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The solar system contains many bodies with atmospheres so thin that col-
lisions seldom occur between the atmospheric constituents. These are called
surface boundary layer atmospheres. Not only is the surface the source of
the atoms and molecules, but their interactions with the surface determine
the atmospheric properties. These atmospheres are interesting for two rea-
sons. By remote sensing we can learn about the external weathering agents
and we may also be able to determine the surface compositions of distant
bodies. Here the physical processes that control these atmospheres are de-
scribed and our knowledge of the surface boundary layer atmospheres in the

solar system is reviewed.

1. INTRODUCTION

The solar system contains many small bodies with
tenuous atmospheres, some so thin that the atoms and
molecules leaving the surface collide only rarely if at all.
In this situation the properties of the atmosphere, or
ambient gas, are dominated by the interactions of the
constituent atom and molecules with the surface and
by loss to space. Such atmospheres are also called exo-
spheres because atoms leaving the surface can directly
escape as they do from planetary exospheres (see 11.2).
When collisions can be neglected, the atmosphere is a
sum of independent components each characterized by a
surface ejection process. Such atmospheres are referred
to here as surface boundary layer atmospheres since the
interactions with the surface determine the composition
and density.

These atmospheres are derived from the intrinsic
planetary materials, impacting materials or implanted
ions. Therefore, remote sensing observations can lead
to an understanding of the surface composition and the
weathering processes [Johnson and Sittler, 1990; John-
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son and Baragiola, 1991). Although this is an important
goal, it typically founders on our lack of understanding
of those processes which lead to desorption of atoms
and molecules from the surface. Desorption from a sur-
face can occur due to thermal processes and micromete-
orite impact vaporization, and it is induced by incident
photons, electrons and ions. Each of these processes
is not well understood for the materials composing the
porous regoliths of solar systems bodies. Good obser-
vations, therefore, are often accompanied by essentially
speculative models due to the lack of laboratory data
or reliable models for desorption.

The Mariner and Apollo missions showed that both
Mercury and the Moon had extremely rarefied atmo-
spheres. The sources were primarily solar wind implan-
tation of hydrogen and helium, rare gas atoms produced
by radioactive decay and nuclear reactions induced by
cosmic ray particles, and, possibly, some sputtered oxy-
gen. Renewed interest in these atmospheres was gen-
erated by the observation of ambient alkali atoms, first
at Mercury and then at the Moon [Potter and Morgan,
1985, 1986, 1988]. This led to new modeling and obser-
vational efforts with the hope that remote sensing could
be used to compare the composition of the surfaces of
the Moon and Mercury. However, additional species
were not identified until the recent observation of Ca at
Mercury [Bida et al., 2000].
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Figure 1. Source and loss processes determining the nature
of the surface boundary layer atmospheres [Cheng et al.,
1987].

A parallel story for outer solar system bodies had
been evolving for ~ 20 years. Subsequent to the first
observation of sodium at Io [Brown and Chaffee, 1974],
Voyager found that a number of the large moons of
the giant planets had extremely thin, exospheric at-
mospheres. It also confirmed that many of these sur-
faces were composed primarily of frozen volatiles and
were embedded in relatively intense fluxes of charged
particles trapped in the giant planet magnetospheres.
Based on laboratory data for sputtering of ices, these
moons were predicted to have thin atmospheres [Cheng
and Lanzerotti, 1974]. Because water ice is decomposed
by energetic plasma particles [Reimann et al., 1984],
the icy moons were also predicted to have Oz atmo-
spheres [Johnson et al., 1982; Johnson, 1990]. These
predictions were both confirmed. An ambient cloud of
OH was observed at Saturn by HST [Shemansky et al.,
1993], derived in part from HyO escaping from the icy
satellites, and Oy was detected by ‘auroral’ emissions
at Europa and Ganymede [Hall et al., 1998]. There
is now considerable excitement that atmospheric obser-
vations can give information on the evolution of Eu-
ropa’s surface [Johnson et al., 1998] and on its ocean
which has breached the surface in the past [Pappalardo
et al., 1999]. Alkali atoms seen in Europa’s atmo-

sphere [Brown and Hill, 1996] were suggested to have
come from ocean material [Johnson, 2000; Brown, 2001;
Leblanc et al., 2001] and the search is on for other
species that might suggest whether biology was initi-
ated in Europa’s ocean [Chyba, 2000].

In this Chapter, I first review the ejection and trans-
port processes that determine the atmospheric proper-
ties. Because of the existence of a number of good re-
views [Hunten et al., 1988; Hunten and Sprague, 1997;
Stern, 1999; Killen and Ip, 1999], I will only briefly de-
scribe our present understanding.

2. PHYSICAL PROCESSES

An atom or molecule ejected from the surface moves
in a ballistic trajectory, primarily under the influence of
the body’s gravitational field as seen in Figure 1. If it
has sufficient energy it can escape, it can be ionized and
lost, or ionized and swept into the surface by the local
fields [Manka and Michel, 1973; Goldstein et al., 1981].
Neutrals which do not escape or are not ionized return
to the surface. Ejected molecules can be dissociated
with their fragments following escape or bound trajecto-
ries. The contribution of these atoms and molecules to
the observed density depends on the flight time, which
in turn depends on its initial ejection velocity. Those
particles which return to the surface ballistically or re-
turn by being ionized and swept into the surface can
again be ejected. A refinement to this picture is the in-
teraction with the radiation field. An effective pressure
is produced by resonant scattering [Smyth and Marconi,
1995] or by collisions with the plasma particles [Jurac
et al., 2000]. For long flight paths, collisions with other
neutrals can become relevant. An atmosphere in which
collisions are important can exhibit characteristics of a
surface boundary layer atmosphere if its properties are
determined primarily by the interactions with the sur-
face. Finally, each body has atmospheres at two scales:
a planetary scale ambient gas above the physical sur-
face in equilibrium with a micro-scale atmosphere in the
regolith [Hodges, 1980].

The word source sometimes refers to the ejection pro-
cess and other times to the reservoir of the observed
atoms and molecules. These are the same for vent-
ing. Here I describe ejection processes and use the word
source for the reservoir. Internal (endogenic) sources of
atmosphere must be replenished by regolith turnover,
outgassing or diffusion. External (exogenic) sources in-
clude implantation of ions from the local plasma, im-
pacting meteoroids and comets, or ejecta from a neigh-
boring object. The ejection and transport processes are
described below.



2.1. Thermal Processes

Outgassing can produce a tenuous atmosphere con-
trolled by condensation and loss to space. This can be
a robust process, like volcanoes at Io or venting at Tri-
ton. The ejecta velocity distributions are determined
by the temperature of the reservoir and by collisions
in the expanding plume. At some distance from the
source, the atmosphere becomes a thin boundary layer
atmosphere. Bodies might also outgas by slow, steady
thermal diffusion as suggested for the CO. at Callisto
[Carison, 1999]. Modeling requires accounting for the
source rates and the velocity distributions.

