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Abstract. In this study we investigate the latitudinal behav-
ior of the azimuthal plasma velocities in the outer magneto-
sphere of Saturn using the numerical ion moments derived
from the measurements of the Cassini Plasma Spectrome-
ter. One of the new results presented is that although these
moments display some scatter, a significant positive correla-
tion is found to exist between the azimuthal velocity and the
plasma density, such that on average, the higher the density
the higher the rotation speed. We also found that both the az-
imuthal velocity and the density anticorrelate with the mag-
nitude of the radial component of the magnetic field and drop
rapidly with increasing distance from the magnetic equator.
The azimuthal velocities show periodic behavior with a pe-
riod near the planetary rotation period, which can also be ex-
plained by the strong dependence on magnetic latitude, tak-
ing into account the flapping of the magnetodisk. It is thus
found that the dense plasma near the magnetic equator ro-
tates around the planet at high speed, while the dilute plasma
at higher latitudes in the northern and southern hemispheres
rotates significantly slower. The latitudinal gradient observed
in the azimuthal speed is suggested to be a direct conse-
quence of the sub-corotation of the plasma in the outer mag-
netosphere, with highest speeds occurring on field lines at
lowest latitudes mapping to the rapidly rotating inner regions
of the plasma sheet, and the speed falling as one approaches
the lobe, where the field lines are connected to strongly sub-
corotating plasma.

Keywords. Magnetospheric physics (magnetospheric con-
figuration and dynamics; planetary magnetospheres; plasma
sheet)

1 Introduction

The first in situ measurements in the magnetosphere of Sat-
urn were obtained by the Pioneer 11 and the Voyager 1 and
2 spacecraft, in 1979, 1980, and 1981, respectively. After
the short visits of these probes in the Kronian system many
open questions remained because these short encounters had
a rather limited spatial and temporal coverage of the mag-
netosphere. In 2004 the Cassini orbiter arrived at Saturn and
began its comprehensive observations of the Kronian mag-
netosphere. The results of the first few years of the Cassini
era have been reviewed by several review papers (Gombosi et
al., 2009; Mitchell et al., 2009; Mauk et al., 2009). Through
the new findings the structure of the Kronian magnetosphere
began to unfold.

Since Saturn is a fast rotator, centrifugal effects play a very
important role in its rotating magnetosphere. The interplay of
the centrifugal force acting on the charged particles, the mag-
netic stress, and the Kinetic pressure of the particles leads
to the formation of a complex plasma/magnetic field struc-
ture called the magnetodisk (Arridge et al., 2006; Achilleos
et al., 2010). Most of the plasma is concentrated in this ro-
tating disk, which is situated near the equatorial plane and
perturbs (stretches) the planetary magnetic field. The shape
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of the magnetodisk is also affected by the solar wind. Before
equinox, the angle of attack of the solar wind caused the mag-
netodisk to acquire a bowl shape (Arridge et al., 2008). In
addition to this static deformation a vertical flapping motion
relative to an outside observer was also detected, its period
being close to the planetary rotation period.

In the Kronian magnetosphere many properties of the ob-
served fields, particles and waves show periodic variations,
associated with the planetary rotation (Arridge et al., 2011a;
Provan et al., 2012). The periodicity observed in Saturn kilo-
metric radiation (SKR) is a good example of these periods
(Gurnett et al., 2005). Periodic variations were also found
in the magnetic field (Espinosa and Dougherty, 2000; An-
drews et al., 2008, 2012; Provan et al., 2012). Burch et
al. (2009) have established that the SKR period also orga-
nizes the heavy ion data sampled by the Cassini Plasma Spec-
trometer (CAPS). The electron density in the vicinity of Ti-
tan’s orbital distance was also found to be periodic (Arridge
et al., 2008), the density modulation being explained by the
periodic motion of the plasma sheet.

Most of the results of the primary and early equinox
mission pointed toward a relatively simple picture of the
magnetodisk: a rotating asymmetric bowl-shaped current
sheet, exhibiting apparent vertical flapping motion. Arridge
et al. (2011a) proposed a “simple structural model” to de-
scribe the shape and the flapping of the magnetodisk.

