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What causes a bloom? (open ocean)
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What is a bloom? (coastal waters)

IMNOLOGY AND
EANOGRAPHY
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What is a bloom? A commentary
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H| hly concentrated phyitoplgnkton blooms

aka red tides __T?

‘sometimes: harmful algal blooms (HABs)
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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)

Several species of the Dinophysis genera are toxic

INI Nantes Reguera, B., Riobd, P., Rodriguez, F., Diaz, P. A., Pizarro, G., Paz, B., ... & Blanco, J. (2014).
W Universitée Dinophysis toxins: Causative organisms, distribution and fate in shellfish. Marine drugs, 12, 394-461.



'Example of yessotoxins (YTX) prod ucers

M'aln'\(TX _Erq_d.u

= . e —— -'ll'-I y
glgiuﬁbﬂm/um polyedra - -

P'rotoceratlum reticulatum

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

_ YTXwere produced by P. ceratium (low cell concentration)

I\l Naﬂtes Mertens, K. N., Retho, M., Manach, S., Zoffoli, M. L., Doner, A., Schapira, M., ... & Gernez, P. (2023). An unprecedented
v U nive I‘Sité bloom of Lingulodinium polyedra on the French Atlantic coast during summer 2021. Harmful Algae, 125, 102426.
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269 known harmful phytoplankton species

-

unesco & ¢ "

p
Taxonomic Reference List of Harmful Hh-:'.malﬂa!

I0C-UNESCO Taxonomic Reference List of Harmful Microalgae

B pemians of B o i A Ve P e e Bt U ls iFyrr e

214 known toxic and 55 non-toxic (but still harmful) species
* 55% dinoflagellates

 20% diatoms

* 16% cyanobacteria
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Be careful with taxonomy... \X/ RMS

World Register of Marine Species

Lingulodinium polyedra ? Not any more! Lingulaulax polyedra

Lingulodinium polyedra (F.Stein) J.D.Dodge, 1989

AphialD 233592 (umnisidmarinespecies. org taxname 233592)

Classification Bisla Chromisia (Kingdom) Harosa (Subkingdom) Alveolzata (Infrakingdom) Myzozoa (Phylum) Dinozoa (Subphyium) Dincflageliata (Infraphwlum} Dinophyceas (Class)
= T Gonyaulacales (Onder) Linguiodiniaceas (Family) Linguiodinim [(Genus) Linguiodinilim Dolyedra [Species)

Status
Accepted name

X unaccepled > superseded combination
mJ Head, KN Mertens & RLA Fensome, 2024

Linguiawlax polyedra (F.Stein) M.J Head, K. N Mertens & R.A Fensome, 2024
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Red tides

nOt alWayS red Pitcher & Jacinto (2019)
not always harmful

always extremely
concentrated

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



Simplified IOP model

L. polyedra Optical variability dominated by phyto
95% abundance microphyto [/

(l(}») ~ aw(}”) + aphy(}\‘) T acdom(}‘) T anap(}\“)

Phytoplankton dominated by 1-2 species

aphy(}\') ™~ aphy,l(;\') T aphy,2(7\‘) T aphy,3(7\‘)

+a,..(A)ta,. s(A)+ ..

phy, phy,5
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Reductionist approach Q) = @uN) + 3 a8+ GanN) + arin(X) + Gcmou(®

Stramski et al., (2001)
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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?

INI Nantes
W Université



Spectral libraries

GEOLOGY GEOEHYSICS, AND GEOCHEMISTRY SOIFNCE CENTER SCIENCH

& Mgy wnr il

By Geology, Geophysics, and Geochemistry Science Center  Apnl 6 2018

Thie USGS Spectral Library contains reflectance spectra, including samples of minerals,
rocks, soils, physically constructed as well as mathematically computed mixtures, plants,
vepelation commumnities, microorganisms, and man - made materials. The samples and
specira collected were assembled [or the purpose of using spectral [eatures [or Lhe remole
detection of these and similar materials. The latest version is an update to the previously
published version (2007) that is the leading database used by the global scientific
community to identity materials by their "spectral fingerprints.” The library is fundamental

for Mineral Resources Program projects to characterize mineral resources with imaping
spectrometer data.
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NEUTOEIRTIIE TN il Australian Government

Geoscience Australia

Page last updated: 18 June 2024

The National Spectral Database (NSD) houses best-practice spectral data collected by
Australian remote sensing scientists from multiple locations and institutions across the
country. As the collection grows the NSD will service continental scale research for the
Earth observation community and support application such as the validation of satellite-

based measurements of surface reflectance.