Trace atoms or molecules which are bound to or ad-
sorbed on the surface (e.g., Ar at night on the Moon)
can be desorbed thermally. The rate of ejection is pro-
portional to their surface concentrations, c¢;, to their
vibrational frequency on the surface, v;(a 10'?/s) and
an exponential function of their surface binding energy,
Uj: dS/dt = c; v; exp[=U;/kT]. Thermally desorbed
species that are fully accommodated have a roughly
Maxwellian velocity distribution, typically given as a
normalized flux distribution, f(E,8) = [2cos8][E/(kT)?
exp(—E/kT).

In the subsolar region, sublimation can be impor-
tant on the frozen surfaces in the outer solar system.
Whereas thermal desorption refers to ejection of a trace
species, like Na at Mercury, sublimation describes ejec-
tion of the principal species such as H»O at Ganymede.
The velocity distribution is typically like that above
and the flux is determined from the vapor pressure at
the surface, P(T z), and the sublimation energy U:
& = ¢[P(T)/(2nMKT)'/?|exp(-U/kT) . The pref-
actor is related to v; above and the coverage, c, can
account for porosity.

2.2. Stimulated Desorption and Sputtering

Whereas the solar photon flux heats the surface, de-
termining the thermal desorption efficiencies, individual
photons can excite a bond in the surface [Madey et al.,
2001]. This can lead to repulsive ejection of an atom or
molecule, referred to as photon stimulated desorption
or photo-sputtering. These terms have been used in-
terchangeably but typically refer to removal of a trace
or absorbed species vs. removal of the principal species.
Stimulated desorption is less robust than thermal des-
orption but becomes important when exp[—U;/kT] is
small. The dominant ejecta are neutrals. Ion ejec-
tion requires higher energy excitations (typically >~
25eV) but as they are easy to detect the literature is
predominantly on ion desorption. Because ejected ions
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contribute directly to the local plasma, they might at
times be important, but most observed plasma ions are
formed from ejected neutrals.

CO is desorbed by exciting states of internal molec-
ular bond of CO or by exciting a state associated with
the molecule / surface bond [Madey et al., 2001]. These
can be quenched or they can lead to repulsive ejection.
Exciting a surface state can lead to ejection of a CO
whereas the internal states lead to ejection of an atom,
typically the O. Adsorbed or intrinsic Na is bound in an
ionic form to a silicate [ Yakshinskiy and Madey, 2000].
An incident photon can excite an electron which at-
taches to the sodium causing ejection [ Yakshinskiy and
Madey, 1999]. The threshold for alkali atom desorp-
tion from a silicate or an icy surface is only a few eV
[ Yakshinskiy and Madey, 1999, 2001]. The desorbed
flux, ®;, for species j can be written as ®; = n; o;-’” P,
where ¢ is the incident photon flux, o%¢® is the desorp-

tion cross section and 7; is the numi)er per unit area
in the surface. The quantity (n; o;) is also called the
yield. The cross section 03’“ is the product of an ab-
sorption cross section for the photon and the probability
of ejection. Whereas gas-phase photo-absorption cross
sections for outer shell electrons range from ~10717-
10~"cm?, desorption cross sections can be an order
of magnitude or more smaller due to the quenching of
the excitations in the solid. Whereas ejected ions can
have average energies >1eV, the ejected neutrals have
average energies <leV. Stimulated desorption is non-
thermal but can have a quasi-thermal component due
to the interaction of the exiting atom with other surface
atoms. Since planetary surfaces are porous, a thermal
distribution with an energetic tail is appropriate.
Adsorbed water can be typically dissociated by inci-
dent UV photons, [Kimmel et al., 1995] If this occurs
at the vacuum interface, H or Hy is directly ejected and
H, produced at depth diffuses out. For a vapor de-
posited ice, which is very rough at the molecular level,
weakly attached water molecules can be directly des-
orbed {Bahr et al., 2000]. However, removal of H,O typ-
ically requires two photons [Westley et al., 1995]. The
first causes the loss of H or H;, producing a precursor
species: e.g., trapped OH or O [H,0-O]. Subsequent ex-
citation of the precursor can lead to desorption [Sieger
et al., 1998]. Therefore, the yield is roughly quadratic
in the radiation flux, ¢, and is temperature dependent.
Fast ions and electrons (>~ 107¢m/s) from the local
plasma can cause desorption and sputtering by elec-
tronic excitations, a process referred to as electronic
sputtering [Johnson, 1996]. If the density of excita-
tions produced near the surface is low, as is the case



206 SURFACE BOUNDARY LAYER ATMOSPHERES

for incident electrons and fast protons, then electronic
sputtering resembles photo-desorption {Johnson, 1990].
However, the fast heavy ions in the Jovian magne-
tospheric plasma [Cooper et al., 2001] produce high
excitation densities leading to large sputtering yields
in ice. The yields for a number of relevant ices are
often parametrized by the square of the energy de-
posited per unit path length in excitations and ion-
izations, (dE/dz). [Johnson, 1990, 1998; Shi et al.,
1995], a tabulated quantity. The ejecta spectrum is not
Maxwellian. It has an average energy <leV, but with a
slowly decaying tail, ~ E~2 [Johnson, 1990], and is of-
ten parametrized using f(E) = 2EU'/(E +U')*, where
U' is a fitting parameter which is typically low, <0.1eV.

Incident plasma ions also transfer energy to surface
atoms in ‘knock-on’ collisions [Johnson, 1990; 1998].
This is the standard sputtering process which leads to
non-selective ejection. It is the dominant ejection pro-
cess in most refractory solid and is most eflicient at en-
ergies ~ 0.1-1keV/u. It has the hardest spectrum with
the parameter U’ above related to the cohesive energy
of the material, U. It is the most discussed sputtering
process, but has not yet been shown to be dominant
on any object. Although there is a large body of data
and good computational tools for knock-on sputtering,
details for planetary materials are sparse.

Micrometeorite impact vaporization of regolith grains
and the impactor has been suggested as an atmospheric
source at the Moon [Morgan et al., 1989], Mercury
[Morgan et al., 1988; Hunten et al., 1988], and Ence-
ladus [Haff and Eviatar, 1986]. Micrometeorites, which
produce the porous regoliths and convert lunar surface
materials into glasses, also mix the surface exposing
fresh material. The vapor coats lunar grains [Hapke,
2001] and can produce an enhancement in the sodium
atmosphere during meteor showers [Hunten et al., 1998;
Smith et al., 1998]. The ejecta exhibit a Maxwellian-like
velocity distribution and the amount of material vapor-
ized per impact is of the order of a few times the mass of
the impactor. The porous regolith produced by microm-
eteorite bombardment can severely reduce the sputter
flux by shadowing and sticking of ejecta to neighboring
grains [Hapke, 1986; Johnson, 1989].

