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ATOMIC OXYGEN INFRARED EMISSION IN THE EARTH'S UPPER ATMOSPHERE 

by 

G . KOCKARTS and W . PEETERMANS 

Abstract 

The atomic oxygen emission at 63M is analyzed between 50 km 

and 250 km for several atmospheric models. The frequency integrated 

intensities and the volume emission rates are computed and discussed 

in connection with experimental and theoretical investigations of the 

atomic oxygen distribution. It is shown that radiative transfer should 

be used below 150 km. If an infrared emission occurs near the tropopause, 

the radiative transfer solutions leads to an infrared heating near the 

mesopause. A reduction factor is introduced for comparison with an 

optically thin atmosphere. 

Résumé 

L'émission à 63p de l'oxygène atomique est analysée pour plusieurs 

modèles atmosphériques entre 50 et 250 km d'altitude. L'intensité intégrée 

en fréquence et l'émission volumique sont calculées et discutées en 

relation avec les distributions expérimentales et théoriques de l'oxygène 

atomique. Le transfert radiatif doit être introduit au-dessous de 150 km 

d'altitude. Si l'on admet une émission infrarouge au voisinage de la 

tropopause, la solution de l'équation de transfert montre qu'une zone 

d'échauffement infrarouge existe au voisinage de la mésopause. En vue 

d'effectuer une comparaison avec une atmosphère optiquement mince, on 

introduit un facteur de réduction. 
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Samenvatting 

De 63y emissie van atomaire zuurstof wordt voor verschillende 
atmosfeermodellen tussen 50 en 250 km nagegaan. De intensiteit geïntegreerd 
over de frequentie en de emissie per eenheid van volume worden berekend 
en besproken in verband met de experimentele en theoretische verdelingen 
van atomaire zuurstof. Beneden 150 km hoogte moet de stralingsoverdracht 
ingevoerd worden. Aanvaardt men een infrarood-emissie in de buurt van de 
tropopauae, dan toont de oplossing van de overdrachtsvergelijking een door 
het infrarood verwarmde zone in de buurt van de mesopauze. Om te kunnen 
vergelijken met een optisch ijlere stof, wordt een reductiefactor inge-
voerd. 

Zusammenfassung 

Die 63u Strahlung von atomaren Sauerstoff wird für verschiedenen 
atmosphärischen Modellen zwischen 50 und 250 km Höhe untersucht. Die 
über Frequenz integrierte Intensität und die Volumenausstrahlung werden 
in Zusammenhang mit theoretischen und experimentalen Feststellungen des 
atomären Sauerstoffes berechnet und diskutiert. Die Strahlungstransport-
gleichung soll unter 150 km gebraucht werden. Wenn eine infrarot Strahlung 
in der Umgebung der Tropopause stattfindet, erscheint eine infrarote Heizung 
in der Umgebung der Mesopause. Ein Reduktionsfaktor wird zur Verglef.chung 
mit einer optisch dünn Atmosphäre eingeführt. 



3 . -

X.- INTRODUCTION 

The main heat input in the thermosphere results from the 
absorption of solar ultraviolet radiation by atmospheric constituents, 
and the heat thereby deposited is transported downwards by conduction. 
However, a complete study of the heat transport phenomena requires a 
knowledge of the production and loss terms. Among the atmospheric 
components present above 100 km altitude, atomic oxygen is able to emit 
in the far infrared and in this way may play a role in the thermal balance 
of the thermosphere. 

The importance of an infrared loss at 63y due to the transition 
3 3 

0( P^) -*• 0( was first demontrated by Bates (1951) in his determination 
of the rate of energy loss in an optically thin atmosphere. Munch (1962), 
in a study of the problem of the intensity of forbidden emission lines, 
applied his results to the atomic oxygen emission at 63p. In his work he 
questioned whether this emission is measurable and concluded that"such an 
experiment offers a challenge to infrared technology, but, when carried 
out, it will provide very valuable data about thp structure of the upper 
atmosphere". Such an experiment has just been carried out by Feldman and 
McNutt (1969) and by Houck and Harwit (1969). Even if, as stated by the 
authors (Feldman and McNutt, 1969), the data reported are far from ideal, 
these first observational results will be discussed here. 

After adopting working models of the atmosphere and determining 
the infrared loss without radiative transfer, the optical depth involved in 
the computations and the radiative transfer equation are discussed. The 
numerical results for the intensity and the flux and the volume emission 
rate of the 63M line are obtained, and the effect o,f a change in th§ 
atomic oxygen concentration is also described. 



