
Absorption, Part 1

• Context (in this class, and broader disciplinary context)
• How does light energy interact with matter in the ocean?
• Overview of absorbing constituents in the ocean



Absorption part 1: 
Theory, context, 
overview

Absorption part 2: 
Measurements and 
practical considerations

Tuesday lab:  absorption 
measurements without 
particles

Wednesday lab:  
absorption 
measurements with 
particles

Thursday lab:  scattering 
and beam attenuation 
measurements

Friday lab:  fluorescence 
measurements

Wednesday-Thursday:  
Scattering, beam 
attenuation, and particle 
size

Friday:  Phytoplankton 
and fluorescence

Class context:  Week 1 roadmap



Disciplinary context

• Undergraduate physical chemistry connections (e.g., spectroscopy)
• Language to help you read about these concepts outside the field of 

oceanography and/or talk about them with non-oceanographers
• Foundation to support your future work in new directions that none 

of us have considered, yet!



Absorption, Part 1

• Context (in this class, and broader disciplinary context)
• How does light energy interact with matter in the ocean?

• Electromagnetic spectrum
• Quantized absorption energies
• Fate of energy after absorption

• Overview of absorbing constituents in the ocean



Electromagnetic (E-M) energy spectrum

https://www.miniphysics.com/electromagnetic-spectrum_25.html

https://www.miniphysics.com/electromagnetic-spectrum_25.html


https://www.noaa.gov/jetstream/satellites/absorb

https://www.oceanopticsbook.info/view/light-and-
radiometry/level-2/common-misconception
Figure 2.2, Mobley, The Oceanic Optics Book, 2022

Vertical scales are qualitative 
and not the same for 
incoming/outgoing!

https://www.noaa.gov/jetstream/satellites/absorb
https://www.oceanopticsbook.info/view/light-and-radiometry/level-2/common-misconception
https://www.oceanopticsbook.info/view/light-and-radiometry/level-2/common-misconception


https://www.noaa.gov/jetstream/satellites/absorb

Vertical scales are qualitative 
and not the same for 
incoming/outgoing!

Absorbed and 
scattered by 
atmosphere

https://www.noaa.gov/jetstream/satellites/absorb


Examine the spectral shape of the relative 
absorption of incoming sunlight by Earth’s 
atmosphere.

What notable features do you see?

Absorbed and 
scattered by 
atmosphere



Examine the spectral shape of the relative 
absorption of incoming sunlight by Earth’s 
atmosphere.

What notable features do you see?

• Light is absorbed in discrete 
wavelength bands of varying width

Ø Absorption occurs only at specific, 
quantized energies 

• Light is strongly absorbed at ultraviolet 
wavelengths

Ø UV light excites electrons (eg, O3 
bonds)

Ø Shorter wavelengths undergo 
more Rayleigh scattering

Electronic 
transitions

Vibrational transitions

Pure rotational transitions are 
off this scale (>50µm)



Electronic transitions

https://commons.wikimedia.org/wiki/File:Molecular_Orbitals_for_Water.png

• Red and blue blobs are molecular orbitals, the 
“probability regions” where the electrons are found 
around the molecule

• Electrons can only occupy these regions

• Going from bottom to top, the orbitals are arranged 
from lowest to highest energy (theoretical values on 
the right) 

• For an electron to change shape between orbitals, it 
must absorb or release a photon with energy equal to 
the difference between those orbitals

Vapor

https://commons.wikimedia.org/wiki/File:Molecular_Orbitals_for_Water.png


Electronic transitions

https://commons.wikimedia.org/wiki/File:Molecular_Orbitals_for_Water.png

• In its “ground” or lowest-energy state, water’s 
10 electrons pair up in the bottom 5 orbitals

• If a water vapor molecule absorbs a photon 
with l = 166.5 nm then an electron can be 
excited from the 5th to the 6th orbital in the 
diagram

Lowest unoccupied 
molecular orbital 
(LUMO)

Highest occupied 
molecular orbital 
(HOMO) or “ground 
state”

https://commons.wikimedia.org/wiki/File:Molecular_Orbitals_for_Water.png


Electronic transitions

• Most of the time we don’t know the actual 
orbital shapes, instead we measure the 
energies that separate the states

Lowest unoccupied 
molecular orbital 
(LUMO)

Highest occupied 
molecular orbital 
(HOMO) or “ground 
state”

• And often we don’t bother showing states that 
don’t interact with the part of the EM 
spectrum we’re interested in
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Vibrational states of a moleculeElectromagnetic Radiation

• Charged particles, dipoles, create 
electric fields E (oscillation between 
+,-)

• When a charged particle moves, it 
creates a magnetic field, B

• The electromagnetic field oscillates 
as the energy propagates ExB (right 
hand rule)

EM radiation interacts with vibrating, 
polarizable molecules

http://mw.concord.org/nextgen/#interactives/chemistry/inter
molecular-attractions/hydrogen-bonds

Simulation shows total vibrational and rotational states

http://mw.concord.org/nextgen/
http://mw.concord.org/nextgen/


• Vibrational states include 
fundamental modes animated 
here, plus harmonics and higher 
order combinations
• The larger and more complex 

the molecule, the more 
possibilities there are...

Animations: 
https://www.oceanopticsbook.info/view/absorption/physics-of-
absorption

Vibrational “modes” of a molecule

FTIR spectrum of water vapor:  Bernath, 2002. 
https://doi.org/10.1126/science.1075934

https://www.oceanopticsbook.info/view/absorption/physics-of-absorption
https://www.oceanopticsbook.info/view/absorption/physics-of-absorption
https://doi.org/10.1126/science.1075934


Wavelength (nm)

Ab
so

rp
tio

n 
(m

-1
)

Electronic + vibrational

E0

E1

E2

E3

En
er

gy

transitions
+ rotational?



Factors that may modify absorbed energies

• State of matter (gas/liquid/solid)
• Internuclear distance

• Temperature
• Salinity
• pH
• Solvent effects



State of matter

Red – liquid water
Blue – water ice
Green – water vapor

https://commons.wikimedia.org/wiki/File:Water_infrared_absorption_coefficient_large.gif

Wavelength (µm) – log scale
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What notable differences do 
you see?

Liquid

Ice

Vapor

https://commons.wikimedia.org/wiki/File:Water_infrared_absorption_coefficient_large.gif


State of matter (water)

Red – liquid water
Blue – water ice
Green – water vapor

https://commons.wikimedia.org/wiki/File:Water_infrared_absorption_coefficient_large.gif

Wavelength (µm) – log scale

Ab
so

rp
tio

n 
co

ef
fic

ie
nt

 (m
-1

) –
 lo

g 
sc

al
e

What notable differences do you see?

• Liquid water and ice don’t have 
the rotational structure.  
Molecules in liquids and solids 
can’t rotate as easily.

• The wavelengths of the 
vibrational transitions are not the 
same.  Absorption energy depends 
on internuclear distance.

[Note: Narrow troughs in the middle 
of some vapor absorption bands 
shown here (e.g. 6.3 µm) probably 
arise because the absorption 
spectrum was derived from an 
atmospheric profile with a 
temperature inversion.]

https://commons.wikimedia.org/wiki/File:Water_infrared_absorption_coefficient_large.gif


Internuclear distance and transition probability
• Franck-Condon principle:  

Nuclei are effectively 
motionless during the time it 
takes for an electron to 
change state

• The more two states are “in 
phase”, the higher the 
probability of an absorption 
(or fluorescence! more later) 
event

• It follows that anything 
affecting internuclear distance 
can alter the absorption 
energies.  https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps

/Physical_Chemistry_(LibreTexts)/13%3A_Molecular_Spectroscopy/13.07%3A_The_Franck-
Condon_Principle

https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Physical_Chemistry_(LibreTexts)/13%3A_Molecular_Spectroscopy/13.07%3A_The_Franck-Condon_Principle
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Physical_Chemistry_(LibreTexts)/13%3A_Molecular_Spectroscopy/13.07%3A_The_Franck-Condon_Principle
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Physical_Chemistry_(LibreTexts)/13%3A_Molecular_Spectroscopy/13.07%3A_The_Franck-Condon_Principle


Temperature and salinity dependence of absorption by liquid water

8.2. WATER 257

functions of the water temperature T and salinity S. Figure 8.6 shows the dependence of
the water absorption coe�cient on T for S = 35 PSU, and on S for T = 20 deg C. These
curves were computed using the semiempirical equations of Roettgers et al. (2014). The
temperature e↵ect on absorption is largest in the regions around 740 and 800 nm (and in
several bands beyond 800 nm, not seen in this figure). The figure shows that salinity has
much less e↵ect on absorption than does temperature.

Figure 8.6: Dependence of the water absorption coe�cient on temperature and salinity
according to Roettgers et al. (2014).

The Optical Absorption of Water Compendium gives access to historical publications
on water absorption going back to 1929.

8.2.3 Elastic Scattering by Water

According to Einstein-Smoluchowski theory (Section 6.3.4), the elastic scattering of light by
water is due to spatial inhomogeneities in the dielectric constant caused by random motion
of molecules (see Zhang and Hu (2009) and Zhang et al. (2009) for recent reviews). Elastic
scattering by water has similarities in angular shape and spectral behavior to Rayleigh
scattering (scattering by spherical particles that are much smaller than the wavelength of
the light; Section 12.5.1), however with important di↵erences. For example, the VSF is
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where  is the scattering angle and � is the depolarization ratio. Several depolarization
ratios have been suggested, with � = 0.039 providing the best fit to data (Zhang et al.,
2009).

The elastic scattering coe�cient of sea water depends on salinity (⇠ 30% increase for
range of salinities normally observed in the oceans), much less so of temperature (⇠ 4%
between 0 and 26 �C), and still less for pressure (⇠ 1.3% for an increase in P of 100 bar).
Figure 8.7 shows the dependence of the water scattering coe�cient on T and S according
to the model of Zhang et al. (2009).

