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INFRARED AIRGLOW
R.D. Sharma

Infrared radiance observed by a detector looking at the Table 13-1. OH Vibrational Transition Band Origins [L.S. Rothman

earth's undisturbed atmosphere is called infrared airglow. et al., 1983]

This radiation may arise from rotational transitions, as is the = I a v 2 A v 3
case for radiation from water vapor around 17 um, or from
electronic transitions, for example, the O2 (a1Ag -> X3Eg ) v' (cm-') (tLm) (cm-') (min) (cm-') (Glm)
transition causing the airglow at 1.27 um (0-0 band) and 1 3570 2.80

1 3570 2.80
at 1.58 um (0-1 band). However, the most common sources 2 3404 2.94 6974 1.43
of infrared airglow are the vibrational-rotational (V-R) 3 340 3.09 6644 150 10214 0.98
transitions within the ground electronic state. This class of 30 3. 6 1.5 2 0
transitions includes emission from OH, CO2, O3, NO, and 5 2915 3.43 5993 1.67 9233 1.08

5 2915 3.43 5993 1.67 9233 1.08
H2O. Figure 13-1 gives the energy level diagram of CO2 6 2752 3.63 5667 1.76 8745 1.14
and points out the more commonly encountered transitions 2585 387 5337 187 8252 1.21
Table 13-1 gives the band origins and Table 13-2 the Ein- 25 . 5 . 7 52 1.2
stein A coefficients for some OH V-R bands. For addi-8 2415 4.14 5000 200 7752 1.29
tional information on the energy levels and the radiative
lifetimes of the infrared active species see Chapter 12. The
extent of the wavelength range covered by the term infrared tral region from 1.2 to 17 um. This rather arbitrar-
is not well defined. We will limit this discussion to the spec- ily restricted wavelength range leaves out several important

airglow emissions, including the 63 um emission from ox-
x103cml ygen atoms [Offermann and Grossmann, 1978]. This latter

7-
7?~ ~ ~ ~ ~ ~ ~~ ~302 process together with the 5.3 um (1 --> 0) emission from

30012 NO and the 15 um radiation from the bending mode of CO2:30013
6 30014 are the important processes in the cooling of the thermo-

.6,M sphere [Craig and Gille, 1969; Kockarts, 1980; Gordiets et

_2002 .al., 1983; Zachor, Sharma, Nadile and Stair, 1981].
//.20013 Infrared airglow has been the subject of a number of

4 - //studies [Stair et al., 1981; Gordiets et al., 1978; Ogawa,
/ 02211 .1 1976]. It is a quickly changing field because of the rapidly

2- 7 - 2/.9 /~L M~ :18812 improving measurement and analysis technology and it is

3~20°~0°~02~ / 01111not surprising, therefore, that the information in the liter-
-~~20003 / 00011 lature is a few years behind that available to workers in the

2 - 2.7 .Z3I field. For this reason, the emphasis in this chapter has been

<88S 02201 4.26yM 2.7HMI2O0M placed upon results obtained at AFGL.
I 39,,M~ a 2 I 01l

.-po, ,o.!IM
0 _ _ 13.1 SOURCES OF THE

V, I z2 3 / 2 V2> 3 ~23 INFRARED AIRGLOW

Figure 13-1. The energy levels of carbon dioxide. The lowest levels of
bending mode and asymmetric stretch, which lead to tran- 13.1.1 Resonant Scattering of the Earthshine
sitions at 15.0 and 4.26 um, are shown. Also shown are
the upper and lower levels for some of the important tran-
sitions observed in the infrared airglow of the earth's at- Radiation upwelling through the atmosphere from the
mosphere. The notation in the figure is the same as in AFGL surface of the earth is called earthshine Although the av-
line tape [Rothman and Young, 1981 ]. (Reprinted with per-
mission from Pergamon Press Ltd. © 1981.) erage temperature of the earth's surface is 296 K, the tem-
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CHAPTER 13

Table 13-2. Thermally-averaged OH (X2 Trj) vibrational Einstein coefficients Avv. (s-1) for 200 K [Mies, 1974] (Reprinted with permission from Academic
Press © 1974)

V"= 0 1 2 3 4 5 6 7 8 9

V' = I 20.15
2 14.07 25.24
3 0.92 39.93 20.90
4 0.079 4.29 72.61 12.25
5 0.050 0.392 10.62 108.4 4.47
6 0.053 1.274 20.99 141.5 2.347
7 0.183 2.907 37.32 163.4 9.142
8 0.030 0.569 5.67 60.84 166.8 25.84
9 0.130 1.189 10.81 90.28 146.6 50.65

perature of the earthshine depends upon altitude and wave- A process capable of producing large amounts of in-
length. For example in the 12-13 um region, where the frared airglow radiation is the electronic excitation of mol-
absorption due to the earth's atmosphere is minimal, the ecules by sunshine followed by emission of a longer wave-
upwelling radiation can be described by 296 K blackbody length photon. The molecule is thus left in an excited
radiation independent of altitude. On the other hand, radia- vibrational state, the final vibrational level being determined
tion in the 15 um region up to the lower mesosphere (about by the Franck-Condon integrals. Several quanta of infrared
70 km altitude) can be described as radiation from a black- photons may be emitted before the molecule relaxes to the
body with temperature given by the local translational tem- ground state. This process, however, has not been identified
perature. At higher altitudes, because of the lack of sufficient as the source of any airglow from the quiescent atmosphere.
collisions, the upwelling 15 um radiation can be described
by about 200 K blackbody temperature.

