Winter Quarter 2014

Atmospheric Sciences 532: Atmospheric Radiation I

Instructor: Stephen Warren, Room 524 ATG, tel. 543-7230
sgw@uw.edu
office hours to be arranged

COURSE OUTLINE

1. Introduction.
Composition and thermal structure of Earth's atmosphere
Vertical distribution of greenhouse gases
Solar and terrestrial radiation spectra
Distribution of solar radiation with season and latitude

2. Fundamentals of radiation

Radiation nomenclature and units: radiance, irradiance, intensity, flux, absorption
coefficients, emissivity, optical depth, Beer's law

Radiative transfer equation

Blackbody radiation laws: Planck, Kirchhoff, Stefan-Boltzmann, Wien,
Rayleigh-Jeans

Local thermodynamic equilibrium (LTE); non-LTE. Einstein relations, statistical
equilibrium equation

Solution of longwave radiative transfer equation (Schwarzschild's equation)

Radiative equilibrium temperature distribution

Describe models for project

3. Absorption and emission of radiation by gases
Kinetic theory of gases
Molecular energy levels; electronic, vibrational, rotational transitions.
Spacing of lines.
Spectra of carbon dioxide, ozone, and water vapor. Water-vapor continuum.
Line shapes: natural, Doppler, pressure (collision) broadening.
Absorption by non-overlapping Lorentz lines: equivalent width

4. Absorption by bands of spectral lines.
Frequency-averaging of transmission. Band models; k-distributions
Pressure-averaging of transmission.
Angular-averaging of transmission. Exponential integrals, diffusivity factor

5. Applications
Radiation and climate
Remote sensing



ASSIGNMENTS
Homework: . approximately 8 problem sets. 65%
Term project, 35%

The term project is to use an existing longwave radiative-transfer model to compute
infrared radiation fluxes and cooling rates in the atmosphere. The model will be used to
examine the effects of changing temperature and humidity profiles, and the vertical
distribution of greenhouse gases (CO,, O3, CHs,, . . . ) and the effect of clouds at various
heights. -

TEXTBOOK to purchase

Petty, G.W., 2006: A First Course in Atmospheric Radiation. Sundog Publishing.

TEXTBOOKS (on reserve in Engineering Library)

Thomas, G.E., and K. Stamnes, 1999: Radiative Transfer in the Atmosphere and Ocean.
Cambridge Univ. Press.

Liou, K.N., 2002: An Introduction to Atmospheric Radiation, second edition. Academic
Press.

Bohren, C.F., and E.E. Clothiaux, 2006: Fundamentals of Atmospheric Radiation.
Wiley.

Houghton, J.T., 2002: The Physics of Atmospheres, third edition. Cambridge Univ.
Press.

REFERENCE BOOKS (also on reserve in Engineering Library)

Barrow, G.M., 1962: Introduction to Molecular Spectroscopy. McGraw-Hill.

Goody, R M., and Y. Yung, 1989: Atmospheric Radiation, second edition. Oxford Univ.
Press.

Menzel, D.H. (Ed.), 1966: Selected Papers on the Transfer of Radiation. Dover.

Paltridge, G.W., and C.M.R. Platt, 1976: Radiation Processes in Meteorology and
Climatology. Elsevier.

Sears, F.W., and G.L. Salinger, 1975: Thermodynamics, Kinetic Theory, and Statistical
Thermodynamics. Addison-Wesley.
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Figure 2.2: Absorption length (inverse absorption coefficient) of pure ice and liquid water from
UV to IR. The data for liquid water were taken from Querry ef al. (1991), those for ice from

