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The circumplanetary flow of Io’s SO2 atmosphere is modeled
using the direct simulation Monte Carlo (DSMC) method. This flow
develops as gas sublimates from SO2 frost in the warm subsolar re-
gion and flows toward the colder night-side, where it condenses.
The axisymmetric model presented extends from the subsolar point
past the terminator into the night-side. The remaining portion of the
night-side atmosphere is assumed to be static. The DSMC method
solves the fully viscous and compressible, non-local thermal equilib-
rium (non-LTE), rarefied flow problem by statistically extrapolating
from the motions and collisions of representative molecules. Heat-
ing due to neutral plasma bombardment and cooling by non-LTE
radiation are modeled. Quantities of a second, non-condensible gas
are also added to simulate the possible effects of H2S or O2 in the
atmosphere.

It is found that, except in the subsolar region, the flows are
predominately rarefied. For high subsolar temperatures, the atmo-
spheric flow may become supersonic and then decelerate through a
diffuse, oblique shock upstream of the terminator. Appreciable local
condensation occurs below the shock while the atmosphere above
the shock is significantly inflated. These hydrodynamic features,
among others, have implications for the observations of frost cover,
atmospheric flow, and the ionosphere. c© 2000 Academic Press

Key Words: Io; atmospheres, dynamics; atmospheres, structure;
satellites, atmospheres; satellites of Jupiter.
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After more than 25 years of observation, many details of I
atmosphere, such as its distribution, composition, pressure,
perature, and dynamics, remain uncertain. Even the domi
method of atmospheric sustenance is unclear. Models of
SO2 atmosphere on Io are often categorized by their met
of production and generally fall into one of three categori
sputtered, sublimated, or volcanic. In sputtered models, a hi
rarefied, collisionally thin atmosphere is produced by the imp
of energetic particles on Io’s surface. Sputtering can proba
be ruled out as the dominant producer of Io’s day-side atm
sphere by observations (Ballesteret al. 1990, Lellouchet al.
1992) which suggest that Io’s atmosphere is collisionally thi
Sputtering may play a significant role in the production of nig
side atmosphere but will not be further considered here. Plu
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canic models. These models produce an atmosphere whi
spatially nonuniform, ranging from highly collisional near th
source to collisionless elsewhere. We have discussed pre
inary results of a rarefied gas model of volcanoes on Io i
previous publication (Austin and Goldstein 1996) and will la
expand on that work in a subsequent companion to the pre
paper.

Here we discuss a model of the sublimation/condensat
driven atmospheric flow on Io. Sublimation models consist
an SO2 atmosphere that is controlled by the vapor pressur
SO2 surface frost. The gas sublimates from SO2 frost in the
warm subsolar region where the vapor pressure is high and fl
toward the colder night-side, where the vapor pressure is
and the flow condenses. The acceleration of the flow due to
vapor pressure difference and cooling due to expansion can c
the flow to become supersonic. Sublimation models yield
atmosphere which ranges from collisionally thick at the subs
point to collisionless on the night-side.

Io’s atmosphere was first detected by the radio occultation
periments of Pioneer 10, which probed the ionosphere nea
terminator. Klioreet al. (1975) used these data to calculate
atmospheric surface pressure on the order of 1 nbar near th
minator. SO2 gas was first detected by Pearlet al. (1979) using
the Voyager IR spectrometer (IRIS) to identify SO2’s ν3 band
at 7.3µm. The measurement was made near Loki Patera,
Pearlet al. (1979) assumed a gas temperature of 130 K, wh
led to a surface pressure of 100 nbars. Lellouchet al.(1992) later
reinterpreted the same IRIS data but included non-LTE eff
to find surface pressures in the range 5 to 40 nbar. The UV s
trum observations of Ballesteret al.(1994) are best fit by a coo
gas with large extent, and hence lend support to a sublimate
mosphere. However, the millimeter-wave observations of SO2’s
222-GHz rotational line by Lellouchet al. (1990) are best fit
by a warm gas with limited extent and so are best matched
the volcanic models (Lellouchet al.1992). The observations o
McGrathet al. (2000) affirm that Io’s atmosphere is likely con
trolled by both sublimation and volcanic influences: their spa
trend of SO2 column density with latitude agrees well with ou
sublimation model, yet, consistent with volcanic models, th
find higher densities over the plume Pele.
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IO’S SUBLIMATION-D

