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Playing with Light...

Scattering

https://ioccg.org/training/BossOPN _Light_demos.pdf



Context — Scattering parts 1 and 2

Scattering related to familiar physical/optical processes

i
= Scattering as an Inherent Optical Property (I0OP)
o
Particle properties affecting scattering and basics of modeling
N How do we measure scattering in the ocean?
g Examples of particle scattering in the ocean POTPOURRI
o

Issues and inspiration...
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Scattering determines the
distribution of the radiance (RTE)

Degrades underwater visibility

Basis for ocean color remote sensing
(surface, in-water, bottom)

Enhances absorption effects (increased
pathlength)

We can use scattering properties as proxies
for particle (and/or medium) properties
(dependence on size, shape, composition)

https://www.reddit.com/r/scuba/comments/bnrecd/poor_visibility_in_my_first_postcert_dive_but
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Landsat 8 OLI, 30 July 2016, Rupert Bay, Quebec, Canada

https://earthobservatory.nasa.gov/images/88843/some-tea-with-your-river o https://pace.oceansciences.org/ocean_light.htm




Light as an electromagnetic wave

Electromagnetic waves are oscillating, transverse, plane waves, self-propagating
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Polarization is defined in terms of the direction of the plane wave E-field

https://en.wikipedia.org/wiki/Circular_polarization

https://commons.wikimedia.org/wiki/File:EM-Wave.gif CC BY-SA 4.0



Light interactions with matter in the ocean

Absorption is the removal of photon and conversion of its energy to molecular
energy (thermal, chemical, fluorescence emission)

Scattering is the change in direction (elastic scattering) and/or
wavelength (inelastic scattering) of a photon

Matter is composed of discrete electric charges (electrons

and protons) INCIDENT / // SCATTERED
/
//

Obstacle (e.g., e-, atom, molecule, particle) illuminated by ;
electromagnetic wave will have electric charges set in _—
oscillatory motion by the E-field of incident wave

-2 \
Accelerated electric charges radiate emag energy in all —_ . \
directions — this secondary radiation is scattering \

Scattering = excitation + re-radiation

Bohren and Huffman (2004)



Light interactions with matter in the ocean

Scattering occurs in three places:

air-sea interface via reflection and refraction (complexity of wind-blown surface)
sea-bottom interface via reflection (sediments, corals, algae)

within the water column by molecular and particle constituents:

particles, pure seawater (water molecules and salts), turbulence (density
fluctuations), bubbles

All light scattering is due to the same fundamental idea of emag radiation (waves)
interacting with discrete charges (electrons and protons)

Depending on scale and particular problem, different physics dominate, and different

physical/mathematical models are used (Rayleigh, diffraction, Mie, geometric optics,
etc.)



What is happening as light interacts with particles?

fluorescence, A; > A

. Raman scatter, A
reflection, A _ o S
Elastic scattering is change in direction of

photon via reflection, diffraction,
refraction.

Inelastic processes change the

diffraction, A wavelength of light and are not

YyVY VY
/

. \ inherently directional.
\~~‘

absorption, A

>
incident light, A Interaction of light with matter in the
ocean can be quantified in terms of
“inherent optical properties” (I0OPs), that
are properties of the medium and do not

depend on the ambient light field.

particle medium, n,

background particle size, D .
medium, n,, refraction, A



Index of refraction, Snell’s law, and reflection

Refraction is the redirection of a wave as it passes from one medium to another

Light travels slower in medium other than vacuum, described by the index of refraction,
the ratio of the speed of light in vacuum (c) to the speed of light in the medium (v)

material property

n(d) = % ~ /Er (/1_) €, is relative permittivity, a

ny sin@; = n, sin 6, Snell’s law
(refraction)

— cin=1 (N1
6; = sin (n—;smei)

0, = 0; Angle of reflection

Mobley (2022) Oceanic Optics Book

Snells Law (https://en.wikipedia.org/wiki/Refraction) H



Diffraction by particles

Analogous to diffraction by a slit or aperture

Huygens-Fresnel principle: every point
on wavefront is a new secondary wave

Fraunhofer diffraction (°°/,; <« 1)
equation is a far-field approximations

For circular aperture, diffracted intensity is
independent of index of refraction

incident
beam

McCartney and Hall (1977)
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By jkrieger - File:Beugungsspalt fuer schlitzblende2.svg, CC BY-SA 3.0,

12

https://commons.wikimedia.org/w/index.php?curid=18705795



What is happening as light interacts with particles?
...not so simple...

