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Repeated millimeter-wave observations of Mars, performed in September and Octo- 
ber 1986 and January 1987, allowed a high-resolution recording of the J = 1 -0  lzCO line, 
and the first radiodetection of  13CO. In the hypothesis where the thermal profile has the 
structure measured by the Viking spacecrafts, our observations are not compatible with a 
terrestrial ~CP3C isotopic ratio. If the isotope ratio is assumed terrestrial, then the 
observations imply that the thermal profile is very different from the profile in dust-free 
conditions, especially in its lower part, and that the CO abundance could vary by a factor 
of about 2 over a period of  a few months. © 1989 Academic Press, Inc. 

1. I N T R O D U C T I O N  

Carbon monoxide is a key molecule for 
understanding the aeronomical processes 
and the stability of the Mars atmosphere. 
Photodissociation of COz yields CO and O. 
Atomic oxygen reacts with itself in a three- 
body recombination reaction to form 02. 
Yet, since the detection of CO at 1.6 and 
2.4/~m (Kaplan et al. 1969), microwave ob- 
servations revealed CO abundances below 
predicted levels by orders of magnitude. 
Hunten (1974) suggested that catalytic re- 
combination of CO and O2 to C02 might be 
variable in time and predicted short-term (2 
years) variability of 02 and CO. As will be 
explained later, the stability of the Martian 
CO2 is best explained by another mecha- 
nism which also could imply a temporal or 
sporadic variability. The CO abundance is 
likely to be variable (Good and Schloerb 
1981, Clancy et al. 1983), but a problem re- 
mains as O2 is not variable (Trauger and 
Lunine 1983), and further investigations on 
CO variability are needed. 

The original observation by Kaplan et al. 
(1969) also led to the detection of 13CO. The 
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measurement was compatible with a terres- 
trial ~2CO/J3CO ratio. Since this detection, 
no other observation of ~3CO was reported. 

Thermal profiles of Mars have been mea- 
sured during the Viking 1 and 2 descents 
(Seiff and Kirk 1977). The Viking landers 
also measured the optical depth of the dust 
suspended in the atmosphere at two sites 
versus time during nearly an entire Martian 
year. Pollack et al. (1979) modeled the 
physical properties of dust and its effects 
on the thermal profile and, taking into ac- 
count dynamical effects, were able to re- 
produce the thermal profile observed by the 
Viking probes. 

Millimeter-wave observations of planets 
are of high interest because the high resolu- 
tion provided by the heterodyne technique 
allows one to probe the atmosphere up to 
the most tenuous layers. The vertical distri- 
bution of the minor constituents and/or the 
thermal profile can be inferred from the 
shape of the microwave lines (Schloerb 
1985, Lellouch and Encrenaz 1986). 

We report here repeated observations of 
Mars at 12CO and 13CO J = 1-0 line fre- 
quencies, performed shortly after the 1986 
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opposition. The first radiodetection of 13CO 
was achieved, and the observed 12CO lines 
showed significant temporal evolution. Sec- 
tion 2 describes the observations. Section 3 
describes the data reduction. Results are 
presented and discussed in Section 4. 

2. OBSERVATIONS 

In September and October 1986, and Jan- 
uary 1987, we observed the J = 1-0 transi- 
tions of 12CO at 115.271 GHz and ~3CO at 
110.201 GHz in the atmosphere of Mars. 
The observations were made with the 
IRAM (Institut de Radio Astronomie Milli- 
mrtrique) 30-m telescope at Pico Veleta 
near Granada, Spain. The telescope beam 
size was 22" at the ~2CO (1-0) frequency 
and 23" for ~3CO. We checked the pointing 
on Mars by broadband continuum observa- 
tions, before the starting of line observa- 
tions. The rms pointing error was less than 

,,. 

We used a SIS receiver for the ~2CO ob- 
servations, and a Schottky receiver for the 
~3CO observations. All observations were 
made in double signal sideband (DSB) 
mode, with a band separation of 7840 MHz. 
Spectra were recorded using the usual cali- 
bration procedure: all spectra were taken in 
position switching mode, with reference 
position 6' away from the source, well out- 
side the diffraction pattern of the telescope. 
The integration time for each individual 
scan was 5 min, made of 5 pairs of 30-sec 
on-source and 30-sec off-source integra- 
tions. Chopper wheel calibrations were 
done at the beginning of each scan. The to- 
tal system temperature outside the atmo- 
sphere was typically Tsys = 2000°K. At the 
CO frequency, the aperture efficiency of 
the telescope is 0.36, the telescope effi- 
ciency "0~ is 0.87 (Kutner and Ulich 1981), 
and the forward scattering and spillover effi- 
ciency is 0.78. The antenna temperature 
scale used throughout this paper will be 
T~, the antenna temperature corrected for 
all losses in the atmosphere and the antenna 
including spillover. 