Warren (1984).
Atmospheres of the Inner Planets
Mercury Venus Earth Mars
Atmospheric ~0 90 atm. 1 atm = 0.007-0.010 atm. (7-10
pressure 1013 millibars (mb)| mb)
at surface Varies with season
Surface air 100 night | 750 Mean 288 Mean 216
Temperature (K) | 600 day Range 184-330 Range 140-300
Major gases - CO, 97% |N, 78% CO, 95%
0, 21%
Minor gases - N2 2% Ar 1% Ar 1.6%
N, 2%
Radiatively - CO, H,O water CO,
important gases CO, carbon dioxide| H,O
(“greenhouse O; ozone
gases”) CH,4 methane
N,O nitrous oxide
Notes Covered Radiatively Pressure varies because
with clouds |important gases are | CO, condenses out on
of H,SO,4 [ not the major gases. | polar caps.
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Fig. 2.6 Contour graph of the daily average insolation at the top of the atmosphere as a function of
season and latitude. The contour interval is 50 W m~2. The heavy dashed line indicates the latitude of the

subsolar point at noon.
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Fig. 2.7 Annual-mean and solstice insolation as functions of latitude.
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F16. 11.—Solar radiation on a horizontal surface at the top of the atmosphere, Q,, at the ground, Q 4 ¢, and at the ground
with clear skies, (Q + g)o, at Inyokern, California (35°39'N, 117°49'W), during 1962.
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Interaction of Radiation with Matter
Working definitions:

1. Absorption: A photon is destroyed. Its energy is distributed by collisions into other
forms of energy (vibrational, rotational, etc.). The frequency of subsequently emitted
radiation is independent of the frequency of the absorbed photon. [Assuming collision-
dominated; i.e. that frequency of collisional transitions is much greater than frequency of
radiation-induced transitions. This is the assumption of “local thermodynamic
equilibrium”.]

2. Scattering: The photon changes direction but not frequency.

3. Emission: A photon is created. The molecule emitting the photon loses internal
energy (vibrational, rotational, etc.) equivalent to the energy of the photon.

\/\'(s] AN (Md
o alosove - calligwed el o]
o QW& - Q’,)((,dz\'t\fx\/\ O(Q—Q))(C\'(Td\o\;\
e V%
gy (et

4. Extinction: All processes that remove photons from a beam of light. Extinction is
the sum of scattering-out and absorption.

5. A beam of light passing through a medium can be:
Depleted by scattering-out-of-the-beam and by absorption.
Augmented by scattering-into-the-beam and by emission.

yA .
T— | 5 os] —> T adT

Interaction of radiation with Earth’s surface and atmosphere
Absorption of solar radiation Mostly at surface, some in atmosphere
Scattering (reflection) of solar radiation Mostly by clouds, some at surface

Emission of infrared radiation Surface, clouds, and atmospheric gases
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Fig. 11-1 Three of the possible station-
ary waves in a stretched string fixed at
both ends.

the reader will have to take them on faith or refer to texts devoted to this subject.
In any event, as far as the methods of statistics are concerned, it is enough to
know that quantized energy states exist.

In quantum mechanics, also known as wave mechanics, the general method
of attacking a problem is to set up and (hopefully) solve an equation known as
Schrodinger’s* equation. In many problems, this equation is exactly analogous
to the wave equation describing the propagation of transverse waves in a stretched
string, fixed at both ends. As is well known, the string can vibrate in a steady state
in any one of a number of stationary waves, three of which are shown in Fig. 11-1.
That is, there may be a node N at each end and an antinode A at the center, or

between the nodes, and so on. The important result is that there is always an
integral number of antinodes in the steady-state modes of vibration; one antinode
in the upper diagram, two in the next, and so on. The distance between nodes (or
antinodes) is one-half a wavelength, so if L is the length of the string, the wave-
lengths A of the possible stationary waves are

A=2L, A=

or in general

3, =Lor,
n;

* Erwin Schrodinger, Austrian physicist (1887-1961). i




13-2 THE DEBYE THEORY OF THE SPECIFIC HEAT
CAPACITY OF A SOLID

The simple Einstein theory assumes that all atoms of a solid oscillate at the same
frequency. Nernst and Lindemann* found empirically that the agreement between
theory and experiment could be improved by assuming two groups of atoms, one
oscillating at a frequency » and the other at a frequency 2». This idea was extended
by Born,} von Karman,} and Debye, who considered the atoms, not as isolated
oscillators all vibrating at the same frequency, but as a system of coupled oscillators
having a continuous spectrum of natural frequencies.

