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[1] In addition to being the major source of neutral gas and dust particles for the Saturnian
E‐ring and, ultimately, heavy ions for the Saturnian inner magnetosphere, Enceladus
exhibits geological activity that has made it an object of recent intensive study. The interest
has significantly increased after Cassini flybys in 2005 provided a detailed map of its
surface, showing that most of its activity occurs in a region around the south pole
of the satellite. Dust jets that were discovered during the flybys can be related to a set of
localized gas sources that dominate the supply of material into the rarefied atmosphere of
Enceladus. A comprehensive data analysis involves developing physical models that
include all major processes occurring in the atmosphere. Such models can be used not only
for calibration and understanding of data already available, but also could have a practical
application for planning upcoming flybys. This work presents the results of the development
and application of a kinetic model of the Enceladus’ atmosphere consisting of a gas
described in terms of its distribution function. The paper describes the basic principles of the
model and gives a comparisonwith the observational data obtainedwith Cassini instruments.
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1. Introduction

[2] Due to its small size and proximity to Saturn that
complicates ground based observations, our knowledge of
Enceladus, an icy Saturnian satellite discovered in 1789,
was very limited for a long time.
[3] The Voyager 1 spacecraft was the first to study

Enceladus. During its journey through the Saturnian system,
the first images of the Enceladus’ surface [Terrile and Cook,
1981; Buratti et al., 1990] were obtained. The absence of
visual topographic features on its highly reflective surface
and the fact that it consists mostly of water ice was an
unexpected result. These features suggest that significant
tidal heating [Smith et al., 1981; Meyer and Wisdom, 2007]
and possible volcanic activity [Squyres et al., 1983; Owen
et al., 1986; Dermott and Thomas, 1994] has led to recent
resurfacing.
[4] It was known for a long time that Enceladus orbits

[Harper and Taylor, 1993] within the E‐ring, the outermost
Saturnian ring located between 3RU and 8RU and composed
[Showalter et al., 1991; Hillier et al., 2007] mostly of small
icy particles with an average size of ∼1mm. During the
Voyager 1 mission it was found that the position of Enceladus
is located [Baum et al., 1981] in the region of maximum
brightness of the ring.

[5] Assuming Enceladus to be the major source of
material for the E‐ring, Terrile and Cook [1981] estimated
that the dust production rate of the order of ∼0.1 g s−1 is
required to maintain the present density of the ring. More
recently, Enceladus was linked to the existence of a sub-
stantial OH cloud that was found [Shemansky et al., 1993;
Hall et al., 1996; Jurac et al., 2002] with HST observations
at a distance of ∼4.5RU from Saturn.
[6] Voyager 2 images of Enceladus’ surface have indi-

cated [Squyres et al., 1983] the existence of regions with
highly varying geological ages as evidenced by the distri-
bution of craters on its surface. Using images obtained with
the Imaging Science Subsystem (ISS) onboard of Cassini,
Porco et al. [2006] have determined the radius of Enceladus
to be 252 km and the mean density of r = 1.6 g cm−3.
[7] During the 2005 flyby, the Cassini spacecraft

approached [Porco et al., 2006; Brown et al., 2006; Spencer
et al., 2006; Dougherty et al., 2006; Spahn et al., 2006]
Enceladus and passed within 175 km of its surface. This
allowed a direct measurement [Jones et al., 2006; Waite
et al., 2006] of its dusty gas environment with instruments
onboard of the spacecraft. The atmosphere of Enceladus was
found [Waite et al., 2006] to consist mostly of water with
some fraction of CO2, CO and/or N2, and CH4. Gas pro-
duction is concentrated in the south pole region, in the
vicinity of long cracks, the so called “Tiger stripes”, dis-
covered [Porco et al., 2006] from Cassini images. The cracks
are characterized [Spencer et al., 2006] by an anomalously
high surface temperature. Locations of regions with a higher
surface temperature can be related to the origin [Hansen
et al., 2008] of the observed gas and dust jets.
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[8] In this paper we have developed models for numerical
reconstruction of the atmosphere of Enceladus to explain the
data collected with the Ultraviolet Imaging Spectrograph
(UVIS) [Hansen et al., 2006] and the Ion and Neutral Mass
Spectrometer (INMS) [Waite et al., 2006] instruments. First,
the multi‐plume semi‐analytical model was used to deter-
mine parameters of Enceladus’ gas production by fitting
INMS and UVIS data. Then, a test particle Monte‐Carlo
model is used to check the importance of Enceladus’ gravity
in determining the density distribution within its atmo-
sphere. The principal difference of the models presented
here from those developed by other authors [Jurac et al.,
2002; Waite et al., 2006; Burger et al., 2007; Tian et al.,
2007; Matson et al., 2007] is a fully three‐dimensional
treatment of the atmosphere that allows us to include a set of
gas sources located at the points of origin of the observed
jets [Porco et al., 2006; Spitale and Porco, 2007].
[9] The INMS data presented in this paper contains an

