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What causes a bloom? (open ocean)



What is a bloom? (coastal waters)





Highly concentrated phytoplankton blooms
aka red tides

sometimes: harmful algal blooms (HABs)

• Directly toxic 

• Oxygen depletion during bloom decay 

• Accumulation of ammonium inside cells



Low-concentration HABs

Some species can produce high amount of
toxins at low cell abundance

Dinophysis sp. (~ 100 cells / L)
Diarrheic Shellfish Poisoning (DSP) toxins
Okadaic acids (Reguera et al., 2014)

Reguera, B., Riobó, P., Rodríguez, F., Díaz, P. A., Pizarro, G., Paz, B., ... & Blanco, J. (2014). 
Dinophysis toxins: Causative organisms, distribution and fate in shellfish. Marine drugs, 12, 394-461.

Several species of the Dinophysis genera are toxic



Example of yessotoxins (YTX) producers
Main YTX producers

Lingulodinium polyedra

Protoceratium reticulatum

Gonyaulax spinifera

Mertens, K. N., Retho, M., Manach, S., Zoffoli, M. L., Doner, A., Schapira, M., ... & Gernez, P. (2023). An unprecedented 
bloom of Lingulodinium polyedra on the French Atlantic coast during summer 2021. Harmful Algae, 125, 102426.

Mertens et al., (2023)
L. polyedra cell concentration up to 3,600,000 cells/L… 
… but no toxicity recorded in shellfish

YTX were produced by P. ceratium (low cell concentration) 
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269 known harmful phytoplankton species

214 known toxic and 55 non-toxic (but still harmful) species
• 55% dinoflagellates
• 20% diatoms
• 16% cyanobacteria



Be careful with taxonomy…

Lingulodinium polyedra ? Not any more! Lingulaulax polyedra

Thank you Kenneth…



Red tides

not always red

not always harmful

always extremely 
concentrated

Pitcher, G. C., & Jacinto, G. S. (2019). Ocean deoxygenation links to harmful algal blooms. Ocean 
Deoxygenation: Everyone’s problem-causes, impacts, consequences and solutions, 153-170.

Pitcher & Jacinto (2019)



Simplified IOP model

Optical variability dominated by phyto

Phytoplankton dominated by 1-2 species

L. polyedra
95% abundance microphyto

a(l) ~ aw(l) + aphy(l) + acdom(l) + anap(l)

aphy(l) ~ aphy,1(l) + aphy,2(l) + aphy,3(l) 

+ aphy,4(l) + aphy,5(l) + … 



Reductionist approach
Stramski et al., (2001)

depending on the main bloom-forming species!



Two main challenges

To what extent is it possible to identify the main bloom-forming

species from space in the absence of in situ observations?

Do we know the optical properties of all bloom-forming species?



Spectral libraries





Spectral libraries for shallow water RS



Spectral library for intertidal vegetation

Davies et al., (2023) and Davies et al., (under review)

Davies, B. F. R., Gernez, P., Geraud, A., Oiry, S., Rosa, P., Zoffoli, M. L., & Barillé, L. (2023). Multi-and hyperspectral 
classification of soft-bottom intertidal vegetation using a spectral library for coastal biodiversity remote sensing. 
Remote Sensing of Environment, 290, 113554.



Phytoplankton spectral library??

Very complex as it requires to

• document the IOPs and AOPs of many phytoplankton species

• take into account the effects of changes in phytoplankton concentration

• take into account all the other optical constituents

Several approaches

▪ lab measurements of IOPs using cultures, combined with Rrs(l) simulations

▪ in situ measurements of IOPs and AOPs during very intense blooms

▪ satellite measurements of Rrs(l) during very intense blooms



In situ measurements of phytoplankton 
bio-optical properties during red tides

Very challenging to sample

Unpredictable events, difficult to anticipate

Patchy events, short duration

Large ships not ideal to sample relatively small patches

More in situ data needed!

IOPs and AOPs

pigments, cytometry, microscope observations and DNA (taxonomy)



Luang-on et al., (2023, 2024)



GLObal Reflectance community dataset 
for Imaging and optical (GLORIA)

Excellent database

7,572 hyperspectral Rrs(l)

chl-a, SPM, acdom, Secchi

GLORIA for HABs?

Red tide events?

Pigments?

Taxonomic data?