* Frederick A. Lindemann, First Viscount Cherwell, British physicist (1886-1957).
t Max Born, German physicist (1882-1970).
I Theodor von Karman, Hungarian engineer (1881-1963).
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388 APPLICATIONS OF QUANTUM STATISTICS TO OTHER SYSTEMS 13-2

As a simple example of coupled oscillators, suppose we have two identical
particles connected by identical springs, as in Fig. 13-2. If both particles are given
equal initial velocities in the same direction, as indicated by the upper arrows, the
particles will oscillate in phase with a certain frequency #,. If the initial velocities
are equal and opposite, as indicated by the lower arrows, the particles will oscillate
out of phase but with a different frequency »,. If the initial velocities have arbitrary
values, the resultant motion is a superposition of two oscillations of frequencies
v, and »,. The system is said to have two natural frequencies.

Fig. 13-2 Coupled oscillators.

Now suppose that the number of particles (and springs) is increased. It is no
great task to calculate the natural frequencies when the number is small, but as
the number is increased there are too many simultaneous equations to be solved.

It turns out, however, that if there are N particles in the chain, the system will have

N natural frequencies, whatever the value of N.

Now extend these ideas to three dimensions. A simple model of a crystal -

consists of a three-dimensional array of particles connected by springs, and such
an array has 3N natural frequencies. Because of the impossibility of calculating
these frequencies when N is as large as the number of molecules in a macroscopic
crystal, Debye assumed that the natural frequencies of the atoms of a crystal would
be the same as the frequencies of the possible stationary waves in a crystal if the
crystal were a continuous elastic solid. This is a standard problem in the theory of
elasticity, and we shall outline its solution without giving details. The procedure
is closely analogous to that described in Section 11-2, except that we are now
dealing with real elastic waves and not with the mathematical waves of wave
mechanics.

As explained in Section 11-2, an elastic string of length L fixed at ‘both ends,
can oscillate in a steady state in any mode for which the wavelength 4 is given by

2L
n b

A

wheren = 1,2,3,...,¢tc. .
The fundamental equation of any sort of wave motion states that the speed of
propagation ¢ equals the product of the frequency v and the wavelength 4:

¢ = i




13-2 THE DEBYE THEORY OF THE SPECIFIC HEAT CAPACITY OF, A SOLID 389

It follows that for any frequency », the number 7 is

2L

n==—yv
e
and "
. _ 4,
n =——2-’V.
c

The theory of elasticity leads to the result that the natural frequencies of
stationary waves in an elastic solid in the form of a cube of side length L are given
by the same equation except that the possible values of n? are

n® = n? + n + nl,

where n,, n,, and n, are positive integers that can have the values 1, 2, 3, . . ., etc.

To find the number of waves in any frequency interval, or the frequency
spectrum, we proceed in the same way as in Section 12-1 and Fig. 12-1. Let the
numbers n,, n,, and n, be laid off on three mutually perpendicular axes. Each
triad of values determines a point in n-space, with corresponding values of n and
of ». Let & represent the total number of possible frequencies, up to and including
that corresponding to some given n. This is equal to the number of points within

an octant of a sphere of radius n, the volume of which is (7/6) n®, and since n =
Q2L[c)»,

B'ut L3 is the volume V of the cube, and it can be shown that regardless of the
shape of the solid we can replace L® with V. Then

_4mV s
3¢

However, three types of elastic waves can propagate in an elastic solid: a
longitudinal or compressional wave (a sound wave) traveling with speed ¢, and
two transverse or shear waves polarized in mutually perpendicular directions and
traveling with a different speed c,. The total number of possible stationary waves
having frequencies up to and including some frequency » is therefore