overall factor of three correction upward that has been found
since the initial report by Waite et al. [2006].

2. Model Study of Neutral Components
in Enceladus’ Atmosphere

[10] Due to the low density everywhere except the
innermost vicinity of the vents, the gas can be considered to
be collisionless. As a result, methods of computational fluid
dynamics are not applicable here and the flow must be
studied by solving [Aristov, 2001] the Boltzmann equation.
All the models developed to date actually solve some form
of the Boltzmann equation with different variations of the
Monte Carlo approach.
[11] A model reproducing the INMS data was presented

by Waite et al. [2006], where the total gas production was
split between a localized source around the south pole
region and a uniform source over the whole surface of
Enceladus. Assuming the value of the bulk speed in the
flow to be about 400 m s−1, fitting of the observational
data yielded a uniform source rate on the order of S1 ≈
1.2 × 1026 s−1. The rate of gas production due to a source
concentrated around the south pole of Enceladus was esti-
mated at a temperature of T = 190 K to be about S2 ≈ 1.7 ×

1026 s−1. Variation of the temperature in a range from 140 K
to 270 K introduces a variation of 20% to the source
strength. The total gas production rate was found to be in the
range from S ≈ 1.7 × 1026 to 5.0 × 1026 s−1.
[12] A test particle Monte‐Carlo model of a neutral gas

distribution in Enceladus’ atmosphere was presented by
Burger et al. [2007], where the gas production is considered
to be split among a spherically uniform source and a source
localized around the south pole. The first one accounts for
water injected uniformly from the surface of Enceladus and
a background torus, in which the density was assumed to be
∼1.6 × 104 cm−3. Simultaneously fitting the INMS and
UVIS data, water production rates of S1 ≈ 8 × 1025 s−1 and
S2 ≈ 1028 s−1 were obtained for the uniform and localized
sources, respectively.
[13] Studying the distribution of density within the OH

torus obtained with HST observations, Jurac et al. [2002]
have found that a water source rate of 3.75 × 1027 s−1 is
required to maintained the observed torus density. Using a
Monte Carlo model of the neutral torus, Richardson and
Jurac [2004] suggests the value of 1028 s−1 for the water
source. Direct ejection of water should account for [Tokar
et al., 2006] about 80% of the total OH source.
[14] An analysis of the UVIS data set by Hansen et al.

[2006] indicates that the total water escape rate is at least
5 × 1027 s−1. Using a test particle Monte‐Carlo approach to
simulate the UVIS data, Tian et al. [2007] later determined
the total escape rate of water to be ∼(4–6) × 1027 s−1.
Mechanisms of possible origin of the minor species in the
plume are considered by Matson et al. [2007].
[15] In addition to studying the neutral distribution

directly ejected from Enceladus, a Monte Carlo approach
has also been used to simulate formation of a torus that is
composed of products of water photo‐dissociation and is
located in the vicinity of the Enceladus’ orbit. The results of
those efforts are described by Johnson et al. [2006] and
Jurac et al. [2002].

