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Fig. 8.1. Threq kinds of atomic and I’nolecular transitions that can occur upon
absorption of a quantum of energy. The arrow lengths are[proportional to the
energy of vibration and rotation.
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F1G. 3.9. Normal vibrations of a triatomic molecule. {a) H,O is an example of a nonlinear :

triatomic molecule. (b) CO; is an example of 2 linear triatomic molecule. After Herzberg
(1945).
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FiG. 3.3. Synthetic spectrum of N.O near 7.78 um. Spectral range: 1245-1325 em™'.

Altitude of observation: 15 km. Zenith angle of observation: 30°. Terrestrial concentration
x1.

Figure 3.2a and Fig. 3.2b are both centered on a region in the wing
of the strong 3.31 um band of methane. Figure 3.2a shows eight groups
of lines (manifolds) while Fig. 3.2b shows details of one manifold. At the
high dispersion of spectrum (b), each line is seen to have a finite width.

Figure 3.3 shows the central region of the strongest band of nitrous
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Fic. 3.4. Synthetic spectrum of CO near 4.67 pm. Spectral range: 2102-2182cm ™"

Altitude of observation: 10 km. Zenith angle of observation: 30°. Terrestrial concentration
X1,
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FIG. 3.2. Synthetic spectrum of CH, near 3.44 um. Spectral range: (a) 2874-2946 cm

69

(b) 2904-2908cm™'. Levei of observation: 10km. Zenith angle of observation: 30°

Terrestrial concentration X 1.

Each has been constructed by a computer for a single atmospheric
constituent. The absorption path reaches from outside the atmosphere
down to the level of observation at the given zenith angle of observation.
Terrestrial gas concentrations are employed or a given muitiple of them,

if this makes for a clearer illustration.
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Fic. 3.5. Synthetic spectrum of CO, near 12.64 um. Spectral range: 786-796cm ™.

Altitude of observation: 15 km. Zenith angle of observation: 30°. Terrestrial concentration
x10.

oxide. The two very regular groups of lines are the P- and R-branches (to
the left and the right, respectively) and they are separated by a gap
caused by a missing line at the center of the band. A second, weaker
band is superimposed (an upper state band) with a slightly different band
center. Mixed in here, and also in most of the other spectra shown in this

T T YT Y
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FIG. 3.6. Synthetic spectrum of H,O near 14.9 um. Spectral - range: 630-710cm™".

Altitude of observation: 0 km. Zenith angle of observation: 30°. Terrestrial concentration
x0.03.
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Fig. 3.7. Synthetic spectrum of O, near 9.61 um. Spectral range: 1039-1041 cm™",
Altitude of observation: 30 km. Zenith angle of observation: 30°, Terrestrial concentration
% 1. Unlike most of the other synthetic spectra shown in this chapter, individual rotation

lines are not resolved.

chapter, are weaker isotopic lines. In this spectrum, a few of the weak
lines are from “N*N'O.

Carbon monoxide, like nitrous oxide, is a linear molecule and the
center of the 4.67 um band shows a simple band structure (Fig. 3.4)
similar to that in Fig. 3.3. The lines are more widely spaced than for
nitrous oxide because the carbon monoxide molecuie has a smaller
moment of inertia. Again there is a gap in the band center (characteristic
of a parallel band); a weak band of *C'®O is superimposed.

A high-resolution spectrum of a perpendicular band of a linear
molecule is shown in Fig. 3.5. This is a weak band on the wing of the
15 um band of carbon dioxide. It is the result of a transition involving
two . vibrational levels in close resonance (Fermi resonance), a Ccir-
cumstance that can greatly complicate the interpretation of a molecular
spectrum. The P- and R-branches of this band are represented by the
five, widely spaced, isolated lines. The gap between the bands is now
filled with a partially resolved Q-branch near 790cm~'. Some weak
isotopic lines of *02C'70 and **0"*C'®0 are also present.

