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1. INTRODUCTION

Mercury is the smallest planet of the solar siétem
and is also nearest to the sun. The combination of these
two circumstances makes it a hot and gravitationally "weak"

planet. It has therefore been a firm belief that any at-

-mosphere which the planet could have acquired during its

formation and/or by the subsequent outgassing processes
would be difficult to hold. High thermal velocities of the
particles in the atmbsphere would win over the relatively
small escape velocity and therefore, shortly'after its
formation, the planet would lose practically all its at-
mosphere to ;he space.

In the literature on planets, the description of the
atmosphere of Mercury has usually been very brief (e.g.,
Kuiper, 1952; Urey, 1959; Dollfus, 1961), and Mercury has
invariably been compared with the moon, as a planet without
an atmosphere. In the last few years, however, evidence
has accumulated that the atmosphere of Mercury may not be,
after all, as tenuous as that of the moon, but could have
a surface pressure of as much ag l - 10 mb, at least lO10

times greater than at the surface of the moon. This has

been further substantiated by the rgdent identification of
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a small amount of CO2 in the atmosphere of Mercury (Moroz,

1963, 1965).

-

Also, the recent radar investigations of the planet
(Pettengill and Dyce, 1965) have led to the remarkable dis-
coverylthat Mercury is not in synchronéus rotation but, in-
s?ead, rotates much faster, with a period of‘59 + 5 days.

It is the purpose of this'paper to review the avail-
able information on the temperature, composition, and sur-
face pressure of Mercury's atmosphere, to discuss the im-
plications of a non-synchronous rotation of the planet on
the atmosphere. We construct several models for the atmos-
phere which are consistent with fhe observations in an

attempt to determine if they are stable against depletion

of the atmosphere by gravitational escape. The results are

discussed from the standpoint of the surface of the atmosphere.

2. ROTATION

2.1 Early Visual Observations of the Planet

The first telescopic observations of Mercury, leading

to the discovery of the phases of the planet, were carried
out by Zupus in 1639. Because Mercury is small, distant,
and is hever more than 28° of arc away from the sun, it is

extremely difficult to observe, being only visible low on




the horizon in the very early hours of twilight. It is

for this reason that it was not until 1882 that thg‘first
reliable map of the planetary disk was drawn. Schiaparelli
had then conceived the idea of observing the planet in the
daytime. But because of this inherent difficulty in ob-
serving the planet, the data on Mercury, even to this day,
remains extremely meager.

The drawing of Mercury made by Schiaparelli {1889) showed
irregular dark markings on the surface of the planet which,
after subsequent observations, were found to be of a perma-
nent nature. Antoniadi (1934), after an extensive series of
observations, produced the first planisphere of the day-side
of the planet. - Lyot (1943) and Dollfus (1953) continued
such observations of Mercury and produced a series of drawings
which have been discussed in detail by Dollfus (1961).

From the first observations, it was noticed that when
the planet was continually observed over a period of several
hours, the markings did not shift across the disk. - This led
Schiaparelli to conclude that Mercury must have a synchronous
rotation, spinning on its axis in 88.days which is also the
time of its orbital revolution. When later observations re-
vealed a recurrence of the markings, even over long intervals

of time, it led practically all observers to conclude that



Mercury had a rotation synchronous with its revolution.
This conclusion was further substantiated by the theore-
tical argument that because of the nearness of the planet
to the sun, the solar tidal forces would be so strong that
they would slow down the rotation of Mercury in the very
early history of the solar system. Like. the moon with re-
spect to the earth, Mercufy would be "locked” in the direc-

tion of the sun.

2.2 Recent Radar Measurements

During the inferior conjunction of Mercury in April,

1965, Pettengill and Dyce (1965) made radar observations of
the planet and derived a value for the rotation period of
59 £ 5 days. Figure 1 shows their results of the limb-to-
limb doppler spread as a function of time for four measure-
ments taken during the months of March and April, 1965.
The best fit curve indicates direct rotation with the sidereal
period of 59 = 5 days. The authors have also pointed out
that the direction of the pole may be normal to the planetary
orbit.

This new result is in complete‘disagreement with the
hitherto widely accepted value of 88 days, derived from the

visual observations as discussed in the previous section.



McGovern, Gross and Rasool (1965) have investigated the
reasons for this apparent inconsisténcy between th? results
of the early visual observations and the recent radar
measurements. Nearly 50 drawings of Mgrcury published by
Lowell (19025, Antoniadi (1934), Lyot (1943), Dollfus (1961)
and Bauﬁ (see Sandner, 1963 and Moore, 1960) were examined.
Of these,six pairs of dra&ings showed near duplication of

markings and phase. These pairs are listed in Table I.

