
Electron periodicities in Saturn’s outer magnetosphere

J. F. Carbary,1 D. G. Mitchell,1 S. M. Krimigis,1 and N. Krupp2

Received 13 September 2006; revised 30 October 2006; accepted 29 November 2006; published 31 March 2007.

[1] The Magnetospheric Imaging Instrument/Low-Energy Magnetospheric Measurements
Sensor (MIMI/LEMMS) instrument on the Cassini spacecraft has measured energetic
electrons in the energy range 20–300 keV within Saturn’s magnetosphere. In the
outer magnetosphere, beyond �20 RS, these electrons and their spectral index display
strong variations with periods comparable to the 10.76 hour (10 hours, 45 min, 36 s)
period measured by radio observations of Cassini. Inside �20 RS, such electron
variations may be present but are masked by satellite and ring effects. Electron
periodicities are most easily recognized on the ‘‘nightside’’ segments of the Cassini orbits,
although they are also observed to some extent on the dayside. For both dayside and
nightside a wavelet analysis of detrended count rates in the 20–40 RS region reveals a
mean period of 10.52 ± 0.74 hours (10 hours, 31 min ± 44 min) for the six electron
channels investigated. If constrained to the nightside only, a wavelet analysis gives a mean
period of 10.88 ± 0.52 hours (10 hours, 53 min ± 31 min). Covering five orbits of the
Cassini spacecraft during the 2-year period from Saturn Orbit Insertion (July 2004 to
July 2006), this analysis indicates that a day-night asymmetry exists in the electron
periodicity in Saturn’s outer magnetosphere and suggests that dayside periodicities are
much less prominent than nightside or dawnside periodicities.
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1. Introduction

[2] Jupiter and Saturn both display strong periodicities in
their radio emissions, magnetic fields, and charged particles.
In the case of Jupiter the tilt of the magnetic axis relative to
the spin axis readily explains the periodicities, which occur
with the natural rotation frequency of the planet. In the case
of Saturn, however, the magnetic field is closely aligned
with the spin axis, so periodicities might not be expected.
Nevertheless, periodicities have been observed in Saturnian
radio emissions [Desch and Kaiser, 1981; Gurnett et al.,
2005], charged particles [Carbary and Krimigis, 1982;
Krupp et al., 2005], neutral particles [Krimigis et al.,
2005; Paranicas et al., 2005], and magnetic field [Espinosa
and Dougherty, 2000; Giampieri et al., 2006]. Periodicities
have even been detected in the spokes of Saturn’s rings
[Porco and Danielson, 1982]. Table 1 summarizes the
various periods measured (or corroborated) so far.
[3] Because Saturn (or Jupiter) has no trackable surface,

the radio period was generally considered a true measure of
the planetary spin period. However, the radio period has
changed noticeably from the 10 hours, 39 min, 24 s ± 7 s
measured by the Voyager spacecraft in 1980 [Desch and
Kaiser, 1981]; to the 10 hours, 42 min, 34.2 s measured

(remotely) by the Ulysses spacecraft between 1994 and
1997 [Galopeau and Lecacheux, 2000]; to the 10 hours,
45 min, 45 s ± 36 s measured by the Cassini spacecraft
[Gurnett et al., 2005]. These values compare to the value of
10 hours, 39 min, 22.3 s, adapted by the International
Astronomical Union (IAU), Paris, France, for the rotation
period of Saturn [Davies et al., 1996]. The apparent change
in the radio period cannot be caused by changes in the
internal rotation, which would require too massive a shift in
Saturn’s inertia [Stevenson, 2006]. Nonrandom variations in
the solar wind may operate in conjunction with periodic
Kelvin-Helmholz instabilities at Saturn’s magnetopause to
cause this drift, although this model requires ‘‘sweeping’’ by
some outer magnetospheric source fixed rigidly to the
planet [Cecconi and Zarka, 2005].
[4] This paper considers periodicities in the energetic

