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Ana lys i s  of  18 obs e r va t i ons  of  t he  l i m b  i n t e n s i t y  profile of  t h e  CO Cameron  
b a n d s  in t he  M a r t i a n  airgl ow shows t h a t  t h e  e q u i v a l e n t  subso la r  zen i th  in t ens i ty ,  
/CAM, is r e l a t ed  to  t h e  O t t a w a  10 .7cm radio  f lux index,  Flo.7, b y  t he  express ion  

IcAM ~ 0.062(74 + F lo .7 )kR,  

w i t h  a cor re la t ion  coefficient of  0.80. Compar i son  of  a v e r a g e d  l imb  in t ens i t i e s  
of t h e  CO2 + doub le t  a n d  t h e  Cam er on  b a n d s  on  four  f avorab le  occasions is con- 
s i s t en t  w i t h  t h e  in tens i t i es  be ing  d i rec t ly  p ropor t iona l ,  in  t he  ra t io  0.24:1.  
The  m e a n  of  18 C am er on  b a n d  tops ide  scale he igh t s  is 17.8kin ,  co r r e spond ing  to  
a n  exospher ic  t e m p e r a t u r e  of  325°K, a n d  t he  l a rges t  a n d  smal les t  va lues  o b s e r v e d  
differ b y  9 .5kin .  These  obs e r va t i ons  are  in  accord  w i t h  theo re t i ca l  p red ic t ions  
w i t h i n  t he  u n c e r t a i n t i e s  in  t he  l a t t e r .  However ,  t he  solar  E U V  flux used  in these  
p red ic t ions  is a f ac to r  of a t  leas t  two  too  w e a k  to p roduce  t he  e lec t ron  dens i t ies  
m e a s u r e d  b y  t he  S - b a n d  occu l t a t i on  expe r imen t .  

INTRODUCTION 

A primary objective of the Mariner 9 
ultraviolet spectrometer studies of the 
Martian airglow was to observe variations 
in the intensity and topside scale height 
of airglow emission features, and to ex- 
amine the source or sources of these varia- 
tions. A general survey of the ultraviolet 
airglow spectrum is given in an accom- 
panying paper (Barth et al., 1972a), and 
some early results showing significant 
variations in the scale height of the 
CO(a-X) Cameron bands have been re- 
ported elsewhere (Barth et al., 1972b). The 
present paper is concerned with measure- 
ments of the Cameron bands and of the 
CO2+(/~-J~) doublet, and their relationship 
to the solar extreme ultraviolet (EUV) flux 
and to the temperature in the Martian 
upper atmosphere. 
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The atmosphere of Mars is essentially 
pure CO 2 at all relevant altitudes. Because 
CO is very scarce (Kaplan et al., 1969), 
the Cameron bands are produced by dis- 
sociative excitation of CO 2 (McConnell 
and McElroy, 1970; Barth et al., 1971; 
Stewart, 1972). This may occur in photo- 
dissociation, 

CO 2 + h v - > C O ( a 3 T / ) + O ,  A < 1 0 8 0 ~  (1) 

or, after photoionization, 

CO,, + hv --> C02 + + e, A < 902 ~ (2) 

it may occur in photoelectron impact, 

CO2 + e --> CO(a 3H) + O + e, 
E >  11.5eV (3) 

or in dissociative recombination, 

CO2 + + e --> CO(a3H) + O. (4) 
469 
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Although spectral  var ia t ion in the EUV 
flux m a y  affect one of  these processes 
more than  another ,  the to ta l  Cameron 
band  in tens i ty  produced should depend 
more or less direct ly  on the to ta l  EUV flux. 
(Only dissociative recombinat ion,  process 
(4), is subject  to variat ions from another  
source, namely  the ex ten t  to which C02 + 
ions are conver ted  to 0 :  + by  react ion with 
0 before recombining.)  The emission scale 
height in the topside of  the airglow layer  
(where the a tmosphere  is optical ly thin 
to  the E U V  radiation) should be equal to 
the neut ra l  C02 scale height,  and it  is, 
therefore,  a measure of  the t empera tu re  
a t  the  top of  the atmosphere.  The C02 + 
double t  is produced by  photoionizat ion 
of  CO 2 (Dalgarno et al., 1970): 