TABLE T
Time interval T
(in days)

. Antoniadi (Aug. 11,1924) and Antoniadi (June 21,1927) 1044
Antoniadi (Aug. 23,1927) and Antoniadi (Aug. 6,1928) 349
Antoniadi (Oct. 4,1927) and Antoniadi (Aug. 23,1929) 690
Antoniadi (Aug. 6,1928) and Antoniadi (July 20,1929) 348
Lyot (July 22,1942) and Dollfus (Oct. 12,1950) - 3004
"Baum (March 15,1952) and Baum (March 1,1953) 351

The authors pointed out that duplication of markings and
phase for any single pair of drawings of Mercury does not
necessarily indicate that synchronous rotation of the planet
is the only possible solution. A number of other periods of

rotation are possible as given by the following eguation:



.tion of Mercury by the following simple argument. The el-

T
P = 8 (1)
n + ‘

360

where P is the period of rotation of Mercury in days, T the

~ time interval between the two observations made at the same

phase, n the number of complete rotations of the planet during
this time interval and 0 the average angular displacement of

the earth and Mercury in their orbits. Figure 2 shows all

'possible values of P between 40 and 90 days as calculated for

each pair of drawings. It is noted that in addition to an 88-
day period, thére are at least'four more values of P,‘viz.{
43.6, 50.1, 58.4 and 70.2 days which will be consistent with
all the six pairs of drawings. However, only one of these

values is within the allowed limits of 59 %= 5 days determined

by radar. Therefore the rotation period of 58.4 £ 0.5 days

is consistent with\both the visual and the radar observations

’

of Mercury.

If, however, we take only the pair number 5, which has

the longeét time interval and also the most convincing dupli-

cation of markings, we can narrow down the accuracy limits to

,

- a value of 58.65 £ 0.10 days.

Peale and Gold (1965) have made an interesting analysis

of the problem and have explained the non—synchroncus rota-

—
———

——

lipticity of the orbit of Mercury around the sun is very

—



large, about 0.2. The tidal torque is proportional to
l/r6 and will be greatest at the perhelion. The planet can

therefore acquire a rotation period lying between 56.6 and

; 88 days, depending on the dissipation function of the tidal

forces. 1If the value of 58.65% 0.1 days, as derived above,
is correct, then foliowing Peale and Gold's argument, it
will indicate that there is a significant amplitude depen-
dence of the tidal dissipation on Mercury.

Another argument in favor of the 58.6 day period has
been advanced by Colombo (1965), who suggests that a period
of rotation which is exactly 2/3 of the orbital period will
be stable because such a rotation period will bring the
axis of minimum moment of inertia in line with the sun-
Mercury radius vector at every perhelion. However, based
6n only this line of argument, one can obtain a large number
of "stable" rotation periods for Mercury. Combining such an
analysis with the arguments given by Peale and Gold and
also with the radar and visual observations, one can finally
obtain a precise value for the rotation, wviz. 58.65 days.

The non-synchronous rotation of Mercury implies, con-
trary to the previous belief, that all parts of the planet
are exposed to the sun at one time or another. The length

of the day on Mercury is approximately 176 earth days, and



it may be a fair assumption that the surface temperature
on the night side of the planet may, after all, not be

as low as 28}°K which was calculated by Walker (1961) for

a synchronously rotating planet.
3. EVIDENCE FOR THE PRESENCE OF AN ATMOSPHERE ON MERCURY

The astronomical constants of the planet Mercury

are summarized in Table II.

TABLE II

MASS 0.054 (Earth 1)

RADIUS 0.39 (Earth 1)

DENSITY - 5.05 gm/cm3

vV, = [2MG 4.2 km/sec (Earth 11.3

- R km/sec)

2

g 350 cm/sec

DISTANCE FROM SUN
SOLAR RADIATION FLUX
ALBEDO

Te (sub=-solar point)
ORBITAL PERIOD

ROTATION

0.39 A.U.

6.6 x at Earth
0.07 (Earth 0.4)
616 °K

88d

58.65 %= 0.ld



3.1 Polarimetric Studies

One of the most important techniques of studying

the surface of another planet is the observation of the
polarization of solar radiation reflected by the planet.
This technique was developed by Lyot (1929) and has since
been used extensively by him and later by Dollfus to study
the surfaces of the moon and planets. A detailed discussion
of this method is given by Dollfus (1957, 1961, and 1962).

One of the by—-products of such an observation is an
estimate of the total atmosphere of the planet. By com-
paring the polarization of the solar radiation as reflected
from the center of the planetary disk and from the limb,
one can obtain an estimate of the scattering of the radia-
tion by the atmosphere. Making such measurements at differ-
ent wavelengths and assuming Rayleigh scattering to be the
main process, one can estimate the total number of molecules

in the atmosphere. 1In this manner, Lyot (1929) gave an upper

limit on the extent of the atmosphere of Mercury, viz.,

< 21/1000 of the earth's atmosphere. For the smaller value
of g for Mercury, this would correspond to a pressure of

