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What is ocean optics?
In principle it sounds straightforward, but in reality it's not...  

Because of this, ocean optics is a strongly interdisciplinary science combining 
physics, biology, chemistry, geology, and atmospheric sciences.

Microscopic plankton

Seawater is a highly complex medium containing a “witch's brew” of dissolved 
substances and suspended particles which strongly alter its optical properties.



• Molecular water
• Inorganic salts
• Dissolved organic matter
• Plankton microorganisms
• Organic detrital particles
• Mineral particles
• Colloidal particles
• Air bubbles

Suspended 
Particulate 
Matter

Seawater is a complex optical medium with a 
great variety of particle types and soluble species



10 m

Diversity of biological and mineral particles



Plankton microorganisms



Example long-term goals

• Understand the magnitudes and variability 
of oceanic optical properties 

• Predict ocean optical properties given the 
types and concentration of suspended 
particles (forward problem) 

• Obtain bio-optical properties and 
biogeochemical information from optical in 
situ and remote-sensing measurements 
(inverse problem) 
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(Bohren and Huffman 1983)



Absorption 
efficiency 
factor for 
particles

Qa() = Fa() /Fo()

particle in water

(Morel and Bricaud 1981)
Note: Qa, as, and n’ are functions of 



(Morel and Bricaud 1981)

The package effect factor



Linkage between the single-particle optical properties 
and bulk optical properties of particle suspension

a = (N/V) Qa G = (N/V) a

a is the absorption coefficient of a collection of particles in 
aqueous suspension (units of m-1)
N/V is the number of particles per unit volume of water 
(units of m-3)

Qa is the absorption efficiency factor (dimesionless)

G is the area of cross section of a particle (units of m2).   
For spherical particles G = (/4)D2 where D is a diameter

a (= Qa G) is the absorption cross-section (units of m2)

Note: a, Qa, and a are the spectral quantities (i.e., functions of light wavelength)



(Morel and Bricaud 1981)

The package effect

a* = a / Chl = a / [(Chlcell/Vcell) (N/V)Vcell] = a / [Chli (N/V)Vcell] 

For spherical particles: 

a* = (3/2) Qa / (Chli D) = (3/2) (as / Chli ) [Qa / (as D)] = 

= (3/2) (as / Chli ) (Qa / ’) = (as / Chli ) Q*a = a*sol Q*a

where a*sol = as / Chli

a* = a*sol if ’ →  0  and Q*a = 1

The package effect factor: 

Q*a = a* / a*sol = (3/2) Qa / ’ = (3/2) Qa / (as D)

a = (N/V) Qa (/4)D2   and Vcell = (/6)D3



(Morel and Bricaud 1981)



(Morel and Bricaud 1981)

Solid lines: intact 
cells in cultures

Dotted lines: 
hypothetical 
aqueous solution 
of the material 
forming the cells



Absorption efficiency for various phytoplankton and 
heterotrophic microorganisms

(Morel 1991)



(Morel et al. 1993)

Example spectra 
of absorption 
efficiency factor



Geometry for defining Inherent Optical Properties

(Mobley,1994)



Measurement of particulate absorption coefficient with a 
spectrophotometer equipped with a center-mount integrating sphere

detector

Babin and Stramski (2002)

detector

Very small or negligible scattering error

monochromatic

incident light beam



Absorption and Scattering Spectra of MgCO3 particles
Measurements inside the integrating sphere

Babin and Stramski (2002)



Scattering Error for Saharan Dust Sample

Babin and Stramski (2002)



(Morel et al. 1993)

Particle size 
distributions of 
Prochlorococcus  
and Synechococcus



Particle size distribution



Optical method:  LISST-100 Instrument

• 0.016< < 3.20     

• 0.1  <  < 200

transmissometer acceptance angle: 0.0070   or 0.0360

(Agrawal 2005)

transmitted 
power 
sensor

Sample 
volume

Lens
Laser and 
collimating 
optics

Ring 
detector



Optical efficiency factors versus phase shift parameter

(Morel and Bricaud 1986)