The National Spectral Database targets as diverse as soils, vegetation, waterbodies, coral,

macro to micro algae, seagrasses and land surfaces.
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Spectral libraries for shallow water RS

Roelfsema, Christiaan M; Phinn, Stuart R; Joyce, Karen (2016): Spectral reflectance library of algal, seagrass and
substrate types in Moreton Bay, Australia [dataset]. PANGAEA, ¢ https://doi.org/10.1594/PANGAEA.864310

Earth System Science Data | Jf/_-
Hyperspectral library of submerged aquatic |

vegetation and benthic substrates in the Baltic Sea *

Ele Vahtmae B4, Laura Argus, Kaire Toming, Martin Ligi, and Tiit Kutser
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Spectral library for intertidal vegetation

&

el FEmre e e
Davies et al., (2023) and Davies et al., (under review)
INI Nantes Davies, B. F. R., Gernez, P., Geraud, A., Oiry, S., Rosa, P., Zoffoli, M. L., & Barillé, L. (2023). Multi-and hyperspectral

W Unive rsité 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
" [ab measurements of IOPs using cultures, combined with R_(A) simulations
" in situ measurements of IOPs and AOPs during very intense blooms

= satellite measurements of R_(A) during very intense blooms

INI Nantes
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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)
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Luang-on et al., (2023, 2024)
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GLObal Reflectance community dataset
for Imaging and optical (GLORIA)

scientinc data
Excellent database L ™ » T
7,572 hyperspectral R (M)
chl-a, SPM, a.4.m, Secchi GLORIA - A globally representative hyperspectral in
situ dataset for aptical sensing of water quality
GLORIA for HABs?

Red tide events?
Pigments?

Taxonomic data?

INI Nantes
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Satellite approaches

In search of floating algae and other organisms in global oceans and lakes

Lin Qi ®® <, Chuanmin Hu © 2 & Karlis Mikelsons 9 2, Menghua Wang ©, Veronica Lance © F, Shaojie Sun ° ® <, Brian B. Barnes °, Jun Zhao © b

Dimitry Van der Zande ®

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 @GSEI

‘ l . If too coarse spatial resolution
- bloom “diluted” with non-bloom pixels

- optical fingerprint is not “pure”
. —
e 2l e

Sentinel-2/MSI (20 m)

Vilaine Bay, 21 June 2019

v' Sentinel-2 x Sentinel-3

v' Landsat-8/9 x MODIS

v PRISMA x VIIRS

v EnMAP x PACE Sentinel-3/OLCI (300 m)

Vilaine Bay, 21 June 2019
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Remole ?h*n:lnu of Fovironamsen

S2 spectral library i

The many shades of red tides: Sentinel -2 optical types of
highly-concentiated harmaful algal blocms

PFimmre Gesmeer & . Maris Laurs Zolfoll |, Thomas Eacour |, Tasss Merndndez Pasinas ',
G il MNaveero ", Dalel Calaldero . Tristan Harmed
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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: > 10° 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 R ((\) re-sampled at 20 m

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

Evaluation of AC & deglint performance

(N =24, r? =0.95, slope = 0.92, intercept = 0) o
.y - .;.: ;
U =drmre = .
. FRMTLE -
~ X « 490
e T M pr e 260
X R | A o B * 665
._.!r.:ll. wo e 705
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- § pas - -l' d 783
E " B = 835
.., 865
. 1
[ O : : ol ! i o LT 10 3 b
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T T R T R T R T R T 1Y In situ R matchups, high phytoplankton
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Red-edge Green Blue colour composite (REGB)

