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Martian Atmosphere: The
Mariner Occultation Experiment

During the 1965 fly-by, Mars’ upper ionosphere appeared
surprisingly underdeveloped compared with Earth’s.

Joseph W. Chamberlain and Michael B. McElroy

In the Mariner [V occultation experi-
ment (), the phase shifts of the telem-
etry carrier-wave were measured on
Earth as the spacecraft passed behind
the Martian atmosphere. The phase
shifts may be interpreted to yield in-
formation about densities and density
gradients for the neutral atmosphere at
low altitudes and, at high altitudes,
similar information about ambient ioni-
zation.

The derived surface pressure is in
the range of 4 to 7 millibars, being al-
most independent of the composition.
This value is slightly smaller than that
found in several spectroscopic investi-
gations during the 1965 Martian oppo-
sition (2). The ionospheric measure-
ments show a maximum electron den-
sity, in late afternoon, of 9 X 10 elec-
trons per cubic centimeter at a height
of 120 to 125 kilometers and an elec-
tron scale-height of 20 to 25 kilometers.

This small scale-height and the low
altitude of the ionospheric peak each
suggested that the ionosphere is cooler
than had been expected. Specifically,
we (3) had computed models of the
Martian  thermosphere, for various
amounts of CO and O (dissociation
products of CO,), and we had found
temperatures well in excess of those
that have been inferred (7, 4) from the
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new observations. The highest concen-
tration of CO (which acts as a thermo-
stat by radiating with rotational transi-
tions) that we assumed in the pub-
lished models was 20 percent, but in-
creasing the CO content cannot alone
change the models enough to satisfy
the observations. Far more important
than the apparent discrepancy in tem-
perature itself is the fact that iono-
spheres computed for these models
would be drastically different from the
one observed.

In this article we argue that CO, is
not strongly dissociated, as we earlier
assumed, and that the main ionospheric
peak is analogous to the terrestrial E
or perhaps FI region.

A completely different and rather in-
genious interpretation has recently been
proposed by Johnson (4). His entire
model is based on the fundamental and
reasonable postulates that the iono-
spheric peak is of the F2 type and is
composed of O+ ions. By “F2 type,”
we refer to a high-altitude ionospheric
region that is optically thin in the ion-
izing frequencies and in which the re-
combination rate increases downward
more steeply than the O density; the
daytime ionization density thus in-
creases upward until the electron-ion
gas can be removed readily by diffu-
sion. Hence the ionization peak is
formed at the height where the rates of
diffusive and chemical removal of elec-
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trons are comparable. Once the “F2
postulate” is granted, the Mariner ob-
servations require a certain tempera-
ture and density structure, within rather
narrow limits, of virtually the entire
atmosphere. Our objections to this
model are twofold:

First, for the low densities required
in the F2 region, it would be necessary
for the temperature in the middle at-
mosphere to follow the vapor-pressure
curve for dry ice, whereas on physical
grounds it appears likely that the mid-
dle atmosphere would be in radiative
equilibrium at temperatures well above
the dry-ice values (5).

Second, Johnson’s model requires a
nearly isothermal ionosphere, which he
tentatively ascribes to the strong radia-
tive losses of heat in the CO, vibra-
tional bands at 15 microns. However,
our calculations show that, although
CO, serves as an effective thermostat
in keeping the temperature fairly low
by terrestrial standards, a true thermo-
sphere (where temperature increases
with height) is nevertheless maintained
by the deposition of solar ionizing and
dissociating radiation and the conduc-
tive flow of heat downward.

Therefore we have sought a consist-
ent picture of the Martian atmosphere
that does not have these objections. A
proper discussion of the structure of an
atmosphere in which various processes
are competing requires an elaborate
analysis to weigh the relative impor-
tance of radiative exchange and con-
ductive heating and the relative impor-
tance of turbulent mixing and diffusive
separation. We have such a study under-
way, but for present purposes we re-
gard each region of the atmosphere in
a somewhat oversimplified way.