The DSB mode introduces difficulties in 

the calibration procedure because the gain 
of the receiver and the atmospheric opacity 
vary from one sideband to the other (the 
latter is especially serious between 115.27 
and 107.43 GHz). However, the gain of the 
receiver in each band had been previously 
measured by adding a filter to reject the im- 
age sideband (M. Guelin, private communi- 
cation). The calibration system at IRAM 
uses an atmospheric model that allows one 
to evaluate atmospheric opacity in the two 
sidebands and accounts of course for the air 
mass of the sources (Guelin et al. 1986). 
This removes most of the error introduced 
by the difference in opacity in the two 
bands, but some residual uncertainty re- 
lated to local "meteorological" conditions 
cannot be avoided. As a further check, we 
observed CO lines DR21 and IRC2 in 
Orion, and concluded that the line calibra- 
tion was satisfactory to 10-15%. 

For spectral analysis, we used two filter 
banks: one of 512 contiguous 1-MHz chan- 
nels, and one of 256 contiguous 100-kHz 
channels, centered on Mars' velocity, to in- 
vestigate in detail the ~2CO absorption line. 

A careful study of the individual scans 
recorded in a given observation sequence 
showed that the continuum levels (i.e., the 
antenna temperatures measured far away 
from the center of the line) vary from one 
scan to another by as much as 10°K. This is 
likely due to changing atmospheric condi- 
tions during the observation sequence. This 
is not too serious for the September 1986 
spectra, for which the antenna temperature 
at Mars was about 100°K. For October and 
January spectra in contrast, due to much 
less favorable filling factors (see Table I), 
the antenna temperatures at Mars were 
about 50 and 20°K, respectively. The fluc- 
tuations in the antenna temperatures be- 
come then too important to achieve a reli- 
able determination of the Mars continuum 
level. Therefore, we think that, instead of 
measuring the line-to-continuum ratio, as is 
usually done in millimeter-wave spectros- 
copy of planets, the observations provide a 
satisfactory (although limited by the line 
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T A B L E  I 

S U M M A R Y  OF OBSERVATIONAL PARAMETERS 

Date of observation 9-12 Sept. 1986 23 Oct. 1986 21 Jan. 1987 
Mars' apparent diameter 16"1 1 t "3 6"2 
Filling factor 0.30 0.16 0.05 
Solar longitude 242 ° 268 ° 322 ° 
Subearth point 

Latitude 6 S 16 S 25 S 
Local hour 9:30 9:00 9:20 

calibration accuracy) determination of the 
line "absolute" characteristics (i.e., height 
in °K) and only a poor estimate of the con- 
tinuum level. 

Figures 1 to 3 show our total averaged 
spectra, after removal of first or second de- 
gree baselines and correcting for the dilu- 
tion factor, assuming a Gaussian beam. 
(Note that the Schottky receiver was not 
available in October; neither was the 100- 
kHz filterbank in January.) Removal of sec- 
ond degree baselines does not modify the 
shape of the lines, because the frequency 
scale of the baseline ripples is much greater 
than the typical variation scale of the lines 
(500 MHz vs 100 MHz for 12CO and 20 
MHz for ~3CO). To give an idea of the qual- 
ity of the baseline, we also show the raw 
(averaged) ~2CO spectrum recorded in Sep- 
tember 1986. We believe that these spectra 
show the intrinsic line-to-continuum con- 
trasts (in brightness temperature) at the 
planet and that a conservative approach is 
to assume a precision on the calibration of 
15%. Clearly, the observed 12CO lines show 
a temporal evolution, as will be discussed 
below. Although detected on every individ- 
ual scan, the 13CO line recorded in Septem- 
ber shows up only marginally from the 
noise level and could be an artifact due to 
baseline ripples on the raw spectra. This is 
why the experiment was repeated in Janu- 
ary 1987, showing unambiguously the first 
radiodetection of 13CO on Mars. The poor 
S/N on the 12CO January spectrum is due to 
a short integration time (5 min). 

As seen in Figs. 1 to 3, the 12CO lines 
exhibit an interesting structure of broad 

emission wings, with a narrow (5 MHz) 
absorption core. As noted by Good and 
Schloerb (1981), the emission in the wings 
is due to the fact that the brightness temper- 
ature of the surface, which is the product of 
the physical surface temperature by its 
emissivity, is lower than the kinetic temper- 
ature of the gas just above it. 12CO in the 
lower atmosphere is seen in emission 
against the colder background of the sur- 
face. Near the center, the 12CO opacity is 
larger, and the weighting function peaks in 
the cold upper atmosphere: the core is seen 
in absorption. The 13CO line is only seen in 
emission because, due to the low 13CO mix- 
ing ratio, the weighting function peaks al- 
ways near the surface. 

