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Abstract-The atomic oxygen emission at 63 ,M 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. 
optically thin atmosphere. 

A reduction factor is introduced for comparison with an 

1. INTRODUCTION 

The main heat input in the thermosphere results from the absorption of solar ultra- 
violet 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 com- 
ponents 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 63 p due to the transition OcP3 + O(sPz) was 
lirst demonstrated 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 63 ,u. 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 the 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 63 ,u line are obtained, and the effect of a change in the 
atomic oxygen concentration is also described. 

2. INFRARED LOSS IN AN OPTICALLY THIN ATMOSPHKKK 

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 the 
transitions sPo - 3Pl at 147 p and sPl - “Pz at 63 ,u, respectively. 

If we assume a Boltzmann distribution, the ratio of the oxygen concentration nJ in the 
state sPJ to the total atomic oxygen concentration n(O) is given by the relation: 

gJ eXP (---E.&T) 
nJ’n(o) = T gJ exp (-EJ/kT’) 
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where gJ is the statistical weight 2J + 1 of the level J, EJ the energy 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. 
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FIG. 1. ATOMIC OXYGEN GROUND FATE TRANSITIONS. 

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 corres- 
pond to thermopause temperatures of 750 and 2000°K (Table 1). 

Below 80 km, two distributions corresponding to daytime and night-time conditions 
in the mesosphere are also considered (Table 2). 

The daytime curve corresponds approximately to a photoequilibrium 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 adopted a value of 1Or1 cm4, whereas mass spectrometric measurements 
(Krankowsky et al., 1968) give values as low as lOlo cm3. Other measurements (Mauers- 
berger et al., 1968), however, correspond to a concentration of 5.7 x lOlo cm-3. The 
highest experimental values known at this time are those obtained by Hall et al. (1967) 
and by Hinteregger and Hall (1969). From ultraviolet absorption measurements (Hinte- 
regger and Hall, 1969), the atomic oxygen concentration at 350 km altitude is in the range 
from 3.1 x lo8 cm4 at sunrise to 5.5 X 10s cm-3 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 2.6 x 10s cm-3 at 350 km. Without 
entering into a detailed discussion, it 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 
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FIG. 2. bRTICAL DLWlUBUTION OF ATOMIC OXYGEN CON CENTRATIONS FOR THIZRMOPAUSB 

TEMPERATURES OF 750 AND 2000°K. 
Mesospheric and lower thermospheric distributions for nighttime and overhead Sun conditions. 

TABLE 1. ATOMIC OXYGEN CONCENTRATION (cm-“) IN THE THERM~~~HERB 

&n) 120 150 200 250 300 

-T = 750°K 1.00 x 10’1 1.67 x 1O’O 3.67 x loo 1.01 x 100 3.12 x lo* 
T = 2000°K l+lO x 10” 1.38 x 10’0 4.45 x 10’ 2.25 x loo 1.31 x 10’ 

diffusion coefficients (Colegrove et al., 1966) which are poorly known in the lower thermo- 

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

L(63 1~) = (J% - ~%)&n, (2) 
and 

L(147 /J) = (& - E&4,,n, (3) 
10 



274 G. KOCKARTS and W. PEETEFCMANS 

TABLE 2. ATOMICOXYGENCON~ENTRA~ON(CIII-*)INTHEMESXPHEREANDINTHE 
LOWERTHERMOSPHERE 

50 60 70 80 90 100 110 

Overhead 3.5 x 109 6.9 x loo 2.0 x 10”’ 5.4 x lOlo 3.0 x 10” 3.2 x 10” 23 x lw’ 
Sun 

night-time - - 9.0 x lo5 2.2 x 10’ 3.0 x lw’ 3.2 x 10” 2.3 x 10” 

where A,, and & are the transition probabilities given in Fig. 1. By using Equation (l), 
the energy losses (2) and (3) are written as follows: 

l-69 X 10-lan(0) exp (-228/T) 

L(63P) = 1 + O-6 exp (-228/T) + O-2 exp (-326/Z”) (4) 

and 
4.59 X 10-20n(0) exp (-326/T) 

