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Abstract
Modeling results of volcanic plumes on Jupiter’s moon Io are presented. Two types of low density axisymmetric SO2 plume flows are
modeled using the direct simulation Monte Carlo (DSMC) method. Thermal radiation from all three vibrational bands and overall rotational
lines of SO2 molecules is modeled. A high resolution computation of the flow in the vicinity of the vent was obtained by multidomain
sequential calculation to improve the modeling of the radiation signature. The radiation features are examined both by calculating infrared
emission spectra along different lines-of-sight through the plume and with the DSMC modeled emission images of the whole flow field. It
is found that most of the radiation originates in the vicinity of the vent, and non-LTE (non-local-thermodynamic equilibrium) cooling by
SO2 rotation lines exceeds cooling in the v2 vibrational band at high altitude.
In addition to the general shape of the plumes, the calculated average SO2 column density (⬃1016 cm⫺2) over a Pele-type plume and
the related frost-deposition ring structure (at R ⬃ 500 km from the vent) are in agreement with observations. These comparisons partially
validate the modeling. It is suggested that an observation with spatial resolution of less than 30 km is needed to measure the large spatial
variation of SO2 near a Pele-type plume center. It is also found that an influx of 1.1 ⫻ 1029 SO2 s⫺1 (or 1.1 ⫻ 104 kg s⫺1) is sufficient
to reproduce the observed SO2 column density at Pele. The simulation results also show some interesting features such as a multiple bounce
shock structure around Prometheus-type plumes and the frost depletion by plume-induced erosion on the sunlit side of Io. The model
predicts the existence of a canopy shock, a ballistic region inside the Pele-type plume, and the negligible effect of surface heating by plume
emission.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction
Since its discovery more than 25 years ago, the atmosphere of Io remains poorly understood. One of the most
startling discoveries of the Voyager flybys of Jupiter was
the existence of spectacular umbrella-like plumes over nine
points on Io’s surface (Strom and Schneider 1982). Numerical studies of Io’s atmosphere began with the work of
Ingersoll et al. (1985) who first suggested that the sublimation of SO2 gas from frost on the sunlit face and its condensation on the night side could produce supersonic winds
which decelerate through a standing shock wave. Ingersoll
* Corresponding author. Fax: ⫹1-512-471-3788.
E-mail address: jzhang@cfdlab.ae.utexas.edu (J. Zhang).

(1989) later investigated the effects of the patchy nature of
the SO2 frost and found that the only appreciable atmosphere on the dark side is in the plumes of active volcanoes.
Moreno et al. (1991) used computational fluid dynamics
modeling of the volcanic plumes to characterize the nature
of the near-vent features as well as the spread of the downfalling gas over the planet. Lellouch et al. (1992) examined
models of one dimensional atmospheric profiles subject to
different assumptions about heating from a plasma bombardment of the exosphere. Strobel et al. (1994) developed
a radiative-thermal conduction model for the vertical structure of Io’s atmosphere with different heating mechanisms
and near-IR (infrared) and non-LTE (non-local-thermodynamic equilibrium) cooling by SO2 v1, v2, and v3 and rotational lines. They found that Joule heating is the dominant
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Fig. 1. Schematic diagram of the computational features modeled in the plume flow.

heating mechanism in the subnanobar regions of Io’s atmosphere. The effect of plasma bombardment, UV heating, and
IR cooling on a sublimation-driven Ionian atmosphere was
studied by Wong and Johnson (1995) who later extended
their work to a 3-D study of Joule heating and non-LTE
cooling effects on Io’s atmosphere (Wong and Johnson,
1996). Recently, Wong and Smyth (2000) improved the
model by Wong and Johnson (1996) to examine the effect
of the increased plasma heating.
These studies have mostly concentrated on the examination of the sublimation-driven atmospheric flow. However,
many observations are associated with volcanic plumes on
Io. Geissler et al. (1999) examined the Galileo imaging of
atmospheric emission from Io and tested the association of
blue equatorial glows with specific volcanic plumes. Feldman et al. (2000) found preferential absorption of reflected
solar Lyman-␣ emissions by SO2 at Io’s equator in Hubble
Space Telescope (HST) images. They also showed that the
SO2 distribution in the equatorial regions is relatively
smooth on length scales of ⬃200 km or greater. Strobel and
Wolven (2001) determined that only a few volcanic plume
sources near the equator are sufficient to explain the HST
Lyman-␣ observations.
The complexities of modeling volcanic plume atmospheres on Io are discussed by Kieffer (1982), who concluded that a given volcanic reservoir can produce a wide
variety of surface manifestations and the observational con-

straints on Ionian plume characteristics allow a wide variety
of postulated reservoir conditions. There are various approaches to study the dynamics of these volcanic plumes as
summarized by Douté et al. (2002). Rarefied gas dynamics
modeling developed for aerospace engineering applications
is one of the possible approaches. Some regions of the
volcanic atmosphere resemble nozzle flow and hypersonic
jets—typical aerospace engineering applications. The direct
simulation Monte Carlo (DSMC) approach pioneered by
Bird (1994) is a suitable way to model the transitional to
rarefied flows of these atmospheres and incorporate a wide
range of detailed physics. Austin and Goldstein (1995)
presented preliminary results for DSMC models of Ionian
plumes as early as 1995. They examined the nature of the
shocks which develop in the plumes and how the plumes
expand in the presence of a background noncondensible gas.
Austin and Goldstein (1998) also presented the first DSMC
simulations of a sublimation– condensation driven circumplanetary flow as well as high spatial resolution modeling of a volcanic plume. A simple form of non-LTE
infrared radiation from the SO2 rotational levels was incorporated. Austin and Goldstein (2000) presented detailed
calculations of sublimation– condensation driven flows including parametric studies of surface temperatures, the
amount of noncondensible background gas, and energy input from the bombardment of the upper atmosphere by 57
km/s sulfur and oxygen atoms in Jupiter’s corotating plasma
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Fig. 2. Schematic diagram of multidomain sequential calculation.

torus (Spencer and Schneider, 1996). The emphasis of that
work is on the atmospheric structure and the effect of
different parameters on the observable frost deposition. We
have recently extended the previous work by Austin and
Goldstein to detail the gas dynamics, radiation, and transport of fine particulates in volcanic plume flows (Zhang et
al., 2001, 2003a, 2003b).
The first volcanic plume discovered (Strom and Schneider, 1982), Pele, rises more than 300 km above the surface.
Such momentum driven plumes are huge compared to those
found on Earth. One of our goals is to reproduce the height
and the shape of the plumes in the simulations. Another
remarkable feature associated with most volcanic plumes on
Io is the ring deposits. Many Voyager and Galileo pictures
have shown the ring deposition around Pele. As will be
shown in the results, the ring features are also reproduced in
our simulations.
Most of the observations of planetary atmospheres, and
all of those for Io, are via remote sensing of the radiation
produced by, or transmitted through, the gas. Thus, there is
reason to develop advanced techniques to model, in an
integrated way, the gas dynamics of hypersonic volcanic jet
flow along with the radiated signature that may be observed.