Apart from the fact that our bandwidth is 
larger, ensuring proper definition of the 
baseline, and our resolution better (0.1 
MHz), the main difference between our ob- 
served 12CO lines and Good and Schloerb's 
(1981) lies in a much greater emission-to- 
absorption ratio in all our lines. The band- 
width used in their observation (256 MHz) 
is comparable with the total width of the 
line. The faint emission wings will therefore 
disappear in the baseline, resulting in an en- 
hanced absorption-to-emission ratio in their 
spectrum. This observational effect, and 
differences in the thermal profile, probably 
explain the different lineshapes of their 
spectra and ours. 

As we said, the planetary disk was not 
resolved in the observations. Some impor- 
tant orbital parameters of Mars are summa- 
rized in Table 1. Note that September and 
October observations were done very close 
to perihelion (25 September 1986), a period 
favorable for major dust storms (Martin 
1974). A major dust storm was expected for 
a period of a few months starting in July 
1986 (Martin and James 1987). However, 
amateur observations revealed no global 
dust storm during fall 1986 or early 1987, 
although there were numerous small 
storms, particularly in Hellas, throughout 
the period (P. James, private communica- 
tion). 
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FIO. 1. Averaged observed September  1986 lines. (a) Raw ~2CO spectrum (arbitrary temperature 
scale). (b) Same after baseline removal.  Resolution is I MHz. (c) Central part of  the ~-~CO line. 
Resolution is 200 kHz.  (d) 13CO spectrum. Resolution is 4 MHz. 
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FIG. 2. Averaged observed October 1986 12CO line. (a) Overall spectrum. Resolution is 1 MHz. (b) 
Central part of the line at 200 kHz resolution. 
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MHz.  (b) J3CO line at 4 M H z  resolution. 
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3. ANALYSIS 

3.1. General Formulation 
To analyze the data, we used a radiative 

transfer program which computes synthetic 
spectra. Observing a given position on the 
disk of Mars at frequency u, the millimeter- 
wave brightness temperature is, in the Ray- 
leigh-Jeans approximation 

TB~(~) 
= ( 1 -  Rp(/X, e))T~urf exp ( -  f kv(z)dz/~) 

+ f kv(z)T(z)exp ( -  fz k,(z')dz'/t.~)dz/~, 

(1) 

where T~u~f is the surface temperature, p~ is 
the cosine of the angle of incidence 0, kv(z) 
is the absorption coefficient, and T(z) the 
atmospheric temperature a t  altitude z. 
Rp(/~, e) is the Fresnel coefficient for reflec- 
tion, which is a function of 0, of the surface 
dielectric constant e, and of the polariza- 
tion angle. The (1 - Rp(/~, e)) factor is then 
the surface emissivity for angle of incidence 
0. 

Since Mars is not spatially resolved in the 
observations, Eq. (1) must be averaged 
over the whole visible disk. For simplicity, 
we used one averaged atmospheric profile 
for the whole disk, and we treated Mars as 
a dielectric sphere with uniform surface 
temperature. The Fresnel coefficient was 
calculated as the average of the coefficients 
for parallel and perpendicular polariza- 
tions, e was chosen to be 2.5 (Clancy et al. 
1983) and the averaged surface emissivity 
was found to be 0.90. The absorption coeffi- 
cient at a given altitude z is related to the 
temperature, pressure, and CO mixing ratio 
at altitude z (the absorption by CO2 is negli- 
gible at 110 and 115 GHz). At the low pres- 
sures of Mars atmosphere, the Lorentz and 
Doppler broadening are comparable, and 
for modeling the lineshape we used a 
Voigt profile. The absolute line strengths 
were calculated assuming a dipole moment 
of 0.112 D for ~zco (Kolbe et al. 1977) and 
0.110 D for 13CO (Meerts et al. 1977). The 

collisional broadening constant (CO by 
CO2) was taken to be 0.11 cm-l/atm at 
300°K, with a T -°'75 dependence (Varanasi 
1975). 

The synthetic spectrum is then a function 
of (i) the surface temperature Tsua; (ii) the 
averaged thermal profile T(p), where the 
pressure p is related to z and to surface 
pressure via hydrostatic equilibrium; and 
(iii) the CO mixing ratio q. 

3.2. Simple Model 
3.2.1. Method. As a first step of the anal- 

ysis, we assume that the temperature fol- 
lows a profile similar to the one that was 
measured by the Viking spacecrafts, i.e., a 
linear decrease of T with z up to an altitude 
of about 50 kin, and a constant temperature 
above this level (Seiff and Kirk 1977, Seiff 
1982). The thermal profile is then entirely 
defined by the values of the surface pres- 
sure, of the temperature at 50 km (TO, and 
of the temperature of the layer just above 
the surface (To). The surface pressure has 
been monitored by the Viking landers (Hess 
et al. 1980) and can be predicted as # ~func- 
tion of the solar longitude. In this simple 
model, the spectrum is then a function of 
four parameters, Tsua, To, Tt, and q, that we 
assume to be constant with altitude. T~u~f 
and To can be different, since radiative 
times of the surface and of the atmosphere 
are different. 

