Absorption, Part 1

e 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



Class context: Week 1 roadmap — Inherent optical properties

Welcome, introductions,
and overview

Monday lab: Playing with
light (building intuition)

Tuesday lectures
Absorption theory and
measurements

Tuesday lab: absorption
measurements without
particles

Wednesday lectures:
Scattering, beam
attenuation, and particle
size

Thursday lectures:
Regroup, then intro to
particle size distributions

Friday: Phytoplankton
and fluorescence

Wednesday lab:

absorption measurements
with particles

Thursday lab: scattering
and beam attenuation
measurements

Friday lab: fluorescence
measurements




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

e 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
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Examine the spectral shape of the relative
absorption of incoming sunlight by Earth’s High

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

What notable features do you see?

Energy
Intensity

e Lightis absorbed in discrete
wavelength bands of varying width

» Absorption occurs only at specific,
guantized energies
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wavelengths
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Molecular Orbitals for Water \Vapor

Electronic transitions

M.O./eV
* Red and blue blobs are molecular orbitals, the 10.29
“probability regions” where the electrons are found
around the molecule
2.83
* Electrons can only occupy these regions i
* Going from bottom to top, the orbitals are arranged -
from lowest to highest energy (theoretical values on '
the right) .
e For an electron to change shape between orbitals, it o
must absorb or release a photon with energy equal to '
the difference between those orbitals 2729
e -519.90

https://commons.wikimedia.org/wiki/File:Molecular Orbitals for Water.png



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

Electronic transitions

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

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

https://commons.wikimedia.org/wiki/File:Molecular Orbitals for Water.png

Molecular Orbitals for Water
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» A molecular orbital 76
P/ (LUMO)
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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

* And often we don’t bother showing states that
don’t interact with the part of the EM
spectrum we’re interested in

Energy

Lowest unoccupied
molecular orbital
(LUMO)

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



Electronic transitions
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Vibrational states of a molecule

Simulation shows total vibrational and rotational states
Share About

it
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Vibrational “modes” of a molecule

« Vibrational states include |
fundamental modes animated .\ ’ .\ /. .\ /.
here, .plus. higher order P P ¥ PN
Comb|nat|0ns Animations:

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

* The larger and more complex absorption
the molecule, the more - 00w 600 7000m

possibilities there are...

Intensity (arbitrary units)

FTIR spectrum of water vapor: Bernath, 2002.

https://doi.org/10.1126/science.1075934 24000 22000 20,500 18_ 16.000 ,;_000
Wavenumber (cm-1)
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Electronic + vibrational + rotational?
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Factors that may modify absorbed energies

 State of matter (gas/liquid/solid)

* Internuclear distance
* Temperature
 Salinity
° pH
* Solvent effects



State of matter
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State of matter (water)
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What notable differences do you see?

e 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 um) 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 §’1o_
probability of an absorption "
(or fluorescence! more later) 5-
event

Vertical Transition

1 0 T | T T T 0
* It follows that anything VP T T
affecting internuclear distance Nuclear Displacement Nuclear Displacement
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
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Temperature and salinity dependence of absorption by liquid water
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absorbs deep in the UV.
Here we see only the
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Figure 8.6: Dependence of the water absorption coefficient on temperature and salinity

according to Roettgers et al. (2014).
Figure 8.6, Mobley et al., The Oceanic Optics Book, 2022



oH 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

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

/fmars.2020.588287/full
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https://www.frontiersin.org/articles/10.3389/fmars.2020.588287/full
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Solvent effects: Extracted vs. in vivo pigments

Euglena gracilis
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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.

Table 1. Absorption maxima, extinction coefficients (E) and wavelength shifts
used for generating the "unpackaged" in vivo specific absorption
coefficients for the major algal pigment types (PE = phycoerythrin
from specific clones of Synechococcus sp.). The absorption maxima
reported for the chlorophylls and carotenoids were determined in this

study.
Pigment Apax (solvent) E(Lg!em?) / A shift
Chlorophyll a 662 nm (acetone) 88.1512 >550 nm: +12 nm
432 nm - <550 nm: +8 nm
Chlorophyll b 646 nm (90% acetone) 513612 >550 nm: +6 nm
458 nm - <550 nm: +12 nm
Chlorophyll c;+; 630 nm (90% acetone) 42 .612 >550 nm: +6 nm
444 nm - <550 nm: +16 nm
Fucoxanthin 450 nm (EtOH) 160.013 >400 nm: +40 nm
B,B-carotene 452 nm (EtOH) 262.014 >400 nm: +10 nm
WH7803 PE 547 nm (Pi buffer)!! 25,5165 no shift
WH8103 PE 492 nm (Pi buffer)!® 11.61¢ no shift

Table from Bidigare et al., 1990. do0i:10.1117/12.21451 w/



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

e Absorption: ~10-101%3s

S1

excitation

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



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

e Absorption: ~101°-1013s
* Rayleigh scattering: ~1013 s
* Photon re-emission happens

quickly, faster than vibration can  _ ..., ela;tic
scatter
occur
e “Elastic scattering” = no change in
wavelength (more tomorrow!)