RGB
665 nm
560 nm
490 nm
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DETERMINATION OF BLOOM R __(A\)

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)

French Brittany
20190711

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

28
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STATISTICAL ANALYSES

Computed averaged R,((A) when
several blooms of same species in different regions - geographical robustness
Several species from same genus —>reduce interspecific variability

Standardized R (1) 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)

o ol N JIEn Il -l == B imm %] - THEEUROPEAN SPACE AGENCY



Lesa

S2 RED TIDE DATABASE = 108 bloom events worldwide
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esa

S2 RED TIDE DATABASE = 108 bloom events worldwide

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

Scripps
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Lesa

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

L La= Loaman '-rl-l L I =am= rrarnl=

21 species

20 genera ks

[ resrbve i I.._ - . I P . .

S classes SR | SR !
Many dinoflagellates (55%) iy s ror—te e e i
Many cyanobacteria (30%) P (| A R '

M. rubrum (Ciliate, 7%) L :
Phaeocystis (Haptophyte, 5%) . _ b g
Aureococcus (Pelagophyte, 3%) e e ol -

» 21 avg R..(\) spectra L g
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BLOOM OPTICAL TYPES

I FeSTEAT

il e 1

1] B s (L

6 R (M) clusters NG
2
3
4
6
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Optical Bloom Types with Sentinel-2 @esa
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Gernez, P., Zoffoli, M. L., Lacour, T., Farinas, 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 R ()\) al
—  F cluster #5
Buoyant cyanobacteria & dinoflagellate Yo
Aphanizomenon sp. 5 3
Nodularia spumigena N
Trichodesmium sp. ** % I
Microcystis sp. ** = |
Noctiluca scintillans (green form) _§ di
s |
Spectral shape: surface accumulation [Chl-a] 3 0
Two species with high SWIR R
R.(1610 nm) > 0 (next slide) Light wavelength A [nm]
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Appendix: cyanoHABs with high SWIR

Microcystis

o S Trichodesmium
g / R.(1610) >0
. ..:'.:"-.

o Green Noctiluca,

e =
s ?\‘*\\ : Nodularia
‘!H._._.._,' Aphanizomenon

.ll
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RED FORM OF NOCTILUCA SCINTILLANS

Flat R .(A) from 560 — 865 nm 41

cluster /i

Monospecific cluster
Low R (L) variability (6 blooms /5 countries)

I

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

Standardized R (1) [sr'!]

Distinct from green Noctiluca (contains

Chl-a due to photosynthetic symbiont) 400 500 600 700 8O0

Light wavelength A [nm]

o ol N JIEn Il -l == B imm %] - THEEUROPEAN SPACE AGENCY



MESODINIUM RUBRUM

Low R (A) in VIS, 1 peak at 705 nm 4F

cluster #3
Monospecific cluster
Low R (L) variability (8 blooms / 5 countries)

1=
..

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

PE-545 P

. iy
§| 3 -1"&

Standardized R (1) [sr'!]

00500 600 70D OO0
Light wavelength A [nm]

Pigment-based chloroplast types in dinoilagellates

Manuel Zapata®', Santiago Fraga®, Francisco Rodriguez®®, José L. Garrido'

o ool Nt JIEnllllf - he Il 55 2= E1 == B im |¥|  »THEEUROPEAN SPACE AGENCY



LEPIDODINIUM CHLOROPHORUM

Two R, (A) peaks at 560 and 705 nm 4 T
— 1 clashor #
Monospecific cluster % ] Chl-b, no abs.
Low R (A) variability (5 blooms / France) 6& | at=e0 nm
S|
Particular pigment composition E |
Chl-b, no Peridinin, no Fucoxanthin “g 1}
~ pigment type 6 in Zapata et al., 2012 5 |
N {h!

Pl |l e plemhes 14

hwall

400 500 600 700 0D
Light wavelength A [nm]

Pigment-based chloroplast types in dinoilagellates

Manuel Zapata®', Santiago Fraga®, Francisco Rodriguez®®, José L. Garrido'
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DINOFLAGELLATES... with Peridinin?

