
the enhancement of 129Xe. A determina- 
tion of the relative abundances of the oth- 
er isotopes requires additional analyses 
of enriched samples. It is generally 
agreed that 129Xe anomalies in meteoritic 
and terrestrial gas samples result from 
the production of this isotope by decay 
of extinct 129I (12). We find that the ratio 
of 29Xe to 132Xe is 2.5 (+ 2 or - 1); the 
terrestrial atmospheric value is 0.97, and 
in the carbonaceous and ordinary chon- 
drites, values as high as 4.5 and 9.6 have 
been reported (6, 7, 12). There is a tend- 
ency for more '29Xe in meteorites of 
types C-3 and C-4 than types C-l or C-2, 
which may be attributable to the greater 
ability of the coarse-grained C-3 and C-4 
types to retain the 129Xe than the fine- 
grained C-1 and C-2 types, according to 
Mazor et al. (7). One might therefore 
conjecture that a planetary atmosphere 
derived from a partially degassed veneer 
enriched in material of type C-1 would 
show an enhancement of 129Xe; but one 
might also expect such an enhancement 
in an atmosphere that had suffered mas- 
sive losses at an appropriate interval af- 
ter formation of the planet. 

These are only two of several hypothe- 
ses that could explain the observations, 
however, and we shall study these prob- 
lems in more detail after we have obtain- 
ed results from the experiments planned 
for the end of the extended mission. 
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Densities of CO2 as measured by the up- 
per atmospheric mass spectrometers on 
Viking landers VL1 and VL2 (1-3) are 
used to determine profiles for temper- 
ature as a function of altitude. Temper- 
atures derived in this manner are then 
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used to analyze height profiles as mea- 
sured for the concentrations of N2 and 
Ar. This procedure gives information on 
the extent to which the composition of 
the upper atmosphere of Mars may be in- 
fluenced by mass mixing, as measured 
here in terms of the parameter eddy diffu- 
sion (4). The general validity of the ap- 
proach may be checked by applications 
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Fig. 1. (A) Temperatures for the martian atmosphere above 120 km obtained from an analysis of 
ion peaks at mass numbers 44, 22, and 12, as measured by VL1. Uncertainties implied by the 
spread in values obtained from the individual mass peaks are indicated by the error bars. Tem- 
peratures obtained by Seiff and his co-workers (1, 5) for the lower atmosphere are shown for 
comparison. (B) Same as (A) but for VL2. The dashed lines above 170 km indicate altitudes for 
which there are data only at mass number 44. 
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Fig. 1. (A) Temperatures for the martian atmosphere above 120 km obtained from an analysis of 
ion peaks at mass numbers 44, 22, and 12, as measured by VL1. Uncertainties implied by the 
spread in values obtained from the individual mass peaks are indicated by the error bars. Tem- 
peratures obtained by Seiff and his co-workers (1, 5) for the lower atmosphere are shown for 
comparison. (B) Same as (A) but for VL2. The dashed lines above 170 km indicate altitudes for 
which there are data only at mass number 44. 
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coefficient over the same height range. The upper atmosphere of Mars is surprisingly 
cold with average temperatures for both Viking 1 and Viking 2 of less than 200?K, 
and there is significant vertical structure. Model calculations are presented and 
shown to be in good agreement with measured concentrations of carbon monoxide, 
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to CO and 02. Finally, photochemical 
theory is used to calculate height-depen- 
dent concentrations of NO, and the re- 
sults are compared with the measure- 
ments obtained by VLI. 

Carbon dioxide is the major constitu- 
ent of the martian atmosphere at all alti- 
tudes of interest to the present investiga- 
tion. Mass density p and pressurep obey 
the well-known barometric relation 

dp 
dz -g (1) 

where g defines the local acceleration of 
gravity. Equation 1 may be recast in the 
form 

7.2 

Z1 

where n(z,,z2) indicates the density of 
CO2 at heights z, and z2, T1,2 denotes the 
corresponding temperatures, and H is 
the scale height given by 

H- kT H (3) 
mg 

Here k is Boltzmann's constant, and m 
defines the mass of CO2. Equation 2 is es- 
sentially exact at high altitudes. It should 
be adjusted to reflect a smaller mean mo- 
lecular weight at lower altitudes in order 
to take account of the influence of mass 
mixing. The modification at lower alti- 
tudes is trivial, however, in the present 
context, introducing uncertainties in tem- 
peratures obtained from Eq. 2 of no 
more than about 5 percent. 