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



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

* Absorption: ~101-10%3s
* Rayleigh scattering: ~1013 s

e Raman scattering: ~1013 s
* Also very fast — before molecule  excitation | [©%°1€
can vibrate e

* “Inelastic” scattering

* For water, characteristic shift in S
emitted photon of ~3400 cm™ 4
(tens to hundreds of nm)

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

(addition of Raman scatter is not in the Mobley
figure — errors are mine!)



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

2 vibrational relaxation
* Absorption: ~101°-10135s . q
* Rayleigh scattering: ~1013 s 1
e Raman scattering: ~1013 s

* Fluorescence: ~10°-10" s excitation | [€12stic

* Also “inelastic” scatter seatter

* Happens after vibrational
relaxation — takes longer

« Example: dissolved organic matter 2
fluorescence. Also chlorophyll but S, ebl S Y
biology complicates this example
(more Friday)

fluorescence

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



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

1 2 vibrational relaxation

* Absorption: ~10%>-10%s q

 Rayleigh scattering: ~10%3 s . k“f\,\y\t;riv;t:?mcrossmg

e Raman scattering: ~10%3 s S
* Fluorescence: ~10°-107 s elastic q

excitation T,

* Phosphorescence: >>107°s scatter
* Electron spin flip (intersystem fluorescence
crossing) leads to a “forbidden phosphorescence
transition” and much slower S
re-emission of light
e Example = glow-in-the-dark - So "= S VL
shirts

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



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

1 2 vibrational relaxation
* Absorption: ~101°-101s . q
* Rayleigh scattering: ~103s ™ W@m crossing
e Raman scattering: ~1013 s S
* Fluorescence: ~107°-10"7 s o elastic g
* Phosphorescence: >>107s SERaon - scatter 1
* Photochemical reaction flucrescence
* No re-emitted light — instead Phosphorescence
excited state molecule 0
undergoes a chemical reaction ¢ Al q J _‘4

* Examples: photosynthesis, °
photooxidation of CDOM

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



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”[0?]M)
* Non-pigment particulate absorption (aka “non-algal particles”, NAP)
* Phytoplankton pigments



Water

 Spectral
absorption
coefficient of
water, a,(A) [m]

* Arises mainly from
molecular
vibrations (T, S
dependence!) at
visible-IR

e Difficult
measurements to
make...
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Figure 5.1 from Mobley et al., The
Oceanic Optics Book, 2022. Data
are from Pope and Fry, 1997.



Water

1E+00 |

-
T
o
-

Absorption Coefficient o (m")

1E-03 |

Fig. 11.

1E-02 |

1 1 1 I 1 T
This Study +—e—

Quickenden and Irvin (Rayleigh Corrected)
Pope and Fry +——e—

Cruz et al. "
Krockel and Schmidt .
Morel et al. Extrapolation
° Lee et al. .

g
T
v

»’
T
it

350 400 450 500

Wavelength (nm)

550

Issues arising in measurements of pure
water absorption at UV-blue wavelengths:
* QOrganic contamination

Scattering losses

Absorption by dissolved oxygen

* Temperature and salinity??
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Fig. 12. Present results for pure water. (7, 0) denotes the nth har-
monic of the pure O-H stretch (no scissor mode combination). A
large arrow is used to show the predicted locations of those harmonics.

Absorption coefficient, @, of pure water measured in this study along with the results from several other high-quality studies: Pope and

Fry [8], the Rayleigh-scattering-corrected Quickenden and Irvin values [11], Cruz ez 4l [10], Lee ez al. [30], and Morel et al. Extrapolation [17], and
data at 10-nm intervals from Krockel and Schmidt [14].

Both figures are from Mason, Cone, and Fry, 2016. 10.1364/A0.55.007163



Correcting for temperature and salinity effects

* Temperature dependence ¥,

[m-l °C'1] 0.015- (a) 0.0006
* Salinity dependence ¥g [m™*S?] 0.0004 _
.. © 0.01- 7
» Recall the salinity dependence 8 0002 =
. . . . ' - 0. £
arises from salt ions modifying E e
. ~
the water absorption — not > 0.005{.  _ ¥S__ /A~ 0 g
intrinsic absorption by the salt
ions! . ¥T -0.0002
° Dependences in the UV...? 400 450 500 550 600 650 ;60 750

wavelength (nm)

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



“Colored dissolved organic matter” (CDOM)

* What is “dissolved”?