2.- INFRARED LOSS IN AN OPTICALLY THIN ATMOSPHERE 

The infrared energy of atomic oxygen is emitted through 

magnetic dipole transitions (see fig. 1 ) . Numerical values taken from 

tables prepared by Wiese et al. (1966) show the rather high transition 

probabilities involved and the low excitation potentials of phe 

3 3 3 3 
transitions PQ - P^ at 147y and P^ - P^ at 63y, respectively. 

If we assume a Boltzmann distribution, the ratio of the oxygen 
3 

concentration n^ in the state Pj to the total atomic oxygen concentration 

n(0) is given by the relation : 

g exp (- E /kT) 

n /n(0) = ± (1) 

I g j exp(-Ej/kT) 

where g is the statistical weight 2J + 1 of the level J , E the energy 
J J 

above the ground level, k the Boltzmann constant and T the kinetic 

temperature. The hypothesis of a Boltzmann distribution has been discussed 

by Bates (1951) and in detail by Munch (1962). In what follows, the 

identifying subscripts 0,1 and 2 refer to the quantum number J of the 

triplet ground state of atomic oxygen, unless specifically mentioned 

otherwise• 

In order to determine the atomic oxygen infrared emission, models 

of the atomic oxygen vertical distribution must; be adopted. Figure 2 

shows the vertical distributions between 50 km and 300 km altitude with two 

extreme profiles above 120 km which correspond to thermopause temperatures 

of 750°K and 2000°K (Table I ) . 
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Fig. 1.- Atomic oxygen ground state transitions. 
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CONCENTRAT ION ( cm ' 3 ) 

Fig. 2.- Vertical distribution of atomic oxygen concentrations for thermopause 

temperatures of 750°K and 2000°I<. Mesospheric and lower thermospheric 

distributions for nighttime and overhead sun conditions. 
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TABLE I : Atomic oxygen concentration (cm ) in the thermosphere 

z (km) 120 150 200 250 300 

T = 
T = 

750°K 
2000°K 

l.OOxlO11 

l.OOxlO11 
1.67xl010 

1.38xl010 
3.67xl09 

4.45xl09 
l.OlxlO9 

2.25xl09 
3.12xl08 

1.31xl09 

Below 80 km, two distributions corresponding to daytime and 
nighttime conditions in the mesosphere are also considered (Table II), 

-3 
TABLE II : Atomic oxygen concentration (cm ) in the mesosphere and in 

the lower thermosphere 

z (km) 50 60 70 - 8 0 90 100 110 

Overhead 3 M Q 9 & 2 m Q x l Q10 5. 4 x lo 1 0 3.0xl0U 3.2xlOU 2.3xlOU 
sun 
Nighttime - - 9.0xl05 2.2xl09 3.0xl0U 3.2X1011 2.3X1011 

The daytime curve corresponds approximately to a photoequilibriqm 
distribution for an overhead sun (Nicolet et al., 1970). The atomic oxygen 
concentration is not yet sufficiently known, and there is probably a 
great variability in the region around 120 km. At this altitude we have 

1 1 - 3 adopted a value of 10 cm , whereas mass spectrometric measurements 
(Krankowsky et al., 1968) give values as low as 10^ cm . Other measurements 
(Mauersberger et al., 1968), however, correspond to a concentration of 

10 -3 
5.7 x 10 cm . The highest experimental values known at this time aî e 
those obtained by Hall et al. (1967) and by Hinteregger and Hall (1969). 
From ultraviolet absorption measurements (Hinteregger and Hall, 1969), the 
atomic oxygen concentration at 350 km altitude is in the range from 8 —3 8 —3 3.1 x 10 cm at sunrise to 5.5 x 10 cm at sunset for a thermopause 



temperature of 1000°K. In the working model corresponding to the same 
thermopause temperature the atomic oxygen concentration has a value of 

8 -3 
2.6 x 10 cm at 350 km. Without entering into a detailed discussion, 
ip can be said that the variations of the atomic oxygen distribution are 
due not only to temperature changes but also to the hydrodynamical regime 
above the mesopause. The vertical distribution depends in fact strongly 
on the eddy diffusion coefficients (Colegrove et al., 1966) which are 
poorly known in the lower thermosphere. 