Since the equinox several new discoveries modified this
simple picture into a more complex and less clear image.
Gurnett et al. (2009) found that the periodicity in the SKR
emission differs in the northern and southern hemispheres
and both periodicities vary slowly. Andrews et al. (2012)
and Provan et al. (2012, 2013) investigated magnetic field
modulations in Saturn’s magnetosphere. They have shown
that in the high-latitude regions of the northern and south-
ern hemispheres single period modulations can be observed,
but near the current sheet dual periodicities are characteris-
tic. It was shown that the interplay of the two periodicities in
the equatorial region can cause phase shifts and slow modu-
lation of the amplitude of the periodic variations (beats). It is
also suggested that the thickness of the plasma sheet varies
with the beat period. These new results motivated Szego et
al. (2013) to modify the simple structural model of Arridge
et al. (2011a). In the new model the dual periodicities of the
equatorial region are also taken into account.

Periodic variations were found in the density of thermal
ions as well (Nemeth et al., 2011; Szego et al., 2011, 2012,
2013; Arridge et al., 2011b). The thermal plasma sheet prop-
erties are shown to be different for different ion species. The
proton sheet is smoothly modulated by the flapping of the
magnetodisk; in the nightside the heavy ions form a nar-
row sheet surrounding the magnetic equator, and when the
nominal center of the plasma sheet is crossed (B; = 0), high-
density heavy ion peaks can be observed. The periodicity of
these heavy rich events was found to be close to the southern
SKR period. Morooka et al. (2009) have shown that quasi-
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periodic variations of the electron density can be observed
all over the magnetosphere, even in the lobe region beyond
L =15. They also found that Saturn’s magnetosphere has a
strong longitudinal asymmetry.

Various models have been suggested to explain the prop-
erties of the Kronian magnetosphere (Espinosa et al., 2003;
Southwood and Kivelson, 2007; Goldreich and Farmer,
2007; Gurnett et al., 2007; Southwood and Kivelson, 2009;
Khurana et al., 2009; Carbary and Mitchell, 2013). Recently
Jia and Kivelson (2012) proposed a numerical model, which
agrees well with most of the experimental results currently
known. The model assumes an ionospheric source of rota-
tional asymmetry. There are twin-vortical structures in the
southern and northern ionosphere in the model, rotating at
the southern and northern SKR period respectively. Using
an lonosphere Electrodynamics (IE) solver together with
the global three-dimensional magnetohydrodynamic (MHD)
model they computed the effects of these ionospheric vor-
tices on the magnetosphere. The results show the flapping
and breathing magnetodisk, as well as the dual periodicities
in magnetic and plasma data. Jia and Kivelson (2012) predict
variations of the plasma velocities. The velocity components
show periodic modulation, the azimuthal speed V,, varying
approximately in phase with the density. Here we show that
this model result is supported by data.

Several papers studied the velocity variations of the
plasma in the Kronian magnetosphere. Miiller et al. (2010)
studied the azimuthal plasma velocity in the inner magne-
tosphere of Saturn. Ramer et al. (2012) investigated veloc-
ity periodicities in the inner magnetosphere near the equato-
rial plane. Wilson et al. (2013) found evidence of a global
electric field in the inner magnetosphere from radial veloc-
ity measurements. McAndrews et al. (2009) presented a bulk
ion flow map from the nightside equatorial region of Sat-
urn’s magnetosphere. Thomsen et al. (2014) provided a ra-
dial profile of the nightside azimuthal velocity. Carbary and
Mitchell (2014) used energetic neutral atom (ENA) images
to determine the rotational speeds of the plasma by measur-
ing the speed of features (“blobs™) appearing in the images;
their results show good agreement with in situ plasma mea-
surements.

These papers established the basic behavior of the az-
imuthal flow with respect to radial distance near the equa-
torial plane in the nightside magnetosphere of Saturn, falling
from near-rigid corotation at a distance of ~ 3 Saturn radii
(Rs), to ~50% of rigid corotation or less at ~20 Rs and
beyond. We extend these studies to include higher latitude
passes in the outer magnetosphere to the orbit of Titan and
beyond. The broad latitudinal coverage of these passes re-
veals the latitudinal structure of the flows in the outer mag-
netosphere together with a quasi-periodic variation associ-
ated with this structure. We investigate the azimuthal flow ve-
locities and their periodicities using numerical ion moments
(Thomsen et al., 2010) derived from the measurements of
the Cassini Plasma Spectrometer (CAPS) onboard Cassini
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(Young et al., 2004). Our analysis covers data from the be-
ginning of 2005 to the end of 2009, from southern summer
to equinox conditions. As the spacecraft spent a significant
amount of time on the nightside only in years 2006 and 2009,
our analysis is based on the data of these 2 years. This long
data acquisition period gives us excellent statistics, which is
essential for the investigation of the structure of the magne-
todisk.

