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Chapter 4. Atmospheric Radiation Transfer
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SLAT 3456
SLON -119.7F
SELV 1516
SHOW 7.87
LIFT 727
LFTY 716
SWET 57.16
KINK 16.30
CTOT 17.70
vTOT 2270
TOTL 4040
CAPE 0.00
CAPY 0.00
CING  0.00
CINY - 0.00
EQLY -3339
EQTY -9999
LFCT -5333
LFCY -3339
BRCH 0.00
BRCY 0.00
LCLT 271.0
LCLP 7537
MLTH 2856
MLMR 4.37
THCK 5522
PWAT B.89




Planck’s Blackbody Function for Different Temperatures

70 - <—7000 K

60

where ¢; =374%X1071Wm? and ¢, =145X
102mK.’

50
40 -
30 —

20 —

B, (MW m—2 ym1 sr-1)

10 —

A (pm)
1 mwWw
100 hev/kT _1 m2 Sr Cm—

B(T,,v)=2x10" hc*v’ - Wavenumber distribution

e

' : 2897 wavelength
Peak obeys Wien's displacement ‘law’ An = —— 140 ()

Total irradiance F = 74 Stefan-Boltzmann ‘law’



Human, as we see him; as we would see him with
infrared sensitive eyes. (from Wikipedia).

Wien' s Displacement Law:

Amax (Microns) = 2897 / T (Kelvin)

T, =5780 K, A ., = 0.50 um = 500 nm
Troom = 300 K, A, = 9.7 microns.
T, = 15,000,000 K, »,..=1.9 A

sunCenter max

note the cool nose, ears,
and glasses, and that the
trash bag is nearly
transparent in the IR.
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Spectrum of Solar Radiation FluxBlI

Solar Radiation Spectrum

0.4 0.7 1.0 1.5 001 1 10 100

Wavelength {micrometers) Wavelength {meters)

e The sun emits 41% of its radiation in the visible spectrum,

255 K
® 9% in the ultraviolet spectrum \ T / {
0 P Ra%’zi'on 6000 K \\,\J‘"

®* 50% in the near infrared spectrum / l g - } Ter\l;;;‘al

Radiation



Earth and Sun Radiation from their ‘surfaces’

Blackbody radiation curves for longwave (terrestrial) radiation on the left, and shortwave (solar) radiation on the right.

temperature = 300 K emissivity = 1 velocity = 0 km/s

10}

2

spectral radiance (W/m™/sr/um)

w.SpectralCalc.com

10 20 30 40 50
wavelength (um)

Earth

2.5e+07 |-

2

spectral radiance (W/m"/sr/um)

2e+07 |-

1.5e+07 |~

1e+07 -

5e4+06|

temperature = 5780 K

emissivity = 1 velocity = 0 km/s

2 3 4
wavelength (um)

Sun




Astronomical Radiation Balance

From the Stefan-Boltzmann law (4.12)

s (1 —AF;, (1-030)x 1368
4 4
Fs . =239.4 Wm~2
Solving for T, we obtain
_4[Fg [ 2394 /4
Fig. 4.8 Radiation balance of the Earth. Parallel beam solar Ty = o \567 %108 255K

radiation incident on the Earth’s orbit, indicated by the
thin red arrows, is intercepted over an area 7Rz and outgoing
(blackbody) terrestrial radiation, indicated by the wide red
arrows, is emitted over the area 41TRE_—.

Distance
Planet from sun? F, (W m~—2) A Te (K)
Mercury 0.39 8994 0.06 439
Venus 0.72 2639 0.78 225
Earth 1.00 1368 0.30 255
Mars 1.52 592 0.17 216
Jupiter 5.18 51 0.45 105

@ Astronomical units are multiples of Earth-Sun distance.



Venus: What’s going on here?

200

150
g ]
100 Sulfuric acid 10+ 5
= cloud layers & m-’; g
= 107 =
R s S o 401
Venus Atmosphere o B g S s 1

10

Troposphere
Surface pressure: 92 bars
Surface density: ~65. kg/m3

Scale height: 15.9 km

Total mass of atmosphere: -~4.8 X 1020 kg

Average temperature: 737 K (464 C)

Diurnal temperature range: ~0

Wind speeds: 0.3 to 1.0 m/s (surface)

Mean molecular weight: 43.45

Atmospheric composition (near surface, by volume):

Major: 96.5% Carbon Dioxide (CO2), 3.5% Nitrogen (N;)

Minor (ppm): Sulfur Dioxide (SO;) - 150; Argon (Ar) - 70; Water (H,0) - 20;
Carbon Monoxide (CO) - 17; Helium (He) - 12; Neon (Ne) - 7

an
100 200 300 400 500 600 700 800
Tempearature (K}

0




Emitted Irradiance = Emissivity * 6T* = e *oT*
Note: 0 <e <1

Effective Atmospheric Emissivity ¢: R radiation from atmosphere

i
oo fn — S 7'd
o-Tg : IR radiometer ”

where

E,j; Is the measured downwelling infrared irradiance,
T, = surface temperature,
W

o = Stefan Boltzmann constant = 5.67x10° —; ek

m
Parameterization for € to try :

e =0.67 e where e in mb is vapor pressure from homework 7.



Earth Light: Spectrum of Outgoing Infrared Radiation

incoming solar

CHy
— HIQO INQOI | .03.. | N CO2  H»O
A B I I : : YYVYVYVVYVYYVYYVY
NE 7 ITOA solar
e 100
U =2
= |
f—
L 50 F 1 '
E 1
e : 29
RE Earthlight
s IR radiation emitted by
> . the Earth (red), the
ﬁd = : ' : : : atmosphere (orange),
7 10 : 15 20 and transmitted to space
Wavelength (micrometres) after absorption by the

atmosphere (pink).

o (1— Albedo) = 4rr? |
/ =oT*

earthly IR

2
nr l earthly IR

Yellow: Spectrum of infrared light going to space.

earth from Space

40

[ ITOA solar (1 - AlbedO) ]

Pink Curve: Spectrum of light emitted by the surface.

Greenhouse gases reduce the amount of infrared radiation from the surface that gets to space.
From http://www.lib.utah.edu/services/prog/gould/1998/Figure_5.gif




- - ; .
R Nince aned Trradionce

- -
==

1 unit square -
@(_N” Lkt 8 B - Zen il ~ S ol A"J" R
ql\j@ aresa
rl
J Az area LI Skrred iens 1 a
shechcomcter | £ul\ SPhere.,
Kedonce Trhed iance | Steradian Shown
%"";T;' Iy Aetector:
3:"’ rllvf‘l'ivﬂ ‘E;:‘ :?ihe
£ = Funchon and
€ O ¥ ¢ uf .i.
UA:J‘S.‘ WQ‘H'S
(,\{c.;"'s ‘“t j“’"
Sounbols s
7‘; e >
SI‘ o~ S-‘ﬂ'c";o.n 2"‘*'““;’; ‘" _
" O‘- —_— = .
3{3- 3-::.“; L= S‘r R (9)4) Cos@ 5:n0 d@df
;ur +l.e dt{"QC"OP (2, )

So\ A Aas le ! ¥ ¢



Global Radiation Balance at Top of Atmosphere: 1 year of data from the NASA Earth
Radiation Budget Experiment

Absorbed Solar Radiation Net Radiation

P S

b—1
-
-

410

Notes:
Absorbed solar mostly near equator.

* IR emitted strong near Sahara desert.

\ » Low outgoing IR (green patches) in central Africa,
South America, etc, are due to persistent
cumulonimbus.

* Net radiation=Solar Absorbed — Outgoing IR;
surplus near the equator, deficit over Sahara
desert and polar regions.

110 130 150 170 190 210 230 250 270 290 310 330
Wm—2



Net Radiation

hond

-

-

il
) (RSZ - \1/4 )
Te_TS{RSQZZ((Ift))J 4 ' |

t=0, T,=303K (Greenhouse Max)
t=1, T,=255K (No Atmosphere)
t=0.2, T,=289K (Just Right)

T, Earth’ s radiative temperature

T Sun’ s radiative temperature

R Sun’ s radius

R, Sun to Earth distance

a Earth’ s surface solar reflectance

t IR transmittance of Earth’ s atmosphere.