Phytoplankton are the most obvious particles in the
ocean, mostly single cells that scatter, absorb, and
fluoresce.

To build relationships between optical and particle
properties, we need models:

First order: EM theory for interaction with
spherical and other simple shaped homogenous
particles, dominant pigments for given species

Second order: how to deal with complex shapes,
non-homogenous particles, changes in
pigmentation due to biology and packaging of
pigments in cell?
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The oscillating dipole
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Incident wave’s E-field sets up oscillating dipole, which

in turn generates secondary radiation

excitation + re-radiation

Scattering
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https://commons.wikimedia.org/wiki/File:EM-Wave.gif CC BY-SA 4.0



General concept of scattering

Consider the scattering by a single particle, dividing the
particle into small regions approximating dipoles (each with
secondary wave)

At some far-field point, scattered field is the sum of all the
secondary waves including their phase differences

For small particles, the secondary waves will be
approximately in phase

For large particles there become significant effects of
constructive and destructive interference between the
secondary waves — the larger the particle relative to
wavelength, the more structure in scattering pattern

Rayleigh Scattering Mie Scattering Mie Scattering,

by a single particle
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— Direction of incident light

http://hyperphysics.phy-astr.gsu.edu/
Bohren and Huffman (2004) 15



Deriving inherent optical properties (IOPs)

Inherent Optical Properties are the scattering and absorption characteristics of
particulate and dissolved materials in natural waters. The IOP can be used to
determine the characteristics of the underwater light field when the incoming light
field is known.

IOPs are “bulk” properties that describe the optical characteristics of a volume of
material considered as a whole, rather than individual molecules or particles.

Why a,b,c? See “Terminology and units in optical oceanography”
Morel and Smith (1982) https://doi.org/10.1080/15210608209379431

16



Deriving inherent optical properties (IOPs)

optical power

radiant flux OF (}{)

[watt]

Conservation of Energy

Define fraction of power
absorbed, scattered,
transmitted

(1)

| > O¢(4)

®q(4)

;i (1) = Pg(1) + Ps(A) +P (1)

Absorptance Scatterance Transmittance
D, (1) D, (1) D (1)

A1) = B(1) = TA) =
D=3 P "WTam

AW +BAL)+T) =1

[unitless]



Deriving inherent optical properties (IOPs)
ds(1)

(A |
D; (1) () > D (1)

_,E A1 i<_

Absorptance and scatterance are not something we typically
use —we need the pathlength for context

absorption and scattering d. (1) AB(1 dB(1
“coefficients” are defined B(A) = CIDS-()l) b(A) = lim ( ): (4)
l

A ¥ [
per unit distance Ar—0 Ar r

The scattering coefficient b(A1) is a measure of the overall magnitude
of the scattered light with no information about angular distribution



Measuring beam attenuation

Reality is that instrument has some NON-infinitesimal pathlength R

®;(1) b P [P+ A0 | 0, (1)

0 r r+dr R
In the same way the dB(2 Think about “attenuance” dd
other coefficients  b(1) = —Q @ fraction of power lost . dc (1) )
were defined, i.e., r through dr c(d) = dr dr

R R
Integrate the attenuation ado
. cdr = —
along instrument path 0 o @)

Now we just need to build an

cR=—-(In®, —In®d,) c=——|n— instrument with a light source
R @, that measures @, and @;...



Measuring beam attenuation

4l\
d; (1) > =>> ©¢ (1)
0 R
NS
Q\g\o \\\’@ ‘\Q’% Trans Det
L e Transmit Receive d, (1)
- | Window Window [ |
LEDD @ H {l
- L @Qe
— &
Ref Detector @; (A1) N

Some scattered light also reaches detector
since the pinhole can’t be infinitesimally small!



Defining the Volume Scattering Function (VSF)

Proportionality factor relating intensity of light scattered in a direction (g‘?)
by an infitesimal volume (dV) of a scattering medium illuminated by a
plane wave of irradiance (E;)

av
incident 7
N peam Ei (IS - b2
Sy radiant intensity
> o \\%
$oi=g 4]
aEn) [ wsh dI(§,2) = B(E DEDaV

=m - Sr

PEN =g ar  [Wm )



Defining the Volume Scattering Function (VSF)
Scattering direction g‘?is typically thought of in spherical coordinates, i.e.,
polar angle () and azimuthal angle (¢)

