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Comparing optical to classical measurements

Disadvantages of classical chemical analyses: 
requires taking samples, can alter the environment, 
intrusive, low spatio-temporal coverage

In contrast, optical measurements require no 
samples, no transporting to a lab, are
non-intrusive (mostly)

If continuous profiles:
–excellent temporal resolution
If remote sensing:
–Excellent spatial coverage 
–Good temporal coverage



“Optical Signature” of a marine water sample

for phytoplankton communities it can provide an indication of:

- their size structure (e.g., Ciotti et al. 2002, Ciotti & Bricaud 2006)

- the functional groups (e.g., Alvain et al., 2005, 2008 )

- their physiological state, esp. the level of photoacclimatation (e.g., Behrenfeld & Boss 2003)

- photosynthetic parameters (Uitz et al., 2008)

- primary production (Silio-Calzada et al., 2008)



“Optical Signature” of a marine water sample (continued)
_________________________________________________________________________

* particle size distribution (PSD), (e.g., Kitchen et al., 1982; Boss et al., 2001; 
Loisel et al., 2006)

a) optical approach, based on the spectral dependence of the scattering coefficient.
Mean slope of size distribution law, over a size range of about 0.1 to 20 µm 
(e.g., Boss et al., 2001).

Boss, E., M. S. Twardowski, and S. Herring. 2001. Shape of the particulate beam attenuation spectrum and its inversion 
to obtain the shape of the particulate size distribution. Appl. Opt. 40: 4885 - 4893.

Note: PSD can yield phytoplankton groups (e.g., Kostadinov JGR 2009, Biogeosc 2010)

b) classical particle counting methods cannot detect particles smaller than ~1 micron 
(e.g., Jackson et al., 1997).

Note: There exists an important uncertainty for the size range ~[0.1 ; 1] μm. These sub-
microscopic particles are not well known -> problems when analysing optical properties
(Stramski & Kiefer 1991).



“Optical Signature” of a marine water sample (continued)

* biogenic or mineral (e.g., Twardowski et al., 2001; Loisel et al., 2007)

* POC can be directly quantified by measuring the scattering coefficient (Morel 1988).
From space, semi-analytical algorithms Rrs → Bbp and Chl → POC
(e.g., Loisel & Stramski, 2001; Loisel et al., 2002)
 
And empirical
(Gardner et al., 2006; Stramski et al., 2008) with uncertainties of the order of 20%
(Stramski et al., 2008).

Note 1 - POC from measurements of Bbp or Cp (Stramska et al 2005)
Note 2 – There is still the problem of measuring DOC and its "invisible" parts
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Radiometric 
Measurements







Boussole:

    Satlantic 200 series radiometers measure Es (4.5 meters above the 
water surface); Ed, Eu, and Lu (nadir) measured at 2 depths: 4 and 9 m.
    Two-axis tilt and compass at 9 m.
    A Sea-Bird Electronics CTD at 9 m for temperature, conductivity and 
pressure.
    Fluorometers at 4 and 9 m to obtain a proxy for the chlorophyll a 
concentration.
    Transmissometers at 4 and 9 m for a proxy of the particle load.
    Backscattering meter at 9 m to obtain a proxy for bb at two 
wavelengths (442 and 560nm).

These data are collected every 15min during daylight, and every hour at 
night. Each data acquisition sequence lasts one minute.



350 nm
to 940 nm
Monterey
Hawaii



SOLEMIO buoy:  (F. Garcia, MIO)
Ensures long term observation of the Bay of Marseille;
1 out of a total of 10 stations in the nation SOMLIT network (Service 
d’Observation en Milieu Littoral – http://www.SOMLIT.INSU.fr).



SOLEMIO buoy:  (F. Garcia, MIO)

An additional autonomous nitrate sensor of the ISUS/MBARI type by 
Satlantic is attached to the southern dead weight at a depth of 60 m to 
perform high-frequency measurements (1 measurement per hour).



https://www.mio.osupytheas.fr/fr/recherche
/
Observation activities
→ Real time data from the Bay of 
Marseille

              The SUNMEX line (MIO, R. Sempere and B.Charrière)

This bio-optical line houses sensors to measure radiometry (Ed & Eu), 
biogeochemistry (Chla, CDOM, particles), and physics (T, S, P). 
It was attached to a float and has been operating in the Bay of Marseille 
(43°15’64 N,  05°20’01 E) since 6 April 2011.

