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Observations by NASA’s Cassini spacecraft show that Enceladus, the sixth largest moon of Saturn, has cry-
ovolcanoes on its south pole as well as a global subsurface ocean beneath Enceladus’s icy crust. Photographs from
the Imaging Science Subsystem (ISS) cameras aboard Cassini during flybys of Enceladus show cryovolcano
plumes. The images are taken in several filters and with linear polarizers at various angles and orbital positions.
Light scattered by the plume particles and observed by Cassini may provide information about the plume

composition and potentially the dynamics of the ocean below. Here, we remove the coupling between orbital
position and scattered plume intensity as well as analyze ISS data using light scattering models and the Q-space
method. We suggest that the plume particles are generally larger than two microns in radius and nonspherical in

shape.

1. Introduction

Enceladus is the sixth largest of Saturn’s many moons and is situated
in Saturn’s E-ring. The E-ring is the most diffuse of the rings as it is
comparatively dim yet covers a large volume [1-3]. Saturn has over one
hundred confirmed moons, and these all apply forces to Enceladus at
varying amounts along its orbit [4]. Enceladus is thus geologically
active, caused by a surplus of internal energy due to tidal friction [5].
Like Earth, this internal energy is released via volcanism, though unlike
Earth, the cryovolcanoes on Enceladus are congregated near the moon’s
south pole [6].

Moreover, Cassini found evidence that Enceladus has a subsurface
ocean [7,8]. As Enceladus is situated past the solar system’s ice line,
which lies between Mars and Jupiter, its surface is entirely frozen. This
means that Enceladus is a rocky body with a global ocean, all enveloped
by an icy crust. Given that the origin of life on Earth is thought have
occurred at the hydrothermal vents, Enceladus is thus of interest as a
possible host for life due to the similar geology [9,10].

In 2004, the Cassini spacecraft first observed these cryovolcanoes, or
geysers, whereafter, further flybys were conducted. In the literature, the
words geysers and cryovolcanoes are used interchangeably, as there is
no conclusive evidence thus far on the nature of the eruption mecha-
nism, which is what differentiates the terms. It is known, however, that
they are not like terrestrial volcanoes, emitting a mixture of ice, dust,
and gas as opposed to lava and ash [11]. Studies have attempted to es-
timate the size and shape of the plume particles, using methods like mass
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spectroscopy and plume particle trajectory calculations [6,12-14]. Most
studies that involve light scattering analysis model the plume particles
as spheres, or sphere-like shapes such as ellipsoids or aggregated spheres
[10,15-17]. Yet, the frozen character of the particles suggests more
complex particle morphology which is supported by our study below.

Whereas most light scattering analysis plots scattered intensity I vs
scattering angle ©, see Fig. 1, Q-space analysis plots intensity against the
scattering wave vector, defined as:

q = 2ksin (%) &)

where k = 27 is the wavenumber and X is the wavelength.

Plotting the scattered intensity versus q on a log-log plot reveals
power-law descriptions of the scattering with length scale dependent
crossovers between power-law regimes. It also systematically describes
the magnitude of the scattered intensity and the interference ripple
structure that often forms the foundation of those power laws [18]. The
analysis can apply to many particle shapes, from spheres, cylinders, and
fractal aggregates to more complex geometries. Q-space analysis un-
covers hidden information and can be used to estimate particle size and
sometimes shape as well.

Q-space analysis can be helpful in remote sensing problems because
Q-space analysis focuses mainly on data behavior and is not as affected
by high error in the measurements. This work applies Q-space analysis to
the cryovolcano observations of Enceladus. It is known that smaller
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plume-particles escape to Saturn’s E-ring and larger particles fall back to
Enceladus’ surface [11,19]. Water ice [20,21], nitrogen and
oxygen-bearing compounds [22], sodium salts [23], silica [24],
ammonia hydrate [13,14], and more recently, phosphates [25] and HCN
[26], have all been detected, but many unanswered questions about the
particles remain. The size distributions and possible particle geometries
found by different studies vary, and no clear consensus exists. An
improved understanding of the cryovolcano plumes may provide further
insight for the subsurface dynamics.