7 mb. In these calculations, it was assumed that the albedo



of Mercury, in the visible, was 0.16. The recent measure-
ments by Harris (1961)give a value of 0.063. 1If we cor-
rect Lyot's calculations for this new value of albedo, we
obtain an upper limit on the surface pressure on Mercury
of 3 mb. Dollfus repeated Lyot's observations with an im-
proved polarimeter and using the same method of reduction
of data, gave a.value of the atmospheric pressure at the
surface of Mercury equal to 1 mb within an order of magni-
tude, i.e., Pg = 10°%T,

It is difficult to accept the results without quali-
fications because of the inherent limitations of this method
in deducing the atmospheric pressure. The most important
source of error is the assumption that the scattering is
entirely molecular. Any particulate matter which may be
present in the atmosphere will result in a considerable
over-estimate of the pressure. Also, it is assumed that
the atmosphere of Mercury has the same scattering properties
as air. If, however, the major component of the atmosphere
of Mercury were not nitrogen but, for example, neon, the
pressure quoted above would be an under-estimate by as much
as a factor of 10. Chamberlain and Hunten (1965) have re-

cently given a critical review of the inherent difficulties

in this method for estimating the atmospheric pressure.
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. presence of CO

Accepting their arguments, we would conclude that the un-
certainty of an order of magnitude quoted by Dollfus may
be quite optimistic, and the actual atmospheric pressure

on the surface of Mercury may be anywhere between 0.0l1 and

10 mb.

3.2 Spectroscopic Studies

The search for atmospheric gases on Mercury was
carried out by Adams and Dunham (1932) and later by Kuiper
(1952), but failgd to give any positive results. It was
therefore generally believed that if an atmosphere exists
on Mercury, it must be composed of rare gases, perhaps argon
(Field, 1964), not observable by spectroscopic techniques.
Recently, however, Moroz (1963) has detected the
5 in the atmosphere of Mercury. He recorded
the spectrum of solar radiation as reflected by Mercury and

compared it with that of the moon. The equivalent width of

the 1.6 y CO, band appears enhanced in the Mercury spectrum,

2

indicating the presence of CO2 in the atmosphere of the
planet. This is illustrated in Figure 3. A series of
similar measurements, however, show a lesser enhancement
of the equivalent width (Moroz, 1965).

As the strengths of the saturated CO2 lines in the

- 11 -



1.6 4 band depend both on the effective pressure and the
amount of COZ’ it is not possible to separate the two by
observing only in this one band. Spinrad, Field and Hodge
(1965), therefore, attempted to measure the intensity of
the weak unsaturated lines of CO2 at 87008 which are not
pressure-dependent. Combining these measurements with
those of Moroz, they expeéted to get the amount of_CO2 and
the total atmospheric pressure at the surface of the
planet. Despite a Aetection limit of as low as 4 mi, they
were unable to observeCO2 lines in the 87004 region. They
therefore proposed an upper limit to the CO2 content of

57 m-atm., which corresponds to a maximum possible partial
pressure of 4.2 mb on the surface. Combining this upper
limit on the amountlof CO2 with Moroz' observation of the

equivalent width of the 1.6 y CO, band, Spinrad, Field

2
and Hodge conclude that the surface pressure on Mercury

is near 4 mb if the atmosphere is pure CO and higher if

o
other gases are present.

Kozyrev (1964) observed Mercury during an eclipse of
the sun and found emission lines of hydrogen in the spectrum.
He therefore postulated that the atmosphere of Mercury may

contain a significant amount of hydrogen. Spinrad and Hodge

(1965) have given a more acceptable explanation of these
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-line profiles, suggesting that they could have been formed

by a spurious blending of the doppler-shifted Fraunhofer

lines in the spectrum of Mercury and the unshifted component

in the sky spectrum.

In summary, it appears from the evidence described
above that Mercury has a tenuous atmosphere, with a sur-
face pressure between 1 and 10 mb and containing a small

amount of C02.

4. TEMPERATURE MEASUREMENTS

For a slowly rotating planet like Mercury, the ef-
fective equilibrium temperature on the day side of the
planet is given by

o 1/4
T, ~( 5 1-8) ) (2)

where F is the solar £flux reaching Mercury (l.1 x 107

ergs/cmz/sec) and A is the albedo (0.063) (Harris, 1961).
For these values of F and A, the mean effective tempera-
ture of the day side of Mercury is 520 °k. At the sub-
solar point the temperature will be 616 °K. A tenuous at-
mosphere precludes any substantial gréenhouse effect and

therefore we can expect the surface temperature of the day

- 13 -



sidé to be approximately the same as the effective tem-
peraturés.computed above. .
Temperature measurements of Mercury have been made
by recording the thermal emission of the planet in the
infrared and microwave regions of the spectrum. We shall

discuss the results of these two types of observations in

the following paragraphs.

4.1 Inﬁ:grgd

Pettit (1961l) has measured thermal emission from
Mercﬁry in the 8 - 12 ;; region and obtains a sub-solar
poiht surface temperature of 615 oK, in close agreement
with the effective temperature given above. This agree-
ment between the observed surface and effective temperatures
of the planet indicates that the surface of Mercury radiates
as a black body in the far infrared with an emissivity of

approximately unity.