Equation 2 may be used in an iterative 
scheme to determine temperature as a 
function of altitude on the basis of the 

Table 1. Eddy diffusion coefficients (in square 
centimeters per second) as derived from an 
analysis of height profiles for Ar and N2. 

Altitude (km) VL1 VL2 

170 1.2 x 109 4.2 x 109 
160 5.9 x 108 2.0 x 109 
150 2.8 x 108 9.3 x 108 
140 1.3 x 108 4.4 x 108 
130 6.2 x 107 2.1 x 108 
120 5.0 x 107 9.8 x 107 
110 5.0 x 107 4.6 x 107 
100 5.0 x 107 2.1 x 107 

density profiles for CO2 presented else- 
where (3). The iteration proceeds from 
the top, with the atmosphere taken as iso- 
thermal over the altitude interval 
spanned by the first two data points. 
Temperatures may be derived in an inde- 
pendent fashion from densities found 
from analysis of ion peaks measured at 
mass numbers 44, 22, and 12. The diver- 
gence of results gives an indication of the 
absolute accuracy of the method. Re- 
sults are shown in Fig. 1, which includes 
also, for purposes of comparison, tem- 
peratures derived for the lower atmo- 
sphere by Seiff and his co-workers (1, 5). 

The temperature profiles for both VL1 
and VL2 show considerable wavelike 
structure at all altitudes above about 30 
km. The amplitude of the wave appears 
to grow with altitude for VL1 over the 
height range 50 to 120 km, although the 
temperature obtained at 118 km may be 
rather more uncertain than the spread of 
values indicated by the horizontal error 
bars in Fig. 1A, as a result of possible 
pressure saturation of the upper atmo- 
spheric mass spectrometer. Temperature 

NUMBER DENSITY (cm-3) NUMBER DENSITY (cm'3) 

Fig. 2. (A) Upper atmospheric densities for N2 and Ar as calculated for VLI, on the basis of 
eddy diffusion coefficients tabulated in Table 1. Volume mixing ratios for N2 and Ar near the 
martian surface are taken as 2.4 x 10-2 and 1.5 x 10-2. Data obtained by VLI are indicated by 0 (N2) and - (Ar). (B) Same as (A) except for VL2. 
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lapse rates approach the adiabatic limit 
over several altitude intervals in both 
VL1 and VL2. The wave structure in 
VL1 may reflect the influence of the diur- 
nal tide generated by thermal forcing of 
the atmosphere in the near-surface envi- 
ronment (6). One might interpret the 
structure near 100 km on VLI as an in- 
dication that the wave has grown to a lim- 
iting amplitude, such that dissipation 
must exercise a major influence on fur- 
ther upward propagation of the diurnal 
tide. This conjecture is consistent with 
the apparent increase in vertical 
wavelength implied by the structure at 
higher altitudes. The amplitude of the 
wave oscillations on VL2 appears to be 
less than that for VL1, possibly a con- 
sequence of the higher latitude for VL2, 
where rotational effects might be ex- 
pected to inhibit propagation of the diur- 
nal tide. 