For unpolarized incident light and common assumption that scattering

medium is isotropic (or axially symmetrical about direction of propagation
of the incident light beam) results in azimuthal symmetry

incident beam

along 2 E;
— dl(l/)’/l) -1 o1
PO =g oyay ™ ]

The polar angle ¢ is typically referred to as the
scattering angle in ocean optics



Example variability in the ocean VSF

The classic measurements of Theodore J. Petzold (1972, 1977)

scattering angle [deq] scattering angle [deq]

Most widely used and cited scattering Combined from two different instruments (LASM and GASM)
measurements in ocean optics Measured in limited environments:
clear Bahamas, coastal California, San Diego harbor
10— 10*
- 10%% 10? ~ >6 orders of
il \ . N
@ I\ ~2 orders of magnitude magnltudet\;ar-latlon
‘e 10% variation between 4 10°% acrcl)ss fsca ering VSE
© . different water types - angles for a given
W [ O >
> 1072 B 1072} (turbid harbor) b =1.82 m" Sed
' (clearocean) b=0.037m"
107 : S TR | | 2 , e "
0 45 30 135 180 0.1 1.0 10.0 100.0
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The scattering coefficients

-

Integrating over all directions (§) gives the total

scattered power per unit incident irradiance and b(/l) = f ,B(g, ﬂ,) dQ)

unit volume of water /
differential element

:8(1/)' /D of solid angle

= denotes the unit
sphere of all directions

24



Differential solid angle

plane angle

_ arclength ¢
0= radius r
2TTr
— =27
r

solid angle
_ area _ A
1= radius2  r2 [SI’]
4712
2= 4 [sr]

[rad]

[rad]

X

Rsin 6 d¢

dA = R2dQ
dA = Rd6 - Rsin 0 d¢

d(l =sin0df do

~ Y

25



The scattering coefficients

-

Integrating over all directions (§) gives the total = denotes the unit

scattered power per unit incident irradiance and b(A) = A1)dO . :
unit volume of water ( ) E'B( ’ ) \ sphere of all directions
dv
£ B p— 2 B, ) dQ = sin6 df d¢

scattered light
dQ dl

\J'YN‘J’

2T ,TT
b(A) = jo jo BGp, b, 2) sin dip dp
b(A) = 27 J "B, 1) sinw dip
0

b(4)
a(d) + b(2)

relating to attenuation _ . Single scattering albedo i
and absorption b(4) = c(4) —a(d) “probability of photon survival” wo(A) =



The scattering coefficients

Scattering is often divided into the forward and backwards scattering components:
/2

be() =21 | B, A)sin dip b, (1) = 2m " B, 1) siny dy

0 45 90 135 180 o 45 90 135 180
scattering angle [deg] scattering angle [deg]

Useful parameter to quantify relative
Particulate bbp (/1) strength of backscattering

. : B,(A1) =
backscattering ratio: p( ) bp (A) Canalso be used as a proxy for

particulate index of refraction



Scattering phase function

The VSF can be factored into the
product of the scattering coefficient
(magnitude) and the “phase
function” (angular information)

B, )
b(2)

[sr]

B, D) = ———

scattering coefficient: amount of
scattering (first order amount of stuff)

phase function: angular scattering
“behavior” of the medium

b=1.82m"

[ (turbid harbor)

phase function [sr7']

102 (clearocean) b=0.037m"
(average particle)

scattering angle [deq]

Assumption appears ok for Petzold, but keep in
mind that the data has limited dynamic range...

0.1 1.0 10.0 100.0

28



Scattering phase function

Scripps Pier Surf Zone
1.0000 E P T
% 10 -
T &
LR >10x variability 3
c | "\ backscattering angles g Bubbles
.9 [ . o :Qn. 10" - -
S 0.0100¢ N A =
e :— / ‘. " = Petzold
- - Q .
= | == AT, Sediment
Petzold average b N B
8 0.0010} _ S
= particle ’ 10%} 3
+ Coastal New Jersey :
% 0y )| A P N S Background S—
0 30 60 30 120 150 180 0 20 10 60 80 100 120 140 160 180
scattering angle (deq) angle (deg)
Petzold average compared with coastal measurements from MASCOT measurements from surf zone, with
VSM (Volume Scattering Meter) instrument representative phase functions for “background”
Figure from Mobley, data from E. Boss, M. Lewis scattering, suspended sediment, and bubble

dominated (Twardowski et al. 2012)
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Scattering parameters are additive

Like absorption a;,: (1) being partitioned into a, (1), a,, (1), Acgom(4), Angp(4), etc. using solvent
extraction, filter fractionation, or other operational definition, scattering parameters are similarly

additive N
VSFs and scatteri N N b(A)= ) 1bi(/1)
s and scattering = i=
coefficients are additive '8(1/)) = zizllgi (l/)) = i=1bi'8i (l/)) N
bpy(M) = ) 1bb,i(/1)
1=

phase functions must be _ N p. _
weighted per the fraction ,8(1/)) — z —l,Bi (1/))

of component scattering i=1 b

N
c(d) = Zi_lci @)

What components make sense??

