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Abstract. On 2008, July, the Cassini/VIMS spectrometer detected spokes on the Saturn’s
B ring for the first time. These are the first measurements of the complete reflectance spec-
trum of spokes in a wide spectral range (0.35-0.51 µm). Until now, only one spoke, imaged
by VIMS on July 9th, has been studied in some details. The spectrum is consistent with a
population of spheroidal water ice particles with a quite wide size distribution centered at
about 1.90 µm (modal radius), i.e. substantially greater than previously thought. This result
is obtained, after accurate spatial analyses, by means of radiative transfer modeling of the
reflectance spectral contrast of the spoke, making no assumptions about the B ring micro-
physics. A number density of about 0.01-0.1 grains/cm3 is also deduced. If confirmed, the
unexpected abundance of micron-sized grains may have implications for the spoke physical
models, since the amount of energy required for the spoke formation increases by about one
order of magnitude. This kind of observations may also constrain the size selection effects
thought to be produced by the forces governing the spokes’ evolution.
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1. Introduction

Spokes are broad or elongated markings which
occasionally appear on the Saturn’s rings,
usually across the outer part of the B ring.
They have been discovered in Voyager im-
ages during the 1980-81 flyby (Smith et al.,
1982), then repeatedly detected in a long-
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term HST campaign (McGhee et al., 2005),
and finally re-observed by the Cassini ISS
camera since September 2005 (Mitchell et al.,
2006). Several insights about their nature have
been deduced from the statistical analysis
of available observations, but the process of
their formation is not yet fully understood
and still debated (e.g., Farmer and Goldreich,
2005; Morfill and Thomas, 2005; Jones et al.,
2006). They are known to appear more fre-
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quently near Saturn’s equinoxes, in the morn-
ing ansa of the rings. They form on a time scale
of the order of minutes and fade away in few
hours. They are usually located not far from
the synchronous orbit radius, where the keple-
rian velocity of the ring particles equals the ro-
tation velocity of the Saturn’s magnetic field.
Anyway the spokes do not follow pure gravi-
tational orbits, since they always appear coro-
tating with the magnetic field. Finally, they are
visible at both ring sides, but their reflectance
changes substantially with the solar phase an-
gle, since they are darker than the surround-
ing ring at low phase angles and brighter at
high phase angles. These evidences, collected
in the last decades, made widely accepted the
idea that the spokes are a dusty-plasma phe-
nomenon, caused by the electrostatic levitation
of very small ice particles usually deposited on
the surface of the boulders which form the ring
Goertz and Morfill, 1983. However, the pro-
cess which triggers the charging of the boulder
surfaces and the subsequent grain levitation is
not yet determined. Two main processes have
been proposed so far: the micro-meteoric bom-
bardment on the rings and the lighting from
thunderstorms in the Saturn’s atmosphere. In
both cases, the variation of the plasma environ-
ment in which the rings are dipped is invoked
to explain the seasonality of the spokes appear-
ance. An increase of incident sunlight, for ex-
ample, can inhibit the spoke formation since
the associated increase in the photoelectrons
production negatively charges the plasma near
the rings, preventing the levitation. In the case
of lighting-induced spokes, further sources of
temporal variability are related to the thunder-
storm frequency and to the local thickness of
the ionosphere.

All the spoke observations available until
now were obtained in a limited spectral range.
Only six spectral filters were available to the
Voyager ISS cameras (between 0.35 and 0.59
µm). HST/WFPC2 spokes observations used
5 filters between 0.34 and 0.81 µm. Cassini
ISS cameras cover about from 0.2 to 1.1 µm
in 18 or 24 filters. The images acquired by
the Visual and Infrared Mapping Spectrometer
(VIMS) on board the Cassini spacecraft are
therefore the first spoke observations at wave-

lengths longward of 1.1 µm. The spectra, rang-
ing from 0.35 to 5.1 µm and acquired since
July 2008, cover the main water ice absorption
bands, making these observations very useful
in constraining the spoke grains microphysics
(D’Aversa et al., 2010).

2. The VIMS instrument

VIMS is an imaging spectrometer covering the
0.35-5.1 µm spectral range in 352 spectral 32
channels. It is able to produce 64x64 pixels
images with two distinct channels (VIMS-V,
0.35-1.05 µm, and VIMS-IR, 0.85-5.1 µm). We
refer to the paper of Brown et al., (2004) for
an exhaustive description of the main instru-
mental issues. Each VIMS spectrum has been
accurately georeferenced, by means of specific
NAIF-SPICE (Acton, 1996) based algorithms,
and calibrated following the standard pipeline
(McCord et al., 2004) with the latest available
upgrades (2009). The main source of measure-
ment errors for the VIMS spectra of the rings
is the spatial resolution, which makes the size
of the pixel footprints of the same scale length
as the variation of the radiative field.