(13-4)

g =47 V(1 + %)w. (13-5)
3 R

According to the Debye theory Eq. (13-5) can also be interpreted as de-
scribing the number of linear oscillators having frequencies up to and including the
frequency ». Thus, to be consistent with the notation of Section 12-2, ¢ in Eq.
(13-5) should be replaced by A" and

A2 V(1 + —z-)vs.  (13-6)

3 3
3 gy



13-3 BLACKBODY RADIATION

The thermodynamics of blackbody radiation was discussed in Section 8-7 and
we now consider the statistical aspects of the problem. The radiant energy in an
evacuated enclosure whose walls are at a temperature T is a mixture of electro-
magnetic waves of all possible frequencies from zero to infinity, and it was the
search for a theorétical explanation of the observed energy distribution among
these waves that led Planck to the postulates of quantum theory.

To apply the methods of statistics to a batch of radiant energy, we consider
the waves themselves as the “particles” of an assembly. Each wave can be con-
sidered a particle called a photon and the assembly can be described as a photon
gas. Because the photons are indistinguishable and there is no restriction on the
number per energy state, the assembly obeys the Bose-Einstein statistics.

&

1




396 APPLICATIONS OF QUANTUM STATISTICS TO OTHER SYSTEMS 13-3

The problem is very similar to that of a phonon gas discussed in the preceding
section. The number of photons in the enclosure cannot be considered an inde-
pendent variable and the B-E distribution function reduces to the simpler form,

A%,
exp (h[kT) — 1"
There is, however, a difference in the expression for the degeneracy AY,.
As we showed in the preceding section, the degeneracy of a macrolevel, in an

assembly of waves (or photons) is equal to the possible number A%, of stationary
waves in the frequency interval from » to » + Av. Let us return to Eq. (13-5),

AN, =

where & is the number of stationary waves with frequencies up to and including ».
Electromagnetic waves are purely transverse and there can be two sets of waves,
polarized in mutually perpendicular planes and both traveling with the speed of
light ¢. Also, since empty space has no structure, there is no upper limit to the
maximum possible frequency. Then interpreting ¢ as the total number of possible
energy states of all frequencies up to and including », we have

87TV 3

= — =
3¢
The degeneracy A%, is therefore

A9, = &Ta—vvav,
c

and the number of waves (or photons) having frequencies between » and » + Av
is
8wV v?

AN, = Ay
¢ exp(h/kT) — 1

(13-20)

The energy of each wave is hv, and after dividing by the volume ¥, we have
for the energy per unit volume, in the frequency range from » to » + Av, or the
spectral energy density Auy,

3
A, = 20 4 Av. (13-21)
¢® exp (h/kT) — 1

This equation has the same form as the experimental law (Planck’s law) given in

Section 8-7, and we now see that the experimental constants ¢, and ¢, in Eq.
(8-50) are related to the fundamental constants k, ¢, and k, by the equations

_8mh h

cl_ 3 H c2=

(13-22)

c k'

3




13-3 BLACKBODY RADIATION 397

When numerical values of 4, ¢, and k are inserted in these equations, the cal-
culated values of ¢; and ¢, agree exactly with their experimental values, within the
limits of experimental error.

At a given temperature T, and at high frequencies for which Av 3> kT, the
exponential term is large; we can neglect the 1; and

8mh

Au, ~ —v* exp (—hv[kT) Av. (13-23)
c

An equation of this form had been derived by Wien* before the advent of quantum

theory and it is known as Wien’s law. It is in good agreement with experiment at

high frequencies but in very poor agreement at low frequencies.

