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[1] In the inner magnetosphere of a rapidly rotating planet such as Jupiter and Saturn,
radial transport of plasma mainly comprises hot, tenuous plasma moving inward and cold,
denser plasma moving outward. A distinctive phenomenon resulting from the drift
dispersion of injecting hot plasma provides direct evidence for this convective motion.
Particle instruments aboard the Cassini spacecraft, including the Magnetospheric Imaging
Instrument (MIMI) and the Cassini Plasma Spectrometer (CAPS), have made numerous
observations of such signatures. The statistics of the properties of such events are studied in
this paper by analyzing CAPS data from 26 Cassini orbits. A statistical picture of their
major characteristics is developed, including the distributions of ages, longitudinal widths,
radial distances, and longitudes and local times of injection. An unexpected longitude
modulation of these events appears in the old SLS longitude system, which is based on
the Saturn kilometric radiation (SKR) observations by Voyager around 1980, while no
such modulation seems to exist in the new SKR longitude system of the Cassini era. A
Lomb periodogram analysis, however, reveals no significant periodic modulation of these
events. The injection structures are found to occupy a small fraction (�5–10) of the
available longitude space.
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1. Introduction

[2] In a rotation-dominated magnetosphere with internal
plasma sources, radial transport of plasma is expected to be
triggered by the centrifugal interchange instability [Hill,
1976; Siscoe and Summers, 1981], in which cold flux tubes
with larger densities move outward and exchange locations
with hotter, more tenuous flux tubes. The process of this
radial convection has been studied by numerous theoretical
models [e.g., Hill et al., 1981; Pontius et al., 1986] and
numerical simulations [Yang et al., 1994; Wu et al., 2007a,
2007b], and was confirmed by observations in Jupiter’s
magnetosphere [Mauk et al., 1997, 1999].
[3] While moving in the radial direction, electrons and

ions with different energies become dispersed in the longi-
tudinal direction and hence arrive at the spacecraft at
different times. Observational signatures of this process
are referred to as injection/dispersion events and have been
observed frequently by the Cassini Plasma Spectrometer
(CAPS) [Young et al., 2005] and the Cassini Magnetospheric
Imaging Instrument (MIMI) [Krimigis et al., 2005] since
Cassini’s first orbit at Saturn in July 2004. Several previous
studies [e.g., Burch et al., 2005;Hill et al., 2005;Mauk et al.,
2005] have interpreted these events as evidence for inter-
change instability in Saturn’s magnetosphere.

[4] Figure 1, reproduced from Hill et al. [2005], shows
a localized injection of hot plasma accompanied by
adiabatic gradient and curvature drifts. It is expected that
while particles are injected by E � B drift in the radial
direction, gradient-curvature drifts in the longitudinal
direction will separate electrons from ions, forming a
V-shaped structure in a linear energy versus longitude
spectrogram. Because these structures are swept past the
spacecraft by the fast rotational flow, they can be directly
observed on a linear energy versus time spectrogram [Hill
et al., 2005, Figure 2]. Straight lines were fit to each leg of
the ‘‘V’’ in order to analyze the properties of each event,
with ions forming the left halves and electrons forming the
right halves. In Saturn’s corotating frame, gradient and
curvature drifts move electrons westward and ions east-
ward. Therefore, in an energy-time spectrogram, high-
energy ions are expected to be observed first, followed in
sequence by lower-energy ions, lower-energy electrons, and
finally high-energy electrons.
[5] As the injection/dispersion process develops with

time, the distance between ions and electrons grows. The
age of the injection is inversely proportional to the slope of
each leg of the V structure. For standard gradient/curvature
drifts in Saturn’s dipole magnetic field, the relationship is
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Here L denotes the dipole L value (equatorial distance in
units of Saturn’s radius Rs = 60,300 km), Ws represents
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Saturn’s rotation frequency, W is the angular velocity at
which an injection/dispersion structure is swept past the
spacecraft by the rotational flow, Tinj is the time since
injection, and q is the particle charge. Strictly speaking, this
equation assumes the injection/dispersion process takes
place in the equatorial plane. Our study only covers a very
limited latitude range, so it is adequate to use this equation.
Moreover, equation (1) strictly applies only for particles
mirroring in the equatorial plane, but it is adequate for
particles of any pitch angle within a factor of order unity.

