2. Radiation interaction with materials

Lambert-Beer’s law: Differential form

e Monochromatic radiation (B D 3t)

e (Volume) Extinction coefficient GHEURED) [e] = 1/m

dlL. = —eldx
X
L 000 L +dL
O ©

—




Scattering phenomenon (&I %)

Scattering of radiation to other angles
Scattering angle (B{EL&): ©
Scattering coefficient (B{ELRE) : s (m)

Scattering phase function (EXELAIHBIEY) : P(©)
Direct radiance: dL = —edxLdQ

Scattered radiance: dL = sP(©)dxLdQ

1
j P(©)dQ = 27zj P(©®)dcos® = 1
4r -1

+sP(O)dxL

o
L-edxl o~

Absorption and scattering

e Absorption and scattering phenomena with coefficients for absorption and
scattering: a (1/m) and s (1/m)

e Energy conservation: eLdx=alLdx+sLdx leads e=a+Ss

e Single scattering albedo: = s/e

e Particle system composed of (equivalent) spheres with radius r with a number
density N (1/m?3)
Geometrical cross section: Cy,

e Optical cross sections (coefficients) for absorption, scattering and extinction:

Caps Cocar C

abs’ “~scar “ext
e Efficiency factors: only depend on the size parameter o= kr

Copo = rr’
Cabs = Qabngeo ’ Csca — Qscacgeo ’ Cext = Qextheo \\ Sll/dy
Cext = Cabs + Csca O O O dL = —eldx
2 O —
a=kr=""" L °0
A , aldx L+dL
a=C,N,s=C_N,e=C, N ) 4 \




Lambert-Beer’s law: Integral form

e Direct radiation (BZEst)

e Optical thickness (#£zrEs), depth [m]x[1/ m]=[1]

e Optical airmass m
e Solar zenith angle (XISXIE#)

Z
dL = —eldz / cosB, t
L=L,exp(—tm) _\é’_
/
T =L/L, =exp(—Tm) LO/ a
7= [e(x)dz. m=1/cosf, gf/
Z / L
- - - 6
Large particle limit Ray optics (ZSfaT322)
e Large particle limit [

» Refraction and diffraction o
Qext — 2’ s
Q0. —2mw=1, =>l(w<]) .
e = C N = 27‘[}/‘2N r (micron) 10

Qext seo N (particles/cc) 100
e (/m) 0.0628
T=eAx
dx (m) 100
T =exp(—mT) tau 6.28
Solar zenith angle (de 60
Optical airmass 2.00
e But, why is the cloudy sky so |[Direct transmittance 3.55E-06

bright?




Refractive index

e Complex refractive index (8% EBr =)
e Snell’s law
e Lambert absorption coefficient

E — EO ei(wt—ﬁlkox)

~

m=m_—im,

Ccl

sinf, ¢
1 _ -1 _ ~ — — —
sinf, ¢,

2 . — ik 2 2 —Ax
B = [l =g f e

4 ﬂmi W:?lvelength 0.5 micron
A=2mk, =—— mi 0.01
l Lambert abs -251.2 for Tmm thickness

: 8
. .. Rayleigh (1871)
Small particle limit van de Hulst (1957)
e Small dielectrics; Rayleigh scattering (Dipole scattering): réA+
e Loosing the efficiency of scattering o= ka = 2ra
e Infrared region: Absorption is dominant A
Q. =0+ 53053 + g4a4 s = s40547z'r2N = S47l'(27l')47‘6)~_4N
Q. =s0o", ifa<ls m=0: & =s,,0=1
m>0: w—>0, ex<V

2 252 2 2
o=m"-+m7), B=m - —-m°, y=mm,

g=a+4p+4, z,=40+12+9 H50EODEHAE
24y 4 20 24 Dipole scattering

= , =yY[—+—+ Ta+4p—-20

A s 3z, 5z12( o+ 4p-20) (4B FRIEL)
8

&, =~ —la+B-2) -367"] /\/\/_.
3z, :

s4=382[(a+ﬁ—2)2+36y2] < I > p=qr

4




Small particle limit (2)

m =1+Am, m =0
a=m'=1+4Am, B=m’>=1+2Am, y=0
2,=1+46+4+80+4=9+120=9

5

8 2
s4=3Zl2(a+,B—2)2=?Am2 o o O
—— .
4 2_2 2 49-4 6 ::? ; t
C., =SX7xr =3 Am Qi) A7 e
TH @ @
4w _ :
NZI/(?I’)
2’ 3 3277 Am
C. =—Am'nQr)* A7 (——) = ?
sca = 33 (2r) (471'N) 3&4(N)
10

Rayleigh scattering

e Refractive index of air m—1=2.9E-4(larm,0C)

321 m—1 3.84E-32
sca 32’4 ( N )2: 14 (mz)

‘micron

N=Nn/V=N,P/RT =602E23*1.013E5/8.31/273=2.69E25(/m")

e Column air molecule number

N, =1013E5(N /m®)/9.8(m/sec’)*6.02E23/0.029 =2.1E29(/m")

e Rayleigh optical thickness of the atmosphere

32n°N,. m—1, 0.0081
T, =N, C,, = (=
N Aum)

air ~~ sca 31

latm

TR — O.00864A‘—(3.916+0.O747L+0.050//1)P

atm




Multipole moments by dielectrics

Small particle limit:
Rayleigh scattering

Large particle limit:
Geometrical optics

roA4 < | >

-
N g

Large dielectric sphere:
Mie scattering theory (1908)

100 year anniversary in 2008!