Satellite approaches

Floating algae observed with VIIRS and S3/OLCI
• Macroalgae: several Sargassum and Ulva species
• Cyanobacteria scums: Trichodesmium, Microcystis, Nodularia
• Microalgae: red and green Noctiluca
• Other floating stuff: pumice raft, oil slick, jellyfish blooms?, shrimp eggs?
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High spatial resolution required

Texte

Sentinel-2/MSI (20 m)
Vilaine Bay, 21 June 2019

Sentinel-3/OLCI (300 m)
Vilaine Bay, 21 June 2019

1 km

✓ Sentinel-2
✓ Landsat-8/9
✓ PRISMA
✓ EnMAP

× Sentinel-3
× MODIS
× VIIRS
× PACE

If too coarse spatial resolution

→ bloom “diluted” with non-bloom pixels  

→ optical fingerprint is not “pure”

?



S2 spectral library

24



25

IN SITU PHYTOPLANKTON DATA

Searched bloom events in harmful algae event database (HAEDAT) from 2015 – 2021 
(304 blooms with known causative species)

Also searched in French phytoplankton and phycotoxin monitoring network (REPHY)
Criterion: > 105 cells / L of a single dominant genus / species (> 85% diversity)

Additional reports: scientific literature, regional monitoring reports, citizen science

Selection of events documented in situ, 
synchronous to cloud free S2 acquisition, 
with conspicuous seawater discoloration
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SENTINEL-2 DATA & PROCESSING

Remote-sensing reflectance Rrs(l) re-sampled at 20 m

Atmospheric and sunglint correction 
(GRS, Harmel et al. 2018)

Evaluation of AC & deglint performance
(N = 24, r2 = 0.95, slope = 0.92, intercept = 0)

In situ Rrs matchups, high phytoplankton
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Red-edge Green Blue colour composite (REGB)

RGB
665 nm
560 nm
490 nm

REGB
705 nm
560 nm
490 nm



28

DETERMINATION OF BLOOM Rrs(l) 

For each bloom event, selected & averaged 10 pixels in the area of maximum biomass

S2 high resolution → low spectral mixing
(limit influence of CDOM, NAP, other phyto)

Bloom dominated by Lepidodinium chlorophorum 
(> 95% total microphytoplankton; N > 106 cells / L)

2 km

French Brittany
20190711
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STATISTICAL ANALYSES

Computed averaged Rrs(l) when
❖ several blooms of same species in different regions → geographical robustness
❖ Several species from same genus →reduce interspecific variability

Standardized Rrs(l) to focus on spectral shape variability (Spyrakos et al., 2018)

Optical Bloom Types identified using Hierarchical Cluster Analysis (HCA) with cosine
distance (Millie et al., 1997, Torrecilla et al., 2011)
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S2 RED TIDE DATABASE = 108 bloom events worldwide
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S2 RED TIDE DATABASE = 108 bloom events worldwide

Bloom of Lingulodinium polyedra (Kahru et al., 2021)

Scripps
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S2 RED TIDE DATABASE = 108 bloom events worldwide

Bloom of Noctiluca scintillans (Qi et al., 2019)
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TAXONOMIC DIVERSITY OF S2 RED TIDE DATABASE

27 species

20 genera

5 classes
❖ Many dinoflagellates (55%)
❖ Many cyanobacteria (30%) 
❖ M. rubrum (Ciliate, 7%) 
❖ Phaeocystis (Haptophyte, 5%)
❖ Aureococcus (Pelagophyte, 3%)

21 avg Rrs(l) spectra
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BLOOM OPTICAL TYPES

6 Rrs(l) clusters

1

2

3

5

4

6
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Optical Bloom Types with Sentinel-2

Gernez, P., Zoffoli, M. L., Lacour, T., Fariñas, T. H., Navarro, G., Caballero, I., & Harmel, T. (2023). The many shades of red 
tides: Sentinel-2 optical types of highly-concentrated harmful algal blooms. Remote Sensing of Environment, 287, 113486.
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« CYANOBACTERIA » BLOOM TYPE

High NIR Rrs(l) 
Buoyant cyanobacteria & dinoflagellate
❖ Aphanizomenon sp.

❖ Nodularia spumigena

❖ Trichodesmium sp. **

❖ Microcystis sp. **

❖ Noctiluca scintillans (green form)

Spectral shape: surface accumulation [Chl-a]

Two species with high SWIR 
Rrs(1610 nm) > 0 (next slide) Light wavelength  l [nm]
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Appendix: cyanoHABs with high SWIR

Microcystis
Trichodesmium
Rrs(1610) > 0

Green Noctiluca, 
Nodularia
Aphanizomenon
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RED FORM OF NOCTILUCA SCINTILLANS

Flat Rrs(l) from 560 – 865 nm

Monospecific cluster
Low Rrs(l) variability (6 blooms / 5 countries)

High biomass, Chl-a absent 
(pure heterotroph with carotenoids)

Distinct from green Noctiluca (contains
Chl-a due to photosynthetic symbiont) Light wavelength  l [nm]
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]