CO 2 ~- hi? - ~  C02+( .~  2~v~u +) -~ e, 
< 6s7 A. (5) 

Because of  the dest ruct ion of  C02 + ions 
by  react ion with O, fluorescent scat ter ing 
of  sunlight contr ibutes  little to the inten- 
s i ty  of  the doublet ;  therefore,  this inten- 
s i ty  should be a direct measure of  the 
to ta l  E U V  flux below 687 A. 

The observat ions of  the  CO Cameron 
bands and of  the CO: + doublet  described 
here were obta ined on 18 occasions between 
November  28 and December  21, 1971, 
and on four occasions between December  
15 and 21, 1971, respectively.  Th ey  were 
generally made  near  local Mart ian noon, 
ei ther  near  50°S la t i tude with a solar 
zeni th angle of  34 ° or in south equatorial  
la t i tudes with a solar zeni th angle of 
between 7 and 23 o. During the longer period 
the Ot tawa solar 10.7 cm radio flux (Ft0.7) 
varied from 109 to 145, in units of  
l0 -22 W/m2/Hz. 

DATA PROCESSING 
Figure 1 shows the average, af ter  noise 

removal ,  of  120 of the most  intense spectra  
obta ined in the long wavelength  (1900- 
3400A) channel of  the ins t rument  during 
November  and December,  1971. The 
br ightest  emissions are the CO Cameron 
bands at  1900-2700A and the C02 + 
doublet  at  2890/~, with m ax im u m  limb 
intensities typical ly  in the ranges 200-300 
amd 50-75kR,  respectively.  Figure 2 
shows a sample Cameron band  limb profile, 
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FIG. l. Average of 120 spectra of the Martian airglow obtained during November and December, 
1971. The Cameron (aalI-Xt•)  bands of CO, the first negative (BaZ'+-X2~ '+) bands of CO +, the 
COz + doublet (/~2Z+-2~2//) and Fox-Duffendack-Barker ( tI2T/-~:/ /)  bands, nnd the OI(ap-1S) 
transaural line at 2972 J~ are identified. 
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FiG. 2. Limb intensity profile of CO Cameron 
bands measured on orbit 62, December 15, 
1971. The dots are the data points and the line is 
the best-fit synthetic profile described in the 
text. 

obtained on the 62nd orbit, December 15, 
1971. I t  exhibits the limb brightening and 
the exponential decrease of intensity in 
the topside which are expected for an 
optically thin emission. A small amount of 
residual noise is evident above 200km. 

Two aeronomically important quan- 
tities, the equivalent zenith intensity and 
the topside emission scale height, were 
extracted from the observed limb profiles 
by comparing them with simple synthetic 
profiles. An analytic representation of 
a theoretical Cameron band volume emis- 
sion rate profile was found which contained, 
as parameters, the altitude, maximum 
emission rate, and topside scale height. 
The synthetic limb profiles were then 
generated by integrating along the instru- 
ment's line of sight, making allowance 
for the range and for the size and alignment 
of the field of view. A constant residual 
noise level was introduced as a fourth 
parameter, and a best fit to the observed 
profile was then obtained by a least- 
squares method. This process yielded 
the topside scale height directly, and the 
equivalent zenith intensity was found 

by integrating the best-fit emission rate 
profile over altitude. Figure 2 includes the 
best-fit synthetic limb profile. 

In the case of the C02 + doublet, the 
signal-to-noise ratio was less favorable 
and the model emission profiles less 
reliable. However, on each of four occa- 
sions, the geometry of the experiment was 
such that  between 15 and 25 spectra of 
large and nearly equal intensity were 
obtained, and reliable doublet-to-Cameron- 
band intensity ratios were found by 
spectral averaging. These ratios form the 
basis of the discussion of the C02 + doublet 
in this paper. 