2 Data analysis

We started our investigations with several case studies. In
2009 11 consecutive orbits of the Cassini spacecraft (from
Rev 108 to Rev 119, with the exception of Rev 118) were
such that each of them intersected the equatorial plane of
Saturn at about 22:00 LT, and approached the equator there
with decreasing inclination. Along all of these orbits Cassini
flew by Titan, starting with T52 (day 94 of 2009 (4 April)
01:47:48), and finishing with T62 (day 285 of 2009 (12 Octo-
ber) 08:36:25). The Saturn equinox was on 11 August 2009,
so this set of orbits is of particular interest for studying the
nightside magnetodisk of Saturn under near-equinoctial con-
ditions.

For each of these orbits we examined the radial component
of the magnetic field (By), together with the azimuthal veloc-
ity and the density of the proton species derived by Thomsen
et al. (2010). Figure 1 shows two of these plots, for the T57
and T59 Titan encounters respectively. The plasma data are
missing, where the moments calculation could not give a re-
liable result. This can happen due to unfavorable spacecraft
conditions (CAPS is not actuating or the spacecraft is rolling;
rolling is a problem for moment analysis and it is required
that during a measurement cycle the particles hitting differ-
ent anodes should not mix), due to low signal-to-noise ratio,
or where the numerical method does not converge. Most of
the data gaps in the figure reside where the plasma density
is presumably very low, which leads to low signal-to-noise
ratio. In Fig. 1 the ion plasma data for which the direction
of the ion flow was inside the field of view of the CAPS in-
strument are distinguished from other reliable data by color;
the lines are green for “corotation in field of view” and blue
for the other reliable velocity and density moments. We re-
moved the data from the immediate vicinity of Titan, since
the magnetic field changes due to Titan’s induced magneto-
sphere, and the ion peaks due to dense ionospheric plasma
are of no or little consequence regarding the large-scale vari-
ations of the Kronian magnetosphere.

The data are heavily loaded with fluctuations due to chang-
ing physical environment, but the presence of variations with
periodicity near the planetary rotation period is evident. By
periodicity here we mean recurrent peaks generally occur-
ring in every planetary rotation period in the vicinity of the
magnetic equator. An almost one to one correspondence can
be observed between the periodically recurring velocity and
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density peaks. (See Fig. 1. We have drawn a few vertical lines
to help visualize alignment.) It should be noted that these
peaks also correspond to dips or zero-crossings in the ra-
dial magnetic field. The recurring peaks are present along the
other orbit segments as well; almost all of the peaks coincide
with the periodic magnetic signatures, which can be identi-
fied as those times when the spacecraft approaches or crosses
the wavy central sheet of the magnetodisk. The periodic be-
havior of the magnetic field has been established by using a
robust analysis technique (see e.g. Provan et al., 2012). Al-
though our sporadic data set does not allow for the usage
of that technique, the observation that velocity and magnetic
field signatures coincide strongly suggests that the two phe-
nomena have similar periodicities.

The numerical simulations of Jia and Kivelson (2012)
found a direct correlation between the azimuthal velocity and
the density. Our case studies show one to one correspondence
between these two quantities. Empirically based theoretical
models of the density e.g. Persoon et al. (2009) show that
the density depends strongly on the distance from the central
sheet of the magnetodisk, the density being highest in the
central sheet and steadily decreasing towards the lobes. This
dependence together with the vertical flapping motion of the
magnetodisk leads to the periodic modulation of the mea-
sured density along the orbit of the spacecraft, which was re-
cently found in Cassini ion data (Nemeth et al., 2011; Szego
et al., 2011, 2013). This suggests that the observed periodic
modulation of the azimuthal velocity also correlates with the
motion of the magnetodisk. Near the crossings the velocity
is high, while the plasma is slower farther away.