Simple Surface Temperature Calculation Assuming Solar Absorption only at the surface,
IR emission by the atmosphere and Earth’ s surface, and IR absorption by the

255

Atmosphere.

Atmosphere IR Transmissivity
(Only Greenhouse Gases)

1 09 08 07 06 05 04 03 02 01 O

/

_Current Condijtions

-_._-_._‘_-_-

0 01 02 03 04 05 06 07 08 09 1
Atmosphere IR Emissivity

Due to CO,, H,0, CH,, etc

T:l

e

/ </ S, (1— SW albedo)
4o(l—¢e/2)
€ = Infrared Emissivity
/ </250 (1— SW albedo)
40(1+7)

T = Infrared Transmissivity

T =1

e

eE=1-71

S, = 1376 W/m?=Solar
Irradiance at the TOA and
oc=Stefan-Boltzmann
constant
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1 Layer Model with Solar Absorption Continued

-’_’_I‘;:Tf(!—é) .

T~0.9 \% S
Toe Lt ATy c o
7 e S DR T

P(:}'\nﬁdo Sorface S:gc)(f:u Lsf

/Z/ = }'\?J#WOQ {*J\mswl ;55;\"‘%\}
E = Lo't)\l)*wi' QH;‘Y:\)A‘]

on ( - /tzﬂ) o O—rTSq(f_!_:ff) e 60_7:L1 TOF ot IQ'f‘mosPLﬁr*Q
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CT?::S —_— __.D'Z’( }—}4 ) _’_60‘7‘ Y SUf\QCQ

2 /’“\_{/;;\_/r:’rme-‘,L.ﬂt fovet i Two equations,

two unknowns.
= CmSE Solve for Ta and Ts.



NOTES:
\ Surface Temperature 7is solar transmission

\ . S
/) i :Vﬁ/ b qro¢_an €IS long wave emissivity
o(2-¢) 1,=1368/4 W/im?=342 W/m?

Atmosphere Temperature

7;:1/:/ l [(1-2)(1+ Ar)+ er(1- A) |

oe(2—¢)

I"\L Io’tlﬁ T co quT (1-€)o Ts'qT

Ta

Lol
wnp €SV T

Earth's 5 o face 7;



1 Layer Atmosphere Model
Shortwave Albedo = 0.3 Shortwave Transmissivity = 0.96

—Surface Temperature (K)
- Atmosphere Temperature (K)

—
X
(V]
S
=
hd
©
S
(]
Q.
5
[t

0.2 04 0.6 0.8
Atmospheric Longwave Emissivity




Absorption by Infrared Active Gases (Greenhouse Gases)
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Window region
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Scattering and Absorption by Gases, Aerosol, and Hydrometeors
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Scattering and Absorption by Gases, Aerosol, and Hydrometeors
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Hydrometeor Size Parameter and Absorption Scale Factor
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Multiple Scattering of Solar
Radiation by Clouds

Asymmetry parameter
and direct and diffuse
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Global Energy Balance

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Incoming solar energy Reflected solar Outgoing

(100) energy (30) / infrared energy
' (70)

Reflected by clouds f Reradiated from cIE{u::Is
\ \ and atmosphere and atmosphere (66)
(25) P | 5

Absorbed by
‘atmosphere and
clouds (25)

Reflected | N AR
Absorbed by fg:"" surface Convectiony "
~ —/ | surface (45) (5) currents Latent ! .
= (5) heat : Greenhouse
!_ 14, i bttt (88)

Londucton, L . A P(

PG = 25 +68 = 133

From Cunningham & Cunningham, 2004, rig.9.2
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Top of the Atmosphere Solar Radiation:

2500 Measured Solar Spectrum, Top of Earth's Atmosphere
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SOLAR SPECTRUM:

TOP OF THE ATMOSPHERE
2500
—— Measured Solar Spectrum, Top of Earth's
2000 | Atmosphere (W/m2 um)
- u —— Blackbody, 6000 K
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SOLAR SPECTRUM:
TOP OF THE ATMOSPHERE AND AT THE SURFACE

2500
—— Measured Solar Spectrum, Top of Earth's
2000 | Atmosphere (W/m2 um)
=
-
g
£ 1500 o
S ——Solar Radiation at Surface W*m-2*um-1
©
b
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21000
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SOLAR SPECTRUM:
Effects of Rayleigh (gas) scattering, O, and N..

2500
—— Measured Solar Spectrum, Top of Earth's
Atmosphere (W/m2 um)
HZOOO i —— Solar Radiation at Surface W*m-2*um-1
£
=
"-'E Eo * Exp(-Tau Rayleigh)
1500
2
g —— Rayleigh Optical Depth
]
21000
(1) .
h ]
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500 : Gaseous Optical Depth = 0.0086 x *°°?°
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Particle and Gas Scattering Optical Depth



SOLAR SPECTRUM:
Effects of Rayleigh (gas) scattering, O, and N,,
And effects of extinction bv aerosol particles.

2500
—— Measured Solar Spectrum, Top of Earth's
1 Atmosphere (W/m2 um)
—— Solar Radiation at Surface W*m-2*um-1
2000 |

E Eo * Exp(-Tau Rayleigh)

3
o — Solar Model with Particle

£ 1500 | |

S —— Rayleigh Optical Depth

m©

. Particle Optical Depth
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21000
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SOLAR SPECTRUM:
Effects of gaseous absorption.

1600
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Absorption by Gases: Solar Radiation Penetration Depth
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Figure3.5  Absorption cross section of ozone and molecular oxygen in the ultrsviolet spectral region.
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Sun and Earth Spectra and Atmospheric Windows

(a) Blackbody
curves
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Some Energy States of Water Molecules

(")AA_ {W;A-;q
o O

‘."

Atmospheric
molecules lead
very active ‘lives’
due to thermal and
electromagnetic

energy exchange. OAO UAO O ‘Q

librations

symmetnc stretch asymmetric stretch bend

.. of Carbon Dioxide Molecules

Vibration modes of carbon dioxide. Mode (a) is
symmetric and results in no net displacement of
the molecule's "center of charge"”, and is therefore
not associated with the absorption of IR radiation.
Modes (b) and (c) do displace the "center of
charge", creating a "dipole moment", and
therefore are modes that result from EM radiation
absorption, and are thus responsible for making

CO2 a greenhouse gas.

Pat Arnott



Energy

Energy Transitions in Molecules
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Line Broadening

Natural Broadening:
4 Finite time, finite widths (Heisenberg is uncertain
about widths, certain they are not infinitely
narrow!)

(a) without broadening

Doppler Broadening:

Absorption

D

I - 1 v-v,)’ 2k, T
‘ | fD(V_VO):O!D\/Eexp - azu s 0=V, B,:z

frequency

Molecules with relative motions due to thermal
A energy ‘see’ doppler shifts of the light. Important

in the mesosphere.
(b) with broadening

Pressure Broadening: Lorentz line shape

o, /r Y
f(V—VO)Z - 2 2 & ocpT_”zs % = ﬁ]{_o]
(v—vo) +o; Dy T

Molecular collisions distort energy levels for
absorption and emission. Emperically determined
(by measurement). Very important for the
troposphere and lower stratosphere.

Absorption

frequency



Individual Absorption Lines Are Pressure and Doppler
Broadened (absorb more radiation as a result).

gas absorption cross section

A
—— Doppler

— Lorentz

(v—1p)/a
e pressure broadening: (also referred to as
collision broadening) associated with
molecular collisions.