A preliminary study of the effect of these 
four parameters on the synthetical spec- 
trum led to the following results: 

As explained above, the emission wings 
are produced by the gas just above the sur- 
face, and the absorption core is formed in 
the cold upper layers. When Tsua is low 
with respect to atmospheric temperatures, 
the contrast between gas and surface pro- 
duces large emission wings, and little or 
even no absorption core. As T~urf increases, 
emission wings are gradually replaced by a 
large absorption core. Conversely, when 
atmospheric temperatures are increased as 
a whole by a constant factor (i.e., when we 
shift To and T~ by identical variations, the 
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other parameters being fixed), the emission 
wings are enhanced with respect to the ab- 
sorption core in the same way. A general 
shift in the temperatures of the atmosphere 
and the surface hardly affects the line pro- 
file. As may be expected, both emission and 
absorption are enhanced by an increase in 
q. Finally, the absorption is very sensitive 
to the atmospheric gradient (variation of TI 
only). Such a gradient has no effect on the 
emission far wings (v - v0 - 30 MHz), 
which are formed near the surface. 

It appears therefore that the 12CO line 
profile can be used to measure three un- 
knowns: (i) the temperature contrast be- 
tween the surface and the gas just above it 
A T  = To - Tsu~; (ii) the temperature gradi- 
ent as defined by T~; and (iii) the ~2CO mix- 
ing ratio, q. The procedure used for reduc- 
ing the data is then the following: 

(1) The surface temperature is evalu- 
ated independently. 

(2) For various values of AT, we first 
derive the q value that gives the best fit to 
the far wings of the line (insensitive to T~). 
Then T1 is adjusted to fit the absorption 
core. Finally, the rms of the residuals on 
the whole line is computed. The best AT is 
the one that allows minimal residuals. The 
corresponding T~ and q form, together with 
this AT, our preferred solution. 

(3) The derived temperature profile is 
then used to find the ~3CO mixing ratio that 
matches best the observed t3CO line. 

The surface temperature at a given point 
of the visible disk of Mars is a function of 
the epoch of the Martian year, of the loca- 
tion of the point on the disk (latitude and 
local time), and of the amount of dust sus- 
pended in the atmosphere. The averaged 
surface temperatures were estimated by 
comparing the conditions of our measure- 
ments with the ones of previous CO mea- 
surements (Kakar et  al. 1977, Good and 
Schloerb 1981, Clancy et  al. 1983). In all 
our observations, the subearth point was 
close to the equator, which rules out most 
seasonal effects. A factor of uncertainty on 

this temperature is the amount of dust at 
the time of the observations. As we said, 
observations were made near perihelion 
(25 September 1986), a period when large 
amounts of dust are usually present in the 
atmosphere. Nevertheless, Pollack et  al. 
(1979) predicted that the diurnally averaged 
temperature of the surface would not be se- 
riously affected by an even large amount of 
dust, and that the diurnal temperature am- 
plitude of the surface would slowly de- 
crease with increasing dust optical depths. 
Therefore, the surface temperature should 
not be affected by more than a few degrees 
Kelvin by the dust. In any case, as shown 
above, this uncertainty on the surface tem- 
perature shows practically no influence on 
the determination of the other parameters. 

3.2.2.  R e s u l t s .  Results of the three-pa- 
rameter fit of the 12CO line are presented in 
Table II. Best fits are shown in Figs. 4 to 6. 
The quoted error bars were obtainerS, as fol- 
lows: 

(a) Errors  due  to the  p rocedure .  As is 
clear from the sequential fitting procedure, 
errors on the derivation of AT influence 
the estimation of the other two parameters. 
Therefore, for a number of various AT's, 
we calculated the residuals for a grid of 
points (TI, q) in order to find the domain 
where the residuals do not exceed the rms 
obtained for the preferred solution by more 
than 1 SD (this was our criterion for deriv- 
ing the error bars). For each AT, a domain 
of possible (T~, q) was thus found. The 
range of admissible AT was obtained by 
saying that, for the extreme possible AT, 
the best fit fulfills the 1 SD criterion. Fi- 
nally, this gave us the box of possible AT, 
Tj, q, assuming the calibration is perfect. 

(b) Errors  due  to the  cal ibrat ion.  A s  we 
said before, we believe the calibration is ac- 
curate to ---15%. To evaluate the effect of 
this uncertainty, we calculated the best so- 
lutions for lines obtained by multiplying 
channel by channel the September 1986 line 
by factors 1.15 and 0.85, respectively. We 
found that the corresponding parameters 
we derived did not differ from those ob- 
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TABLE II 

R E D U C T I O N  O F  T H E  O B S E R V A T I O N S  IN  T H E  " L I N E A R "  M O D E L  
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Observation 
Predicted surface pressure (mbar) 
Estimated surface temperature (°K) 
Model derived parameters 

Contrast gas-surface (°K) 
Temperature at 50 km (°K) 
t2CO mixing ratio 

September 1986 October 1986 January 1987 
8.8 8.8 8.3 
230 220 225 

I2C0/13C0 13 +40 / -8  

+ 18 +25 / -  16 +20" +5 +20 / -  10 
170 + 12/- 18 133" 186 + 12/-22 

3.3 +1 / -1 .5  x 
10 -4 1.7 X 10 -4 7 +1.5/--3 X 

10-4 

- -  13 +50/--8 

" See text. 

tained in the case of the "nominal" Sep- 
tember line by more than about 25% of the 
size of the above described box. That is, the 
uncertainty due to the calibration is much 
less important than the one introduced by 
the fitting procedure. Because of this result, 
we obtained the final error bars by simply 
convolving the two factors of uncertainty. 