Fig. 3. Temperature (left) and Mach number (right) contours with streamlines overlapped for night-side Pele-type plume. The black dashed box
indicates the nonequilibrium low density region A.

Fig. 4. Mass deposition rate profiles at several different surface temperatures for a Pele-type plume.

In the present work we concentrate on modeling the
hypersonic plume flow of Io’s volcanoes. The unique features of the problem distinct from related engineering applications are the significance of gravity (which causes the
plume to fall back upon itself), the gas species (SO2), the
low collision frequencies (seconds-to-minutes between collisions), and the large mean free paths (centimeters to kilometers). Below, we first describe some background on the
basic DSMC approach. We then describe innovations incorporated in our DSMC method, including SO2 vibrational
energy exchange and radiation. Multi-domain sequential
calculation is introduced and discussed. Next, modeling
results and the comparison with the observation data are
presented. Finally, we present spectrally resolved images of
the radiated output integrated along lines of sight through a
plume. These calculations were performed with the
GENSPECT code (Quine and Drummond, 2002). In gen-

Fig. 5. SO2 number density (molecule/m3) contours with streamlines overlayed for night-side Pele-type plume. The black dashed box indicates the
nonequilibrium low density region A. Also plotted on the right is the
vertical column density profile.
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eral, our work emphasizes the relation between the complex
gas dynamics and observable, or potentially observable,
phenomena.

2. Numerical method
An important feature of these volcanic plume flows is the
wide range of flow regimes present, from a virtually continuum regime near the volcano vent (number density of the
order of 1017 molecule/m3 with a vent diameter-based
Knudsen number1 on the order of 10⫺4) to the free molecular regime at high altitude, with transitional flow in between. The DSMC method (Bird, 1994) is the most suitable
choice to model such flows. In the DSMC approach, the
flow is modeled with a large number of simulated particles
which are moved and collided; the flow properties such as
temperature and density are then extracted by sampling and
averaging over all the molecules. The collision model used
in our DSMC method is the variable hard sphere (VHS)
model with necessary parameters chosen for SO2 molecules
from Bird (1994).
Use of the DSMC method has the advantage that it is
relatively easy to include internal molecular energy modes
and a wide variety of physical mechanisms such as chemical
reaction and thermal radiation, without substantially changing the computational algorithm. This advantage will be
demonstrated below. However, computational challenges
may arise too. The time steps required, for instance, sometimes change dramatically from process to process. In the
present work, the computational domain is split into subdomains with different time steps and cell sizes. Radial cellbased weights are used in each subdomain for our axisymmetric problems.
2.1. Flow conditions
The flow conditions and DSMC procedure used in the
simulation of the plume flow are shown schematically in
Fig. 1. The flow is assumed to be axisymmetric and emerging at a uniform velocity from a circular vent centered at the
origin of the symmetry axis. A uniform velocity profile is
reasonable at these relatively high Reynolds numbers (⬃5
⫻ 104) if one assumes pipe-like flow out of a relatively
straight subsurface conduit. The gas jet is assumed to be
pure SO2 since SO2 has been the most frequently identified
molecular species in Io’s atmosphere and is thought to be
the primary atmospheric component and the driving gas for
most of the volcanic plumes (Ballester et al., 1994; Lellouch, 1996; Pearl et al., 1979). The gas is subject to Io’s
gravitational field after it erupts from the vent so the freeflying molecules follow parabolic trajectories. The mole1
Kn ⫽ /d, where  ⫽ a gas molecule mean free path and d ⫽ the
characteristic linear dimension.
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cules escape into space if they cross the upper boundary of
the computational domain (rare) and are reflected by the
outer specular wall when they collide with the circumferential boundary. The assumption of a specular wall at the
outer boundary is not accurate. However, we have shown
that when the outer wall is placed at a sufficient distance
from the vent it has no effect on the flow in the regions of
interest. The surface of Io is assumed to be very rough and
have a sticking coefficient of ␣ ⫽ 1 so the molecules
condense as they contact the surface. On the other hand, the
surface sublimates vapor and the sublimation rate is specified by the equilibrium vapor pressure at the surface temperature (Austin and Goldstein, 1995). Note that although
other combinations of sticking coefficient and sublimation
outflux are possible, our treatment of the sublimation– condensation model is greatly simplified by assuming a sticking
coefficient of 1 regardless of surface temperature. This assumption is quite realistic at surface temperature of less than
110 K (Sandford and Allamandola, 1993). Moreover, it
produces the correct equilibrium vapor pressure and a suitable gas outflux from the ice into a near-vacuum when the
outflux should be independent of the influx. It is understood
that in reality ␣ depends on internal and translational energy
of the incident molecule, impact angle, surface temperature,
and surface structure. Similarly, the distribution of sublimated molecules may depend on the incident stream as well
as surface details. However, detailed knowledge of these
dependences is lacking, and hence we would have to make
assumptions about these variations if they were to be included in the model. Moreover, engineering simulations in
other contexts have shown that details of this nature generally do not alter the mean flow appreciably.
In the next sections we present the modeling of internal
energy exchange and radiation in the gas. Then, three plume
models are presented with either different vent conditions or
different surface conditions.
2.2. Internal energy exchange and radiation modeling
The modeling of IR radiation requires knowledge of the
spatial distribution of the vibrational and rotational populations of SO2. Translational–internal energy transfer as well
as spontaneous emission processes must be modeled. During the gas dynamic computations, it is assumed that the
densities are sufficiently low that the effects of reabsorption
of plume emission on the vibrational and rotational population may be ignored. This assumption is confirmed for the
three vibrational bands by the absorption calculation with
GENSPECT in Section 3.3. The results there show that at
least one order of magnitude higher gas density is needed
before the effects of reabsorption of vibrational bands emission need to be considered. However, this optically thin
assumption for rotational lines is rather crude in the vicinity
of the vent since Lellouch et al. (1992) observed rotational
line saturation at 222 GHz and inferred line opacity on the
order of ⬃1–10 for several nanobar SO2 pressure in the
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Fig. 6. Schematic diagram of flows in the boxed nonequilibrium region A.