I ~ E S U L T S  A:ND DISCUSSION 

Because the excitation of the Cameron 
bands results directly from the absorption 
of solar EUV photons by an essentially 
pure C02 atmosphere, the zenith intensity 
should be proportional to the total EUV 
flux and to the cosine of the solar zenith 
angle. In the absence of direct measure- 
ments of the EUV, the airglow intensity 
may be compared with Fl0.7, since there 
is a large body of direct and circumstantial 
evidence that  the EUV and F10.7 are 
correlated. In Fig. 3, 18 equivalent 
zenith Cameron band intensities (ICAM) 
are plotted against F10.7 after removal 
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FIG. 3. Equivalent Cameron band subsolar 
zenith intensities obtained from 18 limb inten- 
sity profiles obtained between November 28 
and December 21, 1971, plotted against Flo.v. 
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of the dependence on solar zenith angle. 
A linear regression yields the expression 

/CAM = 0.062(74 + Fl0.7)kR , (6) 

with a correlation coefficient of 0.80. For 
comparison, application of a linear regres- 
sion to 15 measurements of the summed 
intensities of five strong solar EUV lines 
(Hall et al . ,  1969) yields: 

Z'~bEu v = 6.5 x 107(115 + F]0.7 ) 
photons cm-2sec -1, (7) 

with a correlation coefficient of 0.62. 
The similarity of these two expressions 
circumstantially confirms the postulated 
dependence of ICA M o n  the EUV flux. The 
difference in the constant terms in (6) and 
(7) may be qualitatively understood in 
terms of the contribution to/CAM of other 
strong solar lines, which Hall et al. did not 
include in their sum but which appear to 
have a stronger, nonlinear dependence on 
F~0.7- I t  may be noted here that  Prinz and 
Meier (1971) find that  the terrestrial N 2 
Lyman-Birge-Hopfield  band airglow, 
which is excited by photoelectron impact 
and, therefore, depends on the EUV flux, 
also appears to be well correlated with 
~10.7" 

The sun does not, in general, present the 
same face to the Ear th  and Mars; and 
allowance for this should be made when 
comparing airglow measurements on Mars 
with solar indices measured from the Earth. 
For the present observations, the Ear th  
"lagged" 2.7 days behind Mars, but  the 
maximum correlation between !cA M and 
Fl0.v is obtained if a lag of 1.4 days is 
assumed (the value used in Figs. 3 and 5 
and Eq. 6). The difference may indicate 
tha t  temporal variations in solar active 
regions are of comparable importance to 
the heliographic variations which give 
rise to the well-known 27-day cycle. 

Figure 4 is a plot of the C02 + doublet 
intensity against the CO Cameron band 
intensity on four favorable occasions. 
The best-fit straight line is not significantly 
different from a straight line through the 
origin, as would be expected since the 
emissions are in large part  excited by the 
same solar photons. The mean ratio is 
0.24:1, and the implied mean subsolar 
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FIG. 4. Averaged CO2 + doublet limb inten- 
sities plotted against averaged CO Cameron 
band limb intensities for four favorable obser- 
vations between December 15, 1971 (Orbit 62) 
amd December 21, 1971 (Orbit 74). 

zenith intensity of the doublet is 3.0kR, 
in good accord with the prediction of 
3.5kR due to photoionization by Dalgarno 
et al. (1970). 