Figure 8.6, Mobley et al., The Oceanic Optics Book, 2022

Note: Sea salt itself 
(specifically Br- and I-) 
absorbs deep in the UV.  
Here we see only the 
effect of salinity on the 
absorption by water. 



pH dependence of 
absorption
• pH dependence of carbon-

normalized absorption by 
colored dissolved organic 
matter (CDOM) isolated 
from the macroalgae 
Sargassum

• Changes broadly 
attributable to loss of 
protons from phenolic and 
carboxylic groups

• DapH peak at 315 nm may 
be unique to brown algae?

Powers et al., 2020. 
https://www.frontiersin.org/articles/10.3389
/fmars.2020.588287/full

https://www.frontiersin.org/articles/10.3389/fmars.2020.588287/full
https://www.frontiersin.org/articles/10.3389/fmars.2020.588287/full


Solvent effects: Extracted vs. in vivo pigments

Table from Bidigare et al., 1990. doi:10.1117/12.21451 

8.3. PHYTOPLANKTON 261

Figure 8.10: The e↵ect of pigment packaging on absorbance spectra for in vivo (red) and
sonicated (blue) cells. Spectra redrawn from Kirk (1994, Fig. 9.1). Inset photo by E.
O’Neill from https://en.wikipedia.org/wiki/Euglena_gracilis, reproduced by the
Creative Commons license.

The first of these situations leads to the flattening of absorption spectra. Chlorophyll
absorbs more strongly at 440 nm, for example, than at 550 nm. Thus the chlorophyll-
specific absorption will be relatively less at 440 than at 550, and the chlorophyll-specific
absorption spectrum will have a smaller di↵erence in the value at 440 compared to 550 as
packaging increases. This is what is seen in the red curve of Fig. 8.10.

The second situation gives flatter spectra for large phytoplankon than for small ones
because large cells can contain larger packages than can small cells. Large cells contain
more chlorophyll than small cells, so the e↵ect of packaging correlates with the chlorophyll
concentration. This correlation between the chlorophyll concentration and spectral flatten-
ing is seen in Fig. 8.11. The left panel shows the absorption coe�cient for particles (living
phytoplankton plus detritus and non-algal particles) in Case 1 water. The spectra are color
coded by the range of chlorophyll concentration. As expected, on average, the absorption
coe�cient ap is larger when the chlorophyll concentration is larger. The right panel shows
the corresponding chlorophyll-specific absorption spectra, a⇤p = ap/Chl. It is seen that the
highest chlorophyll values correspond to the “flattest” spectra (which are almost buried
under the blue and purple spectra in the figure), and the lowest-chlorophyll values have
the spectra with the most structure. This shows the e↵ect of pigment packaging.

For a more detailed discussion of pigment packaging, see Duysens (1956), who origi-
nally recognized the importance of packaging and developed a mathematical model of the
e↵ect. Kirk (1976, Section 9.2) repeats Duysens’ development. Morel and Bricaud (1981a);
Johnsen et al. (1994) and many others have built on Duysens’ original model of pigment
packaging to understand and model absorption by phytoplankton.

Figure 8.10, Mobley et al., The Oceanic Optics Book, 
2022.

1. Pigment is “packaged” in the cell (more 
on this later)

2. Pigment absorption bands are shifted 
due to chemical environment in solvent, 
vs. in vivo.



Fates of energy after it interacts with a molecule (and 
approximate timescales)

• Absorption:  ~10-15 - 10-13 s

7.3. THEORY OF FLUORESCENCE AND PHOSPHORESCENCE 223

Figure 7.9: Jablonski diagram illustrating the fundamental processes of fluorescence and
phosphorescence.

Now suppose that one of the electrons of an electron pair, say the down electron, in
the ground state of a molecule absorbs a photon. The energy of the photon excites the
electron to a higher energy level as shown by the upward green arrow. The time scale for
this excitation is on the order of 10�15s. The electron spin is still down in the excited energy
level. One thing that can happen is that the electron almost immediately drops back to the
ground state with emission of a photon with the same wavelength as the excitation photon.
This is elastic scattering and is represented by the green downward arrow in the figure.
This process is so fast that the excited electron “remembers” the direction of the incident
photon, and the direction of the emitted/scattered photon depends on the direction of the
incident photon; i.e., the scattering is not isotropic.

Another thing that can happen is that part of the energy of the excited electron is given
up to other vibrational modes (i.e., to heat), so that the electron drops to a lower energy
level of the excited state. This is indicated by the blue wiggly line labeled “vibrational
relaxation” in Fig. 7.9. This loss of energy is called a “radiationless transition” because
it does not involve the emission of a photon. The time scale for vibrational relaxation is
10�12-10�10 s. The electron may stay in the excited S1 state for a while, but if the electron
is still in the down state, i.e. it is in a singlet state, it can drop back to the ground level by
emission of a photon of lower energy (longer wavelength) than the exciting photon. The
time scale for this is of order 10�10-10�7 s. The ground state then once again contains
an up-down pair of electrons. This is fluorescence and is shown by the red downward
arrow in the figure. The processes of vibrational relaxation and fluorescence emission take
so long that the electron has “forgotten” the direction of the incident photon, and the
emitted photon is equally likely to be in any direction; i.e., the emission of fluoresced light
is isotropic.

An electron cannot just simply “flip” from a down to an up state, which would violate
the law of conservation of angular momentum. Such a flip is therefore a “forbidden tran-

Fig. 7.9, Mobley et al., The Oceanic Optics Book, 2022.



Fates of energy after it interacts with a molecule (and 
approximate timescales)

• Absorption:  ~10-15 - 10-13 s
• Rayleigh scattering: ~10-13 s
• Photon re-emission happens 

quickly, faster than vibration can 
occur
• “Elastic scattering” = no change in 

wavelength (more tomorrow!)

7.3. THEORY OF FLUORESCENCE AND PHOSPHORESCENCE 223

Figure 7.9: Jablonski diagram illustrating the fundamental processes of fluorescence and
phosphorescence.

Now suppose that one of the electrons of an electron pair, say the down electron, in
the ground state of a molecule absorbs a photon. The energy of the photon excites the
electron to a higher energy level as shown by the upward green arrow. The time scale for
this excitation is on the order of 10�15s. The electron spin is still down in the excited energy
level. One thing that can happen is that the electron almost immediately drops back to the
ground state with emission of a photon with the same wavelength as the excitation photon.
This is elastic scattering and is represented by the green downward arrow in the figure.
This process is so fast that the excited electron “remembers” the direction of the incident
photon, and the direction of the emitted/scattered photon depends on the direction of the
incident photon; i.e., the scattering is not isotropic.

Another thing that can happen is that part of the energy of the excited electron is given
up to other vibrational modes (i.e., to heat), so that the electron drops to a lower energy
level of the excited state. This is indicated by the blue wiggly line labeled “vibrational
relaxation” in Fig. 7.9. This loss of energy is called a “radiationless transition” because
it does not involve the emission of a photon. The time scale for vibrational relaxation is
10�12-10�10 s. The electron may stay in the excited S1 state for a while, but if the electron
is still in the down state, i.e. it is in a singlet state, it can drop back to the ground level by
emission of a photon of lower energy (longer wavelength) than the exciting photon. The
time scale for this is of order 10�10-10�7 s. The ground state then once again contains
an up-down pair of electrons. This is fluorescence and is shown by the red downward
arrow in the figure. The processes of vibrational relaxation and fluorescence emission take
so long that the electron has “forgotten” the direction of the incident photon, and the
emitted photon is equally likely to be in any direction; i.e., the emission of fluoresced light
is isotropic.

An electron cannot just simply “flip” from a down to an up state, which would violate
the law of conservation of angular momentum. Such a flip is therefore a “forbidden tran-

Fig. 7.9, Mobley et al., The Oceanic Optics Book, 2022.
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up to other vibrational modes (i.e., to heat), so that the electron drops to a lower energy
level of the excited state. This is indicated by the blue wiggly line labeled “vibrational
relaxation” in Fig. 7.9. This loss of energy is called a “radiationless transition” because
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is isotropic.

An electron cannot just simply “flip” from a down to an up state, which would violate
the law of conservation of angular momentum. Such a flip is therefore a “forbidden tran-



Fates of energy after it interacts with a molecule (and 
approximate timescales)

• Absorption:  ~10-15 - 10-13 s
• Rayleigh scattering: ~10-13 s
• Raman scattering: ~10-13 s
• Also very fast – before molecule 

can vibrate
• “Inelastic” scattering
• For water, characteristic shift in 

emitted photon of ~3400 cm-1

 (tens to hundreds of nm)
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Fig. 7.9, Mobley et al., The Oceanic Optics Book, 2022.
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Figure 7.9: Jablonski diagram illustrating the fundamental processes of fluorescence and
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Now suppose that one of the electrons of an electron pair, say the down electron, in
the ground state of a molecule absorbs a photon. The energy of the photon excites the
electron to a higher energy level as shown by the upward green arrow. The time scale for
this excitation is on the order of 10�15s. The electron spin is still down in the excited energy
level. One thing that can happen is that the electron almost immediately drops back to the
ground state with emission of a photon with the same wavelength as the excitation photon.
This is elastic scattering and is represented by the green downward arrow in the figure.
This process is so fast that the excited electron “remembers” the direction of the incident
photon, and the direction of the emitted/scattered photon depends on the direction of the
incident photon; i.e., the scattering is not isotropic.