11

Efficiency Factor

Efficiency factors
. 2mr
e Efficiency factors o= kr= o
e Critical size parameter
Cext = Qe)ctﬂ.r2 > Cabs = Qazbsﬂ’-r2 ’ Csca = Qscaﬂ’.r ’
Y ———
| m _ T
— 2(m, 1)
[ — Qe 1.5-0.1i y
—— @IS 2mak —2ak =1
exp(-2ka)

Size Parameter

—

exp(-2mka)

™
&
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Contribution of atmospheric molecules

e Rayleigh scattering

1081 N NO. FEB. 1977 2046-2111 —
R = 86 { e Gaseous absorption

(water vapor, Ozone)

—— PERPENDICULAR COMP.

Tk e e .

g TR — O.00864/l—(3.916+O.074l+0.050/l)Patm
:g: T = Toerosor T Chnotecute

2 oo wr=01T,+0,T,
otP(®)=0,7,P,0)+o,1,P, 0O)

) 3
P (©)=—(1+cos’®)
167

30 60 90 120 150

SCATTERING ANGLE (DEGREES) Tanaka et al. (1983)
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Polar nephelomter

=Ga Y i
¢
‘ SCANNING D
DIRECTION

Fig. 1 Sch ic di. of polar-nep

Takamura and Tanaka (1978)




Phase function
characteristics

K. Sato (1973)
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Particle size distribution (i1 29 %)

e Size distribution, Size spectrum

drr

v(Inr)dInr =

e Power law size distribution
if r>r,

if r<r,

="
n(r) = Crv

> Junge distribution: p=4
® Log-normal distribution

n(r) = 2 J—

e Modified Gamma distribution
n(r)=Crl "

n(r)dr,

1 Inr—Inr,
expl (———"2

)’}

4 4
v(Inr) = i

n(r)
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Observed size distributions

- - [ee]
Pasceri, R.E., and S.K. Friedlander (1965)
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Fic. 1. Run 1 made outdoors in Balti-
more 14 February 1961. Cumulative data
for individual impactor stages are com-
bined to give cumulative distribution for
the run.

June 1961 and 1 July 1961. The
are close to those shown in Fig. 1.

Fic. 2. Runs 2 and 3 made outdoors in
a residential area outside Baltimore 30

results

I'16. 3. Run 4 made in the laboratory
on 22 February 1962. Over the radius
range 0.3 to 10 microns the data are well

represented by N (r)~r73,
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Size distribution in the atmosphere

T T T
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Accumulation mode aerosol
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Angtrom’s law

o
e Power law size distribution  5(r) :{Cr_ lf el
p=4 : Junge Cu” yrsn

e Aerosol distribution tends to have a power law type size
distribution, then

e= jm2Q(x)Cr‘Pdr = k" j o O(x)x "dx

1.5
e Angstrém’s law 8 Cloud
- % 1.07 Rayleigh
o ] E: 05| Aerosols
e Junge distribution I (=1, p=0.1)
o /
o=1 0.0

.0.3 0.5 0.7 0.9
Wavelength (micron)

(
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Size distribution in the ocean (1)

N\
N
/
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Depth
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—————
20l .- Fic. 2. Size-frequency distribution; to show
the notation of the axes and the least number of
50| F“m‘g s b— b data points used to define the form of the distri-
bution. Concentration is by volume. All the size-
100 L b e b B b b frequer:lcy d&ftn‘butions in Figs. 3-9 were con-
structed in this way.
200k
500LF—— .t £ t
g&
1000} | S ST

Fi. 8. Size distributions of suspended particulate matter at various depths in the westem North

Atlantic.

Sheldon et al. (1972)
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Size distribution in the ocean (2)
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Sheldon et al. (1972)

Real index of refraction
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Refractive index of aerosols

e Particle types
> Water, ice

> Soot, volcanic ash, dust like, H2SO4, water
soluble, oceanic

) o Am
|E| =|Eoez(wz 1tk x) =|E0| e ™, AzzmikOZTl
107
__soot______
10"
10°
—_.volcanic ash___
dustiike ;; 10° mi:O _0.1 .
£ wasoa 2 0t .
water soluble é :
10 -
____________________ - m=0.01
oceanic 2 10° B
i A=0.5 ym
10° T
u A=0.25 /uym
10 =)
) N ™ 10° b L
Wavelength ("'m) Wavelength ("m)
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] 3 ¢* ADEC2-ki
£ 10°F 0\ ¢ mRA ~ " Nakajima
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= & *Ohta
. - ®--Hagihara
] —4A - Dubovik
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Nakajima et al. (2007)
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Einstein-Smolukowski theory (1908, 1910)

Ma=29 g/mole, Mw=18 g/mole
m(air atm/m3)= 1000litre/22.4*29E-3=1.29kg

m(water/m3)= 1000kg
Nwater/Nair=(m(water)/Mw)/(m(air)/Ma)=1250

C_ N =1250C. .N . =0.00131"

s,water” " water s,air”™ ' air micron

(1/m) 272

Observed value for water:
C_=(1934+09017A)x10™" (1/m)




EXTINCTION COEFFICIENT (m-!)
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Extinction and
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scattering coefficients

of pure water