Due to the strong fluctuations and the sporadic nature of
the data, the case studies are not entirely sufficient to answer
every question. It is important to verify whether the veloc-
ity variations we see are really due to the variation of the
distance between the spacecraft and the central sheet of the
magnetodisk. How does this relationship develop from the
plasma sheet to the lobes? How does the velocity variation
correlate with other parameters of the plasma, e.g. the den-
sity and the radial magnetic field? What are their quantita-
tive relationships? What are the implications concerning the
structure of the magnetosphere?

To examine the correlation suggested by the models and
our case studies, and also to support our findings about the
periodic velocity variations, we created velocity-density scat-
ter plots using data not only from the orbit segments of the
case studies, but all the available and reliable moments data
obtained during 2009 and 2006, the 2 years when the Cassini
explored the nightside outer magnetosphere. Our particular
interest is the nightside outer magnetosphere, so only data
are employed for which the Kronian local time (LT) is less
than 3 hours from midnight, and the distance from Saturn is
between 15 and 28 Rs (the radial range where Cassini ex-
plored our region of interest). The upper left panel of Fig. 2
(for 2009) shows these scatter plots for protons; the upper
right panel of Fig. 2 shows similar data for heavy ions. Both
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Figure 1. Radial magnetic field (top panel), azimuthal velocity (middle panel) and proton density (bottom panel) for two 4-day long orbit
segments containing the T57 (on the left) and T59 (on the right) Titan encounters.

plots show a direct correlation between the azimuthal veloc-
ity and the density for both light and heavy ions. The Pear-
son correlation coefficient is 0.49 for protons, 0.54 for heavy
ions. This means moderate or moderately strong correlation.
Due to the high number of the samples (thousands of mea-
surement points) the significance of this result is very high,
far over the five sigma level. (The significance of the corre-
lation indicates whether a correlation proves the relationship
of the two quantities or not. The measure of significance is
the p-value, which tells how unlikely it is that a correlation
coefficient will occur without relationship in the population.
For a given value of the correlation coefficient, the larger the
sample size, the smaller the probability of this coefficient oc-
curring by chance. A coefficient around 0.5 for thousands
of points means very high significance.) This result proves
beyond doubt that there is a relationship between the den-
sity and the azimuthal velocity, they increase and decrease
together. The result is even more remarkable if we consider
that the correlation is found on a large, year-long sample, in
which other effects of the very dynamic Kronian magneto-
sphere cause a strong scatter. The steeper curve for the heavy
ions arises because their number density depends strongly on
the distance from the central sheet (e.g. Persoon et al., 2009).
As we move away from the magnetic equator, the heavy den-
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sity decreases much more rapidly than the proton density, but
the speeds of the two plasma species are comparable. Thus
the same velocity variation corresponds to a much stronger
density variation for the heavy ions. The bottom panels of
Fig. 2 show box-plots for the same data set. The horizontal
lines of each box represent the first, second and third quar-
tiles of the corresponding bin. We have chosen the bins so
that there are the same number of points in each bin, this is
why the width of the bins varies. We have discarded the first
and last bin of each plot, because those were much wider than
the others indicating very high velocity scatter. The straight
red lines are linear fits (log(o) = av + b) for the mean values
of the bins, where a = 0.006 and b = —2.95 for protons; and
a =0.015 and b = —4.0 for heavy ions. As for the proton
data of year 2009 the linear behavior clearly breaks down
for very high and low speeds, the fit for that data set only
contains the seven linear bins. In summary, near the mag-
netic equator in the central region of the plasma sheet, where
the density is high, we usually find high azimuthal speeds as
well. In the lobes the azimuthal velocity is much lower. The
velocity changes 100-150 kms—1 between the two regions,
while at the same time the density changes 0.6 and roughly 2
orders of magnitude for protons and heavy ions respectively.
In this the observations seem to be in agreement with the
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Figure 2. Azimuthal velocity — density relationship. The left panels
show proton data, the right panels show water-group data, measured
in the nightside outer magnetosphere of Saturn in year 2009. Upper
panels: scatter plots, bottom panels: box-plots. The three horizontal
lines of each box represent the first, second and third quartiles of
the corresponding bin. There is an equal number of points in each
bin, this is why the width of the bins vary. The red line is a linear fit
for the mean values of the bins it crosses.

basic assumptions about the nature of the flow in the mod-
els of Cowley et al. (2004) and Cowley et al. (2008), where
strongly sub-corotating flow was found in the polar regions
of open field lines, and near corotation was detected in the
equatorial region. Sometimes we even see negative values in
the lobes, but it seems there is rather strong scatter around
zerokms~1 in the dilute plasma at high latitudes.