2.3. Radiolysis and Photolysis: Chemical Sputtering

The incident charged particles and photons also in-
duce chemistry called radiolysis and photolysis [John-
son and Quickenden, 1997]. The surface is altered down
to the depth of penetration by implantation of reactive
species (e.g., H, C,0 and S) and by bond breaking. That
radiolysis occurs on the icy moons is indicated by the

observation of peroxide [Carlson et al., 1999b]. In radi-
olysis and photolysis new more volatile species are cre-
ated which preferentially desorb, often called chemical
sputtering [Roth, 1983]. For instance, ice is decomposed
into Hy and Oy [Reimann et al., 1984] and protons and
carbon implanted into the lunar regolith can form CHy.
Volatiles produced at depth can diffuse to the surface
(e.g., Hy from CHy [Lanzerotti et al., 1987]) and escape
with a thermal energy distribution. In some materi-
als the loss of volatiles leaves a less volatile surface, as
is the case for vapor deposited SO, irradiated in Io’s
polar regions producing sulfur chains [Johnson, 1997].
Similarly, outer solar system surfaces containing hydro-
carbons preferentially lose H (as Ha) forming carbon
chains [Strazzulla, 1998] and many organic molecules
decompose yielding CO, and darker material, a pro-
cess possibly relevant at Callisto [Johnson, 2001]. The
chemistry can be induced by hot atom reactions, but
most measured yields vary with the surface tempera-
ture [Johnson, 1990, 1998]. These chemical changes
compete with regolith turnover and vapor deposition
in determining the surface reflectance.

2.4. Adsorption

Ejected atoms and molecules returning to the surface
typically do not reflect efficiently, since their velocities
are low and the surfaces are porous. If they do scatter
back into the gas phase before fully accommodating to
the surface temperature, their average energy is char-
acterized by a coeflicient, 8 = [Eou — Ej]/[Er — Einl,
where E;,, and E,,; are the incident and re-ejection
energies and Er is the thermal energy [Hunten et al.,
1988]. Since natural surfaces are highly porous, full
accommodation to the local temperature is a good as-
sumption for all except the lightest atoms, H and He
[Hodges, 1974; Shemansky and Broadfoot, 1977]. That
is, the returning atoms or molecules become adsorbed
weakly on the surface (physisorbed; U; «1eV). In this
state they can migrate along the surface of a grain until
they find a deep adsorption or reaction (chemisorbed)
site or desorb thermally. Therefore, with the excep-
tion of H and He, returning particles essentially stick
(f = 0) with a residence time that depends on the
surface temperature and the availability of deep sites
[Smith and Kay, 1997; Yakshinskiy and Madey, 2000].
These are available on surfaces in a clean space envi-
ronment [Hodges, 2001] and are produced by radiation
damage [ Yekshinskiy and Madey, 1999).

In laboratory studies a distinction can be made be-
tween direct reflection, sticking-migration-desorption,
and sticking and becoming bound in a deep well [Smith



and Kay, 1997]. In modelling, one typically uses a net
sticking coeflicient, S, which combines the probability of
physisorption and the probability of finding a binding
site. For He there are no deep sites, but even Ar can
bind at night on clean lunar grains [Hodges, 2001]. Wa-
ter has a high apparent sticking coefficient on MgO.
It chemisorbs molecularly at terrace sites and disso-
ciatively at radiation damage sites. Interestingly, the
thermal activation energy in both cases is ~63kJ/mole
[Stirniman et al., 1996). Yakshinskiy et al. (2000) give
the net sticking for Na on a silicate: Sx 0.5 at 250K
decreasing to 0.2 at 500K. The Na absorbed on an
amorphous silicate has binding energies ranging from ~
1.4eV to 2.7eV with a peak ~1.85eV, greater than the
1.1eV suggested earlier [Hunten and Sprague, 1997]. At
500K the resident time on a grain at the average bind-
ing energy is ~13 hours and at 400K it becomes ~103
yrIs.

Since the grains form a regolith, desorbed molecules
intersect a surface with high probability prior to con-
tributing to the ambient gas. The atoms and molecules
hopping between grain surfaces create an regolith at-
mosphere in equilibrium with the observed ambient gas.
The net sticking coefficients in a regolith is S,y ~S/[1-
(1-S)(1-P)] where P is the probability of escape. For
isotropic ejection, P is ~ 0.2 [Hodges, 1980a; Johnson,
1989]. Therefore, at 250K and 500K, S.ss is ~0.8 and
~0.6, close to the value found when modeling observa-
tions [Sprague, 1992].

2.5. Interaction With the Radiation Field

The atoms and molecules in their ballistic trajectories
can interact with the local radiation field. This can lead
to excitation, ionization and dissociation of molecules
as well as momentum transfer. The interaction of so-
lar photons with the alkali atoms has been extensively
described [Smyth and Marconi, 1995a). The strong res-
onance scattering lines which allow trace amounts of Na
and K to be studied from earth produce an average ac-
celeration away from the sun. That is, an atom absorbs
a photon receiving a momentum directed away from
the sun and then re-emits in a random direction giving
up some momentum. Instead of treating this stochas-
tically, it is treated as a radiation pressure, since each
event transfers a small amount of momentum and the
ballistic lifetimes are generally longer than the resonant
scattering time. Although a small effect, the pressure
is steady, driving sodium and potassium atoms in large
ballistic orbits downstream from the sun [Wilson et al.,
1998]. The ability to absorb is affected by the atom’s ra-
dial motion relative to the sun which causes a Doppler
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shift. Since Mercury is both close to the sun and in
an eccentric orbit, the net acceleration can vary consid-
erably depending on Mercury’s orbital position [Smyth
and Marconi, 1995a).

Interaction with the plasma can also produce a net
drag via momentum transfer to atmospheric neutrals
producing, for instance, an expansion of Saturn’s OH
torus [Jurac et al., 2000]. Since the size of the mo-
mentum transfer can be large this is typically treated
stochastically. When such collisions lead to removal of
a molecule from an atmosphere, it is often called atmo-
spheric sputtering [Johnson, 1990].

Ionization by photons, electron impact, or charge ex-
change are important loss processes for a number of
the surface boundary layer atmospheres. Estimating
the loss requires knowledge of the plasma flux and the
ionization and charge exchange cross sections. A use-
ful quantity is the average lifetime against ionization,
7; = [¢p0;]7!, where o; is the jonization cross section
and ¢ is the radiation flux. Photoionization cross sec-
tions integrated over the solar spectrum are available
for many atmospheric species [Huebner et al., 1992
and plasma cross section data, though not always avail-
able, can be reasonably estimated [Johnson, 1990]. The
biggest uncertainty is knowledge of the plasma density
and temperature, especially close to the body. The in-
teraction of the external field with the local field can
be variable [Ip, 1986; Kabin et al., 2000] and ionization
followed by pick-up produces a current. This current in
turn deflects the plasma flow, as modeled for Europa’s
O2 atmosphere [Ip, 1996; Saur et al., 1998]. Accurately
calculating the feedback is not trivial but is important
at the Jovian satellites and Mercury.