2.1. Semi‐Analytical Multi‐Plume Model

[16] Currently available data of the gas production is not
sufficient to formulate unique boundary conditions that
would allow one to reproduce uniquely the volume distri-
bution of the gas’ microscopic parameters in the atmosphere
of Enceladus. For this reason, an analysis of the available
data requires developing a fitting procedure that is based on
some assumptions on a structure of boundary conditions and
allows reconstruction of the data observed with the UVIS
and INMS instruments.
[17] Studying the Cassini Composite Infrared Spectrom-

eter (CIRS) data, Spitale and Porco [2007] have determined
positions of jet source locations that are listed in Table 1. In
our model, gas vents are associated with those locations.
Production of the gas injected into the atmosphere of
Enceladus is due to the vents together with a spherically
uniform source, for which parameters are obtained by fitting
to the available data.
[18] A numerical simulation of the density distribution has

shown that the gas is in a collision dominated regime only in
the innermost region around the vents, which allows them to
be considered independently. Due to a high collision rate,
the gas becomes thermalized in the vicinity of a vent. Since
the primary interest is the density distribution at distances

Table 1. Position and Direction of Enceladus’ Dust Jetsa

Source Tiger Stripe

Position
on the Surface

Direction
of the Dust Jets

Lat.b W. Lon.b
Zenith
Anglec

Azimuth
Angled

I Baghdad 81.5 31.2 9.7 228.7
II Damascus 79.2 313.2 6.8 93.8
III Damascus 81.2 294.2 30.2 83.2
IV Alexandria 73.2 148.4 3.7 110.0
V Cairo 78.7 72.6 6 229.8
VI Baghdad 87.1 237.0 10.2 187.6
VII Baghdad 74.7 28.9 20.8 352.5
VIII Cairo 82.1 115.5 6.8 127.7

aThe table is taken from Spitale and Porco [2007].
bLatitudes (Lat.) are planetographic and longitudes (W. Lon.) increase

toward the west.
cZenith angle is measured in degrees between the vertical direction and

the direction of the plume.
dAzimuth angle is measured in degrees clockwise from local north (that

is, eastward to an observer standing on the surface facing north).
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that are much larger than the characteristic size of the
collision‐dominated region around a vent, each of them is
considered here as a point source with an injected gas
distributed according to a convected Maxwell‐Boltzmann
distribution in the form f (v) = Ap exp(−b2(v − vp)

2), where
b =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m=2kTp
� �q

, Ap is a normalization constant, Tp and vp
are the temperature and the bulk velocity of the gas flow in
the vicinity of the vent, respectively. This represents the
state of the gas in the innermost vicinity of each vent.
[19] Expansion of a gas from a point source can be

described analytically by solving the Liouville equation.
Since the mean molecular speed in the flow exceeds the
escape speed of Enceladus (235 m s−1), in a first approxi-
mation the gravity force can be excluded from consider-
ation. That allows each jet to be axially symmetrical. This
greatly simplifies the problem and minimizes the number of
free parameters.
[20] It is more convenient to consider each jet in a

spherical coordinate frame originating at the jet location and
with the ẑ‐axis coinciding with a direction of the jet. Taking
azimuthal and zenith angles to be � and �, respectively, the
velocity distribution in the vicinity of a vent can be
expressed as fp(v, �, � ) = Apv

2 exp(−b2((v sin � − vp)
2 +

v2 cos2 � ))cos �, where Ap and vp are the normalization
constant and the bulk speed associated with the jet, respec-
tively. The normalization constant is related to the value of
the production rate of the jet Fp =

R
vfp(v, �, �)d�d�dv.

The density due to the jet outside of the vent can be evaluated
as np(r, �, �) = r−2

R
fp(v, �, �)/cos �dv, where r is the distance

from the origin of the vent.
[21] The requirement for non‐intersection of the surface

by an injected particle, (v(�, �), rp) ≥ 0, limits the variation
of azimuthal and zenith angles. Here, v(�, � ) is the velocity
of an injected particle, rp is the location of the vent in a
coordinate frame related to the center of Enceladus and (·, ·)
is a scalar product of two vectors.
[22] In the model presented here, eight independent vents

listed in Table 1 and a uniform source are used to describe a
gas production of Enceladus. Each vent is characterized by
temperature, production rate, direction and bulk velocity of
a gas flow in its innermost vicinity. The density distribution
due to a spherical source is taken in the form of n(r) = c0 +
c1/r

2, where c0 and c1 are empirical constants that have to be
found by a fitting procedure, and r is the distance from the
center of Enceladus.