However, at low frequencies for which hv < kT, [exp (hv/kT) — 1] is very
nearly equal to hv/kT and

Au, ~ S”I:T ¥ Av. (13-24)
[

This equation had been derived by Rayleight and Jeans,} also before the quantum
theory, and had been found to agree with experiment at low, but not at high, fre-
quencies. That it cannot be correct in general can be seen by noting that as the
frequency becomes very high, the predicted energy density approaches infinity.
(This result is sometimes referred to as the ‘““ultraviolet catastrophe.”)

It is interesting to note that Planck’s first approach to the problem was purely
empirical. He looked for an equation having a mathematical form such that it
would reduce to the Wien equation when hv/kT was large, and to the Rayleigh-
Jeans equation when Av/kT was small. He found that Eq. (13-21) had this property,
and his search for a theoretical explanation of the equation led to the development
of quantum theory.

Au, ( c3h?

Figure 13-5 shows graphs of the dimensionless quantity = ) , plotted

8wk3T?
as a function of the dimensionless quantity Av/kT. The solid curve is a graph of
Planck’s law, and the dotted curves are, respectively, graphs of the Rayleigh-

Jeans law, applicable when hv « kT, and of Wien’s law, applicable when

hy > kT.

The total energy density u,, including all frequencies, can now be found by
summing Au, over all values of » from zero to infinity, since there is no limit to the
maximum value of ». Replacing the sum with an integral, we have

81'th:° »?
u, = . dv;
¢t b exp (hv[kT) — 1

* Wilhelm Wien, German physicist (1864-1928).
t John W. Strutt, Lord Rayleigh, English physicist (1842-1919).
1 Sir James H. Jeans, English mathematician (1877-1946).

13
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Fig. 13-5 Graphs of Planck’s law, Wien’s law, and the
Rayleigh-Jeans law.

or, if we define a dimensionless variable x = hv|kT,

uv — 877'k4 T4f°° x3 dx )
cn® o exp(x) — 1

The value of the definite integral is 7%/15, so

__8_7ikiT4=

= oT?,
15¢3h®

uV
where
- 87°k*
15¢%h°

13-3

(13-25)

(13-26)

Equation'(l3—25) is the same as Stefan’s law (Eq. (8-54)); and when the values of
k, c, and h are inserted in Eq. (13-26), the calculated and experimental values of o

agree exactly, within the limits of experimental error.

Thus quantum theory and the methods of statistics provide a theoretical basis
for the form of Planck’s law, and relate the eXperimental constants ¢,, ¢y, and ¢
to the fundamental constants 4, ¢, and k. Expressions for the internal energy, the
entropy, and the Helmholtz and Gibbs functions of blackbody radiant energy were
derived by the principles of thermodynamics in Section 8-7 and need not be
repeated here. It will be recalled that the Gibbs function G = 0, which might also
have been taken as a justification for setting u = 0 in the B-E distribution function.

"
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Radiative properties of non-black materials
Consider a radiation flux F, incident on one side of a horizontally homogeneous slab of

some material (like a stratus cloud, or the ozone layer, or a snowpack). What can happen
to that radiation we will classify into three categories: reflected, absorbed, transmitted.

Fo (WW‘J) rwaident
Fr(reﬂ(ec\‘éow e
A N/

] Fa alsocbed
J

F; AantuncHe 4

In steady state, these rates F,, F,, F,, and F; are constant in time, and

F, = F, + F, + F; (conservation of energy).

Define ratios:

transmittance (transmissivity) t=F,/F,

reflectance (reflectivity, albedo) r=F,/F,

absorptance (absorptivity) a=F,/F,

so F, =rF, + aF, + tF,,

andr+a+t=1.

These ratios vary with wavelength. They are all fractions between 0 and 1.
For an opaque surface: t=0;, r+a=1

For a blackbody: a=1; r=t=0

35



Emission from non-black materials
Let I be the emission rate from an object (which may be non-black) at wavelength A at
temperature 7.

Let a(4) be the absorptance of the object.
Let B, be the emission rate from a blackbody at the same temperature at wavelength A.