2.6. Transport and Recycling

Particles desorbed from the surface move in ballistic
trajectories usually calculated in the coordinate system
of the body. When no outside forces act, the radial
gravitational force, F, controls the motion. However,
if the radiation pressure and/or the gravitational force
of the sun or of a parent planet (e.g., Jupiter for Europa)
is significant, then motion of the body is importnat and
Coriolis and centrifugal forces must also be included
(see I11.4).

When considering only Fg and ignoring losses, the
ejecta energy distribution, {(¥,0) determines atmospheric
transport and escape, where E and 6 are the energy
and angle. The escape fraction, f.s, is obtained by in-
tegrating over energies greater than U°, the satellite
gravitational energy. For surface boundary layer atmo-
spheres transport is always important since stimulated
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and thermal desorption exhibit longitudinal and latitu-
dinal dependences. For outer solar system moons phase-
locked to their parent planets and moving in the mag-
netospheric plasma, there are differences in the bom-
bardment flux onto the hemispheres leading and trailing
the orbital motion [Pospieszalska and Johnson, 1989;
Paranicas et al., 2001]. This produces differences in the
ejected flux so that trace species are moved poleward
or, in the case of the Jovian satellites, to the leading
hemisphere [Sieveka and Johnson, 1982]. When ejec-
tion depends on temperature there is a net poleward
and day to night transport, so that Ar at the moon ex-
hibits daily transients [Hodges, 1980a]. If the molecules
are fully accommodated to the local surface temper-
ature, then thermal desorption and adsorption events
lead to a random walk across the surface and into the
regolith. When hopping distances are small, the process
is roughly diffusive [Hodges, 1974].

Ignoring loss processes, the angular excursion across
the surface and the mean flight time, ¢, in a bound tra-
jectory are easily estimated {Johnson, 1990]. The aver-
ages are obtained by integrating over the energy and an-
gle distribution of the ejecta for the bound trajectories.
When t,<« 7; and ejection is isotropic, the column is &;
-ty, where ®; is the flux discussed earlier. For sputtering
of H,0 at Europa the escape fraction is f., = 0.3, the
mean angular excursion is ~ 50°, indicating relatively
large ballistic trajectories, and the mean fight time is
~ 4 x 10%s [Johnson, 1990]. For O, at the ambient tem-
perature on Europa’s dayside hemisphere (~ 120K) the
escape fraction is nearly zero, the mean excursion angle
is ~ 2° and the mean flight time is shorter, ~ 200s.
Both of these times are short compared to the lifetime
against ionization, 7; ~ 10%s. Therefore, most particles
in bound trajectories return to the surface. If gas-phase
ionization is the only loss process and if the residence
time on the surface is short then the average number of
hops across the surface is N~ 1i/ < tp >. The mean
excursion distance for a Maxwellian flux distribution is
~ wH;, where Hj is the scale height, H; = kT [M;g.
For the sputter energy distribution above, the mean ex-
cursion distance depends on the cut-off, E,,,,, which is
typically not measured. For E;,ax /U J’ >> 1, this gives
~ nHf In(Emax/Uj). For a 2-D random walk with an
average of N hops, the mean radial distance traveled
before removal is ~ 7H;[N]*/2. This is of the order of
Europa’s radius for O2 near the dayside equator.

Finally, ionized species follow the local field lines
and can be re-implanted into the surface [Manka and
Michel, 1973; Cheng et al., 1987]. This produces pole-
ward transport in the local dipole field at Ganymede or

Mercury. Because of Mercury’s slow rotational period,
it has been suggested [Sprague, 1992] that this could
produce a net transport process from dayside to the
nightside allowing recycling of the alkalis.

2.7. Density Calculations

The density vs. altitude depends on the surface elec-
tion rate, the ballistic flight time, t;, and the loss pro-
cesses. Atoms and molecules ejected from the surface
have a residence time in every volume of space above
the surface of the object. This is determined by the lo-
cal velocity. Ignoring loss processes and outside forces,
the densities of the bound, n;(r), and escaping, nes(r),
components for a spherically symmetric atmosphere are
readily calculated using the radial velocity, dr/dt {John-
son, 1990]:

ny(r) = B(1 = fea) < 2(Rs/r)*/(dr/dt) >s;
Nes(r) = ®fes < (Rs/r)? [ (dr[dt) >eq

where ® is the surface flux and Rg the satellite radius.
The brackets imply averaging over the bound and escap-
ing trajectories respectively, which can be carried out
analytically for a number of characteristic energy distri-
butions [Johnson, 1990]. If the flux is non-uniform and
the transport distances are not large then such expres-
sions can be used locally. If escape is negligible, then
the atmosphere is locally flat. For thermal desorption
this gives a density vs. altitude like the barometric law

n;(z) = [N; [ H;]exp(—=z/H;);
N; = ®; [2nH,;/g)'/?

with N; the column density. Observers tend to inter-
pret their data with such expressions even when the
ejection process is not Maxwellian. Using the sput-
ter energy distribution above for a locally flat atmo-
sphere, then n;j(z) = [N; /2HS)[1 + z/HS|73/%; N; =
®;m(2U;/M;)/? | g ; HS = U;/M;g, where H is like a
‘scale’ height and ®; = Y;¢ with Y; the sputter yield.
When particles hop across the surface with full ac-
commodation, the density can very roughly as n
T'—5/2 exhibiting a minimum at the subsolar point [Hodges
and Johnson, 1968]. The lunar He atmosphere roughly
exhibits such a trend [Hodges et al., 1974], but the lack
of accommodation modifies the distribution [Sheman-
sky and Broadfoot, 1977]. Lunar Ar also exhibits daily
transients. Because it adsorbs at the nighttime temper-
atures there is a maxima near sunrise due to desorption
and flow across the terminator with a smaller maximum
at sunset [Hodges, 1980a]. Sodium is likely depleted in



the Mercury’s subsolar regions, accumulating at higher
latitudes where it is ejected by a stimulated desorption
process. In contrast, the lunar alkali peak at the sub-
solar point.

Expressions can be created for non-isotropic atmo-
spheres, but typically Monte Carlo simulations are car-
ried out. The particles are launched from the surface
using a choice of energy and angle determined from the
ejecta distribution, f(E,8). The space around the body
is divided into volumes and the ejected particles are
tracked in their ballistic trajectories noting the time,
At, spent in each volume. A large number of particles
are ejected and the average density is calculated from
the sum of the At for all of the particles passing through
a box times a surface flux, ®;, divided by the radial ex-
tent of the box and the number of simulation particles
[Bird, 1994]. If the ionization times are comparable to
the flight times, then in each box the loss probability,
APy, is calculated and interaction with the solar radi-
ation can be included. Monte Carlo models have been
used to describe Ar and He at the moon [Hodges, 1980b]
and the net transport of water molecules across the sur-
face of Europa and Ganymede [Sieveka and Johnson,
1982]. More recently, they were used to describe the
sodium component at Europa [Leblanc et al., 2001] and
at Mercury and the Moon [Smyth and Marconi, 1995a,
b}.