Another thing that can happen is that part of the energy of the excited electron is given
up to other vibrational modes (i.e., to heat), so that the electron drops to a lower energy
level of the excited state. This is indicated by the blue wiggly line labeled “vibrational
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• Absorption:  ~10-15 - 10-13 s
• Rayleigh scattering: ~10-13 s
• Raman scattering: ~10-13 s
• Fluorescence: ~10-9-10-7 s

• Also “inelastic” scatter
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relaxation – takes longer
• Example: dissolved organic matter 

fluorescence.  Also chlorophyll but 
biology complicates this example 
(more Friday)

7.3. THEORY OF FLUORESCENCE AND PHOSPHORESCENCE 223
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this excitation is on the order of 10�15s. The electron spin is still down in the excited energy
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Fig. 7.9 et al., Mobley, The Oceanic Optics Book, 2022.
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Fig. 7.9, Mobley et al., The Oceanic Optics Book, 2022.
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• Raman scattering: ~10-13 s
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• Phosphorescence: >>10-9 s
• Electron spin flip (intersystem 

crossing) leads to a “forbidden 
transition” and much slower 
re-emission of light

• Example = glow-in-the-dark T-
shirts 
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7.3. THEORY OF FLUORESCENCE AND PHOSPHORESCENCE 223

Figure 7.9: Jablonski diagram illustrating the fundamental processes of fluorescence and
phosphorescence.

Now suppose that one of the electrons of an electron pair, say the down electron, in
the ground state of a molecule absorbs a photon. The energy of the photon excites the
electron to a higher energy level as shown by the upward green arrow. The time scale for
this excitation is on the order of 10�15s. The electron spin is still down in the excited energy
level. One thing that can happen is that the electron almost immediately drops back to the
ground state with emission of a photon with the same wavelength as the excitation photon.
This is elastic scattering and is represented by the green downward arrow in the figure.
This process is so fast that the excited electron “remembers” the direction of the incident
photon, and the direction of the emitted/scattered photon depends on the direction of the
incident photon; i.e., the scattering is not isotropic.

Another thing that can happen is that part of the energy of the excited electron is given
up to other vibrational modes (i.e., to heat), so that the electron drops to a lower energy
level of the excited state. This is indicated by the blue wiggly line labeled “vibrational
relaxation” in Fig. 7.9. This loss of energy is called a “radiationless transition” because
it does not involve the emission of a photon. The time scale for vibrational relaxation is
10�12-10�10 s. The electron may stay in the excited S1 state for a while, but if the electron
is still in the down state, i.e. it is in a singlet state, it can drop back to the ground level by
emission of a photon of lower energy (longer wavelength) than the exciting photon. The
time scale for this is of order 10�10-10�7 s. The ground state then once again contains
an up-down pair of electrons. This is fluorescence and is shown by the red downward
arrow in the figure. The processes of vibrational relaxation and fluorescence emission take
so long that the electron has “forgotten” the direction of the incident photon, and the
emitted photon is equally likely to be in any direction; i.e., the emission of fluoresced light
is isotropic.

An electron cannot just simply “flip” from a down to an up state, which would violate
the law of conservation of angular momentum. Such a flip is therefore a “forbidden tran-

7.3. THEORY OF FLUORESCENCE AND PHOSPHORESCENCE 223

Figure 7.9: Jablonski diagram illustrating the fundamental processes of fluorescence and
phosphorescence.

Now suppose that one of the electrons of an electron pair, say the down electron, in
the ground state of a molecule absorbs a photon. The energy of the photon excites the
electron to a higher energy level as shown by the upward green arrow. The time scale for
this excitation is on the order of 10�15s. The electron spin is still down in the excited energy
level. One thing that can happen is that the electron almost immediately drops back to the
ground state with emission of a photon with the same wavelength as the excitation photon.
This is elastic scattering and is represented by the green downward arrow in the figure.
This process is so fast that the excited electron “remembers” the direction of the incident
photon, and the direction of the emitted/scattered photon depends on the direction of the
incident photon; i.e., the scattering is not isotropic.

Another thing that can happen is that part of the energy of the excited electron is given
up to other vibrational modes (i.e., to heat), so that the electron drops to a lower energy
level of the excited state. This is indicated by the blue wiggly line labeled “vibrational
relaxation” in Fig. 7.9. This loss of energy is called a “radiationless transition” because
it does not involve the emission of a photon. The time scale for vibrational relaxation is
10�12-10�10 s. The electron may stay in the excited S1 state for a while, but if the electron
is still in the down state, i.e. it is in a singlet state, it can drop back to the ground level by
emission of a photon of lower energy (longer wavelength) than the exciting photon. The
time scale for this is of order 10�10-10�7 s. The ground state then once again contains
an up-down pair of electrons. This is fluorescence and is shown by the red downward
arrow in the figure. The processes of vibrational relaxation and fluorescence emission take
so long that the electron has “forgotten” the direction of the incident photon, and the
emitted photon is equally likely to be in any direction; i.e., the emission of fluoresced light
is isotropic.

An electron cannot just simply “flip” from a down to an up state, which would violate
the law of conservation of angular momentum. Such a flip is therefore a “forbidden tran-

Raman 
scatter

7.3. THEORY OF FLUORESCENCE AND PHOSPHORESCENCE 223

Figure 7.9: Jablonski diagram illustrating the fundamental processes of fluorescence and
phosphorescence.

Now suppose that one of the electrons of an electron pair, say the down electron, in
the ground state of a molecule absorbs a photon. The energy of the photon excites the
electron to a higher energy level as shown by the upward green arrow. The time scale for
this excitation is on the order of 10�15s. The electron spin is still down in the excited energy
level. One thing that can happen is that the electron almost immediately drops back to the
ground state with emission of a photon with the same wavelength as the excitation photon.
This is elastic scattering and is represented by the green downward arrow in the figure.
This process is so fast that the excited electron “remembers” the direction of the incident
photon, and the direction of the emitted/scattered photon depends on the direction of the
incident photon; i.e., the scattering is not isotropic.

Another thing that can happen is that part of the energy of the excited electron is given
up to other vibrational modes (i.e., to heat), so that the electron drops to a lower energy
level of the excited state. This is indicated by the blue wiggly line labeled “vibrational
relaxation” in Fig. 7.9. This loss of energy is called a “radiationless transition” because
it does not involve the emission of a photon. The time scale for vibrational relaxation is
10�12-10�10 s. The electron may stay in the excited S1 state for a while, but if the electron
is still in the down state, i.e. it is in a singlet state, it can drop back to the ground level by
emission of a photon of lower energy (longer wavelength) than the exciting photon. The
time scale for this is of order 10�10-10�7 s. The ground state then once again contains
an up-down pair of electrons. This is fluorescence and is shown by the red downward
arrow in the figure. The processes of vibrational relaxation and fluorescence emission take
so long that the electron has “forgotten” the direction of the incident photon, and the
emitted photon is equally likely to be in any direction; i.e., the emission of fluoresced light
is isotropic.

An electron cannot just simply “flip” from a down to an up state, which would violate
the law of conservation of angular momentum. Such a flip is therefore a “forbidden tran-

• Absorption:  ~10-15 - 10-13 s
• Rayleigh scattering: ~10-13 s
• Raman scattering: ~10-13 s
• Fluorescence: ~10-9-10-7 s
• Phosphorescence: >>10-9 s
• Photochemical reaction
• No re-emitted light – instead 

excited state molecule 
undergoes a chemical reaction

• Examples: photosynthesis, 
photooxidation of CDOM



Absorption, Part 1

• Context (in this class, and broader disciplinary context)
• How does light energy interact with matter in the ocean?
• Overview of absorbing constituents in the ocean

• Water
• Colored “dissolved” [[in?]organic?] matter (C“D”[O?]M)
• Non-pigment particulate absorption (aka “non-algal particles”, NAP)
• Phytoplankton pigments



Water
• Spectral 

absorption 
coefficient of 
water, aw(l) [m-1]
• Arises mainly from 

molecular 
vibrations (T, S 
dependence!) at 
visible-IR
• Difficult 

measurements to 
make...

extract the constants k1, k2, k3, and k4 from a fit to the
s~l! data. However, the coefficients, k3 and k4, of
]Sy]V in the fit were not even used; only k1 and k2
were required to determine C00~l!. Furthermore,
C00~l! produces a relatively small correction to mea-
sured values of S @compare S to C00~l! in Figs. 3 and
9, respectively#.

By using k3 and k4 from Table 1, we evaluated a
from Eq. ~34!; results are shown in Fig. 11 together
with our data from Table 3. The disagreement be-
low 500 nm is expected since the time-consuming
]Sy]V measurements were not compatible with the
use and maintenance of high water purity; the spec-
trum in this region is typical of that for pure water
after it has been stored in Pyrex for several days.
The excellent agreement over the rest of the spec-
trum demonstrates the internal consistency of the
data and provides a convincing argument for the va-
lidity of the ICAM instrumentation and of our anal-
ysis. The data above 600 nm does appear to be
systematically low by '3%. The origin of this sys-
tematic shift is in the volume factor, V 1 k3 1 k4l, of
Eq. ~34!; its standard deviation is '2.5% in the 600–
700-nm range ~from Table 1 and assuming sv ' 1%!.
For example, increasing k4 by just one standard de-
viation from its fitted value ~8.44 3 1025 to 11.96 3
1025! eliminates the discrepancy.

7. Resonance Structures
Table 4 summarizes the positions of some predicted
shoulders and peaks in the absorption spectra of

pure water. The vibrational mode assignments in
Table 4 indicate the order of the harmonic of the
O–H stretch mode ~n1yn3! or scissors mode ~n2!. All
boldface entries refer to harmonics of the O–H
stretch mode; their predicted frequencies are based

Fig. 11. Comparison of our final results given in Table 3 ~F! with
those obtained from Eq. ~34! ~E!.

Fig. 12. Present results for the absorption of pure water. A large
arrow with a boldface integer n indicates the predicted position of
a shoulder that is due to the nth harmonic of the O–H stretch; the
small arrows with mode assignments ~ j, 1! indicate the predicted
position of a combination of the jth harmonic of the O–H stretch
with the fundamental of the scissors mode.