Whatever the variations in the temperature of the ear- 13.1.3 Photodissociation
thshine, it is clear that this radiation has appreciable intensity
only at longer wavelengths (X > 5 um). It can, therefore, Dissociation of molecular species by solar radiation con-
excite only the lower vibrational levels of the infrared active tributes to the airglow by producing fragments in excited
molecules. The excited molecules can reradiate isotropically states. An example is the airglow of O2 (a1Ag ---> X3 Eg -) at
without change of frequency causing infrared airglow. Res- 1.27 um (0-0 transition) and at 1.58 um (0-1 transition).
onant scattering of earthshine by the v 3 mode of ozone is The O2(a1Ag) state is mainly produced by the photodisso-
an important contributor to the airglow at 9.6 um. The 15 ciation of 03 by solar ultraviolet radiation around 255 nm.
um radiation from the bending mode of carbon dioxide also Photodissociation of molecular species can also modify
contains an important contribution from the earthshine. the infrared airglow due to reduced density of the photo-

dissociating molecules and/or increased density of the prod-
uct species. Photodissociation of 03 also leads to reduced

13.1.2 Scattering of Sunshine daytime airglow of OH not only because of the reduced
production of OH by the reaction H + 03 -> OH + O2

In contrast to the earthshine which populates only the but also due to the more rapid OH + O -- 02 + H de-
lowest lying vibrational levels, solar radiation (- 6000 K pletion reaction. The latter reaction becomes faster because
blackbody temperature) plays an important role in exciting of the enhanced oxygen atom concentrations produced by
higher vibrational levels corresponding to X -- 5 um. The photodissociation of 03. The net result is that daytime OH
vibrational levels thus produced can lose their energy by emissions around 1.5 um (Av = 2) and around 3.0 um
optical transitions to the ground state (resonant scattering) (Av = 1) are much weaker than their nighttime intensities.
or by radiation to other lower excited vibrational levels
(nonresonant scattering or fluorescence). The effect of sun-
shine is shown in the dramatic increase in the airglow near 13.1.4 Chemical Reactions
4.3 um during the day due to scattering by the v 3 mode of
CO2 [James and Kumer, 1973]. Scattered solar radiation, Creation of molecular species in the excited state by
resonant and nonresonant, also contributes to the CO2 air- chemical reactions and their subsequent decay contributes
glow at 2.7 um, the important absorption bands being lo- to airglow. The airglow produced by this mechanism is also
cated near 2.7 um [Kumer, 1981], 2.0, and 1.6 um [Sharma called chemiluminescence. A well-known example of this
et al., 1981]. process is the OH radiation around 1.5 and 3.0 um and at
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INFRARED AIRGLOW

shorter wavelengths, even visible regions, OH being pro- because of the very small cross sections involved. In ad-
duced by the chemical reaction dition, there is Rayleigh scattering of solar radiation im-

~H + 03 -~OH* +°~2, portant only below about 40 km altitude.H - 03 ---* OH* - 02,

the asterisk denoting the vibrational excitation. Another ex- 13.2 NON-LOCAL THERMODYNAMIC
ample of this process [Stair et al., 1981, 1985] is the ra- EU LRUDNM

EQUILIBRIUM (NLTE)diation around 9.6 um from the v 3 mode of 03 produced
by the three body recombination reactionby the three body recombination reaction We note again that except for 1.27 um and 1.58 um

0 + 02 + M --- 03 ±+ M . O2 (a lag * X3Ig - ) radiation the infrared airglow from 1.2
to 15 um involves molecular vibrational-rotational transi-
tions. In the lower part of the atmosphere (below about 40

13.1.5 Atomic and Molecular Collisions km altitude) these vibrational transitions can generally be
described by local thermodynamic equilibrium (LTE), that

Collisions of infrared radiating species with other mol- is, vibrational excitation of the molecules can be described
ecules lead to transfer of vibrational energy from one col- by a Boltzmann distribution with a vibrational temperature
lision partner to the other. This transfer is much more ef- equaling the translational temperature. Even at these alti-
ficient if the vibrational frequencies of the transitions involved tudes the O2(a1Ag) electronically excited state population
are not too far apart (near-resonant), that is wT - 1, where cannot be described by a distribution with a temperature
w is the frequency separation between the transitions in- equaling the translational temperature and is much larger
volved and T the time duration of the collision. Because of than predicted on the basis of LTE. The reason for this lies
the near-resonance, N2 transfers its vibrational energy ef- in the metastable nature of the O2(a1Ag) state (its radiative
ficiently to the V3 mode of CO2 [Sharma and Brau, 1969]. lifetime is about 65 min) and small rates of collisional
This energy transfer process plays an important role in the quenching by major atmospheric species [McEwan and Phil-
enhanced nighttime 4.3 um airglow of CO2 around 70 km lips, 1975]. This metastable nature and the fact that colli-
[Kumer et al., 1978]. sions are not a rapid process for depopulating this state,

Another important type of collision producing infrared account for the great abundance of O2(a1Ag) in the strato-
airglow is that in which the relative translational energy of sphere and mesosphere.
atom-molecule or molecule-molecule is converted into vi- At higher altitudes (starting about 70 km) the vibrational
brational excitation of the molecule. These collisions lead population of the radiating species, even those that are not
to establishment of local thermodynamic equilibrium (LTE) metastable and are neither produced by chemical reaction
between various degrees of freedom, the only requirement nor pumped by sunshine or earthshine, becomes different
being that enough of these take place during the effective from what would be predicted on the basis of LTE. Situ-
radiative lifetime of the emitter (taking into account selfab- ations deviating from LTE behavior are called NLTE cases.
sorption). Even when the frequency of collisions is not Sometimes it is useful to introduce the concept of vibrational
sufficient to establish LTE, this type of collision may be an temperature. The concept is based on the fact that near-
important source of vibrational excitation. Examples are resonant vibration-to-vibration transfer processes are much
collisions above 90 km of oxygen atoms with CO2 and NO faster than nonresonant vibration-to-translation processes.
which play a very important role in the airglow at 15 um The time needed for the vibrational energy to be partitioned
and 5.3 um, respectively [Degges, 1971; Zachor et al., according to a Boltzmann distribution in a collision between
1981; Sharma and Nadile, 1981]. identical molecules is usually several orders of magnitude

Another important source of vibrational energy is the shorter than the time needed to establish LTE in gases [Sharma,
collisional excitation of molecules by electronically excited 1969; Taylor, 1974]. The vibrational temperature Tv is de-
atoms. For example, oxygen atoms produced by photodis- fined by the relation
sociation of 03 are created in the excited 1D state with unit
efficiency. These atoms are very efficiently quenched by In (ge n) C2 E
molecular nitrogen. During the quenching process, a frac- \g 1 ne T
tion of the electronic excitation of oxygen atoms is converted
into vibrational energy of N2 [McEwan and Phillips, 1975] where ne and n1 are the excited state and low state number
and can be collisionally transferred to CO2 and emitted as densities, ge and gi are the respective statistical weights,
4.3 um airglow. C2 = 1.4399 K/cm-1 is the second radiation constant and