temperature range 200 – 800 K. Our vent pressure is 45
nanobar. Also notice that we currently do not consider the
radiative heating of the gas by surrounding hot lava.
The modeling of rotation–translation (RT) energy transfer during collisions between SO2 molecules is performed
using the Larsen–Borgnakke method, and a discrete version
of the method is used for vibration–translation (VT) energy
transfer (Larsen and Borgnakke, 1974; Bergemann and
Boyd, 1994). The Larsen–Borgnakke method is a phenomenological method and the most frequently used approach to
the modeling of internal energy transfer. In this method
postcollision internal energies are assumed to be distributed
according to the local equilibrium distribution functions. It
can also be shown (Bird, 1994) that it is not necessary for
the total collision energy to include the energy of all modes
that are to be subject to redistribution in the collision in the
Larsen–Borgnakke method. A succession of redistributions,
each of which involves only a single internal mode and the
translational mode, can be used. Since SO2 molecules have
three vibrational modes, advantage has been taken of this
serial consideration of each mode in our DSMC model. The
reason for treating the vibrational energy in a quantum
fashion is that the vibrational levels are widely spaced, and

Fig. 7. Velocity distribution profile in a 10 km ⫻ 10 km region centered at
(R,Z) ⫽ (350 km, 100 km). The large peak corresponds to the velocity
distribution of the falling molecules in Fig. 6, while the smaller peak
represents those radially expanding molecules in that figure.

Fig. 8. Contours of photon emission rate (photons/m3/s) of 1 (1151 cm⫺1),
2 (518 cm⫺1), and 3 (1362 cm⫺1) (from left to right) vibrational states of
SO2 near the plume core for night-side Pele-type plume.

at the relatively low temperatures of present interest the
vibrational modes can not be regarded as being fully excited.
Special effort has been placed on modeling the unique
VT relaxation process of SO2 molecules. Those relaxation
processes are discussed extensively in (Bass et al., 1971;
Lambert, 1977; Lambert and Salter, 1957). Experimental
ultrasonic dispersion data in gaseous sulfur dioxide (Lambert and Salter, 1957) show a double relaxation process.
One process corresponds to the combination of the v1 (1151
cm⫺1) and v3 (1361 cm⫺1) vibrational modes, hereinafter
called process one, and the other (process two) corresponds
to the lowest mode v2 (for the band centered at 518 cm⫺1).
We assume that energy flows into both the v1 and the v3
modes via the v1 mode. It has been suggested (Bass et al.,
1971) that the collision relaxation number for process one,
Z1,3, follows the Landau–Teller temperature dependence of
collision number, which predicts log(Z) ⬀ T⫺1/3 for gas
temperature T. We assume a constant value Z1,3 ⫽ 1000 for
the VT relaxation of the v1 and v3 modes: this assumption is
rather crude at the moment and is expected to be improved
in the future. In contrast, Z2 does not follow the Landau–
Teller temperature dependence but reaches a maximum
around T ⫽ 350 K due to preferential orientation require-

Fig. 9. Contours of photon emission rate (photons/m3/s) for 2 (518 cm⫺1)
vibrational state of SO2 for night-side Pele-type plume.
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Fig. 10. Contours of emission (W/m3) from overall rotational lines of SO2
for night-side Pele-type plume.

ments in low-temperature collisions. In the temperature
range of interest (100 – 650 K), the experimental data (Bass
et al., 1971) for Z2 cluster around Z2 ⫽ 300, and we use this
constant value in the simulations. This simple assumption is
justified because the uncertainty in the experimental relaxation data for process two (Z2) does not warrant a complicated curve fit and the variation of Z2 over this temperature
range is small.
There is also non-LTE cooling by spontaneous emission
from these three vibrational bands of SO2. Thermal radiation occurs as a result of radiative transitions between the
internal energy levels of molecules, and the probability for
a molecule to undergo a spontaneous emission is specified
by the Einstein coefficient, Anm, for the transition n 3 m.
These coefficients have been found for the 1 3 0 transition
of the v1, v2, and v3 bands to be 3.5, 0.88, and 44 s⫺1,
respectively (Radzig and Smirnov, 1980). As discussed
above, we assume that the densities of the gas are sufficiently low that the effects of reabsorption of emitted photons on the vibrational populations may be ignored.
For spontaneous IR cooling from the rotational levels of
SO2, we retain the approach of Austin and Goldstein (1998)
in which the cooling is based on a simplified model of
Lellouch et al. (1992), which assumes an optically thin gas,
and the cooling rate R per molecule is given by R
⫽ 4 jBvjSj as an a priori function of temperature, where
Bv is the Planck function and Sj is the line strength of the jth
rotational line. We then remove the energy from each molecule’s continuous rotational energy according to this calculated radiative cooling rate.
The SO2 vibrational spectra were computed from the
flowfields calculated by DSMC as follows. First, number
density and vibrational and translational temperatures were
extracted along the axis of the plume. The data were also
extracted along the 45° line that starts at the center of the
vent. Then, those one-dimensional data were processed using the GENSPECT code (Quine and Drummond, 2002).
This code is a line-by-line radiative transfer code to calcu-
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late gas absorption and emissivity, emission, and transmission for a wide range of atmospheric gases from the near
UV to the far IR. Given information including gas types, gas
amounts, temperature, pressure, path length, and frequency
range for an atmosphere or laboratory cell, the GENSPECT
code computes the spectral characteristics of the gas.
GENSPECT employs a new computation algorithm that
maintains a specified accuracy for the calculation as a whole
by precomputing where a line function may be interpolated
without a reduction in accuracy. The approach employs a
binary division of the spectral range, and calculations are
performed on a cascaded series of wavelength grids, each
with approximately twice the spectral resolution of the previous one.
Line-by-line calculations were performed in this work
using the Voigt profile, which is the convolution of the
Lorentz and Doppler profiles. The relative weighting of the
convolution is controlled by collision widths of spectral
lines, gas pressure, and temperature (Quine and Drummond,
2002). Near the vent collision broadening is more significant, while the line profiles are very close to Doppler at low
pressures.
2.3. Multi-domain sequential calculation
As pointed out above, numerical challenges arise when
trying to include various mechanisms such as non-LTE
thermal radiation into the DSMC calculations. For instance,
the lifetime of the excited v3 vibrational state of SO2 molecules is about 23 ms, so the time step in the calculation of
the radiation from this band should be smaller than 23 ms.
This time step, however, is too small for efficient calculation of v2 radiation, which has a lifetime of about 1 s. On the
other hand, as pointed out earlier, the plume flow experiences a wide range of flow regimes from near-continuum to
free molecular. In the near-continuum regime, we need very
fine spatial and temporal resolution, while in the transitional
and free molecular regimes we do not.
These challenges are common in DSMC and various
solutions have been proposed to overcome them (Roveda et
al., 1997; Gimelshein et al., 2001). A multidomain sequen-