2. Coupled data

Our data is taken from [27], where the Cassini ISS Narrow Angle
Camera (NAC) plume photos are analyzed and intensities from the pixel
values in the images are calculated. However, these intensities are in
terms of Equivalent Width (EW), which is a niche quantity primarily
used in planetary ring studies.

EW is often used because it accounts for the background subtraction
of other illuminated objects, as well as issues such as a celestial object
being smaller than the resolution of the detector.

The EW can be treated as an intensity, even though it has different
units. It is defined as an integral of the reflectance of the scatterers in a
cloud of particles and uses the fact that the power received by a detector
must be equal to the power scattered by the cloud. See [28] for a more in
depth explanation and derivation. As mentioned in [19,29], the EW can
be defined as:

oo~ [Lanty— VoQaP 0

2)

Where N is the number of particles, Ayis the cross-sectional area of
each particle, Qs is the scattering efficiency and P(0) is the phase
function. I is the intensity (radiance) measured at the detector, and F is
the incident solar flux, also known as irradiance, making I/F the
reflectance of the scatterers.

The authors of [27] measure the I/F values in a line of pixels
perpendicular to Enceladus’ rotation axis and then multiply by the
projected pixel size, perpendicular to the line of sight at the distance to
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the Enceladus center, in km. Therefore, x is the distance along the line of
pixels, so EW is given in units of km. As the plumes are optically thin, the
EW accounts for all the light from the particles in a horizontal plane one
projected pixel thick at the altitude of the line of pixels in the image, at
an altitude of 100 km.

Using the formulas for the scattering quantities such as the scattering
efficiency Qscqand phase function P(8)allow us to reduce the EW further
[30].

CSC(I
Qo = A, 3
471'511 (@)
Po) = L2
and P(6) Ci @
Combining Egs. (2)-(4) and simplifying gives:
I NA,5 4781, (0)
EW(O,N) — / Fxdy = —2 ®)
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Eq. (6) is now in terms of the S11 element of the Mueller scattering
matrix, which can be calculated by the light scattering simulation codes,
Amsterdam Discrete Dipole Approximation (ADDA) and T-Matrix [31,
32]. This is necessary for comparing the satellite data to light scattering
simulations. This reduction also removes the particle area term, which is
an unknown quantity. The wavenumber k is known because the central
wavelength A of each filter is known. The number of particles, N, creates
a problem, however, as the particles present in an image are not
countable, a complication addressed below.

2.1. Reduction

As Cassini flies by Enceladus multiple times, the satellite records data
at multiple orbit locations. The mean anomaly M of Enceladus can be

SATURN

FLYBY PATH

Fig. 1. Geometry of the Sun-Enceladus-Cassini-Saturn system where the eccentricity of Enceladus’ orbit has been exaggerated for clarity. Saturn orbits the sun,
Enceladus orbits Saturn, and during a flyby, Cassini orbits Enceladus. Relative to Enceladus, Cassini has a hyperbolic orbit with a large eccentricity, causing the orbit
to appear almost as a straight line. Enceladus is pictured at the apocenter of its orbit around Saturn for clarity, as well. Enceladus is situated within Saturn’s tenuous
E-ring and is not as distant as the diagram depicts. The phase angle « is the Sun-Enceladus-detector angle, and the scattering angle © is the angle through which
sunlight is scattered. Thus, we see that ©=180° - «. The cryovolcano plumes on Enceladus are most visible at scattering angles of ©<40°, but images are recorded

over a much larger range of angles.
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thought of as where Enceladus is around Saturn if its elliptical orbit is
mapped to a circle with one constant average speed. Since Enceladus has
a low eccentricity of 0.005 [29], its mean anomaly is very similar to its
true anomaly. Mean anomaly of M = 0° is defined to be at periapsis, and
M = 180° is defined as being at apoapsis. Plotting EW versus M, Fig. 2
below, shows the systematic behavior of the plumes as Enceladus orbits.
One might assume that if the only mechanism for increasing cry-
ovolcanic activity is tidal forces from Saturn, then the greatest EW
should be at periapsis, as that is when Enceladus is closest to Saturn.
However, models such as [33] show that the stress on the faults of
Enceladus’ South Pole may peak near apoapsis. The fact that the EW
peaks when Enceladus is furthest from Saturn implies that there are
multiple effects causing the cryovolcanoes to erupt beyond simple tidal
heating from Saturn.