The processes described in the above sections are the E is the energy difference between the upper and lower
most important but by no means the only sources of infrared states in cm- 1.
radiation from the undisturbed atmosphere. Raman scatter- The concept of vibrational temperature has been used
ing of the solar radiation is a less important source of airglow to calculate [Sharma and Nadile, 1981] the contribution to
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the 15 um radiation by the transition 02201 - 01101 of gains altitude, less and less of the gas is being looked at so
CO2. Only when this contribution is added to that of the that the signal during ascent usually decreases with time
01101 - 00001 transition from all the isotopes is a rea- (except during atmospheric disturbances); during the descent
sonable agreement obtained between the 15 um radiation the reverse is true. However, both in ascent and descent,
observed by the rocket experiment SPIRE in the 70 and 90 the magnitude of the derivative of the signal with altitude
km tangent height and the calculated CO2 radiances [Stair is a measure of the local radiance-provided we are dealing
et al., 1981, 1985]. with an optically thin and steady state one-dimensional at-

The concept of vibrational temperature cannot be used mosphere. Figure 13-2 shows a typical spectral profile of
in all NLTE situations. For example, the vibrational pop-
ulation of OH around 80 km altitude cannot be described ENERGY BUDGET
by a Boltzmann distribution. This concept, however, is used HS4 CVF
where possible because it also gives an idea of the extent SCAN 5

TAL 71.85 sec
of deviation from LTE. TAL 71.85sec

It should be pointed out that while fewer collisions lead ALT 8775 km
I I 1

to NLTE situations, more frequent collisions do not guar- CO20
antee LTE behavior. This is illustrated by the 2.7 um day- _ 3 120 -

time CO2 emission that can still be characterized around 50 col )

km altitude by vibrational temperature about 100 K higher _ NO
than the translational temperature. This emission, in part, L l

_1

is shown to arise from the absorption of sunlight at 1.5 um < - 4 - 60
by very weak 00001 - 3001 (x = 1,2,3) bands (Figure cc
13-1) [Sharma et al., 1981 ]. Although each absorbed photon _
has a rather small probability of being emitted in the 2.7 :
um region, the large number of absorbed photons yields a 0 1
detectable signal. WAVELENGTH (44m

Having stated the differences between LTE and NLTE
situations in some detail. we will focus for the remaindersituations in some detail, we will focus for the remainder Figure 13-2. Plot of radiance vs wavelength from the zenith looking CVF
of this discussion on NLTE airglows, specifically 1-18 um "Energy Budget" rocket at 87.75 km altitude. The signal

emissions originating from altitudes higher than 40 km. The from CO2 at 15 um is at least an order of magnitude larger

LTE situation has been discussed in great detail by other than that from NO at 5.3 um or ozone at 9.6 um.LTE sitation had been discussed in great detail by other
workers [see, for example, Clough et al., 1981].

zenith emission from the NO vibrational-rotational (V-R)
13.3 METHODS OF MEASUREMENT fundamental transition (Av = 1) at 5.3 um, the 001 --> 000

V-R band of 03 at 9.6 um, and the 01101 ---> 00001 band
Infrared airglow has been studied with rockets [Stair et of CO2 at 15 um obtained by a rocket launched from An-

al., 1974; Nadile et al., 1977; Stair et al., 1981; Markov, doya, Norway during the Energy Budget Campaign [Ulwick
1969; Offermann and Grossmann, 1978] and satellites [Mar- et al., 1983]. This rocket was launched in November 1980
kov et al., 1976]. In this chapter the primary emphasis will at 0314 UT. Since the solar shadow height was 400 km
be, for reasons cited earlier, on the work at AFGL. Many above the launch site, the experiment was essentially con-
of the AFGL rockets were launched from Poker Flats, Alaska ducted in a night atmosphere.
[Stair et al., 19751. The rocket payloads contained either Another approach useful for viewing weak infrared at-
limb-viewing or zenith-viewing light collecting and analyz- mospheric emissions is to add a telescope to the optical
ing instruments. In these experiments the instrument pack- system and observe the infrared radiation from the earth-
age included a protective cover that was opened at a spec- limb. The telescope with a small fraction of degree full
ified altitude during the free ballistic flight phase. The altitude viewing angle (usually about 1/4 degree) and excellent off-
for cover opening, determined by the requirement that the axis rejection keeps the footprint of the LOS a few kilo-
infrared emission due to shock heating by the rocket be meters wide. The limb-looking SPIRE (SPectral Infrared
sufficiently small, was 50 km or higher. Rocket Experiment) has obtained very useful results yield-

The simplest infrared sounding rockets measure the in- ing many new insights into the infrared airglow [Nadile et
frared radiance reaching the payload from the atmosphere al., 1977; Stair et al., 1981]. In the SPIRE experiment with
above it. If the payload is not provided with an attitude the rocket in the exosphere, the earthlimb was scanned ver-
control system, the rocket usually cones around an axis that tically through a telescoped circularly variable filter (CVF)
makes a small angle with the vertical direction. When mea- spectrometer. The resolution of the instrument was 3% to
suring the infrared fluorescence, care is taken that the sun 4% depending on the wavelength. The tangent height (the
is never directly in the line-of-sight (LOS). As the rocket distance of closest approach to the earth's surface) is varied
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INFRARED AIRGLOW

and limb experiments. Two important ones are the amount
aSPATIAL 4 > <of the gas sampled and the altitude dependence of the vol-

Sw oSCAN il ume probed. In the zenith looking experiment, the length
b~ D ~ NUMBER L 2 10of the LOS between any 1 km altitude interval is sec 0 km,

¢ \\--\ x) j ~ 9 where 0 is the zenith angle of the LOS as long as 0 - 75°

so that the curvature of the earth is not important. The total
X1> 2 TO SUN volume of the gas sampled is relatively small. Moreover,

the zenith experiment weights equal increments of altitude
USER < SPIRE CANADA in the LOS equally. Such is not the case in a limb experi-

ment. For example, a detector positioned at an altitude of
X ~~~~ALASKA ~285 km looking at 100 km tangent height gathers photons

from a path length in excess of 3000 km. Further, for density
decreasing monotonically with altitude the volume of the
gas sampled drops sharply as we move away from the tan-
gent height. The length of the gas column with altitude
between 100 and 101 km is about 227 km. The length of