Assuming that the velocity peaks on the central sheet of
the magnetodisk, and the v(z) function is smooth (where z
is the distance from the central sheet of the magnetodisk),
we can approximate v(z) in lowest order as v(z) = V(1 —
z2/Z?%). Here V is the peak velocity and Z is the length
scale characteristic of the falloff of the velocity. If we can
approximate the density as o(z) = ooexp(—z%/A%), where
oo is the peak value and A is the scale height of the den-
sity, then the o(v) function can be written as log(o(v) /o) =
Z2/)2(v/V —1). Thus from the fitting parameters we can
calculate the peak velocity, together with the ratio of the two
length scales: Z2/1% = —b+log(oo), V = —(b—log(00))/a.

It is obvious from Fig. 2 that the straight lines are not an
ideal fit for the data. Hence the parameters calculated from
the linear fits should not be used to determine the relation
among physical quantities, but still, they can be useful in
evaluating the seasonal variations, or the differences in the
behavior of the two ion species. In Fig. 3 plots similar to
those of Fig. 2 are shown for 2006. The orbit segments in
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Figure 3. The same as in Fig. 2 but for year 2006.

the nightside magnetosphere are very similar for 2006 and
2009, although the 2009 passes contain a few fast latitude
scans. Only in these 2years flew Cassini in the nightside.
These two sets of orbits provide the best opportunity to study
the long-term stability or variations of the observed relation-
ships. We use the same radial and local time ranges as before.
The correlations between density and azimuthal velocity are
definitely present in 2006 as well (correlation coefficients are
0.41 and 0.49 for protons and heavy ions respectively). The
densities seem to be somewhat higher in this year, with less
variation. The azimuthal velocity is somewhat lower (at least
for the protons); the velocity-density correlation scatter plots
show a more gradual incline. We do not know the cause of
these long-term variations, but it is possible that seasonal ef-
fects influence the density and velocity distributions in the
nightside outer magnetosphere.

Comparing the quantitative results derived from the fitting
parameters, we find that in 2009 the ratio of the velocity and
density scale height for the heavy ions is 2.4 times the ra-
tio for the protons where the different scale heights reflect
the stronger confinement of the heavy component. The cor-
responding value is 2 for 2006. If we compare the ratio of the
velocity and density scale height of a single species but for
different years, we find that the confinement is much stronger
in 2009. The ratio of the 2009 and 2006 data for protons is
2.3; it is 2.6 for heavy ions. This means that in the night-
side outer magnetosphere the thickness of the plasma sheet
in 2009 is less than half the 2006 value. This explains the
changes in the peak density as well — the plasma is con-
centrated around the magnetic equator, so its density has a
higher peak value, but it falls off faster with height above the
magnetic equator. The peak velocities also show significant
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seasonal variation. For 2006 the fits give 110-130 km s~ for
this region, roughly the same for the two species. For 2009
the values are much higher, 120-150 for heavy ions and 160—
180 for protons.

Since by definition B, is zero at the magnetic equator,
and in this vicinity varies near-linearly with distance from
the central sheet at a given radial distance, this quantity is a
good organizational parameter for study of the structure of
the magnetodisk near the central sheet. The dependence on
the distance from the central sheet is even clearer, if we em-
ploy the residual radial magnetic field (B; — Byqg Where By is
the radial component of the dipole field), since the radial de-
pendence of the dipole field, which can cause significant vari-
ations along an arbitrary path, is removed. The radial field is
known to be periodic (e.g. Andrews et al., 2012; Provan et
al., 2012), so the B, dependence of the velocity can provide
a further insight into the periodic behavior of the velocity
variations as well.