The temperatures, as indicated by Fig. 
1, are significantly less than thermo- 
spheric temperatures obtained from analy- 
ses of the airglow data on Mariner 6, 
Mariner 7, and Mariner 9 (7). The Viking 
spacecraft landed on Mars when the plan- 
et was close to aphelion, at a solar dis- 
tance near 1.64 astronomical units 
(A.U.). In contrast, Mariner 6 and Mari- 
ner 7 encountered the planet near peri- 
helion, at a solar distance of about 1.43 
A.U. The early orbits for Mariner 9 also 
coincided with near-perihelion condi- 
tions. Accordingly, much of earlier deep 
space data for Mars may be biased to- 
ward conditions favoring a warmer ther- 
mosphere, maintained either by a higher 
flux of tidal energy from the lower atmo- 
sphere or by an enhanced rate for local 
heating due to absorption of solar ul- 
traviolet radiation. Scale heights for the 
martian ionosphere as measured by Ma- 
riner 9 (8) appear to exhibit a larger scat- 
ter of values during later phases of the 
mission when the insolation condition 
may be more directly comparable to that 
for Viking. The topside scale height has 
an average value of about 38 km over the 
first 70 orbits for Mariner 9. Scale 
heights as low as 25 km were detected 
during orbits subsequent to rev 350. 

There is an apparent indication of a 
rise in temperature above 170 km, as 
shown by the dashed curve in Fig. lB. 
The data above 170 km are based exclu- 
sively on an analysis of the peak at mass 
44. It is difficult, therefore, to assess the 
accuracy of the temperatures shown 
here. A change in temperature with alti- 
tude above 170 km is unexpected. The 
density of CO2 at this altitude is only 6 x 
107 cm-3, which would imply a mean 
free path of about 50 km. If we allow for 
the presence of atomic oxygen, using 
densities derived below, the mean free 
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path could be reduced to about 30 km. If 
we assume that densities at 170 km are 
high enough so that the energy flux may 
be computed directly on the basis of 
known values for the thermal con- 
ductivity, we may infer an energy flux of 
magnitude 5 x 10-2 erg cm-2 sec-1 di- 
rected downward at 170 km. This flux is 
too high to be explained in terms of in 
situ absorption of solar ultraviolet radia- 
tion. It could arise, however, as a result 
of the transfer of energy from the post- 
shock solar wind. One would expect the 
density of CO2 in the martian exosphere 
to exhibit a complex structure with alti- 
tude in this case. Regrettably, the data 
are not sufficiently precise to permit a 
more quantitative assessment of this pos- 
sibility. The high-altitude thermal struc- 
ture suggested by Fig. 1B is intriguing, 
but further work is clearly required to en- 
hance the confidence level of the low- 
pressure calibration procedures em- 
ployed to derive CO2 densities at higher 
altitudes. 

Densities for Ar and N2 may be com- 
puted from Eq. 2, with suitable redefini- 
tion of H. The scale height in this case is 
given by 

-1 _1 _K _Di 
H K + DI Hav H 

o 

(4) 

where K denotes the magnitude of the ed- 
dy diffusion coefficient, Di is the appro- 
priate value for the molecular diffusion 
coefficient (i = Ar or N2), H, is the scale 
height for the ith component (Hi = kTI 
mig), and Hav is an average scale height 
for the atmosphere given by kTmavg, 
where mav denotes the mean molecular 
mass. Observed densities for Ar and N2 
may be used to deduce values for K. The 
results are summarized in Table 1. The 
quality of the fit to Ar and N2 is illus- 
trated in Fig. 2. 

Measured concentrations for CO pro- 
vide an important check on values for K 
derived above. We obtained concentra- 
tions for CO, 0, and 02, following proce- 
dures described by Kong and McElroy 
(9). Mixing ratios for CO and 02 in the 
lower atmosphere were set equal to 8 x 
10-4 and 1.6 x 10-3, respectively, con- 
sistent with ground-based spectroscopic 
data (10). The agreement of the model 
with measured profiles for CO and 02 is 
satisfactory, as indicated by Fig. 3, lend- 
ing confidence to the procedures adopted 
earlier to derive values for K and T. 

A model for the martian ionosphere ap- 
propriate for VL1 is shown in Fig. 4A. 
Details of the model are summarized in 
Table 2. The ratio O2+/CO2+ appears to 
be somewhat less than values obtained 
from the retarding potential analyzer on 
VL1 (1). The discrepancy may indicate 
the need for a somewhat larger concen- 
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Table 2. Important ionospheric reactions in the martian ionosphere. Photodissociation rates 
at the top of the atmosphere are given in reciprocal seconds. Two-body reaction rates (k) are 
cubic centimeters per second. 