Figure 13-3. Geographical location of projection on earth's surface of
tangent heights for various SPIRE scans. Tangent height the path sampled with each km increase in altitude decreases
increases going outwards from the center of figure. Farthest in proportion to [nn - X(n - 1)] where n and (n - 1)
tangent point is 1500 km away from launch site. are the upper and lower altitudes in km measured from the

tangent height. In the example cited above, the length of
the LOS between 110 and 111 km is 0.154 times that be-

by changing the telescope zenith angle. As the tangent height tween 100 and 101 km. Thus, equal increments of altitude
is varied, the location of the LOS and the tangent point in the LOS are not equally weighted in the limb experiment
(point closest to the earth's surface) also change (Figure and the radiation from tangent height usually predominates.
13-3). One result of this spatial scanning is the ability to The above remarks are valid only for an optically thin gas.The above remarks are valid only for an optically thin gas.
obtain a day, twilight or night LOS (Figure 13-4). This is A further characteristic of the limb experiment is thats . ~~~~~~~~~~~~A further characteristic of the limb experiment is that
in contrast to the zenith-looking rocket where in ascent orin contrast to the zenith-looking rocket where in ascent or because the volume of the gas sampled is so large, the local
descent the region sampled is less than 100 km over the variations in the atmospheric structure are averaged out. Onvariations in the atmospheric structure are averaged out. Onsurface of the earth. While the possibility of investigating the other hand, the large column sampled also permits the
day-night variations in a zenith-looking experiment is rather limb experiment to see some emissions missed by the zenithlimb experiment to see some emissions missed by the zenith
limited, it does offer the possibilities of determining the experiment when performed at the same sensitivity. Forexperiment when performed at the same sensitivity. Formorphology on a small scale.: : ~~~~~~~~~~~~~~example, Figures 13-5 and 13--6 show 15 um radiance from

There are numerous other differences between the zenith example, Figures 13-5 and 13-6 show 15 um radiance fromv2 band of CO2 seen by the SPIRE and Energy Budget
rockets as a function of altitude. It can be seen in Figure
13-5 that between 95 and 110 km tangent height the band

SPIRE SHADOW HEIGHT
8- SPATIAL SCAN NUMBER

240
7

2SNUR00° - 6 1oTO SUN

3 15o -
160 - SUNLIT 3 C02(v2 )

L~~~U4 2 E 15(,.Rm) BAND

I UV Li
80 ~~~~~~~~~HADOW 2109-1 are copeeysni.hgerrdac bv 0 m> HEIGHT;HT

V ISIBL~
40 INATOR - J

et

SCAN NUMBER 5Jo -8 -6 -450 0 o '0J

RADIANCE (VW crT-2 sr1 )

Figure 13-4. Plot showing visible ultraviolet terminators for eight of twelve
SPIRE scans. Ultraviolet shadow height is 23 km higher than Figure 13-5. Integrated radiance observed by SPIRE in the 14-16 um
visible shadow height due to thickness of ozone layer. Scans interval as function of tangent height. Night scan 8 has 30%
9-12 are completely sunlit, higher radiance above 100 km.

13-5



CHAPTER 13

ENERGY BUDGET covered the 1.4 to 16 um region. The telescopes had 1/4°

180 eI [ VI fields of view with high off-axis rejection (point source

01 %CARBON DIOXIDE rejection of 105 at 1° off-axis) and were coaligned to better
Yi 15 MICRON BAND RADIANCE than 0.1° . The payload reached an altitude of 285 km, and

[ % (l~c) ASCENT the earthlimb was spatially scanned from hard earth to local
E DESCENT horizontal at 0.5 deg/s while taking spectra at 2 scans/s.

140 The spectrometers were built at Utah State University and
.. LU~~~~~~~~~~ , the telescopes at the Honeywell Radiation Center. With a

v qh%%~ oa,~ ~1/4 ° field of view, the footprint of the LOS varied from 4
_F,~~ %;+,~~~~~ _ to 8 km, depending upon the tangent height and the payload

I N BAN D I N BAND altitude.
NOISE A.

EQUIVALENT % Before we give the profiles of the emitted band radiance
100 RADIANCE as a function of tangent height (for the limb-looking ex-

%~,; ~ Aperiment) or altitude (for the zenith-looking experiment),

-10 I 1- we would like to discuss airglow in general terms as a
Io- Io-8 I0 6 function of altitude. For this purpose we would like to divide

BAND RADIANCE (W cm -2 sr-1
) the atmosphere above 40 km into several regions. This di-

vision is created to facilitate discussion of the SPIRE data.
Figure 13-6. Integrated band radiance around 15 um observed by zenith- Taking into account the fact that it was an experiment of

looking Energy Budget rocket during ascent and descent as about 5 min duration at dawn, it is quite possible that the
function of altitude.

boundaries of the regions created here may have to be mod-
ified in context of other data bases. Still we believe it is a

radiance stays constant although the CO2 concentration de- useful exercise to point out underlying sources common to
creases in this altitude range by a factor of 30 to 40. Detailed the airglow from different bands.
modeling has shown this phenomenon to be due to oxygen
atoms, which are much more efficient at collisionally pump-
ing the CO2 (01101) level than N2 or 02 [Sharma and Nadile, 13.4.1 Thermosphere (above 100 km)
1981]. The zenith experiment (Figure 13-6) does not give
any hint of this behavior in the measured radiances. This region is characterized by a rapid increase of tem-

Finally, the tangent height in the earthlimb experiment perature with altitude. Important emitters in this region are
can be varied from zero (earth's surface) to 250 km, whereas restricted to NO and CO2. The airglow, at 5.3 and 15 um,
the range of altitudes attainable in the zenith experiment is in this region can be explained primarily in terms of oxygen
more limited. The two types of experiments emphasize di- atom collisions with the emitters. The oxygen atom con-
ferent aspects of infrared airglow and each have their own centration in this region shows no diurnal variation. The
advantages and disadvantages. result is that infrared radiation from the excited states pro-

duced during the collision of the radiating species with the

13.4 RESULTS AND DISCUSSION
I I I -

E TANGENT HEIGHT E
In this section we introduce the prominent features of 124 km

the measured airglow and compare them with model cal- ,, NIGHT 004

culations. Because of the nature and scope of this chapter, '
we omit the details of the calculations and approach the 0 NO(I1-0) C02Iu 2 E

subject as an introduction to infrared airglow from the un- 2 - 0.02
:t 0,2 -0,02 Z.%

disturbed atmosphere. Where possible, the published work ,
is referenced; however, a great deal of work is available so 0, · ~~~~~~~~~~~~~~~~~~Z :~
far only in the form of non-refereed reports and unpublished < <
work. < A << ~~~~~~~~~~~~~~~0 4C'