Photodissociation and Mixing

Before discussing the temperature
structure, however, we must mention
briefly the matter of photodissociation
of CO.. First let us consider the situa-
tion of local photochemical equilibrium.
As CO, is dissociated into CO and O,
the resultant O atoms may reassociate
into O,. Indeed, since O, is more read-
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ily formed by three-body association
than is CO, and since its continuous
absorption is stronger, O, becomes the
main source of opacity in the wave-
length region short of 1750 angstroms
and helps shield the COy from further
dissociation (6). Hence the equilibrium
abundances of O, and CO, are strongly
coupled to one another. The two equa-
tions for photodissociation and three-
body association of O, and CO, have
been programmed for a computer, with
the simple auxiliary conditions that the
fractional compositions of carbon and
oxygen are constant with height (7).
The results of one such calculation are
shown in Fig. 1.

The point here is that the lifetime
of a CO, melecule against photodisso-
ciation is 3 X 10% seconds, or about 1
month, high in the atmosphere. But in
the main dissociation region the life-
time is much longer. For example, with
photochemical equilibrium, as illustrat-
ed in Fig. 1, the optical thickness to
ultraviolet is 9.4 at the O, peak, so
that here a CO, molecule could survive
intact for 103 years.

It seems reasonable, therefore, to ex-
pect that mixing will greatly alter the
distribution of gases, with appreciable
amounts of CO, extending to great
heights. In the remainder of this paper
we consider the constituent gases to be
homogeneously mixed throughout the
atmosphere. This model is admittedly
an oversimplification and in a sense
lies at the opposite extreme from the
ones based on complete dissociation

3.

Radiation Losses

For the lower and middle atmosphere
we adopt an available radiative model
(5) with a surface pressure of 10 milli-
bars and with 44 percent CO, and the
remainder N, (except for 0.4 percent
0O,). This temperature structure should
be approximately valid at least to the
height where the radiative lifetime
(1/4 = 0.37 second, where A is the
transition probability) becomes less
than the lifetime for collisional deacti-
vation (1/4N,;, where N, is the total
density and  is the rate coefficient for
vibrational deactivation), We adopt the
formula (8)

7 == 1.9 X 107 exp(--82.8 T-V5) (1)

cubic centimeters per second. This
height is the level of vibrational relaxa-
tion (9) and occurs, in the adopted
model, at 50 kilometers.
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Fig. 1. Iustrative distribution of O., O, CO., and CO for photochemical equilibrium
under the assumed conditions stated (see 7). The height scale has been selected
to be in approximate agreement with the total densities of the model shown in Fig. 2.

Above this height it appears likely
that radiative interchange loses its con-
trol over the temperature. The local
energy balance here includes heat de-
posited or removed by conduction,
heating by solar ionization and dissoci-
ation, and cooling by infrared radiation
loss (10). Inclusion of the first two
items in the heat-budget equation is
relatively straightforward. We divide
the problem of accounting for radiative
losses into two parts. First we find the
height below which radiative loss may
be ignored for any one emission line.
Then we estimate the total heat lost
from a specified height due to the entire
set of CO, lines that can contribute to
radiative cooling.

Let us consider a single rotational
line (with upper level j* and lower level
j) in the CO, vibration-rotation spec-
trum. It has a mean cross section for
absorption, «;i» and a mean vertical op-
tical thickness,

7500 = N;(CO:) H(CO.) ay,-

where H is the scale height. The local
albedo is & = A/ (A4 + Niy), with A =
3, Aj; being the total transition prob-

ability to all lower rotational levels and
N; the total gas density. One may find
the radiational field at all depths from
the equation of radiative transfer for
an atmosphere that scatters, absorbs,
and emits (from thermal excitation)
radiation in a CO, line. With suitable
boundary conditions this equation may
be solved in the so-called “first approxi-
mation” by standard techniques (/7).
The solution strictly applies only to a
homogeneous atmosphere (wherein 5
remains constant with depth), but it
does illustrate the manner in which the
radiation field changes with depth (12).
At large 7;; but well above the level of
vibrational relaxation (that is, in the
region where ‘g =~ 1), the fraction of
emitted thermal radiation that eventual-
ly escapes from the top of the atmo-
sphere is of the order of exp(—Kr;),
where K = [3(1 —%)]%. Thus the es-
caping flux is strongly diminished by
the exponential unless

Ti S /K = [3(1-8)]Y.