Table 4. Mode Assignments with the Predicted Frequencies and
Wavelengthsa

Mode
Assignments

Predicted
Shoulder

Frequencies

Predicted
Shoulder

Wavelengths

n1yn3 n2 n ~cm21! l ~nm!

1 0 3557 2811
0 1 1645 6079
4 0 13472 742
4 1 15117 662
5 0 16525 605
5 1 18170 550
6 0 19452 514
6 1 21097 474
7 0 22253 449
7 1 23898 418
8 0 24928 401
8 1 26573 376

aFor the harmonics of the O–H stretch given by Eq. ~34! ~in bold-
face! and for combination modes of the harmonics of the O–H stretch
with the fundamental of the scissors mode ~in lightface type!.
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Figure 5.1: Absorption spectrum for pure water (data from Pope and Fry (1997)).

demonstrates the most spectral variations of any of the components due to the individual
pigment absorption spectra. In general aphy(�) exhibits peaks in the blue and red regions
of the spectrum due to the ubiquitous presence of chlorophyll a. See Section 8.3 for further
discussion.

Figure 5.2: Generic phytoplankton absorption spectrum for mixed algal composition (mod-
ified from Roesler et al. (1989)).

Non-algal particle absorption (Fig. 5.3) is strongest in the blue, decreasing approxi-
mately exponentially to the red. This component, operationally-defined, includes living
zooplankton and bacteria, as well as the non-pigmented parts of phytoplankton (cell walls,
membranes etc), and detrital material as well as inorganic particles. See Section 8.5 on
non-algal particles for further discussion.

Figure 5.1 from Mobley et al., The 
Oceanic Optics Book, 2022. Data 
are from Pope and Fry, 1997. 



Water

Both figures are from Mason, Cone, and Fry, 2016. 10.1364/AO.55.007163  

Issues arising in measurements of pure 
water absorption at UV-blue wavelengths:
• Organic contamination
• Scattering losses
• Absorption by dissolved oxygen
• Temperature and salinity??



Correcting for temperature and salinity effects

Figure: Sullivan et al., 2006.  Appl. Opt. 45(21): 5294-5309.

• Temperature dependence YT 
[m-1 °C-1]
• Salinity dependence YS [m-1 S-1]
• Recall the salinity dependence 

arises from salt ions modifying 
the water absorption – not 
intrinsic absorption by the salt 
ions!
• Dependences in the UV...?



“Colored dissolved organic matter” (CDOM)

• What is “dissolved”?



“Colored dissolved organic matter” (CDOM)
What is “dissolved”?
• Smaller than filter size
• Fully “solvated” (all 

parts of the molecule 
interact with solvent)
• Gel assembly?

à Always state your 
assumptions...

Figure:  Libes, Introduction to 
Marine Biogeochemistry, 2009.  
Figure 22.1.  ISBN 978-0-12-
088530-5



“Colored dissolved organic matter” (CDOM)

• What is “dissolved”?
• What is “organic”?  
• Are all absorbing materials in the ocean (besides water) “organic”?



(>1 yr) measurements of dissolved nitrate or
hydrogen sulfide. Such performance is required
to sample large areas of the ocean or com-
plex regions near deep-sea hydrothermal vents
(Johnson et al., 1986). The lack of real-time, in situ
monitoring of dissolved chemical species may lead
to chronic undersampling of episodic processes
(Dickey et al., 1991; Johnson and Jannasch, 1994;
McGillicuddy et al., 1998). Such instruments will
be critical to the development of ocean observa-
tories (National Research Council, 2000).

Many dissolved inorganic compounds absorb
light at wavelengths o280 nm in the ultraviolet
(e.g. Buck et al, 1954; Collos et al., 1999). Among
these are compounds of interest to aquatic
scientists, including nitrate, nitrite, bisulfide
(HS!) and bromide (Fig. 1). Ogura and Hanya
(1966) examined the UV spectra of seawater and
found that the signal was dominated by bromide,
nitrate and, to a much lesser extent, organic
matter. Several other inorganic ions, including
carbonate, have weak UV absorption spectra.
Their concentrations in seawater are too low for
direct detection.

Several analytical methods have been developed
in the past 40 yr for the direct determination of
nitrate based on measurement of its UV absorp-
tion with laboratory spectrophotometers (e.g.,

Bastin et al., 1957). These techniques include an
American Public Health Association standard
method for nitrate analysis (Clesceri et al., 1989).
Armstrong and Boalch (1961) briefly considered
the determination of nitrate in seawater by direct
UV spectroscopy. More recently, Collos et al.
(1999) have shown that direct UV spectroscopy
could be used for nitrate measurements in
plankton cultures. An instrument for in situ
determination of nitrate by measurement of UV
absorption at six wavelengths has also been
developed (Finch et al., 1998; Clayson, 2000).
The results obtained with this instrument clearly
show the potential to make in situ measurements
of nitrate concentration by measuring UV absorp-
tion signals.

These laboratory and in situ methods for nitrate
determination have not become widely used, in
part, because most of the analytical methods were
based on measurements at one or a few wave-
lengths. Measurements at a small number of
wavelengths do not allow robust techniques to be
used for separation of overlapping spectra. Spec-
tral deconvolution techniques (Rutan, 1991;
Berger et al., 1998; Thomas and Gallot, 1990)
make it feasible to determine these compounds
directly in complex media, such as seawater,
without significant interferences, and with no
chemical manipulations. Robust, multiwavelength
methods for nitrate determination have already
been used in such difficult solutions as unfiltered,
waste water and ground waters (Thomas et al.,
1990; Karlsson et al., 1995; Holm et al., 1997).
Menzel et al. (1997) examined the potential of
several multivariate calibration methods for UV
determination of nitrate in seawater and they
concluded that classical least-squares methods
were most satisfactory.

We have confirmed, by using a bench top
Hewlett-Packard HP8452 spectrophotometer op-
erated on an oceanographic cruise during March
1998 off Central California that nitrate and
bromide concentrations in coastal seawater can
be accurately (o3%) determined by measurement
of the UV spectrum. The relationship between
UV-based estimates of nitrate concentration
(NO3UV) and concentration determined with an
Alpkem RFA segmented flow analyzer (NO3RFA;

Fig. 1. Absorption spectra of bromide, bisulfide, nitrate and
nitrite at concentrations typical of seawater. Each salt was
dissolved in deionized water. Spectra were collected with a
Hewlett-Packard HP 8452 spectrophotometer. Cell path length
was 1 cm. Note that the left axis applies to bromide and the
right axis to the other species.

K.S. Johnson, L.J. Coletti / Deep-Sea Research I 49 (2002) 1291–13051292

Johnson and Coletti, 2002.  Deep-Sea Res. I, 
49: 1291-1305.

Optical nitrate sensor (ISUS, SUNA)
• Measurement principle:  If 

concentration-specific UV 
absorption by NO3

- is known, then 
measure absorption and calculate 
concentration (Beer’s Law – more 
later).

• Sea salt interferences:  bromide 
(Br-), nitrite (NO2

-), and bisulfide 
(HS-)

• Non sea-salt interference: CDOM
• Nitrite has a similar absorption 

maximum to nitrate but [NO2
-] is 

usually small (except where oxygen 
is low...)



wavelength of 840 lM NaBr solution, which corresponds to

the bromide concentration in the same salinity seawater

(Morris and Riley 1966). The absorbance of the 840 lM NaBr

solution has a slope vs. pressure of 2(4.68 6 0.19) 3 1026

absorbance dbar21 (n 5 8, r2 5 0.990, 95% CI), while the

S 5 34.2 low nutrient seawater has a similar slope of

2(4.26 6 0.10) 3 1026 absorbance dbar21 (n 5 8, r2 5 0.996,

95% CI). The decreases in absorbance with increasing pressure

for NaBr and seawater solutions with similar Br2 concentra-

tions are not different at the 95% confidence level (t-test on

slopes p 5 0.07). The decrease in seawater UV absorption with

increasing pressure is due primarily to a decrease in the light

absorption of bromide ion.

The slope of the change in absorbance with pressure
(absorbance dbar21) vs. wavelength for low nutrient seawater
at 158C is plotted in Fig. 3a. The slopes are more negative at
the lower wavelengths where the absorbances are larger and
level out with decreasing absorbance.

In order to determine if the pressure coefficient is wave-
length dependent, the pressure coefficient at each wavelength
(absorbance dbar21) was plotted vs. the absorbance at the start-
ing pressure (34 dbar) at wavelengths from 216.3 to 224.2 in
Fig. 3b. The pressure coefficients are linearly related to the
absorbance measured at low pressure. The compression (34 up
to 2068 dbar) regression has y 5 22.52 3 1025 x 1 4.50 3 1028

(r2 5 0.995, 95% CI) and the subsequent decompression (2068
to 34 dbar) regression has y 5 22.79 3 1025 x 1 1.01 3 1028

(r2 5 0.999, 95% CI). There was an overall slight increase in
absorbance over time during the course of each experiment
cycle that produces a nonzero intercept. This absorbance
increase was largest on the compression cycle and may be related
to a UV absorbing contaminant from the pump that entered the
pressure chamber as the solution was compressed. It has a much
smaller bias on the decompression cycles, with values near zero
when the data is plotted vs. the lowest pressure absorbance on
the decompression cycle (Fig. 3). Our interest is the slope of the
line, which is independent of compression or decompression.
We refer to this slope as the relative pressure coefficient of
the absorbance with units dbar21 (absorbance dbar21

absorbance21 5 dbar21). The constant slope indicates that the
relative pressure coefficient is the same at each wavelength.

Eleven experiments were run at different temperatures and
the values of the relative pressure coefficient are plotted in Fig.
4 vs. temperature. There is no significant trend in the data vs.
temperature. The average of all the seawater data is 2(2.6 6 0.2)
3 1025 dbar21 (1 SD). As a result, we treat the relative pressure
coefficient as wavelength and temperature independent.