2.2. Test Particle Monte Carlo Model

[23] The most important force that governs motion of gas
molecules outside of a vent is the gravity of Enceladus. The

analytical approach for the density distribution cannot
account for the gravity because it will destroy the axial
symmetry of a jet implicitly embedded into the model.
[24] To check the effect of gravity on the distribution of

macroscopic parameters within the Enceladus’ atmosphere,
we have developed a test particle Monte‐Carlo model that
can simulate the density distribution using parameters
obtained by the semi‐analytical multi‐plume model.

3. Results and Discussion

[25] We use the semi‐analytical model to determine the
parameters of the jets and the spherical source by fitting
them to known profiles of number and column densities. In
the following, we will use two sets of data to fit the model
that will be referred to as case 1 and case 2. In case 1, the
model parameters are determined by fitting to the original
INMS E3 and E5 and UVIS E2 data. In case 2, the INMS E3
and E5 data were first preprocessed with a sticking model
[Teolis et al., 2010] that accounts for the temporary sticking
of water molecules inside the INMS antechamber in front of
the closed source.

3.1. Semi‐Analytical Multi‐Plume Model

[26] The model was used to fit parameters of eight inde-
pendent plumes and a uniform spherical source for both
cases. Positions of the plumes [Spitale and Porco, 2007] are
listed in Table 1 and were fixed. Parameters of the Maxwell‐
Boltzmann distribution and direction of each plume were
determined by a fitting procedure.
[27] Source rates of the uniform spherical source for

both cases are listed in Table 2 and vary in the range
S1 ≈ (3.6–4.7) × 1025 s−1, which is compatible with those
obtained by Waite et al. [2006] and Burger et al. [2007].
[28] The total production rate of the plumes for the cases

considered falls in the range S2 ≈ (2.6–4.2) × 1028 s−1.
Dominated by the plumes, the resulting value of the total gas
production rate into the Enceladus atmosphere, S = S1 + S2,
exceeds that of Waite et al. [2006] but is in a good agree-
ment with a source rate obtained by Burger et al. [2007],
Jurac et al. [2002], Tokar et al. [2006], Hansen et al. [2006]
and Tian et al. [2007]. Obtained with the fitting procedure,
directions of the plumes are very close to those determined
by Spitale and Porco [2007].

Table 2. Total Plume and Spherical Source Rates

Case Spherical Sourcea Plume Sourceb

Case 1c 3.6 × 1025 4.2 × 1028

Case 2d 4.7 × 1025 2.6 × 1028

aThe gas production is measured in s−1.
bThe Plume Source is a sum of production rates of all plumes and is

measured in s−1.
cCase 1 is a fit to the original INMS E3, E5 and UVIS E2 data.
dCase 2 is the fit to the sticking model processed INMS E3, E5 data and

the original UVIS E2 data.

Table 3. Model Parameters of the Most Important Plumes for
Case 1a

Plume
Source
Rateb

Bulk
Velocityc

Opening
Angled

Zenith
Anglee

Azimuth
Anglef

I 1.1 × 1028 6.1 × 102 37 4.7 209
II 4.9 × 1027 7.0 × 102 26 5.0 73.8
III 5.6 × 1027 7.0 × 102 27 25 63.2
VII 1.9 × 1028 7.0 × 102 36 16 12.5

aThe model is fitted to the original INMS E3, E5 and UVIS E2 data.
bA plume sources rate is measured in s−1.
cBulk velocity of a gas in a plume in a vicinity of the surface is measured

in ms−1.
dOpening angle is defined by equation (1) and is measured in degrees.
eZenith angle is measured in degrees between the vertical direction and

the direction of the plume.
fAzimuth angle is measured in degrees clockwise from local north (that