<- 2014

2020 ->

https://www.mio.osupytheas.fr/fr/recherche/
https://www.mio.osupytheas.fr/fr/recherche/


    Parameters measured by the SUNMEX line:

* Atmospheric irradiance at 8 wavelengths:
305, 325, 340, 380, 412, 443, 495, and 565 nm (µW cm-2 nm-1)

* In the water column at 2 and 6 m depth

    - Ed at 8 wavelengths: 305, 325, 340, 380, 412, 443, 495, and 565 nm (µW cm-2 nm-1)
   -  Eu  at the same 8 wavelengths  (µW cm-2 nm-1sr-1)
   - coloured dissolved organic matter (CDOM) (ppb quinine sulfate equivalent)
   - particle backscattering at 650 nm (m-1)
   - chlorophyll a (µg l-1)
   - temperature (°C)
   - salinity
   - pressure (bar)

“The radiometric data yields the ‘AOP’s’ (apparent optical properties) such as Kd (diffuse 
attentuation coefficient of downwelling irradiance) or the ‘nLW’ (normalized water leaving 
radiance) at 8 wavelengths throughout the year. The line also contains an inclinometer which 
allows to discard any irradiance measurements if the inclination of the line is >5°”  
-Excerpt translated from SUNMEX site-



Measuring the 
IOPs



Transmissometers
(e.g., BAM, C-Star, C-Rover)

Spectrophotometer
- Multi-spectral absorption and attenuation meter

[+ Fluorometers
-Open path and flow-through fluorometers for measuring 
Chlorophyll, CDOM, Rhodamine, and Phycoerythrin 
fluorescence
-Combination fluorometer-turbidity sensor
-Custom three-parameter fluorescence/scattering meter

Water Quality
-Cycle PO4 Meter
-Water Quality Monitor]

http://www.wetlabs.comSupplier: Wetlabs



Bioluminescence
- Underwater Bioluminescence Assessment Tool

Turbidity and Scattering meters
- Single-angle backscattering meter
- Turbidity sensor
- Three-wavelength backscattering meter
- Combination chlorophyll fluorometer–turbidity sensor
- Three-angle, single wavelength VSF meter
- Three-angle, three-wavelength VSF meter

+ Photosynthetically Active Radiation sensor
+ Custom three-parameter scattering meter

Systems         Mini Bio-Optics



Supplier WETLabs



at 8 wavelengths (WETLabs)



* diatoms





Detecting wastewater through fluorescence

Fluorescence of tryptophane Ex =  228 / Em = 340 nm  
[Petrenko et al., JGR 1997]

Beam attenuation c660
Sand Island, HI



    HYDROSCAT 6
Backscattering (ß[140°] and bb) at six wavelengths
        Standard bb wavelengths: 420, 442, 470, 510, 590, and 700 nm
        Other wavelengths available
+ Fluorescence at two wavelengths
        Standard: 700 nm excited with 442 nm (chlorophyll),

510 nm excited with 420 nm
 Depth (330 m standard, 500 m optional)

http://www.hobilabs.com

Supplier: HOBILabs







Optical measurements in the sea

HOBI LABS HydroProfiler

#          Instrument Measurement(s)

•1 HydroDAS Controller
•2 HydroBeta volume scattering function

•3 WET Labs AC9 absorption, attenuation
•4 HydroScat-6 backscattering, fluorescence

•5 a-Beta     backscattering, attenuation, absorption

•6 HydroScat-4 backscattering
•7 HydroScat-2 (back side of profiler)      backscattering, fluorescence

•8 Seabird SBE-19 conductivity, temperature
•9 Biospherical PRR-600    downwelling irradiance (separate upwelling radiance head 

on bottom rear)

•10 c-Beta (back side of profiler, not visible) backscattering, beam attenuation
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Argo – basic system

Parking depth:
Equilibrium between weight, W, and buoyancy force B.