? by ~ bfP 5 brap ~
B =—2-BwW) + ==L (W) + == Frap (W) + -



« First order drivers size of particle relative D index of refraction of

of scattering: toincident wavelength X = 1 particle relative to medium




Scattering regimes and models
Im—-1| < 1

Typical marine particles are
“optically soft” — what does that

weak scatterers

only small change in wave phase

mean? P = lem _ 1| «1 and amplitude through particle
x=1
Rayleigh  Rayleigh—Gans—Debye Van de Hulst Geometric Optics
0.1 nm 1 nm 10 nm 0.1 ]J.ml 1 um 10 um 100 um 1 mm lcm
late matter Lorenz-Mie theory for homogenous
s spheres is a general computational
E solution to Maxwell’s eqgs. for EM
ié scattering in spherical coordinates
- Given size (particle diameter and
§ wavelength) and relative refractive
ankton index, we can calculate its IOPs
including polarized angular scattering
Bubbles
R S W I S R Y PR +oua il e |
10710 1077 1078 1077 107 107° 107 1073 1072

Particle size (m)

Clavano et al. (2007)
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Basic principles of scattering — particles

100

-

Scattered intensity (relative units)

0.1

-y
o

J

------ Transmission + reflection
——— Diffraction + transmission + reflection

——— Mie theory

0°

10°

20° 30° 40°
Scattering angle

Fig. 4.1 Angular distribution of scattered intensity from transparent spheres
calculated from Mie theory (Ashley and Cobb, 1958) or on the basis of
transmission and reflection, or diffraction, transmission and reflection (Hod-
kinson and Greenleaves, 1963). The particles have a refractive index (relative to
the surrounding medium) of 1.20, and have diameters 5 to 12 times the
wavelength of the light. After Hodkinson and Greenleaves (1963).

Kirk (2011)

Diffraction

Transmission

Refraction
and reflection

Reflection

Model including diffraction, transmission, and reflection compares
well with Mie theory

Diffraction is needed to explain expected (Mie) scattering pattern

This is an example of two different approaches to describe the
underlaying physics: essentially Snell’s law (geometric optics) and
Fraunhofer diffraction vs. rigorous solution of Maxwells equations for

spherical particle

33

Hodkinson and Greenleaves (1963) https://opg.optica.org/josa/viewmedia.cfm?uri=josa-53-5-577



Basic principles of scattering — modeling particle properties

Consider Lorenz-Mie theory since it’s

generally applicable to marine particles

absorption and scattering
“cross sections” [m?]

D
X = 7 Cy,Cp “amplitude scattering matrix” elements
m that describe polarized scattering and
m = —L2 S1 (W), S, (Y) can be used to calculate phase function
My 5 1(]c2 2
Ba)~3(|s7] +[57])

“cross sections” C,, €}, are the equivalent area of If a particle has a given cross-sectional area A4, then

the incident plane wave that has energy equal to the dimensionless “efficiencies” Q,ps, Oscq are the

the energy absorbed or scattered by the sphere fractions of energy passing through that area that are
absorbed or scattered, e.g.,

(More in later lectures and Mie ...) 34



Basic principles of scattering — modeling particle properties

“When criticized for using Mie theory where its
applicability is dubious, modelers sometimes say that
although they know that Mie theory is inadequate, it is
the only game in town. Better to do wrong calculations
than to do none at all. Modelers have to model.

We suggest an alternative to modeling. It is called not
modeling—not modeling, that is, until adequate methods

are at hand.”

(Bohren and Singham 1991)




Connecting single particles to bulk scattering

scattering “cross sections” [m?] are for a single
CA (X, m)' CB (X, m) particle with given properties (e.g., x, m)

Consider a “bulk” volume of b)) = NC nD m
ocean with many of that same [\ [# m™3] ( ) B( A’ ) D
particle with given x, m [m'3] [mz] — [m-l] X = —
A

In reality, we usually have a wide range of particle 0
sizes in the ocean, described by the particle size _
distribution (PSD) n(D) b(1) = n(D)Cg(D, m)dD

n(D)dD is the number of particles per volume with 0 [m3 um1] [m?2] [um] = [m1]

diameters in a “bin” between D and D + dD

(More on PSD calculus in Meg’s PSD lecture...)