. % P
4 ml(v—w?+o] @ - TN

05sN=<1

k,, — Sf(V - V())

§ = fk,,dv
0

S = absorption strength
v,=wavenumber of absorption peak

* Doppler broadening: the Doppler shifting of
frequencies at which the gas molecules experience
the incident radiation by virtue of their random
motions toward or away from the source of the
radiation, and

.
" 1 Vv — Vy\~
f= —exp | —

ap\NT apn

m (2kT)l/2
o c*

m




Heating Rate = Divergence of the Net Flux
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Heating Rate = Divergence of the Net Flux

Yv (2)
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Clear Sky
Heating Rate

Total: Solar
and IR
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Fig. 4.29 Vertical profiles of the time rate of change of
temperature due to the absorption of solar radiation (solid
curves) and the transfer of infrared radiation (dashed
curves) by water vapor (blue), carbon dioxide (black), and
ozone (red). The heavy black solid curve represents the com-
bined effects of the three gases. [Adapted from S. Manabe
and R. F. Strickler, J. Atmos. Sci., 21, p. 373 (1964).]
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Role of Clouds in Heating Rate
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Fig. 4.30 Schematic of vertical profiles of heating in cloud
layers at various heights in the atmosphere as indicated.
Orange shading indicates warming and blue shading indicates
cooling. Effects of shortwave radiation are represented on the
left, and effects of longwave radiation on the right.



Remote Sensing With Down Looking IR Spectrometer
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Top of Atmosphere Outgoing IR As Brightness Temperature
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Use of CO2 (well-mixed) Spectra For Temperature Retrieval
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DOWNWELLING FTIR Radiance at UNR: Atmospheric IR Window
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DEFINITION OF THE BRIGHTNESS
TEMPERATURE
Tg

Radiance(v)=B(T,,Vv)

Measured Radiance at wavenumber v

Theoretical Radiance of a Black Body at temperature Tg

B(T.,v) = 2x10"" hc?v® — mw

100 hev/kT . 1

e m?* Srcm™



FTIR Brightness Temperatures
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Atmosphere
Emission
Measurements,
Downwelling
Radiance

Notes:

1.

Wavelength
range for CO,,
H,0, O5, CH,.

Envelope
blackbody
curves.

Monster
inversion in
Barrow.

Water vapor
makes the
tropical window
dirty.
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Fig. 8.1: Two examples of measured atmospheric emission spectra as seen from
ground level looking up. Planck function curves corresponding to the approxi-
mate surface temperature in each case are superimposed (dashed lines). (Lata cour-
tesy of Robert Knuteson, Space Science and Engineering Center, University of Wisconsin-
Madison.)



ldeal Weighting Function W,: Where in the atmosphere
the main contribution to the radiation at wavenumber v,

comes from.
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Downwelling Intensity Emitted by the Atmosphere to the Detector (Radiance)
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T = temperature.
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Weighting Functions for Satellite
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Electromagnetic Penetration Depth for Water and Ice
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Mie Radar Backscatter Efficiency for Water and Ice Spheres
Radar Backscatter from Sphere, A=10.71 cm
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Polarization of Light

Wave/Photon boson: Polarization.
Linear Polarization: E-field in one direction.

Circular, elliptical polarization: E-Efield rotates due to phase
difference between horizontal and vertical components.
From: http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/polclas.html



Scattering and Multiple Scattering

Trcident [ight

TR A
(D e -,
S >,

e, O £

Particles or gases (circles actually represent extinction
cross section for the object; it could be smaller or larger
than the physical cross section)



Scattering and Multiple Scattering: Direct Beam, no
scattering or absorption at all. ‘Sneaky light’
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Scattering and Multiple Scattering

Tarcident | jLn‘—



Scattering and Multiple Scattering: Diffuse Radiation
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Problem 4.42 A good one for basics of aerosol optical depth

4.42 Consider solar radiation with a zenith angle of

0° that is incident on a layer of aerosols with a
single scattering albedo wy = 0.85, an
asymmetry factor g = 0.7, and an optical
thickness 7 = 0.1 averaged over the shortwave
part of the spectrum. The albedo of the
underlying surface 1s Ry = 0.15.

(a) Estimate the fraction of the incident radiation
that is backscattered by the aerosol layer in its
downward passage through the atmosphere.

(b) Estimate the fraction of the incident
radiation that is absorbed by the aerosol
layer in its downward passage through the
atmosphere.

(c) Estimate the consequent corresponding
impact of the aerosol layer upon the local
albedo. Neglect multiple scattering. For
simplicity, assume that the radiation

determination from satellite and for direct forcing of aerosol on climate

back-scattered from the earth’s surface and
clouds is parallel beam and oriented at 0°
or 180° Zenith angle. (In reality it is
isotropic.) [Hint: Show that the fraction of
the radiation that is backscattered in its
passage through the layer is

(1-9)
2

b — (t){)(l =g T)

and the fraction that is transmitted through
the layer 1s

(1 +g)
2

t=e¢e T+ ay(l —e™ )

Then show that the total upward reflection
from the top of the atmosphere is

b + Ry2(1 + bR, + b2R2 + )

which can be rewritten in the form

R >
b + ———
(1 — bRy)
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Problem 4.29: Rate of change of temperature after land
surface or solar radiation change.

4.29 Suppose that the sun’s emission or the Earth’s
albedo were to change abruptly by a small

increment. Show that the radiative relaxation
rate for the atmosphere (i.e., the initial rate at ~ blackbody temperature in K, ¢, is the specific

which the Earth’s equivalent blackbody heat of air, p is the global-mean surface
temperature would respond to the change, pressure, and g is the gravitational acceleration.
assuming that the atmosphere is thermally The time 8T (dT/dt)~! required for the
isolated from lhc (_)lhcr components of the atmosphere to fully adjust to the change in
Barth system) 15 given by radiative forcing, if this initial time rate of

AT 40T35T change of temperature were maintained until

dr _W the new equilibrium was established, is called

the radiative relaxation time. Estimate the

where 87 is the initial departure of the radiative relaxation time for the Earth’s
equivalent blackbody temperature from atmosphere.

radiative equilibrium, o is the Stefan—
Boltzmann constant, 7z is the equivalent



Angular Dependence of Rayleigh Scattering (dipole)

@ From:
http://qgels.com/theory/rayleigh
’\ scattering/mass.cfm

http://www.bo.astro.it/sait/spig
olature/spigo402base.html

Horizontal E-field Vertical E-field

Dipoles don 't radiate in the direction they are undergoing linear ocsillation.

From http://www.sparknotes.com/physics/optics/phenom/section3.rhtml



Selection Rules: Accelerated Charges are the Source, Sinks of Electromagnetic
Radiation: Dipole Moment, p.

Incident electromagnetic
radiation presents an oscillating electric field that interacts with a transition dipole p,,.
A transition dipole moment is a transient dipolar polarization created by an interaction
of electromagnetic radiation with a molecule. If p, is zero then a transition is
forbidden. The selection rule is a statement of when p, is non-zero.

@2006 Yves Pelletidg (ypelletieA@ncf.ca)

\




Rayleigh Scattering Cross Section Per Raindrop and Rainfall
Rate: Mismatch of diameter dependence

L2 sdim -1
“@ 37 A m?+2

d=raindrop diameter
m=complex refractive index
A=radar wavelength

Rain Fall Rate for Monodispersion

Falling N rain drops per volume

rain raindrop fall speed

Rain gauge

h = helght of rain water In raing gauge. Rainfall rate = dh/dt

In time dt, drops from a height dH = v dt will land In the rain gauge.
Drops have diameter D. A = area of the rain gauge opening.
Then total water volume added In time dt to the rain gauge Is

N A dH nD3/6 = # Rain Drops going Into rain gauge * drop volume
=N A vdt niD3/6 = A dh

Then rain rate Is dh/dt = N v iiD3/6 .
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Rayleigh Scattering
Light Scattering by Electric Dipoles

M
n

Rayleigh scattering gives the
atmosphere its blue color
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Light Scattering Basics (images from Wallace and Hobbs CH4).

| £ 85| € S Angular Distribution of scattered
AL e radiation (phase function)
0.01 0.1 1 10 100 108 1|04 1|05 am

1 10 cm
wavelength A

(@ (5)
: . , X
Sphere, radius r, complex refractive i X

index n=m_+ im, O — @

Dipole scattering

r(um)

Dimensionless Parameters o X
Size Parameter=x= % — Fovard
: : AN O
Scattering Efficiency =, = =54
Y
104 . U)
R Raindrops . 0
102 Drizzle LlneS . >
1ok Cloud X :8
droplets — 2— .=
iL T o Wi
Smoke, 15
1071 B = ) dlzg(t), P?aze g
10-2F .f_S ;;_:)é/$e9 E @
0ol 88 88 =% Ar
| | | | | | molecules L
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Mie Theory for Absorbing and Scattering Spheres

Extinction Efficiency

T T T T T T T
m=1.33

m=133+0.1i ———-- -
m =1.33 + 1.0i
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: m = 1.33 + 0.001i

- m=1.33+0.01i —---- -
H

! m=133+0.1i ------

g Mm=1.33+1.00
1 ] 1 1 1 1 I ] 1
0 5 10 15 20 25 30 35 40 45 50

Size parameter x=2nr/A

Qabs

Absorption Efficiency

2

1.5 F

T T T T T T T T
m = 1.33 + 0.001i

m=1.33 + 0.01i
m=1.33 +0.1i
m=1.33 +1.0i

5

10 15 20 25 30 35

Size parameter x=2nr/A

40 50

Scattering Asymmetry Parameter

m=1.33
0.2 m=133+0.01i -———- -
m=1.33+0.1i ------
m=1.33 + 1.0 =
0 | 1 1 1 1 1 | 1 1
0 5 10 15 20 25 30 35 40 45 50

Size parameter x=2nr/A

Extinction is the
sum of
absorption and
scattering.