Ingersoll et al. (1985) modeled the sublimation-driven c
cumplanetary flow around Io by solving the vertically integra
conservation equations in one dimension. They assume
the frost temperature is subject to a simple radiative bala
that the atmospheric flow is turbulent, and that Io’s rotation
unimportant. They find that in the process of expanding a
from the subsolar point, the flow pressure and temperature
and that the Mach number may reach 4. In a second p
Ingersoll (1989) modifies his earlier work to account for nonu
form surface properties found in observational studies. Lo
volcanic plumes and patchy frost cover are handled. Sev
flows in simple geometries are solved analytically, albeit w
many assumptions. In particular, the turbulent flow assump
is dropped in favor of an inviscid model with mean flow v
locity lost through the evaporation and condensation proces
Morenoet al.(1991) simulated an atmosphere of sublimed S2

frost as well as day- and night-side volcanic atmospheres u
a time-explicit, finite-volume formulation of the equations
inviscid, compressible gas dynamics that incorporated a c
radiative transport model. In common with Ingersoll (1989), th
find that non-condensing flow over a hot dry surface travels m
further than does condensing flow over a cold surface. Wong
Johnson (1995) used a similar inviscid, finite-difference mo
to simulate a sublimation-driven Ionian atmosphere with the
dition of plasma bombardment, UV heating, and IR cooli
Wong and Johnson (1996) improved upon their previous m
by adding viscous terms (in the vertical direction only), Jo
heating, and non-LTE cooling. They find that plasma bomba
ment significantly inflates the atmosphere on the trailing s
of Io, such that their SO2 column densities are about an o
der of magnitude greater than that observed by McGrathet al.
(2000). Wong and Smyth (2000) used essentially the same m
as Wong and Johnson (1996) but increased the plasma he
through both a higher ion flux and by reaccelerating the i
after collisions. As would be expected from the increased h
ing, they find an even hotter, more inflated atmosphere than
colder model.

As indicated in the above discussion, previous modeling
Io’s sublimation-driven atmospheric flow has neglected cer
important flow features. These features include viscous
rarefaction effects as well as effects of non-LTE. We be
the present work with a brief discussion of the computatio
method since its application to a full planetary atmosphere is
atively unique (Austin and Goldstein 1997, Marconiet al.1996,
Combi 1996). We examine certain important computationa
sues and detail the representation of the gas model and bou
conditions. We then present results in which the effects of
face temperature, plasma heating, and non-condensible sp
are explored.

2. MODEL
At a subsolar temperature ofT = 115 K the local mean free
path (λ ∼= [

√
2πd2n]−1, whered = 7.16× 10−10 m is the nomi-
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nal diameter of a gas molecule andn is the number density) at th
surface is about 5 m while the pressure scale height (H = RT/g,
R is the gas constant andg is the gravitational acceleration on Io
is about about 7.2 km, so it would at first appear that rarefac
is not greatly important. However,n drops exponentially with
both altitude and solar zenith angle,θ , so regions of rarefied
flow occur at modest altitudes andθ . For example, as will be
shown below, an atmospheric shock was found to form at ab
θ = 63◦ for certain input conditions. Just upstream of the sho
λ ranges from about 340 m at the surface to 4 km at 20
altitude where the Mach number is highest.

In contrast to the work of Ingersollet al. (1985), the presen
work assumes viscous, laminar flow. Ingersollet al. (1985) ar-
gued that the Reynolds number based onH and surface density
was of order 105 over most of the flow for the case ofTsubsolar=
130 K. However, much of the dense atmosphere which m
sustain turbulent flow lies at low altitude and small values
θ where there is little flow velocity. For a nominal situation
Tsubsolar= 115 K, the peak Reynolds number (Re= |V |hρ/µ)
occurs nearθ = 25◦ and about 5 km altitude and is approx
mately 200—a value where laminar flow almost assuredly ex
(|V |, h, ρ, andµ represent the local flow speed, altitude, dens
and viscosity). Moreover, both the favorable pressure grad
over the entire region of interest and the boundary layer s
tion due to surface condensation below the higher speed
promote boundary layer stability.