L(147 ‘) = 1 + O-6 exp (-228/Z’) + O-2 exp (-326/T) 
(5) 

in units of erg cm-s set-l. 
Table 3 gives the energy rate R (erg set-I) emitted for temperatures ranging from 200 

to 2OOO“K. The energy rate at 147 ,u is less than 3 per cent of the energy rate at 63 p, even 

TABLE 3. ENERGYRATB (erg~ec-~)~~lrre~~~ 63~ AND AT 147.14 

&I 200 300 400 500 600 700 800 900 1000 1500 2000 

R(63 p) x 1O’o 4.36 5.83 6.65 7.17 7.53 7.78 7.97 8.13 8.25 8.61 8.79 
R(147p) x 1wo 073 1.15 1.42 1.61 I.75 I.85 1.93 1.99 2.04 2.20 229 

for a temperature of 2000°K. We consider therefore only the emission at 63 p, although 
the following mathematical formulation is identical for the emission at 147 p. 

3. FL4DIATIVE TRANSFER EQUATION 

If we denote by Z, the sped& intensity (erg crnm2 set-l ster.-l Hz-l) emitted at frequency 
Y in the direction S, the radiative transfer equation can be written, according to Chand- 
rasekhar (1960), in the following form: 

dZ$ls = --Kyzv + EV (6) 

where K, is an absorption coefficient measured in cm-l and E, is the energy emitted at fre- 
quency Y (erg cm-s ster.-r set-l Hz-l). 

If the direction s makes an angle 0 with the vertical z measured positively from the 
Earth’s surface (dz = cos 13 ds = u ds), Equation (6) can be transformed into: 

u dZ,,/dz = -K,& + E,. (7) 

In the upper atmosphere, it is possible to consider the 63 ,u line with a Doppler width Av 
and therefore with the following coefficients : 

E, = 42& - &h 
4nAv 
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and 

K” = b2B21 - Ql2) 
6% - J&J 

4rrAv ’ 
(9) 

The Einstein coefficients Aiz, Bzl and B,, in (8) and (9) are given by 

and 

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 by the atoms in the state spa, whereas 
the second term takes into account the stimulated emission which reduces the importance 
of the absorption process. 

By introducing the optical depth derivative dT/dz defined by 

dT/dz = -K, (12) 

Equation (7) can finally be written, with the help of relations (1) and (8) to (12), in the form 

u d&/d7 = I, - (2hv3/c2) [exp (I& - EJkT - 11-l (13a) 
or 

u d&/d7 = Z, - B(T) (W 

since B(T) is the specific intensity at frequency v of a black body characterized by a tempera- 
ture T, which depends on the altitude, i.e. on the optical depth. 

The specific intensity is not easily accessible to experimental determinations. Actually, 
one measures thefrequency integrated intensity Z = J I, dv, or with a certain approximation 
I = I,Av. Such a procedure is equivalent to considering a rectangular protie with a width 
Av equal to the Doppler width. The frequency integrated intensities can therefore 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 K, = 0, Equations (7) and (8) 
lead to the frequency integrated intensity in the following form 

41~Z* = A&E1 - EJ 
s 

mnl set 0 dz. 
z 

(14) 

Along the vertical (0 = 0), such a frequency integrated intensity or apparent emission 
rate 477Z* given in erg cm-2 set-l column-l 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 

u(v) = o(vo) exp 
C 

- 2(vhy v”) 2/i;;2la (1% 
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where O(Q) is the cross section at the center of the line at frequency v. (Mitchell and 
Zemansky, 1961). The total Doppler width is given by 

where m is the mass of an oxygen atom. 
In expression (9) a weighed cross section t? is introduced such that 

s 00 

a(v) dv = 4?r “’ (Et - Es) = c7 Av. 
0 

(17) 

In his computation, Bates (1951) used the cross section at the center of the line u(vo), 
which is related to our weighed cross section by 

b(Yo) = 2(+12)X’*ii = 0*94z (18) 

For temperature ranging from 200 to 2OOO”K, 3 varies from 7.1 x IO-1* ems to 2.2 x IO-i* 
cm2 following a law in T--lla. 