The single
scattering albedo
IS 05=Qq/Qeyt-

The asymmetry
parameter g. The
probability of
forward scatter is
(1+9)/2. For
backward scatter
is (1-g)/2.

From Petty



Geometrical Optics: Interpret Most Atmospheric Optics from
Ralndrops and lawn sprlnklers (from Wallace and Hobbs CH4)

Primary Rainbow Angle: Angle of Minimum Deviation
(turning point) for rays incident with 2 chords in raindrops.

Secondary Rainbow Angle: Angle of Minimum Deviation
(turning point) for rays incident with 3 chords in raindrops.



External reflection

Rainbow Optics

Incident
»

scattering
angle

Double Internal |
Reflection

Direct
Transmission

dO

— =0 (defines the rainbow
) (defi )

Single Internal Reflection

See http://www.philiplaven.com/p8e.html, and
atmospheric optics.




Geometrical Optics: Rainbow (from Petty)

X Incident

1

Ray Tracing Results - Single Internal Reflection

Relative Intensity

D.DEI'— Il i)
0.02 111 = Increasing x X_G\\
L JJKIH HIHHUHHHHU [l
' Scaitering Angle (deg.)
Rainbow

# Angle of minimum
" deviation from the
forward direction.
Focusing or
confluence of
rays.

Distance x is also known as
the impact parameter. (Height
above the sphere center.)



Geometrical Optics: Interpret Most Atmospheric Optics from Ice
Crystals (from Wallace and Hobbs CH4)

22 deg and 45 deg Halos from cirrus crystals of the column
or rosette (combinations of columns) types. Both are angle
of deviation phenomena like the rainbow. Crystal orientation

important. 22 deg halo, more common, thumb rule to
measure size of arc.



Size Parameter x Characterizes Scattering Regimes
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Summary of Scattering Regimes: Note Particle Sizes
and wavelengths of radiation!!



Mie Phase Functions for Water Spheres

Scattering Phase Function /
I I I I

light in R Qﬂ. scattered light

x=10,000

x=3,000

100000

10000
x=3

Radiation Patterns

1000
100
10

x=01 ()

Note the dipole character for small x
and the primary and secondary rainbows
for large x.

0.1

0.01

0.001 1 1 ]
0O 20 40 60 80 100 120 140 160 180

O [deg.]



Mie Radar Backscatter Efficiency for Water and Ice Spheres
Radar Backscatter from Sphere, A=10.71 cm

1 I B | Frrrrntl I T 1T 1TT1rl

Qback

Water Non Raylei :
0.1 Y ylelg O\
001 /,’/ \\uf
strong backscatter by water drops s
0.001 | »
compared to that of ice!! 7
0.0001
1e-05 '
1e-06 Rayleigh //’/
1e-07 WSR-88D NWS
1e-08 e Doppler Radar
1e-09
7 m* —1 i
1e-10 . ///Qb=4_x4 5 , m=mr+imi
1e-11 m"+2
1e-12 | L 1 1 11111l L 1 1 11111l L1 1 11111
0.1 mm 1 mm 1cm 10 cm

Diameter



Supplemental Material Follows This Point



Trace velocity matching principle: Snell’ s law
(continuity of the wavefront at a boundary)
“slow is more normal”

_"_ Here assume Why do we sometimes

N.=N... N..=0 In which medium is see lightning but not hear
o thunder?

n,=ny, N;=0. the speed of light
less?

n,sin(6,)= n,sin(0,)

Foragas, (n-1)=p
p=gas density.

dp/dz > O for this type or mirage.

What does this say about the likelihood of
convection?




Energy Transfer From Equator to Poles

Absorbed incoming solar

Emitted

outgoing infrared

Transfer

Radiant energy per year --->

-90 -60) -30 0 30 60 90
Latitude



Infrared Spectrum from the Atmosphere to the Surface
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Accelerating Dipole Moment Produces Rayleigh Scattering

i
: Lr—0 dipole moment =P=Qx=0E,
o=polarizabilit
Eo T @ Tx g Y
+ . . .
Charge Q Acceleration of dipole moment: Scattered E field!!!
—dipole 1 lazﬁ
Ef(i,[ =— - 7 siny (embodies the dipole radiation pattern!!)
¢’ r ot
aﬁ = azﬁ o = 9) — . - 2”
— =—I0OP, —=—-w" P =—-w"aE, for time harmonic E fields, w=c— = ck.
ot ot A
Then
Eiﬁ[:{ole __ EO exp(i(kr = a)f) kza Si]‘]’}/
r
: =% imez 1 k4 *gin”
it Earel” - Lt @ 23111 Y , where /, is the irradiance of the incident field.
r

For random polarization incident,

Idipole — IO a2 1287[5 p(e)
sca r2 314

3
, dipole phase function p(0) = Z(l +cos’ 0).



Rayleigh Scattering Phase Function: Angular Distribution of Light Scattered by
a Dipole

Refer to last page
for polarization :
states.
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Rayleigh Scattering Phase Function: Angular Distribution of Light

3D rendering

Scattered by a Dipole

i vertical polarization
state
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Mie Theory for Water Spheres (non absorbing)

Extinction Efficiency (m=1.33)

Maximum, relative
maxima and minima,
approximate theor due to
Rayleigh.

Qext
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Mie Theory for Water Spheres: m=1.33, Visible Wavelengths
Extinction Efficiency

Qex'[

0.3 0.4 0.5 0.6 .7 0.8 0.9 1
Wavelength A [um]
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Mie Phase Functions for Water Spheres: Log[p(68)] for details

/7

Glory Fog bow x=30

Corona

Forward Diffraction
Peak

Secondary Rainbow Glory (Stron.g .
Primary Rainbow <100 backscattering, rainbow,
\ and corona are clearly
visible. Fogbow is

‘rainbow’ for small size
parameter.

x=10,000
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Radar Bright Band: Strong Scattering from Melting Hydrometeors

93-0CT-21 $:37:09.66 2D-C 3600 m -0.4 C

S '-LI IPI.l'i"L |
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http://www.radar.mcgill.ca/bright_band.html



Mass Absorption Coefficient for Cloud Water Spheres, Microwaves

Mass absorption coefficient for cloud water
1 I 1 I I I ] I I I I

o 0.1 = =
2 Microwave remote sensing for cloud water path L:
r:'é : Tg=¢eT =[1-exp(-kL)] T (Rayleigh Jeans ]
< 001 Approximation for brightness temperature) -
T ]
0.001 -
imicrowave radiometer ]

0.0001 : | ! | - I . I . | .

0 50 100 150 200 250 300
Frequency (GHz)



Zenith Microwave Transmittance: Cloud Free Atmospheres
Zenith Microwave Transmittance

Transmittance

0.2

0.1

------------------------------ T L
Dry (0 kg/m?) = -
; Polar (3.1 kg/m2)
 Midlatitude (21.3 kg/m?) === -
Tropical (53.6 kg/m~) ——
Vapor / Tl

Rotational

Lines
/

50

100

150

Frequency [GHZ]

Choose microwave frequencies for cloud emissivity measurement where
transmittance is high!!! Water vapor is variable; choose low frequency.