Define emittance (emissivity): e§=0NL/By

Kirchhoff's law: &, = ay,

Kirchhoff's law is derived under conditions of thermal equilibrium, but it is more
generally valid in a collision-dominated system; i.e. in which the rate of collisional

excitation is much greater than the rate of absorption of photons.

So I =ay By. Since a) <l, an object in thermal equilibrium cannot emit more than a
blackbody.

For a blackbody,a=¢e=1.

For an opaque surface: ayt+tn=1,
so g t+tn=1

36



Proof (by thermodynamics)
(a) For the case a; independent of A ("grey").

Consider two infinite parallel opaque walls facing each other. Start them both at
temperature T, then disconnect them so that they are not in thermal contact. Let Wall 1
be a blackbody. Wall 2 is not black; it has absorptance a, < 1; its emissivity & is
unknown. To find & we consider the energy budget of Wall 2:

Flux emitted by Wall 1: F =oT*

Flux absorbed by Wall 2 = (absorptance) x (incident flux)
= O'T4
Flux emitted by Wall 2 =g, oT.

Heating rate of Wall 2 (W m™) = gain - loss
= flux absorbed - flux emitted
=az GT4 -& CT4
= (az - 82) O'T4.

If the heating rate is not zero then the wall is changing temperature; e.g. if €,<a; then
Wall 2 heats while Wall 1 cools, in violation of the second law of thermodynamics.
Therefore the heating rate is zero:

0= (a2-€&) 0'T4, and a; = &,.

v U7 7 7 7 7 7] wal

| a, =1 € =|
T+ |

T\_[////'///jwmz

a, <|
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(b) Proof for a varying with A, to show that €,=a;, at each wavelength.

Wall 1 is still black; Wall 2 is black at all wavelengths except a narrow wavelength range
at A;. Call all the remaining wavelengths A,. Emission from Wall 2 looks like this:

Ay
- [

i A

N N —
So a(A,) = €(Ao) = 1. We now must find g(A,). ®
Emitted by Wall 1: Fy=nl;; I, = B(4)+ [B(4)dA,.

Emitted by Wall 2: I, = £(4)B(4)+ jB(ﬂO)dﬂO.

Energy budget of Wall 2: absorbed = emitted
7| a(A)B() + [B(YdA, |1 = 7] e(A)B() + [BlA)dA, |

So a(A;) = €(A)), or ay=¢,.

Now we can see why a cavity emits as a blackbody. Suppose the walls are half-black:
a=0.5, r=0.5, €e=0.5. Then each wall emits half of the Planck function but also reflects
half, so the total radiation emerging from the surface is the Planck function.

Notes:
1. In general a depends on angle, so Kirchhoff's law must be qualified:

a(A, 0, o) =€(A, 6, 0). For opaque surfaces, a = 1-r,s0 €A, 0, ¢) =1 -1(A, 6, ¢).

2. The validity of Kirchhoff's law does not depend on thermal equilibrium but rather
only on "local thermodynamic equilibrium (LTE), the condition that the collisional
lifetime of an energy level is much less than the radiational lifetime. This ensures that
the populations of states is in accord with the Boltzmann distribution and is required for
the temperature to be defined.

Reference: E.A. Milne, 1930, Thermodynamics of the Stars, pp. 79-82. Reprinted by
Menzel, 1966, Selected Papers on the Transfer of Radiation (pub. Dover).
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Radiative lifetimes ©, = 4;,
for vibrational transitions:
H;0 6.3-um 1~0.1 sec.
CO; 15-um  7~0.4 sec.
0O; 9.6-um  1~0.1 sec.

Collisional lifetimes 7, = c;,

at T=0°C, p=1 bar:

For vibrational transitions 107 - 107 sec.
For rotational transitions 7. < 107 sec.

But 7 is proportional to 1/p, so whereas 1:r~104 1. at sea level, T1~1. at p~104 bar (z="70
km).