For October 1986 data, no uncertainty 
estimation was performed. Indeed, as 
shown in Fig. 5, the preferred solution 
gives a very poor fit and an error analysis 
would not make any sense. We conclude 
that, unlike September and January data, 
which can be reasonably well fitted with a 
simple, Viking-type linear temperature 
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model, October data imply a significant 
change in the thermal profile structure. Of 
course, a satisfactory profile is still to be 
found. 

Results concerning the ~3CO line are pre- 
sented in Fig. 7 and Table II. For the error 
analysis, we calculated best fits of the line 
with the whole range of linear thermal pro- 
files allowed by the J2CO lines. 13C0 mixing 
ratios leading to 1 SD were evaluated in 
each case. The uncertainty due to calibra- 
tion was included as for 12CO lines. This 
finally provided a range of allowed 13CO 
mixing ratios. From this and the range of 
allowed 1zCO mixing ratios, the range of 
possible J2CO/13CO is obtained for Septem- 
ber and January observations. Actually, the 
possible range for the isotope ratio is 
smaller than indicated, because, for exam- 
ple, it is certainly not possible to have at the 
same time the maximal 12CO abundance 
and the minimal ~3CO abundance (no linear 
thermal profile would allow one to fit both 
of the lines at the same time). It must be 
pointed out that September and January ob- 
servations agree with a J2CO/~3CO equal to 
13 +45/-8,  the error bars here being prob- 
ably overestimated. This gives us the sec- 
ond conclusion: if the thermal profile varies 
linearly with altitude, the September and 
January data give a value of the ~:CO/J3CO 
ratio which is definitely not compatible with 
the terrestrial value of the ~2C/~3C isotopic 
ratio (89). Because such a result is puzzling 
(see further a discussion of possible mecha- 
nisms to enrich 13CO), the next step is to 
see whether the observed lines can be ex- 
plained with a terrestrial ~zCO/~3CO and a 
realistic thermal profile. 

3.3. Inversion of the Temperature Profile 
3.3.1. Method. In this section, we will 

invert the observed ~2CO lines; i.e., assum- 
ing a given value of the CO mixing ratio, we 
will infer the atmospheric thermal profile 
necessary to explain the lines. As explained 
above, the spectra are very sensitive to the 
surface temperature, but only through the 
contrast surface/first atmospheric layer. 

Therefore, we have to use surface tempera- 
ture as an input parameter to measure at- 
mospheric temperatures. 

We use a standard inversion method 
based on concepts developed by Chahine 
(1968). A number of frequencies are se- 
lected which cover the whole line. Each 
frequency i is associated with an atmo- 
spheric level zi, taken near the peak of the 
weighting function at frequency i. Starting 
with a given set of temperatures Ti, a com- 
plete profile is obtained by linear interpola- 
tion, and a synthetic spectrum is calcu- 
lated. Because of the surface contribution 
and because the data give only the contrast 
line/continuum, the iteration algorithm has 
to be slightly modified. We use 

T n+l --- T n x (Tex,p - c n  t 
\ Cntm /i '  

where the atmospheric contribution is 
equal to 

C~tm 

= f p~dtz f T"(z)d [exp ( -  f~ ki(z')dz'/,)] 

and the surface contribution is 

C7 = f I.Ldl.~T~u,-f(1 - Rp(/~, e)) 

x [exp ( -  fo ki(z')dz'/tz)-1]. 

Iteration is performed until the calculated 
and observed spectra differ by less than the 
noise in the observed spectrum. We chose 
the following frequencies (measured in 
MHz) from the center of the line: 80, 25, 10, 
4, 1.8, 0.8, 0.3, and 0. Figure 8 shows the 
weighting functions, calculated for a CO 
mixing ratio equal to 10 3. The correspond- 
ing zi depend on the mixing ratio, but are 
always more or less equally spaced be- 
tween 0 and 65-75 km. As a starting profile, 
we always assume an isothermal atmo- 
sphere at 200°K. This method was tested 
successfully on various synthetical spectra. 
Figure 9 shows the application to the Sep- 
tember 1986 JeCO line, assuming a CO mix- 
ing ratio of 3.3 x 10 4, the value derived in 
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the linear model.  The result is satisfactory: 
the profile is quasi-linear under  50 km and a 
tendency to isothermality appears above 50 
km. In the lower part (z -< 20 km), the re- 
tr ieved model deviates somewhat  from the 
linear model.  This is consistent with the 
fact that the fit is improved in the wings of 
the line. 