electrons (20–300 keV) in Saturn’s outer magnetosphere,
that is, beyond radial distances of 20 RS (1 RS � 60300 km).
Electrons in this energy range display periodicities in both
their fluxes and spectral indices [Carbary and Krimigis,
1982; Krupp et al., 2005]. When applied to properly
detrended count rate profiles, a wavelet analysis reveals
the electron periodicities as a function of time or position,
clearly showing where such periodic variations are strongest
and where they are illusory. Furthermore, six electron
channels are examined to show possible energy depend-
ences in the periods. Although this method cannot compete
with the Saturn kilometric radiation (SKR) harmonic anal-
yses in terms of accuracy or precision, the results clearly
demonstrate that at certain places in the magnetosphere,
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electrons have periods very close to those of the kilometric
radiation and magnetic field.

2. Instrument and Data Selection

[5] Electron count rates have been measured by the Low-
Energy Magnetospheric Measurements Sensor (LEMMS),
an instrument that is part of the Magnetospheric Imaging
Instrument on the Cassini spacecraft [Krimigis et al., 2004].
This investigation uses the first six ‘‘C’’ electron channels
of LEMMS. These channels measure electrons from 20 to
300 keV in logarithmically spaced energy increments that
have been processed, for our purposes, at a time resolution
of 7.5 s. The detector heads rotated through 360� on a scan
platform until early 2005, at which time the scan orientation
became fixed. Spacecraft maneuvers allow further angular
sampling. Scan motions and maneuvers may sometimes
cause solar glint to anomalously increase the electron count
rates; alternately, scan motion may cause electron fluxes to
be obscured by various spacecraft features. Electron data
suffering from these effects have been removed prior to the
analysis. To improve statistics, especially in the higher-
energy channels, the count rates have been averaged into
half-hour time bins, and the analysis uses exclusively these
half-hour averages. Krimigis et al. [2004] give a complete
description of the LEMMS instrument.
[6] Some constraints must be placed on the electron data

used for this analysis. Saturn’s moons may significantly
absorb or emit charged particles; satellite effects are espe-
cially prominent in the inner magnetosphere. Therefore the
analysis will concentrate on Saturn’s outer magnetosphere,
outside 20 RS, where satellite effects are negligible. Periodic
behavior of the magnetosphere must also take place within
the magnetopause, which on the dayside may lie well within
�30 RS [e.g., Dougherty et al., 2005]. Therefore the
analysis will concentrate on electron periodicities within
40 RS and will also consider differences between the
dayside and the nightside. In particular, the most consistent
electron periodicities are found on the nightside between 20
and 40 RS.
[7] Data from five different Cassini orbits (or passes)

were analyzed. Table 2 indicates the time periods selected.
These intervals were not selected because of any known
solar or solar wind conditions, because of more (or less)
reliable data, or because of spacecraft orientation. Rather,
they were selected because they sampled the widest possible
range of local time. Figure 1 indicates trajectories along
which the electron data were obtained. The five orbits
collected data from the postdawn (0800 hours), to midnight
(0000 hours), to predusk (1600 hours). The noon region,

however, was conspicuously not sampled nor was the dusk
region at large radial distances, and one must await further
precession of the spacecraft orbit as well as more accom-
modating mission planning for observations in these
regions.

3. Method of Analysis

[8] For each pass or orbit the electron count rates at 7.5 s
time resolution were first filtered to remove solar glint and
spacecraft obscuration. This filtering involved both auto-
matic and manual operations. The filtered data were then
averaged into half-hour time bins, which greatly improved
the statistics, especially for the higher-energy channels at
large radial distances. The half-hour averages were then
detrended. Detrending removes the extreme differences
between the inner and outer magnetosphere but does not
alter the spectral content of the signal. Figure 2 displays
half-hour averages of electron count rates from the C1
electrons (30–45 keV). Figure 2 (top) shows the time
profile of the unadjusted count rates, while Figure 2
(bottom) shows the logarithmically detrended count rates.
A dashed vertical line near 100 hours indicates periapsis at
4.8 RS. The inbound part of the signal (before periapsis)
does not exhibit periodic behavior, but limited time within
the magnetopause (�50 hours) may restrict recognition of
periodicities. On the other hand, the outbound part of the
signal does show approximately regular variations. Deter-
mination of this period represents the central task of this
investigation.
[9] A harmonic analysis or Lomb periodogram would