BBB

W
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Argo – basic system

Fluid pumped into
external bladder causes
volume and thus buoyancy to increase (while weight remains constant)
Disruption of the equilibrium => the float rises

(~ 3 hours)  & others

BBB

W
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(adapted from http://www.oao.obs-vlfr.fr/bioargo/)

Pressure
T
S
Chlor a
CDOM
bbp 700 nm

DO (A and B)
Ed 380 nm
Ed 410 nm
Ed 490 nm
PAR

BGC- ARGO  (BioGeoChemical)
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Measured parameters Derived parameters

Pressure
T        Theta, CT, sigma, TS diagram-s, MLD
S

CDOM

Chlor bp = f(bbp, Chl)   (Twardowski et al., 2001)
bbp 700 nm POC = g(bp)       (Loisel and Stramski, 2002)

DO

Ed 380 nm
Ed 410 nm Downwelling irradiance →  Kd at these 3 wavelengths
Ed 490 nm
PAR Kpar

With optics or Rrs, possibility to obtain phytoplankton communities...
Work and collaborations with colleagues.

BGC- ARGO



Measuring particles



LOPC  - Laser Optical Particle Counter
Resolution ranges from 100µm to 35000µm.
Particles from 100µm – 1500µm (single element plankton) are binned

and plotted as a histogram
Particles from 1500um – 35000um (multi-element plankton)

have their shape outline displayed in real time.

 (Standard Rolls-Royce LOPC model)



Plankton >1mm  and <= 40 mm
The LOPC can operate in high particle 
concentrations of up to ~ < 10 6/m 3 with
MVP towing speeds of up to 12 knots.







Flux Cytometry

Measures optical properties of cells (cyto-) transported by a 
fluid flow (flux) to a light excitation source (usually a laser).

§Light (laser or arc lamp) scattered by the particles (cells)
§Natural or induced fluorescence emitted by the particles 
(cells)
§Monodisperse particle flow
§Multivariate analysis of particles (cells)
§Identification of sub-populations

• 1st instrument dedicated to studying aquatic microorganisms
 constructed in 1983

Courtesy, Gregori 2018]



Important discoveries 
made using flow cytometry

• Ostreococcus tauri (Chlorophyta, Prasinophyceae)
 = the smallest unicellular eucaryot know today

        (discovered in the Thau lagoon, France)
Courties et al, 1998, J Phycol 34

• Prochlorococcus (cyanobacteria)
= the smalles photoautotrophic procaryotes* and the most 

abundant on the planet
Chisholm, 1988, Nature 334

* no cell nucleus (“bacteria”, archaea and eubacteria)

Courtesy, Gregori 2018]



Data obtained with flow cytometry

Courtesy, Thyssen 2020]



Inlet
Sample

heart

sheath

Laser

Principle of hydrodynamic focussing in a flow
chamber (sheath fluid)

Sheath
    fluid

Laminar flow• Separation
• Alignment of 
particles

Flow chamber

Courtesy, Gregori 2018]



Sample

Dichroic mirror

Filter

(size)

Fluorescence 3
(red)

PA

90°

pm2

pm3

pm4

Fluorescence 2

(orange)

    Fluorescence 1 (green)

                 Scattering (shape, structure)

Laser (UV, 488, 633 nm)

Operating principle of flow cytometry

90°

90°

488 LP

525 LP

650 LP

Courtesy, Gregori 2018]



Cytometry data

Courtesy, 
Gregori 2018]



Courtesy, Izard 2019]



Courtesy, Gregori 2018]



488 nm laser

+-

Possibility to sort cells using 
sorting cytometers

Electric deflection plates
(high voltage)

Cells sorted into 
collection tubes

Scattering at
small angles

Fluorescence and scattering
sensor at 90°

+
+
+

+
+

+ - -
- -

-

-

Waste

+

+
+

+

+

(Dessin de P. Robinson, PUCL)



Cytosub (Cytobuoy): a flow cytometer 
for autonomous in situ measurements 

of phytoplankton.

•In situ analysis down to a maximum depth of 200 m.