3.3.2. Results. We first inverted the Sep- 
tember  line for  various CO mixing ratios. 
For  each resulting profile, synthetical ]2CO 
and '3CO lines were recomputed,  assuming 
~2CO/13CO = 89, and compared to data. Fig- 
ure 10 shows three of  these profiles. It can 
be seen that the more the assumed mixing 
ratio q is different from the linear model 
value, the more dramatic the thermal pro- 
file is. In particular, for large values of  q, 
the obtained 0-kin atmospheric temperature 
becomes much lower that the surface tem- 
perature and a strong positive temperature 
gradient develops in the first 10 km. On the 
other  hand, large values of  q are necessary 

to reproduce the 13CO line. We find that the 
best-fit compromise of  the two lines is ob- 
tained when q = 2 x 10 -3. The profile is one 
of  those shown in Fig. 10 and the corre- 
sponding lines are shown in Fig. 11. 

The same approach was used for the Jan- 
uary lines. In this case, however,  due to the 
poor  quality of  the 12CO line, the resolution 
had to be downgraded to 4 MHz,  and little 
information is available on the shape of  the 
absorption line. Therefore ,  we had to limit 
the retrieval of  the thermal profile to the 0 -  
20 km region. Qualitatively, the same con- 
clusions hold as for September  spectra. The 
best compromise is obtained for q = 4 x 
10 -3 and is shown in Fig. 12. 

We finally inverted the October  1986 line, 
using the same method. The spectrum can 
be fitted within quite a large range of CO 
values. Figure 13 shows the result for q = 2 
X 10 -3. In the absence of  any z3CO line, as 
for September  and January,  it is not possi- 
ble to further  constrain the abundance of  
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CO. We note, however, that whatever the 
CO mixing ratio is, the retrieved profile 
shows a strong positive temperature gradi- 
ent in the first 10 km. Note also that the 
negative temperature gradient between 10 
and 50 km is always moderate, compared to 
Viking profiles (typically l°K/km vs 1.4°K/ 
km for Viking profiles). This is also true 
with the profiles retrieved from the Septem- 
ber data. 

4. D I S C U S S I O N  

Our millimeter-wave observations lead to 
the following conclusions: 

(a) The September 1986 and January 
1987 lines can be fitted reasonably well with 
the assumption of a temperature profile 
showing a simple linear dependence on alti- 
tude, quite similar in shape to those re- 
corded by the Vikings. The measured CO 
abundance is then relatively low and varies 

from September to January by a factor of 
about 2.5 (3.3 × 10 -4 to 7.5 × 10-4) .  In this 
case, however, the observed 13CO lines 
suggest a strong ~3C0 enrichment (factor 2 
to 15) and are definitely not compatible with 
a terrestrial 12C/13C. 

(b) If the 12COp3CO is constrained to 
be equal to the terrestrial value of 89, inver- 
sion of the lines leads to quite higher values 
of CO mixing ratios, and to an increase of 
this mixing ratio by a factor 2 between Sep- 
tember and January (2 x 10 -3 to 4 x 10-3). 
In this case, the retrieved thermal profiles 
exhibit a very cold atmospheric tempera- 
ture (170-180°K) near the surface and 
strong temperature gradients in the first 10 
km. 

(c) The October data cannot be repro- 
duced with the assumption of a linear pro- 
file. Whatever the CO abundance is, they 
imply the same kind of thermal structure 
with a strong positive gradient from a very 
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cold gas temperature at the surface. No real 
constraint can be put on the CO abundance. 

Thus, the entire set of data gives indica- 
tions of a few possible "anomalies".  A firm 
conclusion is that the thermal profile in Oc- 
tober 1986 was "abnormal"  (i.e., quite dif- 
ferent from a Viking-type profile). Septem- 
ber and January data can also be explained 
in terms of "abnormal"  thermal profiles 
and terrestrial CO isotope ratio. All three 
spectra were taken at solar longitudes 
(2400-320 ° ) corresponding to periods of 
generally large dust activity, which could 
account for a modification of the thermal 
profile. 

As we said, both the linear model and the 
inversion of the September and January 
data assuming an isotope ratio of 89 lead to 
an increase of CO by a factor 2 in 4 months, 
which is at first glance puzzling when com- 
pared to the variation time predicted by 
Hunten (1974; 2 years). We cannot demon- 
strate that CO has varied by a factor 2 be- 
tween September and January, because it 
would be quite possible to invert both sets 
of data with a constant mixing ratio (for ex- 
ample, 7.5 x 10 -4, which would have the 
advantage of allowing one to retrieve a 
more or less linear profile for January), but 
then at least one of the two data sets would 
not be compatible with a terrestrial isotope 
ratio. 

