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[1] Cassini magnetic field observations show that few-nT
oscillations near the planetary rotation period, first observed
in Pioneer-11 and Voyager-1 and -2 fly-by data, are
essentially ubiquitous in Saturn’s magnetosphere, though
their character differs between the quasi-dipolar ring current
region and the dawn tail. Examination of data from the ring-
current region shows, however, that the observed oscillation
period is not fixed at the planetary period, but has smaller
values on the inbound pass of the spacecraft, increasing to
larger values at and beyond periapsis. These variations are
shown to be consistent with the Doppler shifts due to
spacecraft motion expected in a model in which the wave
phase fronts rotate with the planet, and radiate outward at a
speed comparable with the equatorial Alfvén speed.
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1. Introduction

[2] Espinosa and Dougherty [2000] and Espinosa et al.
[2003a] were the first to recognise that few-nT magnetic
field oscillations near the planetary rotation period (�10.8 h)
occur inside Saturn’s magnetosphere, observed in data from
the Pioneer-11, and Voyager-1 and -2 fly-bys. This was an
unexpected finding, since the near-planet data from these
fly-bys had also shown that the internal field of the planet is,
uniquely, closely aligned with the planet’s spin axis [e.g.,
Connerney et al., 1983; Davis and Smith, 1990]. They
reported that the perturbations consist of oscillations in
the radial and azimuthal components of the field that are
in quadrature, such that the field vector rotates anticlock-
wise when viewed from above the north pole. Espinosa et
al. [2003b] proposed that the perturbations are caused by a
rotating anomaly at the planet, probably magnetic (but as
yet undetected directly), which radiates fast mode waves
across the field lines into the magnetosphere. In this case the
wave phase fronts take the form of an Archimedes spiral, in
which the azimuthal propagation is at the planetary angular
velocity, while the outward propagation can be taken, as a

first approximation, as being at the fast mode speed. In this
paper we show that in this case the observed wave period
will generally show readily-observable Doppler shifts due
to spacecraft motion through the wave field, and that these
are indeed observed in magnetic data recently acquired by
the Cassini Saturn orbiter mission.

2. Cassini Data

[3] Newly-available observations from the Cassini space-
craft demonstrate that magnetic oscillations near the plan-
etary period are almost ubiquitous in Saturn magnetospheric
data. These were not discussed in the initial description of
field data from the Cassini Saturn Orbit Insertion fly-
through by Dougherty et al. [2005], but in retrospect are
clearly present. They are more easily seen in data from
subsequent orbits when the spacecraft passed more slowly
through the magnetosphere, such that more wave cycles
were observed in the various regions traversed. An example
from ‘Rev 4’ is presented in Figure 1, where we show
residual field components in spherical polar coordinates
(referenced to the planet’s spin and magnetic axes), for
days 65 to 72 of 2005. The residual field is the measured
field minus the SPV internal field of Davis and Smith
[1990], where we note that the latter model is axisymmetric
and hence has no azimuthal component, so that the azi-
muthal field shown is that directly measured. Spacecraft
position data are given at the bottom of Figure 1, from
which it can be seen that Cassini was located very close to
the planet’s equatorial plane throughout the pass. The
inbound pass took place at a local time of �10 h in the
pre-noon sector, with the final magnetopause crossings
(marked MP) observed at a radial distance of �23.8 RS

early on day 66. (RS is Saturn’s conventional equatorial
radius, taken here to be equal to 60,330 km.) Periapsis
(marked PA) occurred at �12 UT on day 68 at a radial
distance of �3.5 RS and a local time of �20.2 h. The
outbound pass took place at �5 h in the dawn sector with
the magnetopause transition (also marked MP) being ob-
served at �32.5 RS on day 72.
[4] The principal magnetic residuals observed on the