Without any reabsorption, the infrared emissions L at 63y 
and at 147y can be written respectively as : 

L(63y) - (E1 - E 2) A ^ ^ (2) 
and 

L(147y) - (Eq - E x) A 0 1 n Q (3) 

where A ^ and A ^ are the transition probabilities given in figure 1. 
By using equation (1), the energy losses (2) and (3) are written as 
follows : 

_1 Q 
1.69 x 10 1 0 n(0) exp(- 228/T) 

L(63m) (4) 
1 + 0.6 exp (- 228/T) + 0.2 exp (-326/T) 

and 
4.59 x 10 n(0) exp (-326/T) 

L(147p) = (5) 
1 + 0 . 6 exp (- 228/T) + 0 . 2 exp (-326/T) 

in units of erg pm ^ sec 
Table III gives the energy rate R (erg sec emitted for temperatures 
ranging from 2Q0°K to 2000°K. The energy rate at 147y is less than 3% 
of the energy rate at 63p , even for a temperature of 2000°K. We 
consider therefore only the emission at 63y, although the following 
mathematical formulation is identical for the emission at 147y. 
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TABLE I I I : Energy rate (erg sec emitted at 63y and at 147y 

T (®K) 200 300 400 500 600 700 800 900 1000 1500 2000 

R (63m)X10 1 9 4 . 3 6 5 . 8 3 6 . 6 5 7 . 1 7 7 . 5 3 7 . 7 8 7 . 97 8 . 1 3 8 . 2 5 8 . 6 1 8 . 7 9 

20 
R(147y)xlO 0 . 7 3 1 . 1 5 1 . 42 1 . 6 1 1 . 75 1 . 85 1 . 93 1 . 9 9 2 . 0 4 2 . 2 0 2 . 2 9 

3.- RADIATIVE TRANSFER EQUATION 

- 2 - 1 - 1 
I f we denote by I the sgecif ic_ intensitY (erg cm sec ster 

Hz emitted at frequency v in the direction s , the radiative transfer 

equation can be written , according to Chandrasekhar ( 1 9 6 0 ) , in the 

following form : i 

dl /ds = - k I + e (6) 
v v v v v ' 

where k is an absorption coefficient measured in cm ^ and e is the 
V -3 -1 -1 -1 v 

energy emitted at frequency v (erg cm ster sec a Hz ) 

I f the direction s makes an angle 9 with the vertical z 

measured positively from the earth 's^surface (dz = cosSds = u d s ) , equation 

(6) can be transformed into : 

u dl /dz = - K I + e (7) 
v v v v v ' 

In the upper atmosphere, i t is possible to consider the 63p line with 

a Doppler width Av and therefore with the following coefficients : 

£ _ A 1 2 <h - V n l 

v 

and 

4TTAV ( 8 ) 

(E - E ) 

% S ( n 2 B 2 1 ~ n l B 1 2 ) 

4irAv (9) 



10.-

The Einstein coefficients and B^2 i n (8) and (9) are given 

by 

2 

B21 = A12 - ' ^ - 3 <10> 
and S2 

B 2 1 - ( G 2 / H ) B 1 2 ( 1 1 ) 

where h is Planck's constant,v the frequency of the radiation and c the 

speed of light. In equation (9) , the first term represents the absorption 
3 

by the atoms in the state P 2 , whereas the second term takes into account 

the stimulated emission which reduces the importance of the absorption 

process. 

By introducing the optical depth derivative dx/dz defined by 

dx/dz = - <v (12) 

equation (7) can finally be written, with the help of relations (1) and 

(8) to (12), in the form 

udlv/dx = I v - (2hv3/c2) [exp (Et - E 2 ) /kT - l ] " 1 (13a) 

or 

. udlv/dx = I v - B(T) (13b) 

since B(T) is the specific intensity at frequency v of a black body 

characterized by a temperature T, which depends on the altitude, i . e . 

on the optical depth. 

The specific intensity is not easely accessible to experimental 

determinations. Actually, one measures the freguencjr integrated intensity 

I =y"lv dv, or with a certain approximation I = Av. Such a procedure 

is equivalent to considering a rectangular profile with a width Av equal 

to the Doppler width. The frequency integrated intensities can there-



fore be obtained by multiplying the solutions of (13b) by Av . This 

procedure is not valid in the case of a molecular rotational spectrum 

for which each line has not necessarily a Doppler shape and for which 

some lines may partially overlap. 