3. ATMOSPHERES
3.1. Mercury

Hydrogen, helium and probably oxygen were discov-
ered by the Mariner spacecraft, but only upper limits
were obtained for rare gases other than He. The H and
He atmospheres are primarily due to the implantation
of solar wind ions with radioisotope decay from ura-
nium and thorium contributing He. The implantation
flux is controlled by the variable interaction of the so-
lar wind ions and fields with Mercury’s magnetic field.
The He distribution is roughly characterized by the sur-
face temperature and exhibits a nighttime maximum
[Hodges et al., 1973]). The H atmosphere has a quasi-
thermal (~400K) and a very cold (~100K) component
which is not understood. Jeans escape is efficient at the
dayside temperatures on Mercury. Atomic O, on the
other hand, is likely a sputter product from a silicate
[Walters et al., 1988] and the returning O readily reacts
with the surface.

The discovery of the alkali atmospheres [Potter and
Morgan, 1985, 1986] lead to the hope that remote sens-
ing of the ambient gas could give information on the
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surface composition. Although this has not been real-
ized, considerable interest was generated in atmospheric
models. Solar wind sputtering [Potter and Morgan,
1985] and micrometeorite vaporization [Morgan et al.,
1988, 1989; Hunten and Sprague, 1997] were initially
suggested as the source of the alkalis. The solar wind
ion sputtering source was found to be too small, and
photon-stimulated desorption and thermal desorption
were suggested to be important {Ip, 1986; McGrath et
al., 1986]. Ion sputtering can contribute an energetic
tail to the ejecta and can cause enhanced diffusion of
sodium to the surfaces of grains [McGrath et al., 1986].
Subsequently, solar ions were shown to have had greater
access to Mercury’s surface than assumed. The neutrals
ionized and accelerated into the surface could be sput-
ter agents (Cheng et al., 1987; Sarantos et al., 2001]
and could lead to alkali transport and implantation
[Sprague et al., 1997]. Chemical sputtering, in which
the implanted hydrogen replaces alkalis, can also en-
hance sputtering [Potter, 1995] although the rates are
not known. Finally, at equatorial temperatures thermal
desorption is very efficient [Hunten and Sprague, 1997,
Madey et al., 1998].

The suggestion that photon-stimulated desorption
was important was based on rough estimates of 03-1“.
Yakshinskiy and Madey (1999) found that o{** had
a lower than expected threshold, was relatively large,
and had a non-thermal ejecta distribution. Sodium ad-
sorbs in relatively deep wells (>1eV) [Yakshinskiy et
al., 2000], so that replenishment of surface Na by either
radiation-enhanced diffusion, by micrometeorite mix-
ing, or by adsorption produces similarly bound Na, sim-
plifying the modelling of thermal and stimulated des-
orption.

At present there is no consensus on the importance
of the various ‘non-thermal’ processes, but a single pro-
cess cannot account for the diverse set of observations
[Sprague et al., 1997; Killen et al., 2001]. Understand-
ing these observations is complicated by the spatial
non-uniformity and temporal variability of the atmo-
sphere [Sprague, 1992; Sprague et al., 1997]. These are
caused by the daily surface temperature excursions, ge-
ologic features, variable solar activity and changes in
Mercury’s distance from the sun. However, sugges-
tions of correlations with the solar EUV and radiation
pressure were not seen in the largest single data set
[Sprague et al., 1997]. It is likely that thermal desorp-
tion rapidly removes Na and K in the equatorial regions
and photo-desorption becomes important at high lati-
tudes. Morning-side enhancements have been reported
[Sprague et al., 1997] but were not seen in other data
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sets [Killen et al., 1990, 2001]. Because the rotation rate
is slow, observing such enhancements could be difficult.
At high latitudes and on the nightside, precipitating
ions can sputter the surface and pick-up alkali ions can
be implanted, but the size of the region into which a
significant flux of ions flows to the surface varies [Kabin
et al., 2000; Sarantos et al., 2001]. Sprague et al. {1997)
found little evidence for variations with solar activity,
but Killen et al. (2001) find a 30% effect at high solar
activity. They suggested that photo-desorption, ~70%,
and micro-meteorite impact vaporization, ~30%, ac-
count for the observed sodium when the interaction
with the solar fields is weak. Since photo-desorption
is ineffective for many species but energetic ion sput-
tering is not, observers should look for new species at
times of high solar activity such as the O observed by
Mariner and the recent observation of Ca [Bida et al.,
2000].

Because the alkali loss rates are not negligible, replen-
ishment is required. Energetic solar flare ions cause
diffusion of sodium to the surface layers [McGrath et
al., 1986], meteoritic bombardment exposes fresh grains
[McGrath et al., 1986; Morgan et al., 1989; Sprague,
1992; Hunten and Sprague, 1997] and delivers alkalis to
Mercury [Morgan et al., 1988; Cintila, 1992]. Replen-
ishment can also be affected by the differences in the age
and properties of the surface [Sprague, 1990; Sprague et
al., 1998].

3.2. The Moon

The Moon’s noble gas atmosphere was studied during
the Apollo program. A weak upper limit to the total
atmospheric density of 2x107/cm® and a nighttime sur-
face density ~ 10? to 2x10°/em3 were obtained within
about a factor of 2. These observations are both con-
sistent with a surface boundary layer atmosphere. The
rough upper limits, however, are larger than the max-
imum in the primary species observed, ~ 5x10*/cm?
each for He and Ar, suggesting other components are
present. The Ar atmosphere, primarily ‘°Ar derived
from radiogenic decay of ‘K [Hodges, 1977] with ~ 10%
from solar 26 Ar, showed a daily transient which, because
it is cold-trapped at night (~ 100K’), exhibits maxima
a large maximum at sunrise and a small maximum at
sunset. For an ionization lifetime, 7;, of ~ 25 days Ar
is lost in ~ 50 days with ~80% of the time spent ad-
sorbed [Hodges, 2001]. The release rate from the inte-
rior also appears to be variable, possibly due to tidal
stress. Helium does not condense at night and shows
an inverse correlation with surface temperature. It is
primarily supplied by the solar wind with ~ 10% radio-

genic component. Implanted He is removed from the
regolith primarily by sputter erosion [Hodges and Hoff-
man, 1974]. Loss is due to Jeans escape with a small
fraction lost by a non-thermal process. ?22Rn and 2'°Po
were observed through « decay. The large difference in
emission rates and the much shorter half life was evi-
dence for episodic venting of Rn near to the time of ob-
servation and their spatial distribution correlated with
surface features [Gorenstein et al, 1974]. Other ele-
ments are now being mapped using Lunar Prospector
data [Feldman et al., 1998b]. Finally, an unconfirmed,
but suggestive, detection of masses 15-16, 28 and 44 was
made by Apollo [Hodges et al., 1974].