Goes H/Lmvbg/\ TN 0‘4}&4

DO&W(’ Q(\/\(w\ RN B HuwAa A WO VO
151/&((‘\ Lo (s Ly H 301(1{/1/\7(’



“Colored dissolved organic matter” (CDOM)

What is “dissolved”?
* Smaller than filter size

* Fully “solvated” (all
parts of the molecule
interact with solvent)

* Gel assembly?

- Always state your
assumptions...

Figure: Libes, Introduction to
Marine Biogeochemistry, 2009.
Figure 22.1. ISBN 978-0-12-
088530-5
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“Colored dissolved organic matter” (CDOM)

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

Has C“/H —> s ¢ nto{”j(/\"ﬂ’ by o 0 O
9{ﬂ\[f“f/d wm/\, bl(glo%



Optical nitrate sensor (ISUS, SUNA)

. . LI I B ) l rriri | LI I B | I LI I B ) I LI ] 0_6
 Measurement principle: If 2.5 ,
concentration-specific UV , §
. . 5 2.
absorption by NO;5™ is known, then DCE) 0 04 2
. O " ®©
measure absorption and calculate o 1.5 '
Q
concentration (Beer’s Law — more § : 2
later). 5 1.0 02 ‘o
0
* Sea salt interferences: bromide < 05 9
(Br), nitrite (NO,’), and bisulfide ]
(HS') 0.0 0.0
200 220 240 260 280 300
* Non sea-salt interference: CDOM Wavelength (nm)
* Nitrite has a similar absorption Fig. 1. Absorption spectra of bromide, bisulfide, nitrate and
maximum to nitrate but [NOZ‘] 1S nitrite at concentrations typical of seawater. Each salt was

usually small (except where oxygen 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
Johnson and Coletti, 2002. Deep-Sea Res. |, right axis to the other species.

49:1291-1305.

is low...)



Pressure
dependence of
bromide absorption

L—.\ O

£

| Uncorrected l 1000 E

Corrected )

Bottle =
samples

b —T LL 2000
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[m-1dbarl]

Slope of absorbance

2x 107

0

—2x107°5-

VS. pressure

4 x107°5-

—6x10°°

216 218 220 222 224

Wavelength (nm)

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.

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

Figures: Sakamoto et al., 2017. 10.1002/lom3.10209



“Colored dissolved organic matter” (C

* What is “dissolved”?
However you define it.

* Are all absorbing materials
in the ocean™ (besides
water) “organic”? No! Be

DOM)

1=No color, N and P absent
(e.g., carbohydrates)

2 = Colored but N and P absent
(e.g., carotenoids)

3 = Fluorescent but N and P
absent (e.g., vanillic acid)

4 = Fluorescent and contains N
(e.g. tyrosine)

5 = Fluorescent and contains

both N and P (e.g., NADH)

aware of inorganic

Figure: Stedmon and Nelson, 2015, Biogeochemistry of Marine

absorbers/ in your SpeCtra/ Dissolved Organic Matter, 2nd ed.
region of interest.

* OK, now we can talk about
CDOM.

* In some seasonally-anoxic lakes also consider iron!



Generic CDOM absorption spectrum

Why is the spectrum smooth? Two
hypotheses have been proposed: 1} |

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

acpon® (M)
o
(o]

2. It arises from intramolecular charge
transfer along a series of coupled,
excited chromophores (Blough and Del 0.2k 1
Vecchio, 2004)

400 500 600 700

(D*AY; F] Wavelength (nm)
Figure 5.4. Mobley et al., 2022. The Oceanic Optics Book
7
hv
(DA);

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:

acpom(1) = acpoum (Ao)el_l")

» Steeper spectral slope is often interpreted as
CDOM that is
* Lower molecular weight
* More photobleached/degraded

* More “fulvic” in character (as opposed to “humic”)

* QOperational definition from soil chemistry; based on
solubility as a function of pH

* Does Scpon depend on the wavelength range of
measurement?
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290 320 350 380 410 440 470 500
wavelength, nm

Fig. 2. Representative absorption spectra, plotted as
the natural logarithm of the absorption coefficient (m—!)
vs. wavelength. These spectra were collected in August
1991 on the transect between the central Gulf of Mexico

and Oyster Bay.

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



Modeling “CDOM”

Spectra do not always follow a

smooth or exponential functional
shape!