4,2 Microwaves

Thermal radiation from Mercury in the microwave re-
gion at A = 3 cm was measured by Howard, Barrett and Haddock
(1962) . Figure 4 shows their temperature values as a function

of phase angle. The interesting feature of their results is

- 14 -




that the dependence of the temperature on the phase angle
is not so strong as would be expected if the dark side were
extremely cold, at a temperature close to 28 °x (Walker,
1961).

Field (1964) interpreted these results to suggest that
the dark side of Mercury may actually be at a higher tem-
perature. Curve A in Figufe 4 shows the variation of tem-
perature as a function of phase angle which would be ob-
served if the dark side were at a temperature as high as
300 °K. The observed values of temperature show a better
agreement with curve A than with curve B which is computed
for a dark side at 0 °K. Field also suggested that in or-
der to explain these observations, an atmosphere must be
present which would transport the heat required to raise
the temperature of the dark side to 300 oK. This suggestion
of Field's is based on the assumption that the measured
radio brightness temperatures are actually the surface tem-
peratures of Mercury.

Mayer (1961) has however pointed out that the thermal
emission in the radio wavelengths originates a few wave-
lengths below the surface of the planet. More recent
radio measurements of Mercury by Kellerman (1965 at A = 11 cm

corroborate this argument. Figure 5, taken from Kellerman,

- 15 -



does not show any phase effect at all, indicating that the
temperature a few decimeters below the surface of Mercury
may be constant at 300 oK, both on the day and night sides.
Now that it is known that the rotation of Mercury is non-
synchronous, and that all parts of the planet are exposed
to solar radiation every 88 days (one solar day on Mercury
is equal to 176 earth days), a 300 °K temperature in the
sub-surface layers on the dark side of Mercury seems
plausible.

No observational information is yet available on the
actual surface temperature on the dark side of the planet,
but Field has argued that if argon is present in the at-
mosphere, then the temperature of the surface of the dark
side should be higher than 56 °k so that the atmosphere
does not freeze out. For a carbon dioxide atmosphere, this
temperature should be higher than 150 °k.

Miﬂtz (1962) has made a theoretical study of the

problem of heat transport across the terminator by winds,

for a slowly rotating planet. Using his expression which relates t

wind velocity at the terminator and the temperature on the
dark side of the planet, we have made a sample calculation

for the Mercurian atmosphere, mainly composed of CO and

2I

for Ps = 5 mb. Figure 6 is a plot of the required wind

- 16 -



velocities as a function of temperature increase on the

dark side of the planet. Also plotted is a curve g}ving the
velocity of sound in the atmosphere at these témperatures.

. It appears that even in a thin atmosphere of 5 mb surface
pressure, atmospheric circulation is an efficient means of
transporting heat from the day side to the night side of

ﬁhe planet. A 120 m/sec wind can maintain the dark side

of Mercury at 150 OK, thus preventing CO, from freezing out.

2

Wind velocities of the order of 100 m/sec are frequently ob-

served in the upper atmosphere of the earth.



5. PROBLEM OF GRAVITATIONAL ESCAPE AND'ACCUMULATION
OF AN ATMOSPHERE
In this section we shall examine the processes
which govern the evolution of an atmosphere on a small
and hot planet like Mercury. There are two schools of
thought on the problem of the origin of a planetary at-
mosphere.

It has been suggested that the present atmosphere
is either (a) the remnant of‘a dense gaseous envelope
which the planet may have acquired at the time of its ac-
cumulation out of the contracting solar nebula, or (b) the
result of slow outgassing from the interior of the planet
via, e.g., volcanic activity and the exhalation of gases
through fissures in the crust.

For the present étmosphere.to be the remnant of a
primitive one, it must be stable against the two important
loss processes: thermal escape of gases from the gravi-
tational field of the planet, and the dissipative effect
of the solar wind. The atmosphere, in this case, would be
composed of those gases which have not yet escaped or been
ejected by the solar wind. Their abundances would, there-

fore, still be in the same relative amounts as observed in
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the sun.

On the other hand, it is difficult to ascertain if
the present atmosphere of another planet is thé result of
outgassing. Even in the case of the earth, the gas ex-
halation rates from the crust are very poorly known and
extrapolatiné these to other planets could be very unre-
iiable. The volcanic outgassing not only depends on the
differential processes and tectonic activity occurring in
the interior of the planet, but also on the nature of
"volatiles" which were trapped within the planet at the
time of its formation. These are difficult questions in
‘cosmogony and are beyond the scope of this paper.

We would like to point out that the major argument in
favor of the outgassing hypothesis is the demonstration that
the present atmosphere could not be primordial in origin.

For this purpose we shall discuss the problems of
gravitational escape and the effect of solar wind in more

detail, with particular reference to Mercury.