Taking into account (l), (9), (IO), (11) and (16), the derivative of the optical depth (12) 
may be written as follows 

dr - 1-O X 10-l~~l’~~(0)[exp (228/T) - l] 

z= 0.6 + O-2 exp (-98/Z) + exp (228/T) * 
(19) 

In order to obtain by numerical integration the vertical distribution of the optical depth 

s 

01 
shown in Fig. 3, it is useful to note that n(0) dz N n(O)li(o) in an isothermal atmos- 

phere; H(0) is the atomic oxygen p~ia~press~e scale height, Above 200 km, the optical 
depth is less than lOma for thermopause temperatures between 750 and 2000% 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 thermo- 
sphere. 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 contri- 
bution comes from heights above 80 km. 

5. FREQUENCY KNTEGRATED INTENSITY AND MJZAN VERTICAL FLUX 

The specific intensity 1, results from the integration of Equation (13b) after determining 
the boundary conditions. 

At the upper boundary, a possible 63 p source could be the Sun, since the solar bright- 
ness temperature at 63 ,u should be around 4500°K (Nagel, 1968). With such a value and a 
mean dilution factor of 5.4 x 10w6, the specific intensity at 63 ,U at the top of the Earth’s 
atmosphere is 1.6 x lo-la erg crnAa set-l ster. -l Hz-l. But at a height of 200 km, this specific 
intensity corresponds to the frequency integrated intensity ranging from 3.8 x lo6 to 
6.2 x 1O-s erg cm-2 set-l ster.-l fur thermopause temperatures of 750 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 = TV, an ascending radiation B(T,) at 63 p is assumed. With no absorption 
between the ground level and any altitude corresponding to T = 70, B(T,) would be the 
specific intensity at 63 p of a black body with a ground temperature T,. But, since water 
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FIc3 3. bRTlCAL DISllUBUTION OF THE OFTEAL. DEPTH AT 63~ FOR THER?dOPAUSE TRMPRRATuREs 
OF 750 AND 2000°K. 

vapor has numerous rotational lines in this spectral region (Randall et al., 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 or 216”K, for comparison with 
Craig and Gille (1969). The upward specific intensity at the lower boundary can then be 
written 

B(T,) = 1.58 x 10-e[exp (228/T,) - 11-l. (20) 

For TE = 216°K and TIC = 190”K, expression (20) gives B(216”K) = 8.4 x lo-lo and 
B(190”K) = 6.8 x lo-lo erg cm-a set-l ster.-l Hz-l, respectively. 

Integration of Equation (13b) gives then the frequency integrated intensity for the 
ascending radiation 1+(~, u), u being positive, 

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 

I_(T, u) = -Av (lexp[G]B(T)G. (22) 
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The values of I+ and I__ obtained by numerical integration of (21) and (22) are measured in 
erg cm-s set-l ster-r. The variation with height is obtained by means of the optical depth 
derivative (19). 

Figure 4 shows distributions of 1, and f., obtained for u = &l , i,e, vertical conditions. 
First of ah, above 120 km, the highest in~nsities correspond to the highest ~ermopause 
temperature and the ascending intensity is stronger than the descending intensity L which 
has been measured by Feldman and McNutt (1969) and by Houck and I&wit (1969). 
Above 120 km, I+ is not affected by the presence of an emission B(Z’r,J at the lower bound- 
ary. The values between lOma and 4 x 10-s erg cm-a set-l ster.-l are entirely due to the 

(11 Te: r 190°K 

(2) r E c 216°K 

(3) T, I 0‘ DAY 
(4)fEz 0, NIGHT 

f REQUENCY INTEGRATED INTENSITIES, erg cm’%ec”strr- 

FK3. 4, bR’IlCAL DISTRIBU’MON OF THE FREQWENCY XNlBGRATl?D INlBNSlTIEi 1, AND 1, FOR 
‘IXERMOPAUSE TEMPERMVRES OF 750 AND 2000°K. 