is, eastward to an observer standing on the surface facing north).
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[29] Comparing parameters of individual sources, we have
concluded that it is plumes I, II, III and VII that have the
most contribution to the model results. Parameters only of
those four plumes are presented in Tables 3 and 4. Although
the other plumes do not contribute significantly to the
present results, their input to the entire atmosphere is not
necessarily negligible. It is possible that the influence of
other plumes will dominate measurable data in other regions
of the atmosphere and will be found during future flybys.
But currently, there is no information that would allow
determination of their parameters. For this reason, an estimate
of the density distribution based on the upper limits for pro-
duction rates of those plumes (Table 5) could be important for
planning future flybys.
[30] Even though the description of the semi‐analytical

multi‐plume model is given in terms of the first moments of
a Maxwell‐Boltzmann distribution function, instead of gas
temperature it is an opening angle, a, that is used to char-
acterize the plume in Tables 3 and 4. The reason for this is
that the fitted temperature might be determined by local
features of a vent that are not known. As a result, it is more
illustrative to describe a plume in terms of an opening angle

� ¼ tan�1 vt=vp; ð1Þ

which defines a cone that contains most of gas molecules
injected by a plume. Here, vp is a bulk speed of a gas flow
injected by a plume, which is a parameter of the fitting
procedure and vt =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kTp=mH2O

p
is the mean thermal speed.

[31] The values of the opening angle obtained with the
model are in a good agreement with those obtained from
UVIS observations. Based on those observations, [Hansen
et al., 2008] determine a value of vp/vt = 1.5. This gives
the opening angle, a, being about 34 degrees, which is
consistent with the results of the model.

3.2. Test Particle Model

[32] Since gravity was excluded from consideration in the
semi‐analytical multi‐plume model, it is necessary to check
whether this assumption is valid. To do this, a test particle
model was developed. Using parameters obtained with

the semi‐analytical multi‐plume model, the density was
recalculated. An example of such calculations is presented
in Figure 1. Figure 1 shows a water density distribution in a
plane that contains both, a trajectory of the spacecraft and
the origin of a coordinate system related to the center of
Enceladus. It can be seen that in the southern hemisphere,
the density profile is dominated by the plumes. An
enhancement of water density in the north pole region of
Enceladus was an unexpected result of the simulation. As
assumed before, the effect of gravity on high‐speed particles
can be neglected within the region of interest. But for those
particles that compose the low energy part of the velocity
distribution spectra, gravity is the force that determines its
trajectory. The density enhancement that is seen in Figure 1
is due to particles with speed about or less than ∼100 m s−1.
[33] A comparison of results obtained with both models is

presented in Figure 2. The agreement of density profiles
obtained with two different methods shows that calculation
of the density distribution in the southern hemisphere at
typical flyby distance does not require accounting for the
gravity force. On the contrary, a numerical simulation of a
density distribution in the northern hemisphere requires
accounting for the gravity force and has to be performed on
a basis of kinetic theory in fully 3D geometry.

4. Conclusion

[34] The parameters of our semi‐analytical model have
been constrained by consistency with the original set of
input Cassini data. Comparisons with the number and col-
umn densities for both cases are presented in Figures 3, 4
and 5. It can be seen that in the southern hemisphere out-
side of the area of the closest approach, the model results are
within factor of ∼2 from the input data. The fitted profile
gets closer to the reference data with an increase of a dis-
tance between the spacecraft and Enceladus. Assuming that
gas production does not change significantly over time, this
implies that additional localized sources with smaller pro-
duction rates than those of the considered plumes or some
other atmospheric processes are important in the vicinity of
Enceladus.
[35] The parameters used in the fitting procedure of the

semi‐analytical model are the first three moments of a
Maxwell‐Boltzmann distribution function. More physically
correct and, possibly, realistic in terms of predicted density
distribution, would be simulation of a gas in the vicinity of
the vent instead of assuming a Maxwell‐Boltzmann velocity