We will use SPIRE to illustrate the broad features of C 4 6 9 13 17 M

the data. SPIRE was launched on September 28, 1977 [Na- WAVELENGTH (um)

dile et al., 1977; Stair et al., 1981, 1983]. This payloaddile et at., 1977; Stair et al., 1981, 1983]. This payload Figure 13-7. Nighttime radiance seen by the long wavelength SPIRE
had three coaligned primary sensors: (1) a telescoped two- spectrometer as function of wavelength at 124 km tangent

channel photometer, (2) a cryogenic (77 K) telescoped short height. NO (I - 0) band at 5.3 um and CO 2

wavelength infrared (SWIR) CVF spectrometer, and (3) a (001 - 00001) band at 15 um are the only reproducible
spectra seen. Scale for the NO band is 10 times larger than

cryogenic (10 K) telescoped long wavelength infrared (LWIR) that for CO2 band. (Daytime results were essentially the

CVF spectrometer. The spectrometers were coaligned and same.)
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oxygen atoms shows no diurnal variation. A spectrum ob- i
tained with the SPIRE liquid-helium-cooled spectrometer at E E
124 km tangent height is shown in Figure 13-7. Although E 8 2

this spectrum is obtained at night, the post-dawn results are HEIGHT
essentially the same. Emission from the 1-0 vibrational band E 80 kmH EE 80 km V E
of NO and the 15 um (01101 - 00001) bending mode of U NO(1-0) NIGHT

CO2 are the only two features seen at this altitude. Detailed SCALE x 0.1 C 2 v 2 I
modeling of these emissions indicates that (1) the emissions 0 LU
originate from the NLTE atmosphere with molecular vibra-
tional temperatures lower than the local translational tem-
peratures, (2) the dominant mechanism for vibrational <
pumping is the collisional excitation by oxygen atoms, and 04 6 9 13 17

(3) radiative cooling due to NO emissions is the most im- WAVELENGTH (um)
portant atmospheric cooling mechanism (-500 K/day) at
these altitudes. Figure 13-9. Nighttime signal for long wavelength SPIRE spectrometer

as function of wavelength at tangent height of 80 km. Notice
appearance of 03 (v3) signal. The apparent signal in the 4-6
um region is due to dielectric relaxation response of the

~~13 . 4 . 2 L o w e r T h e r m o s p h e r e ( b e t w e e n 1 0 0 ~d e t e c t o r to th e 1 5 um r a d ia tio n . T h e 5 -6 p i m r e g io n h a s13.4.2 Lower Thermosphere (between10km and 85 kin) 100 been magnified 10-fold to highlight the NO spectral features.km and 85 km)

In this region the oxygen atom concentration begins to
decrease without showing any diurnal variation while the 100 km tangent height at night, the v3 transition of 03 begins
temperature shows little change. In this region infrared air- to appear in the spectrum between 9 and 11 um (Figure
glow is characterized by the effect of the solar radiation and 13-10). At a slightly lower tangent height, this transition
oxygen atoms on the radiating species. In addition to the appears during the dawn observations as well. While the
NO and CO2 bands mentioned above, we see emission from 001-000 transition of ozone is centered around 9.6 um, the
ozone at 9.6 um (v 3 band) and the 4.26 um v 3 band of CO2 profile of the emitted radiation appears, in addition, to con-
(Figures 13-8 and 13-9). Because of the large absorption sist of some hot-band transitions. These transitions are not
coefficient of 00011 - 00001 transition at 4.26 um, this unambiguously identified as yet and are referred to in the
transition is severely self-absorbed. The v3 photons reaching following discussion as the long-wavelength tail of the
the detector most likely originate from the transition between
hot bands and have slightly longer wavelength (around 4.3

um). The diurnal airglow variations also begin to manifest
120themselves in the 9.6 um emission from ozone. At about20

J Hi 03(Yv3 ) INTEGRATED
_ rw*BAND RADIANCE

~E ~ , m 6*x ~,-NIGHT

ill --E TANGENT HEIGHT 80km E. R sZ_ ~~~~~~~~~~SUNLT~-: 8 1|0(3 A 2 a _.. *gixCO~~l DAY .',

8 '~~~~~~~~~~~~~~E
NO(I-0)l Z
SCALE x 0.1 C) 40 -. I -

-4

,5 4 C02(Lv2) I iiO -mLU zLU

0~~~~~~~~~~~~~~~~~~

4: 6 9 7 13 17 0 6 4
WAVELENGTH (rum) 10- 10 10 10-4

RADIANCE (W cm-2 sr-1 )

Figure 13-8. Daytime signal from the long wavelength SPIRE spectrom-
eter as function of wavelength at tangent height of 80 km. Figure 13-10. 9.6 um (v3) ozone (19.20-10.50 um) band radiance as
The 15 um CO2 and 5.3 um NO signals are about the same function of tangent height. Note stronger nighttime radiance
as in Figure 13-9 (nighttime). The 4.3 um CO2 signal is and peak around 80 km. A terminator crossing is evident
enhanced and 9.6 um 03 signal is reduced over nighttime in scan I () where the radiation decreases by an order of
values (Figure 13-9). magnitude from 85 to 90 km.
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03 (v ) SPECTRAL RADIANCE3
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TAN. HT. 84 km E
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SPATIAL SCAN 3
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SPATIAL SC AN 6SPATIAL SCAN 3+ SPATIAL SCAN 4SPATIAL SCAN 6SPATIAL SCAN 6

80 deg SPATIAL SCAN 7
SPATIAL SCAN 8

9 10 -10 ° 10-9 10 -7 10- 6 10- 5 10- 4

WAVELENGTH (um) (W cm 2 Sr-1)

Figure 13-13. Nighttime integrated 4.3 um band radiance observed by
Figure 13-11. 9.6 um (v3) ozone spectrum at 80 km tangent height for short wavelength SPIRE spectrometer. Notice much faster

different solar elevation angles. The signal for wavelengths decrease of the signal above 70 km tangent height than for
longer than 10.2 um shows no diurnal variation. the daytime case.