If we neglect absorption and stimulated emission, i . e . if 

luations (7) 

in the following form 

k^ = 0 , equations ( 7 ) and (8) lead to the frequency integrated intensity 

4irl* = A 1 2 (Ex - E 2 ) J n^secOdz (14) 

Along the vertical ( 6 = 0 ) , such a frequency integrated intensity or 

- 2 - 1 - 1 

apparent emission rate Airl* given in erg cm sec column is identical 

to the integration of the infrared loss ( 2 ) . Such an expression has 

been used by Feldman and McNutt (1969) in the analysis of their data. 

4.- ABSORPTION CROSS SECTION AND OPTICAL DEPTH 

If a Doppler profile is adopted for the infrared line, the 

absorption cross section a(v) as a function of frequency is given by 

2 

(15) a(v) = exp 

2(v - v ) 

° ln2 

Av 

where a ( v Q ) is the cross section at the center of the line at frequency 

vq (Mitchell and Zemansky, 1961) . The total Doppler width is given by 

1 /2 

v / 2 k T In 2 \ . 

Av » 2 ( - J = 8 .51 x 10 T (Hz) (16) 

where m is the mass of an oxygen atom. 

In expression (9) a weighed cross section o is introduced such 

that 



12. -

a(v) dv = — (Ex - E 2 ) = a Av (17) 

o 4tt 

In his computation, Bates (1951) used the cross section at the center 

of the line a(V
Q )» which is related to our weighed cross section by 

o(\> ) = 2 (it/in 2 ) 1 / 2 o = 0.94 o . (18) 
o 

For temperature ranging from 200®K to 2000°K, a varies from 
—18 2 —18 2 —1/9 

7.1 x 10 cm to 2.2 x 10 cm following a law in T . 

Taking into account (1) , (9) , (10) , (11) and (16), the 

derivative of the optical depth (12) may be written as follows 

1.0 x 10" 1 6 T " 1 / 2 n(0) [ exp(228/T) - l ] 
SL = _ (19) 

dz 0.6 + 0 .2 exp(-98/T) + exp (228/T) 

In order to obtain by numerical integration the vertical distribution 
poo 

of the optical depth shown in figure 3, it is useful to note that/ n(0)dz 

^ n(0) H(0) in an isothermal atmosphere ; H(0) is the atomic oxygen 

partial pressure scale height. Above'200 km, the optical depth is less 
_2 

than 10 for thermopause temperatures between 750®K and 2000®K and 

for atomic oxygen concentrations adopted here» Figure 3 also shows a 

maximum optical depth between 3 and 4 for the atomic oxygen concentrations 

adopted in the lower thermosphere. It must be added that, if the time 

variations of the atomic oxygen distribution are important below 80 km, 

the optical depth is not strongly affected, since the main contribution 

comes from heights above 80 km. 

5.- FREQUENCY INTEGRATED INTENSITY AND MEAN VERTICAL FLUX 

The specific intensity I results from the integration of 

equation (13b) after determining the boundary conditions. 



O P T I C A L D E P T H 
Fig. 3 : Vertical distribution of the optical depth at 63 u for thermopause temperatures of 

750°K and 2000°K. 
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At the upper boundary, a possible 63y source could be the 

sun, since the solar brightness temperature at 63y should be around 

4500°K (Nagel, 1968). With such a value and a mean dilution factor 

of 5.4 x 10~6, the specific intensity at 63y at the top of the earth's 
-13 -2 -1 -1 -1 

atmosphere is 1.6 x 10 erg cm sec ster Hz . But at a heihgt 

of 200 km, this specific intensity corresponds to the frequency integrated 

intensity ranging from 3.8 x 10 5 to 6.2x10 5 erg cm 2sec ^ster for 

thermopause temperatures of 750°K and 2000°K, respectively. Since the solar 

values are always negligible compared with the integrated intensities 

due to the ambient atomic oxygen below 200 km, it is assumed therefore 

that there is no incident radiation at the upper boundary where 

T = 0. But, at the lower boundary T = T q , an ascending radiation 

B(T ) at 63p is assumed. With no absorption between the ground level 
E 

and any altitude corresponding to T = T , B(T ) would be the specific 
O £j 

intensity at 63y of a black body with a ground temperature T^. But, 

since water vapor has numerous rotational lines in this spectral region 

(Randall et a l . , 1937) it may be assumed that the specific intensity 

at the lower boundary corresponds to a black body emission with a 

tropopause temperature, for example 190°K or 216°K, for comparison with 

Craig and Gille (1969) . The upward specific intensity at the lower 

boundary can then be written 

B ( T J = 1.58 x 10" 9 exp (228/TE) - 1 

-1 
(20) 

For Tw = 2168K and T = 190°K, expression (20) gives B(2166K) = 8.4 x 10- 1 0 

-10 -2 -1 -1 -1 
and B(190°K) = 6.8 x 10 erg cm sec ster Hz , respectively. 