The curves labelled (l), (Z), (3) and (4) correspond to diRerent conditions at the lower 
bolulhy~ 

emission of the ~bient 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 di~~butions of I; are presented both taking into account and neglecting 
the lower boundary emission; they are shown in Fig. 4 by curves (l), (2), (3) and (4), 
respectively, In the latter case, the night-time atomic oxygen distribution below 90 km 
causes I+ to decrease sharply (curve 4}, while for an overhead Sun, corresponding to 
photochemica1 equilibrium conditions, the decrease is bss pronounced. If lower boundary 
emissions ~~espo~~ng to black bodies at 190 and 216% are introduced, one obtains the 
curves labelled (I) and (2) below 90 km, which correspond to 9.6 x 10s and to 1.2 x lOma 
erg cm-s se& ster. --I at 50 km altitude, respectively. Finally, it must be pointed out 
that the descending intensity I_ is practically not affected in the lower thermosphere and in 
the mesosphere by the change from daytime to night-time conditions. Numerical values of 
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I+ and I_ (MRayleigh) are given in Tables 4 and 5. When a lower boundary emission is 
involved, the intensity I+ does not change between day and night in the mesosphere, for 
practical purposes. 

TABLJI 4. FREQUENCY INTEGRATED INTBNSITIES (MRayleigh) IN THE THERMOSPHERE 

FOR TEERMOPAUSE TEMPERATURES OF 750 AND 2000°K 

Z- z+ 
0 T = 750°K T = 2000°K T = 750°K T = 2000°K 

120 2.9 2.9 6.1 6.1 
150 1.2 1.7 9.7 13.0 

cz 0.35 0.11 0.93 0.55 12.0 12.0 17.0 18.0 

TABLE 5. FREQUENCY I~GRATED INTENSITIES (MRayleigh) IN THE MEXW~IE AND LOWER 
THERMOSPHERE 

63 
28 
70 

; 

:% 

Z- z+ 
Day and night T,=O; night T,=O; day Ta = 190°K Tz = 216°K 

;:; - - 0.03 @OS 3.8 3.7 9:; 

;:; 3.2 

- 4.2 

1.1 - 0”:: 1.6 33:; 2.8 3.1 3.1 

1:; 42:; ::; 
3.4 
4.7 ;:; 

As the frequency-integrated intensities I+ and I_ depend on the direction of the radia- 
tion, it is possible to compute a mean ascendingjlux F+ and a mean descending&x 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: 

F+(T) = 2nAv 
(1 

“B(T)E,(t - T) dt + B(T&Zs&, - T) (23) 
z 

where the exponential integral E,(x) is defined by 

l E,(X) = 
s 

exp (-x/u)u”-s du. 
0 

The second term in (23) represents the contribution from the lower boundary emission. 
For a 2000°K thermopause temperature, F+(T) reaches values of the order of 0.2 erg cm-* 
set-l above 200 km, whereas for 750”K, F+(T) is of the order of 0.11 erg cm-s set-l. 

When u varies from 0 to -1, one obtains the mean descending flux F_ in the form 

F_(T) = -%rAv 
s 

TB(i”)E2(~ - t) dt. (25) 
0 

The maximum value of F_(T) is reached around 110 km and is of the order of 0.04 erg 
cm-* XX+. 

It is also interesting to define a mean net&c F(T) by 

F(T) = F+(T) + F_(T). (26) 
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This quantity is used in the computation of the volume emission rate in next section. As 
F+ and F_ have opposite signs, the mean net flux F can 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 of 1, and I_ (see Fig. 4). If the lower boundary emission is taken into account, 
F is negative below 110 km, but again becomes positive around the mesopause. 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. 

The volume emission rate (erg cm-3 see-l) of atomic oxygen is in fact given by the diver- 
gence of the mean net flux F defined in the preceding section. As a function of altitude z, 
the volume emission rate L(z) is written as follows 

dFdr 
L(z) = ;ir z 

where d+lz is given by (19). 
By using the expressions (4), (23) and (24), one obtains 

(27) 

L(z) = L(63 /~)[l - XJ (28) 

X = exp (228/T) - O-5 I[S ‘0 &(lt - ~1) dt Mrll - T) 
o exp (228/T) - 1’ exp (228/T,) - 1 1 ’ (29 

In (28), L(63 ,u) is the infrared loss (4) corresponding to an optically thin atmosphere, and 
in (29) It - ~1 represents the absolute value oft - T; the term containing the second order 
exponential integral E3 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”(W(~ (30) 

where J, is the mean value of the specific intensity I, = Z/Av integrated over a sphere and 
B(T) is a Planck’s function at 63 ,u 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 as high as 
1.5 x 10-7ergcm3 set-l in the neighbourhood of 100 km. Such a value is comparable 
and even greater than the heat production by ultraviolet absorption in the vicinity of 120 
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Comparison with the optically thin case. 