Reaction Rate coefficient 

CO2 + hv -- CO2+ + e 
N2 + hv - N2+ + e 
0 + hv -- O+ +e 
CO + hv- CO + e 
CO2+ + O - CO + 02+ 
CO2+ + 0 - CO2 + 0+ 
N2+ + CO2 -* N2 + CO2+ 
0 + CO2 -- CO + 02+ 
CO+ + CO2 -> CO + CO2+ 
CO2+ + NO -* CO2 + NO+ 
02+ + NO -- 02 + NO+ 
CO2 + e -- CO + O 

02+ + e -O 0 + O 

NO+ + e -* N + O 

Referen 

J, = 2.4 x 10-7 
J2 = 8.7 x 10-8 
J. = 2.7 x 10-7 
J4 = 4.4 x 10-7 
k, = 1.6 x 10-1" 
k2 = 1.0 x 10-"' 
k3 = 9 x 10-' 
k = I x 10-9 
k = I x 10-9 

k7 = 1.2 x 10-1' 
k8 = 6.3 x 10-1? 
kg = 3.8 x 10-7 

k, = 2.2 x 
10-7(30) 

k = 4.3 x 10-7300)37 

(14) 
(14) 
(14) 
(14) 
(15) 
(15) 
(15) 
(16) 
(16) 
(15) 
(17) 
(18) 

(18) 

(19) 

NUMBER DENSITY (cm-3) NUMBER DENSITY (cm-3) 

Fig. 3. (A) Upper atmospheric densities for CO, 0,, and O calculated for VLI, based on eddy 
diffusion coefficients tabulated in Table 1. Volume mixing ratios for CO and 0, near the martian 
surface are taken as 8 x 10-4 and 1.6 x 10-3, respectively. Data obtained by VLI are indicated 
by A (CO) and + (02). (B) Same as (A) except for VL2. 
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Fig. 4. (A) Number densities for the martian ionosphere computed with rate constants given in 
Table 2. Minor ions with densities less than 103 cm-3 are omitted. (B) Comparison of computed 
and measured number densities of NO in the upper atmosphere of Mars. Computational meth- 
ods are described in (12). 
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tration of O than values indicated in Fig. 
3. Alternatively, the discrepancy could 
be removed if small adjustments were 
made in the rate constants for the reac- 
tions 

CO2+ + O-> CO + 02+ (5) 

and 

2+ + e -> 0 + 0 (6) 

Figure 4B shows a comparison of ob- 
served and computed values for the con- 
centration of NO. We obtained curve a 
by using cross sections for the electron 
impact dissociation of N2 as measured by 
Winters (11) with a quantum yield for 
N(2D) taken equal to 50 percent (12). 
Curve b allowed for an increase in the 
cross sections for e + N2 by a factor of 5 
for all energies below 40 ev, an adjust- 
ment suggested by recent laboratory 
measurements by Zipf (13). The quan- 
tum yield for N(2D) was set equal to 50 
percent in curve b. It was increased to 75 
percent in curve c, for which the cross 
section for e + N2 was taken equal to 
three times the value given by Winters 
(11) at impact energies below 40 ev. Mod- 
el calculations are in satisfactory accord 
with observational data. It would appear 
that the remaining uncertainties may be 
removed as a result of suitable laborato- 
ry experimentation. 

The analysis given here implies mixing 
ratios for N2, Ar, and 02 in the bulk atmo- 
sphere of magnitude 2.4 x 10-2, 1.5 x 
10-2, and 1.6 x 10-3, respectively. The 
upper atmosphere is enriched in CO and 
NO relative to the composition of the 
lower atmosphere, for which we derive 
mixing ratios of 8 x 10-4 and between 
10-8 and 10-9, respectively. 
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ment suggested by recent laboratory 
measurements by Zipf (13). The quan- 
tum yield for N(2D) was set equal to 50 
percent in curve b. It was increased to 75 
percent in curve c, for which the cross 
section for e + N2 was taken equal to 
three times the value given by Winters 
(11) at impact energies below 40 ev. Mod- 
el calculations are in satisfactory accord 
with observational data. It would appear 
that the remaining uncertainties may be 
removed as a result of suitable laborato- 
ry experimentation. 