0.04357 exp[-0.0162 (1-440)]
\ 0.04357 (/440) "™

Acoon [M]

200 300 400 500 600

Acoon [M]

200 300 400 500 600
wavelength 2 [nm]

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

e Excluding the contribution by phytoplankton pigments

‘”'"“eff/L—> Vrite ]

=i
A
\ 4

Figure 5.16: Diagrammatic representation of the geometric pathlength of the filtered sam-
ple. Viy; is the filtered volume, dqg is the diameter of the circular distribution of particles
on the filter, and is used to compute the effective area, areaeg. The volume filtered can
be expressed as a cylinder of area arearg and length, ¢. The geometric pathlength of the
sample is /.

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

Extract the filter in hot methanol
(sometimes other solvents) and
measure its absorption (next

lecture)
-



Contributors to ayap

 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



Non-algal particle absorption

* Similar to acpopm spectral
shape... but some departures
« Babin et al. (2003) £
mean +/- SD:
Snap=0.0123 +/- 0.0013 m!
* What causes the shoulders?
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Figures: Babin et al., 2003. 10.1029/2001JC000882
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Mineral contributions to ayp(A)
* Mineral samples with high iron have higher a(A)

* Loss of ayap(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
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Phytoplankton pigment absorption: a,(A)

* Measured by difference: a,(A) - an(h) = ayA)
@ -
* Sum of all solvent-extractable
pigments in the cell !

* Pigments are “packaged” —
bound in membranes inside
chloroplasts

* Not all pigments are extractable o2}
in methanol (water-soluble ]
phycobiliproteins) Wavelength (nm)

3N M)
o
o]

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



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 | and Il
.. which contain pigments

[nondimen]

Dinoflagellate chloroplast (Gymnodinium Splendens)
- o
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Schematic of thylakoid membrane
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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.



—— Chla
008 - e Dv-Chla

———— Chlb

—————————— Dv-Chl b
0.06 |-

———— Chl¢y, ¢,

a*sol (m2 mg‘l)

0.02

400. - l450. 500 s
lambda (nm)

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

Also: carotenoids,
biliproteins, many
degradation products!

ﬁxcloxanﬂ\in
19-BF il
19-HF
——— peridinin

o-carotene
———— zeaxanthin
alloxanthin
diadinoxanthin
B-carotene |

Tamed |l

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

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

More on this (and also phytoplankton and pigment
fluorescence!) by lvona on Friday and others later in the

month.

)

Summary of signuture pigments useful as markers of algal groups and processes in the sea (see also Table 2.3, Chapeer 2. and Chapeer 134"

Pl.'n\n!

Algal group or provess

A. Chiorophylis (see Table 25, Chapeer 2)

Chi w
Divenyl ¢hl o
Ch &
Divins | chl b
Ch ¢ Bamaly
Chi

Ch

Chi .

Chle

Phytylated chl o-bke

Mgis DVP
Bactennochlomophy Is

All photosanibenic microalgae (excepet prochlosophytes)
Prochlorophvies

Green algae: chlorophyies. prasmophytes. euglenophyies
Prochlorophaaes

Chromophivie algac

Diasonms, some prymnesiophyies, some freshmater
Chrysophyses, raphidophyses

Maost diatoms, dinoflagellates, prymnesiophytes,
raphidophivies, cryplophases

Some prymnesiophyies, one cheysophvie, several dutoms
and dinoflagellates

One prasinophyte

Some prymnesiophyses

Some prasinophytes

Anonie sediments

Key referemocs

See Table 2.3, Chapter 2

Goericke & Repeta (1992)

See Table 2.3, Chapter 2

Goencke & Repeta (1992

JetTrey (1989)

Jettrey (19760); Stawber & JetTrey (1958); Jeffrey ( 1989)
Andersen & Mulkey (1983)

JetTrey et wl (1975). Stauber & Jeftrey (1988); Andersen &
Mulkey (1983)

Jetfrey & Wright (1987 1 Vesk & Jeffrey (1987 ) Jeffrey
1989y Johnsen and Sakshaug (1991)

Jeftrey (1959)

Nelbsoa & Wakeham (1989): Jeffrey & Wright (1994)
Ricketts (1966) Jeflrey (1989)

Repeta er al. 119891 Repeta and Simpson (1991



Class context: Week 1 roadmap — Inherent optical properties

Welcome, introductions,
and overview

Monday lab: Playing with
light (building intuition)

Tuesday lectures
Absorption theory and
measurements

Tuesday lab: absorption
measurements without
particles

Wednesday lectures:
Scattering, beam
attenuation, and particle
size

Thursday lectures:
Regroup, then intro to
particle size distributions

Friday: Phytoplankton
and fluorescence

Wednesday lab:

absorption measurements
with particles

Thursday lab: scattering
and beam attenuation
measurements

Friday lab: fluorescence
measurements




