) S2 MSI on 23-06-2020 11:29 UTC, (B) S3 OLCI on 23-06-2020 10:59 UTC. (C) S2 MSI AMI, (D) S3
OLCI AM], (D) Classification using S2 MSI, (F) Classification using S3 OLCI. In the grey boxes (A1) represents a mussel raft which is visible from S2 imagery, (A2)
A. minutum bloom adjacent to the Praia de Mogor beach, (A3) A. minutum bloom inside the Porto de Marin.

mid-inner parts of the Rias. AMI successfully captures the occurrence
and spatial extent of these blooms, whereas NDCI underestimates the
occurrence/ extent of A. minutum and RGCI and NDTI overestimates this
(Fig. 12A - E). Similarly, in October, INTEMCAR did not record any
A. minutum within the Rias, the coverage maps generated using the AMI
and NDCI have a strong agreement with this, indicating no A. minutum
blooms over the sampled area(s), whereas both NDTI and RGCI indicate
a moderate — high coverage of A. minutum (Fig. 12F - J).
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Our study also demonstrates the capabilities of S2 MSI and our AMI
method to discriminate high-concentration blooms of A. minutum from
other phytoplankton species (Fig. 11). This again has further implica-
tions for the shellfish industry in the Rias Baixas. Being able to detect and
discriminate different species of phytoplankton on a near-real-time basis
complements the in situ data collection process and will ensure fewer
blooms are missed. Fig. 11A, D, G and Fig. 11C, F, [ show a bloom of
dinoflagellates N. scintillans and A. minutum, respectively. Both
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phytoplankton species contain chl-a and would potentially be flagged
using standard chl-a proxy algorithms for detecting HABs and both
species are known as “red tides” (Rodriguez et al., 2024). However,
although still considered harmful, N. scintillans do not produce toxins
(Smayda, 1997; Frangopulos et al., 2011). On the other hand,
A. minutum is known to produce a variety of toxins responsible for
producing paralytic shellfish poisoning (PSP), which can be fatal if
consumed by humans (Price et al., 1991; Batoréu et al., 2005; Costa
et al., 2021). Therefore, although satellite data cannot be used to
determine whether toxins are present, it can be used to determine the
phytoplankton species which can give an idea of the toxins that may be
produced.

There are a number of studies highlighting the use of other multi-
spectral satellites for detecting and monitoring HABs from space using
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satellites such as Sentinel-3 OLCI (Shin et al., 2022), MODIS (Soto et al.
2015) and VIRS (Li et al., 2022; Yao et al., 2023). However, in near-
shore coastal waters where the impact of HABs is more severe, these
sensors are limited due to spatial resolution to monitor the fine-scale
spatial variations in which HABs may present. In the Rias Baixas
blooms of A. minutum have been found to proliferate in the mid — inner
parts of the Rias (Nogueira et al., 2022), Fig. 13 highlights the clear
advantages of using S2 MSI (spatial resolution 20 m) to monitor a bloom
of A. minutum in the Ria de Pontevedra over S3 OLCI (spatial resolution
300 m).

The spatial resolution of S2 MSI allows monitoring and tracking of
the movement of fine-scaled A. minutum blooms in near-shore waters.
Fig. 13A highlights the reddish/ brown patches of A. minutum which are
clearly visible in the S2 MSI image adjacent to the Praia de Portocelo
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beach (A2) and within the Porto de Marin (A3). However, Fig. 13B shows
that in S3 OLCI, these fine-scale bloom patches are heavily pixelated.
Using S2 MSI, we can track the movement of A. minutum close to the
shoreline (Fig. 13C and E), which is limited in the S3 OLCI images
(Fig. 13D and F). This ability to detect and monitor potential HABs in
near-shore coastal waters has great benefits not only for public safety
and well-being but also for the aquaculture industry (Trottet et al.,
2022). Fig. 13 (A1) shows a mussel raft on the opposite side of the
A. minutum bloom, which is also in close proximity to the land. Using the
finer-scale resolution of S2 MSI, we can detect and track high-
concentration blooms of A. minutum which can be used to inform
decision-makers and implement management and mitigation strategies
to limit the impact on the shellfish industry in the Rias Baixas, which is
often hampered by the occurrence of HABs (Rodriguez et al. 2024).

