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* Scattering and Absorption by particle

Credit to Dr. Simon Carn at Michigan Tech for several
slides used in this lecture.



Radiative Transfer Equation Now with Scattering
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Radiative Transfer Equation Now with Scattering
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Scattering Phase Function
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Important simplification can be made when particles in
atmosphere are spherical or randomly oriented
(does not work for dust or ice)

Scattering phase function depends only on the angle ©
between the original direction £’ and scattered
direction {2

cos®@ =10"-0
1 '
1 = Ef%p(cos ®) dw




FINAL Radiative Transfer Equation
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Radiative Transfer Equation Depends on

1.6,
Since: dt = —[f,ds VERY

B. IMPORTANT
2.0 = A SLIDE

3.p(cos B)



Parameters governing scattering

* (1) The wavelength (A) of the incident radiation

* (2) The size of the scattering particle, usually expressed as the non-
dimensional size parameter, X:

* r is the radius of a spherical particle, A is wavelength

* (3) The particle optical properties relative to the surrounding
medium: the complex refractive index

» Scattering regimes:
*Xx<<1: Rayleigh scattering

ex~1: Mie scattering
«x>>1: Geometric scattering (Ray tracing)



Geometric Optics (ray tracing)

Rayleigh

scattering

Mie Scattering, Outgoing rays -

——

-
e s

small particle

Light rays enter a raindrop from one
direction (typically a straight line from the
Sun), reflect off the back of the raindrop,
: and fan out as they leave the raindrop.
lz.u‘g'c: [‘)211"[[Clc‘.‘ The light leaving the raindrop is spread
over a wide angle, with a maximum
intensity at 40.89-42°.

Mie Scattering,




Light scattering regimes
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This plot considers only single scattering by spheres. Multiple scattering and
scattering by non-spherical objects can get really complex!



Light scattering regimes
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Light scattering regimes
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There are many
regimes of particle
scattering, depending
on the particle size,
the light wave-length,
and the refractive
index.

This plot considers only single scattering by spheres. Multiple scattering and
scattering by non-spherical objects can get really complex!



. Ry,
Maxwell’s Equationsfor plane waves ey,

In a nonvacuum, we can write

. . N
K| +i[K"| = w, | /eotis = —,
EoHO C

where the complex index of refraction N is given by

N = E—‘uzil,
\/ eopo




. Rey,;
Refractive Index Visy,

* The refractive index of a material is critical in determining the
scattering and absorption of light, with the imaginary part of the
refractive index having the greatest effect on absorption.

* The refractive index is NOT a constant for any substance but depends
strongly on wavelength, and to a lesser degree, temperature
&pressure



. Rey,;
Rainbow Viey,

e Results from variation in the real
part of the refractive index with
wavelength of rain drops
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Key Points

= 1.333 in visible bands

n; = 1.0003 in the visible bands
Close to zero absorption



Real world use of Index of Refractions

Understanding the role of aerosols means

xee,,/%

Understanding how the properties of those

aerosols...
— refractive index
— species ...afffect various aspects of
— mixture solar and terrestrial
— hygroscopicity radiation...
— size distribution — spectral (1)
— shape — spatial (x, y, z)
— angular (q, f)

— temporal (1)

B DustPareiee R P oy
— Biomass Burning Smoke
— Air Pollutants

— Sea Salts



CARES Campaign, California, CARES Campaign, California,
United States United States

Shape of Particles

Las Conchas Fire, New Mexico, Mexico City,
United States Mexico

Soot in Wildfire smoke

) S —————— May play a LARGE RO LE in
determining its radiative properties



Shape of Particles

Daisy Pollen

SEM micrographs of atmospheric particles. (a)
Smooth spongy anthropogenic particle; (b) Detail of
Figure 3a. particle; (c) cluster of particles; (d)
spheroid particle of iron; (e) spheroid particle of
titanium oxide; (f) spheroid particle of iron onto a
spongy particle; (g) NaCl particle showing a
“flower” shape; (h) sulfate particle with presence of
Na and Ca.
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Rayleigh scattering

Atmospheric composition: N, (78%), O, (21%), Ar (1%)
Size of N, molecule: 0.31 nm

Size of O, molecule: 0.29 nm

Size of Ar molecule: 0.3 nm

Visible wavelengths ~400-700 nm

Rayleigh scattering
from air molecules
— =
.- 1 The strong wavelength dependence of
et " ] o —, Rayleigh scattering enhances the short

7\4 wavelengths, giving us the blue sky.