The analysis given here implies mixing 
ratios for N2, Ar, and 02 in the bulk atmo- 
sphere of magnitude 2.4 x 10-2, 1.5 x 
10-2, and 1.6 x 10-3, respectively. The 
upper atmosphere is enriched in CO and 
NO relative to the composition of the 
lower atmosphere, for which we derive 
mixing ratios of 8 x 10-4 and between 
10-8 and 10-9, respectively. 
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The scientific payload of the Viking 
landers VL1 and VL2, which landed on 
Mars on 20 July 1976 and 3 September 
1976, respectively, included mass spec- 
trometers designed to measure proper- 
ties of the neutral atmosphere over the 
approximate height range 120 to 200 km. 
The upper atmosphere of Mars consists 
mainly of CO,, with trace-detectable 
quantities of N2, Ar, CO, O,, 0, and NO 
(1, 2). The isotopic composition of car- 
bon and oxygen in the martian atmo- 
sphere is similar to that observed for the 
terrestrial atmosphere. The martian at- 
mosphere is enriched, however, in 15N 
relative to 14N (2, 3). The ratio 15N/14N 
for Mars exceeds the value for Earth by 
a factor of about 1.75, a result which may 
be taken to indicate a denser nitrogen at- 
mosphere for Mars in the past (2, 4). The 
enrichment of 1N is thought to be due to 
past selective escape of 14N (2, 4, 5). 

This report gives an updated account 
of results obtained by VL1, together 
with a preliminary report on data from 
VL2. We emphasize results relevant to 
the question of atmospheric structure. 
An analysis of the manner in which the 
density of CO2 varies as a function of alti- 
tude may be used to obtain information 
on the thermal structure of the upper at- 
mosphere of Mars. The variation in the 
densities of other gases, N2 and Ar in par- 
ticular, with altitude may be used to 
study the extent to which the upper atmo- 
sphere is influenced by mass mixing proc- 
esses, associated perhaps with the dis- 
sipation of inertial gravity waves. The up- 
per atmosphere of Mars is surprisingly 
cold and variable. Mass mixing is more 
efficient for Mars than for Earth. If we 
use as a measure of the mixing process 

The scientific payload of the Viking 
landers VL1 and VL2, which landed on 
Mars on 20 July 1976 and 3 September 
1976, respectively, included mass spec- 
trometers designed to measure proper- 
ties of the neutral atmosphere over the 
approximate height range 120 to 200 km. 
The upper atmosphere of Mars consists 
mainly of CO,, with trace-detectable 
quantities of N2, Ar, CO, O,, 0, and NO 
(1, 2). The isotopic composition of car- 
bon and oxygen in the martian atmo- 
sphere is similar to that observed for the 
terrestrial atmosphere. The martian at- 
mosphere is enriched, however, in 15N 
relative to 14N (2, 3). The ratio 15N/14N 
for Mars exceeds the value for Earth by 
a factor of about 1.75, a result which may 
be taken to indicate a denser nitrogen at- 
mosphere for Mars in the past (2, 4). The 
enrichment of 1N is thought to be due to 
past selective escape of 14N (2, 4, 5). 

This report gives an updated account 
of results obtained by VL1, together 
with a preliminary report on data from 
VL2. We emphasize results relevant to 
the question of atmospheric structure. 
An analysis of the manner in which the 
density of CO2 varies as a function of alti- 
tude may be used to obtain information 
on the thermal structure of the upper at- 
mosphere of Mars. The variation in the 
densities of other gases, N2 and Ar in par- 
ticular, with altitude may be used to 
study the extent to which the upper atmo- 
sphere is influenced by mass mixing proc- 
esses, associated perhaps with the dis- 
sipation of inertial gravity waves. The up- 
per atmosphere of Mars is surprisingly 
cold and variable. Mass mixing is more 
efficient for Mars than for Earth. If we 
use as a measure of the mixing process 

16. F. C. Fehsenfeld, A. L. Schmeltekopf, D. B. 
Dunkin, E. E. Ferguson, Environ. Sci. Serv. 
Admin. Tech Rep. ERL 135 (1969), p. AL3. 