Qa = Fa/Fo Qb = Fb/Fo Qc = Fc/Fo

phase shift parameter  = 2 (n-1)

Qc = Qa + Qb



Scattering by a single particle: Phase shift parameter

(Jonasz and Fournier 2007)



The effect of polydispersion on attenuation efficiency

(Morel and Bricaud 1986)



Scattering and backscattering efficiencies 
versus particle size

(Stramski and Kiefer 1991)



(Morel 1991)



Spectra of scattering efficiency for various 
phototrophic and heterotrophic microorganisms

(Morel 1991)



Anomalous 
dispersion of 
the refractive 

index within the 
absorption band

(Morel and Bricaud 1986)



Optical efficiency factors:

Examples for monospecific 
cultures of algal cells 

(deduced from the absorption 
and attenuation coefficients, 

and size distribution 
measurements)

(Morel and Bricaud 1986)



Beam Transmissometer Systems

in situ instrument

bench-top spectrophotometer

(Kirk, 1994)



Scattering phase function: Effect of polydispersion

(Morel and Bricaud 1986)



Scattering phase function: Effects of particle 
size and refractive index

(Morel and Bricaud 1986)



Normalized scattering function for various 
microorganisms (from Mie calculations)

(Morel 1991)



Backscattering ratio 
versus relative size 

parameter

(Morel and Bricaud 1986)
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Schematic diagram of general-angle 
scattering meter

(Kirk 1994)



(Stramski et al., 2001)

Plankton microorganisms



Interspecies 
variability in 
absorption

(Stramski et al. 2001)



(Stramski et al. 2001)

Interspecies 
variability in 
scattering



Interspecies variability in
single scattering albedo 

(based on data from Stramski et al. 2001)
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Mie calculations of scattering phase function 
for plankton microorganisms

(Stramski et al. 2001)



(Stramski et al. 2001)

Backscattering properties of plankton microorganisms
(subject to uncertainties associated with Mie scattering calculations for 

homogeneous spheres)



Intraspecies variability due to irradiance - Synechocystis

(Stramski and Morel 1990)

Absorption

Cell

Chl

C
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Intraspecies variability due to temperature, nitrogen,
and light limitation – Thalassiosira pseudonana

(Stramski et al. 2002)

Absorption vs. growth rate Scattering vs. growth rate



Intraspecies 
variability over 

a diel cycle

Thalassiosira 
pseudonana

(Stramski and Reynolds 1993)



(Stramski 1999)

Cellular carbon and chlorophyll-a
from refractive index



Cellular carbon and chlorophyll
from refractive index

DuRand et al. (2002)



Optical variability for heterotrophic bacteria

Absorption

(Stramski and Kiefer 1998)

Beam attenuation

CHB   Carotenoid-rich bacteria:
grown in nutrient-enriched seawater [EX-1 
(light-dark cycle), EX-2 and EX-3 (dark)], 
and in nutrient-poor seawater (EX-4)

NHB   Non-pigmented bacteria:
fast-growing in the absorption experiment 
and starved in the attenuation experiment



Prey-predator interactions (cyanobacteria and ciliates) 

(Stramski et al. 1992)

Absorption spectraParticle size distributions

Scattering spectra



Spectral particulate beam attenuation coefficient, cp(), for
(a) infected and (b) control samples at different sampling
times, as indicated.

Density function of particle size distribution, FN(D), for  
(a) infected and (b) control samples at different 
sampling times, as indicated.