The computation of nitrate concentration in seawater,
using the algorithm reported by Sakamoto et al. (2009)
requires that the absorbance spectrum of seawater (1 cm
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Fig. 3. The compression values (black circles) and decompression values (white circles) for the slope of the seawater absorbance vs. pressure (dbar) plotted
vs. (a) wavelength, and (b) the respective absorbance value at 34 dbar pressure for low nutrient seawater at 158C. The solid lines are the linear regressions of
these values from 216.3 nm to 224.2 nm.
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Fig. 4. The relative pressure coefficient plotted vs. temperature. The com-
pression (34 up to 2068 dbar) values are shown as black circles and the
decompression (2068 back to 34 dbar) values are shown as open circles.

Sakamoto et al. Pressure correction nitrate measurement
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Pressure 
dependence of 
bromide absorption

White circles = measured during decompression.  Black circles = measured during 
compression (when a contaminant from the pump may have been present).  
Compression from 34-2068 dbar.

pathlength) be estimated from the observed salinity and tem-
perature for each sample

ASW; k5 ESW; k;T ! S (1)

where A is absorbance at wavelength k, ESW,k is the absorp-
tivity of seawater over 1 cm, S is the salinity, and T is

temperature. Values of ESW,k,TCal are determined in the

laboratory for each UV nitrate sensor by measuring the

absorbance of a low nitrate seawater sample at a calibration

temperature, TCal, and dividing the observed baseline cor-

rected (240–260 nm) absorbance at each wavelength by salin-

ity. During a laboratory calibration, the solutions are pumped

against a 28 dbar backpressure regulator to eliminate air

bubbles in the sample stream. The values of ESW, k, T are then

computed as described by Sakamoto et al. (2009). The exis-

tence of a pressure coefficient that is wavelength and tempera-

ture independent means that Eq. 1 must be rewritten as

ASW; k;pressure5 ESW; k;T ;pressure ! S (2)

where

ESW; k;T ;pressure5 ESW; k;T ;1 dbar ! 1 – 0:026 ! Pressure dbarð Þ=1000ð Þ
(3)

Without taking into account the pressure dependence, the

expected absorbance due to sea salts at high pressure will be

too high. The sample absorbance corrected by then remov-

ing the sea salt absorbance will be artificially too low and

the nitrate values calculated from the corrected spectra will

also be biased low at high pressure.
We conducted a test cruise about 280 km off the coast of

central California on the R/V Rachel Carson in February 2016

and the results can be used to assess the magnitude of the

bias in estimated nitrate concentration. We deployed a pro-

filing float (#8501CalCurrent) and Fig. 5a shows a nitrate

profile computed with and without the pressure corrections

from this profiling float and the discrete nitrate values from

the closest cast to the deployment.
To further test the pressure correction effect on the bro-

mide absorption, during this cruise, we also deployed an

ISUS on the conductivity-temperature-depth (CTD) rosette

Nitrate (µM)

Nitrate (µM)

Fig. 5. (a) In situ nitrate data from a profiling float (#8501CalCurrent)
off the central California coast. The calculated nitrate concentrations
without pressure correction of the bromide absorbance (red circles) and
with pressure correction (blue circles) and the discrete nitrate concentra-
tions from the accompanying bottle cast (black circles) are shown vs.
depth. (b) In situ nitrate data from an ISUS sensor on a CTD-Rosette
cast at the same location. The calculated nitrate concentrations without
pressure correction of the bromide absorbance (red line) and with pres-
sure correction (blue line) and the discrete nitrate concentrations from
the accompanying bottle cast (black circles) are shown vs. depth.

Table 1. Summary data from six casts off the central California coast. The difference between the calculated nitrate concentrations
with and without correction for the pressure effect on the bromide absorbance gives the magnitude of the correction that needs to
be applied.

Cast # Depth (m) Temperature (8C) Salinity
Nitrate pressure
corrected (lM)

Nitrate no pressure
correction (lM) Difference

1 1000 3.95 34.44 43.30 42.34 0.96

2 1000 3.89 34.44 42.97 42.02 0.95

2 2000 2.01 34.61 41.62 39.80 1.82

3 1000 3.76 34.44 43.17 42.22 0.95

3 2000 1.98 34.61 41.27 39.44 1.83

4 1000 3.92 34.44 42.85 41.90 0.95

4 2000 1.96 34.61 41.01 39.19 1.82

5 1000 3.87 34.44 43.11 42.15 0.96

5 2000 2.01 34.61 41.44 39.61 1.83

6 1000 3.86 34.45 42.36 41.41 0.95

6 2000 1.95 34.62 40.53 38.71 1.82

Sakamoto et al. Pressure correction nitrate measurement
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Figures: Sakamoto et al., 2017. 10.1002/lom3.10209

Uncorrected
Corrected
Bottle 
samples

Why is bromide absorption pressure-dependent?
What other molecules could behave the same way?

[dbar-1]



“Colored dissolved organic matter” (CDOM)
•What is “dissolved”?  

However you define it.
• Are all absorbing materials 

in the ocean* (besides 
water) “organic”?  No!  Be 
aware of inorganic 
absorbers, in your spectral 
region of interest.
• OK, now we can talk about 

CDOM.

482 10. THE OPTICAL PROPERTIES OF DOM IN THE OCEAN  

found that a fraction of CDOM also exhibited a 
blue fluorescence (Duursma, 1965; Kalle, 1966), 
referred to here as fluorescent DOM (FDOM). 
The linkages between DOM, CDOM, and FDOM 
are depicted in Figure 10.1. The absorbance and 
fluorescence properties of DOM are “optical 
markers” comparable to traditional biomarkers 
used in geochemistry (e.g., lignin). However, 
while biomarkers represent specific chemi-
cal compounds that can be linked to a specific 
source (synthesis process), optical signatures of 
DOM are supposedly the product of a complex 
mixture of compounds. The word “supposedly” 
is used here as little is currently known about the 
responsible chromophores and fluorophores.

Several fields of marine research have fueled 
the study of CDOM during the last 50 years. On 
the whole, these can be grouped into three cate-
gories: hydrography, optics, and biogeochemistry. 
Due to the leaching of organic matter from soils, 
rivers often have high concentrations of CDOM, 
such that estuarine and coastal mixing can be 
traced by combining CDOM and salinity mea-
surements (Laane and Kramer, 1990). This use is 
particularly valuable when there is more than one 
source of freshwater but with differing CDOM 
concentrations. If the end members are adequately 
constrained, mixing equations can be solved and 
water samples fractionated into the respective 
contributions from each source (Granskog et al., 
2007; Højerslev et al., 1996; Stedmon et al., 2010). 

These approaches are also applicable to the hy-
drography of the Arctic Ocean, which receives 
considerable amounts of terrestrial CDOM from 
rivers (Granskog et al., 2012; see Chapter 14).

In estuarine and coastal waters in particular, 
high concentrations of CDOM have a consider-
able influence on water color, light penetration, 
and spectral quality. Even in the open ocean, 
CDOM can dominate the absorption spectra in 
the blue and ultraviolet wavebands (Figure 10.2), 

FIGURE 10.1 Schematic of the dissolved organic matter 
(DOM) pool and how it is primarily composed of carbon, ox-
ygen, hydrogen, nitrogen, phosphorus, and sulfur. The boxes 
represent different subsets of compounds (numbered 1-4) 
that together make up DOM. Some compounds present are 
chromophores (i.e., absorb light, CDOM, 2) and a fraction of 
these fluoresce (3). Examples of types of organic compounds 
that may exist in each of the subsets are listed on the right.

FIGURE 10.2 The dynamic range of absorption spectra 
in the ocean from a section along 32° S in the Pacific Ocean. 
(a) Surface (5 m) CDOM absorption spectrum from the 
coastal upwelling zone off Chile (green) contrasted with a 
surface (8 m) spectrum from the subtropical gyre (red) and a 
deep-ocean (5200 m) sample from the central South Pacific. 
(b) The same spectra, in a semi-logarithmic plot. Horizontal 
gray lines show parts of the spectral range used to compute 
slope parameters and the slope ratio, SR. Also shown for 
comparison are surface particulate absorption spectra (thin 
black and thin purple lines) from the gyre and upwelling 
stations and the absorption spectrum of pure water (from 
Smith and Baker, 1981; Pope and Fry, 1997) (thin blue line).

Figure: Stedmon and Nelson, 2015, Biogeochemistry of Marine 
Dissolved Organic Matter, 2nd ed.

* In some seasonally-anoxic lakes also consider iron! 
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Figure 5.3: Generic non-algal particle absorption spectrum for mixed composition.

Colored dissolved organic matter (CDOM) absorption (Fig. 5.4) is very similar to
that of NAP due in part to the similarity in composition (organic material), but generally
exhibits a steeper exponential slope. This material is operationally separated from NAP
by filtration; CDOM is measured on the filtrate passing through 0.2mm or 0.7 mm nominal
pore sized filters. See Section 8.4 on CDOM for further discussion.

Figure 5.4: Generic colored dissolved organic matter (CDOM) absorption spectrum for
mixed composition.

For oligotrophic environments with very low concentrations of suspended and dissolved
material, the absorption coe�cient is dominated by water (Fig. 5.5A) and the wavelength
of minimum absorption is in the blue, hence the blue color of the seawater. For eutrophic
and/or coastal environments with high concentrations of suspended and dissolved material

Figure 5.4.  Mobley et al., 2022. The Oceanic Optics Book

Generic CDOM absorption spectrum
Why is the spectrum smooth?  Two 
hypotheses have been proposed:

1. It is a superposition of many 
conjugated “pi” bonds with a range of 
energies (proposed by Shifrin, 1988)

2. It arises from intramolecular charge 
transfer along a series of coupled, 
excited chromophores (Blough and Del 
Vecchio, 2004)

λirr ) 355, the fractional absorption losses (1- F′) at 355 and
532 nm were similar, ∼0.80-0.85 (t4 in Figures 4C and 5C).
In contrast, extensive irradiation at 532 nm produced a
fractional absorption loss of∼0.80 at 532nmbutonly a∼0.10
loss at 355 nm (t4 in Figures 4F and 5F). Similar violations
of reciprocity can be observed at other pairs of irradiation/
observation wavelengths (Figures 4 and 5).