Brewster’s Angle

Mormal

Reflected (7
Ray

.“:lhl I
.
\

i

Fe =,
"-‘.. \

Incident ™;}

Ray

- - -
o

Electric field vectar

F
®

‘ \(7 /\\‘/7 Cirecton of propagatian
| 1 - g }

VI 1y
4 F =y
ek 45
F i b=
¥ i
[} -] .3 :
- - =
. -
Suels |
e

kMagnetic fizld veolor

Slinky illustrates longitudinal and
transverse waves. Polarization cards
illustrate Brewster angle reflection
from floor tiles with ‘natural light’
iIncident.



More Details on the Polarization States

direction of

51 propagation

direction of
propagation

& Elliptical Polarization:

The most general

Rt R G o representation.
~~ K. Notethe 90° S
% phase difference _ ¢ ropacaian
I If this wave wera approaching Z/F'l
e an observer, its electric
Ty vector would appear fo be direction of
rotating counterclockwise. propagation
This is called nght - Z'/“.l

circular polarization.

Circular Polarization

| |If this wave wera approaching
an observer, its electric
vecior would appear to be

rotating counterclockwise.
This is called right -
elliptic polarization.



CH 3: The Electromagnetic Spectrum

Ll L What wavelengths are associated with sunburns?
HE | -10MHz What wavelengths ‘break’ NO,?
10m = Radio What types of transitions are important for UV,
' ”?
VHE |- 100 MHz VIS, IR, Microwave*
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10ecm — S
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2
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B =
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CH 3: The Electromagnetic Spectrum
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Top of the Atmosphere Solar Radiation:
Fits to a black body between 5500 K and 6000 K.



Rayleigh Scattering In Perspective Relative to Absorption

-~ S0, (100 ppb)
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Absorption cross sections of O; and O, in the UV and Visible.
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Figure 3.5  Absorption cross section of ozone and molecular oxygen in the ultraviolet spectral region.
Data taken from Brasseur and Solomon (1986}, Vigroux (1953}, and Griges [1968)
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Rayleigh Scattering (light scattering by air as dipole radiation)

1E 2lt)‘.ry Air Rayleigh Scattering Cross Section at (1013 mb, 273 K)
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Atmospheric Temperature Profile: US “Standard” Atmosphere.

66 3 Absorption and Scattering of Solar Radiation in the Atmosphere
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Figure 3.1  Vertica! temperature profile after the U.S. Standard Atmosphere and definitions of atmo-

spherie nomenclature,
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Solar Spectrum, Top of the Atmosphere and at the Surface
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1 1
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Electronic, Vibrational, energy levels and the big break
up (dissociation level)

1 hr-..."..l "J'Hﬁ
Ler
l'-. Cigsociation Lewel f/fn?rjlf ‘J"} ]'"'“-"’-E
’ Mg by s o UE';:"{‘{

Excited State (5'A )

Enargy

2 Vibrational Levels c A

e Ground State pCE)

-

Infermnucleas Distance — ¥

Figure 34 luserafive potentic ensrgy curvas for wo electonic gabes of o distomic mobecole, The
harizontal imes in e gotental well represent viboitional snesgy levels.

From Liou



Radiant Intensity or Radiance: Watts / (m? Sr)

prgjected surfece (dscos 0} ——=
a5




Flux (also Irradiance) and Radiant Intensity (Radiance)

eatth s siurigce




Spherical Coordinate System: z axis is the vertical
i component in the atmosphere.

s‘lz —1 Q
} SOLID ANGLE
o /
Qy =sin O sin ¢ dm = sinB db dé
) <0 ;




Spherical Coordinate System: z axis is the vertical

component in the atmosphere: Another view.
rsin 8 ao
‘ rde
TN OV
/ * \
oA NS v

>

Figure 1.3 Tllustration of a differential solid angle and its representation in polar coordinates. Also
shown for demonstrative purposes is a pencil of radiation through an element of area dA in directions
confined to an element of solid angle d2. Other notations are defined in the text.

Hence, the differential solid angle 1s

dQ =do/r* =sin® dé d¢, (1.1.5)



Flux (irradiance) as a distribution function and broadband
quantity. Purpose: Describe radiation in particular direction
such as net downward, net upward, etc.

)’2
F(A,2,)=| F, dA
2’1

S| Dimensions :

W W

= % Nnim
m m- nm




Radiant Intensity Definition (also known as Radiance)
Purpose: Describe radiation from all and any direction.
It is also a distribution function with respect to wavelength (or
frequency, or wavenumber, depending on the orientation).

OF(A)
00,
S/ UNITS :

Waltts
m* nm steradian

I(Q,A) =




Flux and Radiant Intensity Relationships
UPWARD FLUX (example, outgoing flux at the top of the atmosphere)

2n wl2

Fl(a)=[1"@a)n-Qdw= [ [1'6,9,2)cos(6)sin(6)d6ds

DOWNWARD FLUX (example, downward flux at the ground)

FY'(\)= j MQA) N Q do=-— j j 1*(6,0, 1) cos(0)sin(0)dOd¢
27 0 n/2

NET FLUX DEFINITION (divergence of this quantity gives heating rate)

2w T

F™(2)=F'(1)~ F*(A)= [ [1(6,0,A)cos(6)sin(6)d6ds = [ I'(Q,4) n + Q dw

SPECIAL CASE : ISOTROPIC RADIATION LIKE BLACKBODY RADIATION

2 ml2

F'(2)=1"(A) | | cos(®)sin@)dodp=n I"(A) «—

0
Prove this relation...



: I -) rhso-{\rg/a;‘c F=nl.

Special case: | isotropic,
same in all directions, like
black body radiation from a
surface.

27T m’Z
/ / ¢) cosBsinf dodg ,




THE BIG PICTURE: Radiation Heating of the
Atmosphere

eric layer due to the change in net solar and

h
of an atmosp culated using the principle of conservation

: be cal
eight can f the atmosphere between levels z and z + Az

and F (z + Asz), respectively. Then

The heating or cooling
terrestrial radiation witl} h
of energy. Let us consider a layc}_* o -
where the net vertical fluxes of radiation are F (2)

we find that

aT & OF ., Ko
PEPM (—E)rad 2. 33

or

——— :

i pc, Oz

(BT) 1 JF. (6.38)
31‘. rad

where F,,, = F' — F'.
If we express Eq. (6.38) in °C/day, we obtain

(gz) _ 8.64x10* 9F,
Ot /caa pe, de
where the divergence is givenin Wm >, ¢, in J kg~ 'K~ ',and pin kg m_3:

3

From Oort and Peixoto



Local Zenith

Regl

Solar Flux

Normal Flux:

What is the range in Reno?
In Mexico City?
In Barrow Alaska?

Where is the peak? Why?
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Insolation

Insolatior | Average
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]
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=
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e
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What is the average insolation over all latitudes?



Zone of convection
(~ 150,000 km})

n

Sun Cross Section, Sunspots, and Nuclear Fusio

Photosphere
A sunspot is a region on the Sun's surface iy
(photosphere) that is marked by a lower
temperature than its surroundings and has
intense magnetic activity, which inhibits
convection, forming areas of reduced
surface temperature. They can be visible from
Earth without the aid of a telescope. Although
they are at temperatures of roughly 4000-
4500 K, the contrast with the surrounding
material at about 5800 K leaves them clearly
visible as dark spots, as the intensity of a
heated black body (closely approximated by
the photosphere) is a function of T
(temperature) to the fourth power. If a sunspot S e milde S i
was isolated from the surrounding photosphere  finciudes te core widia ?Eiqpi’iiuﬁeZ?“fﬁiiﬁ?i“igfr?e?ﬁiﬁiﬁiﬁiﬁf Ziﬁe&lfﬁiié’iiil”iii

The solar atmosphere includes the photosphere, the chromosphere, and the corona. The former two lavess

it would be brighter than an electric arc. Source: bre exaggerated for itustration purposes.