The physical reason for this relation-
ship is clear. The number of scatterings
required for a photon to exit from
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depth r by a random walk in space is
of order r2. At each scattering the
photon has a probability of 1—¢ of be-
ing absorbed; hence the probability that
a photon will escape is good only if
2(1=5) s 1.

In a similar manner a photon may
exit by a random walk in frequency
within the line profile, if the molecules
have frequent elastic collisions during
the radiative lifetime. Thus eventually
a quantum will acquire a Doppler-dis-
placed frequency so far from the center
of the line that the atmosphere becomes
effectively transparent. With this mech-
anism the probability of a photon’s es-
caping is essentially the fractional area
of the profile for which r<1. (For the
CO, lines, Doppler broadening domi-
nates the profile out to the frequency
shift at which r ~ 1 for total densities
less than about 104 cm—3, which covers
the important radiating region.) When
the probability of escape is small, its
reciprocal is the mean number of scat-
terings required to escape. With the
simple argument given above, it may
readily be shown that this number is
the order of ro(x In r,)%, where =,
(= 2+;;) is the optical thickness in the
line center (/3). Thus radiation can al-
ways escape more effectively by a ran-
dom walk in frequency than by one in
space, if there is redistribution of the
Doppler profile at every scattering.
Writing In(2r;;.) ~ 5, we obtain a cri-
terion for radiative escape of

Tij = [8(1 —-Z:)]’l.

The rate of thermal emission in a
single line per cubic centimeter may
be written, to close approximation (3),
as

N;(CO:) A5 hv(1 — @) exp (—hv/kT).

Goody (74) gives a distribution func-
tion of N; a;; for the various CO, lines,
including those of minor isotopes, in the
15-micron region. Ignoring the “hot
bands,” we have weighted the above
expression for the thermal emission of
a line with this distribution function
and integrated from the weakest lines
to those with N; o;; = 1/8H(1—%) to
find the amount of thermally emitted
radiation that ultimately escapes from
the atmosphere (instead of being re-
absorbed as heat). We find a heat loss,
per cubic centimeter per second, of

Ry (2) = N N (CO.) hy e ¢

[1—(1 4 x)ex, 2)

where
— 11X 10" A )
- N(CO:)(I Nin @
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Fig. 2. Model upper atmosphere of Mars for negligible CO. dissociation and strong
mixing. The exospheric temperature, T, is 410°K.

Because of the condition that collisions
must be frequent within the radiative
lifetime, this value of y is strictly valid
only for N, = 101 cm~—3, but at this
and lower densities there is effectively
no blanketing of radiation. The terms
in square brackets in Eq. 2 may be re-
garded as the blanketing correction to
the radiation term for vibrational ex-
citation; for small densities it is unity
and for large densities, zero.
Rotational transitions from CO have
such a long radiative lifetime that even
at densities of 107 cm—3 the rotational
levels are collisionally redistributed be-
fore reemission can occur; that is, & =~
0 everywhere. Thus the criterion of
counting radiative losses only for
Ky s 1 effectively substantiates our
earlier proposal (3) that the CO rota-
tional transitions will contribute to at-
mospheric cooling only for r s 1.

Model of Thermosphere

With radiative losses treated in the
manner just described, we have com-
puted the thermospheric model shown
in Fig. 2. In addition, a number of
other models were run to see how sensi-
tive the model is to certain conditions:
If cooling were accomplished mainly
by a spatial random walk of photons
(as described earlier), the temperature
profile would be rather different in the
lower ionosphere, but the exospheric
temperature, 7,, would be about the
same. With moderate or even substan-
tial amounts of CO, dissociation and
with diffusive separation, T, is not

changed drastically, but of course the
composition and densities are seriously
affected at high altitudes. If the tem-
perature at the base of the ionosphere
is lower than the 160°K we have
adopted, radiative loss at low altitudes
is diminished and T, will still build up
to the order of 400° K. As an exam-
ple, we ran a model with diffusive sep-
aration, starting with Johnson’s (4)
temperature (100°K) and densities at
70 kilometers. (This is the height John-
son suggests for the onset of diffusive
separation and it is also the level at
which direct solar heating begins to be
important.) In this model the tempera-
ture at 125 kilometers (near the ob-
served ionospheric peak) is 285°K and
T, is 375°K, both of which deviate
seriously from the 85°K suggested by
Johnson.