The initial ground-based observations of the sodium
and potassium atmosphere at the Moon [Potter and
Morgan, 1988] were followed by a large number of ob-
servation of the local [e.g., Sprague et al., 1996] and
distant (escaping) atmosphere [Mendillo et al., 1997b,
Mendillo et al., 1999]. Recently, Smith et al. (1998)
observed a pulse of sodium from the Moon seen down
stream due to the solar radiation pressure and focused
by the earth’s gravitational field. This pulse was asso-
ciated with the Leonid meteorite shower [Hunten et al.,
1998], confirming that meteoritic impact vaporization
contributes [Hunten et al., 1991]. The sodium escape
increased by a factor of 2-3 during the shower [Wil-
son et al., 1999], but the atmospheric geometry sug-
gests that meteorite bombardment is not the dominant
steady state source of sodium.

The alkali atmosphere is only ~10~3 of the Ar and
He atmospheres with average near surface densities of
~1-15 Na/cm® and maximum subsolar density ~30-70
Na/cm®. Because the Moon does not have a global field,
and because the surface temperatures are lower and the
radiation pressure is smaller, the alkalis at the Moon are
simpler to describe than at Mercury. Since the Moon
is less massive and the excursion distances are larger,
escape is more important and a large, nearly global at-
mosphere peaked at the subsolar point results [Sprague
et al., 1996; Potter and Morgan, 1997] as indicated in
the image in Plate 1 [Flynn and Mendillo, 1993]. Unlike
lunar Ar, thermal desorption and transport of alkalis
is only possible close to the subsolar point [Kozlowski
et al., 1990; Madey et al., 1998]. As at Mercury there
has been disagreement on the dominant desorption pro-
cess. Observations of the line profile indicate that the
atmosphere has a non-thermal component (~1500K)
[Stern et al., 2000]. The scale height increases with
increasing zenith angle and can be fit by a thermal and
non-thermal process [Stern and Flynn, 1995; Sprague et
al., 1996]. Recent laboratory measurements for photo-



stimulated desorption and the observations during the
meteor shower confirm that these processes contribute.

Mendillo et al. (1999) noted the distant atmosphere
did not change by large amounts when the Moon is in
the Earth’s magnetotail, but Potter et al. (2000) saw
variations when the Moon passed through the magneto-
tail. They concluded that solar particle bombardment
affects the supply of Na and K to the surface layers of
grains. This occurs by enhanced diffusion due to ener-
getic ion bombardment [McGrath et al., 1986]. Except
possible near the subsolar point, the surface species are
primarily ejected by photo-desorption [Sprague et al.,
1996] with ~15% by micrometeorites [Mendillo et al.,
1999]. Photo-desorption was shown to be sufficiently
robust and the average ejecta speed can account for the
cloud morphology [ Yekshinskiy and Madey, 1999]. Des-
orption cross sections averaged over the solar spectrum
are needed to convert the surface source rates into sur-
face concentrations.

The alkali atmospheres peak more sharply than a co-
sine of the zenith angle [Mendillo et al., 1997b; Potter
and Morgan, 1999], due either to a contribution from
thermal desorption, a temperature dependence in the
photo-desorption rate or due to the product of a supply
rate (sputter-enhanced diffusion) and a desorption rate
both dependent on cosine of the zenith angle. Sprague
et al. (1996) suggested a model in which stimulated
desorption is followed by thermal hopping. As dis-
cussed, the recently measured adsorption energies are
somewhat larger than the ones they used.

The line-of-site brightness of the sodium atmosphere
over the limb decays as ~ R™* at half moon and ~ R™2
at full moon [Mendillo et al., 1993], where R is dis-
tance to the moon. These indicate the atmosphere has a
gravitationally bound component and an extended non-
thermal component as discussed. At large distances
(>4Rs) it decays more slowly, consistent with an es-
caping component [Mendillo et al., 1997a, b, 1999].
There is, however, unexplained variability [Hunten et
al., 1991] possibly due to meteorites or charging of the
lunar grains, particularly near the terminator. Charg-
ing depends on the solar wind conditions and can affect
alkali transport within the grains and cause levitation/
exposure of grains [Zook and McCoy, 1991; Manka and
Michel, 1971].

The constraints on the total atmosphere from Apollo
and detection of additional masses by one Apollo instru-
ment suggest there are additional species, but only up-
per limits have been obtained [Flynn and Stern, 1996].
Since thermal and photo-desorption appear to domi-
nate most of the time, this places severe constraints on
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the ejection of other species. That is, a species must
not only be more abundant than Na but also ‘volatile’.
However, when solar particles or micrometeorites cause
ejection, additional species should be seen. The ob-
served lunar pick-up ions OF, Al* and Sit [Mall et
al., 1998], which have masses close to those seen by
Apollo, are suggestive of an energetic ejection process.
Some oxygen is always produced on sputtering of a sil-
icate [ Walters et al., 1988] and oxygen is released dur-
ing the formation of the iron coatings on lunar grains
[Hapke, 2001]. Since H was not seen at levels suggested,
implanted H can reduce the surface releasing oxidants
which may be molecular. Since detecting even trace
species is important, this might be best done by in-
situ measurement of the local pick—up ions [Manka and
Michel, 1973; Johnson and Baragiola, 1991).

3.9. Galilean Satellites

Although Io’s atmospheric density is controlled by
its interaction with the surface, it has a collisionally
thick atmosphere, except, possibly, at the poles and
on the nightside. It is also an atmosphere for which
escape is important, hence it is discussed in I11.2 and
111.4. Jupiter’s large icy satellites, on the other hand,
appear to have global surface boundary layer atmo-
spheres. These atmospheres are formed by radiation -
induced decomposition of surface materials, sputtering
and thermal desorption. To date, Oz, Na, K and possi-
bly hydrogen have been observed at Europa and oxygen
and hydrogen have been identified at Ganymede. At
Callisto atmospheric CO; has been identified. In addi-
tion, ionospheres were observed by Kliore et al. (1997)
on all three satellites.

These moons experience differences in tidal heating,
affecting their geological evolution, and differences in
the radiation flux to the surface, which increases by two
to three orders of magnitude in going from Callisto to
Europa [Cooper et al., 2001). Therefore, the surface age
decreases from Callisto to Europa. These moons are
all thought to have subsurface oceans [e.g., Khurana et
al., 1998]. The depth below the surface is probably the
smallest at Europa, accounting for its apparent resur-
facing. At Callisto primordial CO; may be outgassing
[Carlson, 1999).