At very short irradiation times, the fractional absorption
loss was centered in a band at λirr for all λirrg355 nm (Figures
4 and 5). However, at longer irradiation times, the fractional
absorption loss increased substantially atwavelengths to the
red of λirr. At long irradiation times, F′ became nearly
independent of wavelength for all λ g λirr, particularly for
SRHA (Figures 4C-F and 5C-F). As discussed previously,
this behavior is characteristic of systems photobleaching as
a single unit or species and is the principal cause of the
reciprocity violations. These results, like those from the

luminescence measurements, suggest strongly that the long
wavelengthabsorption tail (λ>350nm)arises fromacoupled
manifold of states.

Discussion
This study has provided unequivocal evidence that a simple
superposition model of HS optical properties cannot apply
(20, 22, 23). Evidence that directly contradicts or is incon-
sistent with this model includes (1) the monotonically
increasing emission maxima and decreasing luminescence
quantum yields with increasing excitation wavelength, (2)
the uncharacteristically low luminescence quantum yields,
(3) the appearance of only a single photobleaching band
(hole) at λirr (g390nm) after short periods of laser irradiation,
(4) the appearance of a common 300 nmband at all λirrg390
nm following longer periods of laser irradiation, (5) the
violation of reciprocity, and (6) the uniform photobleaching
(wavelength independentF′) atwavelengths above λirr (g355
nm) at longer laser irradiation times.

Instead, these results are more consistent with an
interaction model, which we propose results from intramo-
lecular donor-acceptor interactions within the HS (17, 24,
25, 28, 32).Asmentionedpreviously, optical charge-transfer
bands can arise via a ground-state association between an
electron donor (D) and an electron acceptor (A) to form a
D-Acharge-transfercomplex.TheseD-Acomplexesexhibit
new broad absorption bands that are not shown by either
theDorAmolecules alone.Thesebandsarise fromthepartial
or complete promotion of an electron from the donor to the
acceptor upon absorption of a photon.

HSareknowntocontainDandAmoieties thatdoproduce
charge-transfer bands in solution (29, 33). Examples of D
moieties include polyhydroxylated aromatics such as those
found in lignin, as well as phenols and indoles, which can
form charge-transfer bands with appropriate A moieties,
such as quinones or other oxidized aromatics that are also
knownor thought tobepart ofHS (1).Because theabsorption
and emission properties of HS are largely independent of
concentration, these charge-transfer bands would have to
arise from intramolecular donor-acceptor interactions
within the HS, most likely between donors and acceptors
colocalized randomlyonpolymer chains (of variable length).

A simple energy level diagram that both illustrates our
proposal and is consistent with much of the experimental
data is provided in Scheme 1. Here (DA)1 through (DA)n
represent a series ofdiffering intramolecularcharge-transfer
contacts that produce a continuum of lower energy optical
transitions. We propose that longer polymer chains would
have a greaternumber and variety ofpossibleD-A contacts,
thus leading to a broader ensemble of optical transition
energies that would extend further into the visible wave-
lengths. The observation that the magnitude of absorption

FIGURE 5. Time dependence of the fraction of original absorption
(F′) for SRHA upon exposure to laser irradiation (10 Hz): (A) at 266
nm (35 mJ/pulse) (10-580 s); (B) at 318 nm (6 mJ/pulse) (5-252 min);
(C) at 355 nm (68 mJ/pulse) (2-85 min); (D) at 390 nm (5 mJ/pulse)
(3-215 min); (E) (460 nm) (10 mJ/pulse) (0.3-312 min); and (F) (532
nm) (220 mJ/pulse) (10-3420 s). Vertical dashed lines represent
irradiation wavelengths. Irradiation times: t1 (s), t2 (‚‚‚‚‚), t3 (--),
t4 (-‚‚-).

SCHEME 1. Energy Level Diagram Representing the Donor (D), Acceptor (A), and a Continuum of Differing Intramolecular Charge
Transfer Contacts (DA)1 to (DA)n between D and Aa

a D0 a n d A 0 re prese nt th e gro u n d states, 1D*1 a n d 1 A *1 th e first excite d sin glet states, a n d (D+A-) th e ch arg e tra nsfer excite d states. T h e d ash e d
arro ws re prese nt th e co u plin g b et w ee n lo w er a n d hig h er e n erg y ch arg e tra nsfer states. T h e sch e m e illustrates th at excitatio n of sp ecific ch arg e
tra nsfer b a n d ((D A)2 f (D+A-)2) lea ds to e m issio n (a n d p h oto bleachin g) fro m th e lo w er-lyin g states p o p ulate d via th e excite d state co u plin g. F or
si m plicity, th e co u plin g is sh o w n as a se q u e ntial process, alth o u g h th ese states co uld also b e p o p ulate d in p arallel.

V O L. 38, N O . 14, 2004 / E N VIR O N M E N T A L S CIE N C E & T E C H N O L O G Y 9 3889

Figure: Del Vecchio and Blough, 2004. doi: 10.1021/es049912h



Modeling “CDOM” 
• Single-exponential function often describes the 

absorption magnitude and spectral dependence 
well, with two parameters:

𝑎!"#$ 𝜆 = 𝑎!"#$ 𝜆% 𝑒&'!"#$()&)%)

• Steeper spectral slope is often interpreted as 
CDOM that is
• Lower molecular weight
• More photobleached/degraded
• More “fulvic” in character (as opposed to “humic”) 

• Operational definition from soil chemistry; based on 
solubility as a function of pH

• Does SCDOM depend on the wavelength range of 
measurement?

1910 Green and Blough 
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Fig. 2. Representative absorption spectra, plotted as 

the natural logarithm of the absorption coefficient (m-l) 
vs. wavelength. These spectra were collected in August 
199 1 on the transect bctwecn the central Gulf of Mexico 
and Oyster Bay. 

outflow, consistent with results previously ob- 
tained in the eastern Caribbean during the high 
flow period of the Orinoco River (Blough et 
al. 1993). 

$(337) and @(35 5) for samples collected from 
south Florida fell in a narrow range between 
0.8 and - 1.5% for excitation at either 337 or 
3 5 5 nm (Table 2). For each sample, $( 3 5 5) was 

0.1 I---- 

0 

I I II, 

Fig. 3. Dependence of the integrated corrected fluo- 
rescence emission produced by 3 5 5-nm excitation, F( 3 5 5), 
on the absorption coefficient ofCDOM at 355 nm, a(355), 
for samples collected from south Florida waters in spring 
(a) and fall 0 1991, the Amazon River (0), and the 
Delaware Bight (A) (see Tables 2 and 2). Inset shows an 
expanded portion of the plot with a less-forgiving linear 
scale. Optically dense samples [a(355) > 4 m - ‘1 that were 
diluted to obtain accurate lluorcscence measurements were 
later renormalized to the original absorbance values for 
inclusion on this plot. The line represents a linear least- 
squares fit of the data from south Florida only. 
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Fig. 4. Wavelength dependence of the quantum yield 
for samples collected from south Florida waters in spring 
[I-l 2 (+) and I-14 (O)] and fall [II-50 (O), II-57 (A) and 
II-60 01, the Amazon River (0), the Tamiami River (+), 
and Suwannee River fulvic acid (A). 

lO-15% higher than (b(337). For the weakly 
absorbing offshore waters, the absorption mea- 
surements were a significant source of uncer- 
tainty in the quantum yield determinations. 
Thus, while our reported quantum yields are 
not very accurate for these waters, there is no 
indication that these yields differ radically from 
those of the more highly absorbing coastal and 
freshwaters. 

The relatively small variation in the fluo- 
rescence yields of these samples is more easily 
visualized by plotting fluorescence (normal- 
ized to quinine sulfate) against the absorption 
coefficient at the excitation wavelength, a(A) 
(Fig. 3). When we use Eq. 4, lines fit through 
the combined spring and fall data (forced 
through the origin) give quantum yields of 
1.14% (r2 = 0.989) for X = 355 and 1.03% (r2 
= 0.990) for X = 337 (not shown). The data 
for the Amazon and Connecticut Rivers and 
for the Delaware Bight fall close to those from 
south Florida, indicating that the quantum 
yields of these diverse waters do not differ sub- 
stantially. In contrast, the Tamiami River ex- 
hibited a significantly higher yield (vide infra). 

The wavelength dependence of the fluores- 
cence quantum yields for a suite of natural 
water samples is shown in Fig. 4. The overall 
shape of these plots is similar, and the range 
in efficiencies is relatively small. For all the 
natural waters examined, peak fluorescence ef- 
ficiencies were obtained at excitation wave- 
lengths between -380 and 400 nm. These 

Figure, Green and Blough 1994, Limnol. Ocean., 39(8):1903-1916.  



Modeling “CDOM”
Spectra do not always follow a 
smooth or exponential functional 
shape!

Figure 8.15, Mobley et al., The Oceanic Optics Book, 2022.  Data courtesy of A. Lyoub.



Non-pigmented particle absorption
 aka “non-algal particles” (NAP)
• Absorption by operationally defined particles
• Excluding the contribution by phytoplankton pigments
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Figure 5.16: Diagrammatic representation of the geometric pathlength of the filtered sam-
ple. Vfilt is the filtered volume, de↵ is the diameter of the circular distribution of particles
on the filter, and is used to compute the e↵ective area, areae↵ . The volume filtered can
be expressed as a cylinder of area areae↵ and length, `. The geometric pathlength of the
sample is `.