Chromaosphere
{~ 2000 km}

Corona
{3000 k)

.
// 2,26.96 x10%km

Prominence

Wikipedia. W ERhS L UNRC 2 electrons
4 'H + 2 e --> “He + 2 neutrinos + 6 photons @ O @ - o
™o & o
: J = p—7
i s & i
N ., neutrino
% 0 neutrino 4He Oy

Relative size of Earth —> e




Equator

VE B

Figure 2.5 The earth-sun geometry. P denotes the perihelion, A the aphelion, AE the autumnal
=smnox, VE the vernal equinox, WS the winter solstice, and SS the summer solstice, n is normal to the
=cipac plane, a is parallel to the earth’s axis, § is the declination of the sun, € the oblique angle of the
=ur s axis, w the longitude of the perihelion relative to the vernal equinox, v the true anomaly of the earth
& = zven time, A the true longitude of the earth, O the center of the ellipse, OA (or OP = a) the semimajor
wns. OB (=) the semiminor axis, S the position of the sun, E the position of the earth, and ES (= r) the
w=nce between the earth and the sun.



Some Energy States of Water Molecules

v2
symmetnc stretch asymmetric stretch bend
o Mo © ﬂo

librations
http://www.lsbu.ac.uk/water/vibrat.html

Date: 2005 Sep 1 02:23:28 UT

http://en.wikipedia.org/wiki/Libration




Transmittance Transmittance Transmittance

Transmittance

AtmosET

ZENITH

MOSPHERIC TRANSMITTANCE

UV VIS Near IR Thermal IR
1 I 11 I T 11
Tc=0
pe——— -3
112.8 pm
1 T v W
118.6 pm 112.6 pm ' V \\/ T N20 -
0 v
CH4 i
1 | o=o0 0 —
+—Pp
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3 J SR
A \{ZTBA
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Wavelength [um]

Transmittance Transmittance Transmittance

Transmittance

heric Transmission: Beer’ s Law: [(x)=/,e(u )

What are the main sources
for each gas?

Which gases are infrared
active and contribute to
greenhouse warming?

Which gases significantly
absorb solar radiation?

Gas concentrations from
‘typical’ midlatitude summer
atmosphere.

Nitrous oxide is emitted by bacteria in soils and
oceans, and thus has been a part of Earth's
atmosphere for eons. Agriculture is the main
source of human-produced nitrous oxide:
cultivating soil, the use of nitrogen fertilizers, and
animal waste handling can all stimulate naturally
occurring bacteria to produce more nitrous oxide.
The livestock sector (primarily cows, chickens,
and pigs) produces 65% of human-related nitrous
oxide. [1] Industrial sources make up only about
20% of all anthropogenic sources, and include the
production of nylon and nitric acid, and the burning
of fossil fuel in internal combustion engines.
Human activity is thought to account for somewhat
less than 2 teragrams of nitrogen oxides per year,
nature for over 15 teragrams.



Clouds at Visible and IR (e.g. 10 um) Wavelengths




Optics of N identical (particles / volume)

Light beam area = A

9 5% T
9
5l
@@ dz
=
&
7 5%5 L

Power removed in dz: = |(z) NAdz o,

(I(z)~1(z+d2))A=1(z) N A dz o,

—-dl=1(z) N o,, dz
Bouger-Beer

“I 77

1(2) ;
N g = _JN O-ext dZ' ? ln[l(Z)] — _N Ge){l‘ Z
(direct beam only!) A A I,

I(z)=1,exp(-N o, z)=1,exp(-p,, 2)




CH 8: ATMOSPHERIC EMISSION: PRACTICAL
CONSEQUENCES OF THE SCHWARZSCHILD
EQUATION FOR RADIATION TRANSFER WHEN
SCATTERING IS NEGLIGIBLE

What process subtracts radiation?
dl ( What process adds radiation?

7s = Pa(B—1). (8.4)
’ What equation is used to

calculate optical depth for
a gaseous atmosphere?

- I(0) = I{T')e AT f; Be " dT (8.13)

Key Point: Almost all common radiative transfer problems involv-
ing emission and absorption in the atmosphere (without scattering) can be
understood in terms of (8.13)!?



Sun and Satellite Perspective: How do the properties of
the surface affect what we see?

Satellite




Radiance and Irradiance: How do we define radiation?

(a) specular (b) quasi-specular (c) Lambertian

(d) quasi-Lambertian (e) complex

Fig. 5.3: Examples of various types of surface reflection, presented in the form of
polar plots in which the distance of the curve to the reflection point on the surface
represents the relative intensity of reflected radiation in that direction.

Types of reflection: Can also think of the reflected
light as emitted light from different types of surfaces.



Geometry for the BDRF (bidirectional reflection
function)

S is solar irradiance
coming In.

| is the reflected
radiance.

""1.4.'

S cos(6.)
1'6,.9,)

L —

Q)= z[ p(ﬁ{,@)[ Q. )ne Q. dw, for a cloudy day.

p(0,.9,:0,.¢,)= BDRF = for a clear day.



FTIR Radiance: Atmospheric IR Window
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DEFINITION OF THE BRIGHTNESS
TEMPERATURE
Tg

Radiance(v)=B(T,,Vv)

Measured Radiance at wavenumber v

Theoretical Radiance of a Black Body at temperature Tg

B(T.,v) = 2x10"" hc?v® — mw

100 hev/kT . 1

e m?* Srcm™



FTIR Brightness Temperatures
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KEY POINTS
Absorption by Atmospheric Gases

Visible and UV Absorption: due to electronic transitions. Monatomic - polyatomic.

IR Absorption: due to vibration and rotation transitions. Polyatomic.
Microwave Absorption: due to rotation transitions. Polyatomic.

Absorption cross sections depend on temperature and pressure.

Population of energy levels depends on temperature (thermal energy, kT).
Transitions between levels therefore depend on temperature.

Temperature (Doppler) broadening of absorption lines in the mesosphere.

Pressure broadening of absorption lines (due to molecular collisions) in the
troposphere.



Absorption and Emission Lines: Three level molecule.

vi=AE/h.
A £
* TAEQ
\ E,
e AE,
LLl
Eg
é
S
b) &
g
- ‘ >V
< Vio Vo1 Vo2



Dances of the Molecules in the Atmosphere: Which

dance? Depends on temperature, available IR photons.

Vibration Modes

HE-{-"E' L - =
vy Vo
Symmelric Bending
GOk, NaU =k == = [ ?- -é_ -?

B -3 -0

Ha0, Oy j A 3 ’g‘x

Rotation
Linear Digtomic: Mg, Og, GO

Lingar Triatomic: Gy, MaO)

Va
Antisymmetric

==~ — a0

Asymmetric Top {bent triatomic): HaQ, Oy

Figore 3.3  Vibrabonal medes of distomic and idatombe 2tmospheric molscules and the axes of

ratasional freedem for linsor and asymmetric top molecules,

From
Liou



Atmospheric Temperature Profile: US “Standard” Atmosphere.

66 3 Absorption and Scattering of Solar Radiation in the Atmosphere
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Dances of the Molecules in the
Atmosphere: Which dance?
Depends on temperature,
available IR photons.
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Figure 3.1 Vertica! temperature profile after the U.S. Standard Atmosphere and definitions of atmo-
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Energy

Transitions
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Dominant Transitions

Wavelength Band Domlp'?\nt
S Transition
<1 um,
Near IR .
(200 nm - Visible U,V Electronic
1000 nm) ’
1 um - 20 Near IR, . .
um Thermal IR Vibration
> 20 m "’“Fj‘rvlvz,v o Rotation
B .2 E“;L:E)ﬁ 1=0.1.2,..

e (n + 5) i wef 1B



Rotations

Molecule

Oxygen

Nitrogen

Carbon Monoxide ‘—‘
Carbon Dioxide
Nitrous Oxide ‘—‘—‘

Structure

OO
020

SO

\Water
Ozone :
Methane

)

(o)
®
(9

o
)

H)

linear

linear

linear

linear

linear

asymmetric top

asymmetric top

spherical top

Permanent Electirc
Dipole Moment?