reveal the period [Press et al., 1992], and such tools have
already attacked the problem of Saturn’s periodicity [e.g.,
Gurnett et al., 2005; Giampieri et al., 2006]. However, such
analyses result in a single measurement of the period (at the
peak of the spectrum) and do not reveal how or even if that
period varies. Variation of the period with location in the
magnetosphere might provide a key to understanding the
periodicity. A wavelet analysis would not only provide
the period but also show how it varies.

Table 1. Saturn Periods Measured So Far

Period, hours, min, s Period, hours Date of Measurement Method Reference

10, 39, 24 ± 7 s 10.657 ± 0.002 Jan 1980 to Sep 1981 SKR harmonic analysis (Voyager) Desch and Kaiser [1981]
10, 21, 00 ± 48 min 10.35 ± 0.80 Nov 1980 and Aug 1981 electron spectral index peaks (Voyager) Carbary and Krimigis [1982]
10, 39, 22 10.656 1980–1981 radio periods (IAU) Davies et al. [1996]
10, 45, 45 10.763 Nov 1994 to May 1996 SKR harmonic analysis (Ulysses) Galopeau and Lecacheux [2000]
10, 45, 45 ± 36 s 10.760 ± 0.010 Apr 2003 to Jun 2004 SKR harmonic analysis (Cassini) Gurnett et al. [2005]
�11, 00, 00 11.0 Jul 2004 energetic neutral particles (Cassini) Krimigis et al. [2005]
10, 47, 06 ± 40 s 10.785 ± 0.011 Jul 2004 to Aug 2005 Lomb periodogram perturbation magnetic field Giampieri et al. [2006]
10, 52, 48 ± 31 min 10.88 ± 0.52 Jul 2004 to Jul 2006 wavelet analysis for electrons 20–300 keV this paper

Table 2. Summary of Data Selections

Year Days of Year Comment

2004 180–186 Saturn Orbit Insertion period
2004 348–360 also analyzed by Krupp et al. [2005]
2005 155–170
2006 53–72
2006 180–209 multiple orbits
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[10] The discrete detrended signal is therefore subjected
to a wavelet transformation using a Morelet wavelet as the
basis function. Basically, the wavelet transformation is a
convolution of the signal with the basis function at different
‘‘scales,’’ which in this case are modes or periods. The
transformation results in a two-dimensional (2-D) ‘‘power’’
spectrum that determines the dominant modes of variability
of the signal and how these modes vary in time. Torrence
and Compo [1998] give a complete and cogent explanation
of the wavelet analysis, and they provide International Data
Language software to construct a wavelet spectrum (see
Web site http://atoc.colorado.edu/research/wavelets). Their
wavelet function outputs a 2-D wavelet spectrum in much
the same sense as a Fourier transformation outputs a 1-D
spectrum. The power spectrum is then the square of the
spectrum. To enhance weaker modes of the signal, this
analysis uses the log of the power spectrum and ignores
periods longer than 30 hours.
[11] Figure 3 shows the wavelet power spectrum of the

detrended signal of Figure 2. The horizontal axis displays
time, and the vertical axis shows mode or period. Colors
indicate the signal power (in arbitrary units) at a particular
time and period. Yellows and reds indicate higher power,
while blues and purples indicate low power. Marked by the
solid line, the tan and yellow ‘‘plume’’ extending downward
and then horizontally indicates the periods generated by the
variations in the C1 rates profile. Vertical ‘‘slices’’ through
the power spectrum measure the ‘‘local’’ spectrum, and
peaks in the local spectrum indicate the period at which