冘

Fig. 11. Close in look at the temperature contours (left) and number density
(molecule/m3) contours (right). The white dashed lines show the interfaces
between regions of different resolutions.
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tial calculation is used in our simulation. This approach is
applicable because the flow is supersonic near the vent so it
is not affected by downstream conditions. The whole domain is split into multiple subdomains and sequential calculations are performed from the inner to the outer domains.
The majority of radiation events in the v1 and v3 bands are
therefore captured with both very fine spatial and temporal
resolution, and those in the v2 band with relatively coarser
resolution. After most of the radiation features are captured
at the core of the plume, an even coarser resolution is
sufficient to calculate the downstream flow field. Fig. 2
shows a schematic diagram of this flow-field decomposition. The calculation parameters (domain size, grids, and
time step dt) and the key observables that drive their choice
in each region are also shown in Fig. 2. The flow field is first
obtained for tiny innermost region 1 with very fine spatial
and temporal resolution to capture the signature of v3 band
radiation. Molecules that cross the upper and right boundaries after steady state has been reached are stored as a
source of input molecules for the calculation of region 2.
During the calculation of region 2, molecules are read in to
give the correct number flux. The process of storing and
rereading molecules between concentric regions is carried
on until the whole flow field has been obtained. In our case,
four steps are necessary.
The calculations were checked for grid and time step
convergence. The sizes and grid structures of each domain
shown in Fig. 2 are for the simulation of a nightside Peletype plume discussed in the following section. These parameters vary and are chosen appropriately for different
plumes, but the storing and rereading procedures for molecules are the same for all simulations. Other computational
details appear in our earlier conference paper (Zhang et al.,
2001).
An additional advantage of this sequential calculation is
the good quality of the solution obtained near the vent
where the Knudsen numbers are very low, while obviating
the expense of carrying the very fine resolution through the
whole domain.

3. Results
3.1. Night-side Pele-type plume
A simulation of a night-side Pele-type volcanic plume on
Io is discussed first because the resulting gas dynamics is
simplest. We have chosen a uniform vent velocity of 1000
m/s for Pele estimated by Strom and Schneider (1982).
Several vent temperatures were tried and 650 K was chosen
since it gives results that are a best fit to the general shape
and deposition pattern of the plume observed by Voyager 1.
Even though recent measurements suggest that the rock
temperature near a vent could be higher than 650 K, the vent
temperature used in the simulations represents the temperature of the gas as it leaves a slightly expanding rough-