inbound pass and early outbound pass are those due to
the ring current in the quasi-dipolar magnetosphere, pro-
ducing �2 nT positive co-latitudinal (q) components in the
outer part of the system, and �15 nT negative q components
near closest approach [Connerney et al., 1983; Bunce and
Cowley, 2003]. Few-nT negative radial (r) components were
also observed in this region, indicating that the spacecraft
was located significantly south of the effective centre plane
of the ring current during the pass. This is rather surprising
given a spacecraft location only �0.1 RS from the expected
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magnetic equator, due to the combined effect of its slight
southerly latitude inbound (Dz � 0.05 Rs) and the small
northward displacement of the planet’s dipole axis along the
spin axis (Dz � 0.04 Rs [see Dougherty et al., 2005]). With
a current sheet half-thickness of �3 RS [Connerney et al.,
1983] and a peak radial field outside the current sheet of
�10 nT, such displacements should result in observed radial
fields of a few tenths of a nT, rather than the few nT
observed. The observed fields thus instead suggest space-
craft displacements from the magnetic centre plane of order
�1 RS, which may be due to a northward displacement of
the inbound current sheet produced by the solar wind
interaction during conditions of Saturn northern hemisphere
winter. On the outbound pass a transition to tail-like fields
took place in the middle of day 69 at a radial distance of
�15 RS. After this time the principal residuals became
negative radial and positive azimuthal (j) components,
indicating that the spacecraft was again located south of
the centre of the plasma sheet, due similarly to northern
hemisphere winter conditions.
[5] Figure 1 also shows that oscillations with a �11 h

period are superposed on the quasi-steady residuals in both
the ring current and tail-like region, though the character of
the perturbations is different in the two regions. In the ring
current, the principal perturbations are in the r and j
components, approximately in quadrature as reported by
Espinosa et al. [2003a]. A related oscillation is also ob-
served in the q component in the early outbound pass. In the
tail-like region, the main oscillation is in the principal r
component, such that significant oscillations in the total
field strength are also observed (not shown). Related
oscillations in energetic electrons have also been reported

in this region [Krupp et al., 2005]. It may be noted that in
the simple conceptual model presented by Espinosa et al.
[2003b], perturbations in the r and j components are
opposite in sign above and below the equator, and go to
zero on the equatorial plane itself. Such is clearly not the
case in the equatorial data shown here. However, we noted
above that the spacecraft was located consistently south of
the effective magnetic equator during the interval. Inspec-
tion of all the Cassini magnetospheric data obtained to date
(�20 orbits) shows similar behavior to that shown in
Figure 1, though the amplitude of the oscillations in the
ring current region varies somewhat from pass to pass, and
there is sometimes a significantly large oscillatory signal in
the q component as well. In the tail-like region, clear
oscillations of lower amplitude are also sometimes observed
in the q and j components, while the overall oscillatory
behavior is sometimes disrupted by other dynamic phenom-
ena, some of which are solar wind-related [Cowley et al.,
2005; Bunce et al., 2005].
[6] We now concentrate on the oscillations in the ring

current region. Although the observed period is clearly of
order the �10.8 h planetary rotation period, inspection
shows that it is not constant. If we focus on the relatively
sharp minima in the j field component in which the
wave is clearest and strongest, marked by the dashed
vertical lines in Figure 1, then we find that the periods of
the first two oscillations observed (marked A and B) are
�7.9 and �9.8 h, respectively, clearly shorter than the
planetary period. During the next two oscillations the
period continues to increase, however, reaching �11.2
and �14.7 h for oscillations C and D, thus becoming
longer than the planetary period. Oscillation D ends close
to periapsis. After this the period decreases slightly to
�14.4 h for oscillation E on the outbound pass, before
falling again to �11.6 h for oscillation F, after which the
spacecraft passes into the tail-like region to be investi-
gated elsewhere. This pattern of increasing period on the
inbound pass, from values shorter than the planetary
period to values which are longer near to and after
periapsis, is found to be a common feature of the data
examined to date (limited, e.g., by data gaps). The effect
suggests the presence of Doppler shifts due to spacecraft
motion through the wave field. As noted above, in
Espinosa et al.’s [2003b] discussion the wave phase
fronts take the form of Archimedes spirals associated
with outward wave propagation from a rotating source
at the planet. Outward propagation results in shorter
periods inbound and longer periods outbound, while
propagation in azimuth results in longer periods peaking
near periapsis for sub-corotational prograde spacecraft
motion such as that of Cassini. This basic pattern of
wave period variation is thus in qualitative conformity
with the observations. In the next section we make an
initial quantitative comparison.