Integration of equation (13b) gives then the frequency 

integrated intensity for the ascending radiation I + (T, u ) , u being 

positive, 

I + (T, U) = Av{ ƒ 

T 
o 

exp 

T 

,T—t dt 

B(T) — + B(Te) exp 
T " To U J 

(21) 



In equation (21),Av is given by (16) ; the spectral distribution B(T) 
is similar to (20) and is a function of the optical depth, because 
the kinetic temperature T depends on the altitude. If the emission at 
the lower boundary is not exactly given by (20) only the second term 
in (21) must be corrected. Without any emission at the upper boundary, 
the frequency integrated intensity I (T, U) for the descending radiation, 
u being negative, is given by 

T 

I (x, u) = - Av / exp 
o 

T-t 
U 

dt 
B(T) — , (22) 

The values of I and I obtained by numerical integration of (21) and 
- 2 - 1 - 1 

(22) are measured in erg cm sec ster . The variation with height 
is obtained by means of the optical depth derivative (19). 

Figure 4 shows distributions of I and I , obtained for u - +_ 1, 
i.e. vertical conditions. First of all, above 120 km, the highest 
intensities correspond to the highest thermopause temperature and the 
ascending intensity is stronger than the descending intensity I which 
has been measured by Feldman and McNutt (1969) and by Houck and 
Harwit (1969) . Above 120 km, I is not affected by the presence of 

—2 an emission B(T) at the lower boundary. The values between 10 and 
- 2 - 2 - 1 - 1 4 x 10 erg cm sec ster are entirely due to the emission of the 

ambient oxygen. Below 120 km, the physical situation becomes more 
complex. The minimum in I is due to the temperature minimum at the 
mesopause (85 km). The vertical distributions of I are presented both 
taking into account and neglecting the lower boundary emission ; they 
are shown in figure 4 by curves (1), (2), (3) and (4), respectively. In the 
latter case, the nighttime atomic oxygen distribution below 90 km causes I 
to decrease sharply (curve 4), while for an overhead sun, corresponding to 
photochemical equilibrium conditions, the decrease is less pronounced. 
If lower boundary emissions corresponding to black bodies at 190®K 
and 2i6"K are introduced, one obtains the curves labelled (1) and (2) below 

-3 -2 —2 —1 90 km, which correspond to 9.6 x 10 and to 1.2 x 10 erg cm sec 
ster 1 at 50 km altitude, respectively. Finally, it must be pointed out 



Fig. 4.- Vertical distribution of the frequency integrated intensities I_ and I+ for thermopause 
i i . . . . ^ x 

temperatures of 750°K and 2000°K. The curves labelled (1), (2), (3°, and (4) correspond 
to different conditions at the lower boundary. 

ON 
.1 
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that the descending intensity I is practically not affected in the 
lower thermosphere and in the mesosphere by the change from daytime to 
nighttime conditions. Numerical values of I and I_ (Megarayleigh) are 
given in Tables IV and V. When a lower boundary emission is involved, 
the intensity I does not change between day and night in the meso-
sphere , for practical purposes. 

TABLE IV : Frequency integrated intensities (megarayleigh) in the 

thermosphere for thermopause temperatures of 750°K and 2000aK 

z(km) 
I 

T = 750°K T = 2000°K 
I 

T = 750®K 
h 

T = 2000°K 

120 2.9 2.9 6.1 6.1 
150 1.2 1.7 9.7 13. 
200 0.35 0.93 12. 17. 
250 0.11 0.55 12. 18. 

TABLE V : Frequency integrated intensities (megarayleigh) in the 

mesosphere and lower thermosphere 

* (km) 
I_ 

Day and night TE=0;night TE=0; day T = 190®K E T = 216°K h> 

50 3.6 - 0.03 3.8 4.7 
60 3.5 - 0,08 3.7 4.6 
7Q 3.2 - 0.24 3.4 4.2 
80 2.9 - 0.63 3.1 3.7 
90 3.2 1.1 1.6 2.8 3.1 
100 4.1 2.9 3.0 3.4 3.5 
110 4.0 4.5 4.5 4.7 4.7 
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As the frequency-integrated intensities I and I_ depend on 

the direction of the radiation, it is possible to compute a 5®an_ascending 

flux F+ and a mean descending_flux_F_. In order to get F + , it is 

necessary to integrate I over one hemisphere, u varying from 1 to 0 . 