2.1. The DSMC Method

In low-density flows the Navier–Stokes equations break do
because the scale of the gradients of the flow variables beco
comparable to the mean free path. A rarefied gas dynamics
nique is required to accurately model these flows. The di
simulation Monte Carlo (DSMC) method is well suited to sim
ulating much of Io’s atmospheric flow because it can han
rarefaction, mixtures of gases, thermal non-equilibrium, gr
ity fields, variable molecule/surface adhesion coefficients,
radiative heat transfer.

The DSMC method efficiently models low-density gas flow
simulating the movement and collisions of millions of repres
tative particles. By using a time step smaller than the mean t
between molecular collisions, the movement of the molecu
can be effectively decoupled from the collisions. During a ti
step the representative molecules are first moved appropri
to their stored velocities and then pairs of nearby molecules
randomly chosen to collide, resulting in new velocities. The va
able hard sphere model (Bird 1994), in which the collision cr
sections vary with the relative collision velocity, was used to o
tain the SO2 viscosityµ = 1.164× (T/Tref)1.05 N s m−2, where
Tref = 273 K (Chapman and Cowling 1970). Periodically duri
the calculation the simulated molecule properties are sam
so that the macroscopic flow quantities can be calculated
exported.
The modern DSMC approach, which is the most widely used
method for computing complex, rarefied flows of engineering
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FIG. 1. Computational grid used for simulations atTsubsolar= 115 K. The grid is 200 cells high by 200 cells wide. The cells are 100 m high at the su

and grow exponentially with altitude. Above 30 km in altitude the cells are limited to a height of 5 km. Horizontal cell spacing is approximately 16 km. The upper
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figure has been stretched in the vertical direction. The lower figure shows

and scientific interest, is described by Bird (1994). That appro
has been expanded for the present effort. Our modification
clude the inclusion of a constant gravitational body force
the molecules follow parabolic trajectories, the introduction
an adaptive weighting factor distribution and collision limite
to handle the huge density variations, the use of a novel s
structured grid as well as a multi-grid approach to enhance
tial resolution, the development of non-LTE radiation and c
plasma impact models suitable for planetary atmospheres
the use of progressive ensemble averaging to speed the app
to steady state. A more detailed description of the methodo
is given in Austin and Goldstein (1999).

2.2. Geometry

The computational model uses a two-dimensional, cylin
cal geometry which is axisymmetric about the subsolar po
The height of the cylinder corresponds to the altitude above
surface of Io and the radius corresponds to the distance alon
surface from the subsolar point (or, equivalently, the solar ze
angle,θ ). This plane-parallel geometry (essentially a flatten
hemispherical shell) is valid because the height of the hydro
namic region of the atmosphere is small compared to the ra

of Io. Results obtained using this model have been found
agree well with a spherical domain but at a considerable savi
he grid at the correct aspect ratio.
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in computational cost. The horizontal (or radial) velocity of
gas (positive away from the subsolar point) is designated aU
while V is the vertical velocity.

An example grid is shown at the top of Fig. 1. Through m
of the domain, the cells are exponentially spaced in the ver
direction so that their height is proportional to the local m
free path. Grids for higher subsolar temperature simulations
smaller cells at the surface than lower temperature simula
due to the higher vapor pressures and smaller mean free p
High vertical resolution is necessary at low altitudes beca
there are large property gradients (density, velocity, temp
ture, etc.) across the boundary layer. At higher altitudes,
growth of the cell heights is limited so that they remain sm
when compared to the scale height. The width of the cell
the horizontal direction has a much larger spacing of appr
mately one-half a polar degree as horizontal property grad
are generally much weaker. Enhanced horizontal resolutio
used, however, to resolve regions containing large gradien
atmospheric discontinuities (within the shock, for example).
gardless of oura priori assumptions about the nature of the gr
required to capture the flow features of interest, we perfor
many grid resolution studies using progressive grid refineme
assure spatial convergence. Note that in the figures to be s

to

ngs
later only a portion of the computational domain is shown and
the scales have been magnified in the vertical direction to allow
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IO’S SUBLIMATION-D

details to be seen. For comparison, the bottom of Fig. 1 sh
the full domain with the correct aspect ratio. Also shown is
corresponding solar zenith angle,θ , along thex-axis.