The variation in EW between years likely comes from several sour-
ces, including Enceladus’ 2:1 resonance with Dione [34,35]. Other
possible sources may include Saturn’s orbit around the sun or internal
factors such as the structure of the vents (Ingersoll et al., 2020). Orbital
resonances compound tidal forces, and often are sources of large
amounts of internal energy, especially in the case of Enceladus where
there are so many bodies in Saturn’s ring system [5]. However, because
Saturn’s rings contain many bodies, it is difficult to calculate all the tidal
forces acting on Enceladus at different times. One Saturn year takes 29.5
Earth years, and the planet precesses as it orbits [36]. As Enceladus is in
the plane of Saturn’s rings, Saturn’s precession causes Enceladus to enter
and exit the orbital plane of the solar system. Although, the effects of
Saturn’s orbital eccentricity and obliquity are much smaller than the
effects of the other moons such as Dione [29].

The variability of EW within a single Enceladus orbit, which takes
around 34 h [37], comes from the slight variation in the moon’s distance
from Saturn as well as the positions of the other moons. As the orbital
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distance changes, so does the strength of the tidal forces acting on
Enceladus. Regardless of the source of the variation, Fig. 2 resembles a
sinusoidal curve, and thus it is necessary to analyze the intensities ac-
counting for this behavior.

Here we assume that the plume intensities vary with respect to M due
to the changing tidal forces. The forces enhance or suppress the cry-
ovolcano activity at certain points in the orbit, so that the intensity data
is coupled with position. Ideally, EW should be a function only of ©, but
rather, it is a function of both © and N, see Eq. (6). Particle number, N,
varies both on the short timescale of Enceladus’s orbital period and the
much longer, roughly decadal timescales comparable to the duration of
Cassini’s mission at Saturn as discussed in [27,29]. Thus, the pixel in-
tensities are dependent on the activity of the cryovolcanoes. The more
active they are, the more particles are present in the detector’s line of
sight, meaning that the images contain higher intensities. In other
words:

EW(®,N) = EW(N) x EW(®) @]

This must be uncoupled before any further light scattering analysis.
In this work, this is done by deriving a correction factor from the 2017
data in Fig. 2 to apply to data throughout the mission.

In Fig. 3, we fit the 2017 data from Fig. 2 with a polynomial of order
15. Data from 2017 is used because the 2017 curve is nestled between
the other years, implying a possible near average value in the decadal
variability of the tidal forces. It also contains 1704 out of the total
~2500 data points, meaning high resolution for the fit. This specific
polynomial was chosen by using Mathematica’s built in fitting function,
“Fit”, and iterating through every order up to order 30. Order 15 was
chosen by checking the residuals, and picking the lowest order poly-
nomial that gave acceptable residuals and displayed convergence. This
method is inspired by the one used in [27].

. « 2006
. « 2009
. 2012
.
,c-:'M,-,’ . 2015
R

:Q;\ . 2017
: %,
1)

Fig. 2. Equivalent Width EW as a function of mean anomaly M as collected and analyzed by (Ingersoll et al., 2020). Each color represents a different year’s dataset. If
EW was only dependent on © and not M as well, the above plot would look random. Also, if the increase in cryovolcano activity as demonstrated by EW was only due
to Saturn, there would be a maximum at M = 0° Instead, the nature of the second peak is currently unknown, but likely due to a combination of tidal forces and

vent phenomena.
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Fig. 3. The 2017 data from Fig. 2 now plotted and fit with a high-order polynomial curve. The fit is calculated using Wolfram Mathematica’s built-in fitting function
[38]. The fitted curve represents the behavior of the cryovolcano activity with respect to orbital position, and accounts for tidal resonances and other variable forces

Enceladus experiences during its orbit.

To uncouple the data, we assume the number of particles, N, depends
on the mean anomaly M due to tidal forces. As M is a measured quantity
and N is not, only EW(M) is known, not EW(N(M)). We assume EW(M) to
depend linearly on N.

EW(M) = CN(M) ©))
where C is some constant.