No Chl-a
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MESODINIUM RUBRUM

Low Rrs(l) in VIS, 1 peak at 705 nm

Monospecific cluster
Low Rrs(l) variability (8 blooms / 5 countries)

Particular pigment composition
Phycoerythrin-545, Alloxanthin, Chl-c2
~ pigment type 5 in Zapata et al., 2012

Light wavelength  l [nm]
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PE-545
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LEPIDODINIUM CHLOROPHORUM

Two Rrs(l) peaks at 560 and 705 nm

Monospecific cluster
Low Rrs(l) variability (5 blooms / France)

Particular pigment composition
Chl-b, no Peridinin, no Fucoxanthin
~ pigment type 6 in Zapata et al., 2012

Light wavelength  l [nm]
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]

Chl-b, no abs. 
at 560 nm
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DINOFLAGELLATES… with Peridinin?

Dominated by dinos (5/6 genera) 
all them bearing Peridinin

❖ Prorocentrum
❖ Gymnodinium
❖ Lingulodinium polyedra
❖ Gonyaulax
❖ Alexandrium

~ pigment type 1 in Zapata et al., 2012

Light wavelength  l [nm]
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DINOFLAGELLATES…with Fucoxanthin?

Dominated by dinos (5/7 genera), 
❖ Protoceratium reticulatum
❖ Ceratium fusus
❖ Karlodinium veneficum *
❖ Karenia sp. *
❖ Margalefidinium polykrikoides

Also contains 2 other classes
❖ Phaeocystis sp. *

❖ Aureococcus anophagefferens *

Fucoxanthin-bearing species (4/7) Light wavelength  l [nm]
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CONCLUSION

Three species had unique Rrs(l) fingerprint (specific pigment composition)
❖ Lepidodinium chlorophorum (Chl-b), Mesodinium rubrum (PE-545), Red Noctiluca scintillans (absence of Chl-a)

Floating cyanoHABs (+ green Noctiluca) could be discriminated (high NIR & SWIR) 

Clusters dominated by Dinoflagellates: very diverse, risk of confusion (e.g. 
Phaeocystis), discrimination between Peridin- vs. Fucoxanthin-bearing species? 

Blooms of Diatoms (absent of the database) should be further investigated
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TAKE HOME MESSAGE

Sentinel-2 is relevant for HAB monitoring (in synergy with field observations)

In the absence of in situ measurement, S2 could identify a few optical bloom types

S2-HABs database could be use for algorithms development and validation 

“Spectral library approach” could be improved using hyperspectral sensors



5 min break



Hyperspectral approaches

Pigments line height

Spectral derivatives

Similarity index

Optical water type (OWT) classification

Many others: see lectures by Jeremy Werdell and Ivona Cetinić



Pigments line height

Zoffoli et al., (2026)



Chl-b line height 
(absorption max ~ 650 nm)

Zoffoli et al., (2026)

LH Chl-b LH Chl-c LH PC



Optical water types (OWTs)



Spectral derivative (using absorption)

Millie et al., (1997)



Spectral derivative (using reflectance)

Craig et al., (2006)



Similarity index (2 spectra are similar if SI = 1)
aka spectral angle mapper (SAM)

Millie et al., (2002)

Johnsen et al., (1994)

Similarity index
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Assessing potential of hyperspectral RS

BIOSPACE25 · 10-14 Feb 2025 · ESA/ESRIN 

Is it possible to distinguish a bloom caused by a peridinin-bearing 

dinoflagellate from a bloom caused by a fuco-bearing dinoflagellate?

Is it possible to distinguish a bloom of diatom from a bloom caused by 

other fucoxanthin-bearing species such as haptophytes, raphidophytes, 

and/or some dinoflagellates ?
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Material & Methods

BIOSPACE25 · 10-14 Feb 2025 · ESA/ESRIN 

Particulate absorption coefficient ap(l) measured on monospecific algal 

cultures using filter pads (inside sphere) or cells suspension (inside PSICAM).

Spectral library of 60 bloom-forming phytoplankton species 

164 hyperspectral spectra covering 8 taxonomic classes compiled from Xi et al. 

(2015), Lomas et al. (2024), and a new IOP library of bloom-forming species.

Simple classification method of ap(l) spectra 

Spectra were smoothed (9nm moving average), and 2nd derivative computed. 