2.3. Boundary Conditions

Particular emphasis has been placed on utilizing a suit
representation of the gas/surface interface. Experimental re
indicate that for a normal rough surface the sticking coeffici
α, for SO2 gas on SO2 ice is expected to be approximately o
(S. Loyalka, private communication, 1998). Thus, we mod
surface on which every impacting SO2 molecule condenses. Th
allows a free molecular flow to virtually pour into the surfa
unimpeded while a higher density flow is buffered from the s
face by sublimated gas. Previous calculations (Ingersollet al.
1985, Ingersoll 1989, Morenoet al. 1991, Wong and Johnso
1995) have modeled the influx as proportional to the differe
between the local surface vapor pressure and the near su
atmospheric pressure. This is only valid in the fully continu
regime where the inflowing, condensing gas can equilibrate
the outflowing, sublimating gas before condensing on the
face. In more rarefied conditions, such as those which exis
Io away from the subsolar region, the flow is quite rarefied
the condensing gas can pass through the sublimating gas
surface without equilibrating.

The sublimation rate of SO2 molecules used here is given b

Nsublimated= Pvapor/
√

2πkTsurfaceMSO2, (1)

where the equilibrium vapor pressure (in pascals) is (Inge
et al.1985)

Pvapor= 1.52× 1013e−4510/Tsurface, (2)

the surface temperature (in K) determined by radiative bala
is (Ingersollet al.1985)

Tsurface= (Tsubsolar− 50)× cos1/4 θ + 50, (3)

k is Boltzmann’s constant, andMSO2 is the molecular mass o
SO2. Sublimated molecules are emitted with a proper norma
locity distribution and an internal rotational energy drawn fr
a Boltzmann distribution corresponding toTsurface.

The right–hand boundary (θ = 100◦) is modeled as a specu
larly reflecting wall. There the cylindrical geometry used is
cidedly unphysical because it continues to expand asθ increases
beyond 90◦ while the width of a true slice of a spherical doma
reaches a maximum and then begins to contract. Howeve
cold surface near the terminator is such a strong sink that th
flowing from the warmer regions does not advance beyond a
80◦. The specular boundary condition is used to maintain a
form profile of low-density background gas which is assume
exist over the cold night side. The wall has been placed at a
ficient distance, however, such that it has no effect on the fl

This is checked by comparing the pressure along the wall to
isothermal profile at the local night side surface temperature
IVEN ATMOSPHERE 373
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The boundary conditions for the remaining two sides of
domain are trivial. The upper boundary represents a vacuu
any molecules which strike the top of the domain are remo
from the calculation; such events are extremely rare. No bou
ary condition is needed for the left side of the domain (θ = 0◦)
since it is the axis of symmetry.

2.4. Initial Conditions

The present paper concentrates on the quasi-steady a
spheric flow. However, the DSMC method must reach ste
state via an integration in time from a presumed initial condit
and this process consumes a large fraction of the computat
effort. During the relaxation from the initial condition to stea
state a time step much greater than the mean collision tim
used. This large step allows the calculation to proceed qui
but results in an excessively long mean free path and henc
overly viscous fluid. Once a steady flow has been obtained
time step is reduced and the model is relaxed to steady
again. The relaxation time is small (usually<1000 time steps
because the flow can quickly equilibrate with the surface. T
procedure is repeated until the time step is smaller than the m
collision time over most of the flow, which is the limiting con
dition for the DSMC method.

Two different initial conditions are used depending on
model configuration. When only SO2 is being modeled, the ini
tial condition is to simply start with no atmosphere at all a
allow the frost to sublimate until a steady atmosphere fo
(this is equivalent to the unsteady flow which develops w
the surface of Io is quickly warmed after passing out of Jupit
shadow). When a non-condensible gas is also being modele
start the calculation at time zero with a hydrostatic, isother
atmosphere at the local surface temperature and let the a
sphere relax to steady state from there.

