Radiation

Jintai Lin

ﬁlﬂa‘ 2&1%1¢==ﬁ3ﬁf§*4ﬂ@$ﬁkﬁ'%ﬂﬂi

SITY
1




|
Outline

* Introduction

* Basics

* Absorption

* Scattering

* Radiative transfer

* Radiative equilibrium temperature
* Radiative heating and cooling



Earth Energy Budget (in Early 21st Century)

Units Wm2
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* Energy balance: Atmosphere 80+(398-40)+21+82-342-(239-40),
Surface 160+342-398-21-82, Earth TOA 340-100-239
 Planetary albedo: —~29% (surface 7%, atmosphere 22%) 3




Radiation: An Effective Way of Energy Transfer
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Thermal Radiation

Thermal radiation is electromagnetic radiation emitted by the
thermal motion of particles in matter

45°C

Solar radiative energy peaks at Terrestrial radiative energy peaks at
visible wavelength (~0.5 pum) ~10 um, invisible by sole human eyes
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Electromagnetic Radiation and Sources

THE ELECT
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Electromagnetic Radiation Spectra in Atmospheric Sciences

Name of Wavelength, um Spectral equivalence
spectral region

Solar

Terrestrial
Ultraviolet
Visible
Infrared
Near infrared
Far infrared
Microwave
Radio

0.1-4

4-100
0.1-0.4
0.4-0.7
0.7-100
0.7-4
4-100
103 —106
> 106

= Shortwave = Ultraviolet + Visible +
Near infrared

= Longwave = Thermal = Far infrared
UV-A + UV-B + UV-C

= Near infrared + Far infrared



Electromagnetic Radiation (EMR)
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EMR exhibits both wave properties and particulate properties.

Self-propagating wave of the electromagnetic field that carries
momentum and radiative energy through space.

EMR can propagate through but does not require transmission
medium.



Poynting Vector ER B E X E

S=FXH

S is energy per unit time and area (e.g., W m)
E is electric field (unit: Volt/meter or Newton/Coulomb)

H is magnetic field (unit: ampere/meter)

In a propagating sinusoidal linearly polarized electromagnetic
plane wave of a fixed frequency:

(S) = - |E, |2
SEINES

E,, is the complex amplitude of the electric field (B 4& AlE{EHRIE)
n is the characteristic impedance of the transmission medium,

and n, = 377Q for a plane wave in free space
10




Basic Concepts of Electromagnetic Radiation

mABECERNEE S BN (angular frequency, w). SIER
(frequency, f). 1< (wavelength, 1), JKiE(speed, v). K
(wavenumber, v). B (BETHALREY, k)

w = 21f k = 2mv
v
v = f2 df = ——7dA
1 1
U:I:f/v dU=—ﬁd/1

T cm B, MTNMAEEKTL:
v, #£1000cm1 (10 um) &b: 10 nm
v/ #£10000cm (1 pm) &: 0.1 nm
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Radiance or Intensity: (93¢) EBE=E., BE

Zenith 1
A s

North

Projected surface (ds cos 6) |

ds
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Radiance or Intensity: (93%)

» Radiance is monochromatic energy per
unit area per solid angle

B

unit time per

[ =dQ/dt/dA/dA/dQ = dQ/dt/dA/dA/(sin O dOdyp)
Unit: w/m2/um/sr, where sr = steradian M {5\ &
Q =Solid angle MK, d2 = sin0 dOd¢

> Radiance is a 7-dimensional variable

[(t;x,y,z;0;0) =1(t;x,y,2; 4,0, @)

it

> Radiance can be measured by photometer 3¢,
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Calculation of Solid Angle

RdOL---""Rsin0] .,

PXERYERIT
dS = R?df) = R?sin 0 dOdy
A 21T
%ﬁ S=§ dS=j f R - sinfdg - RdG = 4mR*
[H] 7~ Q 0=07¢p=0

Q

T 2TT
%EIE—U d() = f f sinfde - df = 4m
i Ja 6=0 =0
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Radiance versus Flux Density

> Flux Density or Irradiance (43¢) ESHRERE:

F,1=J IACOSQd.Q=f JIA°COSH°Sl'TLHd(p°d9
Q 6 Yo

» Within a range of wavelengths:
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Solar Radiance and Irradiance

da.n
\
/
- .
R b
/

Integrating all wavelengths, then |, =2.00 x 107 W m-2 sr-1
v’ Given R, r,and F, use two methods to calculate I, ?
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Lambertian Surface (BA{ATH)
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A IR
> TR (blackbody) : FHEfTHKHIERSIEPAE L ERIRL,

HlA=1. MR BR=0,T=0,
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= A U LHIE S R A gE R T 28X B A a4 .
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HEREX (REH) EF

> EIREXRMEISSOFHARNFERILUEEL:
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SR ER (ExFEEs)

19005, EHIRSIAEFELE, 53 :
2 ch —1 Co -1
B(A,T) ==L (em—l) =tlear —1
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Planck:
2C2h( ch )_1
B(A,T) = —5—\ekaT — 1
3
S R-J (1905):
S 2¢ckT
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Blackbody Radiation

wvisible

-1
infrared 2C2h ( ﬂ )

Cultraviol et

Blackbody radiation
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e
Blackbody Radiation: Cumulative Energy Distribution

-1

2c¢*h , <h ¢, 1 &2 1
B(aT) = (ek/tr — 1) = — (e/tr — 1)
A’ 2’
Percenp.o 01% [1%  [10% 20% P 30%  40% P 50%  60% S 70% 80% 90% (99%  99.9% (99.99%
tile % % % %
?Jm.K)gm 1110 1448 2195 2676 289813119 3582 36704107 4745 50995590 6864 9376 22884 51613 (113374

Percentile 0.01%(0.1%| 1% |10% |20% | 25.0% 30% |40% 41.8% 50% 60%  64.6% 70%  80% 90%  99% 99.9% |99.99%
Sun A (nm) 157 | 192 | 251|380 463 | 502 | 540|620 635 711|821 | 882 967 1188/1623|3961 8933 | 19620
288 K planet A (um) 3.16 | 3.85|5.03/7.62|9.29 10.1 [10.8 12.4| 12.7 |14.3/16.5 17.7 |19.4/23.8 32.6 79.5 179 394

At which wavelength the blackbody radiation per unit of wavelength peaks?
At which wavelength the blackbody radiation per unit of frequency peaks?
At which wavelength the blackbody radiation per unit of wave number peaks?
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Earth Y satellite

P

A. A small, perfectly black, spherical satellite is in orbit
around the Earth at an altitude of 2000 km. What angle
does the Earth subtend when viewed from the satellite?

B. If the Earth radiates as a blackbody at an equivalent
blackbody temperature Te = 255 K, calculate the

radiative equilibrium temperature of the satellite when
it is in the Earth’s shadow.

Michael Wallace book
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B
VAR

A. Consider two opaque walls facing one another. One of the
walls is a blackbody and the other wall is “gray”. The walls
are initially at the same temperature T and, apart from the
exchanges of radiation between them, they are thermally
insulated from their surroundings. If A and € are the
absorptivity and emissivity of the gray wall, use
thermodynamic arguments to prove that € = A.

B. Consider a similar situation with two “gray” walls, one with
absorptivity A1 and the other with absorptivity A,. Prove

F, F
that -1=-%2
Ay Ay

where F1 and F, are the flux densities of the radiation
emitted from the two walls.

Modified from Michael Wallace book
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