•10 min max sampling frequency

•Can be deployed for several weeks at a time

(G. Gregori, 
M. Thyssen, MIO)



Difficulties and tools

Diversity

Difficulties:
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Two sample times
Observed trends

Highly dynamicLarge size range

Automated image collection 
using flow cytometry

Tools:

Analysis of community size 
structure

 Buoys

Ships of 
opportunity

Research 
Vessels



Clusteri
ng

Resolved functional
groups

Prochlorococcus
Synechococcus
Picoeucaryotes

Nanoeucaryotes
Microphytoplancton

Cryptophytes 
Coccolitophorideae

Images
Taxonomic diversity for 

organisms > 15 µm

The automated flow cytometry allows for high-resolution observations of different phytoplankton on a cell-by-cell basis. 
This can be used to calibrate remote sensing observations or to guide theoretical studies to explain/improve the 
interpretation of ocean colour measurements

Faisceau 
laser

Phytoplankton 
sample

Camera

Cell 1

Cell 2..

cell i

Sheath fluid 
used for 

hydrodynamic 
focusing

Fluorescence 
and

scattering by a 
cell

R
e
d
 fl

u
o
. 

(a
.u

.)

              Scattering (a.u.) 
          

• Sampling frequency 0.1 min-1

• Autonomous sampling for several months yield 
time series with high temporal resolution

• Expertise at MIO

(Thyssen et al., 2015; Duforet et al. 2015; Moutier et al., 2016, 2017) 

Courtesy, Thyssen 2020]



Links with optical properties of water and PHYSAT
Application in the Mediterranean=

>2500 flow cytometry samples collected between 
2015 and 2020 during campaigns at sea.

Interpretation of 
ocean colour 
measurements via 
PHYSAT (detection of 
dominant species and 
assemblages)
(S. Alvain, AH. Rêve)

Theoretical model.
Estimating biomass 
and the influence of 
phytoplankton cell 
morphologies
(L. Duforet)

Best characterisation:
• of phyotplankton 

species 
composition

• of their functions in 
marine cycles 
(specifically 
carbon)

-Globally applicable
-Integration growth processes in 
the data
-Data needed by biogeochemical 
models
- Links with resources (food 
chains).

Coupled 
experiments within 

the BIOSWOT 
framework

Tosca CYTOSAT

OSCAHR
FUMSECK
PEACETIME
CHROME
preBIOSWOT

Courtesy, Thyssen 2020]



Measuring nutrients







Using the PROVBIO floats

(Below schematic courtesy A. Fumenia)



Courtesy – excerpt from thesis  - A. Fumenia – 3 June 2020

Fumenia, A., A. Petrenko, H. Loisel, K. Djaoudi, A. de Verneil and T. Moutin (2020), 
Optical proxy for particulate organic nitrogen from BGC-Argo floats , Optics Express, 
doi:10.1364/OE.395648

(Above correlation R^2=0.87
More work to do as there are 28 profiles
Few data available for oligotrophic areas of the Tropical SW Pacific
Great contribution by BGC-Argo floats)

(MOP = Particulate organig matter (POM);  PON = Particulate Organic Nitrogen)



Peut aussi détecter de la fluorescence – Lidar à fluorescence)



LIDAR       Active Instrument                 ~Laser and Radar

Advantages:
- Active, thus functions also at night (detection of nycthemeral migration)
- Passing cloud cover 
- Sampling in rarely samples zones; e.g., poles (no coverage by satellites)

More details than you want to know:
https://en.wikipedia.org/wiki/Lidar

Site by M. Behrenfeld
https://www.scientia.global/professor-michael-behrenfeld-advancing-satellite-
technology-to-monitor-ocean-phytoplankton/
?doing_wp_cron=1605025154.6465411186218261718750

MJ Behrenfeld, Y Hu, CA Hostetler, G Dall’Olmo, SD Rodier, JW Hair, CR Trepte, 
Space‐based lidar measurements of global ocean carbon stocks, Geophysical Research 
Letters, 2013, 40, 4355–4360.

NASA Langley Research Centre more sophisticated lidar technique: high-spectral resolution
 lidar (HSRL). HSRL adds an additional detector system to independently separate scattering 
and absorbing components in the water.

https://en.wikipedia.org/wiki/Lidar
https://www.scientia.global/professor-michael-behrenfeld-advancing-satellite-
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