Figure 5 shows the measured Cameron 
band topside scale height plotted against 
F10.7. The quantities are clearly uncorre- 
lated. Atmospheric thermal structure cal- 
culations of the type described by Stewart 
(1972) predict tha t  this scale height should 
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FIG. 5. Topside Cameron band scale heights, 
obtained from limb intensity profiles as 
described in the text, plotted against Flo.7. 
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vary by no more than about 2kin as _F10.7 
varies between 109 and 145. The observed 
variations are much larger than this, 
and it seems likely that  the temperature 
in the upper atmosphere of Mars is strongly 
affected by processes not directly related to 
solar activity. Heating by dissipation of 
atmospheric gravity waves and cooling by 
turbulent heat transport are obvious 
possibilities, as is the case on Earth (Hines, 
1965; Johnson, 1966). The great Martian 
dust storm of 1971 was in progress through- 
out the period covered by the present 
observations, and the activity in the 
lower atmosphere may well have affected 
the upper atmosphere. The average scale 
height from Fig. 5 is 17.8km, and the 
largest and smallest are 24.3 and 14.8km; 
the corresponding exospheric temperatures 
are 325,445 and 270K, respectively. 

The most striking difference between 
the present results from Mariner 9 and the 
corresponding results from Mariner 6 and 
7 in 1969 is the apparent reduction in the 
Cameron band intensities by a factor of 
about 2.5. Changes in the level of solar 
activity, and in ionospheric composition 
(which might eliminate dissociative recom- 
bination, process (4), as an excitation 
mechanism), might account for a 40% 
reduction. I t  is believed that  the remaining 
discrepancy may be ascribed to the 
superior calibration of the Mariner 9 
instrument in the 1900-2500 .~ region. The 
Mariner 9 intensities are readily accounted 
for by theoretical calculations (similar 
to those of Stewart, 1972) which employ 
the EUV flux reported by Hinteregger 
(1970), together with the laboratory results 
of Lawrence (1972) on process (1), of 
Ajello (1971) and Wells et al. (1972) on 
process (3), and of Wauchop and Broida 
(1972) on process (4). The Mariner 9 
CO2 + doublet intensities are very similar 
to those measured by Mariner 6 and 7; 
this similarity is consistent with the 
small reduction expected theoretically 
on the grounds of lower solar activity 
and implied by the slight decrease in the 
observed electron densities (Fjeldbo et al., 
1970; Kliore et al., 1972). 

The theoretical picture with regard to 
the temperatures in the Martian upper 

atmosphere is less satisfactory than with 
regard to the airglow intensities. Stewart 
(1972) was able to account for the Mariner 
6 and 7 exospheric temperature of 350°K 
by allowing for the large amounts of 
energy apparently being radiated away in 
the ultraviolet airglow. The Mariner 9 
results suggest that  this energy loss was 
overestimated by a factor of about two, 
and the appearance of this excess energy 
as heat increases the theoretical exospheric 
temperature by about 70°K. This problem 
might be resolved if the electronic energy 
of O(~D), which is abundantly produced by 
photodissociation of CO2 and by dissocia- 
tive re combination ofO 2 + and perhaps C 02 +, 
is not converted to kinetic energy upon 
quenching, as has been generally assumed. 
I ra  substantial fraction is instead converted 
to vibrational energy in CO 2 and subse- 
quently radiated away in infrared transi- 
tions, the theoretical temperatures can 
be brought back into agreement with the 
observations. 

A final problem persists through all 
discussion of the Martian upper atmos- 
phere. The solar EUV flux of Hinteregger 
(1970), which adequately accounts for the 
airglow intensities and exospheric tem- 
peratures, is too weak to account for the 
electron densities observed by Mariner 6 
and 7 (and 9) by a factor of between 2 and 3, 
according to whether the major ion is 
02 + or CO2 + (Stewart, 1972). No satisfac- 
tory resolution of this inconsistency is 
in sight. 
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D i s c u s s i o n  

MAROV: The correlation you find between the ultraviolet intensity and the solar 
10.7-cm flux is interesting, but the heating is done by solar radiation shorter 
than 300 A, so your correlation is not necessarily indicative of the true heating 
efficiency. 

T. DONAHUE : IS the 1304-A emission variation correlated? 
STEWART : NO, We believe that  it is independent. 