An interesting effect would occur if
the temperature at the base of the
ionosphere were appreciably greater
than 160°K. In this case radiative cool-
ing near the 150-kilometer level and
above would more than exhaust the
available solar energy flux, even for an
isothermal atmosphere. Hence the tem-
perature would initially decrease with
height, and there would be a conduc-
tive flow of heat upward from the
middle atmosphere. At higher altitudes
the temperature gradient would become
positive, developing a normal thermo-
sphere. The fact that the temperature
is so nearly isothermal at 100 kilom-
eters in Fig. 2 is a consequence of
this model’s being close to the situation
requiring a shallow minimum in the T
profile.
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The ionospheric peak observed by
Mariner IV near 125 kilometers occurs
at total densities around 5 X 1012
cm—3. We interpret this ionosphere as
a Chapman-type E region, which peaks
where the slant optical thickness is
unity in the ionizing frequencies. For
the sun at 70° zenith angle, the mean
absorption cross section must be of the
order of 10— cm2, which is suggestive
of the x-ray region of the spectrum.
The effective x-ray flux at the peak is
likely to be some 5 X 108 photons per
square centimeter per second. If the
peak clectron density is 103 electrons
per cubic centimeter, the effective re-
combination coefficient is 2.5 X 10—8
cm?/sec. This is a reasonable iono-
spheric coefficient when dissociative re-
combination of a molecular ion is the
rate-limiting process; a similar value
applies to the terrestrial E region (I5).
Although x-rays would ionize all con-
stituents in the region, reactions involv-~
ing charge transfer or ion-atom inter-
change would be likely to deposit most
of the ambient ionization in the form
of NO* or perhaps O,*, the molecules
having the lowest ionization potentials
of those species likely to be present in
important amounts. Specifically CO,T,
even with a rate coefficient for dissocia-
tive recombination as high as 10—¢
cm?/sec is likely to be removed by re-
actions with O, or O. With only
modest dissociation of CO, and small-
to-moderate rate coefficients, such reac-
tions would still be the chief source for
removal of CO,* in the E region.

The Mariner observations (1) in-
dicated an electron scale height (with
base ¢) above the peak of 20 to 25
kilometers. For an idealized Chapman
layer, the atmospheric scale height is
Az/(2)%, were Az is the height above
the peak at which the electron density
falls to one-half the peak value. Thus
the observations suggest H =~ 10 to 12
kilometers, whereas the value in our
model is 10.4 kilometers.

At somewhat higher altitudes, where
the total density is of the order of
10% cm—3, one would expect to find
ionization produced by solar ultraviolet
radiation. For this FI region to be con-
siderably less pronounced than the E
region, three conditions must be satis-
fied: (i) With an incident ionizing flux
of about 10'" photons per square cen-
timeter per second, an effective re-
combination coefficient, o(CO,™), of at
least 106 cm?3/sec is required. Such
a large value might apply to dissoci-
ative recombination of CO,+. (ii) There
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must not be a rapid reaction trans-
forming this CO,* into another ion
that has a slower recombination rate;
there is no reason at this time to ex-
pect that at F-region densities a suf-
ficiently rapid reaction exists. (iii) The
abundance of O and of O, must be
fow enough that O,+ does not become
the dominant ion. [Reactions of O+
with CO, to form CO -+ O,+ will
rapidly remove O+ ions with a rate
coefficient of k(O+) = 1.2 X 10-9
cm?/sec (16).] It appears that, to
satisfy the latter condition, the O/COQO,
and 0O,/CO, abundance ratios must
each be less than about 10 percent,
which requires that there be little CO,
dissociation above 100 kilometers and
little diffusive separation at the F7 alti-
tude (about 190 km).