LTE breaks down at different altitudes for different gases, and at different altitudes for
different frequencies for the same gas.

Local Thermodynamic Equilibrium (LTE)

In LTE we can assume

(1) Maxwell-Boltzmann velocity distribution

(2) Boltzmann distribution of excited states

(3) Emission = g&,By

"Local" thermodynamic equilibrium means that the temperature may vary with location,
but if it varies slowly with distance then the velocity distribution and the distribution of

excited states is given by the local temperature.

A consequence of LTE is that the emitted radiation spectrum is independent of the
absorbed radiation spectrum.
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Fic. 1. The left and right hand sides of the figure, respectively, show the approach to states of pure radiative and thermal
equilibrium. The solid and dashed lines show the approach from a warm and cold isothermal atmosphere.

from both initially warm and cold isothermal atmos-
pheres. Refer to Section 4a for the amount of solar inso-
lation and the distribution of gaseous absorbers which
are adopted for these computations. Af was 8 hr and the
convergence criterion, 8, was 1073 deg day~L. It takes
about one or two years to satisfy this criterion. At this
time the relative magnitude of the difference between
the net outgoing long wave radiation and the net in-
coming solar radiation is approximately 5X 10~ times
either of these fluxes. The maximum difference in tem-
perature between the two final states when approached
from opposite directions is about 0.2 deg. These figures
indicate that the final states may be regarded as steady
states.?
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ANTARCTICA. Figure 3. Monthly average atmospheric temperature, as a function of altitude
above sea level, obtained from balloon-borne radiosondes launched at South Pole Station in 1992.:
The horizontal dashed line marks the surface elevation, 2835 meters. (Data' and figure provided by
Ash Mahesh and Von Walden, University of Washington.)
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FIG. 3-3 The energy-level pattern for a rotating linear molecule. The degeneracy, or
multiplicity, of each rotational level is indicated by the number of levels that would appear
if an electric field were applied to the rotating molecule.

Energy pattern if
Allo\‘ned 2J + 1 degeneracy
o rotational were removed
€,=BJ(J+1) energies (schematic)

308

208

Energy —>

(a) J

[ , |14
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Fic. 2.6. Relative populations of rotational levels for HCl in the ground vibra-
tional state. The ordinate scale is the function (2J+ 1)exp{—BJ(J + 1)hc/kT?},
(a) for T = 300° K, (b) for T = 1000° K.
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Frc. 2.13. Recording of absorption by CO,. (a) the v, band at 4:3 u (from Plyler, Blaine, and Tidwellt).
t J. Res. natn. Bur. Stand. 55, 183 (1955).
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Fic. 2.13. (b) the v, band at 154 (from Plyler, Denti, Blaine, and Tidwellt). The additional structure in the wings of the P-branches is due to the
. isotope 13C8Q,,

1 Ibid. 64 A, 29 (1960).
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128 ATMOSPHERIC RADIATION
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FiG. 4.1. The multiplication property of band transmission. The upper spectra are for CO,
(broken line) and H,O (solid line) individually. The lower spectrum is for the mixture; the
solid line is observed and the points are obtained by multiplying together the two
transmissions in the upper panel. The absorption path is 88 m, the H,O partial pressure is
5mm Hg, the CO, partial pressure is 4mm Hg, and the total pressure is made up to
140 mm Hg with nitrogen. After Burch et al. (1956).

experimental evidence that bears this out. We shall, therefore, accept the
multiplication property for two different arrays as a fundamental property
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l P C C ZOO -7' lFZ,O q\‘) Technical Summary

Table TS.2. Lifetimes, radiative efficiencies and direct (except for CH,) global warming potentials (GWP) relative to CO,. {Table 2 14}

Global Warming Potential for

Industrial Designation Radiative ___ GivenTimeHorizon
or Common Name Lifetime Efficiency SAR#