Although this paper concentrates on steady state atmosp
flow we note that interesting transient flows were observed
ing the unsteady startup. In particular, in starting from an ini
vacuum with a large amount of plasma heating (discussed in
following section), it was found that the gas which first sub
mates “blows up” and rapidly expands out of the domain be
the flow settles down to the expected steady state. This ma
a result of the plasma energy passing all the way to the lo
atmosphere (since the upper atmosphere—which normally
sorbs the plasma energy—has not been populated with ga
to be absorbed by the dense gas which sublimates from the
face near the subsolar point. We plan to investigate this tran
further and explore whether it could be a factor in the “flas
which has occasionally been observed (Nelsonet al.1993) when
Io passes out of Jupiter’s shadow.

2.5. Plasma Heating

Heating due to bombardment from the plasma co-rota

an
.
with Jupiter’s magnetic field is modeled using a modification of
the time-splitting method already used in the DSMC calculation.
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An additional step is added during which plasma energy is
troduced into the flow. The absorption of plasma energy is in
grated cell-by-cell from the top of the domain down to the surfa
in each column of cells. During this integration the gas flow fie
is held frozen; i.e., the gas is assumed to be cold compare
the plasma. Since the velocity of the plasma particles (appr
mately 60 km sec−1, Strobelet al.1994) is much greater than tha
of the average atmospheric gas molecule (1

2kT ∼ 0.2 km sec−1,
whereT is the gas temperature) the solution can be effectiv
decoupled in this manner. Currently the plasma particle mom
tum is not transferred to the atmospheric particles and vibrat
dissociation, and electronic excitation are neglected.

Only a fraction of the total energy of the incident plasm
molecules is assumed to be effective in heating Io’s atmosph
We use an effective plasma energy of 1.3 erg cm−2 sec−1, which
is consistent with Wong and Johnson (1995) and Lellouchet al.
(1992). The energy deposited in each cell is given by

Edeposited= Ein × (1− e−σNhcell), (4)

whereN is the number density andhcell is the height of the cell.
The cross section,σ , for collisions between plasma particle
and SO2 molecules is assumed to be 1× 10−16 cm2, which was
used by Lellouchet al. (1992). Others have used larger valu
of σ (Wong and Johnson 1995, Strobelet al.1994) which lead
to greater energy deposition at high altitudes.Ein is the plasma
energy entering the top of each cell in each time step and is e
to the energy entering the top of the atmosphere less any en
lost in higher cells. The energy deposited in a computatio
cell is evenly divided among all the molecules in the cell and
further evenly divided between the translational and rotatio
energy modes (assuming a local equilibrium distribution). In t
model the plasma flux impinges on the atmosphere vertic
over the whole domain. As such, this geometry correspo
to Io at western elongation and is only truly correct near
subsolar point where the plasma impingement is normal to
surface. However, farther away from the subsolar point, wh
the slant path of the plasma impingement is significant, the ga
collisionally thin, so the results should be relatively insensit
to the plasma path.

Heating from solar UV radiation was not modeled; howev
as indicated in the following discussion, its effects are expec
to be small when compared to plasma heating. Lellouchet al.
(1992) obtain a heating per molecule of gas due to solar UV
2.9× 10−17 erg sec−1 which is roughly an order of magnitud
less than the plasma heating above and at the exobase in
model. Likewise, Wong and Johnson (1995) find that the eff
of the plasma is much larger than that due to UV heating
high altitudes. Below the exobase the heat transfer in the
is dominated by conduction and convection to the surface.
UV heating of a column of gas is significantly less than t
heat transfer between the gas and the surface in most are

the flow. Strobelet al. (1994) observe that radiative heating
“quite small” below 70 km in their model.
GOLDSTEIN
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2.6. Radiative Cooling

We model the non-LTE IR cooling of SO2 from its rotational
internal energy. The cooling is based on the simplified mo
of Lellouch et al. (1992) which assumes an optically thin g
everywhere. As such, radiative cooling is applied everywh
in the domain. Lellouchet al. (1992) give the cooling rate pe
molecule asR= 4π

∑
j Bν j Sj , whereBν is the Planck function

and Sj is the strength of thej th rotational line. In our mode
we use the effective rotational temperature of each molecu
calculate its radiative cooling rate and then remove the en
from its rotational energy. This allows us to model the no
LTE cooling which occurs in the non-continuum regions of t
atmosphere (high in altitude and far from the subsolar point

2.7. Noncondensible Background Gas

Molecules of O2 and H2S at various gas pressures were add
to study the effect of the presence of a gas that is non-conden
at the expected surface temperatures. Any non-conden
molecules which collide with the surface are diffusively reflec
with the appropriate surface temperature assuming full ther
and momentum accommodation.