~ pigment type 1 in Zapata et al., 2012

Dominated by dinos (5/6 genera) 4 |
— cluster #
all them bearing Peridinin L
Prorocentrum ~
" " (<
Gymnodinium ~
Lingulodinium polyedra : 2
Gonyaulax N
Alexandrium é
S
=
S
N

401 SLH) il T t 1LF
Light wavelength A [nm]

Yl B85 ¥3-5F FO1T SAREISE FEVHLOKESY PHEHEE S SERIES

L} hT L |
Nilag Tood Prog =er Paliichad Ssplomber 2

Pigment-based chloroplast types in dinoilagellates

Manuel Zapata®', Santiago Fraga®, Francisco Rodriguez®®, José L. Garrido'

o ool Nt JIEnllllf - he Il 55 2= E1 == B im |¥|  »THEEUROPEAN SPACE AGENCY



DINOFLAGELLATES...with Fucoxanthin?

Dominated by dinos (5/7 genera), dr

Protoceratium reticulatum
Ceratium fusus

Karlodinium veneficum *
Karenia sp. *
Margalefidinium polykrikoides

clusier &2

Also contains 2 other classes

Phaeocystis sp. *

Standardized R (1) [sr'!]
Eogl
-

Aureococcus anophagefferens * U g

L] ull | il JM] S0

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

Three species had unique R (1) 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

o ool Nt JIEnllllf - he Il 55 2= E1 == B im |¥|  »THEEUROPEAN SPACE AGENCY



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

o ol N JIEn Il -l == B imm %] - THEEUROPEAN SPACE AGENCY
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Hyperspectral approaches

Pigments line height

Spectral derivatives

Similarity index

Optical water type (OWT) classification

Many others: see lectures by Jeremy Werdell and Ivona Cetinic
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Pigments line height

LH = 100*[Ris(A1) + 7 @ (Ris(As) — Ris (M) ) — Ris(A2) ]

A —X
A —A

T

B i e § i e e

Eemote Sersing of Enviratiment

el g, cea o0 o S Lm0

Towaid elncidating acoeiamy piginenls il intense phytoplankioa blocdams
uxing byvperspectial satellite iemote snsing in ssppont of hamaful slgal
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Chl-b line height

(absorption max ~ 650 nm)
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Optical water types (OWTs)
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Spectral derivative (using absorption)
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Detection of harmful algal bloems using photopigments and
absorption signatures: A case study of the Florida red tide
dinoflagellate, Gymnodinium breve

Orvid ¥ plbe Crigar W SChofedd Gary | Sirkpairick Gl Kanivieon Paivicia & Tegier. Boyan T irsead

Millie et al., (1997)



Spectral derivative (using reflectance)

Applied Optics  volL 45, lssue 21, pp. 5414-5425 [2006) - hstpsfidal orgl10.1364/80 45 (05414

Use of hyperspectral remote sensing reflectance for

JPTICA

detection and assessment of the harmful alga, Karenia brevis

susanne E. Craig, Steven E. Lohrenz, Zhongping Lee, Kevin L. Mahoney, Gary . Kirkpatrick, Oscar M. Schofield, and

Robert G, Steward

Abstract

We appled two numerical methods to i situ hyperspectral measurements of remote se Mesing
relectance ® 5 10 assess the feasiility of remote detection and manitoreng of the toxc
c.-r.r-r'lﬁ._g,s-llate-. KAremnad oreas, wWinich Nas Dean shown 10 exinehit umigue absorption propermes. Frst,

Companson of reflectance-derived a_ with

I\l Nantes :
W Université Cralg et al., (2006)



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

fx"ﬁ*/a’ﬂf f’fff
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companson, the degree of saimalanty between spectra Lhen i f
was compticd using an index (31) alporithm: 8 ’
il . . e o i J
51 = — arccosine “!" 2 '.!':'I “imsan |
n " 5,1 % 1S, R
whene ; :,,':, i the cosine of the angle between -
two veclors, 8, 1s the vector of fourth-derivative spec- ey
trum values 5,(4,) 5040 S(4).... 5(4) for the first —pien |
specirum, and, semalarly, 5, 18 the vector ol the fourth- .
derivative spectrum values for the secomd absorbance or -.--..-..'I' I ———
_', Similarity index
I-".-._.-.-I