3. The spoke

In this work we illustrate the analysis of a sin-
gle spoke, observed by VIMS on 2008, July 9th

(cube 1594203306), shown in Fig. 1 at 2.23
µm. A ring-plane projection of the same im-
age is shown in fig. 2, where the reflectance
profiles of the resolved ringlets have been nor-
malized to unity in order to enhance position
and shape of the faint spoke. The scene is il-
luminated 6◦ over the ring plane, and viewed
from 24◦ elevation with a spatial resolution of
about 390 km/pixel in the radial direction and
940 km/pixel in the azimuthal one. The phase
angle is 24.5◦.

The spoke is roughly elliptical, located
about 18◦ (≈30 min) away from the morning
Saturn’s shadow. It is about 6000 x 2000 km
in size, and tilted by about 70◦ with respect
to the radial direction. Keplerian velocity shear
would need more than 9 hours to produce such
high tilt value starting from a nearly circu-
lar/radial shape. Since there are no evidences
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Fig. 1. One of the first spokes detected by VIMS in
July,2008. The spoke is faintly observable near the
center of this contrast– enhanced image at 2.23 µm.

until now of such long-lived spokes, it is likely
that this spoke had a tilted aspect since its birth.
Finally, it is darker than the surrounding lit
face of the B ring by less than 10% but it is
not spatially homogeneous and its densest part
lies very near its outer edge, less than 4000 km
from the synchronous radius (as defined in the
System III reference frame).

Fig. 2. The same image as in Fig.1 projected onto
the ring plane. The spoke is very enhanced after az-
imuthal reflectance normalization (λ=2.23 µm).

3.1. The spatial analysis

The retrieval of the spectral properties of the
spoke from the ring data is not trivial, mainly
because of the remarkable fine structure typi-
cal of the B ring. The influence of the spoke
on the ring spectrum can be meaningfully mea-
sured only comparing ring spectra inside and
outside the spoke but lying exactly on the same
ringlet, within the actual spatial resolution of
the data. This is needed to avoid the interpre-
tation of the usual variability of the underly-
ing ringlets’ structure as a spectral spoke pecu-
liarity. Furthermore, an azimuthal, wavelength-
dependent, nearly-linear reflectance trend is
detectable in all the ringlets in the spoke im-
ages. In order to obtain unbiased spoke spec-
tra, we need to remove this effect, whatever
causes it. A linear interpolation of the ringlets’
reflectance on both sides of the spoke is suf-
ficient to cancel it out. Since the spoke is a
quite faint feature, we have to increase the sig-
nal to noise ratio for the spectra by selecting
the spoke pixels with the highest contrast, and
it is therefore useful to map the spoke contrast
overall the image. This can be done by apply-
ing to the original image a window-average al-
gorithm, in which the reflectance in a generic
pixel (i,j) is divided by the average reflectance
of all the pixels at the same radius R (within the
observative uncertainty ∆R) but with different
azimuth φ (i.e. outside an azimuthal window of
a given width w). Analytically, this map can be
defined as:

Mi j(w) = 1 − ri j/ 〈rk〉 (1)

where the k index is such that
∣∣∣Rk − Ri j

∣∣∣ ≤ ∆Ri j (2)

∣∣∣φk − φi j

∣∣∣ ≥ w (3)

For w=1◦ we can obtain spoke maps like
that reported in Fig.3 (λ=2.23 µm). These
maps allow to select the spectra of the densest
part of the spoke and to obtain a more reliable
spoke spectrum after averaging. The location
of the spectra, discussed in the following sec-
tions, are shown in fig.2 in details.
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Fig. 3. Spoke map obtained from the original re-
flectance image after window-averaging, as de-
scribed in text.

3.2. The spectral analysis

After the selection process described in the
previous sections, we obtain average spectra
of the rings inside and outside the bulk of the
spoke. The corresponding average spectra are
shown Fig.4.

Both spectra are dominated by the wa-
ter ice absorption bands (broad bands at 1.5,
2.0, 3.0 µm and shallow bands at 1.05 and
1.25 µm). Only the 2.0µm band shows a little
change, slightly shallower inside the spoke. On
the contrary, the Fresnel peak at 3.1µm and the
4 µm region seem to be totally unaffected by
the presence of the spoke. The continuum level
inside the spoke appears lower than the refer-
ence spectrum everywhere shortward of about
3µm.

As pointed out by McGhee et al., (2005),
the most meaningful quantity to measure the
effect of the spoke on the ring reflectance is
the spectral contrast C = 1 − rspk/rring, since
it equals the spoke’s optical thickness if it is
optically thin. This is true, however, only in a
non-scattering approximation of the radiative
transfer inside the spoke. By its definition, C
is a positive quantity for a dark spoke. The
average spectral contrast of the spoke under
study is reported in Fig.5. The spectrum is not
shown longward of 2.75 µm, since the high wa-
ter ice absorption there makes it very noisy.

Fig. 4. Average VIMS spectra inside (gray) and out-
side (black) the spoke, as obtained from the pixels
indicated in Fig.2

The spoke spectrum shows small decreases of
the depths of the main water ice bands, at 1.5
µm, 2.0 µm and 3µm, together with a rapid in-
crease of contrast in the blue, from 0.35 to 0.60
µm. However, the most interesting feature is
that the spoke has a high contrast everywhere
in the 1-3µm range, of the same order or higher
than at visible wavelengths. As discussed in
D’Aversa et al., (2010), this was not expected
on the basis of previous observations, limited
to the VIS range, and requires the spoke to have
a consistent population of micron-sized parti-
cles.