Figure 5.17: Relationship between paired samples measured in suspension in a cuvette
mounted inside the integrating sphere (ODs) versus that measured on the filter pad: A.
mounted inside the integrating sphere (ODf ), B. measured in transmission mode. From
Stramski et al. (2015). C. Relationship between filters measured in transmission mode
compared to filters measured inside the integrating sphere (C. Roesler, unpub. data).

on the filter pad:

a = 2.303
0.323Abs1.0867f

Vfilt

⇡r2
e↵

.

Historically, the QFT was employed measuring the filters in transmission mode (as
in Fig. 5.14, with the cuvette replaced by the filter). In addition to the pathlength
amplification within the filter, there was an additional error associated with the loss of
nearly half the incident radiant power scattering in the backward direction (away from
the detector). The correction for both the scattering loss and pathlength amplification
are determined from paired suspension measurements in internally-mounted cuvettes in
the integrating sphere and filtered particles on filtered configured in transmission mode,

Figure, C. Roesler, in Mobley et al. 2022, The Oceanic Optics Book

Extract the filter in hot methanol 
(or sodium hypochlorite, bleach) 
and measure its absorption (next 
lecture)
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Contributors to aNAP

• All phytoplankton cellular components that weren’t soluble in the 
methanol
• All non-phytoplankton cells and organisms
• All non-living particles of biological origin
• All non-living mineral particles



Figure 13. Six examples (a–f) of nonalgal particle absorption spectrum (solid lines) and the
corresponding exponential fit (dashed lines and equations) from different regions. In each panel the
station number is given in parenthesis.

Table 4. Global and Site-by-Site Statistics on the Spectral Slope of the aNAP(l) Spectrum SNAP (nm!1)a

ID Area N
Minimum
Value

Maximum
Value

!SNAP,
Average

sSNAP, Standard
Deviation

Variation
Coefficient, %

Different From
Areas, ID

a Adriatic 39 0.0114 0.0168 0.0128 0.0011 8.5 d,f
b Atlantic 33 0.0089 0.0161 0.0124 0.0015 12.0 d,f
c Baltic 54 0.0114 0.0147 0.0130 0.0007 5.5 d,f
d Channel 82 0.0093 0.0155 0.0117 0.0011 9.6 a,b,c,e
e Mediterranean 52 0.0104 0.0178 0.0129 0.0016 12.8 d,f
f North Sea 88 0.0096 0.0134 0.0116 0.0007 5.9 a,b,c,e
. . . all 348 0.0089 0.0178 0.0123 0.0013 10.3 . . .

aAverages were compared using a Fisher PLSD test. They were considered as significantly different when p < 0.01. The column ‘‘different from areas
(ID)’’ shows the regions identified through ID, which are significantly different from a given region listed in the column ‘‘area.’’ Normality of distributions
has been verified successfully using a Komolgorov-Smirnov test.
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Figures:  Babin et al., 2003. 10.1029/2001JC000882

Non-algal particle absorption

• Similar to aCDOM spectral 
shape... but some departures

• Babin et al. (2003) 
     mean +/- SD:
     SNAP = 0.0123 +/- 0.0013 m-1

• What causes the shoulders?

lages in the Atlantic Ocean and the Adriatic Sea are also
predominantly organic. The observed variation in SNAP may
thus be related to the proportion of mineral and organic
matter.
[40] Figure 15 illustrates the relationship between

aNAP(443) and SPM concentration. When applying a linear
regression with a null intercept (see also the caption of
Figure 15), we obtain a slope close to but slightly higher
than the one obtained by Bowers et al. [1996] for com-
busted particles. The overall average aNAP(443):SPM ratio
was 0.041 m2 g!1 with a 56% coefficient of variation.

Table 5 presents aNAP(443):SPM averages separately for the
different regions. The Baltic Sea average (0.067 m2 g!1) is
nearly twice as high as that in other regions (on average
0.035 m2 g!1). Also, the Atlantic Ocean average is signif-
icantly higher than the English Channel, Mediterranean Sea,
and North Sea values. Given the conditions in the Baltic,
these results suggest that organic particles may have a
higher aNAP(443):SPM ratio than inorganic particles. The
agreement between the Bowers et al. regression line and our
most inorganic samples (the North Sea and English Chan-
nel) also supports this interpretation (see Figure 15). We
note that the Bowers et al. analysis was fully consistent in a
sense that it compared combusted particle absorption with
combusted particle dry weight. Our analysis, on the other
hand, is to some extent ambiguous because we compare
absorption by NAP only (excluding phytoplankton) with the
dry weight of all particles (including phytoplankton). As a
result, our estimates of aNAP(443):SPM are probably lower
than the actual aNAP(443)-to-NAP dry weight ratio. This
effect is expected to be most important in Case 1 waters
where phytoplankton represent a significant fraction of the
dry weight.
[41] In summary, although we observed some variability

in the aNAP(l) spectrum, the overall spectral shape is rather
conservative for most coastal systems that we investigated.
The spectral slope SNAP varies within a narrow range. This
limited variability is remarkable given that aNAP(l) varied

Figure 14. (a) Frequency distribution of the exponential
slope, SNAP, of the NAP absorption spectrum. The Gaussian
curve is also displayed to illustrate the normal distribution
that corresponds to the average value of SNAP (0.0123
nm!1) and the standard deviation (0.0013 nm!1). The
integrals of the observed and calculated distributions are
equal. (b) The aNAP(l) spectra calculated from equation (4)
with aNAP(lr) = 1, lr = 443 nm, and SNAP = 0.0123 nm!1

(solid line; the overall average found in the present study).
Spectra are also shown for SNAP = 0.0123 ± 1.96 SD nm!1,
where SD = 0.0013 nm!1 (dashed lines; see Table 4).
aNAP(l) at nine wavelengths representing spectral channels
of the MERIS sensor (launched by the European Space
Agency on the Envisat platform on 1 March 2002) are
indicated as open circles.

Figure 15. Scatterplot of aNAP(443) as a function of SPM.
A linear regression with null intercept is shown (solid line)
together with the one derived by Bowers et al. [1996]
(dashed line). The regression of Bowers et al. was obtained
with the absorption coefficient at 440 nm uncorrected for
the path length amplification factor (the so-called b factor).
For the sake of comparison, we first transformed this
original result (their equation (4)) by dividing the slope of
the regression by 4, which corresponds to the b factor
derived in their study. Then we applied the average SNAP
value of Bowers et al. to calculate the slope at 443 nm
(rather than 440 nm); the final result of this calculation is
the dashed line.
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not differ significantly at any wavelength as a function of
season, year, or individual sample site, although the
samples with the largest absorption coefficients were
collected in freshwaters in the springtime. The mean a !p
spectrum for suspended particle samples pooled from
all freshwater locations (St. Francisville, Venice, and
Morgan City) was significantly different, at wavelengths
between 328 nm and 396 nm and greater than 598 nm, from
suspended particle samples pooled from the marine (and
counterintuitively named) Freshwater Bayou site (Fig. 4;
two-tailed z-test, a 5 0.05).

OC and iron—OC contents of sediments ranged from 1%
to 3% by weight (12–31 mg OC g21). Riverine suspended
particle samples had the highest OC contents, and marine
sediments had the lowest. A positive but weak relationship
(R , 0.65 at all wavelengths, p , 0.05 at wavelengths less
than 575 nm) existed between a !p (l) and the OC contents of
all samples (Figs. 5A, 6). Acid-extractable iron contents
(FemHCl; Fig. 1) ranged between 2.31 wt% Fe and 4.78 wt%
Fe. The relationships between a !p and FemHCl for
freshwater and marine samples exhibited apparently similar
slopes with different intercepts (Fig. 5B), but comparisons
of the two sample groups’ regression parameters were not
statistically significant due to the poor fit of low-FemHCl

marine sediment samples to the linear model and because
of the small FemHCl range in marine suspended particle

samples. Type-II linear regressions between OC and
a !p(350) and FemHCl and a !p(350) both had negative
intercepts, suggesting the presence of nonabsorbing OC
and FemHCl subpools (Fig. 5A,B).

Dithionite-extractable iron contents (Fedith; Fig. 1)
ranged between 1.04 wt% and 2.93 wt%, accounting for
30–67% of measured FemHCl. While OC and Fedith were not
strongly correlated (R 5 0.5, n 5 22, p , 0.05, data not
shown), Fedith and a !p exhibited a strong correlation (R .
0.8) at all wavelengths below 445 nm, with a maximum of R
5 0.91 at 358 nm (Figs. 5C, 6A). The correlation between
Fedith and a !p was significant at wavelengths less than
575 nm and highly significant (p , 1024) in the UV and
blue portions of the spectrum (Fig. 6B). At 350 nm, the y-
intercept of the Type-II linear regression between a !p and
Fedith was not significantly different from zero (Fig. 5C;
p , 0.05), suggesting that the entire dithionite-extractable
iron pool contributed to the measured absorption.

Finally, the portion of the FemHCl pool not extractable
by dithionite (denoted as [FemHCl 2 Fedith], and presumed
to include iron monosulfides, carbonates, the more soluble
silicate iron minerals, and possibly some pyrite iron; see
Fig. 1) was calculated for each sample as the difference
between the two iron measurements. This pool was poorly
correlated with a !p(350) over the whole sample set and
within subgroups, but freshwater suspended particle
samples had lower [FemHCl 2 Fedith] values than did

Fig. 3. Mass-specific absorption spectra of all samples analyzed here (n 5 25). Heavy black
line shows the mean, thin solid lines show samples from freshwater sites on the Atchafalaya and
Mississippi Rivers, and dashed lines show samples from marine sites at Freshwater Bayou and the
Atchafalaya River delta. River samples are suspended particulates only; marine samples include
both sediments and suspended particulates.
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methods described above (i.e., mixing and ultrasonication)
for purposes of comparison within our study, because it
was more practical to consistently maximize disaggregation
of primarily mineral particles than to maintain a consistent
state of aggregation among our samples. Thus, our
reported a !p(l) values are likely maxima corresponding to
fully or nearly fully disaggregated particles. The degree of
measurement-related disaggregation affecting reported
a !p(l) data in the literature is unknown but should be
considered when comparing a !p(l) values among sites with
contrasting in situ ASDs, or among studies where different
sample handling methods were used.