9.6 um emission. The night and day long wavelength tion. The CO2 4.3 um v3 band daytime radiance seen clearly
tails are essentially the same (Figure 13-11) even though in Figure 13-12 is over ten times more intense during the
the total 03 emission decreases dramatically in the day- day than during the night (Figure 13-13) in agreement with
time. This appears quite reasonable since the day and the earlier theoretical prediction of James and Kumer [1973].
night oxygen atom concentrations at these altitudes are the As pointed out earlier, the daytime 4.3 um signal is due to
same and the vibrationally excited O3 formed by the resonance fluorescence as well as nonresonant fluorescence
O + 02 + M --> 03 + M reaction is the suggested source excited by a shorter wavelength, for example, solar radiation
of the long wavelength v3 photon emission. The peak at 9.6 (2.7 um). Near the top of this layer, the collisions of oxygen
um results mainly from resonant scattering of earthshine by atoms with CO2 and NO also play an important role in 15
the v3 mode of 03 and is a measure of 03 concentration; and 5.3 um emissions.
the smaller daytime value of this scattered radiation reflects
the lower daytime 03 concentration due to photodissocia-

13.4.3 Upper Mesophere (between 85 km
150 and 70 km)

Infrared airglow is primarily determined by processes
125 involving solar radiation during the day (Figure 13-14) and

he airglow reaction, H + 03-- OH + 02 and HO 2
+ 0 -- OH + 02 during the night (Figure 13-15). Large

SUNLIT 74 km TANGENT HEIGHT

U FLUORESCENCESPTAIAL SCAN 9
SPATIAL SCAN 10 (158um BAND) SCALE x 10

X SPATIAL SCAN 11 2.7* SPATIAL SCAN 12 1 2 3 4 5SUNLIT 7 -4 km TAVELENGENT HEIGHTC02 (v3)

Figure 13-14. The daytime signal from near infrared spectrometer at 74
Figure 13-12 . Daytime integrated 4.3 um band radiance observed by short km tangent height. The nighttime OH radiation is reduced.SPATIAL SCAN FLUORESCENCE

wavelength SPIRE spectrometer as function of tangent height. 02(aAgv = 0)3Eg- V = 1)radiation appears at 1.58

Larger signal in scan 12 is due to the fact that a deliberate um. The 2.7 Am radiation is fluorescence signal fromeffort was made in this last scan to test the telescope. C02(V1 + V3 combination bands) and H20 (v1 and V3 bands).
25 FLUORESCENCE

2 3 4 5

WAVELENGTH (um)

(W cm-2 sr-1)
Figure 13-14. The daytime signal from near infrared spectrometer at 74

Figure 13-12. Daytime integrated 4.3 um band radiance observed by short km tangent height. The nighttime OH radiation is reduced.
wavelength SPIRE spectrometer as function of tangent height. O 2(aA6 v = 0) - 3Eg- v = 1 radiation appears at 1.58
Larger signal in scan 12 is due to the fact that a deliberate um. The 2.7 um radiation is fluorescence signal from
effort was made in this last scan to test the telescope. C02(v1 + v3 combination bands) and H20 (vl and v3 bands).
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0.6 (Figures 13-8 and 13-9). This emission is due to the tran-
I ITNE lT lI l l l lsition from 10001 and 10002 levels to the 01101 level of

TANGENT HT 8Okra
0.4 _ ~ TNGNIGHT CO 2 ; the transition from the third level, that is, the

,0.4 OH (AV 2) 02201 ---> 01101 transition at 668.3 cm- 1 (compared to 667.3

E OH(LOV=I CV2(: 3) cm- 1 for the 0110--> 000 transition) makes a substantial
0 0.2 _ VA _ contribution to the band radiance but is not resolved from

_1 °Hd~ 'X- / ~ the 01101 -- 00001 emission. Also not separated are the
0.0 15 20 25 3 35j 4 4.,, trace isotope emissions from that of the main isotope. Mod-

1.0 5. 2.0 2.5 3.0 3,5 4 0 4.5 5,0
10 15 20 2 3WAVELENGTH 3. 0.m) eling studies indicate that the contribution of the trace iso-

topes to the radiance at 15 um is much larger than expected
Figure 13-15. The nighttime signal from near infrared spectrometer as on grounds of abundance because of the fact that the emis-

function of wavelength. NoticetheprogressionofOHover- sion from the 01 10 ---> 000 transition of the main isotope is
tone bands (Av = 2) between 1.5-2.4 um and the OH self absorbed at tangent height below 110 km.
fundamental bands (Av = 1) peaked at about 3 Am. The
fluorescent emission at 4.3 um is shown here without the Around 80 km, the rates for collisional relaxation of
effects of the dielectric relaxation problem encountered in ozone, 03(001) + M -> 03(000) + M, become compa-
the long wavelength spectrometer. rable to the Einstein A coefficient for the radiative relaxa-

tion. Rates of collisional relaxation from higher vibrational
diurnal differences in the density of oxygen atoms are pre- levels of ozone are not known. A clear description of the
sent. Collisions of the radiating species with oxygen atoms underlying processes, therefore, cannot be formulated.
become an unimportant mechanism for depopulating the Around 75 km tangent height, the daytime scans show
radiating states because of the small oxygen atom concen- the a1 > X 3

yg_ (0-1) 02 transition at 1.58 um; the 0-0
tration even in daytime. The collisions of the radiating spe- band of the same electronic transition at 1.27 um is outside
cies with N2 are believed important for OH and CO2 airglows the range of detection and, therefore, not observed. No
at night [Kumer et al., 1978]. signal at 1.58 um is observed at night. The metastable a

At a tangent height of about 80 km, the emission around state has a radiative lifetime of 3.88 x 103 s. The Franck-
4.3 um from CO 2 emission is about 30 times stronger during Condon integral for the 0-1 transition is 0.0131 times that
the day than at night due to absorption of solar radiation of the 0-0 transition, making the Einstein coefficient of the
(Figures 13-12 and 13-13). Nighttime 4.26 um fluorescence 0-1 transition about 1.76 x 10

-
6 S

- 1 [Krupenie, 1972]. That
is primarily due to energy transfer from vibrationally excited a finite signal is observed is due to the large length over
N2 [Kumer et al., 1978], in turn produced by energy transfer which light is collected and the large densities of O2(1Ag)
from vibrationally hot OH produced by chemical reactions, (about 5 x 109 cm 3). Total ground state 02 density at 74
for example, H + 03 - OH + 02. km is 1.7 x 1014/cc and that in vibrational level 1 of the