(Uitz et al. 2010)

Viral infection of marine bacteria 



Mineral particles

Mongolian Cyclone 7 April 2001

Saharan dust 

Cloud

Dust

Spitsbergen fjord, Arctic



Sample 
ID

Description Origin

ILL1 illite Source Clay Minerals Repository,
University of Missouri (ref. IMt-1)

ILL2 as above but different PSD as above

KAO1 kaolinite (poorly crystallized) as above (ref. KGa-2)

KAO2 as above but different PSD as above

MON1 Ca-montmorillonite as above (ref. SAz-1)

MON2 as above but different PSD as above

CAL1 calcite natural crystal

CAL2 as above but different PSD as above

QUA1 quartz natural crystal

SAH1 atmospheric dust from Sahara red rain event, Villefranche-sur-Mer, France

SAH2 as above but different PSD as above

AUS1 surface soil dust cliff shore, Palm Beach near Sydney, Australia

AUS2 as above but different PSD as above

ICE1 ice-rafted particles glacier runoff, Kongsfjord, Spitsbergen

ICE2 as above but different PSD as above

OAH1 surface soil dust Oahu, Hawaii Islands

OAH2 as above but different PSD as above

KUW1 surface soil dust Kuwait (eastern part, close to ocean)

KUW2 as above but different PSD as above

NIG1 surface soil dust southwest Nigeria

SAN1 atmospheric dust San Diego, California

Terrigenous 
mineral-rich 
particulate 
matter

(Stramski et al. 2007)



Mass-specific absorption
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(Stramski et al. 2007)



Particle Size Distributions
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(Babin and Stramski 2004)



Mass-specific absorption Fe-specific absorption

(Babin and Stramski 2004)

Absorption of mineral-rich particulate assemblages



Size distributions of colloids
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Results for colloidal particles

pure seawater
average small colloids

small + large colloids 
average large colloids

scattering backscattering
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(Stramski and Woźniak 2005)



Low-index particles High-index particles

(Stramski and Kiefer 1991)

Scattering budget in terms of particle size fractions



50 nm 

240 nm

800 nm 

Measurement of a wide range of nanoparticle sizes simultaneously 



A superposition of 300 video frames acquired during 10 seconds 
illustrating trajectories of individual nanoparticles through time

A mix of polystyrene nanosphere size standards of 50, 240, and 800 nm in diameter suspended in water



1905 Albert Einstein's Year of Miracles:
One of four “Annus Mirabilis” papers:

diffDη
TD

   π3
 kB

T – temperature of the liquid medium (seawater)

D – diameter of particle
Ddiff – diffusion coefficient of particle

 – dynamic viscosity of the medium (seawater)

kB - Boltzmann constant



Light 
scattering
by bubbles 

entrained by 
wave 

breaking

(Stramski and Tęgowski 2001)



Scattering and 
backscattering by 

bubbles as a function 
of void fraction

(Terrill et al. 2001)



IOPp()= IOPph() + IOPNAP()

IOP() = IOPw() + IOPp() + IOPCDOM()

Traditional approach
Inherent Optical Properties (IOPs) described in 

terms of a few broadly-defined categories of 
seawater constituents

Example IOPs:
absorption coefficient, scattering coefficient, 
beam attenuation coefficient, volume scattering function



A four-component model of absorption



Examples of particulate absorption coefficients 
ap, ad or NAP, aph (data from the Sargasso Sea)

(Bricaud and Stramski 1990)

aph = ap - ad or NAP



(Babin et al. 2003)

Example non-algal 
particle (NAP) 
absorption spectra and 
the corresponding 
exponential fits for 
different regions



(Babin et al. 2003)

Frequency distribution of 
spectral slope of NAP 
absorption

NAP absorption spectra 
calculated with 
aNAP(443)=1 m-1 and SNAP
= 0.0123 nm-1 (±1.96 
standard deviation, where 
SD=0.0013 nm-1)



Chlorophyll-based approach

IOP() = IOPw() + f [ Chla ]

for example aph() = f [ Chla ]

ap() = f [ Chla ]

AOP() (e.g., ocean reflectance) = f [ Chla ]



Case 1 and Case 2 Waters

Morel and Prieur (1977); Gordon and Morel (1983)



(Bricaud et al. 1998)

Absorption vs. 
chlorophyll-a

~ 4-fold variation



Beam attenuation vs. chlorophyll

(Loisel and Morel 1998)