[6] Other properties of these events can also be estimated
from observation. For example, the longitudinal width can
be obtained by multiplying the width in time dt by the
partial corotation velocity, i.e.,

Width ¼ LRsWdt ð2Þ

The local time of injection is related to the local time of
observation by

LTinj ¼ LTobs � WTinj ð3Þ

Finally, the injection longitude can be calculated from

linj ¼ lobs � W� Wsð ÞTinj ð4Þ

[7] Hill et al. [2005] reported about 100 such events
observed by CAPS during Cassini’s first two orbits of
Saturn, with a subset of 48 selected for study. Their work
included a statistical analysis, which indicated that the ages
of the injection/dispersion events ranged from several hours
to several Saturn rotation periods, and longitudinal widths
ranged from less than one Saturn radius to several radii. In

Figure 1. Conceptual illustration of an injection-dispersion
event, reproduced from Figure 1 of Hill et al. [2005].

Figure 2. Statistical distributions of (top) the ages and (bottom) the longitudinal widths of 429
injection-dispersion events selected from 26 orbits of Cassini Plasma Spectrometer data.
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addition, most of the events were located in the radial range
5 < L < 10, while the local time distribution and longitude
distribution were both random in appearance. The assump-
tion of rigid corotation was made (W = Ws) because at that
time there was not enough analysis of the ion velocity
moments to provide azimuthal velocities. This assumption
was probably an overestimate of rotational velocity; as a
result, ages, widths, and injection longitudes were over-
estimated, while injection local times were underestimated.

2. Analysis of Properties

[8] We continue the statistical analysis of the properties
of the injection/dispersion events, and extend it to a larger
sample space. With many more orbits of observation since
Cassini’s Saturn Orbit Insertion (SOI), we are now able to
include a much larger data set in our study, extending from
June 2004 to the end of August 2006. Similar methods to
those of Hill et al. [2005] are used to estimate the character-
istics of the injection/dispersion structures.
[9] In addition to expanding the statistical data set, we are

also able now to utilize observed rotational velocities as
reported recently by Wilson et al. [2007]. The following

second-order polynomial fit to the measurements of Wilson
et al. is used to specifyW(L) in equations (1), (2), (3), and (4).

V8 ¼ 79:56� 13:06Rþ 1:30R2 ð5Þ

Here V8 is the rotational velocity in km/s and R is the radial
distance in RS. This is an improvement over the rigid
corotation assumption, although we still have to assume that
the azimuthal velocity is the same at all longitudes on a
given L shell.
[10] As before, the analysis procedure still depends on

subjective judgment, which inevitably introduces errors
when reading the observable properties from the spectro-
grams. To limit the impacts of this error source, we adopt a
set of selection criteria to limit our analysis to the most
unambiguous events. Specifically, each event we selected
here has an identifiable center time, i.e., the intersection of
the structure legs with the time axis; the width of the legs
must also be identifiable; and the slopes of the legs must be
reliably measurable. With these criteria, we selected 429
structures for analysis, located between the radial distances
4.6 and 14.8 Saturn radii. Of these 429 events, 410 clustered
between L values of 5 and 10, i.e., more than 95% of the
total.

Figure 3. Statistical distributions of the injection longitudes for two different systems, (top) SKR and
(bottom) SLS. Only those 410 events located inside the radial distance range [5,10] are included. Here the
vertical axes represent the occurrence frequencies instead of number of events.
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[11] The results reported below are based on the CAPS
Electron Spectrometer (ELS) electron data only. Many of
the structures do not have clear ion components because ion
count rates are much lower than electron count rates in a
given plasma environment.

3. Statistical Results

[12] Here we use histograms to display statistical distri-
butions of various properties of injection/dispersion events.
Figure 2 (top) shows the age distribution of all 429 events,
while Figure 2 (bottom) shows the distribution of longitu-
dinal widths. One can conclude that most of the events have
ages of less than 2 h and widths of less than one Saturn
radius. However, some events are as old as several Saturn
rotation periods and as wide as several Saturn radii. These
results are consistent with those of Hill et al. [2005]. Note
that the lower limits on both the ages and the widths are
among the selection criteria, so that very young events, as
discussed by Burch et al. [2005], might not be identified
here. The lower limit for ages is about 0.25 h, while the
lower limit for widths is about 0.1 Saturn radii. Upper limits
on ages and widths are also implied by the selection criteria,
which tend to rule out both very old structures and very
large-scale ones.