5.1 Thermal Escape

The flux of particles escaping from the top of a
planetary atmosphere is readily estimated from the theory

of Jeans (1916) as modified by Spitzer (1952). Neglecting
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diffusion, the total number of escaping particles, F, is

given by

-

4nRz nos CYe_Y Rc RC - -2 -1
F = [ E; <l + ;E—>J cm < sec (3)

Ve

where Ro is the radius of the'planet, Rc is the planetary

radius at the base of the exosphere, ns is the density
which would exist at the surface of the planet if the at-
mosphere were isothermal at all heights, C is the root-

mean-square velocity of the atmospheric particles, and

GmM
Y =%rr
C O

(4)
where m is the mass of the escaping constituent, M is the
mass of the planet, C is the gravitational constant, and
Tc is the temperature of the exosphere.

The number of escaping particles therefore particu-
larly depends on the temperatu?e at the top of the atmos-
phere, on the dimensions of the planet, and also on the
molecular weight of the escaping particles. Using Eqg. (3)
we can calculate, for different values of Tc, the time in
which the abundance of a gaseous constituent on Mercury

would decrease to l/e of its initial value, which is es-

sentially the half-life of the constituent. The results
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are plotted in Figure 7. The times of escape have been
calculated for three different temperature values, viz.,

500 OK, 1000 OK, and 2000 OK, and are plotted as a function
of atomic or molecular weight of the escaping particles.

For a planetary lifetime of 5 x 109 years, it is seen that
Mercury will lose all its hydrogen and helium at an exo-
spheric temperature > 200 OK, but will retain atomic oxygen
at TC < 800 OK, and argon at Tc < 1800 %k. At temperatures
higher than 2000 OK, only heavy gases like krypton and xenon
could be retained by the planet.

Because Mercury is very close to the sun (R~ 0.4 A.U.)
and therefore receives 6.6 times more solar flux than the
earth (Table II), oﬁe would expect the exospheric tempera-
ture to be much higher than for the earth (1500 oK). Iin
fact, the values for TC for Mercury quotea in the litera-
ture are as high as 5000 °x (Urey, 1959). According to
Figure 7, at such a high temperature, even xenon will be
lost, and one would not expect even a trace of an atmos-
phere on Mercury. For the atmosphere of Mercury to be stable
against gravitational escape, the exospheric temperature
should be considerably less than 5000 ©®kK. From the table

of solar and cosmic abundances (Cameron, 1963) the most
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abundant molecules in a primitive atmosphere, after the es-
cape of hydrogen and helium, would be carbon dioxide, neon and

nitrogen. Their relative amounts by volume are given in

. Table III.

TABLE ITIT

COMPOSITION OF A PRIMITIVE ATMOSPHERE
AFTER THE ESCAPE OF H, AND He

2
CO2 60 %
Ne 25 %
N2 15 %
A < 0.5 %

This table has been computed with the assumptions that:
(1) all hydrogen and helium have completely escaped, including
that hydrogen which could have been in the form of CH4, NH3,

or HZO; (2) the oxygen available for the atmosphere has been
depleted by that amount which would be required to form
metal oxides and silicates; (3) only that much carbon is
included in the atmosphere which will combine with the re-
maining oxygen to form carbon dioxide; and (4) carbon dioxide
has not been removed from the atmosphere by reactions with

the crust of the planet.

In order for this atmosphere to be stable against
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gravitational escape, the temperature of the exosphere of
Mercury must be < 800 °x (Fig. 7), which is the escape
temperatﬁre for atomic oxygen, a dissociation product of
carbon dioxide. If, on the other hand, the temperature
of the exosphere is higher than 800 OK, then, to maintain
a carbon dioxide atmosphere on Mercury, a considerable
amount of‘outgassing will be required to counter the high

flux of escaping particles.

5.2 Solar Wind

Interactions between the solar wind and the atmosphere

of Mercury may produce several important effects such as
ejection of ionized particles, intense heating, and ioni-
zation in the upper atmosphere, and also accretion of
constituents into the atmosphere. But these effects will be
highly dependent on the extent and nature of the planetary |
magnetic field. In the absence of any information on the
magnetic field of %ercury, we shall limit out discussion of
this aspect of the problem to the derivation of a lower limit
to the field strength which would protect the atmosphere of
Mercury from the dissipative effects of the solar wind.

We shall assume that an effective protection of the

atmosphere from the solar wind will be achieved if the

- 23 -~



magnetic pressure at the height of the exosphere is
greater than or equal to the dynamic pressure of the solar
wind; that is, we set
2
B

_c=2nm v2 (5)
81

where Bc is the field strength at the boundary of the

magne tosphere, which is assumed to be one planetary radius

away from the surface and therefore above the exosphere,

and n, m, and v are the number density, mass and velocity,

respectively, of the particles in the solar wind. Extra-

polating the flux data obtained from Mariner II to the

distance of Mercury, we find that n ~ lOO/cm3 and

v ~ 5 x 10 cm/sec.  This gives B, ~ 300 y at one plane-

tary radius away from the surface. The dipole field at

the surface will then be 0.024 gauss. This is approximately

20 times less than the magnetic field strength of the earth.
The real problem of interaction of the solar wind with

a planetary magnetic field is much more complex and is not

completely understood. We shall therefore refrain from any

comment on the possible mass interchange which may take

place between atmosphere and solar wind.
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6. THERMAL STRUCTURE OF THE ATMOSPHERE