The application of the AMI index demonstrates its potential for
detecting A. minutum blooms, particularly at high concentrations
(Fig. 9). By utilising S2 MSI data which has high spatial resolution, we
can detect blooms of A. minutum and monitor fine-scale variations which
are limited using traditional ocean colour remote sensing satellites
(Fig. 13). However, it also highlights the challenges in differentiating
between low-concentration blooms and non-blooming A. minutum wa-
ters (Fig. 9). Spectrally, bloom water types I and II are very similar
(Fig. 3A), and although A. minutum represents a low contribution to the
total phytoplankton measured in bloom water type II (< 10 %), the
concentrations of A. minutum are still high enough have an impact on the
shellfish harvesting area(s) (Table 2). These findings emphasise the need
for complementary data and careful interpretation of results when using
the AMI index for bloom detection and classification. We estimate
R;5(570) using an empirical relationship between R;(560) using our in
situ dataset (n = 138) (Fig. 8). These data points were sampled in
different seasons covering three separate years and are considered to
represent the variability in R;s within our study area. Although a strong
non-linear relationship was found, it is impossible to limit all un-
certainties from the estimated R 5(570). Moreover, when applying this
band estimation to other study area(s), the range of values observed for
R;5(560) must be similar to that observed in this study.

In the Rias Baixas blooms of A. minutum typically occur at higher
concentrations in areas close to the shoreline (Fig. 14A), this is prob-
lematic as the performance of AC is known to diminish in these areas due
to influences from the land (Pan et al., 2022; Jiang et al., 2023), and the
detection capability of medium-resolution satellites is limited (Fig. 13).
The AMI utilises the green band of S2 MSI (560 nm) for both the esti-
mation of R5(570) and the calculation of the index as it had the strongest
performance in AC (Table 6). However, although the AC of R;5(560) had
the strongest overall performance, Fig. 14B highlights that the errors in
AC increase significantly for pixels in close proximity to the land (< 500
m). Furthermore, it is important to note that the performance of the AMI
is highly dependent on the accuracy of the AC. Fig. 14C highlights the
relationship between the errors in estimated R;s and AMI at 560 nm. The
strong positive correlation (R2 = 0.93) indicates that errors observed in
the estimated R;s propagate into the errors in the estimated AMIL This
shows the importance of accurate AC when using our proposed method.
Lastly, as TSM-dominated waters may also have a peak in the green
range of the electromagnetic spectrum resulting from the scattering of
particles (Jiang et al., 2021), it is possible that they may also have an
increase in the magnitude of R;s between 560 — 570 nm which could
result in an AMI > 0. Although we did not find a significant relationship
between TSM and AMI in our study area (R? = 0.28) (data not shown),
care must be taken in the interpretation of the results when applying this
index in waters which may be high in suspended particles. The same can
be said in areas with high sun glint, Fig. 10G — I show that false-positives
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can arise due to sunglint and waves on the water surface.

S2 MSI data were utilised in this study due to the benefits of its finer-
scale spatial resolution for mapping small variations in HAB distribu-
tion. It is expected that the S2 MSI mission will continue with up to 20
years of overall mission duration with the launch of S2C and upcoming
launch of S2D which will replace their predecessors (Olivier et al.,
2023). This is important for HAB monitoring as it will allow users to
develop long-term time series and analyse trends in the occurrence/
dominance of different species. With the ensured longevity of S2 MSI, we
recommend that HAB monitoring agencies consider the potential and
benefits of monitoring HABs from space, by adjusting sampling days to
match overpasses and including S2 MSI data in their programmes. This
would not only increase the number of algorithm development and
validation points but also complement in situ data records and provide
measurements when in situ sampling is not possible, e.g., during the
COVID-19 pandemic (Rodriguez-Benito et al., 2020). Moreover, future
studies should also consider the use of hyperspectral sensors such as
PACE and PRISMA for detecting and monitoring HABs (O’Shea, et al.,
2021; Begliomini, et al., 2023; Cetinic¢, et al., 2024). PRISMA launched
in 2019 has a high spatial resolution (30 m) and several spectral bands
located between 559 — 575 nm (Cogliati, et al., 2021), making it highly
applicable for detecting A. minutum in near-shore waters. PACE also has
spectral bands in this region which are useful for detecting blooms of
A. minutum. However, as seen in Fig. 13, lower spatial resolution may
limit the detection ability in near-shore waters.