Table 4. Model Parameters of the Most Important Plumes for
Case 2a

Plume
Source
Rateb

Bulk
Velocityc

Opening
Angled

Zenith
Anglee

Azimuth
Anglef

I 2.1 × 1026 6.4 × 102 30 9.0 223
II 7.8 × 1027 7.0 × 102 29 8.7 73.8
III 5.8 × 1027 7.0 × 102 26 25 63.2
VII 1.3 × 1028 5.2 × 102 42 17 12.4

aThe model is fitted to the sticking model processed INMS E3, E5 data
and the original UVIS E2 data.

bA plume sources rate is measured in s−1.
cBulk velocity of a gas in a plume in a vicinity of the surface is measured

in ms−1.
dOpening angle is defined by equation (1) and is measured in degrees.
eZenith angle is measured in degrees between the vertical direction and

the direction of the plume.
fAzimuth angle is measured in degrees clockwise from local north (that

is, eastward to an observer standing on the surface facing north).

Table 5. Upper Limits of Source Rates of Plumes for Cases 1
and 2a

Plume Case 1b Case 2c

IV 3.0 × 1027 2.1 × 1027

V 6.4 × 1027 3.5 × 1027

VI 1.5 × 1027 1.2 × 1027

VIII 6.7 × 1027 2.6 × 1027

aPlume sources rate are measured in s−1.
bThe model is fitted to the original INMS E3, E5 and UVIS E2 data.
cThe model is fitted to the sticking model processed INMS E3, E5 data

and the original UVIS E2 data.
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Figure 1. Distribution of water number density in a plane that contains trajectory of the spacecraft
(the vertical black line) and an origin of a coordinate system related to the center of Enceladus. Presented
distribution is obtained with the test particle Monte Carlo model for conditions corresponding to (a) E3
and (b) E5 flybys.
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distribution. That could be done [Combi, 1996; Crifo et al.,
2005; Tenishev et al., 2008] by solving the Boltzmann
equation. The drawback of such an approach is a dramatic
increase in computational cost in comparison with models
presented here, together with the need for additional
development of a model that would describe the interaction
of gas flow with walls in a vent. At this point of our
knowledge of Enceladus, such models can be only empiri-
cal. In other words, introduction of additional model para-
meters that are not determined from measurements will be
required. That would not only complicate the global model,
but also would raise a question of physical relevance of
chosen values of the parameters.
[36] As noted above, the semi‐analytical model allows us

to calculate density within the atmosphere based on a set of
model parameters obtained by a fitting procedure. It was
found that only four sources contribute the majority of the
gas measured by INMS E3 & E5, and the UVIS occultation.
This doesn’t mean that others sources are negligible in the
global picture but rather that there is not enough information
as yet to determine their parameters. But in the region
nearby the considered trajectories and in the lines of sight of
the UVIS column density measurements, other sources
probably are not important. Given the consistency with the
measurements, it is reasonable to conclude that the model
produces a reasonably close general picture of the density
distribution within the atmosphere of Enceladus and places
reasonable estimates onto the source rates and opening
angles of some of the major vents.
[37] The three flybys necessarily sample the plumes at

both different times and different locations. Therefore the
model, which is applied to all the data, is limited in pro-
viding a time‐averaged picture of the global distribution.

Examination of the individual model/data comparisons from
flyby to flyby does show that some general conclusions of
about the long term variability can be drawn. The model
best fits the E3 INMS data, but is generally higher than the
E2 UVIS data and lower than the E5 INMS data. This would
indicate a possible long‐term variability of the individual
plumes caused by a change of their production rates or
orientations.

Figure 2. Comparison of model density profiles along (a) E3 and (b) E5 trajectories obtained with the
test particle model and the multi‐plume model fitted to the sticking model processed INMS E3, E5 and
UVIS E2 data.

Figure 3. Water column density along the E2 trajec-
tory. Comparison of the model result with the UVIS
measurements.
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Figure 4. Water number density profiles along (a) E3 and (b) E5 trajectories. The model profile is
obtained by fitting the original INMS E3, E5 and UVIS E2 data.

Figure 5. Water number density profiles along (a) E3 and (b) E5 trajectories. The model profile is
obtained by fitting the sticking model processed INMS E3, E5 and the original UVIS E2 data.
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