Figures 3.3, 3.4, and 3.5 illustrate arrays of lines containing some
obvious order, but a glance at most regions of the atmospheric spectrum
is more suggestive of a completely disordered situation. Figure 3.6 shows
a region in the wing of the water vapor rotation band (this region is
usually dominated by a very strong carbon dioxide band but the
computer permits us to isolate species). The spectrum appears to be
completely disordered, both as regards line positions and line intensities.
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FiGg. 5.8. Binary absorption coefficients for water—water collisions in the 1000¢m™'
window. n_ is Loschmidt’s number. After Burch and Gryvnak (1980).

of some field investigators, based on studies of the correlation between
atmospheric absorption and water vapor pressure. The term e-fype
absorption (from the meteorological symbol for water vapor pressure) is

often used to describe the self-broadening nature of this phenomenon.

The increase of absorption with decreasing temperature shown in
Fig. 5.8 has been cited as a reason to favor dimer theories of the
continuum, but this temperature variation is also consistent with far wing
line shapes, given appropriate interaction potentials.

Figure 5.9 shows binary absorption coefficients in the 2600 cm™*

nek, 20 M2%073 /) 1024 ¢ 2

Fig. 5.9.
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FiG. 3.1. Low-resolution absorption spectrum of the atmosphere. The top six panels are
the absorption spectra of important atmospheric species. The bottom panel is a simuiated

.absorption spectrum of the atmosphere. After Valley (1965).

be treated in this chapter since they are more complex theoretically but
easier to handle empirically than the bands shown in Fig. 3.1. Data for
electronic bands that are suitable for empirical calculations are discussed
in Chapter 5.

The absorptions shown in Fig. 3.1 take the form of discrete bands of
differing widths. Apart from the rotation band of water vapor, stretching
from 16 um to the microwave spectrum, all involve a change in the
vibrational energy of the moiecule. The differing widths of the bands are
the result of simultaneous changes in the rotational energy, and the
features are referred to as vibration—rotation bands.

The structures of selected vibration—rotation bands at much higher
spectral resolution are illustrated by Figs. 3.2, 3.3, 3.4, 3.5, 3.6, and 3.7.
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molecules in the (v, J) level is the product of the fractions in the v level
and the J level separately. From (2.45), (3.16), and (3.24)

Fav = HTU)=QF‘SXP(_E:;V), (3.26)
where
oo fi-en ) o

is the vibrational partition function, and

—Bhe(J + 1)], 25

FR k- %IzQ,"(?J+1).exp[ =

where Q. is the rotational partition function. Under normal atmospheric
conditions, Bhe/k8 << 1 and J

O, =k6/hcB. (3.29)

Equations (3.16) and (3.18) are plotted as continuous functions of v
or J in Figs. 3.13 and 3.14, and Table 3.2 gives populations of certain
lowest excited vibrational states at two temperatures. The iodine mole-
cule, illustrated in Fig. 3.13, has an unusually low vibrational frequency.

" 1

s \
600 800 1000 1200 E(cm-h)

0 200 400

Fi6. 3.13. Thermal distribution of vibrational levels. The data correspond to the iodine
molecule, with v, =213.2cm™", and for a temperature of 300 K. After Herzberg (1950).
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Cls 556.
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Source: After Herzbc
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20

RELATIVE STATE POPULATION
=)

ROTATIONAL QUANTUM NUMBER

F1G. 3.14. Thermal distribution of rotational levels. The nuclear weights are assumed to be
the same for all /. B =0.418cm™" (nitrous oxide) and the temperarture is 300 K.

For most molecules at atmospheric temperatures, the population of the
first vibrational level is very small and varies rapidly with temperature.
The rotational states have a maximum population for a J value

approximately equal to

12
S = () -1

heB

(3.30)

We have not considered nuclear spins up to this point. They

Table 3.2. Ratio of the populations of the lowest two
vibrational states for some molecules at 300 K and 1000 K

exp(—hv,/k6)

¥y

Gas (em™) 0K 1000 K

H, 4160.2 2.16 x 107* 2.51% 1073
HCI 2885.9 9.77x 1077 1.57 x 1072
N, 2330.7 1.40 x 10~° 3.50 x 1072
Cco 2143.2 3.43x107° 4.58x 1072
0. 1556.4 5.74%x 107 1.07x 107!
Cl 556.9 6.92x 107 4.49x 107"
L 213.2 3.60% 107" 7.63 % 107"

Source: After Herzberg (1950).
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