[13] One thing that we are interested in is the distribution
of injection longitudes, from which we can obtain informa-
tion about the modulation of these events by Saturn’s
rotating magnetosphere. A recently defined longitude sys-
tem, the Saturn Kilometric Radiation (SKR) system [Kurth
et al., 2007], is now widely used. It is a dynamic system
with a variable period that follows the rotational modula-
tion. Several magnetospheric phenomena have been
reported to be well organized by this system, including
SKR itself by definition [Kurth et al., 2007], magnetic field
perturbations [Giampieri et al., 2006], electron density in
the inner magnetosphere [Gurnett et al., 2007], and the
energetic particle flux in the outer magnetosphere [Carbary
et al., 2007a]. An immediate question hence arises: could
the injection/dispersion events also be modulated by this
SKR longitude system? Our analysis is motivated in part to
address this question, using data obtained in the time range
from January 2004 to August 2006, when the SKR system
was accurately applicable [Kurth et al., 2008].
[14] In Figure 3, the upper panel shows the distribution of

occurrence frequencies of the injection/dispersion events
versus their injection longitude in the SKR system. To
obtain the occurrence frequency in a given longitude bin,
we divide the number of events found in that bin by the time
Cassini spent in the same sector. From the histogram, we
conclude that the occurrence of injection/dispersion events

Figure 4. Persistence test of the longitudinal modulation in the SLS system, displaying the distributions
of the injection longitudes (SLS) for the (top) first and (bottom) second halves by time, respectively. Only
the 410 events located inside the radial distance range [5,10] are included.
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is randomly distributed with regard to injection longitude in
the SKR system, as there is no obvious clustering at any
particular longitude.
[15] Interestingly, a different picture (Figure 3, bottom)

emerges when we use the Saturn Longitude System (SLS)
[Seidelmann et al., 2002] instead of the SKR system. SLS
was adopted by the International Astronomical Union (IAU)

based on Voyager-era observations of the period of SKR.
The injection/dispersion events seem to be organized sur-
prisingly well by SLS longitude, in that the occurrence
frequency is systematically larger in the longitude range
�50–250� than outside this range.
[16] The SLS longitude modulation is surprising when we

consider that most other magnetospheric phenomena have

Figure 5. Statistical distributions of the injection longitudes (SKR) in the polar coordinate system. Only
the 410 events located inside the radial distance range [5,10] are included.

Figure 6. Statistical distributions of the injection local times. Only the 410 events located inside the
radial distance range [5,10] are included. Here the vertical axes represent the occurrence frequencies
instead of number of events.
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been found to be modulated by the SKR system. Could this
modulation in the SLS system be a sporadic or transient
effect? A persistence test is designed to check the persis-
tence of the data in time. We simply separate the data set
into two halves by time and plot the histogram of occurrence
frequencies for each half. The results are shown in Figure 4,
where the first half of the data is plotted in Figure 4 (top) and
the second half in Figure 4 (bottom). There is an apparent
modulation in both halves but also a ‘‘phase shift’’ between
the first half and the second half. This phase shift suggests
that the modulation period, if any, is not SLS exactly, but
slower by about one part in 2000. (By comparison, the SKR
rate is about 1% slower than the SLS rate.)
[17] In addition to the rotational modulation of magneto-

spheric phenomena, a spiral pattern has been identified by
Espinosa et al. [2003], Cowley et al. [2006], and Gurnett et
al. [2007] in magnetic field perturbations, and by Carbary
et al. [2007b] in high-energy electron fluxes (28–48 keV)
in the SKR longitude system, at radial distances larger than
10 Saturn radii. To investigate whether there is a similar
modulation pattern in the injection/dispersion events, we
plot these events in the equatorial plane of the polar SKR
coordinate system (Figure 5), showing both their radial and

longitudinal locations. Note that the longitude coordinate is
a left-handed angle. No spiral pattern is apparent, although
we cannot rule out the possibility of multiple short-lived
spirals having different phases.
[18] To show the local-time distribution of injections, we