the power is concentrated. The solid line in Figure 3
indicates the loci of these local peaks, which effectively
shows how the periodicity changes during the pass. The
dashed line shows, for comparison, the wavelet periods
expected for an electron enhancement rotating rigidly with a
period of 10.76 hours. The rigid rotator shows a mild
‘‘hump’’ around periapsis because of Doppler shifts be-
tween the rotator motion and the spacecraft motion, an
effect already noticed in the magnetometer data by Cowley
et al. [2006]. The solid line trace constitutes the desired
measure of the electron period as a function of time (or
alternately, location).

4. Results

[12] Wavelet power spectra were constructed for each of
six electron channels (20–300 keV) in the outer magneto-
sphere (20–40 RS), and the local peaks from vertical slices
were traced for each power spectrum. Figure 4 shows these
peaks for each of the six electron channels for the pass
beginning on day 346, 2004. The spacecraft is within the
magnetosphere from �80 to �260 hours, and the channel
periods generally agree. However, from 150 to 240 hours
the agreement in periods between the six energies is
strikingly good. This time period corresponds to the night-
side between 20 and 40 RS.
[13] Periods derived from the other passes exhibit similar

behavior when subjected to the wavelet and peak analysis.
That is, periodic variations in count rates are most pro-
nounced on the nightside beyond �20 RS and can be

Figure 1. Cassini trajectories for the five orbits of Saturn
used in this analysis. The trajectories appear in the Saturn Z
spin (SZS) coordinate system in which the Z axis is the spin
(also magnetic) axis of Saturn, the X axis points toward the
Sun, and the Y axis completes a right-hand system. The
orbits are numbered with the first digit indicating the year
(4 = 2004, 5 = 2005, and 6 = 2006) and the last three digits
representing the start day. Red shows when the spacecraft
was below the equatorial plane (Z < 0), while blue shows
when the spacecraft was above the equator (Z > 0). (No
allowance has been made for any warping caused by solar
wind interaction with the magnetosphere.) Dotted circles
indicate the 20 and 40 RS region of analysis.

Figure 2. Example of count rate profiles from one pass
(4346 in Figure 1). Half-hour averages of count rates from
the C1 channel (30–45 keV electrons) are shown, from
which solar contamination and maneuvering effects have
been removed insofar as possible. (top) Unadjusted rates.
(bottom) Log-detrended rates. The detrended rates were
used as input to the wavelet analysis. Vertical dotted lines
indicate radial distance in RS (1 RS = 60,330 km). The
horizontal bar indicates the 20–40 RS region, wherein
electron periodicities are most clearly evident.
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observed to at least �40 RS. Furthermore, count rate periods
are generally close to the SKR period of 10.76 hours in this
region. If all the periods from all six channels are averaged
between 20 and 40 RS for the pass in Figure 4, a mean
period of 10.78 ± 0.22 hours results. This period is very
close to the SKR and magnetometer periods.
[14] Figure 5 displays the wavelet periods for the C1

channel (30–45 keV electrons) as a function of local
time. Nightside periods (1800–2400 hours and 0000–
0600 hours) almost always agree with the SKR period
(dashed line in Figure 5), at least within the 20–40 RS

distance, while dayside periods (0600–1800 hours) may
depart significantly from that period. For the C1 electrons
this departure is especially evident at 0900–1000 hours. In
moving from nightside to dayside, there does not appear to
be a systematic or gradual departure of the periods from
the SKR period. However, within sample ‘‘clumps,’’ there
do appear systematic ‘‘drifts’’ in the period, and these drifts
may exceed �1 hour. These drifts give rise to large standard
deviations of mean value in the measured period. For
example, the mean value for just the nightside periods
in Figure 5 is 10.57 hours, and the standard deviation is
±1.73 hours.