In this section we shall investigate the thermal
structure for various models of the atmosphere of Mercury.
The main purpose is to determine i1f the exospheric tem-
perature, in any of these models, is low enough for the
atmosphere to be stable against gravitational escape. For
these calculations we first derive the temperature of the
lower atmosphere of Mercury which is assumed to be in
radiative equilibrium. We then discuss the region of the
mesopause which separates the lower and the upper atmos-
pheres. The calculation of the structure of the thermo-

sphere and exosphere is then presented.

6.1 Atmosvheric Models
Four models for the composition of Mercury's at-

mosphere have been investigated:

(a) Pure argon, as suggested by Field (1964),
P, =1 mb,
S

(b) 50% argon, 50% carbon dioxide, P = 5 mb
(atmosphere resulting from outgassing),

(c) 60% carbon dioxide, 25% neon, 15% nitrogen,
Ps = 5 mb (remnant of primitive atmosphere),
(d) Pure carbon dioxide, as suggested by Moroz

(1965) ., Ps = 1 mb.
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6.2 Lower Atmosphere and Mesopause

The temperature structure of a planetary aFmos-
phere which is in radiative and convective equilibrium has
been discussed in detail by Goody (1964). For an optically
thin atmosphere the lower region (troposphere) will be in
convective equilibrium and the temperature gradient close
to adiabatic. In the uppér region (stratosphere) where
the optical thickness in the infrared approaches zero, the
atmosphere becomes isothermal at TO = §§ = 438 °k.

The values of the adiabatic lapse rate and the height
of the tropopause for model atmospheres b, ¢, and d are
given in the first two columns of Table IV. The model a
corresponds to a pure argon atm§3phere. Being an inert
gas, argon is radiatively inactive in the infrared and
therefore the optical thickness of the atmosphere is zero.
Hence the temperature structure of the lower atmosphere
will not be governed by radiation but by conductive and
convéctive processes. As will be shown later, argon will
nevertheless absorb the solar ultraviolet in the upper at-
mosphere, but because of the radiative inertness, this
energy will have to be conducted downwards all the way to

the surface to be radiated away from the ground. This will

probably tend to establish a positive temperature gradient
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throughout the atmosphere. For this model, therefore, the
temperature profile in the lower atmosphere is highly un-
certain, and we shall confine our attention to the exosphere
alone, discussed in a later section.

If there are no sources or sinks of energy in the
stratosphere, then the temperature for models b, ¢, and 4
will remain constant at TO ﬁntil the level at which the
density becomes so low that LTE breaks down, which is de-
noted as the level of vibrational relaxation. At this
level in the atmosphere, the radiative lifetime of CO2 is
shorter than the vibrational relaxation time. Assuming a
relaxation time for CO2 of 3 usec at 420 OK, the pressure
level at which vibrational relaxation will occur is deter-
mined to be 8 dynes/cmz. The height of this level varies

with composition, and is also given in Table IV for each

model atmosphere.
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Above this level, following Chamberlain (1962), the
co, emission in the vibration-rotation bands at 15y is

assumed lost to space. The volumetric loss of energy L

is given by Bates (1951):

L, =" n(COz)Ne_hv/kT hy, 6)
where
n = deactivation coefficient for C02,
n(COz) = number density of CO2,
N = total particle number density,
hy = guantum energy at 15y,
T = temperature of CO,.

2

With increasing altitude LV decreases as the product
of the number densities, n and N. At the level of the
mesopause the total amount of energy radiated frém above
this height equals the solar ultraviolet energy which is
conducted downward from the thermosphere. The temperature
gradient at the mesopause is therefore zero. In order to
compute the height and number density of individual con-
stituents of the mesopause we need to know the density dis-
tribution below. This problem is complicated by the fact
that CO, is partly photo-dissociated within this region,

2

and a layer of O, may form which in turn may screen CO

2 2
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from the solar ultraviolet radiation. Marmo and Warneck
(1961) have studied a similar problem for Mars. Fo}lowing
their precedure we first cbtain the photochemical equili-

O and CO in this

brium distribution with height for CO 0]

2 T2f
region. Using these numbers we then derive the height, den-
sity and temperature at the mesopause for each model. The

results are shown in Table'IV.

6.3 Thermosphere and Exosvhere

The temperature distribution above the mesopause
is determined by the heat conduction equation,

g dT N\ _ A~ _
dZ I dz >"' Q Ll . (7)

where Q is the amount of solar ultraviolet and x-ray energy
absorbed per unit volume, L is the energy radiated per unit
volume, and x is the thermal conductivity.