Using absorbance and fluorescence spectra to
discriminate microalgae

Published online by Cambridge University Press: 08 Octobaer 2002
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PAVID E MILLIE, DSCAR M, E. SCHOFIELD, GARY |, KIRKPATRICK, GEIR |QHKNSERN and
[ERENCE L EVENS

In vivo absorption characteristics in 10 classes
. of bloom-forming phyloplankion: laxonomic
Millie et al., (2002) characteristics and responses lo pholoadaplation
by means of discriminant and HPLC analysis

Lo Jhenre | dlddgrir Ssmnr] |, Lois Cpandag’, Lgil bahabaey'
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Assessing potential of hyperspectral RS

o - ﬁ ¥ --_ = . I:. . | "
B ‘ . i - . [

2 . -i'. 1 ‘ ' ;
Is it ﬁdssiple to distinguish a bloom caused by a peridinin-bearing ’

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

7 e
Is it possible to distinguish a bloom of diatom from"a I?'loom*sed by .
other fucoxanthin-bearing species such as h} hyt#pﬂ'dophytg 3

- - FEL

and/or some dinoflagellates ?
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Material & Methods

Particulate absorption coefficient a,(A) 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 a,()) spectra
Spectra were smoothed (9nm moving average), and 2" derivative computed.

Hierarchical cluster analysis was performed using a similarity index distance.

I\‘JI Uﬁ{\\,tfrssité @ Sxpiptinevi BIOSPACE25 - 10-14 Feb 2025 - ESA/ESRIN 54



Absorption diversity: 7 clusters at class level Cesa

Class-averaged absorption of 7 optical clusters

Prasinophytes

Easy due to unique pigments

Cyanobacteria R
and absorption signature
Haptophytes A
more
challenging

Fucoxanthin-bearing dinoflagellates (next slide)

Diatoms and/or raphidophytes )

RN il e T '-'.'l;
| g maickapth © [mm|
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Scattering coef. of phytoplankton cultures @esa

@ ¢

cnes

HABLAB: full characterization of phytoplankton scattering using advanced instruments

Attenuation ¢, (1) and scattering b, () coefficients (ac-s)
Angular scattering at 515 nm £, (6)

Hyperspectral backscattering coefficient by, (1)

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

i Hyfi-bb: hyperspectral

El  Dbackscattering through mono-

E directional VSF measurement
(Novak et. al, 2024)

https://doi.org/10.1364/0E.529061
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https://doi.org/10.1364/OE.529061

Removing background particles in cultures @esa

Removing small detritus using nucleopore filters

Required to measure microalgae scattering without bias

o J
: = Partiches < & pm Sample with algal cells
&y 4 Gl ey = 5.3 109 callfl
’ il Mean damete * 35 um - algal cells + small detritus
ﬁ. 4 = I‘ 'E'
- " .
fwl } y =
: X 2
. e
& & " % Filirate wio algal cells £ SMall e,
2 - 3% remars afin: Bitration tf/l‘us_- > 50
3 : % o
o - - . féép (/1)
a 10 30 30 Az &
Parhiuts S8 [T - . - : b '."
» [nm]

Coulter counter measurements
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HABLAB results esa
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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 @esa

b,(1)
a(4)

RT model from Harmel et al., (in prep.) R (/1 0,0 Agb) —f( 85,61,,A¢)

] . a (}\‘) — Ay (}\‘) + Acdom (7\’) + [Chl'a] a*phy (}") + Qothers (}\')
|IOP model parameterized using lab data

bb (}\‘) bb W (7\‘) + [Chl a] b ,phy (7“) T bb ,others (}\“)

hi-a -.'|I-r-l I.'||.|-_'|l|.—||-|

K
'
B "y
-]

k- - . = . = 5 [ s I i
.I'I||.r||.||_I||Ir|.I'| W rriceh 1niml
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Applications to HAB monitoring: in situ R_()\) @GSEI

Chl-a (mg m™3)
40 60 80 100

R Above-water R (1) measurements
! during red tide

— in situ Best fit for Lingulodinium polyedra

simu tions

Confirmed by microscope obs.