We define a new quantity, “New Equivalent Width”, or EW’, to
demonstrate the elimination of the mean anomaly dependence.

/. EW(O,N)
We can combine Egs. (8) - (9) into Eq. (10).
EW(0) = c’w (10

Plugging in Eq. (6) for EW(O,N) and simplifying results in Eq. (11),
where EW’ is now only a function of © and has no dependence on the
orbital position of Enceladus nor the number of particles present in the
plume.

7811(0©)
k2

Therefore, by dividing every years’ data by the equation of the fitted
curve in Fig. 3, EW(M), the particle number dependence is no longer an
issue. If the EW was only a function of N (or M), then dividing by the
curve in Fig. 3 would reduce everything to 1. However, this does not
happen because of the scattering angle dependence.

This reduction works only if the behavior of the resulting curves is
considered such as the slopes in certain regimes, not the actual values of
EW’ due to the constant that was introduced. Q-space analysis
commonly utilizes normalized intensity values, meaning that the
introduction of the constant C will not complicate this analysis.

EW(©)=C

(1)

The EW’ versus O plot in Fig. 4(b) is much cleaner than the 2017 plot
of the original averaged data, Fig. 4(a). To apply the curve reduction in
Fig. (3) to other years, the errors are binned by scattering angle. This
accounts for the narrow range of angles measured in the 2017 data and
allows application to years with smaller angles. Error sources include
Cassini instrument error, error from reduction of the images, and the
fitting and division of the curve. The error is propagated, using the de-
viation of multiple points at a single scattering angle as a basis of the
Cassini instrument error at each angle bin. The curve fits better at some
points than others which is accounted for using the root-mean-square
error (RMSE). Points outside three standard deviations of the mean
are considered outliers and removed.

The data sets with the smallest recorded scattering angles are 2006
CLR, 2009 CLR, 2012 CLR, and 2012 BL1. The Cassini CLR filter is
centered at A=611 nm, whereas the BL1 filter is centered at A=451 nm
[39].

3. Q-SPACE analysis

The four data sets with the smallest measured scattering angles are
plotted in Fig. (5). Small angles offer insight into the so-called Guinier
regime, which allows for simple estimation of the average particle size
by identifying the Guinier point, or where the points plateau at the
smallest angle [42]. These plots do not show such behavior, however,
implying that the particles are larger than the minimum inverse q pre-
sent in the data. Here, the smallest q is gmin = 0.43pm’1, corresponding
to particle radii >1/qmin= 2.3 pm. The particles in Enceladus’ plumes are
most likely present in a size distribution as opposed to being mono-
disperse. This simple length-scale argument sets the minimum average
radii for the particles in the distribution to be greater than 2.3 um.

In [10], the plume particles are assumed to follow power law size
distributions of dN/dR = R™Y. For their preferred case of ¢ = 3, they
determine that the median radius in terms of scattering cross-section to
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b) reduced
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Fig. 4. The EW 2017 data from Fig. 2, before and after the division of the curve in Fig. 3, now plotted logarithmically against ©. Plot (a) has duplicate scattering
angle measurements averaged to a single point. Plot (b) has outliers removed. After this removal, the error ranges from 20 to 40 % of the EW’ value and is shown as
the gray band. Plot (a) does not resemble a typical light scattering curve due to its high amount of scatter between the points. Plot (b) is cleaner and follows the
expected shape of a light scattering curve. Unfortunately, the 2017 data does not contain measurements at very low ©. The y-axis values differ due to the constant

that was introduced in the reduction.

be 1.206 um, with 90% of the particle radii in the distribution to be
between 0.274 and 8.028 pm. However, in a secondary case with g = 4,
the median radius is found to be lower at ry;,.4= 0.488 pm with 90 % of
the cross-section in particles with radii between 0.134 and 2.771 pm.
The scattering cross-sections are converted into particle radii via Mie
simulations, meaning the particles are assumed to be spheres. The au-
thors of [10] use a much different functional form for the modelled size

a) 2006 CLR
100}
10|
1} 3
: slope=-1.7
0.100!
0.010|
0.2 05 1 2 5
c) 2012 CLR
10| ~N

0 100: slope=-18

0.010

0.2

distribution, assume the particles are spherical or oblate and prolate
spheroids, and find a mean volume-equivalent sphere radius of 3.1 pm.
While the results of this paper are similar to the particle sizes determined
in the aforementioned papers, Q-space analysis of size is shape inde-
pendent [41].