No
(magnetic
dipole)

No

Yes

No

Yes

Yes

Yes

Yes

Descript | Moments Exambles
ion of Inertia P
Monato | =1.=].=0 Argon, He,
mic 12 Xe
. 1,=0, N,, O,,
Linear | 2150 | cO,, N,O

Spherica
'?Top l,=1,=1,> 0 CH,
Symmetr | 1,#0, 1,=I,> NH
ic To 0 CH,Cl,
P CF,Cl
Asymme I L1 L1 ~ N L1 NN N\

rot

]
E = Ela)"‘, L=Iw,

i= Zr{.z(sml.,

I =m'r® (diatomic)

2
m=" p o P GOr, E,=trer=20 DR
m, + m, T = 2 dn’1
h2
AE=E, —E, =——[(J +1)(J +2)=J(J +1)]
8K 1
5 4
AE=——(J+1), V=AE/h=——(J +1), J=0,1,2,..

AWt Am*l




h
pbt

A%
«th

[

O EEER)

Y

,,xd

t

2L

o

l

1




Why Don’ t We Worry About Rotational and Vibrational
Transitions for N,, and worry only a little about O,?

Oxygen Molecule {O2)

Oo=0
fllled outer shell
{Inert)

N-N (single bond nitrogen molecule)}

i Cross section ; ;
Please note: Electrons in an electron shell will be configured in spherically.

overlapped volune

Homonuclear Diatomic
Molecules: N, has no permanent
electric or magnetic dipole
moment due to the symmetry of
positive and negative charge
within the molecules. (O, has a
permanent magnetic dipole
moment, rotation bands at 60 and
118 GHz.)



Why Don’ t We Worry About Rotational and Vibrational
Transitions for N,, and worry only a little about O,?

Bonding electron ‘clouds’
(orbitals) for O, and N,
(bottom).

Homonuclear Diatomic
Molecules: N, has no permanent
electric or magnetic dipole
moment due to the symmetry of
positive and negative charge
within the molecules. (O, has a
permanent magnetic dipole
moment, rotation bands at 60 and
118 GHz.)




Common Triatomic Molecules CO, and CH,.

CO, and CH, (carbon dioxide and methane) have no
permanent electric or magnetic dipole moment and don’ t
have pure rotational transitions. However, bending modes
associated with vibrational energy levels can induce
dipole moments that couple vibrational and rotational
transitions in the thermal IR.

A
.
I

rotation

O~ W A W —

Energy

vibration

rotation

o= W A w —

P 1 Q | R Branch

||||||||||| N
[ >V

Vo



Vibrational Transitions for Diatomic Molecules: CO

PE | Quemg @ ivwwrimr-@

112.8 pm .

F =—k(r'-r) {Newton's Second Law}

1 k | mlmz
=—y|— M=
2w\ m' m +m,

{Resonance Frequency, Reduced mass}

v=(n+ 5) f {Allowed frequencies for a quantum oscillator}

E =hv=(n+ %)hf{ Allowed energy levels}

An=xN {Vibrational transistions} |AEV| = Nhf {Photon Energies}



‘-‘2
symmetnc stretch asymmetric stretch bend

AO Q* Ogso

librations

. of Carbon Dioxide Molecules

Vibration modes of carbon dioxide. Mode (a) is
symmetric and results in no net displacement of
the molecule's "center of charge"”, and is therefore
not associated with the absorption of IR radiation.
Modes (b) and (c) do displace the "center of
charge", creating a "dipole moment", and
therefore are modes that result from EM radiation
absorption, and are thus responsible for making
CO2 a greenhouse gas.

“4 5 um mO“O




Line Broadening

Natural Broadening:
4 Finite time, finite widths (Heisenberg is uncertain
about widths, certain they are not infinitely
narrow!)

(a) without broadening

Doppler Broadening:

Absorption

D

I - 1 v-v,)’ 2k, T
‘ | fD(V_VO):O!D\/Eexp - azu s 0=V, B,:z

frequency

Molecules with relative motions due to thermal
A energy ‘see’ doppler shifts of the light. Important

in the mesosphere.
(b) with broadening

Pressure Broadening: Lorentz line shape

o, /r Y
f(V—VO)Z - 2 2 & ocpT_”zs % = ﬁ]{_o]
(v—vo) +o; Dy T

Molecular collisions distort energy levels for
absorption and emission. Emperically determined
(by measurement). Very important for the
troposphere and lower stratosphere.

Absorption

frequency



Absorption Cross Section per Molecule for a Single Transition

0, o,
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Electronic, Vibrational, energy levels and the big break
up (dissociation level)

1 hr-..."..l "J'Hﬁ
Ler
l'-. Cigsociation Lewel f/fn?rjlf ‘J"} ]'"'“-"’-E
’ Mg by s o UE';:"{‘{

Excited State (5'A )

Enargy

2 Vibrational Levels c A

e Ground State pCE)

-

Infermnucleas Distance — ¥

Figure 34 luserafive potentic ensrgy curvas for wo electonic gabes of o distomic mobecole, The
harizontal imes in e gotental well represent viboitional snesgy levels.

From Liou



The Radiative Transfer Equation with Scattering

Key Points:
 Single and multiple scattering definitions. Scatter once,
single, scatter several times, multiple.

* When does single scattering matter? Always. It may be
small relative to absorption, but generally should consider it.

* When is multiple scattering important? \When the optical
depth for scattering is ‘large enough’, greater than say 0.5.

* General form of the multiple scattering equation.
 Single scattering approximation.

* Review of the phase function, and asymmetry parameter.



Demonstrations
Diffraction grating from a DVD. Grazing incidence, first

order (over head) and second order (near
backscattering).

Milk, Clouds, and multiple scattering: Rayleigh scattering
by dilute milk, and polarization state.



Review: Optics of N identical (particles / volume)

Light beam area = A

9 5% T
9
5l
@@ dz
=
&
7 5%5 L

Power removed in dz: = |(z) NAdz o,

(I(z)~1(z+d2))A=1(z) N A dz o,

—-dl=1(z) N o,, dz
Bouger-Beer

“I ””

1(2) ;
= g = _JN O-EJCE dZ' ? 1]’][1(2)] — _N O-exr Z
(direct beamonly!) |; 7 3 I,

I(z)=1,exp(-N o, z)=1,exp(-p,, 2)




ATMOSPHERIC EMISSION: PRACTICAL
CONSEQUENCES OF THE SCHWARZSCHILD
EQUATION FOR RADIATION TRANSFER WHEN
SCATTERING IS NEGLIGIBLE

What process subtracts radiation?
dl ( What process adds radiation?

7s = Pa(B—1). (8.4)
’ What equation is used to

calculate optical depth for
a gaseous atmosphere?

- I(0) = I{T')e AT f; Be " dT (8.13)

Key Point: Almost all common radiative transfer problems involv-
ing emission and absorption in the atmosphere (without scattering) can be
understood in terms of (8.13)!?



Scattering of object rays from the sight path, and scattering of
by gases and aerosols.

Optical Characteristics of Hiumination

@ Sunlight (Sun Angle)
@ Cloud Cover (Overcast, Puffy, etc.)

WACHY Lintreflected ] K
from ground Image-forming
scattered into ~ light absorbed

Optical Characteristics of
Viewed Target
® Color

® Contrast Detail (Texture)
e Form

® Brightness

Visibility Overview: From Bill Malm, NPS Fort Collins



Putting it all together... General Radiative Transfer Equation

Phase functi

on describes

Bt / I(s,Q° ") the fraction of light that is
1 H,ﬁ scattered into Q2 from other
5 HJ“;E@ directions.
1(s,Q2")

[(s+ds)—1(s)=dIl(s)=dI, +dI,  +dI,.

_ —ﬁmdb‘ I{s] = —(ﬁam + ﬁ“_ Yds 1(s)

dle‘xf : . SC
dlemir = ﬁabsds B[T(S)] \
ﬁ dS A A A
dl. =—= Q' . I(Q',s)dw'
sca 477: JAP( ) ( ) \

4

p(d',d) = Phase Function, J.p(d',é) do'=1

gains

losses
~ lost only from

the forward
direction Q!!