walled conduit. The details of the radiation-absorbing gas
dynamics problems are ignored and it is assumed that the
gas has accelerated to roughly Mach 3 while remaining
warm through radiative heat transfer from the hot conduit
wall (Zhang et al., 2003b). The source number density (5.0
⫻ 1017 m⫺3, or pressure of 45 nanobar) was defined by the
lower limit of the gas source rate (⬃1029 SO2 s⫺1) estimated
by Moreno et al. (1991). The night-side surface temperature
was selected to be 90 K in agreement with observation
(Johnson and Matson, 1989). This value is also in the
observed night-side surface temperature range recently reported by Rathbun et al. (2002), who suggested a maximum
of 95 K at equator. Also, following Moreno et al. (1991), the
vent has been assumed to be circular, with diameter of 16.76
km. This relatively outdated value seems to be unreasonably
large and thus questionable. The effect of vent size will be
discussed in Section 4 and further investigated in the future.
Io’s night-side surface temperature of 90 K is very low,
and nearly all the gas that falls to the surface will condense;
the sublimation atmosphere under such conditions is negligible. Fig. 3 shows the calculated Mach number and translational temperature contours with streamlines overlayed. It
can be seen that as the gas erupts from the vent at around
Mach 3, it expands and cools. A canopy-shaped shock is
formed at a height of about 300 km. An interesting aspect of
this canopy shock is that it is formed as a result of the
presence of the gravity field rather than an atmosphere
back-pressure or a deflection introduced by a solid surface
as in most engineering applications. It is also seen that once
the gas expands to high above or far away from the vent
(roughly at Z ⬎ 100 km or R ⬎ 60 km), it becomes almost
collisionless and freezes at ⬃50 K until it reaches the shock.
This frozen temperature region is where one could use a
simple ballistic model to represent the flow. After being
compressed and heated while crossing the shock, the flow
turns outward and expands and cools again as it accelerates
downward. The gas finally falls to the cold ground and
condenses to form a ring of frost. The corresponding mass
deposition rate profile along the surface is shown in Fig. 4.
It is seen that most of the frost deposit is concentrated in a
range from 400 to 600 km. The resurfacing rate is found to
be 0.06 cm/year at the maximum deposition rate assuming
a frost density of 1.5 g/cm3.
Fig. 5 shows the SO2 number density contours of the
flowfield. The vertical column density profile is also plotted
in the figure and the average column density over the plume
out to R ⫽ 700 km is calculated to be ⬃1.1 ⫻ 1016 cm⫺2.
Both the column density near the plume center (⬃1018
cm⫺2) and the average column density over the plume are of
the same order of magnitude as those obtained by Lellouch
(1996). The average column density is about three times
lower than that for Pele obtained by McGrath et al. (2000),
but close to that obtained by Strobel and Wolven (2001) for
the entire surface of Io, based on the analysis of Feldman et
al. (2000).
There is a region indicated by a dashed rectangle (called
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region A) in both Figs. 3 and 5 around (R, Z) ⫽ (350 km,
100 km) where the number density of the flow field is very
low but the temperature seems to be unreasonably high
(⬃1000 K); the temperature at the vent is only 650 K. Since
the number densities in the boxed region A are very low, the
gas is a nearly collisionless mixture of molecules that have
expanded radially outward and those that are falling back to
the surface under the influence of gravity (Fig. 6). Gravity
also turns the radially expanding molecules toward the surface and the mean flow streamlines turn toward the surface
around R ⫽ 300 km. In boxed area A, the velocity distribution is bimodal with two “cold” spikes of very different
radial and vertical velocities. The two modes in the velocity
distribution of the molecules at a point near (R,Z) ⫽ (350
km, 100 km) can be clearly seen in Fig. 7. One set of the
molecules have velocities concentrated around (Vr, Vz) ⫽
(280 m/s, ⫺700 m/s) and the other set are around (Vr, Vz)
⫽ (1100 m/s, ⫺50 m/s). Representing this bimodal distribution by a single kinetic temperature based on the mean
velocity results in the high temperature.
The contours of photon emission rate are shown in Figs.
8 and 9. Fig. 8 shows rate contours in the v1 (1151 cm⫺1),
v2 (518 cm⫺1), and v3 (1362 cm⫺1) bands of SO2 near the
plume core. Fig. 9 shows the contours of photon emission
rate for the v2 (518 cm⫺1) band for the whole flow field. It
is seen that most v1 and v3 band emissions come from a tiny
region around the core of the plume and the gas rapidly
loses its vibrational energy by emission in the v1 and v3
bands but relatively more slowly in the v2 band. The vibrational energy of the gas is not strongly replenished from
translational energy through intermolecular collisions, since
the collision excitation rate is low. Taking the v3 band for
example, the radiative lifetime of the v3 vibrational state is
⬃23 ms but the collision relaxation time at the vent for v3
vibrational–translational energy transfer is ⬃10 s. The gas is
thus in a highly nonequilibrium state and the vibrational
temperatures for the three vibrational modes become very
low by an altitude of ⬃50, ⬃35, and ⬃30 km, for v2, v1, and
v3 bands, respectively.
When the flow reaches the canopy shock, it is again
compressed and heated. The intermolecular collisions become sufficiently frequent and of sufficient relative velocity
that the v2 mode is reexcited and emission from the v2 band
reappears at the shock. However, emission in the other two
bands does not reappear principally because of the lower
vibrational excitation rates (larger collision numbers Zv) for
the v1 and v3 bands (see Section 2.2). No emission appears
in the nonequilibrium region A discussed above because the
two components of the flow have a low level of internal
excitation and there are not enough intermolecular collisions to cause vibrational excitation.
Fig. 10 shows that the emission pattern of overall rotational lines is different from the emission from vibrational
bands: the gas does not lose its rotational energy as quickly
as it does its vibrational energy. Rotational energy is replenished relatively rapidly by collisions since the rotational
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collision number (Zr ⫽ 5) is much smaller than the vibrational collision numbers. The overall emission from rotational lines increases at the canopy shock for the same
reasons as discussed above for vibrational bands.
Based on these results we can now examine the effect of
plume core and canopy radiation on the ground surrounding
the vent. That is, we can ask whether the plume radiation
from vibration and rotation bands is sufficient to appreciably heat the underlying surface. By ray-tracing integration
from each pixel in the plume to the surface, it is found that
the rate at which energy is received by the surface of Io is
⬃0.01 W/m2 at a distance of a few tens of kilometers from
the edge of the vent. The rate is higher (⬃1 W/m2) closer to
the hot column of gas directly over the vent. Hence, the
results suggest that the additional heating of the surface by
plume emissions is not important at tens of kilometers away
from the edge of the vent.
A close-up look at temperature and number density contours in Fig. 11 also shows that the decrease of translational
temperature immediately above the vent is caused to a large
extent by vibrational band emission rather than by gas
expansion. It is seen that, at the core of the plume, the
number density does not change much to an altitude of
about 20 km, where the expansion wave from the edge of
the vent reaches the axis, but the translational temperature
drops appreciably. The streamlines and the interfaces between subdomains are also plotted in the figure. The properties are satisfactorily smooth across the computational
interfaces.
3.2. Day-side Pele-type plume: the impact of a
sublimation atmosphere on the plume
A day-side Pele-type plume is considered next. The vent
conditions are the same as those for the night-side plume.
The surrounding surface temperature was set to 115 K,
which is in the range of the day-side Io surface temperature
(⬃110 –130 K). There will be appreciable sublimation from
the surface of Io at this temperature and the atmosphere2
formed by sublimation will change the volcanic plume flow
field dramatically as the plume falls and interacts with it.
Fig. 12 shows a comparison of Mach number contours
between day-side and night-side Pele-type plumes. It is seen
that the flow fields look similar below and at the canopy
shock but quite different as the gas that crosses the canopy
shock falls to the ground. A reentry shock is formed in the
day-side plume as the result of the interaction between the
falling gas and the sublimation atmosphere. Such a shock is
not seen in the night-side plume. The plotted streamlines
show that for the day-side Pele-type plume the sublimation
atmosphere is dense enough to split the falling gas into two
parts: the outer part is reflected up and turned further out-

2

Scale height H ⫽ RT/g ⯝ 8.3 km.

190

J. Zhang et al. / Icarus 163 (2003) 182–197

Fig. 12. Comparison of Mach number contours between day-side (left) and
night-side (right) Pele-type plume.