The strong correlation between a !p(l) and dithionite-
extractable iron (Fedith; Fig. 5C), the presence of features
corresponding to iron oxide absorption bands (Sherman
and Waite 1985) in our second-derivative spectra (Fig. 10),
and the correlation between the size of these spectral
features and Fedith content of particles (Fig. 11B,D) all
support a primary role for iron oxide and hydroxide
minerals in light absorption by mostly inorganic marine
particles from the terrestrially influenced coastal northern
Gulf of Mexico. The strong role of Fedith was apparent in
our samples even without controlling or accounting for
their particle size distributions. Also supporting this
conclusion is the fact that dithionite extraction of the

Fedith pool from sediments caused a 50% reduction in a !p(l)
that was not reversed by sunlight reoxidation (and thus was
probably unrelated to redox alteration of non-Fedith

components; Fig. 9). Our data are consistent with the
findings of Babin and Stramski (2004), who found strong
iron-specific spectral absorption features and showed a
positive but variable correlation between mineral iron
content and a !p(l) of high-iron (5–29% by weight) dust and
soil particles suspended in seawater. The lower iron
contents of samples analyzed here are consistent with their
less-prominent iron-specific absorption features, which we
nonetheless have quantitatively related to dithionite-ex-
tractable iron mineral content using second-derivative
analysis (Fig. 11B,D). These iron-specific absorption fea-
tures also cause the spectral slope to change as a function of
wavelength in the blue and UV parts of the spectrum.

It is unlikely that inorganic constituents, other than iron
species discussed above, contribute significantly to a !p
values measured here. In addition to iron, the dithionite–
citrate reduction method used here likely extracted some
crystalline and amorphous oxides of aluminum (Bertsch
and Bloom 1996) and manganese (Tessier et al. 1979), as
well as trace transition metals and organic matter bound to
the iron and manganese oxide phases (Tessier et al. 1979).
Pure aluminum oxides themselves (neglecting transition

Fig. 10. Second derivatives of mass-specific absorption spectra. Black lines denote
freshwater samples, and gray lines denote marine samples. Bracketed arrows labeled Da2d(382)
and Da2d(435) show locations of second-derivative maxima and minima used to compute iron
absorption peak heights plotted in Fig. 11. Light-gray vertical bars highlight approximate ranges
for electronic transition bands of various iron oxide minerals (Sherman and Waite 1985).
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Figure 8.21: Measured mass-specific absorption coe�cients a⇤(�) for various types of min-
eral dust suspended in sea water. The highest magnitude curves are red soils rich in iron
oxides, the lowest curves are calcite and quartz. Redrawn from Stramski et al. (2007, Fig.
3) with data provided courtesy of D. Stramski.

Figure 8.22: Measured mass-specific scattering coe�cients b⇤(�) for four types of minerals.
From Ahn (1999, data courtesy of A. Morel).

Figures: Estapa et 
al. 2012, Limnol. 
Ocean. 57(1): 97-
112.

Figure 8.21 Mobley et al. 
2022, The Oceanic Optics 
Book.  Data from Stramski 
et al., 2007, Limnol. Ocean. 
52(6): 2418-2433.

Mineral contributions to aNAP(l)
• Mineral samples with high iron have higher a(l)
• Loss of aNAP(UV-blue) “shoulders” along 

freshwater-marine sample transect
• Spectral derivatives:  quantify the shoulders, then 

relate to electronic transitions of a specific 
subfraction of iron oxides present in the particles



Phytoplankton pigment absorption: aj(l)

• Measured by difference: ap(l)     -       anap(l)   =   aj(l)
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Figure 5.16: Diagrammatic representation of the geometric pathlength of the filtered sam-
ple. Vfilt is the filtered volume, de↵ is the diameter of the circular distribution of particles
on the filter, and is used to compute the e↵ective area, areae↵ . The volume filtered can
be expressed as a cylinder of area areae↵ and length, `. The geometric pathlength of the
sample is `.

Figure 5.17: Relationship between paired samples measured in suspension in a cuvette
mounted inside the integrating sphere (ODs) versus that measured on the filter pad: A.
mounted inside the integrating sphere (ODf ), B. measured in transmission mode. From
Stramski et al. (2015). C. Relationship between filters measured in transmission mode
compared to filters measured inside the integrating sphere (C. Roesler, unpub. data).

on the filter pad:
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Historically, the QFT was employed measuring the filters in transmission mode (as
in Fig. 5.14, with the cuvette replaced by the filter). In addition to the pathlength
amplification within the filter, there was an additional error associated with the loss of
nearly half the incident radiant power scattering in the backward direction (away from
the detector). The correction for both the scattering loss and pathlength amplification
are determined from paired suspension measurements in internally-mounted cuvettes in
the integrating sphere and filtered particles on filtered configured in transmission mode,
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Figure 5.1: Absorption spectrum for pure water (data from Pope and Fry (1997)).

demonstrates the most spectral variations of any of the components due to the individual
pigment absorption spectra. In general aphy(�) exhibits peaks in the blue and red regions
of the spectrum due to the ubiquitous presence of chlorophyll a. See Section 8.3 for further
discussion.

Figure 5.2: Generic phytoplankton absorption spectrum for mixed algal composition (mod-
ified from Roesler et al. (1989)).

Non-algal particle absorption (Fig. 5.3) is strongest in the blue, decreasing approxi-
mately exponentially to the red. This component, operationally-defined, includes living
zooplankton and bacteria, as well as the non-pigmented parts of phytoplankton (cell walls,
membranes etc), and detrital material as well as inorganic particles. See Section 8.5 on
non-algal particles for further discussion.

• Sum of all solvent-extractable 
pigments in the cell

• Pigments are “packaged” – 
bound in membranes inside 
chloroplasts

• Not all pigments are extractable 
in methanol (water-soluble 
phycobiliproteins)



Where are the pigments found, in a phytoplankton (or other algal) cell?
 Inside chloroplasts (in eukaryotes, not prokaryotes)
  ... which contain thylakoid membranes
   ... which contain photosystems I and II
    ... which contain pigments

Figure 1:  Phytopedia, https://www.eoas.ubc.ca/research/phytoplankton/diatoms/centric/coscinodiscus/c_centralis.html
Figures 2-3:  JTO Kirk, Light and Photosynthesis in Aquatic Ecosystems, Ch. 8.  Cambridge University Press, 2011.  
Figure 4 (spectrum):  Fig. 8.10, Mobley et al. 2022, The Oceanic Optics Book.

Scale = 0.5 µm

Scale = 50 µm

Dinoflagellate chloroplast (Gymnodinium Splendens)

Diatom (Coscinodiscus centralis)

Schematic of thylakoid membrane
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Figure 8.10: The e↵ect of pigment packaging on absorbance spectra for in vivo (red) and
sonicated (blue) cells. Spectra redrawn from Kirk (1994, Fig. 9.1). Inset photo by E.
O’Neill from https://en.wikipedia.org/wiki/Euglena_gracilis, reproduced by the
Creative Commons license.

The first of these situations leads to the flattening of absorption spectra. Chlorophyll
absorbs more strongly at 440 nm, for example, than at 550 nm. Thus the chlorophyll-
specific absorption will be relatively less at 440 than at 550, and the chlorophyll-specific
absorption spectrum will have a smaller di↵erence in the value at 440 compared to 550 as
packaging increases. This is what is seen in the red curve of Fig. 8.10.

The second situation gives flatter spectra for large phytoplankon than for small ones
because large cells can contain larger packages than can small cells. Large cells contain
more chlorophyll than small cells, so the e↵ect of packaging correlates with the chlorophyll
concentration. This correlation between the chlorophyll concentration and spectral flatten-
ing is seen in Fig. 8.11. The left panel shows the absorption coe�cient for particles (living
phytoplankton plus detritus and non-algal particles) in Case 1 water. The spectra are color
coded by the range of chlorophyll concentration. As expected, on average, the absorption
coe�cient ap is larger when the chlorophyll concentration is larger. The right panel shows
the corresponding chlorophyll-specific absorption spectra, a⇤p = ap/Chl. It is seen that the
highest chlorophyll values correspond to the “flattest” spectra (which are almost buried
under the blue and purple spectra in the figure), and the lowest-chlorophyll values have
the spectra with the most structure. This shows the e↵ect of pigment packaging.

For a more detailed discussion of pigment packaging, see Duysens (1956), who origi-
nally recognized the importance of packaging and developed a mathematical model of the
e↵ect. Kirk (1976, Section 9.2) repeats Duysens’ development. Morel and Bricaud (1981a);
Johnsen et al. (1994) and many others have built on Duysens’ original model of pigment
packaging to understand and model absorption by phytoplankton.



Bricaud et al, JGR, 2004.
In-vivo weight-specific 
phytoplankton pigment 
absorption spectra

Jeffrey, UNESCO 1997
Summary table of 
chlorophyll marker 
pigments for different 
algal groups

Also: carotenoids, 
biliproteins, many 
degradation products!

Pigments have characteristic absorption spectra, and 
can be used to discriminate among phytoplankton taxa.

More on this (and also phytoplankton and pigment 
fluorescence!) by Sasha and Ivona, later this week!



Absorption part 1: 
Theory, context, 
overview

Absorption part 2: 
Measurements and 
practical considerations

Tuesday lab:  absorption 
measurements without 
particles

Wednesday lab:  
absorption 
measurements with 
particles

Thursday lab:  scattering 
and beam attenuation 
measurements

Friday lab:  fluorescence 
measurements

Wednesday-Thursday:  
Scattering, beam 
attenuation, and particle 
size

Friday:  Phytoplankton 
and fluorescence

Class context:  Week 1 roadmap