3. RESULTS

The parameter space one can explore is broad. Hence, r
than examine the full space, we examine a baseline case
then vary one parameter at a time. We consider our base
case to be that of a fully frost covered Io with only SO2 gas
present. The subsolar frost temperature is 115 K and there
plasma heating or radiative cooling. Contours of the hydro
namic properties are seen in Fig. 2. SO2 vapor sublimates from
the subsolar region (θ < ∼32◦) and condenses elsewhere. T
flow streamlines illustrate the overall flow. Along the symme
axis the flow is vertical and of low speed. Asθ increases, the
flow speed increases and becomes nearly horizontal as th
is driven by the strong horizontal pressure gradients. The re
show noise at high altitudes due to the statistical nature of
DSMC method. The statistical noise is proportional to the
verse square root of the sample size of independent particl
each computational cell. Because of the density gradient,
sample size decreases exponentially with altitude. The noi
a common feature of DSMC calculations and does not affec
results. The cell sizes and the number of computational part
were chosen to restrict the higher noise to regions where the
is collisionless.

A most prominent flow feature is a strong atmospheric d
continuity near the terminator. The discontinuity is oblique a
curved due to the non-uniform incoming flow; the sonic lin
which marks the presence of the actual discontinuity, para
the surface until aboutθ = 68◦, where it turns up to an incli-
nation of about 27◦. We term the discontinuity a shock wav
at low altitude because it is abrupt and because nearly a
isthe gas descends immediately downstream from the shock. The
vapor downstream of the shock is super-saturated with respect
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FIG. 2. Contours of temperature (A), number density (B), and Mach number (C) for a sublimation-driven atmosphere withTsubsolar= 115 K. Streamlines are

included on the temperature plot. The noisiness of the results is due to the statistical nature of the DSMC method and is greater in the upper part of the domain
(above 60 km) where there are few computational particles.
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to the surface vapor pressure and the atmosphere collaps
ward the surface as the near-surface vapor condenses. At h
altitudes, however, the gas just downstream from the disco
nuity expands upward (into space) in a manner more like w
one expects from a hydraulic jump. A hydraulic jump is
open-channel flow phenomenon which occurs when the flo
supercritical (the flow speed is greater than the wave speed
formation cannot propagate upstream, so the flow must ch
through an abrupt jump in depth involving turbulent mixin
Tidal bores are a common example of a hydraulic jump. The
pansion is at this point a rarefied effect in that it occurs only ab
an altitude of about 60 km, whereλ is in excess of 1000 km. Th
gas, which is shocked (and thus warmed to about 120 K) by
lisions at lower altitudes, expands ballistically upward, crea
an inflated atmosphere in the region of the discontinuity fr
aboutθ = 65◦ to 75◦, as can be seen in Fig. 2B. This inflat
atmosphere could help explain the radio-occultation result
Pioneer 10 (Ingersoll 1989) and Galileo (Hinsonet al.1998).

Figure 3 provides a distribution of Bird’s breakdown para
eter (Bird 1994),PB = ∂ρ

∂x U/ρη, which indicates regions wher
rarefaction is important. Hereη is the collision rate. Rarefactio
must be considered wherePB exceeds approximately 0.02. Als
shown is the commonly used Knudsen number Kn= λ/H ; for
values of Kn greater than 0.1, rarefied effects become impor
Clearly the region at low altitude nearθ = 0 is in equilibrium
as the density is high and flow gradients are low. Elsewh

however, the density is low and rarefied effects should be ex-
pected. In the shock region, in particular (indicated by the su-

xamp

strength of the shock were found to vary greatly with the subsolar
temperature. Figure 5 shows temperature contours for a range
FIG. 3. Rarefaction parameters and a rarefied effect. Shown are the values of Knudsen number (Kn) and Bird’s breakdown parameter (PB), which indicate
the transition from continuum to rarefied fluid dynamics. The area above and to the right of the curves would be expected to show rarefied effects. An ele of a