ward while the inner part is turned inward toward the
symmetry axis.
A parametric study was carried out to examine the nature
of the impingement of the falling hypersonic gas onto a
sublimating surface in greater detail. Several different surface temperatures around 108 K were examined and three
such flowfields are compared in Fig. 13. It is found that the
interaction between the impinging hypersonic gas and the
atmosphere is quite sensitive to the surface temperature and
the flow structure around the interacting region changes
dramatically even for a small change in the surface temperature (105 to 111 K). At a surface temperature of 105 K, the
sublimation atmosphere is not dense enough to decelerate
and turn the falling gas so that most of the falling molecules
are simply pouring onto the ground and condense unimpeded. A small part of the falling gas from the very top of
the canopy does, however, get turned by the atmosphere as
indicated by the outermost streamline. Here the gas density
and thus the dynamic pressure are low.
The amount of the falling gas that is decelerated and
turned becomes larger as the surface temperature rises and
the sublimation atmosphere becomes more dense. This
trend is clearly shown in the figure. Most of the gas is turned
either inward or outward and the reentry shock begins to
form at a surface temperature of 111 K. This surface temperature of 111 K is interpreted as the critical temperature at
which the sublimation atmosphere vapor pressure is just
high enough to balance the stagnation pressure behind a
nearly horizontal reentry shock. This interpretation was
confirmed by a similar parametric study performed for a
plume of 10 times lower vent number density, in which case
the critical surface temperature defined above is first estimated to be 104 K, and the prediction works quite well.3
The resulting surface deposition patterns, corresponding
to the flowfields shown in Fig. 13, are plotted in Fig. 4. At
low surface temperatures, the falling gas simply pours onto
the surface and condensation dominates to build up a deposition peak centered at R ⫽ ⬃500 km. As the surface
temperature increases, the SO2 frost begins to be eroded
below the turning point of the impinging flow. We believe

3
As a side note, it is also found that the 10 times lower vent number
density plume retains more translational energy to rise higher and expand
wider due to the reduced rate of intermolecular collisions and radiation
losses.

that both the outward and the inward turning flows entrain
the upper part of the sublimation atmosphere, which results
in a (surprisingly) slightly lower surface pressure than the
equilibrium vapor pressure; this causes the depletion of SO2
frost from the surface by sublimation. A close-up view of
the turning region is also plotted in the insert in Fig. 14. The
streamlines originating from the surface indicate the depletion effect. At an even higher surface temperature, the
depletion becomes dominant and the deposition rate becomes negative from R ⫽ ⬃400 to 640 km. This is the same
vent-centered ring where the peak deposition rate is located
at low surface temperatures. These results suggest a possible
change of the surface deposition pattern over the span of a
day. We are presently computing the diurnal average deposition pattern.
The results may also shed some light on the mechanism
of the temporary (10 –20 min) posteclipse brightening on Io
(Binder and Cruikshank, 1964). It has been suggested (Nelson et al., 1993) that the brightening is caused by the
condensation of atmospheric gases during the eclipse and
their evaporation following emergence from shadow causes
Io to assume its nominal brightness. However, it was found
(Nelson et al., 1993) that removal of the SO2 frost by solar
heating alone is a very marginal explanation of even a 5%
posteclipse brightening event, and an additional source of
energy is required in order to remove the SO2 frost in the

Fig. 13. Number density contours of the flow fields with different surface
temperatures. Notice the formation of a well-defined bounce region at
higher temperature.
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requisite amount of time. Our results above indicate that a
volcanic plume does indeed have the ability to remove local
regions of the SO2 frost. As discussed above, the falling gas
works as a “pump” and keeps blowing away the sublimation
atmosphere established by solar heating. This pump maintains a locally lower surface pressure than the equilibrium
vapor pressure. One could also see that the rate of frost
removal for our simulated Pele-type volcanic plume is, in
fact, much larger than that for solar heating under certain
conditions. For example, the rate of frost removal in the ring
about our plume with surface temperature ⬃110 K is about
an order of magnitude larger than that near the subsolar
region over a sheet of frost at a subsolar temperature of
⬃110 K (Austin and Goldstein, 2000). It has been suggested
(Fanale et al., 1981; Nash et al., 1980) that the posteclipse
brightening effect occurs only during periods of intense
volcanic activity. So we suggest that, instead of being an
additional source of energy only, local erosion by volcanic
plumes may be a significant cause of the frost removal
during the posteclipse period.
The contours of photon emission rate for a day-side
Pele-type plume are very similar to those of a night-side
plume, especially around the plume core and the canopy
shock, and thus are not presented in detail. However, another relatively bright spot is seen below the reentry shock
in emission rate contours. This feature is illustrated in Fig.
15, which shows the emission contours from overall rotational lines. As at the canopy shock, the temperature and
number density are both high at the reentry shock and
intermolecular collisions become so frequent that rotational
and vibrational temperatures of the gas increase again so the
gas reemits.
3.3. Spectra Results for a Pele-type plume
We next consider the spectra for different infrared bands
of SO2 that originate from the deexcitation of different
vibrational modes. Figs. 16 and 17 show IR spectra for the
1 band for day-side and night-side Pele-type plumes, respectively. Here and below, spectral resolution was 10⫺4
m. Relatively higher vibrational temperatures of the dayside Pele plume cause its radiation intensity to be slightly
higher. The vibrational temperature of the first vibrational
band in the DSMC computations was essentially zero for
altitudes higher than 35 km. That means that the molecules
are primarily in the ground vibrational states at those altitudes, 1 emission does not occur at high altitudes, and
absorption is the only process that affects the spectra. However, the low number density at high altitudes causes the
plume to be nearly transparent (see Figs. 18 and 19 that
show the fraction of radiance absorbed). Thus, nearly all
emissions generated by the lower, hot plume core make
their way to the top unabsorbed. The total emission for the
viewing angle of 0° (parallel to the vent axis) is estimated to
be 7.5 · 106 W/sr. As Figs. 16 and 17 show, the radiation
intensity depends only slightly on the viewing geometry;
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spectra along a 45° line to the symmetry axis are only
slightly different in magnitude from that for the 0° line.
Similarly, the total emission for a 45° viewing angle is
approximately the same as for 0°.
The emission and absorption spectra for the 3 band of a
Pele-type plume are shown in Figs. 20 and 21, respectively.
Both the axis of symmetry and the 45° line are represented
in these figures. The main conclusion is that, similar to the
1 band, the intensity only depends weakly on the viewing
geometry and is only slightly affected by sublimation from
the surface. However, the absorption for the 3 band is
higher than for the 1 band, with a maximum absorption
value of about 13% along the symmetry axis of the day-type
plume.
3.4. Day-side Prometheus-type plume
Another type of plume on Io is a Prometheus type, which
is much smaller than the Pele type, but more common. Six
out of nine plumes detected by Voyager 1 were of the
Prometheus type (McEwen and Soderblom, 1983). As suggested by Kieffer et al. (2000), Prometheus is likely not a
geyser like Pele but more likely caused by molten lava
impinging on a thick SO2 frost field. The source region for
the Prometheus plume has moved 60 km between the times
of Voyager and Galileo. Even so, the nature of the plume
itself remains fairly constant. The Prometheus vent velocity
is likely around 500 m/s and the vent temperature is less
than 400 K (McEwen and Soderblom, 1983); for the simulations we chose 500 m/s and 300 K, respectively. The
surrounding surface temperature was set to a warm day-side
value of 115 K.
As expected, in our simulations the plume is much
smaller in size than Pele. The Prometheus-type plume
reaches an altitude of only ⬃120 km. However, the flowfield features are qualitatively similar to those of Pele. Fig.
22 shows the temperature and Mach number contours of a
day-side Prometheus-type plume. One can see that the canopy-shock and the reentry shock present in the day-side
Pele-type plume also appear in the day-side Prometheustype plume. A new and interesting feature appears, however, where multiple concentric rises and falls of the flow
are seen. As the flow is compressed by the reentry shock and
reflected up, it expands and cools. The upper parts of the
flow are pulled down by gravity and the flow is recompressed to form another reentry shock further out. This
process may be repeated several times. This feature may be
common to both day-side Prometheus-type and Pele-type
plumes. Figs. 12 and 14 above show the development of the
same features but the multiple shocks are truncated by the
limited size of the computational domain.
The emission contours are plotted for the 2 vibrational
band and overall rotational lines in Fig. 23. The features in
both contours look quite similar to those of a Pele-type
plume except for the smaller scale. It is also seen that the
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Fig. 14. Pressure contours of day-side Pele: whole flow field (below) and
turning region (inset).