5. Discussion

[15] Figure 6 summarizes the LEMMS electron periods
derived from wavelet analyses of power spectra peaks from
20 to 40 RS. Only nightside observations from the five
passes were used. The weighted mean for all electron
observations is 10.88 ± 0.52 hours, which is consistent with
the SKR period of 10.76 hours. The electron periods do not
vary systematically with energy over the sample range of
20–300 keV. However, the scatter about the mean does
increase with energy, which is probably a consequence of
the lower count rate statistics of the higher-energy channels
in the outer magnetosphere. Within the scatter of the

measured periods, then, electrons within this energy range
have the same period. This consistency suggests that the
drift periods do not result from a phenomenon caused, say,
by gradient or curvature drift in a magnetic field.
[16] Previous studies have noted large scatter in period-

icities derived from charged particle data [e.g., Carbary
and Krimigis, 1982]. This scatter can be overcome, to some
extent, by using the lower-energy channels and accumulat-
ing data over longer and longer time periods, as has been
done for radio data [e.g., Desch and Kaiser, 1981; Galopeau
and Lecacheux, 2000]. However, the present sample of
electron periods cannot determine the rotation period of
Saturn with an accuracy approaching that of the radio
observations.
[17] Use of wavelet analysis, rather than conventional

periodogram analyses (either Fourier or Lomb), allows

Figure 3. Wavelet power spectrogram of the detrended count rates shown in Figure 2. The horizontal
axis is time, and the vertical axis is period. Colors indicate the power at a particular time and period. The
dashed line indicates the periods at which power would be concentrated for a plasma enhancement rigidly
rotating at 10.76 hours. The solid line indicates peaks in vertical ‘‘slices’’ of the power spectrum; this line
indicates how the period of the C1 electrons changes during the pass. Dotted vertical lines indicate radial
distances, and the horizontal bar again delineates the 20–40 RS region.

Figure 4. ‘‘Slice’’ periods for the six electron channels for
the same pass as in Figures 2 and 3. For comparison, the
rigid rotator periods appear as a dashed line.
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localization that can readily show temporal or spatial varia-
tions in periodicities. The present wavelet analysis has
revealed that electron periodicities are more pronounced in
Saturn’s nightside magnetosphere and within the radial range
of 20–40 RS. Solar wind interaction with the dayside mag-
netosphere or a ‘‘shortened’’ frontside magnetosphere may
disrupt the mechanism causing the periodicities. More simply,
the Cassini spacecraft may not have sampled enough of the
dayside to reliably measure the electron periodicities. Con-
versely, the electron periodicities are most pronounced on the
nightside where the spacecraft does have a larger sample.
[18] The most obvious source of the periodic behavior

would be the waving of a current or plasma sheet caused by
an angular tilt of the planetary dipole axis with respect to its
spin axis. A wobbly current sheet or magnetodisk does a
good job of explaining particle periodicities in the outer
Jovian magneosphere [e.g., Carbary, 1980] but may not
apply at Saturn, if only because Saturn’s field has a
negligible tilt [e.g., Connerney et al., 1982; Dougherty et
al., 2005]. Krupp et al. [2005] have interpreted the electron
periodicities at Saturn in terms of a plasma sheet phenom-
enon, although their analysis covered only one pass and
emphasized the nightside. As shown in that paper, however,
the magnetic field tends to maximize when the particle
count rates maximize, whereas a plasma sheet signature
would involve a field minimum at a rate maximum. Support
for a wavy magnetodisk must await future correlations of
particles with magnetic fields.
[19] Hodogram analysis of magnetic field data from