—— new term




General Equation for Radiative Transfer

dt=-f,ds ,@ = Py (single scattering albedo), @ = Solid Angle

ext

aed) 1((3) ~(1-o)B - L f p(ﬁ',ﬁ)l(ﬁ')dw'
dT 472'. 4r

Plane Parallel Atmosphere : 1L = cos(0), 0 = Zenith Angle, ¢ = Azimuth Angle

dl , o 2r 1
H (di ?  1u9) - (1-@)B - Efd¢'Jp(u,¢;u',¢‘)I(u',¢') dp’



Multiple Scattering Complex Due to Multiple Scatterings

Hypothetical
Photon
Path



I, From Sun I,.,=1,e"+1I, I e B, (s)L ©) = g
Whole 4n
R1 ﬁ;lecular

> 128 m’o(s)’
pO)=— (1+cos 0) B (s)= 3:4;:;8)

hase scattering
efficient

& o p
B T
R
B Sy =i Ik .I.i:.i_'._ﬂ_";___—'."—_l:: i
- - e — -, SO e
- = 4 B Py




Rayleigh and Raman Scattering: Quantum Perspective

First excited
electronic
slale

Virtual
slates

Vibrational
levels,
ground
electronic
state

Figure 4.61

3 -
2 32 . .
, 53 One in a million
0 > photons are Raman
R igh 2
L. scattered.
E=hv E=hvy E=hv+ AE
-__T ' [ ]
S : | w Rayleigh scattering
] " merely disperses
I I F= _§ g . g .
Lo oa 2 radiation in space.
[ l el ‘E
D
B T
3 +—t Stokes heats,
2 ; i ! Anti Stokes cools.
1 i
0 Y Y }AE
The process of Rayleigh and Raman scattering. Two virtual states are shown, one of

higher energy. Rayleigh and Raman scattering are shown from each state. Normal IR absorption is
shown by the small arrow on the far right marked AE, mndicating a transition from the ground state
vibrational level 10 the first excited vibrational level within the ground electronic state.



Rayleigh Scattering (light scattering by air as dipole radiation)

OTT3ANT 6-75

_ 872'3(7%,%—1)2 6+30 Igsca( 1 ) [ cm? \N[moleculesj 108( cm]

Mm) “s kmolecule) cm’ Mm

From Liou pg 93. & is the molecular anisotropy parameter as the polarizability is really a tensor. The
refractive index relationship is in relation to the polarizability of air. 56 = 0.035 for air.

2,406,147 15998
(130 —1/4%)  (38.9 —1/2%)

(m — 1)x 10° =8,342.54 +

Dry air, 15 C, 101325 Pa, 0.045% CO, by volume, vacuum A in microns, (Birch, Metrologia, 1994, 31, 315).
From http://www.kayelaby.npl.co.uk/general_physics/2_5/2_5 7.html.

L P[1+P(60.1-0.972t) x 10-19]
m (B0 = 1= = D ¥ =55595 431+ 0.003 6610

Dry air, t in Celcius, P in Pascal, 0.045% CO, by volume, Birch, Metrologia, 1994, 31, 315).

From http://www.kayelaby.npl.co.uk/general physics/2 5/2 5 7.html.

Nz% Number concentration of air molecules.
b



Rayleigh Scattering In Perspective Relative to Absorption

-~ S0, (100 ppb)
10000 == NO, (5 ppb)
L}\:\ Rayleigh Scattering (300 K, 1 bar)
1000 'i: — 0, (100 ppb) (Huggins band)
100 — 0, (100 ppb) (Chappuis band)

Babs and Bsca (Mm)
—
[ =]

-
|

0.1

0.01 i I i A l I ] J
200 250 300 350 400 450 500 550 600 650
Wavelengt
Gaseous Absorptlon and ttering Spectra




Rayleigh Scattering Intensity as a function of Scattering Angle.

4 2
X )
I =1, 8x_Na- (1 +cos-0) Scattering at right angles
JRJ Is half the forward intensity

Rayleigh scattering for Rayleigh scattering

from air molecules sanl . N & 8 of acallerai
N (. = polarizability
NS 1
AN B — R = distance from scatterer
Y The strong wavelength dependence of Rayleigh
scattering enhances the short wavelengths,
Observer giving us the blue sky.

5 ‘s N scatterers / volume
“ 6
Na P(6)
O)=1, 0 R2 4r lsca(©)
(

P(0)= 431L1+ cos2(6’)]

SCCZ

Random E-field incident, random scatterer orientation.

From: http://www.jenkinsdisplays.com/led_bulbs/rayleigh scattering.html



Dipole Radiation Pattern: (Petty, Ch12).

Incident E-field vertical: Dipole charge oscillation vertical.

E

‘ (2 = Incident direction

o Irradiance Average for Random

e — E-field: sum of the polarized
patterns / 2.

fous

Incident E-field H

orizontal

\




Aside: Asymmetry Parameter of Scattering, g.

Incident

Log Magnitude

‘9

Scattered

1008 T T . .
Natural
Natural I Perpendicular
ST i o Parallel
PePpgndicul ar 100 L nr_1 .33
10 | :

| rallel

-1<g<1

Mie Scattering

I5(6)

1

1 F

Magnitude
@

'0

1.6,9)=1,

B.001 [

8.00081

D=20 um

.01 | [(MIULH

1e-85
-2e8

sca

1 1
-158 -188

1 1 1 1 1
-58 a Se 188 158

Angle Between Entrance and Exit Rays (Degrees)

do (9,¢)

.( A
G, = di e
S dQ
s
80, cos(0) dS2
S dQ

do.,
| ( . )dQ

-1 <¢g <1

‘1

2o



‘Typical’ Water Droplet Cloud Optical Properties

2688 JOURNAL OF CLIMATE VoLUME 16
single-scattering albedo asymmetry parameter
1 = 1 I s S U I 11 1 | I = R 1 ) I - l BN 5 N I L1 1 1 l L 1 I |- =
] = N i i Deff 20 um
] C Mie i I =
09 ] 3 . Variance = 0.1
0.8 -
7 C
0 1 - Why does the
06 ] Mie - single scatter
" Hu + St C
- o— Singo s : albedo go so
0.5 = o i low at around
; - I 3 microns?
O 4 ] T T T [rrorr - 0 7 T T | T |
0 1 2 3 4 5 0 1 2 3 4 5 Why does the
wavelength (um) wavelength (um) asymmetry
FiG. 7. Cloud droplet single-scattering albedo and asymmetry parameter as a function of wavelength based on Mie calculations for a parameter 90
gamma droplet size distribution with », = 10 um and effective variance of 0.1. Also shown are values from Slingo’s (1989) and Hu and SO |ar e at
Stamnes’s (1993) parameterizations. g
. nEr0 ] around 3
1.E-01 .
18 LE-02 14 microns?
1P 1.E-03
i': _1.E-04
3, £1E-05
s 1.E-06
06 1.E-07
0.4 1.E-08
0.2 1.E-09
0 : 1.E-10
0 1 2 3 4 5 (i 1 2 3 4 5
Wavelength (microns) Wavelength (microns)

COMPLEX REFRACTIVE INDEX OF WATER: Visible in black.



Optics of Visibility: /=Radiance, Radiant Intensity
C= Visual Contrast = (Isurroundings' Iobject) / Isurroundings

FF@SE RADIANCE
_ object

<

rroundings

e

from http://vista.cira.colostate.edu/improve/Education/Workshops/WESTAR/Malm/partiii_malm.ppt



The Anatomy of the Human Visual System

« The human eye

from http://arrow.win.ecn.uiowa.edu/56147/LECTURE/c-20.ppt Agueous humor Muscle

« Eye diameter is about 25mm
« Cornea protects the eye from the outside and provides most of the op Ydal focusing p'b"Wér
* Aqueous humor provides nourishment to cornea and lens
» Iris regulates the amount of light that is allowed into the eye

— Pupil is the aperture left open by the iris

— Small pupil under high luminance conditions provides sharp image (pinhole camera
effect)

— Adjustment of pupil gets more difficult with age
* Focal length of lens is adjusted by ciliary muscle
— focal distance, diopters (1/focal length)
— lens gets harder with age and accommodation becomes more difficult
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RELATIVE SPECTRAL LUMINOUS EFFICIEN

From Proctor and VanZandt (1993)

Daytime and Nightime Sensitivity of the Eye
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from http://arrow.win.ecn.uiowa.edu/56147/LECTURE/c-20.ppt