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 km. When the 
radiative transfer is introduced, the heat loss around 120 km is of the order of 2 x lo-* erg 
cm-3 set-l, 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 7 is practically half of the optical depth TV 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 maxi- 
mum and a second extremum occurs at the mesopause. On the other hand the introduction 
of a lower boundary emission leads to a sign change for L(z) and 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 Fig. 5 disappears in the mesosphere at night. 

In order to show the exact effect of radiative transfer, the reduction factor l-X, indi- 
cating the departure from an optically thin layer, is presented in Fig. 6. It varies from 0.79 
(2’ = 750°K) to 0.90 (T = 2000°K) above 200 km, corresponding to a decrease of the 
infrared loss by 10-20 per cent, compared to the case of an optically thin layer. The reduc- 
tion 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. 
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7. EFFECT OF THE ATOMIC OXYGEN CONCENTRATION 

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

The intensity (erg cm-2 se& column-l) for an optically thin layer (Equation (4)) is 
represented in Fig. 7 by dashed lines for two models with the same temperature distribution, 
but with atomic oxygen concentrations differing by a factor of 2. When radiative transfer 
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is aken into account, the full lines show that there is no direct proportionality 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 1968, the atomic oxygen concentration is less than 10” cm-a at 120 km 
but is greater than 5 x IOr* cm4. 

In Fig. 7, the curves labelled n(U)/2 can also be interpreted as corresponding to a vertical 
intensity, while the curves labelled $0) correspond to an observational zenith angle of 60”. 

In the 300-200 km region, infrared measurements of the 63 p line can yield valuable 
informations on the atomic oxygen concentration, since the frequency integrated intensities 
as well as the volume emission rates are rather setlsitive to a change in the atomic oxygen 
number density. Table 6 shows how some parameters previously discussed may vary if the 
atomic oxygen concentration is decreased by a factor two. 

TABLE& FR~QUENC~INT~~~~DI~~~~~,V~LUMEEMISS~ONICATEANDAEDUCICFIONFACTOR 

z=1ookm 2 = 120km 
T = 209°K T = 324°K 

n(O) = 3.2 x 10” a(U) = I.6 x IO= n(0) = IOU n(O) = 5 x 10’0 
cm-” cm+ cm-* cm-8 

Z&erg cm+ set-l ster.-I) 8.77 x 10-a 9.02 x lo-* I.54 x lo-‘d 1-37 x IO-* 
Z_(erg cm-* set-’ ster.-I) 1.03 x 10-1 7.50 x 10-S 726 x 1O-s 3.75 x 10--J 
L(erg cm-* seF) -1.43 x 10-o 3.34 x 10-p X.82 x 10-s 1.34 x IO-8 
1 -.X -9.9 x 10-a 4.6 x lo-’ 3.0 x 10-l 4.4 x IO-1 
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8. CONCLUSION 

The experimental data (Feldman and McNutt, 1969) for the 63 ,U 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 when temperature changes with time it is necessary to solve the complete 
heat conduction equation in the thermosphere. 

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 63 p 01 line offer the possibility of deter- 
mining the atomic oxygen distribution in the lower thermosphere which is not yet precisely 
known. 
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APPENDIX 

The integrals involved in the computation of the optical depth of the frequency inte- 
grated 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 character- 
ized by a singular point for t = T. It is actually necessary to evaluate 

(Al) 

E,(x) being the first exponential integral andf(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: 

s 

z,+h 

fWd4 dx = f(~O>%O) -Ax0 + 4%(x0 + 4 2. 

+ IE,(x,) - &(x0 + WI U-(xo + 4 - fhJl/~ + R cm 
where the absolute value of R is such that 

with 
IRI < (~)f”(WE(O) - Wr)l (A3) 

x0< 5< x,+h. 

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, 

Yl = 
s 

“f(x)El(x) dx 
h 

(A4) 

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

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

s 
oh.W~(x) dx ‘v @5If@) + f@>l t1 - WOl + 0~5WW -f@)l[--l/2 + VI. 

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

Finally, the exponential integrals E,(x) and E,(x) have been computed with an accuracy 
of 8 digits. 