Therefore, it looks reasonable not to re- 
ject a priori any of the possibilities. We first 
discuss the possibility of an anomalous iso- 
tope ratio, and then the thermal profile and 
CO abundance short-term variability. 

(1) The 12C0/13C0 ratio. As we said be- 
fore, the only direct observation of J3CO in 
Mars atmosphere prior to our measurement 
is due to Kaplan et al. (1969). Their analysis 
of the J2CO and 13CO lines at 1.6 ixm 
showed compatibility with a J2CO/~3CO ra- 
tio of 100. Determinations of the Martian 
12C/13C from CO 2 measurements agree with 
the terrestrial value: heterodyne 10-txm ob- 
servations of ~2CO2 and '3CO2 lines (Schrey 
et al. 1986) indicate a Martian 12C/13C of 96 

-+ 6, in complete agreement with the value 
measured by the mass spectrometer aboard 
the Viking probes (90). 

Still, CO not being the main C-bearing 
constituent of Mars atmosphere, the ~2C0/ 
13C0 ratio can in principle be different from 
the 12C/J3C, measured by 12CO2/13CO2, In 
this case, a mechanism must be found that 
could allow for the enrichment of ~3CO with 
respect to 13CO2. 

Fractionation effects are known to occur 
in the interstellar medium (Combes et al. 
1980). However, the mechanism that is pro- 
posed (reaction between C + and CO) is effi- 
cient only at T -< 35°K (Watson et al. 1976) 
and is therefore irrelevant here. 

As noted by Clancy and Muhleman 
(1983), the equilibrium partitioning of J3C 
between CO and CO2 (reaction 12CO + 
13CO~ ~ J3CO + 12COz) always leads to 
~3CO depletion. 

Gravitational separation cannot be in- 
voked as well, since the 13CO abundance 
we measure refers to layers close to the sur- 
face, where the components are uniformly 
mixed. 

A possible explanation might lie in differ- 
ent photodissociation rates of 12CO2 and 
~3COz. In the case of the Earth's atmo- 
sphere, the enhancement of heavy ozone is 
interpreted by a higher dissociation rate for 
J80~60 than for 160160. A higher photodis- 
sociation rate of heavy ~3CO2 would be re- 
sponsible for a higher production of ~3CO 
on the dayside of the planet. A difference in 
transport efficiency between 12CO and J3CO 
would lead to a better redistribution of 
lighter JzCO on the nightside of the planet. 
Combination of the two processes would 
lead to an enrichment of ~3CO on the ob- 
served (morning) side of Mars. Another 
possibility might lie in different recombina- 
tion rates of ~3CO and ~2CO with OH (see 
next section). Yet, these suggestions re- 
main qualitative, and they could only par- 
tially account for the measured 2- to 15-fold 
enrichment. Therefore, we believe the hy- 
pothesis of an anomalous isotope ratio is 
difficult to support and warrants examina- 
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tion of other possibilities, e.g., an "abnor- 
mal" thermal profile and short-term CO 
variability. 

(2) The thermal profile. Pollack et al. 
(1979) have extensively studied the proper- 
ties and effects of dust particles in the Mar- 
tian atmosphere. They predicted that the 
(diurnally averaged) surface temperature, 
as well as the temperature of the lowest at- 
mospheric layers, is almost not affected by 
the dust, whereas the relatively cold upper 
atmospheric layers are noticeably warmed 
by the dust. This tends to isothermalize the 
atmosphere. 

Our October observation implies a signifi- 
cant modification of the thermal structure 
with respect to "dust-free" conditions, es- 
pecially in the first 10 km. The most striking 
features are probably the very cold gas tem- 
perature near the surface and the very 
strong temperature gradient in the first 10 
km. In the assumption of a terrestrial IzCO/ 

13CO, the September and January thermal 
profiles show the same qualitative behav- 
ior. Between 10 and 50 km, we observe, for 
September and October profiles, that the 
average negative gradient is significantly 
lower than in the cases of the Viking pro- 
files (1 vs 1.4°K/km), in agreement with 
Pollack et al. (1979). Warming of the upper 
atmosphere and cooling of the lower can be 
qualitatively understood in terms of dust 
opacity. Solar radiation is absorbed by the 
dust in the upper atmosphere, which warms 
up the atmosphere. Dust opacity becomes 
large in the lower layers, which prevents 
radiation to penetrate and to heat the gas. 
However, in the absence of firm quantita- 
tive independent information of the dust 
state of the atmosphere at the time of our 
measurements, it is not possible to go fur- 
ther in the discussion. 