The input of the solar energy in the thermosphere in
each model atmosphere is mainly due to absorption of ultra-
violet radiation by CO, O and by Ne or A. This is because
CO2 is mostly dissociated at lower levels, near the meso-
pause. It 1s also assumed that above the mesopause diffusive

separation occurs and the density distribution of each con-

stituent is determined by its own scale height. Because of
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this circumstance, the solar enerqgy deposited in the thermo-
sphere is due to the absorption of the ionizing radiation

of wavelengths less than 900 A. Not all of this solar
energy goes into heating. Walker (1964) has made a de-
tailed study of the efficiency of heating at different alti-
tudes in the earth's atmosphere. Using his results, we adopt
a mean efficiency (e) of SOvpercent for the conversion of
solar ultraviolet to heat. The other half is radiated away
and/or carried to lower levels by downward diffusion. There-

fore the expression for Q for a slowly rotating planet, is

A

2
- L -7 () 2z) :
Q=7ce [ j F_(Ae an ] Zni(z)oi (8)
i
M
where
¢ = efficiency of conversion of solar ultraviolet
to heat
F = incident solar flux
T = optical thickness
A = wavelength
z = altitude
n, = number density of the ionizing constituent
¢ = ionization cross section..

The radiative loss term, L, in Eg. (7) represents the

total radiation per unit volume emitted by the atmosphere
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‘that is lost to space. As such, this is valid for the at-
mosphere above some level where the optical thickne;g is
small and the absorption of radiation by the atmosphere
above 1s negligible. For the atmospheric models under con-

sideration, the emission is mainly by CO, in the 15 y vibra-

2
tion-rotation band, and CO in the 4.66 band. The emission
by atomic oxygen at 63 is assumed negligible.

High up in the thermosphere, where the temperature
reaches a maximum, the term L is dominated by emission of

CO. The energy Lr radiated per unit volume by CO (4.66

band) is given by Bates (1951):

I..r = O.26(k’I‘)2 82 P2 n(CO) ev/cm3/sec . (9)
where
B = rotation constant of CO
P = dipole moment of CO
T = temperature
n (CO) = number density of CO.

From the above expression it is seen that emission due to
CO increases as T2 which results in the dominance of CO
radiation at high altitudes.

The level at which CO emission becomes important de-

pends on the mean optical thickness of the rotation lines.
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McElroy, L'Ecuyer and Chamberlain (1965) have suggested
that the height at which the optical thickness of the
lines equals unity is the level above which CO radiation
is dominant. Below this level CO2 is the principal radiator
and L is given by LV (Eq. (6)). But for calculating the
exospheric temperatures, L can be replaced by Lr in models
b, ¢, and 4. As model a only consists of an argon atmosphere,
L = 0.

The exospheric temperature can now be determined by
solving the integro-differential equation (7) by a con-
vergent iterative process. The first order solution for

the exospheric temperature, T_, is obtained from the fol-

lowing expression:

g
+ +
2 [Tp ToopP 1] -2 eFAxH.[O.5772+Ln T +E, (1 )- —02 ]
p+l @ m 2 i m 1 m H,
i
2 - Z2_-2
- cn_(co)T_’H (CO)Ll + L1 ] (10)
r r r Hy
In this eguation,
Tm = mesopause temperature
A = conductivity coefficient in y = aTP
P = exponent of the temperature dependence of
F = average incident solar flux over the spectral
band A\
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AN = 900 - 44 & (856 &)

T = mean optical thickness of the atmosphere at
" the mesopause to ionizing radiation

.Ei(Tm) = exponential integral
H = scale height of CO_, at the mesopause
Co, 2
Hi = scale height of the principal ionized consti-

tuent (O or Ne) in the vicinity of the level
of maximum absorption,

2.2 2

C = constant = 0.26 K B P = 2.9 x 10—23

2

o mesopause altitude,

and the subscript r denotes the level at which the optical
thickness of the CO rotation lines equals unity.

If we assume that the level z_ is high enough to make
Tr ~ T, then.Hr = kTw/mgr, where 9, is the gravitational
acceleration at z = z. and m now corresponds to the molecu-
lar weight of CO. .Also, it is assumed that the level of
maximum absorption of solar ionizing radiation occurs at
an altitude high enough to make H, ~ kTm/mig, where m, is
the moleculér weilight of the principal ionizing particle.
With these assumptions, we solve Eq. (10) for the exospheric

temperature T for each of the atmospheric models. The re-
o«

sults are shown in Table V.
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TABLE V

'EXOSPHERIC TEMPERATURE

Model Composition Exospheric Temperature
a 100% A > 10,000 °k
50% CO2 o
b 1100 K
50% A
60% Co,
c  25% Ne 1050 °k
15% N,
d 100% €O, 1100 °k

As mentioned above, these temperature values have been
calculated on the assumption that Hi = Hr ~ H_. However,
the uncertainty in the exact level at which cooling by CO
becomes effective and the level at which the maximum absorp-
tion of energy due to ionization occurs is large, and results
in a wide range of values for the exospheric temperature.
“Also, there is considerable uncertainty in the magnitude of
the solar ultraﬁiolet flux and in the exact value of the

heating efficiency factor e¢. With these limitations in mind,
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it is perhaps worthwhile to emphasize that, depending on
the assumptions made, the exospheric temperature of Mercury

for models b, ¢ and 4 can be as high as 1800 °k or as low

as 800 °k.