The top panels of Fig. 4 show azimuthal velocity versus
residual radial magnetic field scatter plots for 2 years (2006
and 2009) for the light ion component. These 2 years provide
the best opportunity to study the nightside outer magneto-
sphere. The points of the left panel represent data from 2009,
the right panel contains data from 2006. As the radial depen-
dence of the magnetic field could blur the picture, for the pur-
pose of this analysis we constrained our radial range inside
the 4.5 Rs vicinity of the intersection of the orbit segments.
The boxes of the lower panels represent the lower quartile,
median and upper quartile of the data for 1 nT wide magnetic
field intervals. The data show the same trend for both years,
namely near the magnetic equator we find high azimuthal
speeds, while moving away from the magnetic equator we
encounter slower and slower plasma, and in the lobes the ro-
tation of the plasma is very slow. The medians of the box-
plots indicate that the azimuthal velocity in the lobes is nearly
zero, while the central sheet is rotating with approximately
160 km s~ in 2009; the same value for 2006 is 90 kms ™.

Our results suggest that the Kronian magnetodisk has a
dense, rapidly rotating central plasma sheet with the rotation
rate low in the lobes, and gradual variation in between. To
explain this behavior we propose a simple model, which we
call the “rigid L-shell model”. In this model each L-shell ro-
tates independently from the other L-shells, with individual
shells rotating approximately as a rigid body, with constant
angular velocity along each field line. Since a shell’s rotation
speed is determined by its dense equatorial region, which ro-
tates slower farther away from the planet (sub-corotation), a
latitude scan intersects slower and slower shells as it moves
away from the magnetic equator.

This model readily explains the observed periodicity as
well if we take into account the flapping of the magnetodisk.
Due to this flapping motion, the spacecraft is periodically im-
mersed in the dense fast-moving plasma of the central plasma
sheet, which causes the periodic occurrence of high-speed
“streams”.
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Figure 4. Residual magnetic field — azimuthal velocity scatter plots
(upper panels) and box-plots (lower panels) for proton data mea-
sured in the nightside outer magnetosphere of Saturn. Left panels:
2009, right: 2006. The three horizontal lines of each box represent
the first, second and third quartiles of the corresponding bin. The
velocity approaches zero far away from the magnetic equator, while
the central sheet of the magnetodisk rotates rapidly. (Its speed is
approximately 160 km s~ for 2009 and 90 km s~ for 2006.)

3 Conclusions

We investigated the modulation of thermal ion plasma veloc-
ities in the nightside outer magnetosphere of Saturn. Since
we were interested in the 3-D structure of the magnetosphere
we also included high latitude data gathered along high incli-
nation orbits.

— We observed a significant positive correlation between
V,, and the density, such that on average, the higher the
density the higher the rotation speed. This agrees well
with the numerical model of Jia and Kivelson (2012).

- Both V,, and the density anticorrelate with the absolute
value of the radial component of the magnetic field (By).

— We used By as an indicator of the distance from the cen-
tral sheet of the magnetodisk, and found that the dense
plasma near the magnetic equator rotates around the
planet at high speed, but the dilute plasma of the higher
latitudes of the northern and southern hemispheres is
rotating significantly slower. The azimuthal velocity in
the lobes is nearly zero, while the central sheet is rotat-
ing with roughly 160 km s~ in 2009; the same value for
2006 is 90 kms~1.

— We found that the ion velocities exhibit periodic mod-
ulation. The period of the modulation is near the ro-
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tational period generally observed by magnetic and
plasma measurements (Provan et al., 2012; Andrews
et al., 2012; Szego et al., 2011, 2013). The observed
periodicity is compatible with the magnetic phases of
Provan et al. (2011) however the data coverage is not
good enough to allow a stronger statement.

These findings can be explained by supposing that each L-
shell rotates at fixed angular velocity but this velocity varies
from shell to shell. Thus the latitudinal gradient observed
in the azimuthal speed is a direct consequence of the sub-
corotation of the plasma in the outer magnetosphere, with
highest speeds occurring on those field lines at lowest lat-
itudes mapping to the rapidly rotating inner regions of the
dense plasma sheet, and the speed falling as one approaches
the lobe, where the field lines are connected to far away
strongly sub-corotating plasma. Thus one can explore the
whole radial range of equatorial velocities at a fixed distance
by examining the velocity as a function of flux shell — param-
eterized by residual By).
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