(3) The variability o f  CO abundance in 
the Mars atmosphere. Temporal variability 
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of CO in the Mars atmosphere has been 
studied for one decade. Good and Schloerb 
(1981) were the first to point out observa- 
tional evidence of temporal variations in 
the CO abundance, from a comparison of 
their observation of the J = 1-0 line with 
Kaplan et a l . ' s  (1969) measurement. They 
concluded that a fourfold increase in the 
CO abundance occurred over 15 years. On 
the other hand, a careful reanalysis of all 
millimeter-wave observations up to 1982 
led Clancy et  al. (1983) to the conclusion 
that the data allowed for a range of CO vari- 
ability from 0 to 100%, i.e., that a temporal 
variability, although not excluded, could 
not be definitely established. However, all 
determinations of CO are based on an as- 
sumption of the thermal profile (e.g., our 
September 1986 line can be fitted with CO 
abundances differing by almost an order of 
magnitude) and an unambiguous measure- 
ment of CO requires simultaneous observa- 
tions of at least two CO lines. If the 12C0/ 
J3CO mixing ratio is assumed to be 89, a 
13CO line can be used. Using this method, 
we derive for September and January ob- 
servations CO mixing ratios of 2 × 10 3 and 
4 × 10 3 respectively. Our purpose here is 
not to compare these values with previous 
CO measurements, but to discuss the plau- 
sibility of a variation by a factor of 2 in 4 
months. 

CO is produced in the atmosphere of 
Mars from the photodissociation of CO,`, 
i.e., 

CO,. + hv  ~ CO + O (R1) 

Atomic oxygen, in turn, recombines to 
form 02. Recycling of CO2 by the reverse 
reaction (RI) is spin forbidden, so that in 
the absence of any other recycling mecha- 
nism, all the Martian CO,` would be irre- 
versibly destroyed by photolysis in about 
104 years. However,  CO2 is observed to be 
stable and shows only seasonal variations, 
and CO and 02 do not build up beyond ap- 
proximately 0.1% of CO,`. The most likely 
accepted mechanism to regenerate CO2 is 

CO + OH ~ CO2 + H (R2) 

OH is produced from the photolysis of 
H20, as well as from the reaction of OOD) 
with H20 ,  and from the photolysis and re- 
action of HO2 with H. The abundance of 
water vapor is constrained by the satura- 
tion law. Reaction (R2) is more effective 
below 40 kin, where H20 is more abundant, 
and efficient downward transport of CO 
from its production altitude is needed. An 
eddy mixing coefficient of 108 cm 2 sec -j or 
greater at the homopause is required (Mc 
Elroy and Donahue 1972, Liu and Donahue 
1976). 

From this scheme, it is clear that the 
abundance of CO is controlled largely by 
the abundance of water and the atmo- 
spheric mixing. H20 exhibits seasonal vari- 
ations. Its abundance has been measured to 
range from 2 to 60 precipitable microns. In 
addition, during periods of dust storms, the 
atmospheric H20 can vary dramatically, 
and so can the mixing which transports the 
CO to the region below 40 km. Changes in 
the surface and atmospheric temperatures 
play an important role in determining the 
limiting vapor pressure of H20 and hence 
the OH abundance. On a globally and sea- 
sonally averaged basis, large changes in the 
CO mixing ratio are not expected as CO 
produced from CO2 has a time constant of 
approximately 3 years (Mc Elroy et al. 
1977). During periods of dust storms and 
other sporadic or irregular phenomena, 
however, changes in CO abundances can be 
expected due to changes in atmospheric/ 
surface temperatures, water vapor 
amounts, and the atmospheric vertical mix- 
ing. These changes could be global or local. 
From reaction (R2), an anticorrelation is 
expected between CO and H20. In view of 
the many factors that could affect OH as 
well as CO downward flux, a change in the 
CO abundance by a factor of 2, as observed 
in this study, does not seem unrealistic. An 
ideal observation to test this hypothesis 
would involve simultaneous measurements 
of CO, H20, and 02, and of the dust opac- 
ity. 

Finally, we believe, in spite of some un- 
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expected results, that the most plausible 
explanation of  our entire set of  observa- 
tions is that the 12CO/13CO is terrestrial, and 
that there are strong indications of temporal 
variations in the thermal profile and the CO 
abundance. It would be a useful experiment 
to observe two 12CO lines and one ~3CO line 
simultaneously to help alleviate the ambi- 
guity in the analysis. 

5. CONCLUSION 

Millimeter-wave observations appear to 
be a powerful tool for studying planetary 
atmospheres, from the point of view of 
thermal profile as well as chemical compo- 
sition. Although some ambiguity in the in- 
terpretation remains, observations of CO 
on Mars allow one to derive information 
about the thermal profile at the time of dust 
storms, and to monitor possible short-term 
changes in CO abundance. However, milli- 
meter-wave observations, even with large 
antennas, do not allow spatial resolution of 
the planets. Mapping of the thermal profile 
and of vertical distribution of the minor 
constituents, and monitoring them as a 
function of time, will be possible in the near 
future with millimeter interferometry. For 
the present, the infrared range has a great 
advantage in this respect, and infrared het- 
erodyne spectroscopy, combined with si- 
multaneous visible observations, could be 
the ideal tool for these purposes (Schrey e t  
al .  1986). 
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