Lecture 14
Scattering. Part 2: Scattering and absor ption by aer osol particles.

Objectives:
1. Underlying physics of scattering and absorption of an individua particle,
2. Mie-Debye theory.

Required Reading:
L80: 5.4

Additional/advanced Reading:

Le93: 12.3/G&Y:7.6

Recommended reading:

Bohren, G.F., and D.R. Huffmn, Absorption and scattering of light by small particles.
John Wiley& Sons, 1983.

1. Underlying physics of scattering and absorption of an individual particle.

Congder asingle arbitrary particle. The incident dectromagnetic fidd induces dipole
oscillations. The dipoles oscillate at the frequency of the incident field and therefore
scatter radiation in dl directions. In agiven direction of observation, the total scattered
field isasuperposition of the scattered wave ets of these dipoles, accounting for their
phase difference: scattering by the dipolesis coherent (i.e, there is a definite relation
between phases). In generd, these phase relations vary with the scattering direction.
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NOTE: The phase relations between scattered wavel ets depend on scattering direction,
and sze and shape of a particle. But the amplitude and phase of the induced dipole
depend on the materia of the particle.

NOTE: If apartideis much smdler than the waveength of the incident fidd (Rayleigh
scattering), dl the secondary wavelets are gpproximately in phase so thereislittle
variation of scattered field with direction (see Lecture 13 and Laboratory 6).

2. Mie-Debye theory.
NOTE: Mie-Debye theory is often cdled Mie theory.

Mie theory outline:

Assumptions:

i) Paticleis a sphere of radius a;

i) Particleishomogeneous (thereforeit is characterized by asingle refractive index
m=m; - im; a agiven waveength);

NOTE: Mietheory requires the relative refractive index = refractive index of a
particle/refractive index of a medium. But for air m isabout 1, so one needs to know the
refractive index of the particle (i.e,, refractive index of the materia of which the particle
is composed).

Strategy:
Seek asolution of a vector wave equation (which follows from the Maxwe | equations)

for E and H
NPE+k*nfE=0
with the boundary condition that the tangentia component of E and H becontinuous

across the spherica surface of a particle. Here k is the propagation (or wave) constant,
k=2p/l =wlc



NOTE: Mietheory cdculates the e ectromagnetic fidd at dl pointsin the particle (caled
internd field) and at dl points of the homogeneous medium in which the particle is
embedded. For dl practica gpplicationsin the atmosphere, light scattering observations

are carried out in the far-fidd zone (i.e,, a the large distances from a sphere):

NOT E: Assumption on the spherical surface of a particle dlows solving the vector
equation andyticaly.

Consgder a spherica coordinate system centered on a spherica particles of radiusa and
with the incident radiation propagating in zdirection.
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In the far-fidd zone (i.e., a the large distances from a sphere), the solution of the vector

wave eguation can be obtained as
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where Pnl are the associated Legendre polynomids, and a, and b, are M ie coefficients

which don't depend on the angles but depend on size parameter x = 2p all (aistheradius
of the particle) and variable y= x m (m is reldive refractive index of the particle). The
expression for a, and by, are given by Eq.[5.74] in L80.



Let’ sdefinetwo Mie scattering functions:

@)= §1n(n+n[anp (cosq) + b , (cosay)]
S@)= a e +1)[bnp (cosa) +at,(cosa)] ez

wherep, and t , are so-cdled angular functions

p(cos) = %Pl(cosq)

t ,(cosq) = E P (coxq) [14.3]

thus we may re-write Eq.[14.1]

s =™ co )S,)
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Let’s define the perpendicular and parallel components of the eectric fidd as
S — S S - S

and decompose the incident electric vector into the perpendicular and parald
components as

E' =exp(- ikz)sn] and E =exp(- ik2) cosj
Then Eq.[14.4] can be expressed as

eESU _exp(-ikr +ikg) €S,(@) O ueE'\
E2 k §0 saEg

Eq.[14.5] is afundamentd equation of scattered radiation by a sphereinduding
polarization.

[14.5]



Now the scattered intensity componentsin the far fidd are

.
S — 1 2
IS_Ii il
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wherei; and i, are so-cdled the intensity function for the perpendicular and pardle

components, respectively, i, (@) = [S,(@)|” and i,(q) =S, ()|

From Mie theory it follows that the extinction cr oss-section of aparticleis

4p
F
But for the forward direction (i.e. q =0°) from Eq.[14.2], we have

s . =—Re[S(0°)] [14.6]

S(0)=5,(") =24 n+3(@, +b)

n=1

Let’sintroduce the efficiencies (or efficiency factor s) for extinction, scattering and
absorption as

Se Ss _Sa
Qe: 2 Qs_ Qa_
pa

pa’ pa’
where pa? is the particle area projected onto the plane perpendicular to the incident beam

From Eq.[14.6] we have that

S, 2 o
o =z (n+hRefa, +b,] 147

Q. =




From Mie theory it follows thet the scattering cross-section of aparticeis

S S
pa’

Qs =

Using the recurrence properties of the associated Legendre polynomias (see L80:

Appendix E), we can express [14.8] as
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Findly, the absorption efficiency can be caculated as

Qa :Qe_ Qs

[14.8]

[14.9]

[14.10]

Recdl definition of Stokes parameters (see Lecture 13), which uniquely characterize the
electromagnetic waves. Let 1o, Qo, Up and Vy be the Stokes parameters of incident field

and 1, Q, U and V be the Stokes parameters of scattered radiation
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Let’ sdefine the scattering phase matrix P(q) as

M(q) = C P(q)
and that

1 P Pu@) |
OP:(@)dw= oo—sn(q)dqdj =1
w

Thus we have

C :%g‘j\/ln(CI)sin(Q)dq :ﬁg{il(q) +i2(CI)]Sin(q)dq

Using the definition of the scattering cross section Eq.[14.8], C becomes

—_ S S
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Therefore the dements of the scattering phase matrix P(q) can be expressed as
R, 1 laP B0

™ Z(zss( I,) = 2343 Lpg [14.11]
P, 1 , .. 1la&b B0
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R, 1,
T AT ('4 |3)
b As,

and the scattering phase matrix for asphericd paticleis
e, B, 0 Ou
s u

P:,\lz H.l O O l;|

?0 0 P33 B F)34l:I
e u
e P Bsa

NOTE: In generd, for a particle of any shape, the scattering phase matrix P(q) conssts
of 16 independent elements, but for a sphere this number reduces to four.

v

Thus, Mietheory givesthe extinction, scattering and absor ption cross-sections of a

single spherical particle and the scattering phase matrix.

NOTE: Laboratory 6 dedswith the modding of aerosol optics usng Mie theory.




Recdl Lecture 4 where we discussed the aerosol article sze distributions.
If the particles characterized by a sze distribution N(r), the extinction, scattering and
absorption coefficients (in units LENGTH™) are calculated as

b, = &5 (ON(r)ch
b, = rE‘;ss(r)N(r)dr

1

b, = ¢5 . (ON(r)dr

The single scattering albedo if defined as

B b [14.12]

The single scattering albedo gives the percentage of light which will be scattered
inasingle scattered event.