> 10-fold variation



Chlorophyll-a algorithm

OC4 Algorithm

(Clarke, Ewing & Lorenzen 1970) (O’Reilly et al. 2000)



Coastal Zone Color Scanner (CZCS)   1978  - 1985



First satellite image of global distribution of
phytoplankton chlorophyll in the world’s oceans 

from Coastal Zone Color Scanner 



Sea-viewing Wide Field-of-view Sensor 
(SeaWiFS)

1997 - 2010

SeaStar spacecraft



SeaStar orbits for remote sensing of ocean color



Global distribution of phytoplankton chlorophyll in the 
world’s oceans from Sea-viewing Wide Field-of-view Sensor 

(SeaWiFS) based on Sep 1997 - Feb 2007 data

Courtesy of NASA



SeaWiFS
July 2005

Chla

POC
0.1

64

10

1000

(mg m-3)

(mg m-3)

Stramski et al. 2008



Coccolithophores are strong drivers 
of ocean biogeochemistry and optics

MODIS AQUA - 2014

Emiliania huxleyi
Emiliania huxleyi
Ophiaster sp. 

Papposphaera sp. Calcidiscus
leptoporous

Balch et al., Bigelow Laboratory

Ocean color remote sensing of particulate 
inorganic carbon (PIC)



• Parameterization in terms of 
chlorophyll-a concentration 
alone

• Empirical regressions 
(statistically-derived models)

• Provide average trends but no 
information about variability

• Not valid for Case 2 waters
• Not necessarily satisfactory 

for Case 1 waters

Chlorophyll-based approach: Summary



Reductionist approach

 
m

min m,IOP minerals)(  

 
k

pla k,IOPIOP plankton )(  )(p

 
n

det n,IOP detritus)( 

To develop an understanding and assemble a 
model of the whole, from the reductionist 

study of its parts



Example IOP
model with 

detailed 
description of 

plankton 
community

(Stramski et al. 2001)



Size 
distribution

(Stramski et al. 2001)



Absorption Scattering

(Stramski et al. 2001)



Reductionist radiative transfer/reflectance model
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Example combination 
of reductionist IOP 
model and radiative 
transfer model for 

simulating ocean color

Stramski and Mobley (1997) 
Mobley and Stramski (1997)

Viruses (~0.07 m in size)
Heterotrophic bacteria (~0.5 m)
Cyanobacteria (~1 m)
Small diatoms (~4 m)
Chlorophytes (~8 m)
Detritus
CDOM

Chl a = 1 mg m-3



Particle Functional Types

LMINLarge Minerals

DETOrganic Detritus

MICROMicrophytoplankton

LNANOLarge Nanophytoplankton

SNANOSmall Nanophytoplankton

PEUKPicoeukaryotes

SYNESynechococcus

PROCProchlorophytes

HBACHeterotrophic Bacteria

SMINSmall Minerals

LCOLCoarse Organic Colloids

SCOLSmall Organic Colloids

AbbreviationParticle Class



EXAMPLE MODELS

Base model
+ single class phytoplankton bloom
+ multiple class phytoplankton bloom
+ addition of organic colloids
+ addition of heterotrophic bacteria
+ addition of organic detritus 
+ addition of minerals
+ phytoplankton bloom with the addition of detritus
+ phytoplankton bloom with the addition of detritus 

and minerals 



Base model:
Chla = 0.3 mg m-3

POC = 60 mg m-3

Particle Size Distribution
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Multiple class
phytoplankton bloom:
Chla = 1.77 mg m-3

POC = 125 mg m-3

Particle Size Distribution

Particle Diameter [m]
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Comparison of model results to field data





“The reductionist worldview has to be
accepted as it is, not because we like it, 
but because that is the way the world 

works”

Steven Weinberg
1979 Nobel Prize in Physics

The complexity of seawater as an optical 
medium should not deter us from pursuing the 

proper course in future research