The result of this integration is : 

T -

F + ( t ) = B < T > E 2 ( t - t ) d t + B ( T e ) E 3 ( t q - t ) | ( 2 3 ) 

where the exponential integral E (x) is defined by 

E (x) =f exp(- x/u) u11"2 du (24) 
n J o 

The second term in (23) represents the contribution from the lower 

boundary emission. For a 2000°K thermopause temperature, F ( t ) reaches 
- 2 - 1 

values of the order of 0.2 erg cm sec above 200 km, whereas for 750°K, 
- 2 - 1 

F + (t ) is of the order of 0.11 erg cm sec 

When u varies from 0 to - 1, one obtains the mean descending 

flux F in the form 

F (t) = - 2irAv / B(T) E (t - t) dt (25) 
J o 

The maximum value of F (t) is reached around 110 km and is of the order 

* ~ "2 -l" > 
of 0.04 erg cm sec 

It is also interesting to define a mean net flux F (t) by 

F ( t ) = F + ( T ) + F_(T) (26) 

This quantity is used in the computation of the volume amission rate 

in next section. As F+ and F have opposite signs, the mean net flux F 

cpn reach negative values. F is always positive above 120 km, but at 

lower heights, the sign of F is directly related to the relative importance 
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of I + and I (see fig . 4 ) . If the lower boundary emission is taken 

into account, F is negative below 110 km, but again becomes positive arpund 

the raesopause. Due to this behaviour, an infrared heating zone is 

introduced which is discussed in detail in the next section. 

6.- VOLUME EMISSION RATE 

The frequency integrated emission described in the preceding 

section is the parameter to be deduced from an observational determination, 

In the thermal balance of the upper atmosphere, it is necessary however 

to know the rate energy loss or gain. The divergence of the heat flow 

transported by conduction as well as the heat production by ultraviolet 

absorption and the heat loss by infrared radiation are simultaneously 

involved in the heat conduction equation. 

-3 -1 

The volume emission rate (erg cm sec ) of atomic oxygen 

is in fact given by the divergence of the mean net flux F defined in 

thp preceding section. As a function of altitude z , the volume emission 

rate L(z) is written as follows 

_ , N dF dx 
L ( z ) = 5 7 ^ ( 2 7 ) 

where dx/dz is given by (19) . 

By using the expressions (4 ) , (23) and (24) , one obtains 

L(z) = L(63y) [l - X ] (28) 

where 

X = 

+ 

0.5 exp (228/T) - 0 .5 

E 2 (T o - x) 

exp(228/TE) - 1 

P T O E x ( |t - T | ) dt 

L'-'0 exp (228/T)- 1 

(29) 
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In (28), L(63y) is the infrared loss (4) corresponding to an optically 

thin atmosphere, and in (29) |t - T| represents the absolute value 

of t - T ; thie term containing the second order exponential integral 

in (29) is due to the lower boundary emission. Stewart (1968) 

obtained an expression similar to (28) and the result of Craig and 

Gille (1969) can be found by performing an integration by parts in 

(29). It is also possible to show that the factor X is equal to 

X = J v(z)/B(T) (30) 

where J^ is the mean value of the specific intensity I = I/Av integrated 

over a sphere and B(T) is a Planck's function at 63)j characterized by 

the kinetic temperature T of the atmosphere. 

Figure 5 shows the volume emission rate computed for different 

conditions. The numerical technique is briefly discussed in the Appendix. 

If the factor X is neglected, the distribution corresponding to an 

optically thin atmosphere is obtained. In this case, the infrared 

emission always corresponds to a heat loss, which could reach values 
-7 -3 -1 

as high as 1.5 x 10 erg cm sec in the neighbourhood of 100 k m . 

Such a value is comparable and even greater than the heat production by 

ultraviolet absorption in the vicinity of 120 km for an overhead sun. 

The atomic oxygen infrared emission is therefore an important factor 

in the development of atmosphere models between 100 and 150 k m . When 

the radiative transfer is introduced, the heat loss around 120 km is of the 
—8 -3 —1 

order of 2 x 10 erg cm sec , i.e. a value still comparable to the 

heat deposited by ultraviolet absorption at those heights. 