Spectral dependence of attenuation

small colloids

E ~
d , S
viruses &

n(D) ~D™3

small nanoplankto o-

particle concentration n(D) [m” ypm™]

large nanoplank'tqn

~

10 10" 10° 10* 10
equivalent particle diameter D [pm]

microﬁankto @
saaaal PR

Mobley (2022) Ocean Optics Book
Boss et al. (2013) doi:10.1016/j.mio0.2013.11.002

o~ [ 012000 Ad
0

1

e, (1) ~ j n(D)D?Qc(2)dD

D~Ax
n(D) ~ (Ax)™*

(00}

¢, (1) ~/13‘“j x27HQ-(x)dx

0

— N=18370

N=18675

frequency

e N=1415

S

500 600 700 ¥
wavelength
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Spectral dependence of scattering

If ¢, (1) is well-represented as a smooth power-law
function of wavelength, what will b, (4) look like?

2 -y
Cp D = Cp (/10) (/1_0)

1 4
bnap (4) = Cnap (4o) (/1_0> — Anap @)

smooth function
of wavelength

A\
by (1) = ¢4 (4o) (/1—0> —ag(4)

highly variable over

wavelength (pigments)
Estapa et al. (2012)

Mobley (2022) Ocean Optics Book

2 -1

e Mg’

300 400 500 600 700 800
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0.09 : ;
Bricaud et al,, 1995, [chl]=0.1 mg m”
D.og) ; —— Bicaud et al., 1995, [chij=1 mgm™
il AT ==~ Bricaud ef al., 1995, [chi=10 mg m"
) ) Ciotti et al., 2002, Pico
- Ciotti et al., 2002, Micro
T 006F =
o0
NE 005} 5
~~ 0o 3
~ - \‘__‘H
—/ . \
| A . \
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S Ry T
0.02f - N £2
g 5 3 /
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0.01 S _'___d_/’,/ \\K .
0 | 1 | o e 1 !
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Boss et al. (2013) doi:10.1016/j.mi0.2013.11.002 Babin et al. (2003) doi:10.4319/10.2003.48.2.0843 .



Fournier-Forand analytic phase function

“Approximate analytic” formula for a power-law size
distribution of anomalous diffraction (VDH) scatterers

BW) ~ 7 | QuGOP@,xtHdx e e

Very savvy approximations of Qsca and P that model the behavior of those functions for
marine-like soft particles

; 1 N (1 s ~ e
Brr(V) :—17._(1 —5)20v [l’(l —0)—(1-=0Y) + [()(l —&Y)—v(1 - 0)} s - (T)J
1 — dfso

167 (d180 — U""fau

- -';—ll' . ,i . 9 (15
= T and o = m S111 (E)

(3cos® ¢y — 1)

by 1—68F —0.5(1 - &%)

b (1 — d90)dg
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Fournier-Forand analytic phase function

(sr™)

phase function

10*
|
7,: 10?
2
5 100 \ 10* i T T
Q
3 -
o 107 |
n - 2
o w 10
_EL A
107*
" " g
0 30 60 90 120 150 180 e 100 :
scattering angle (deg) <
3
[
1by/b = s -
O°4000 3 10 z Fournier—Forand
. 10.1000 o
-2 | e Petzold
10 \ -4
“~._0.0100 10 fLEEL oo paaum i s
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1077] ‘ scattering angle (deg)
0.0001
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scattering angle (deg)
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Scattering ‘big picture’

The VSF includes the effects of all the simple and complicated physical
phenomena (reflection, refraction, diffraction, polarizability, etc.)

We approach scattering of different constituents with different models
depending on size, reasonable assumptions, etc.

Magnitude of VSF depends on the type and concentration of the particles.
Shape of VSF depends on the particle size, shape, internal structure,
composition

VSF parameterizes unpolarized incident and scattered light. For polarization
we have a scattering function for each combination of incident and scattered
polarization (for example vertical linear to horizontal linear).

We usually assume isotropic media and randomly oriented particles, so no
azimuthal dependence of scattering, i.e., 5 (y) not f(, ¢). Beware if your
particles orient with flow.
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