Another important quantity for Q-space analysis is the internal
coupling parameter of a sphere p’,

b) 2009 CLR
10. \\‘
s
1} vl
O 100 S|Ope:-14
0.010}
0.2 05 1 2
d) 2012 BL1
™~
10} \\\
\\O-M\
1 Y
! slope=-1.8 \*
0.100}
0.010}
0.2 05 1 2 5

Fig. 5. The datasets with the smallest measured scattering angles as plotted on a log-log scale in Q-space. The 2006 observations in the CLR filter have a minimum
scattering angle of 2.4°, and the 2009 CLR, 2012 CLR, and 2012 BL1 data sets have minimum angles of 4.11°, 6.76°, and 4.15° respectively. The slopes of the plots
(a)-(d) are —1.7, —1.4, —1.8, and —1.8. These slopes imply a possibility of the particles being fractal aggregates or hexagonal columns, according to [40,41], but more

work is needed to justify such conclusions.
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(12)

where R is the radius of a sphere and m is the complex refractive index
[43].

When p’ <1, the electromagnetic coupling within a particle is weak.
In other words, internal multiple scattering is weak, and thus the scat-
tering is in the Rayleigh-Debye-Gans limit, which corresponds to
diffraction from the volume of the particle. The Rayleigh-Debye-Gans
limit, sometimes called the Rayleigh-Debye-Gans approximation, re-
fers to scattering by optically soft particle, or when the refractive index
of the particle is similar to the surrounding medium [30]. As p increases,
so does the coupling and the scattering corresponds then to diffraction
from the particle’s projected area (profile), i.e. 2D diffraction, see [42].

The p’ parameter is helpful to compare slopes of different particles in
Q-space by separating them into coupling regimes. Assuming the par-
ticles in the cryovolcanoes are ice (m = 1.309 + 7.096 x 107°% at
A=0.611 pym) [44], and constraining R > 2 um, gives p’ > 7.92.
Comparing to Fig. 1 in [40] shows that these particles potentially are not
spherical, as spheres have slopes of —2 in p’ regimes less than 10, and the
slopes from the Cassini data range from —1.4 to —1.8. Even if the par-
ticles are not ice, spheres follow the same general behaviors in Q-space
regardless of m. Spheres with p’=8 with varying refractive indices are
plotted below (Fig. 6), with lines of slope=—2 and —3 for reference. A
solid line with slope —1.7 is also plotted, as a reference to the curves in
Fig. 5. Slopes between —1 and —2 have been found to occur for various
types of irregular particles such as Saharan dust or minerals [41].

Journal of Quantitative Spectroscopy and Radiative Transfer 322 (2024) 109018

4. Conclusion

The Q-space approach is especially useful in remote sensing prob-
lems, and its simple nature makes it ideal for space applications. This
work removes the particle number effect on Enceladus’ intensity mea-
surements and applies Q-space analysis to the data. Using the Q-space
method, the particles are constrained to be greater than 2.3 pm in size
and have been shown to likely not be spherical in that size range.

Future work envisions simulating possible particle shapes and size
distributions in ADDA and T-matrix and comparing the results to the
reduced data to improve conclusions about the plume properties from a
light scattering perspective.
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Fig. 6. Spheres of varying refractive indices from silica to liquid water and water ice [44], plotted in Q-space with normalized intensity for p’=8 . These substances
were chosen because they may be present in the plumes. A curve for m = 1.1 + 0i is also plotted, to show that the slopes are not dependent on m even for low m.
These were simulated in Philip Laven’s MiePlot [45] using A=611 nm (Cassini’s CLR filter), and varying R. Slight size distributions (20 % variation) were used to
reduce the interference ripples. This plot builds off Fig. 1 in [40], which finds that spheres in various p’ regimes have slopes of —2 and —3, regardless of R. It is
important to note that solid materials with m < 1.1 are not naturally occurring [46].
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