In contrast to the strong daytime emission from CO2 ground electronic state is about 3 x 109 cm-3. We thus see
around 4.3 um, a strong night-time airglow is seen from that at 74 km tangent height there is complete optical in-
OH (Figure 13-15). This airglow is composed of many version between the a(v = 0) and X(v = 1) states. The
vibration-rotation bands extending over a wide spectral re- gain in the electronic transition is about 10 8 per km and
gion from visible to 4 um. Fundamental vibration-rotation assuming a path length of 103 km we get signal amplifi-
bands (Av = 1) and first overtone (Av = 2) bands are ob- cations ofe - 00° ° ° '. Although the laser action on this transition
served in the infrared [Murphy, 1971] and are shown in does not appear likely, the signal shows a large amount of
Figure 13-11. The overtone hydroxyl emission is broad and energy stored [O2(a1Ag) O2(X3

)g), 0-1]. The lack of 1.58
appears to be a composite of several vibrational transitions. um emission at night indicates that the main source of
The fundamental (Av = 1) band is less broad and is peaked O2(a1Ag) for the region of the atmosphere discussed here is
around 2.9 um indicating strong contributions from 1-0 and the photodissociation of 03.
2-1 vibrational transitions (Table 13-1). It should be pointed
out that the Einstein A coefficients for OH overtone emission
are larger than those for OH fundamental emission for all 13.4.4 Lower Mesosphere (between 70 km
upper vibrational levels except v = 2 (Table 13-2). The and 40 km)
observations cited above appear reasonable if the collisional
deactivation rates are closer to the larger of the two sets of Solar radiation in the strong absorption bands starts be-
Einstein A coefficients. The daytime hydroxyl (Figure 13- coming depleted as the sunlight traverses this region. In-
14) emissions appear weak. The 1.6 um region is dominated frared airglow in this region is therefore very dependent on
by O2(a 1Ag) emission and the 2.7 um region by CO2 and the LOS and three-dimensional atmospheric calculations are
H2 O emission below 70 km. needed to model the radiance in this region. Figure 13-16

The emission around 15 um continues to show no diur- shows the 0-1 band radiance of the electronic transition
nal variations (Figure 13-15). Also, emission at 13.8 and (a1Eg ---> X3 g-) of O2 as a function of tangent height. It is
16.2 um in the wings of CO2 15 um band is observed seen that the larger the solar elevation angle, the greater the
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RADIANCE (uW cm -2sr -1) Figure 13-17. Vibrational temperature of bending mode of CO2 for two
rate constants for the deactivation by oxygen above. Kinetic
temperature is denoted by triangles.

Figure 13-16. Integrated (1.51-1.65 um) O2 (a1 Ag) radiance at 1.58 um
as function of solar elevation angle. Peak signal around 40
km shows inverse correlation with solar elevation (X) angle. Solar radiation plays an important role in the funda-

Solar radiation plays an important role in the funda-
mental (Av = 1) emission from the v3 mode at 4.3 um.
Figure 13-18 gives a plot of the vibrational temperature and

1.58 u radiance Also contrast to the higher altitudes kinetic temperatures [Degges and Smith, 1977] as functions
where nighttime 9.6 um V3 radiance from ozone is larger of altitude. Figures 13-12 and 13-13 give a plot of the 4.3
than the daytime value, the diurnal variation vanishes in the

emission observed by SPIRE as a function of tangentlower part of this altitude range (below about 50 km). . ..
We again point out that this division of the atmosphere height during day and night, respectively. The daytime ra-We again point out that this division of the atmosphere

into four parts for the discussion of the airglow is rather
arbitrary and with a different data base the boundaries be- I I
tween the regions may have to be slightly shifted. However N IGHT DAY

we believe that basic qualitative features of infrared airglow 000 11 00011
are well described by this division. This method of pre-
senting the data also stresses the common sources that give K TC
rise to airglow in different bands and species. 00oo

E

13.4.5 Infrared Radiators LiJ

We now present a brief discussion of the airglow clas-
sified according to the radiating species in order to sum- j
marize the previous discussion as well as to bring out several < 50
new points.

13.4.5.1 CO2. The CO2 radiation is seen in the limb-
scanning SPIRE experiment at wavelengths of 15, 4.3, and
2.7 um. 15um radiation (Figure 13-5) shows no diurnal
variation and is excited mainly by collisions with oxygen 0
atoms above 90 km. Below 90 km altitude the main mech- o100 200 300 400
anisms of excitation are the collisions with N2 and O2 with TEMPERATURE (K)
the earthshine also playing a role. Above 70 km the 15 um
vibrational temperature lags behind the translational tem- Figure 13-18. Daytime and nighttime vibrational temperatures of asym-

metric stretch of CO2 as function of altitude. Kinetic tem-perature, whereas below 70 km LTE forms a good basis for perature is also plotted for comparison [Degges and Smith,
describing the 15 um radiation (Figure 13-17). 1977].
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signals around 100 km.

Figure 13-19. Daytime integrated 2.5-2.9 um band CO 2 and H 2 0 radi-
ance as function of tangent height. Signal below 30 km is
due to Rayleigh scattering.

diance at around 80 km tangent height is about a factor of ENERGY BUDGET
30 larger than in nighttime value. Also, Scan 12 was pro- 200 I i i
grammed to look almost at the sun at higher altitude. The I NITRIC OXIDE
increased signal around 125 km tangent height is due to i~5.3 IRNBN
telescope leakage. RADIANCE

Radiation at 2.7 Ipm (Figure 13-19) is observed from I NBAND ASCENT
CO 2 during daytime only. In addition to C0 2, there is con- NOISE
tribution from H20 in this band [Kumer, 1981; Sharma et

160 - RADIANCE
al., 1981].

SPIRE
F I I I I Li

WATER 6.3 MICRON _
80- INTEGRATED 2

k- ,- E BAND RADIANCE

z 40- .- '
II

I INBAND NOISE ." 8o
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< RADIANCE
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Figure 13-22. Integrated band radiance for the 5.3 um NO signal observed
Figure 13-20. 6.3 um (v 2) water band radiance (integrated 5.50-6.74 in the Energy Budget campaign during ascent and descent

um) as function of tangent height. as a function of tangent height.
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13.4.5.3 NO. The 5.3 um radiation from NO in the SPIRE
data (Figure 13-21) shows no diurnal valuation. Figure
13-22 shows NO radiation from the Energy Budget zenith-
looking rocket as a function of altitude. Above 90 km, the
oxygen atoms play a dominant role in the 5.3 um radiation

00o process because of the large rate constant [Degges, 1971;
Fernando and Smith, 1979] for the collisional excitation of

E NO. The 5.3 um radiation from NO is the major cooling
NIGHT DAY - mechanism above 100 km [Kockarts, 1980; Zachor et al.,

w 1981].