3. Doppler-Shifted Wave Period

[7] Here we make the simplest possible analysis in
conformity with the above discussion, ignoring complica-
tions due, e.g., to finite system size and wave refraction in
the shearing flows of the sub-corotational magnetosphere.
Our aim is to demonstrate only that the sense and magnitude

Figure 1. Plot of Cassini magnetic field data (FGM
sensor) for days 66–72 of 2005. Residual field components
(observed minus SPV internal field) are shown versus time
in spherical polar coordinates referenced to the planet’s spin
and magnetic axis. Inbound and outbound magnetopause
positions (MP) are shown at the top of the figure, together
with the position of periapsis (PA). Spacecraft position data
are given at the bottom. The vertical dashed lines delimit
complete field oscillations during the traversal of the ring
current region, marked A to F, keyed to minima in the j
component.
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of the effects observed can be accounted for by this picture.
We thus take the wave phase to be given by

y r;j; tð Þ ¼ WS t �
Z r

RS

dr0

VA r0ð Þ

� �
� j; ð1Þ

where WS is the angular velocity of planetary rotation, j is
the azimuthal angle around the planet’s spin and magnetic
axis increasing in the direction of planetary rotation, r is the
radial distance from the planet, and VA is the Alfvén speed
in the near-equatorial plasma. The value of WS is at present
uncertain to within �1% [Galopeau and Lecacheux, 2000],
and has been taken here to be 1.622 � 10�4 rad s�1, the
most recent determination from Saturn kilometric radio
(SKR) emission [Gurnett et al., 2005]. The corresponding
uncertainty in the period is only of order �6 min, however,
which is much shorter than the few-hour variations in the
magnetic oscillation period to which we draw attention. Our
results and conclusions do not therefore depend upon the
detailed choice of WS within present uncertainties. The
magnetic signals can themselves be employed to investigate
the rotation period provided account is taken of the phase
propagation [G. Giampieri et al., 2006], though this is not
the subject of the present paper. We also note that, strictly, the
appropriate radial phase speed in equation (1) should be the
fast mode speed rather than the Alfvén speed, as mentioned in
section 1. However, the fast mode speed does not differ
significantly from the Alfvén speed unless the plasma b is
very large. For example, within the b� 1 ring current region
the fast mode speed is only �35% higher than the Alfvén
speed, a difference that is not of great significance within the
present uncertainties. Themodel employed for VA is shown in
Figure 2, based on the SPV dipole internal field modified by
ring current and magnetopause effects as observed, and the
equatorial oxygen plasma density profile determined from
Voyager data by Richardson [1995]. The resulting spatial
structure of the wave is illustrated in Figure 3, where we show
phase fronts given by y = const. The phase angle
changes by p/2 radians between each line, such that one
complete wavelength occurs in one full turn. The radial
wavelength is found to be �30 RS, comparable to the
extent of the system. With increasing time, the phase
fronts rotate with the planet at angular frequency WS. The
trajectory of the spacecraft during ‘Rev 4’ is also
superposed as the dashed line, from which the regions
of positive and negative Doppler shift can be ascertained
from the direction of spacecraft motion with respect to

the model fronts. The instantaneous Doppler-shifted wave
period t0S can be found by differentiating y with respect
to time

t0S tð Þ ¼ 2p
dy=dtð Þ ¼

tS
1� _r tð Þ=VA � _j tð Þ=WSð Þ ; ð2Þ

where tS = 2p/WS is Saturn’s rotation period, and _r(t) and
_j(t) are the radial and angular velocities of the spacecraft
respectively. The modified wave period in the ring current
region is shown versus time by the solid line in Figure 4,
while the dashed line shows the result obtained from
equation (2) with the radial propagation term set to zero,

Figure 2. Model radial profile of the equatorial Alfvén
speed, based on Cassini magnetic field and Voyager plasma
density data.

