
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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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 
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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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constituent of the martian atmosphere, 
most of the signal at mass number 12 
may be attributed to C+ formed by the 
dissociative ionization of CO,. Molecu- 
lar nitrogen may be detected at mass 
numbers 28 and 14, and indeed most of 
the signal at mass number 14 is due to N+ 
formed by the dissociative ionization of 
N2. The concentration of 02 may be in- 
ferred from an analysis of the mass peak 
at 32. The presence of NO may be de- 
duced from an anomalously high peak at 
mass number 30. 

Figure 1 summarizes results obtained 
for CO2 and Ar. The mass peaks at 44, 
22, and 12 yield essentially identical re- 
sults for CO2. Results obtained for Ar 
from mass peaks at 40 and 20 are also re- 
markably consistent. Densities are 
shown here as functions of altitude 
above the mean martian surface defined 
by an isobar at 6.1 mbar. We may con- 
clude immediately that the atmosphere 
probed by VL2 is significantly colder 
than that seen by VL1. The density of 
CO2 at 130 km in VLl (Fig. 1A) is about 
5 x 1010 cm-3, which may be compared 
with a density of 2.6 x 1010 cm-3 at the 
same altitude in VL2 (Fig. 1B). The den- 

sity of CO2 falls off more rapidly with alti- 
tude in VL2, reaching a value of 6.2 x 
106 cm-3 at 190 km, which may be com- 
pared to a value of 7.8 x 107 cm-3 at a 
similar altitude for VL1. 

Figure 2 gives height profiles for the 
densities of CO2, N2, CO, 02, and NO for 
both VL1 and VL2. The densities of CO2 
as shown here were obtained from an 
analysis of the mass peaks at 44. The den- 
sity of 02 was found directly from the 
mass peak at 32. Information on N2 and 
CO was derived from a combination of 
the mass peaks at 28 and 14 after suitable 
correction for contributions due to the 
dissociative ionization of CO2. The den- 
sities for N2 and CO were obtained from 
the solution of a pair of simultaneous 
equations incorporating all known 
sources of signal at the relevant mass 
numbers, 28 and 14. 

Figure 2 includes a simple fit to the 
height profiles for CO2. We assumed an 
exponential decay of density with in- 
creasing altitude. The change of density 
with height was determined in the con- 
ventional fashion by the scale height H, 
defined by H = kT/mg, where k denotes 
Boltzmann's constant, T is the tempera- 

ture, m is the mass of CO2, and g is the 
acceleration of gravity. We allowed tem- 
perature to vary from an average value of 
117?K at low altitudes in VL1 to a some- 
what higher value of 190?K at inter- 
mediate altitudes, declining to 151?K at 
higher altitudes. The temperature in Fig. 
2B for VL2 is about 142?K at low 
altitudes. It decreases to about 109?K at 
intermediate altitudes and appears to rise 
to a value in excess of 130?K at higher 
altitudes. The results shown here indicate 
that the upper atmosphere of Mars ex- 
hibits an unexpectedly complex thermal 
structure. The results obtained by VL2 
are significantly different from those 
found by VL1. 

Spectra obtained by both VL1 and 
VL2 show distinct peaks at mass num- 
bers 16, 17, and 18. The peaks at 17 and 
18 are most probably due to water vapor. 
Scale heights indicated by these features 
are consistent with a molecule of mass 
number near 18. The magnitude of the 
peaks appears too large, however, for 
ambient martian H20. It seems more 
probable that the peaks are associated 
with terrestrial H20, bound to the sur- 
face of the instruments. The molecules 

- I 
+I I11111 

I - I 

cw 

< 

- 04 

OH 

0H 

I- 0H 

A 
I I I I 1 r -- I I 

? C02,MASS 44 
xCO2,MASS 22 
+CO2,MASS12 - 
oAr ,MASS 40 
HAr ,MASS 20 

0 H 

0 H 

as 

-G 

120K- 

,,,,1 . . III 1 1 i I 1 1I 1,,,; 

200 

180 

E 
- 160 

D 
F- 140 

2 120 

0 

I 
I" I I 1 I t 1111I I, l l,TT7 

+ n A 
x + 

El 

x + 

0 x 

0 

0 

0 

] C02 
+ N2 
x CO 

El I, 

i- 

?0 " ?2 O002 
NO 

+ E2 
X + \ 

X + 
- 

.. 
~,,,~~~~'1~ 

0 

111 1111 1,I I1.... I 

, 

,1, ll, 

B 

B B 

x + 

D 

E 

0 

B o 
x 

+ 

H 
H 

I I 
1 1111 1 1 I I 

p 
11 

C02, MASS 44 
C02,MASS 22 
C02,MASS 12 - 
Ar ,MASS 40 
Ar ,MASS 20 

HO 

a 

S 

, , 1111. II _. i . I . . 

200 

180 
E 

j 160 

H- 

! 140 

120 

107 108 09 1010 1011 
NUMBER DENSITY,cm-3 

X + 

B I ' ' 
. . I 11111E "0 

o CO2 
+ N2 
x CO 
0 02 
a NO 

N X < + D <7 

K + El .2 + N -~~~~~ 
. 