(years) Chemical Formula WEELD)) (W m—2 ppb-1) (100-yr) 20-yr 100-yr 500-yr
Carbon dioxide CO, See below? b1.4x10-5 1 1 1 1
Methanec¢ CH, 12c 3.7x10 21 72 25 7.6
Nitrous oxide N,O 114 3.03x10-3 310 289 298 153
Substances controlled by the Montreal Protocol

CFC-11 CCl5F 45 0.25 3,800 6,730 4,750 1,620
CFC-12 CClsF, 100 0.32 8,100 11,000 10,900 5,200
CFC-13 CCIFg 640 0.25 10,800 14,400 16,400
CFC-113 CCI,FCCIF, 85 0.3 4,800 6,540 6,130 2,700
CFC-114 CCIF,CCIF, 300 0.31 8,040 10,000 8,730
CFC-115 CCIF,CF; 1,700 0.18 5,310 7,370 9,990
Halon-1301 CBrF, 65 0.32 5,400 8,480 7,140 2,760
Halon-1211 CBrCIF, 16 0.3 4,750 1,890 575
Halon-2402 CBrF,CBrF, 20 0.33 3,680 1,640 503
Carbon tetrachloride CCl, 26 0.13 1,400 2,700 1,400 435
Methyl bromide CHgBr 0.7 0.01 17 5 1
Methyl chloroform CH3CCly 5 0.06 506 146 45
HCFC-22 CHCIF, 12 0.2 1,500 5,160 1,810 549
HCFC-123 CHCI,CF4 1.3 0.14 90 273 77 24
HCFC-124 CHCIFCF4 5.8 0.22 470 2,070 609 185
HCFC-141b CH3CCLF 9.3 0.14 2,250 725 220
HCFC-142b CH;CCIF, ) 17.9 0.2 : 1,800 5,490 2,310 705
HCFC-225ca CHCI,CF,CF, 1.9 0.2 429 122 37
HCFC-225cb CHCIFCF,CCIF, 5.8 0.32 2,030 595 181
Hydrofluorocarbons

HFC-23 CHF3 270 0.19 11,700 12,000 14,800 12,200
HFC-32 CH,F, ‘ 49 0.1 650 2,330 675 205
HFC-125 CHF,CF3 29 0.23 2,800 6,350 3,500 1,100
HFC-134a CH,FCF; .14 0.16 1,300 3,830 1,430 435
HFC-143a CH4CF3 52 0.13 3,800 5,890 4,470 1,590
HFC-152a CH3CHF, 14 0.09 140 437 124 38
HFC-227ea CF3;CHFCF3. 34.2 0.26 2,900 5,310 3,220 1,040
HFC-236fa CF;CH,CF4 240 0.28 6,300 8,100 9,810 7,660
HFC-245fa CHF,CH,CF5 7.6 0.28 3,380 1030 314
HFC-365mfc CH4CF,CH,CF3 86 0.21 2,520 794 241
HFC-43-10mee CF;CHFCHFCF,CF, 15.9 0.4 1,300 4,140 1,640 500
Perfluorinated compounds

Sulphur hexafluoride SFg 3,200 0.52 23,900 16,300 22,800 32,600
Nitrogen trifluoride NF5 740 0.21 12,300 17,200 20,700
PFC-14 CF, 50,000 0.10 6,500 5,210 7,390 11,200
PFC-116 C.Fg 10,000 0.26 9,200 8,630 12,200 18,200

33
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236 ATMOSPHERIC RADIATION
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FG. 67 Heating. rates for ozone (975-1175cm™'). The solid line is the result of a
line-by-line calculation. The dotted line uses the c-k method. After Lacis and Oinas (1986).
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FiG. 6.8. Heating rates for carbon dioxide (500-1000 cm™"). The solid line is the result of
a line-by-line calculation. The dotted line uses the c-k method. Only one data point is used

above 60 km. After Lacis and Oinas (1986).
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