Figure 3. Instantaneous equatorial phase-fronts of the
wave given by equation (1), using the Alfvén speed model
shown in Figure 2. The wave phase y changes by p/2
radians between each ‘front’ emanating from the planet as
indicated. The trajectory of the spacecraft during ‘Rev 4’ is
superposed as a dashed line, with tick-marks at the start of
each day. The coordinate system is such that the X-Z plane
contains the direction toward the Sun, and Y points from
dawn to dusk.

Figure 4. Plot of the Doppler-shifted wave period versus
time on the ‘Rev 4’ Cassini trajectory (solid line), given by
equation (2). The dashed line corresponds to the wave
period obtained when the radial propagation term is set to
zero in equation (2), corresponding to the shift due to
azimuthal motion only. The dotted line shows the assumed
un-Doppler-shifted wave period at the planetary rotation
period. The dots show the periods determined from the
Cassini data shown in Figure 1 marked A to F, determined
over the intervals shown by the horizontal lines.
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showing the effect of azimuthal propagation alone. The
latter value is higher than the former on the inbound
trajectory where _r(t) is negative, and vice versa on the
outbound trajectory where _r(t) is positive. The horizontal
dotted line shows the planetary period tS about which the
curves vary due to the spacecraft motion. In accordance
with the above discussion and Figure 3, it can be seen
that the period is shortened on the early inbound pass due
to spacecraft radial motion, reverting near periapsis to
longer periods due to azimuthal motion. On the outbound
pass both effects contribute to longer periods, with that
due to radial motion dominating at larger distances. The
wave periods determined from Figure 1, and the intervals
over which they were determined, are shown by the dots
and horizontal lines. While agreement is not perfect, as
not unexpected from the simplicity of the model, the
observed values do follow theoretical expectation in sense
and magnitude. In particular, direct examination of y
along the orbit (not shown here) shows that the interval of
complete wave periods on either side of periapsis where the
values are most strongly influenced by azimuthal wave
propagation, should increase to �14 h as observed. These
results provide support for our interpretation of the varying
wave period found here, and thus also for the corotating wave
source model suggested by Espinosa et al. [2003b].

4. Summary

[8] Examination of Cassini data shows that few-nT
magnetic field oscillations near the planetary period are
almost ubiquitous inside Saturn’s magnetosphere. Oscilla-
tions of modestly variable amplitude are always present in
the radial and azimuthal fields in the quasi-dipolar ring
current region, sometimes accompanied by related varia-
tions in the co-latitudinal component. In the tail-like region
at dawn, compressional oscillations in the radial component
are dominant, unless disrupted by other dynamic tail phe-
nomena such as those associated with solar wind effects.
Examination of the data in the ring-current region shows,
however, that the oscillation period is not constant at the
planetary rotation period, but varies from shorter periods
during the inbound pass to longer periods near and beyond
periapsis. These variations are consistent with a model in
which the wave source corotates with the planet, and
radiates into the magnetosphere at a speed comparable to
the equatorial Alfvén speed. Corotation alone can account
for the longer periods near periapsis, but slow outward
radial propagation (tens of km s�1) in the outer ring current
is required to explain the shorter periods observed inbound.
The radial wavelength of the wave is �30 RS according to

our simple model, comparable to the size of the quasi-
dipolar magnetosphere. This implies that further refinement
of these considerations should lie within the framework of
global-scale oscillations of the Saturn magnetosphere sys-
tem as a whole.
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