multiple rises and falls of the flow discussed above are
visible in the overall emission from the rotational lines.
3.5. Further comparisons with observation data
Pele is a plume of a very large size that can even be
observed from the Earth, so it has been observed extensively. Voyager 1 measured the canopy height of Pele at
⬃300 km, and the measured deposition ring diameter is
about 1200 km. With the vent parameters chosen, we obtain
reasonably good agreement with the Voyager observations
of Pele both in the height and the diameter of the plume.
Both the column density near the plume center and the
average column density over a night-side Pele-type plume
are of the same order of magnitude (⬃1018 and ⬃1016
cm⫺2, respectively) as those obtained by Lellouch (1996)
from SO2 microwave observations. The column density
drops from its peak value at the plume center to one order
of magnitude lower within ⬃30 km, so observation resolution has to be smaller than 30 km to measure the large

Fig. 15. Contours of emission (W/m3) from overall rotational lines for
day-side Pele-type plume.

Fig. 16. Spectral radiance of 1 SO2 band of day-side Pele-type plume for
different lines of sight.

spatial SO2 variation around plume center. The agreement
in column density also justifies our chosen influx (1.1 ⫻
1029 SO2 s⫺1 or 1.1 ⫻ 104 kg s⫺1) at the vent because
gas-dynamic similarity exists, which means that the number
density contours are expected to simply be scaled up by
roughly two orders of magnitude if we use a two orders of
magnitude higher influx (⬃106 kg s⫺1) as Moreno et al.
(1991) did. That is, our plumes are already sufficiently
dense such that rarefaction effects would little alter the
central density contours. Therefore, if we ignore radiative
coupling to the gas-dynamics in the plume core when the

Fig. 17. Spectral radiance of 1 SO2 band of night-side Pele-type plume for
different lines of sight.
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Fig. 18. Absorption spectra of 1 SO2 band of day-side Pele-type plume for
different lines of sight.

Fig. 20. Spectral radiance of 3 SO2 band of Pele-type plume for different
lines of sight.

gas density increases, the column density profile will probably also be scaled up by two orders of magnitude.
The column density profiles for day-side Pele- and
Prometheus-type plumes are plotted in Fig. 24 for comparison with the night-side profile. The column density profile
for an undisturbed sublimation atmosphere at a surface
temperature of 115 K is also plotted. It is seen that the
sublimation atmosphere at a surface temperature of 115 K
contributes appreciably to the column density and dominates at locations ⬃100 km away from the vent. The average column densities for our modeled day-side Pele and
Prometheus plumes are 7.61 ⫻ 1016 and 7.55 ⫻ 1016 cm⫺2,

respectively, which appear to be a little high compared to
the three subsolar column densities (⬃1– 4.5 ⫻ 1016 cm⫺2)
obtained by Feldman et al. (2000) for three observations.
This probably suggests that the modest subsolar surface
temperature of 115 K we assumed may in fact be a little
high. A lower subsolar surface temperature is sufficient to
reproduce the subsolar column densities obtained by Feldman et al. (2000) since the average column density for the
night-side plume is already close to their values. So, these
results tend to downplay the role of sublimation on the day
side and favor our focus on modeling the volcanic atmosphere. Similarly, Lellouch et al. (1992) inferred from SO2

Fig. 19. Absorption spectra of 1 SO2 band of night-side Pele-type plume
for different lines of sight.

Fig. 21. Absorption spectra of 3 SO2 band of Pele-type plume for different
lines of sight.
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Fig. 22. Temperature (left) and Mach number (right) contours of day-side Prometheus-type plume. The white dashed lines show the interfaces between
regions of different resolutions.

microwave observations lower subsolar pressures than the
equilibrium value at the assumed subsolar surface temperature of 130 K.
The observed and simulated deposition patterns also
agree reasonably well. The ring deposition around Pele
forms the most dramatic surface marking on Io and can been
seen in many published images of Io. As shown in the
results above, our simulation of a night-side Pele plume
suggests a very concentrated deposit in a ring with inner and
outer diameters of ⬃800 and ⬃1200 km, respectively,
which agrees very well with the observations. When the
Pele plume is on the day side, the deposition pattern is quite
different (Fig. 4). As shown in our simulation, both the
inward and the outward turning flow could deplete some
frost from the ring deposited at night and create deposits
further inward and outward. If one looks closely at the
Galileo image of the Pillan plume at almost zero SZA, one
can apparently see such outward turning flows of the plume
on both sides. Voyager 1 images showed very diffuse northern and eastern margins of the dark ring around Pele. It was
suggested (Strom and Schneider, 1982) that these diffuse
areas were caused by the deposition of a lateral extension of
the Pele plume beyond the main umbrella. It may also be
explained by our results: the northern region around the Pele
plume is much closer to the equator and warmer. The
equatorial sublimation atmosphere is therefore strong
enough to turn the flow outward to produce a lateral extension and make the deposition more diffuse. However, as
discussed above, comparison with observations tends to
downplay the role of sublimation on the day side so this
explanation is only tentative. Another candidate for diffusing the ring could be the interaction between Pele’s plume