LEE ) B

00 e - T .
{r:0 FH L Bkl e
Warebenipdh | Him|
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Application to PRISMA

231121
0OES |
| e— sk i .
005 | - :-:I:.!I In situ data from
. ] FRISMA (ACOLITE) i i o _
Albufera lagoon (Spain “"'"; FRISMA (RCRES) Antonio Ruiz Verdu et al
~ Sl — Chl-a: 230.0 ug/I
" | 3 osy k- CDOM (a_400): 2.78 m!
Ha] =] e 3
e \'///\ SPM : 28.57 mg/L
:u:-:-:-f o
W0 s0 e 70 B0 B0 10

Wt rrgih (A

Chl-a ime e
(B 1] 50 iy 8] P 1 1]

| ]

ai}

Best fit with cyanobacteria
Microcystis aeruginosa

:
e -

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

discrepancies in blue-green

Need to expand IOPs
dataset with more
cyanobacteria species

_— Il a=2 N = ] = o Il 1] o S = =m = Bl ZE == i == B mEm [¥] - THEEUROPEAN SPACE AGENCY

Harmel et al., May 6th, 2025 SFPT 2025, Grasse, France



Conclusions @esa

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
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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

INI Nantes
W Université



Example using Sentinel-2

results from Victor Pochic and Zoé Besnard

ﬁ; ) = et iy

1. OWT & OBT classification
- Noctiluca

2. Specific algorithm
NDNI (Detoni et al., 2023)

R

Mafra et al., submitted



New research avenues
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UV-absorption as sighature of dinoflagellates?

rl_l—I—l_-l-L'I_-—
ilm HaTes F L e Haadats ' ASTHE BF

- - Noctiluca Release of ultraviolet-absorbing

|' @ — L. polyedra compounds by the red-tide
ke dinoflagellatelingulodinium polyedra
kA

Ill n ML s Pl K B PR

| e e eieem = e

; ' "' These results indicate that UV-absorbing

3 ! [ - compounds synthesized by phytoplankton, such as cer-
F .I""-.— e tain dinoflagellates, may be a component of the DOM
: bl pool in surface waters of the ocean and contribute to

the attenuation of UV radiation 1n the water column.

Ao rg s ier ]
ultraviolet-absorbing compounds:
Balch & Haxo (1984) known as mycosporine-like amino acids (MAAs)
I\ Nantes Vernet & Whitehead (1996)

W Université



RESEARCH ARTICLE

AppliCatiOI‘l to HAB Satellite detection of dinoflagellate blooms off
remote sensing

California by UV reflectance ratios

Mati Kahru'*, Clarissa Anderson?, Andrew D, Barton'-, Melissa L. Carter’,
Dylan Catlett®, Uwe Send?, Heidi M. Sosik®, Elliot L. Weiss', and B. Greg Mitchell’

Karhu et al., (2021)



Remote sensing of bioluminescence?

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

SCRIPPS msrirurion or
OCEANOGRAPHY




Fluorescence of bio-marker pigments?

Space station image captures a red tide ciliate bloom
at high spectral and spatial resolution

Heidi Dierssen™’, George B. McManus®, Adam Chlus®, Dajun Qiu™®, Bo-Cai Gao®, and Senjie Lin®
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Dierssen et al., (2015)




Do not trust empirical knowledge too much

“Blooms of L. polyedra?

I”

Not in my region

s S SR ST AR

I\l Nantes
W/ Université Mertens et al., (2023)



Surprise!
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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”

crture eoodoy & evoluiBon
Lo e = Al T el = Pt = gl - R "
A catastrophic marine mortadity event caused by 2

coriples algsl b inclsding (he v C o
prosheder Karesia crisnant