I I I 1 L II1 

107 108 109 
NUMBER DENSITY. cm-3 

106 

B 

B 

+ 

0 X 

0 
+ 

X + 

0 X 

0 

0 X + 

1010 o10" 

Fig. 1 (left). (A) Number densities of CO2 and Ar found during the descent of VL1 determined from an analysis of the mass peaks at 44, 22, and 12 amu in the case of C2, and of the mass peaks at 40 and 20 arnu in the case of Ar. (B) Same as (A) for VL2. Fig. 2 (right). (A) Number densities of 
CO2, N2, CO, 02, and NO found during the descent of VL1. The straight line fits to CO2 indicate results from a simple thermal analysis as discussed in the text. (B) Same as (A) for VL2. 
17 DECEMBER 1976 

1299 

200 

180 

E 

-160 
0 

140 
-J 

200 

180 

E 

160 

140 

12 
120 

't I III 

I I .11... 

'I 

B 

r111 1,, ,: 

i 

I I il ' I I I I , ,,L- 1 I I I I 11 i1 6 
106 

iALA 



would be released as the martian atmo- 
sphere struck the surface, a phenomenon 
seen earlier during perigee passes of the 
Earth orbital satellites Explorer C, Ex- 
plorer D, and Explorer E. The mass peak 
at 16 includes contributions from CO2, 
CO, 02, and HO2, in addition to a residu- 
al most probably due to O. A quan- 
titative analysis is difficult, however, 
since O may be expected to react rapidly 
with surfaces in the instrument. It is 
hoped that further laboratory studies will 
clarify these matters, and that they might 
eventually permit a more quantitative es- 
timate for the concentration of O. 

The densities of NO, as shown in Fig. 
2, were obtained from a detailed analysis 
of the peak at mass number 30. Figure 3 
gives a scale representation of a typical 
spectrum obtained by VL1 at an altitude 
near 130 km. Slightly more than half of 
the signal at mass 30 may be attributed to 
'2C'8O+ formed by the dissociative ioni- 
zation of 12C'016O. After correction for 
'2C18O+ from both CO, and CO, there re- 
mains a component whose magnitude sig- 
nificantly exceeds the noise level of the 
amplifier. This component is most rea- 
sonably attributed to NO, and it is seen 
in all spectra for which the peak at mass 
30 exceeds the amplifier noise back- 
ground. The data indicate a mixing ratio 
for NO relative to CO2 of approximately 
10-4. The density of NO in the upper at- 
mosphere of Mars is thus significantly 
higher than the density of NO at com- 
parable levels of Earth's atmosphere. 

It is clear from even a casual in- 
spection of the data in Fig. 2 that the mar- 
tian atmosphere must be mixed to 

heights greater than 130 km. This obser- 
vation implies an eddy diffusion 
coefficient of at least 5 x 107 cm2 sec-1. 
One would expect a density for N2 of 
about 5 x 107 cm-3 at 190 km in VL1, or 
about 108 cm-3 at 160 km in VL2, if diffu- 
sive separation should occur above 130 
km. The measured densities at these alti- 
tudes are only 2 x 107 cm-3 and 4 x 107 
cm- , respectively. The densities as 
measured for CO are also consistent with 
the assumption of rapid vertical mixing, 
as discussed elsewhere (9). 

The upper atmospheric mass spec- 
trometers on both VL1 and VL2 used 
Mattauch-Herzog geometry (10), which 
allowed for simultaneous collection of 
ions with different masses. Two collect- 
ors were used to measure ions differing 
in mass by approximately a factor of 7 
(7). The heavy collector was sensitive to 
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stage of the project, we were obliged to 
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Fig. 3. Block diagram representing to scale 
the relative heights for the mass peaks at 30, 
29, and 28 amu in a spectral scan obtained 
near an altitude of 130 km during the descent 
of VL1. The diagram shows the contribution 
of CO+ (from the fragment due to the dis- 
sociation of CO2 in the ion source and from 
ambient CO) to the several peaks. The remain- 
der, in the case of the peaks at mass 29 and 28, 
is attributed to ambient N2. The excess peak 
at mass 30 is attributed to ambient NO. The 
diagram also illustrates that both the excess 
peak at mass 30 and the excess peak at mass 
29 (beyond that expected if the nitrogen has a 
terrestrial isotopic composition) are well 
above the noise level of the amplifier which 
measured the ion currents. 
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struments flown on sounding rockets and 
terrestrial satellites, by about a factor of 
103. The low-mass spectra are currently 
being analyzed: preliminary results sug- 
gest upper limits for the mixing ratios of 
H2 and He relative to CO2 of about 10-4. 
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Structure of Mars' Atmosphere up to 100 Kilometers 
from the Entry Measurements of Viking 2 

Abstract. The Viking 2 entry science data on the structure of Mars' atmosphere up 
to 100 kilometers define a morning atmosphere with an isothermal region near the 
surface; a surface pressure 10 percent greater than that recorded simultaneously at 
the Viking I site, which implies a landing site elevation lower by 2.7 kilometers than 
the reference ellipsoid; and a thermal structure to 100 kilometers at least qualita- 
tively consistent with pre-Viking modeling of thermal tides. The temperature profile 
exhibits waves whose amplitude grows with altitude, to - 25?K at 90 kilometers. 
These waves are believed to be a consequence of layered vertical oscillations and 
associated heating and cooling by compression and expansion, excited by the daily 
thermal cycling of the planet surface. As is necessary for gravity wave propagation, 
the atmosphere is stable against convection, except possibly in some very local re- 
gions. Temperature is everywhere appreciably above the carbon dioxide con- 
densation boundary at both landing sites, precluding the occurrence of carbon diox- 
ide hazes in northern summer at latitudes to at least 50?N. Thus, ground level mists 
seen in these latitudes would appear to be condensed water vapor. 
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