Fig. 5. Average spectral contrast of the spoke (solid
curve), with 1-σ error bars. The dashed line is the
best fit to the 0.35-2.75µm range, while the dotted
line refers to the VIS portion only.
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3.3. The modeling

In order to quantitatively retrieve the size dis-
tribution of the spoke’s grains responsible for
the unexpectedly high infrared contrast, we
have to model the spoke and the radiative trans-
fer inside it. We are interested in directly fit
the spoke contrast spectrum, while the com-
plete modeling of the unperturbed ring spec-
tra is beyond the purpose of the present work.
Therefore we assume the minimum set of hy-
potheses needed to this purpose: the spoke,
overlying the optically unperturbed B ring,
consists of a thin uniform sheet of pure wa-
ter ice particles, homogeneous, spheroidal in
shape. The refraction index typical of low-
temperature water ice is assumed, as obtained
by mixing optical constants from different
sources (Bertie et al., 1969; Toon et al., 1994;
Warren, 1984; Grundy and Schmitt, 1998).

With these assumptions the simplest model
able to reproduce most of the spoke spectral
features requires at least three terms:

C = 1 − e−τ
′
+

D1

rring
+

D2

rring
(4)

The first order term 1-e−τ
′
quantifies the extinc-

tion of the radiation going through the spoke
in the actual geometry. The second- and third-
order terms D1 and D2 represent the contri-
butions to the outgoing radiation due, respec-
tively, to single and double scattering by spoke
particles. These terms are essentially in repro-
ducing the water ice band depths and the blue
slope in the contrast spectrum. All these quan-
tities only depend on the spoke number den-
sity and on the single scattering parameters of
the spoke grains, averaged over a size distribu-
tion. Among the several kinds of distribution
function that we tested (rectangular, power law,
gamma, log-normal, bimodal, etc.), the best fit
has been achieved with a log-normal function,
shown in Fig.6, extending from about 0.25 to
14 µm, with a modal radius of about 1.9 µm.
The resulting model is shown in fig.5.

As conjectured above, this distribution is
much wider than previously thought on the
basis of visible-only observations. The effec-
tive parameters are re f f =3.5 µm as radius and
ve f f =0.3 as variance. The model allows also an

estimation of the column density of the spoke
(14600±6500 cm−2) which is relative to the ac-
tual observational geometry. If the spoke sheet
is 1-km thick, the resulting number density is
10−1÷10−2cm−3.

If we limit our analysis only to the VIS
spectral range, 0.35-1.0 µm, a narrower dis-
tribution of water ice grains is sufficient to
achieve a good fit to the spectral contrast
(Fig.6). In this case we obtain a modal radius of
about 0.65 µm, with a column density of about
(60±5)·103cm−2) and the data cannot discrim-
inate between gamma and log-normal distri-
bution functions, which give very similar syn-
thetic spectra. These results are more similar
to those inferred by the Voyager ad HST ob-
servations. However, as can be seen in fig.5, if
extrapolated to the infrared range, this popu-
lations cannot reproduce the observed level of
contrast.

4. Discussion

Several constraints to the spoke grain sizes
have been established since the spoke discov-
ery, based on observed physical properties or
on theoretical considerations. A lower limit of
grain size of the order of 0.1 µm has been
derived from the observed deviations from
keplerian velocities (Thomsen et al., 1982).
Important theoretical limits have been inferred
from grains stability criteria against electro-
static and centrifugal disruption, suggesting
the grains radii to be inside the range of 0.5-
3µm (Thomsen et al., 1982; Meyer-Vernet,
1984). The distribution of grain size inferred
from VIMS data, although clearly wider than
previous ones, does not contradict these the-
oretical constraints. It indicates, however, that
the spoke can be a more energetic phenomenon
than previously thought. In fact, if more than
90% of spoke particles have a radius smaller
than the predicted disruption limit, the total
mass of the spoke increases at least by two
order of magnitude. As a consequence, the
charging process needed to trigger the levita-
tion should be more effective at least by one or-
der of magnitude. It is worth noting, however,
that our assumptions about the spoke may be
not completely reliable. In fact, the forces gov-
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Fig. 6. Grain size distribution used to fit the spoke spectrum in the VIMS spectral range 0.35-2.75µm (solid
line). The dotted line indicates the distribution that can fit the visible range only. Formal errors due to the
model sensitivity are shown as error bars.

erning the spoke formation and evolution are
quite sensitive to the grain size and mass, and
are therefore expected to produce significative
size selection effects inside the spoke. Our size
distribution is instead inferred for a spatially
homogeneous spoke, and the effect of a verti-
cal stratification of the grain sizes is not taken
into account.

Further analyses are of course needed to
confirm or not these preliminary conclusions.
Many other spokes have been imaged by VIMS
during Saturn equinox, with different geome-
tries and resolutions. They will allow a more
statistically meaningful analysis of the re-
trieved size distributions, and the refinement of
the models for the spokes and for their radia-
tive processes.
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