rarefied effect is seen in the region marked “T − Trot > 5,” where the effective ro
by more than 5 K.
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perimposed contours of a measure of thermal non-equilibr
Ttrans− Trot), the gas is not in equilibrium. Hence, one expe
a rather thick shock and, as seen, the shock is nearly 200
thick (or about 15 scale heights) at 20 km altitude. Further
dence of the non-equilibrium nature of the flow is seen in Fig
which indicates velocities and Mach numbers right at the surf
Using a continuum flow assumption, the velocity tangent to
surface would be zero (no-slip). In the present case, howe
theU velocity at the surface rises to tens of meters per sec
due to rarefied slip. The surface Mach number reaches al
0.45 below the foot of the shock as the high speed flow is dr
into the surface by the relatively high pressure behind the sh

Figure 4 illustrates the nature of the rarefied boundary la
as the velocity at altitude increases so does velocity slip
the surface. Also note that the viscous boundary layer is
resolved by at least 10 grid sites (Fig. 4B). If we comput
friction velocity asu∗ = √τw/ρ and a friction length scale,l ∗ =
ν/u∗, we find that the cell height remains less thanl ∗. Hereτw is
the wall shear stress,µdu/dy, andν is the kinematic viscosity
The atmospheric density and pressure are largest at low alt
nearθ = 0 and fall off with altitude and solar zenith angle. Mo
of the decrease withθ is due simply to the reduced surfa
temperature (Eq. (3)) rather than to the gas dynamics assoc
with the expansive flow away from the subsolar point.

A range of subsolar temperatures was investigated using
model. The acceleration of the flow, peak Mach number,
tational temperature of the gas molecules differs from the translational temperature
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FIG. 4. Rarefied boundary layer dynamics. (A) U (horizontal) and V (vertical) velocities and Mach number along the surface, showing the velocity s

rarefaction and the dramatic flow changes through the shock at aroundx = 2200 km. (B) Closeup of the near surface region below the shock showing streamwise
velocity contours and velocity vectors. Only one vector is drawn for every nine cells.
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FIG. 5. Temperature contours showing the relative strength of the shock for (A)Tsubsolar= 120 K, (B)Tsubsolar= 116 K, (C)Tsubsolar= 112 K. The vertical
temperature gradients upstream of the shock remain weak. The shock moves downstream asTsubsolaris increased.
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FIG. 6. Mass flux due to condensation/sublimation at the surface for several subsolar temperatures. Negative values denote flow out of the surface (sublimation)
and positive values denote flow into the surface (condensation).
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of subsolar temperatures from 112 to 120 K. The progressio
plots shows that as the subsolar temperature increases, the
becomes stronger and moves farther away from the sub
point. The peak Mach numbers increase withTsubsolarto reach a
value of∼2.2 at Tsubsolar= 120 K. Even at such a high spee
the peak Reynolds number is still only 260 and the flow sho
remain laminar.

The shock strength also has a significant effect on the sur
deposition pattern of SO2 frost. Figure 6 shows the net mass fl
per unit time at the surface for different subsolar temperatu
Note the bump in the deposition pattern for the two warm
curves (approximately 2000 km from the subsolar point) wh
represents increased condensation just below the shock. Th
ture of such flows may be determined by observing the patt
of frost deposition caused by the condensing gas. These pa
may occur at high latitudes or around large frost patches.
deposition patterns may be partially or fully washed out in
east–west direction due to the rotation of the subsolar poin
Io orbits but should remain in the north–south direction. T
multiple-humped pattern of mass deposition rates shown i
cates that a banded pattern of surface frost might be expe
These patterns are localized to the shock and are distinctly
ferent from the global pattern that Morenoet al.(1991) describe

Next, plasma heating and IR cooling (as described in S
tions 2.5 and 2.6) were added to the model. The Plasma he
was found to significantly alter the thermal structure of the
per atmosphere and affect the nature of the terminator sh

Figure 7 illustrates the same quantities with plasma heating
IR cooling as Fig. 2 did for the baseline case. The atmosph
n of
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flow carries most of the plasma-heated gas away from the
solar region towards the terminator. The gas reaches its m
imum temperature (240 K, versus 120 K for the case with
heating) just before the shock. After falling through the sho
the gas cools due to conduction to the ground and then
denses. The plasma heating also causes a significantly
inflated atmosphere (Fig. 7B comparated to Fig. 2B) with m
higher gas pressures at altitude. The standing shock doe
curve upward as in the unheated case and instead extends
the ground at at a roungly constant 5◦ angle. The gas over th
night-side is only slightly warmed by the plasma and rema
stationary.