and the volcanic plumes from the nearby equatorial volcanoes.
The most exciting result may be the similarity between a
shock at the top of the Pele plume suggested by Strom and
Schneider (1982) and the canopy shock present in our simulation. The ultraviolet smoothed brightness images of Pele
showed a bright top. Its shape strongly resembles that of our
simulated canopy shock. Strom and Schneider suggested
that this bright envelope may be the result of a concentration
of particles at a shock front. Our simulations indicate that
such a canopy-shaped shock should be present. In a separate
study of the behavior of very fine (⬃0.01– 0.1 m) particles
in the same plume, we find a concentration of particles at the
shock front (Zhang et al., 2003a; Moore et al., 2003). There
are also other observations that may relate to the canopy
shock. In an attempt to reproduce the atomic sodium number density profiles observed at high altitude by Schneider et
al. (1991a), Moses et al. (2003a) obtained sodium densities
that seem to be too high at high altitude. In their model,
plume dynamics is ignored so that there is no shock at high
altitude as in our results. If one accounts for the rapid
slowing of the upward moving SO2 and entrained sodium
through the canopy shock, the low sodium number density
observed at high altitude by Schneider et al. (1991a) may
well be reproduced. We are currently investigating this
possibility.
We also modeled the more common Prometheus-type
plume. For this smaller plume the vent conditions are relatively weaker and, as shown above, we choose the vent
velocity and temperature to be 500 m/s and 300 K, respectively. Again, these produce reasonably good agreement

Fig. 23. Emission (W/m3) contours from 2 vibrational band (left) and overall rotational lines (right) of day-side Prometheus-type plume. The white dashed
lines show the interfaces between regions of different resolutions.
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Fig. 24. Column density profiles for Pele- and Prometheus-type plumes
with column density of undisturbed sublimation atmosphere at surface
temperature of 115 K overlayed.

with observations of both the height and the diameter of the
plume.

4. Conclusions and discussion
Two types of volcanic plume on Io are modeled using the
DSMC method. One is a large Pele-type and the other is
small Prometheus-type plume. For the Pele-type plume,
results are obtained for both day side and night side. We
only present day-side results for the Prometheus-type
plume. Radiation processes with different time scales are
captured using a multidomain sequential calculation. A high
resolution computation of the plume core is obtained at the
same time.
A canopy-shaped shock appears in all the calculated
plumes and the reentry shock is present only in day-side
plumes as the result of the interaction between the falling
gas and the sublimation atmosphere.
Radiation signatures are examined both by GENSPECT
calculations and DSMC calculated photon emission rates. It
was found that most of the radiation originates in the vicinity of the vent. The emission from the three vibrational
bands dominates there but stops at an altitude of ⬃50 km.
Radiative cooling mostly continues in the rotational lines at
high altitude. Similarly, in their modeling of the vertical
thermal structure of atmosphere on Io, Strobel et al. (1994)
suggested that at high altitude non-LTE cooling by SO2
rotation lines exceeds cooling in the 2 vibrational band.
The effect of gas absorption at high altitude is small so the
intensity in the plumes only depends weakly on the viewing
geometry and is only slightly affected by sublimation from
the surface. The additional heating of the surface by plume
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emissions is found to be unimportant beyond a few tens of
kilometers away from the edge of the vent.
Comparisons are made with Voyager 1 and Galileo data.
Good agreement between the calculated heights and diameters of the plumes is obtained. Column densities are found
to be of the same order of magnitude as the observations by
Lellouch (1996). Agreement is also obtained between the
calculated and observed deposition pattern. The modeling
results show that the ring deposition occurs mainly during
the night and ring erosion may occur in different regions
during the day. The erosion effect is likely larger closer to
the equator. Also, the scouring below a reentry shock seen
in our results may provide an explanation of the fast frost
removal after Io reappears from eclipse. The presence of the
canopy shock in the modeling plume provides a strong
corroboration to the suggestion that the bright envelope that
appears in a Voyager 1 image of the Pele plume may be
caused by a concentration of particles at a shock front. The
radiative features at the canopy shock in the modeled plume
also encourage one to look for such features in observations
as evidence of the collisional nature of the gas dynamics.
The vent size we used (diameter, d ⫽ 16.76 km) appears
to be quite large compared to that suggested by Kieffer
(1982). However, this does not invalidate our results in the
far field since even a vent as large as the one we modeled
will appear to be a point source. Consider the following:
when studying the effect of different vent diameters, to
ensure agreement with observations of plume height, resurfacing rates, and the resulting average column density, one
needs to maintain a constant source rate and velocity. The
vent number density should be proportional to d⫺2 under
such conditions. Thus, the mean free path at the vent is
proportional to d2 and the Knudsen number to d. So, there
is a smaller Knudsen number— closer to a continuum
flow—for a smaller vent, and this helps maintain the far
field similarity. However, the coupling of radiative transfer
to the gas dynamics in the near field does need more careful
investigation. Preliminary simulations suggest that the
plume height and the shape of the density contours far from
a vent of d ⫽ 2 km with the same source rate (⬃1029 SO2
s⫺1) and vent velocity are almost the same as those for a
large vent. Much smaller vent diameters may produce some
variation, however.
The vent temperature we used for the Pele-type plume
gives a best fit to the plume shape and deposition pattern at
the fixed vent velocity. The lower the vent temperature, the
smaller the plume. For example, a vent with the same
parameters as those for the Pele-type plume but a vent
temperature as low as 150 K would produce a plume with
diameter of ⬃400 km and a deposition ring peaked at R ⬃
300 km, which are not consistent with observations. A best
fit temperature as high as 650 K may not be surprising and
will be further justified in a forthcoming publication. An
upper limit for the reservoir temperature (1820 K) is estimated by assuming isentropic expansion from the reservoir
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to the vent at Mach ⬃3. A lower limit of 650 K is obtained
by assuming isothermal expansion below the vent.
Spencer et al. (2000) found that the Pele plume may
contain as much as 30% S2. The inclusion of S2 in the
modeled Pele-type plume at this concentration may affect
the magnitude of the radiation but hardly alters the gas
dynamics. Our preliminary multispecies plume results confirm this.
Our future efforts will focus on the effects of a nonunity
sticking coefficient, the examination of vent size sensitivity,
the consideration of plasma bombardment, and fine particulates and condensation within the plumes.
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