17. F. C. Fehsenfeld, D. B. Dunkin, E. E. Fergu- 
son, Planet. Space Sci. 18, 1267 (1970). 

18. J. N. Bardsley and M. A. Biondi, Adv. At. 
Mol. Phys. 6, 1 (1970). 

19. C. M. Huang, M. A. Biondi, R. Johnsen, Phys. 
Rev. A 11, 901 (1975). 

20. Work at the University of Minnesota and at 
Harvard University was supported under NASA 
contracts NAS-1-9697 and NAS-1-10492, respec- 
tively. 

12 November 1976 

16. F. C. Fehsenfeld, A. L. Schmeltekopf, D. B. 
Dunkin, E. E. Ferguson, Environ. Sci. Serv. 
Admin. Tech Rep. ERL 135 (1969), p. AL3. 

17. F. C. Fehsenfeld, D. B. Dunkin, E. E. Fergu- 
son, Planet. Space Sci. 18, 1267 (1970). 

18. J. N. Bardsley and M. A. Biondi, Adv. At. 
Mol. Phys. 6, 1 (1970). 

19. C. M. Huang, M. A. Biondi, R. Johnsen, Phys. 
Rev. A 11, 901 (1975). 

20. Work at the University of Minnesota and at 
Harvard University was supported under NASA 
contracts NAS-1-9697 and NAS-1-10492, respec- 
tively. 

12 November 1976 

an effective eddy diffusion coefficient, 
it is clear that this parameter must 
have values in the range 108 to 109 cm2 
sec-1 over the altitude interval 120 to 150 
km on Mars, which may be compared to 
a value of order 106 cm2 sec-~ thought to 
apply at similar altitudes in Earth's atmo- 
sphere (6). 

The data discussed here were obtained 
with instruments mounted on the space- 
craft aeroshell, with open ion sources 
which allowed gas to freely enter the ion- 
izing region of the spectrometers (7). The 
sensitivity of the instruments was en- 
hanced by the ram effect produced as a 
result of the high speed of the spacecraft, 
about 4.5 km sec-1. Complications in- 
troduced by the ram effect are well un- 
derstood, and the raw data may be re- 
liably interpreted to yield ambient den- 
sities, on the basis of reduction tech- 
niques discussed elsewhere (8). 

The experiment has a number of redun- 
dant features which may be exploited in 
order to enhance confidence in the inter- 
pretation of the measurements. There 
are a variety of mass peaks which may 
be used to obtain information on the den- 
sity of individual species. For example, 
ionization of argon by 75-ev electrons, 
one of two energy options used on Vi- 
king, leads to peaks at mass numbers 40 
and 20, associated with the formation of 
Ar+ and Ar2+. The relative magnitude of 
these peaks, about 5 to 1, is known on 
the basis of preflight calibration of the in- 
struments. Ionization of CO2 gives peaks 
at mass numbers 44, 28, 22, 16, and 12 as- 
sociated with CO,+, CO+, CO22+, O+, 
and C+. The presence of CO may be in- 
ferred from peaks at mass numbers 28, 
16, 14, and 12. Because CO is a minor 
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Structure of the Neutral Upper Atmosphere of Mars: 

Results from Viking 1 and Viking 2 

Abstract. Neutral mass spectrometers carried on the aeroshells of Viking 1 and 
Viking 2 indicate that carbon dioxide is the major constituent of the martian atmo- 
sphere over the height range 120 to 200 kilometers. The atmosphere contains detect- 
able concentrations of nitrogen, argon, carbon monoxide, molecular oxygen, atomic 
oxygen, and nitric oxide. The upper atmosphere exhibits a complex and variable ther- 
mal structure and is well mixed to heights in excess of 120 kilometers. 
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