Pioneer and Voyager passes indicates that magnetic field
periodicities cannot be caused by a tilted magnetic field
[Espinosa and Dougherty, 2000; Espinosa et al., 2003a]. A
magnetic anomaly in Saturn’s ionosphere, similar to that
proposed by Dessler and Hill [1975] for Jupiter, could give
rise to an outwardly propagating wave in the outer magne-
tosphere, which would generate periodicities in the particles
and magnetic field. This ‘‘camshaft’’ model has been
proposed as a cause for periodicities observed in the
perturbation magnetic field at Saturn [Espinosa et al.,
2003b]. If such a wave also generates the electron perio-

dicities, then it must be disrupted on the dayside and operate
more efficiently on the nightside.
[20] The periodicities may be caused by a ‘‘searchlight

beam’’ in which a particle bulge sweeps rigidly in azimuth
through the nightside and then strikes the dawn magneto-
pause to cause Kelvin-Helmholtz instabilities and trigger
SKR emissions [Galopeau and Lecacheux, 2000; Cecconi
and Zarka, 2005]. Figure 7 displays a cartoon of the
searchlight ‘‘bulge’’ at six different times in an assumed
10.76 hour cycle. Interaction with the dawn magnetopause
would disrupt the searchlight structure as it continues
around to the dayside and cause the periodicities to break
down. The searchlight structure would re-form, however, as
it rotates again to the nightside, where the periodicities
would again become evident. This type of rotational anom-
aly and its day-night asymmetry have been theorized in
previous models of rapidly rotating magnetospheres [e.g.,
Carbary et al., 1976; Cowley et al., 2005]. This searchlight
model is consistent with the electron periodicities in Sat-
urn’s dayside and nightside magnetospheres and would
produce the wavelet slice peaks shown as dashed lines in
Figures 3 and 4. Paranicas et al. [2005] have modeled
periodicities in energetic neutral atoms by combining an
axisymmetric ring source with a rigidly rotating (i.e., the
searchlight) component. Both components intensify on the
nightside, which may be consistent with the enhancement of
electron periodicities on the nightside. However, a search-
light model would require maintenance of a rigid structure
over tens of Saturn radii, which is, at this point, problematic.

6. Conclusions

[21] Awavelet analysis of energetic electrons (20–300 keV)
in Saturn’s outer magnetosphere indicates that the particles

Figure 5. Channel C1 (30–45 keV) electron periods as a
function of local time. The blue line depicts the SKR period
of 10.76 hours. The green line indicates the mean C1 period
for all local times sampled, and the red line indicates the
mean period for only the nightside samples.

Figure 6. Summary of mean electron periods for the six
LEMMS electron channels for the five passes. The periods
were derived using wavelet ‘‘slice’’ peaks between 20 and
40 RS on the nightside only. The crosses indicate mean
values for individual channels for individual passes, while
the squares indicate average periods for each channel over
the five passes. (A line connects the squares to emphasize
variations in the mean periods.) The horizontal dashed line
shows the SKR period, while the horizontal solid line shows
the weighted mean (10.88 ± 0.52 hours) for all electron
channels and all passes.
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have periods consistent with that of Saturn kilometric radia-
tion and the perturbation magnetic field. A weighted average
of six electron channels over five passes from 2004 to 2006
reveals a period of 10.88 ± 0.52 hours (10 hours, 52 min,
48 s ± 31 min, 11 s). The periodicities do not show any
dependence on energy and are consistent, within statistical
variation, with the SKR period of 10.76 hours (10 hours,
45 min, 36 s). The electron periodicities are strongest on the
nightside of the planet within the radial range of 20–40 RS,
although Cassini has yet to sample a complete range of local
times and radial distances.Within the radial range of 20–40RS

the periodicities can be accounted for by a ‘‘searchlight’’ that
rotates rigidly with the planet through the nightside but is
disrupted on the dayside.
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Figure 7. Representations of the particle concentrations
expected for a ‘‘searchlight’’ model. The view is looking
down from the north pole of Saturn, with the dashed line
indicating the approximate magnetopause (Sun is to the
left). Reds and yellows indicate high particle concentra-
tions; blues and purples indicate low concentrations. The
concentrations are shown in an inertial frame at six different
times in the (assumed) 10.76 hour rotation cycle. If Cassini
flew through such a rotating configuration, it would detect
particles that would produce a wavelet spectrum with peaks
appearing along the dashed lines in Figures 3 and 4.
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