The scattering at 400 nm is 9.4 times
Observer as great as that at 700 nm for equal
incident intensity.
» Scattering of light off air molecules is called Rayleigh Scattering
* Involves particles much smaller than the wavelength of incident light

» Responsible for the blue color of clear sky



Rayleigh Phase Function

Degree of Polarization
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Relative Index of Refraction

Between the particle and medium

S
Il
==

Phase Speed of Wave

Recall real part, n,, = N(N)
Where imaginary part, n; = 3(N)

Absorption



This also applies to \
* Mass Extinction Coefficient '?@://@w / bP

Scattering and Absorption
* Extinction cross-section per\wit\mass
B Ba = Pkq
fe =

Bs = pks
* Extinction Cross Section ,8 — No
* Extinction cross section referenced to individual particles a a

Be =

S

Density

&
=
]
S

Number of — O-a
* Extinction efficiency particles per cm3 Qa =~
* Per the cross sectional area of the particle (A) o
. S
_ %2
=7



Scattering and Absorption Efficiencies

Per the cross sectional area of the particle (A)
Per the size parameter and relative index of refraction

_ e _ 4o m? —1
Ya= g =Wz 12
os 8 , m? —1/|°
QSE - = 5X 2
A 3 m= + 2
= % 4 - 8 agy (Im*-1N)"
Q, = = 4x 3 *complex function of(m)+3x SR{ m2+2‘}



Scattering and Absorption Efficiencies

Per the cross sectional area of the particle (A)
Per the size parameter and relative index of refraction

Qa X X And depends on the imaginary part of N

4 And depends on the real & imaginary part of N
Q; X x

Qe XX X And depends on the real & imaginary part of N



Scattering and Absorption Efficiencies

When x (size parameter) is very small 2mr
<< ~
QS QCL Qe Rayleigh Regime
Qs
w =— X
Qe
2TTT 4 2Tr 4
Now, we know that: Qs x A = O X x4 x A = (_) x A = (_) ” 7T7”2
A A
6
r Again Rayleigh Regime !!!
X




Key Points for Rayleigh regime

* With 2 different wavelengths (1; < A,), then scatter at the shorter
wavelength more strongly by a factor of (1;/4,)* (why blue sky)

e With radiation at a fixed wavelength and illuminate two particles of
radius (r; < 13), the larger particle will scatter the radiation more

strongly by a factor (1 /13)®

* For sufficiently small x, with complex refractive index, scattering is
negligible
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Light scattering regimes
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This plot considers only single scattering by spheres. Multiple scattering and
scattering by non-spherical objects can get really complex!



MIE Scattering

Big View

Non-Absorbing Sphere with
Real Index (m) = 1.33

Small View
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Reddening/Blueing

<—— Visible Spectrum —>

Non-absorbing sphere with Rl (m) = 1.33

Extinction Efficiency (m=1.33) Q —_ €
e
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Size parameter x=2nr/h

« Assume r is constant, so variations in x are due to variations in A

» Hence increasing x implies decreasing A, and vice versa.

» For 0 < x < 6, shorter wavelengths attenuated more: reddening (e.g., setting sun)
» For 6 < x <11, longer wavelengths attenuated more: blueing
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« Assume r is constant, so variations in x are due to variations in A

» Hence increasing x implies decreasing A, and vice versa.

» For 0 < x < 6, shorter wavelengths attenuated more: reddening (e.g., setting sun)
» For 6 < x <11, longer wavelengths attenuated more: blueing



Reddening/Blueing

Extinction Efficiency
A T T T T T

N Sor=1um

o AN i r=10 um
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- Extinction efficiency against wavelength for selected water droplet radii
» Haze: 0.1-0.3 ym — classic reddening behavior observed on a hazy day
« Intermediate radius (1 ym) — complex behavior, blue and red light attenuated, with
attenuation minimum at 0.5-0.6 ym — would give a green sun at sunset
« For larger radii (10 um — typical cloud droplet) — no strong wavelength dependence




Forward Scattering Increases with Size

00
330° 30°
60°
300°
270° 90°
240° 120°
~——— 15 microns
210° = 0.7 microns 150°
180° b.