plotted a histogram of occurrence frequency versus different
local time bins (Figure 6). There is an apparent local-time
asymmetry, with a clustering of plasma injections in the pre-
noon quadrant. This is certainly not the local-time distribu-
tion that one would expect from an Earth-like convection
system in which virtually all injections occur on the
nightside.
[19] Finally, the fraction of the time that is occupied by

injection events is calculated for 10� longitude bins. To
obtain this fraction for a given longitude sector, we sum
over the widths in time of all the events observed in that
sector, i.e., the width of one leg of each ‘‘V’’ structure, and
divide this by the total time that the spacecraft spent in the
same longitude sector in the radial range 5 < L < 10. The
results are shown in Figure 7, where one can see that most
values of this fraction are less than 0.1, with a mean value of
about 0.05. This gives a sense of the fraction of the
available longitude space that is occupied by inflow regions,

Figure 7. Fraction of time occupied by injection events versus SKR longitude.

Figure 8. Lomb periodogram for all the selected events. Data have been detrended and smoothed.
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which is a useful constraint for numerical simulation of the
process [e.g., Wu et al., 2007b].

4. Periodogram Analysis

[20] To further study the possible periodicity of these
events, we have done a periodogram analysis, for which we
converted our data to a time series. A simple step function
was adopted to obtain a time series, with the values set to
one inside an injection structure, and zero elsewhere. If
there are several injections going on at the same time, we
add one to the function’s value for each event.
[21] After the time series is obtained, the major problem

for a periodicity analysis is the fact that our time series is
unevenly spaced. As stated above, we are focusing on the
inner part of Saturn’s magnetosphere, since most of
the events are found when the Cassini spacecraft was in
the range 5 < L < 10. Our data set has huge gaps when the
spacecraft is not in this range. Hence, the commonly used
spectrum techniques such as the Fast Fourier Transform
(FFT) are impractical because the Fourier Transform only
works with series that are evenly spaced in time. Instead, we
have applied the so-called Lomb-Scargle Algorithm (or the
‘‘Lomb periodogram’’), which also returns a power spec-
trum like the FFT, but is designed to handle unevenly
spaced data. The Lomb periodogram can test the hypothesis
that the time series contains a significant periodic signal by
returning a ‘‘significance number’’ with values ranging in
the interval [0, 1.0]. The smaller this number is, the more
significant the periodic signal is. This algorithm was applied
to determine the periods of some other magnetospheric
phenomena and has returned favorable outcomes for the
magnetic field [Giampieri et al., 2006] and the energetic
particles [Carbary et al., 2007a].
[22] There is an existing procedure in the Interactive Data

Language (IDL) library which is based on the routine fasper
from Press et al. [1992], named LNP_TEST. After a
smoothing and detrending process, this procedure was
applied directly. Figure 8 shows the normalized power
spectrum, where the frequency axis has been converted to
time in order to represent the period directly. The most
significant feature of this result is its lack of features;
instead, a forest of peaks fills the interval between 9.5 h
and 12.5 h, with no particularly significant peaks that might
represent a dominant period in the original data.

5. Conclusions

[23] Through the analysis of CAPS electron data, we have
compiled statistics of over 400 injection/dispersion events
observed during 2 years of Cassini measurements. The
results reported here on the ages and longitude widths are
consistent with the previous study [Hill et al., 2005],
showing that the injection/dispersion events are mesoscale
structures which typically last several hours. These events
are not organized well by the Cassini-era SKR longitude
system. Instead, they display a possible modulation at the
Voyager-era SLS period, although a periodogram analysis
reveals no significant periodicity. The local time distribution
reveals a curious asymmetry in which the events tend to
cluster in the prenoon quadrant.

[24] A significant result of our study is that injections
occupy a small fraction, �5–10%, of the available longi-
tudinal space. This result quantifies the general impression
that Saturn’s rotation-driven convection system comprises
narrow sectors of rapid inflow surrounded by broader
regions of slower outflow.
[25] Many injection events have very small ages, as

discussed by Burch et al. [2005]. These very young events
were excluded by the selection criteria in our present study.
Additional work is needed to include these young events in
our data set.
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