Impacts and radiation bombardment produce bright-
ening of the surface in competition with thermal an-
nealing [Johnson, 1997]. Micrometeorites mix the sur-
face, primarily on the hemisphere leading the satellite’s
motion, and may be responsible for the accumulated
dark material on Callisto. Since the principal condensed
volatile is HoO the atmospheres are assumed to have
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Plate 1. An image of the distant lunar atmosphere. This indicates that the maximum is roughly at the
subsolar point [Flynn and Mendillo, 1993].



water vapor produced by sublimation in the equatorial
regions and by sputtering elsewhere. The HyO column
density is controlled by condensation on the nightside
and at high latitudes. Other atmospheric species are
produced by radiolysis. Whereas HoO adsorbs when
it returns to the surface, the Ho and Oz produced by
decomposition of ice do not. The Hs predominantly
escapes but the Qs remains and becomes the dominant
gas at Europa. The loss of hydrogen produces an oxidiz-
ing surface [Johnson and Quickenden, 1997], which has
been suggested as a potential energy source for biology
[Chyba, 2000; Cooper et al., 2001]. O, molecules that
do not directly escape thermally desorb on each return
to the surface until they are eventually dissociated or
ionized. Therefore, the O, atmosphere will have a two
component velocity distribution [Ip, 1996; Shematovich
and Johnson, 2001], a large thermally accommodated
component, and a more energetic directly ejected com-
ponent [Johnson, 1990]. Because the incident plasma
determines both the source and loss processes, large
column densities do not accumulate. Assuming elec-
tron impact ionization is the dominant loss process, a
column of ~3x 10'5 O2/cm? was predicted [Johnson et
al., 1982; Johnson, 1990] in equilibrium with a larger
column of Oy in the regolith.

Hall et al. (1998) detected the excited O produced
by dissociation of Oy. They estimated a column den-
sity ~10'%/cm?. Subsequent modeling by Saur et al.
(1998) suggested ~6x10!* /cm? due to efficient loss by
knock-on collisions. Recently [Shematovich and John-
son, 2001], ionization was found to be dominant, as
initially suggested, and a larger than predicted source
rate for Oy was needed. A large source may be due to
radiolysis by energetic electrons, the dominant energy
source to the surface of Europa [Paranicas eta al., 2001},
to ionized re-impacting oxygen [Ip, 1996] or to over cor-
recting for regolith structure. Photolysis of gas-phase
H, O might also contribute. A global distribution of O,
is usually assumed in modelling even though the non-ice
materials dominate the equatorial regions on Europa’s
trailing hemisphere. However, recent HST images sug-
gest that the O, atmosphere is localized around the icy
regions [McGrath et al., 2000].

The Na and K observed on Europa come from de-
composition and sputtering of surface materials [John-
son, 2001], presumably hydrated salts fromn the putative
subsurface oceans [Kargel, 1991; McCord et al., 1998;
Zolotov and Shock, 2001]. Although knock-on sputter-
ing occurs, electronic sputtering is the dominant ejec-
tion process. The Na ejected from a hydrated salt is
replaced by H forming frozen hydrated sulfuric acid,
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which is suggested to be present by the IR spectra from
the NIMS instrument on Galileo [Carlson et al, 1999a].

A Monte Carlo simulation of the morphology of the
Na atmosphere was used to estimate a spatial and speed
distribution of the ejected Na. Jupiter is the dominant
perturbation as seen in the contour plot of the Na den-
sity distribution in Figure 2. Loss is due to Jeans escape
and ionization but most (~70%) of the electronically
sputtered Na and K return to the surface [Johnson et
al., 2001]. Since the average angular excursion is ~ 60°,
the Na is redistributed across Europa. The cloud mor-
phology is found to be better reproduced by the mea-
sured energy distribution for electronic sputtering of Na
adsorbed on ice [Johnson et al., 2001] than that for Na
sputtered from a salt, NapySOy4 [ Wiens et al., 1997). This
indicates that most of the ¢jected sodium was adsorbed
in ice-rich materials [Johnson, 2000]. There is likely a
tail corresponding to sputtering from more refractory
materials, but the distant Na observations show con-
siderable variability, probably due Europa’s interaction
with the jovian magnetosphere [Leblanc et al., 2001].
The measured energy distributions were used to convert
the observed Na/K ratio [Brown and Hill, 1996] into a
relative surface source strength, Na/ K ~20, and rela-
tive total loss rate Na / K ~27 [Johnson et al., 2001].
Since the desorption cross sections are similar, the sur-
face region is rich in Na relative to K as compared to
models of the putative subsurface ocean (Na/K ~14-
19). This is consistent with fractionation during up-
welling and freezing [Zolotov and Shock, 2001]. The Na
concentration in the optical layer is ~0.01-0.005 with
the atmospheric surface densities at the apex of the
trailing hemisphere ~300 Na/cm? and 15 K/cm®.

Other species should be detectable at Europa. SO,
seen in the irradiated dark regions, is produced radi-
olytically and by implantation. These regions obtain
their reddened spectra due to radiolytic production of
chain sulfur [Johnson et al., 1988]. In Io’s polar regions
radiolysis of SO, produces sulfur [Johnson, 1997], but
in the presence of ice radiolysis of sulfur gives the three
detected forms: primarily HySO4. XH20O, with much
smaller (~ 1%) amounts of SO, and S; in ice and very
small amounts of H,S [Carison et al., 1999a; Carlson et
al., 2001]. The sulfur could be implanted by the bom-
barding plasma [Lane et al., 1982}, due to venting as
at Io, or a sulfate from the subsurface ocean [Johnson,
2001]. The S,, which darkens the surface, can be slowly
removed by oxidation to SO and sputtering. Therefore,
a fresh sulfur containing surface, which is rapidly dark-
ened radiolytically, can ‘brighten’ over long periods of
time [Carlson et al., 2001].
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Figure 2. The calculated density of the distant sodium atmosphere at Europa cut along the Europa
orbital plane. Jupiter is represented by the circle on the axis x=0. Gre_y levels correspond to density

varying by factors of 107! from ~ 1 Na cm™? close to Europa, to 10
ignoring contributions from Io. [Johnson et al., 2001].