Forward scattering loop becomes narrower
and more intense with increasing x

Rayleigh

scattering

Mie Scattering,
small particle

Mie Scattering,

large particle

Parameter



Forward Scattering Increases with Size Parameter

0 Harder to see
330° 30°
through the
300° .
glare of a dirty g ]
120
270° windshield ring
when driving
240°
— 15 microns towards the Scattering,
2900 7microns 4500 | particle
- sun than away

a.

Forward scattering loop becomes narrower
and more intense with increasing x

Mie Scattering,

large particle




Distribution of Particles (not just one size)

gaseous aequous haze mineral dust pollen, bacteria, spores :
precursors nano particles soot particles smoke particles volcanic ash plant debris Bo&dfrggg S:r?p
(H,S0,,...) seasalt - cloud droplets

Large cloud droplet
d= 100 um

oagulation > coagulation > coagulation > coagulation

H;50, evaporation abrasion [Typical Condensation nucleus|
VOC ' = S <€~ " " " T S T T T T T T T e e T T T T T T s s s s s s s s d=0.2um

NO; .
Activation as
hom./het.
gaspt{:w accumulation- Gloud Drople |
reactions mode ypical Cloud droplet
d=20um

1 10 100 1000 10000
l | I | |

. . ' Typical raind
Particle Diameter[nm]

n(r)dr = {number of particles,per volume of air,whose raddii fall in the range (r,r + dr)}

Take Aerosol and Cloud Microphysics next semester will will continue this discussion



Weather Radar
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Backscatter Cross
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77 / section per unit ) : 4 ' ggw Natchez
1 63 + 2 # 5 y oy =

volume of air

Distance to the radar

Hurricane Rita from
Lake Charles NWS

Radar Image from National Weather Service: KLCH 07:42 UTC 0972472005



Real World Application
Radar = Microwave Band

Frequency range Wavelength range

Frequency band (GHz2) (cm)

L band 1-2 15-30
NWS S band 2-4 10.71 cm 7.5—-15

Used f

v | Cband 4-8 375-7.5 | e o
DOW X band 8-12 2.5-3.75

Ku band 12—-18 1.67-2.5

K band 18-27 1.11-1.67

Ka band 27-40 0.75-1.11

V band 40-75 0.4—0.75

W band 75—-110 0.27-0.4



Weather Radar

* Rayleigh Regime

* Backscatter Efficiency

Up =

4x*

2
m? —1

m2 + 2

Radar Backscatter from Sphere, A= 10.71 cm
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\Weather Radar * Backscatter Cross section per unit volume of air

00
JIA
* Rayleigh Regime n = f Qb (D) [—Dzl TL(D)dD
* Backscatter Efficiency 0 Cross Sectional A 4 \ \b oartic
Cosssectonal s,/
m2 —1 2 [bowWER 2 2
Qp = 4x* |— POClOCm_1| £
m=+2l T g2 [m242| a2
2 Reflectivity (0'0)
m Factor
x =" Z = f n(D)DdD
A 0
Z |dBZ} =101log,o (Z)




Weather Radar R

7/
s
{o

00

Z= | nD)pbdp| WEEERF = N

1 - 3 ‘ I:i
Ak@rCha : : - .Lahyet.te 1d/n

gl 7

O /f -:- 2 j '!',, - ...- - ‘-;Er _v aK : -.: ff ‘ ;{g‘vf |t]£\3:ia ; 'f',',:

BIG Particles Dominate!

Assuming a target is liquid (m value).
Thus, if ice only Z is only really 20%

Radar Image from Mational Weather Service: KLCH 07:42 UTC 09/24/2005



Radiative Transfer Equation Depends on

N

1.5,

Since: dt = —[,ds
B

P
3.p(cos B)

2.0

—

VERY
IMPORTANT
SLIDE

These properties
depend upon the size
parameter and index
of refraction (both
depend upon the
wavelength of light)