The validation dataset used in this study encompasses all available
S2-MSI matchups from our in situ phytoplankton monitoring dataset
between 2016 and 2023, covering the Rias Baixas. The bloom samples
(n = 9) defined in this study as A. minutum concentrations exceeding
100,000 cells L™} are infrequent compared to non-bloom cases (n =
175), and this imbalance should be acknowledged when applying the
AMI method in future studies. We retained a large number of non-bloom
cases to assess the AMI’s capabilities, particularly in evaluating the false
positive rate over a substantial sample size. Using a smaller, balanced
subset of non-bloom cases would have compromised this objective.
While high concentration A. minutum bloom events are infrequent
compared to lower concentrations or absence, they are ecologically and
economically significant events. The observed imbalance between
bloom and non-bloom samples reflects real-world conditions, where in
situ sampling predominantly encounters non-bloom waters. Moreover,
recent studies in the Rias Baixas show that the occurrence of A. minutum
blooms has increased in recent years (Nogueira et al., 2022; Rodriguez
et al., 2024). Therefore, accurate detection of these infrequent blooms is
crucial despite their low prevalence in the dataset. The AMI is a binary
classification (bloom/ non-bloom) using a rule-based threshold rather
than a trained model. While class imbalance can affect the accuracy
assessment of a classification for some metrics (Chicco and Jurman,
2020; Cao et al., 2020), the F1 score and MCC are more robust metrics
for such scenarios (Boughorbel et al., 2017; Chicco et al., 2021; Diallo
etal., 2024). The MCC incorporates all four components of the confusion
matrix (true positives, true negatives, false positives, and false nega-
tives). This metric will only yield a high score when both bloom and non-
bloom cases are predicted accurately. The F1 score combines both pre-
cision and recall, making it suitable for algal bloom detection where
missing a bloom can be more detrimental than raising a false alarm.
However, given the limited number of bloom cases, a single misclassi-
fication could significantly impact results. Until more data are available
for broader validation, users should interpret findings with this limita-
tion in mind.
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3.8. Conclusions

Currently, the use of S2 MSI is not well integrated into remote
sensing studies of HABs in coastal waters, possibly due to the limited
spectral information the satellite provides for discriminating different
phytoplankton species. However, in order to detect and discriminate
different species, it is essential to gain information on the optical
properties and spectral characteristics associated with the targeted
species. Using geo-bio-optical and taxonomical in situ data, we propose
an effective method for detecting and monitoring high-concentration
blooms of A. minutum in near-shore coastal waters on the Galician
coast, NW Spain. We developed an empirical reflectance-based method
(AMI) which is capable of detecting blooms of A. minutum using the
green (560 nm) S2 MSI band. Validation of our method using tax-
onomical data collected between 2016 and 2023 in the Rias Baixas
highlights that our method outperforms other existing methods for
detecting and monitoring HABs in coastal waters using S2 MSL. We
found that larger errors in AC performance were in pixels closer to the
land which is also where blooms of A. minutum proliferate in higher
abundances and aquaculture activities are more prevalent. While the
detection algorithm is developed using data from the Galician coast, our
approach could be applicable to other coastal waters with similar optical
properties (Table 5). Nevertheless, our study has shown the potential for
S2 MSI for detecting HABs in coastal waters and provides insight into the
benefits this tool can provide for managing our aquatic ecosystems and
providing more information that can benefit the aquaculture industry.
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The thresholds for the NDTI (Detoni et al., 2023), RGCI (Qi et al., 2015; Yao et al., 2023) and NDCI (Caballero et al., 2020) were optimised for our in
situ Ry dataset before applying to S2 MSI data. This step was conducted as these indices were developed using different satellites, atmospheric
correction procedures and/ or different study sites with varying water types. All of which cause the empirical thresholds to vary. The thresholds for
each index were optimised using the Youden Index, which maximises the difference between the true positive rate and false positive rate (Fig. 1). This
approach balances the trade-off between correctly detecting true positives while minimising false positives. The maximum value of the Youden Index
is 1 and is achieved when the true-positive rate is equal to 1 and False-positive rate is equal to 0 (top left of the ROC curve), while the minimum value of
the Youden Index equal to 0 (Fluss et al., 2005). The optimal thresholds applied to our in situ dataset show that more bloom cases (Bloom water types
III and IV) are detected while minimising any misclassifications of non-blooms (Bloom water types I and II) compared to applying the published

thresholds.
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