Around 100 km, L(z) changes its sign or goes through an extremum. 

It corresponds to the level where the optical depth T is practically 

half of the optical depth t q of the lower boundary. This property can 

be mathematically proved for a constant temperature. If the lower boundary 

emission is neglected, L(z) increases below 100 km and reaches a maximum and 

a second extremum occurs at the mesopause. On the other hand the intro-

duction of a lower boundary emission leads to a sign change for L(z) and 



200 

| 150 

UJ 
o 
3 

100 

50 

t — i — i i i 111| r^Ti—' i i 1 1 1 1 — — r — i — i i i i 111 1 — i i i i 11 

A 0 1 - 6 3 \l 
\ 

\ OVERHEAD SUN 

R A D I A T I V E T R A N S F E R 

COOLING 

HEATING 

J L 

1000°K 

— NO R A D I A T I V E 
^ T R A N S F E R 

\ 
\ 
/ 

/ 

' ' i i i » i il I I I M i l l 
10"10 10"9 10'8 10-7 10-6 

MEAN NET FLUX DIVERGENCE ( erg cm"3 sec"1 ) 

Fig. 5„- Vertical distribution of the volume emission rate for a 1000°K thermopause temperature. 
Comparison with the optically thin case. 



a heating zone appears in the vicinity of the mesopause. The existence 
of this infrared heating zone has also been found by Stewart (1968), 
by Craig and Gille (1969) , and by Shved and Nerushev (1969) . For daytime 
conditions (see fig. 5) a small cooling, previously unnoticed, appears 
below this heating zone. Since atomic oxygen disappears very quickly 
below 80 km after sunset, the daytime cooling shown in figure 5 disappears 
in the mesosphere at night. 

In order to show the exact effect of radiative transfer, 
the reduction factor 1-X, indicating the departure from an optically 
thin layer, is presented in figure 6. It varies from 0.79 (T = 750°K) 
to 0.90 (T = 2000°K) above 200 km, corresponding to a decrease of the 
infrared loss by 10% to 20%, compared to the case of an optically thin 
layer. The reduction factor increases when the optical depth increases. 
Below 100 km, the reduction factor is also given without lower boundary 
emission. In this case, the infrared emission always corresponds to a 
cooling. Figure 6 also shows the effect of the minimum in the mesopause 
temperature. 

7.- EFFECT OF THE ATOMIC OXYGEN CONCENTRATION 

The rocket observation (Feldman and McNutt, 1969) of the 63u 
emission was made on 28 March 1968. An estimate of the nighttime 
temperature during the flight yields a value of the order of 1000®K.. 

- 2 - 1 - 1 The intensity (erg cm sec column ) for an optically 
thin layer (equation 4) is represented in figure 7 by dashed lines for 
two model with the same temperature distribution, but with atomic oxygen 
concentrations differing by a factor of 2. When radiative transfer is 
taken into account, the full lines show that there is no direct propor-
tionality to a reduction in the atomic oxygen concentration, especially 
when the optical depth becomes high. The observational results obtained 
by Feldman and McNutt (1969) seem to indicate (fig. 7) that, on 28 March 

11 —3 1968, the atomic oxygen concentration is less than 10 cm at 120 km 
10 -3 but is greater than 5 x 10 cm 



2 3 . -

Fig. 6.- Vertical distribution of the reduction factor 1-X for a 
1000°K thermopause temperature. Negative values 
correspond to a heating. 
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FREQUENCY I NTEGRATED I N T E N S I T Y ( e r g cm'2sec"1column"1) 

Fig. 7.- Comparison between experimental and theoretical frequency integrated 

intensity for a model corresponding to a thermopause temperature of 

1000°K. Effect of a decrease of the atomic oxygen concentration. 
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In figure 7, the curves labelled n ( 0 ) / 2 can also be interpreted 

as corresponding to a vertical intensity, while the curves labelled 

n(0) correspond to an observationnal zenith ^ngle of 60®. 

In the 100-120 km region, infrared measurements of the 63u line 

can yield valuable informations on the atomic oxygen concentration, since 

the frequency integrated intensities as well as the volume emission rates 

are rather sensitive to a change in the atomic oxygen number density. 

Table VI shows how some parameters previously discussed may vary if the 

atomic oxygen concentration is decreased by a factor two. 