6.4 Discussion
There are two main conclusions that can be drawn
from the results of Section 6.3:

(1) A pure argon atmosphere cannot be stable against
gravitational escape. At Tc > 10,000 OK, argon will escape
in a relatively short time.

(2) If the observations of Moroz are correct and CO2
is present in the atmosphere of Mercury, then enough CO is
produced in éhe upper atmosphere by photodissociation so
that the exospheric temperature in each of the three models
b, ¢ and d will be in a range that will still permit an at-
mosphere that is stable against thermal escape. _ The large
margin of error, 800 °k to 1800 oK, is mainly because of the
uncertainty in the value of the solar ultravio;et flux, the
efficiency factor, and the scale heights at which Co‘emission
becomes dominant and the absorption of ionization energy is
maximum, -

It is interesting to note that despite the large
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differences in the molecular weight and thermal conducti-
vity of argon and neon, models b and ¢ give approximately
the same temperature at the top of the atmosphere. This
‘result is brought about because of the basic assumpfion

that above the mesopause the atmosphere is in diffusive
equilibrium and theréfdre, in all, three models b, ¢ and d.,
at the top of the atmospheré, atomic oxygen becomes the
dominant constituent and the principal absorber of the ionizing
radiation. Also, at high temperatures, the emission by CO
is so intense that very little energy is available to be
conducted down, and therefore the thermal conduétivity of
gases does not play an important role in determining the
exospheric temperature. Only the temperature gradient in
the thermosphere is affected, which in turn modifies the
héight of the exosphere. However, the changes are small and
will not considerably alter our caltulations of the flux of
escaping gases.

It may also be pointed out that these calculations of
the exospheric temperature do not take into account any ef-
fect of the transport of heat by circulation in the upper
atmosphere.

The implication of these results appears to be that if

the actual temperature of the exosphere of Mercury is close




to our calculated lower limit, i.e., ~ 800 oK, then models
b, ¢ and d are stable against gravitational escape. In this

-

case the observed CO2 may be of primordial origin and the
;atmosphere may contain substantial proportions of neon.
However, one cannot rule out the possibility of accumulating
an atmosphere by outgassing also. If, on the other hand, the
average exospheric temperature is higher than 800 OK but less
than 1200 OK, then both O and Ne will escape and the atmos-
phere will be mainly CO and A. Molecules of CO may recombine
to form COZ’ but the process is not presently understood. If
the exospheric temperature were to be between 1300 and 1800 OK,
then even CO would be lost, resulting in an atmosphere com-
posed mainly of argon and of that amount of CO2 which will
be in equilibrium between outgassing from the interior and
gravitational escape from the top of the atmosphere.

In summary, therefore, it is suggested that the presence
of CO2 in #he atmosphere of Mercury is not only highly

probable, but is an essential condition for any substantial

amount of atmosphere to exist on the planet.
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Figure 1l:

1
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Figure 2:

Figure 3:

Figure 4:

Figure 5

Figure 6:

FIGURE CAPTIONS

Plot of the apparent rotational angular velocity
of the planet Mercury versus date for several
values of rotation during the inferior conjunc-
tion of April 1965. The values inferred from
the measurements are shown with their estimated
errors (after Pettengill and Dyce, 1965).

Rotation periods of the planet Mercury, in days,
as derived from six pairs of drawings. The
single-hatched area shows the limits in the
rotation period allowed by the radar observations
of Mercury. Visual observations indicate a value
of 58.4 % 0.5 (double-hatched area).

The total equivalent width of CO, bands at 1.59
in the spectrum of Mercury (*) and the sun (o).
The figure in parentheses indicates the number of
observations on which the value is based. The
solid curve is the theoretical curve of growth
for CO, absorption in the earth's atmosphere
(after Moroz, 1963).

Computed apparent blackbody temperatures of
Mercury at centimeter wavelengths. Lower
solid curve (B) applies if dark side is cold.
Upper solid curveée (A) includes contribution
of dark side at 300 9K (after Field, 1964).

Equivalent blackbody disk temperature of

Mercury as a function of planetocentric phase
angle. The solid line shows the expected phase
law for a smooth non-rotating planet with no
atmosphere and a low thermal conductivity. The -
curve shown corresponds to a sub-solar tempera-
ture of 610 ©K and it is assumed that there is

no source of heat other than solar radiation

(after Kellerman, 1965).

The required wind velocities as a function of ™ - —_

temperature increase on the dark side of the
planet Mercury. Vg = velocity of sound in the
atmosphere at these temperatures.

—_—



Figure 7:

The time of escape of gases from the planet Mer-
cury as a function of atomic or molecular weight
of the escaping particles.
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