~F~~~~~~~~~~~- 13.4.5.4 03. Ozone emission is observed around 9.6 um
< 50 (v3 band) and around 4.8 um (vl + V3 combination band).

Ozone emission at 9.6 um has been one of the better studied

. . . . . . . . . . ..

,/ ~¢ ,{'}~'vt' ;, ";~ DAY
Fiue100 200 300 400-41 SPRTEMPERATURE I RES. SPIRE

Figure 13-23. Daytime and nighttime vibrational temperatures of V3 mode
of ozone as function of altitude [Degges and Smith, 1977].

-- ?
E

13.4.5.2 H2 0. Radiation from H2 0 is observed at 6.3 E. .
um (v 2 bending mode) and during the daytime around 2.7 ' . NIGHT

/ '',,f. RES. SPRum (v1 and v3 modes). The radiation at 6.3 um as a function E RS. SIE
of tangent height is shown in Fig ure 13-20. The LOWTRAN 1
4 radiance model [Selby et al., 1978] using 5 ppm H20 u
adequately represents the data between 60 and 70 km tangent
heights. Above 70 km the daytime 2.7 m emission is partly < (
explained at 1.5 ppm of water in a non-LTE model by
Degges (private communication, 1984). _i

cc '5; , .DAY
C.) ~~~~~~~RES. 5cm 1

0 3 vI+ /3 ) COMBINATION
INTEGRATED BAND RADIANCE : 'T

60 .

40- "
-2I~~~~~o - TA' NIGHT

FigL~~~~~~~~~~~~~~~ure ~ ~ ~ ~ ~ ~ RES 5 cm- I

13-1z 20 -JI 0.00 1000 20o00 3000 400010- iO-8 10-06 WAVELENGTH (/.mlRADIANCE (W cm-2 sr-1) TANGENT HEIGHTS (60, 80,---IIOkm)

Figure 13-25. Day and night signals predicted using model calculations
Figure 13-24. 4.8 pLm (vi + v3) combination band signal for ozone. of T. Degges at SPIRE and 5 cm- 1resolutions.

13-12



INFRARED AIRGLOW

NIGHTTIME - RADIANCE DAYTIME - RADIANCE
200 -""""I """"I r 2c-nm i imntl 1iilr mnq '1'l III l- 200 -"

H20( ZQ) 6.1.Lm * H 2 0(v 2 )6,1 /m

1~75 ~ \ ~VOH (AV=2) 1.9m 75175 175 ® NO0(AV =1) 5.3 Pm
& No0(A v = I )5.3p~ i -\ ~~~*NO~(A~V= I ) 5.3M~m \ A HNO3(zV5 )11.4 lum
A HNOs (v) 11.4m 0-2 (3') 4.34m

0 CO2 (zi 3 ) 4.33 prm
150 o C 2 (zO) 4.3um *C02(v2).151im

- C0 2 ( Lz/2) 15Lm -
- V~~~~~~~~~ 03(//3) 9.6,umC3 OH (AV=I)3.3m _ ° 3( I .m

E 125 -\ VO3 (v 3 ) 9.6±n m E15 * 03 (l8 
+3/ 3 )4.B-m

:iF 125 125| 3 (V 1+L' 3 )48·m C0 2 aH 2 0 2.7rm.,o 3 (Yl +//3) 4 8~,
u m

I t-
~~~~~~~~~~~~

LU 100 100
o o

I.- I-

Z 75

zz-

50 50

2 5 25

0 0
O-1 10 9 1o-8 10-7 10- 6 l0o- 10-4 iO10 io- lo-,, 10- 7 10- 6 lo- , 10- 4

(W cm-
2

sr ) (WV cm' 2 sr- 1
)

Figure 13-26. Summary of the nighttime signals observed b, SPIRE. Figure 13-27. Summary of the daytime signals observed by SPIRE.

infrared airglow processes [Rawlins et al., 1981]. Figure The model for hydroxyl emission is complex and involves
13-23 shows the v3 vibrational temperature [Degges and a set of several aeronomic reactions of ozone in an atmos-
Smith, 1977] as a function of altitude. Figures 13-10 and phere containing hydrogen (Moreels et al., 1977).
13-24 show the radiance from the 9.6 and 4.8 um bands In addition to the principal radiators mentioned above,
as functions of tangent height. there are several minor radiators in the altitude range covered

in this article, for example, NO2 , N2 0 and CH4 .
13.4.5.5 02(1Ag). The 0-1 band emission at 1.58 um has Figure 13-25 gives a summary of the emission in the
been already described in detail. Most of the earlier rocket 2-40 um regions as computed by the AFGL Limb Model
work has studied the 0-0 emission [Paulsen et al., 1972]. [Degges and Smith, 1977] at the resolution of the SPIRE
The conclusion of the studies is that the concentration of experiment (AX - 0.04A). Principal features discussed above
O2(1Ag) in the atmosphere is l09 - l011 cm-3 depending are seen, that is, enhanced daytime emission at 2.7 and 4.3
on the altitude. um, enhanced nighttime emission at 9.6 um, as well as

diurnally independent emission at 5.3 and 15 um, and long
13.4.5.6 OH. The hydroxyl airglow emission occurs over wavelengths. Also clearly seen is the region (11 to 13 um)
a relatively narrow altitude region of the mesosphere [Baker characterized by the absence of infrared airglow. Figures
et al., 1977]. The peak emission occurs around 85 km and 13-26 and 13-27 give a summary of the nighttime and day-
the thickness of the emitting layer is about 10km. The origin time radiances observed by SPIRE. At high altitudes, NO
of the hydroxyl emission is believed to be chemilumines- (5.3 um) is the most intense emission observed while at
cence from two chemical reactions, low altitudes CO2 (15 um) and 03 (9.6 um) are the dominant

radiators. It should be noted that in the absence of a data
H + 03 -- OH(v < 9) + 02 base in the 17-40 um, the radiances in Figure 13-25 can

and be regarded as theoretical predictions. In the light of future

O + HO 2 - OH(v < 6) + 02. work these predictions may have to be modified.
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