TABLE VI : Frequency integrated intensities, volume emission rate and 

reduction factor 

z = 100 km z = 120 km 

T = 209°K T = 324' •K 

n ( 0 ) = 3 . 2 x l 0 1 1 n ( 0 ) = 1 . 6 x l 0 U n ( 0 ) = 1 0 U n(0 )= 5 x l 0 1 0 

-3 -3 -3 -3 
cm cm cm cm 

-2 -1 _ -1, 
(erg cm sec ster ) 8 .77 x 10 " 3 9.02 x 10 " 3 

1.54 x 10 " 2 1.37 x 10~2 

-2 -1 -1 -2 -3 -3 -3 
(erg cm sec ster ) 1 .03 x 10 7 .50 x 10 7 .26 x 10 3 .75 x 10 

-3 -1. 
erg cm sec ) •1.43 x 10 " 9 3.34 x 10 " 9 1.82 x 10 " 8 

1.34 x 1 0 " 8 -3 -1. 
erg cm sec ) 

-3 -2 -1 , , -1 
- X 9 .9 x 10 4 . 6 x 10 3 . 0 x 10 4 .4 x 10 

8.- CONCLUSION 

The experimental data (Feldman and McNutt, 1969) for the 

63|i line of atomic oxygen available at the present time concern the 

frequency integrated intensity I . It is , however, interesting to measure 

also the upward intensity I + , which is more intense than I above 120 km 

and which is due entirely to the emission of the ambient oxygen. On 

the other hand, the slope of I is always less than the one of I_ above 

120 km. Finally, it is to be noted that radiative transfer should be 

used for the interpretation of observational data below 150 km. 



When the mean net flux is computed, one can see that the 
infrared loss is principally towards interplanetary space for altitudes 
above 100 km. At heights above 100 km, the infrared loss is important 
in the heat conduction equation. Between 100 km and 150 km, radiative 
transfer must be taken into account, because otherwise the infrared loss 
would be overestimated by more than one order of magnitude. In order 
to compute the volume emission rate temperature changes with time it 
is necessary to solve the complete heat conduction equation in the thermo-
sphere, 

The effect of the heating layer near the mesopause should be 
added to the effect due to carbon dioxide in a study of the thermal 
balance in the mesosphere. 

Finally, it is clear that measurements of the 63y 01 line 
offer the possibility of determining the atomic oxygen distribution 
in the lower thermosphere which is not yet precisely known . 



APPENDIX 

The integrals involved in the computation of the optical depth 
of the frequency integrated intensities and of the fluxes can be 
evaluated by applying a 5-point Bode rule (Abramowitz and Stegun, 1964). 

However, the integrand appearing in the volume emission rate 
(28) and (29) is characterized by a singular point for t = t. It is 
actually necessary to evaluate 

a 

E^(x) being the first exponential integral and f(x) being a smooth 
function of x. Craig and Gille (1969) solved this difficulty by 
performing an analytical integration by parts before the numerical 
integration. This procedure leads to the numerical computation of 
df(x)/dx, which can present some difficulties. 

For an integration step h, it is possible to write a general 
expression as follows : 

o 
f(x) E.(x) dx (Al) 

x +h 

x o 

+ E 3 

f(x) E. (x)dx = f(x ) E.(x ) - f(x + h) E0(x + h) i o z o o / o 

(x ) - E-(x +h) f(x + h) - f(x ) i o J o o o 

'2 o 

(A2) 

+ R 
where the absolute value of R is such that 

|R| < (1/8) f"(Ç) h 2 E 2(0) - E 2(h) (A3) 

with x <:Ç ̂  x + h o o 



The accuracy of an integration method based on expression (A2) is a 
little less than the trapezoidal rule. It is therefore suitable to split 
(Al) into two parts. First, 

a 
f(x) E x(x) dx (A4) 

is evaluated with a five-point Bode rule. Second, 
_ h 

f(x) E|(x) dx (A5) 

is evaluated by modifying expression (A2). It is possible to show that 
h 

f(x) E1(x) d x ^ O . 5 f(h) + f(0) 1 - E 2(h) 

+ 0.5h f(h) - f(0) - 1/2 + h/6 (A6) 

Integration steps of 1 km have been used in the computations and 
expression (A6) can give a contribution of the order of 25% to the 
integral (Al). 

Finally, the exponential integrals E^(x) and E£(x) havev)?;feen 
computed with an accuracy of 8 digits. 
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