Ganymede is presumed to be similar to Europa, but
its surface is older and, as at Callisto, CO; is seen
trapped in ice [Hibbitts et al,, 2000]. It also has an
intrinsic magnetic field large enough to shield regions
of the surface from the plasma flow. The flow and mag-
netic pressure are variable due to Jupiter’s tilted dipole
and ‘turbulence’ within the trapped plasma. Particle
precipitation primarily occurs onto Ganymede’s high
latitudes (>~40°). Frost growth by vapor deposition
and radiation damage can produce the bright, unan-
nealed polar regions [Johnson, 1997] and radiolysis pro-
duces an O3 polar atmosphere, resulting in an aurora
(see 1.4) and an O ionosphere [Eviatar et al., 2001].
At low latitudes, where atmospheric O has been seen
[Brown et al., 1999], a collisional subsolar atmosphere
can exist ¢f the surface is predominantly ice, in which
case O2 might also be formed by gas-phase photolysis
[Kumar and Hunten, 1982]. O, probably trapped in
Ganymede’s icy surface, is seen at mid to low latitudes
[Calvin et al., 1996] where photon path lengths in the
surface are relatively long [Johnson and Jesser, 1997].
Alternatively, a large O, atmosphere or frozen patches

Na cm™? | far from Europa

of Oy have been suggested [Vidal et al., 1997]. The
amount of ‘trapped’ O, seen at Europa is an order of
magnitude smaller than that at Ganymede [Spencer and
Klesman, 2001] due either to chemical competition with
sulfur or the short photon path-length in its bright sur-
face. The Oy produced at depth by the most penetrat-
ing particles can slowly diffuse to the surface. An Os-
like feature is seen at higher latitudes [Noll et al., 1996;
Hendriz et al., 1999], which is likely to be a trapped
species produced from O;. Hydrated minerals and trace
amounts of SO, and CO, are also seen [McCord et al.,
1998]. Trapped volatiles, can be released by meteorite
imipacts or by enhanced-diffusion and sputtering by en-
ergetic charged particles.

Callisto’s surface is heavily cratered and much older.
The crater morphology suggests that the surface is
weathered, possibly by desiccation or by long term en-
ergetic particle radiation. Atmospheric CO, has been
seen by the NIMS instrument on Galileo at a column
density ~10'*/cm? [Carlson, 1999] and in the surface
ices [Hibbitts et al., 2000]. Whereas the surface appears
covered in a lag deposit, water ice is associated with




‘fresh’ impact features. The atmospheric CO2 has been
suggested to be due to slow outgassing, but may be a
radiation-induced decomposition product of a carbon-
ate or organic molecules in the surface [Johnson, 2001].

3.4. Saturnian Satellites and Rings

The small icy satellites of Saturn have low escape
energies and very tenuous atmospheres consistent with
ice at <~100K. The atmospheres are dominated by
escape and the vapor pressure is low, so sputtering
and particulate impacts are important sources. Con-
sistent with radiation-induced decomposition, the red-
dening in the UV is suggestive of H,O, and O3 [Noll
et al., 1997 present in the surface. Therefore, H,O,
0, and H; are likely the dominant ejecta with smaller
amounts of radicals [Kimmel et al., 1995]. Based on
the expected velocity distributions, the escape fractions
are ~0.9,0.8, 1, respectively at Dione [Johnson, 1990].
None of these molecules have been seen as gravitation-
ally bound species, but their presence is inferred from
the ambient OH and H [Richardson et al., 1998]. That
is, the escaping molecules have long (~yr.) lifetimes in
orbit about Saturn. A H cloud [Shemansky and Hall,
1992] and a toroidal OH cloud were observed [Sheman-
sky et al., 1993). The latter occupies the region in which
the icy satellites and Saturn’s E-ring particles orbit. A
small fraction of H and OH is derived by sputtering of
the icy satellites [Jurac et al., 2001b]. Other volatiles
should be seen, like the CO, or SO3 seen at the Jovian
satellites or nitrogen and ammonia from an ammonia
hydrite.

Analysis of the OH cloud [Jurac et al., 2001a] showed
that a large source is missing in the vicinity of Ence-
ladus. Therefore, more icy surface area must be present
in this region, possibly produced by small colliding icy
objects, or the icy surfaces contain volatiles which would
make sputtering more efficient. An active Enceladus has
also been suggested because of its bright surface and be-
cause the E-ring peaks near its orbit [Stevenson, 1982].
The surfaces of the icy satellites and objects in the main
rings are bombarded by both micrometeorites [Haff and
Eviatar, 1986; Pospieszalska and Johnson, 1991] and by
charged E-ring grains in eccentric orbits [Hamilton and
Burns, 1994]. These processes can produce additional
water vapor, but their net effect is not well established.
This is due both to the absence of data on the impacting
fluxes and a lack of knowledge of the vapor production
efficiency from a porous icy surface. The distant icy
moons of Saturn, such as lapetus, have surface features
that also suggest weathering processes are occurring.
The principal atmospheric sources are likely solar wind
sputtering and photodesorption.
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3.5. Other Bodies

The icy moons of Uranus also exist in a trapped mag-
netospheric plasma. However, the plasma density is
small because of the unusual orientation of the magnetic
field to the satellite’s orbital motion. Since the plasma is
primarily protons from the atmosphere of Uranus, sput-
tering is less robust and but radiolysis occurs. Based
on their reflectance, these satellites apparently experi-
enced radiation darkening due to a carbon containing
molecule in the ice [Lanzerotti et al., 1987; Strazzulla,
1998].

When Pluto is inside the orbit of Neptune it has a sig-
nificant atmosphere which is similar to Triton’s. These
atmospheres are primarily No with a few percent CH,
and CO. Pluto’s surface is roughly in local vapor pres-
sure equilibrium [Trafton, 1990]. In its present posi-
tion the atmosphere is collisional. Charon, on the other
hand, has a surface which is predominantly ice with a
contaminant like that seen on other icy moons, possi-
bly an ammonia hydrite or trapped CO2, but shows
no evidence of the volatiles found on Pluto and Triton
[Buie and Grundy, 2000]. With a disc-averaged surface
temperature of ~60K, solar wind sputtering and photo-
desorption are likely principal contributors to Charon’s
atmosphere. If the suggested hydrated ammonia ex-
ists on the surface, the atmosphere will contain N, as
a decomposition product [Johnson, 1998]. Because of
decomposition, the hydrite is removed preferentially, so
the subsurface concentration is likely larger than that
at surface.

Although they are not surface boundary layer atmo-
spheres, the atmospheres of Triton and Pluto exhibit
interesting interactions with their surfaces (see III1.4).
Nitrogen ice is in vapor pressure equilibrium with the
N, atmosphere. Since Ny is more strongly absorbing in
the thermal IR than in the visible, sunlight is absorbed
at greater depths than that depth from which thermal
emission occurs producing a solid state greenhouse ef-
fect. This causes sublimation at depth into the regolith
with condensation near the surface {Grundy and Stans-
berry, 2000]. Since CH,4 is much less volatile, it is seen at
higher concentrations in the surface than in the atmo-
sphere, possibly concentrated by the greenhouse effect.
This effect may also seal off the surface allowing the
formation of the observed geysers.

4. SUMMARY

In this chapter I have summarized our understand-
ing of surface boundary atmospheres on a number of
solar system bodies. I have also very briefly described
the physical processes controlling their composition and
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density. These atmospheres are interesting for two rea-
son. By monitoring such atmospheres we can learn
about the external weathering agents. But what is more
exciting, because of the paucity of spacecraft missions
to distant objects, remote sensing of these atmospheres
can lead to information on their surface composition.
Understanding of the weathering processes and com-
position can lead, in principal, to an understanding of
the evolution of these bodies. To make this a reality,
an enhanced observing effort must be accompanied by
an enhanced laboratory / modeling effort to study the
relevant desorption processes.
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