With such a small amount of dissoci-
ation, there will be no Martian analog
to Earth’s F2 region. For there to be
an F2-type increase of ionization with
height, O+ would have to become the
dominant ion below the height where
ambipolar diffusion becomes the main
process removing ions. With the large
rate coefficients, k(O+) and «(CO,*),
quoted above and the small O/CO,
ratio required to explain the absence
of a detectable F/ region, it does not
seem likely that O+ can obtain this
dominance.

The above ionospheric model is
based on a specific chemical composi-
tion (44 percent CO,, 56 percent N,)
and the model can vary with compo-
sition. T. M. Donahue (77) has noted
that in the extreme case of a pure CO,
atmosphere, the observed ionospheric
peak might occur at total densities the
order of 10*! molecules per cubic centi-
meter. Low gas densities at 125 kilo-
meters would also be implied by any
composition having a large mean mo-
lecular weight, such as a carbon dioxide
and argon mixture. In this situation,
which cannot be definitely excluded,
the peak might arise mainly from solar
ultraviolet radiation rather than from
x-rays. Then the lower electron density
in the x-ray E region would imply a
larger effective recombination coeffi-
cient than the value suggested above.
But the main features of the thermal
structure of the atmosphere, including
a moderately high exospheric tempera-
ture, should not be significantly altered.

Gross, McGovern, and Rasool (18)
have recently computed Martian tem-
peratures for CO, completely dissoci-
ated in the thermosphere. They obtain
exospheric temperatures of 550° =

150°K; these values are somewhat
lower than those in our previous models
(3), which were computed in the same
way. It appears, therefore, that they
simply used a lower heating efficiency
than did we in our earlier work, al-
though they do not state their adopted
parameters. In any event, the model
calculations of Gross, McGovern, and
Rasool still lead to inconsistencies be-
tween the computed and observed iono-
spheres: They have interpreted the
Mariner observations in terms of 0+
ions with a diffusion theory, implying
that the ionosphere is an F2 region,
whereas in their model the F2 ioniza-
tion would be formed well above 125
kilometers. It seems to us that this in-
ternal inconsistency invalidates most of
their discussion.

Summary

Observations of the Martian iono-
sphere with the Mariner IV spacecraft
have indicated that the upper atmos-
phere of that planet differs widely from
models we proposed earlier. Those
models were based on the assumption
that there is complete photodissociation
of CO, in the thermosphere, but they
were otherwise the result of a straight-
forward application of the heat-budget
equation. F. S. Johnson has recently
proposed a radically different semiem-
pirical model, which is based on the
assumptions that the ionosphere peak
is, as on Earth, of the F2 type and
that O+ is the dominant ion. There
is no true thermosphere in this model,
for the temperature of the entire upper
atmosphere would have to remain be-
low 100°K to fit the observations. We
have taken issue with Johnson’s pro-
posal on the grounds that his tempera-
ture profile could not be maintained.
We have computed a model atmo-
sphere, with 44 percent CO, and 56
percent N, that will fit the observa-
tions, provided that CO, is not strongly
dissociated. The major ionization is in
an E region produced by solar x-rays;
the dominant ion is probably NO+ or
O,1. A physical discussion of the radi-
ative losses by CO, shows that a nor-
mal thermosphere develops and that
the exosphere temperature (at the top
of the thermosphere) is at least 400°K.
Absence of strong ionization peaks
corresponding to the terrestrial F7 and
F2 regions is plausible. If the mean
molecular weight is considerably larger
than that assumed in this model, the
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observed ionospheric peak might be an
F1 region produced by solar ultraviolet
radiation. It is still plausible .in this
case that no F2 peak will develop, and
the thermal structure is not likely to
differ importantly from that shown in
Fig. 2 (18).
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occur before and after them or con-
currently with them. Embryonic induc-
tion is part of a continuum of develop-
mental processes. But the concept of
induction, once ‘separated out and
named, has suffered reification. A num-
ber of papers imply or refer to “the
moment of induction,” and attention
bhas prematurely shifted from study of
the process of embryonic induction to
a search for “the inductor substance.”
Induction has been studied for more
than 60 years, but only recently have
any inductive tissue systems been rea-
sonably well defined with respect to
their timing and spatial arrangements.
The purpose of this discussion is to de-
scribe some of these inductive systems.

Programming for developmental
events begins as early as odgenesis (1),
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