Hierarchical cluster analysis was performed using a similarity index distance. 
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Absorption diversity: 7 clusters at class level

Prasinophytes

Cyanobacteria

Cryptophytes

Haptophytes

Peridinin-bearing dinoflagellates

Fucoxanthin-bearing dinoflagellates 

Diatoms and/or raphidophytes

Easy due to unique pigments 
and absorption signature 

more 
challenging
(next slide)

Class-averaged absorption of 7 optical clusters
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BIOSPACE25 · 10-14 Feb 2025 · ESA/ESRIN 

1

Haptophytes

Diatoms

Dinoflagellates (Peridin)

Dinoflagellates (Fuco)
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Scattering coef. of phytoplankton cultures

HABLAB: full characterization of phytoplankton scattering using advanced instruments

LISST-VSF: directional 
scattering at 515 nm 
(phase function + 
polarization terms)

Hyfi-bb: hyperspectral 
backscattering through mono-
directional VSF measurement
(Novak et. al, 2024)

https://doi.org/10.1364/OE.529061

Attenuation cp (l) and scattering bp (l) coefficients (ac-s)

Angular scattering at 515 nm bp (q)

Hyperspectral backscattering coefficient bbp (l)

https://doi.org/10.1364/OE.529061
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Removing background particles in cultures

Removing small detritus using nucleopore filters

Required to measure microalgae scattering without bias

Coulter counter measurements

algal cells + small detritus
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HABLAB results

ALM & ALX = Alexandrium minutum, CHA = Chaetoceros muelleri, HEC = Heterocapsa triquetra, KAR = Karlodinium veneficum, 
LIN = Lingulaulax polyedra, MIC = Microcystis aeruginosa, PRY = Prymnesium parvum, EMI = Emiliania huxleyi, HET = Heterosigma akashiwo, 
LEP = Lepidodinium chlorophorum, MES = Mesodinium rubrum, PRO = Prorocentrum micans, TEL = Teleaulax amphioxeia
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Radiative transfer simulations 

RT model from Harmel et al., (in prep.)

IOP model parameterized using lab data
a (l) = aw (l) + acdom (l) + [Chl-a] a*phy (l) +  aothers (l)

bb (l) = bb,w (l) + [Chl-a] b*b,phy (l) + bb,others (l)
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Applications to HAB monitoring: in situ Rrs(l)

Above-water Rrs(l) measurements 
during red tide 

Best fit for Lingulodinium polyedra

Confirmed by microscope obs.

in situ

simulations



SFPT 2025, Grasse, FranceHarmel et al., May 6th, 2025

Application to PRISMA

In situ data from 
Antonio Ruiz Verdú et al.
Chl-a: 230.0 µg/l

CDOM (a_400): 2.78 m-1

SPM : 28.57 mg/L

Albufera lagoon (Spain)

Best fit with cyanobacteria
Microcystis  aeruginosa

discrepancies in blue-green 

Need to expand IOPs 
dataset with more 

cyanobacteria species

62

Bloom dominated by tiny reddish bacteria 
(likely Raphidiopsis or Leptolyngbya)
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Conclusions

Detailed characterization of phytoplankton IOPs for bloom-forming species

Laboratory measurements of volume scattering function, absorption and backscattering coefficients

Lab data used to feed forward & inverse RT model 

Preliminary application to HAB monitoring using in situ and PRISMA

Next steps

Expand IOP database to include more cyanobacteria 

How many Optical Bloom Types could be identified using hyperspectral satellites?

Validate approach for HAB monitoring and phytoplankton bloom studies



General framework for red tides RS

1. Identify & classify main bloom-forming species

(using i.e. OWT/OBT, spectral derivative, SI, pigments LH, pigments

fluorescence, …)

2. Select most relevant IOP model

3. Inverse IOP, pigments concentration and/or cell abundance



Example using Sentinel-2 
results from Victor Pochic and Zoé Besnard

1. OWT & OBT classification

→ Noctiluca

2. Specific algorithm

NDNI (Detoni et al., 2023)

Mafra et al., submitted



New research avenues



UV-absorption as signature of dinoflagellates?

Balch & Haxo (1984)

- - Noctiluca
___ L. polyedra

ultraviolet-absorbing compounds:
known as mycosporine-like amino acids (MAAs)

Vernet & Whitehead (1996)



Application to HAB 
remote sensing

Karhu et al., (2021)



Remote sensing of bioluminescence?

A photo compilation showing aspects of the 2020 L. polyedra red tide.



Fluorescence of bio-marker pigments?

Dierssen et al., (2015)



Do not trust empirical knowledge too much

Mertens et al., (2023)

“Blooms of L. polyedra?

Not in my region!” 



Surprise!

Mertens et al., (2023)



Emerging HABs

“These findings reveal a BTX-producing Karenia that causes substantial 
detrimental marine ecosystem impacts, representing an emerging 
international threat with unknown consequences given changing ocean 
conditions”



Thank you for your attention!