We finally consider the effects of a second species whic
non-condensible at the temperatures expected on Io. Both2S,
a common volcanic gas, and O2, a stable product of the photo
dissociation of SO2, were used as the non-condensible spec
The data presented here are for O2, but results using H2S were
similar. Figure 8 shows the concentration of SO2 relative to O2

with velocity vectors overlaid. For these cases the simula
surface pressure of O2 on the night-side (on the far right of th
figure) ranges from 10−8 Pa (lowest figure) to 10−6 Pa (upper
figure). The non-condensible gas clearly halts the advanc
SO2 toward the night side behind a sharp species discontin
The SO2 neither overflows nor underflows the second spe
but simply pours into the ground just after the shock. The hig
the back pressure of non-condensible gas, the less the SO2 gas is
able to penetrate toward the night-side. However, it can be se
and
eric
Fig. 9 that for the range of pressures that were studied, the non-
condensible gas has a negligible effect on the SO2 deposition
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FIG. 7. Contours of temperature (A), number density (B), and Mach number (C) for the same conditions as those in Fig. 2 (Tsubsolar= 115 K) but including
plasma heating and non-LTE IR cooling. Streamlines are included on the Mach number plot.
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FIG. 8. Contours of the concentration of sulfur dioxide relative to oxygen with velocity vectors overlaid. The lightest areas represent 100% SO2 (no O2
molecules) and the darkest areas represent 100% O2 (no SO2 molecules). Shown are results for three pressures of noncondensible gas (O2) on the night-side
surface: (A)PO2 = 10−6 Pa, (B)PO2 = 10−7 Pa, (6)PO2 = 10−8 Pa.
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FIG. 9. Surface mass flux due to condensation/sublimation for several noncondensible gas pressures. As with Fig. 6, negative values denote flow out of the
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pattern. Only a back pressure of 10−6 Pa or greater produce
any effect on the condensate distribution.

4. CONCLUSIONS

We have used a rarefied gas dynamics method for the s
lation of large regions of the sublimation/condensation driv
atmospheric flow on Io. Unlike inviscid models of Ingerso
(1989), Morenoet al. (1991), and Wong and Johnson (1995
our model indicates that a standing shock may form near the
minator. This is in common with the viscous models of Ingers
et al. (1985) and Wong and Johnson (1996). The model p
sented better simulates the rarefied conditions which exist
the shock and also includes the full viscous terms; thus, it sh
more acurately predict the shock location and nature. We h
admittedly made some large assumptions: we ignore plane
rotation, surface roughness, volcanos, three-dimensionality
unsteadiness. We have not yet included effects of solar UV h
ing or dissociative chemistry and have only a crude mode
non-LTE IR cooling in place—improvements are under w
Yet we have found some interesting features which may
main qualitatively unchanged as the simulations improve.
find:

1. The atmospheric flow is rarefied everywhere except n
the surface in the subsolar region.

2. The bulk of the atmospheric boundary layer is likely la
inar.
3. Atmospheric flow can produce highly oblique shock wav
near the terminator.
ensation).
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4. The terminator shocks and/or plasma heating of the up
atmosphere produce a dramatically inflated and warmer u
atmosphere near the terminator.

5. There may be a range of surface frost deposition patt
which would be expected to result from the complex nature
the shock. These patterns can be indicative of the atmosp
gas dynamics.

6. The conveyor-belt-like nature of the SO2 flow tends to push
any modest noncondensible atmospheric species to the n
side behind an abrupt shock and species discontinuity. T
appears to be little horizontal layering of the multi-species
mosphere.

7. For modest levels of background gas pressure there
pears to be little influence on the SO2 mass deposition rates
suggesting that (contrary to our initial expectations) such a
would probably remain undetectable in the surface frost patte
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