
Space Sci Rev (2010) 152: 251–269
DOI 10.1007/s11214-009-9621-7

Magnetic Fields of the Outer Planets

C.T. Russell · M.K. Dougherty

Received: 20 August 2009 / Accepted: 3 December 2009 / Published online: 20 January 2010
© The Author(s) 2010

Abstract The rapidly rotating giant planets of the outer solar system all possess strong
dynamo-driven magnetic fields that carve a large cavity in the flowing magnetized solar
wind. Each planet brings a unique facet to the study of planetary magnetism. Jupiter pos-
sesses the largest planetary magnetic moment, 1.55 × 1020 Tm3, 2 × 104 times larger than
the terrestrial magnetic moment whose axis of symmetry is offset about 10° from the rota-
tion axis, a tilt angle very similar to that of the Earth. Saturn has a dipole magnetic moment
of 4.6 × 1018 Tm3 or 600 times that of the Earth, but unlike the Earth and Jupiter, the tilt of
this magnetic moment is less than 1° to the rotation axis. The other two gas giants, Uranus
and Neptune, have unusual magnetic fields as well, not only because of their tilts but also
because of the harmonic content of their internal fields. Uranus has two anomalous tilts, of
its rotation axis and of its dipole axis. Unlike the other planets, the rotation axis of Uranus is
tilted 97.5° to the normal to its orbital plane. Its magnetic dipole moment of 3.9 × 1017 Tm3

is about 50 times the terrestrial moment with a tilt angle of close to 60° to the rotation axis
of the planet. In contrast, Neptune with a more normal obliquity has a magnetic moment
of 2.2 × 1017 Tm3 or slightly over 25 times the terrestrial moment. The tilt angle of this
moment is 47°, smaller than that of Uranus but much larger than those of the Earth, Jupiter
and Saturn. These two planets have such high harmonic content in their fields that the single
flyby of Voyager was unable to resolve the higher degree coefficients accurately.

The four gas giants have no apparent surface features that reflect the motion of the deep
interior, so the magnetic field has been used to attempt to provide this information. This
approach works very well at Jupiter where there is a significant tilt of the dipole and a
long baseline of magnetic field measurements (Pioneer 10 to Galileo). The rotation rate is
870.536° per day corresponding to a (System III) period of 9 h 55 min 26.704 s. At Saturn, it
has been much more difficult to determine the equivalent rotation period. The most probable
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rotation period of the interior is close to 10 h 33 min, but at this writing, the number is still
uncertain. For Uranus and Neptune, the magnetic field is better suited for the determination
of the planetary rotation period but the baseline is too short. While it is possible that the
smaller planetary bodies of the outer solar system, too, have magnetic fields or once had,
but the current missions to Vesta, Ceres and Pluto do not include magnetic measurements.

Keywords Planetary magnetism · Planetary rotation · Jupiter · Saturn · Uranus · Neptune

1 Introduction

The existence of the Earth’s magnetic field has been known and used in navigation for at least
a millennium, but the realization that other planets similarly possess a magnetic dynamo
was not achieved until the middle of the 20th century when radio telescopes discovered
electromagnetic emissions from Jupiter (Burke and Franklin 1955). After this early success,
terrestrial radio astronomy has played, at most, a minor role in the exploration of planetary
magnetic fields because the electromagnetic emissions from the other magnetized planets
cannot be detected at Earth. With the advent of in situ observations of planetary magnetic
fields on flybys, orbiters and landers in some cases, the near-ubiquity of current or ancient
dynamo action in bodies of almost any size from that of the Earth’s Moon to that of Jupiter
became evident. Only Venus and the smaller moons and asteroids seemed to be devoid of
current or remanent magnetic fields.

A particularly powerful tool for increasing our understanding of planetary processes is
comparative planetology, where one takes a common process and examines the behavior of
this process across a number of planets, under different boundary conditions. The four gas
giants, Jupiter, Saturn, Uranus, and Neptune, form a good set of planets for studying how
planetary magnetic fields arise because of their varying interior properties. Both Jupiter and
Saturn have interiors consisting principally of hydrogen and helium under high pressure,
but Saturn has only 30% of Jupiter’s mass. Uranus and Neptune have a core, a shell of salty
water, and a thick, largely helium and hydrogen atmosphere. All four planets generate a
magnetic field, but we believe that the fields of Jupiter and Saturn may be generated quite
differently than those of Uranus and Neptune. Certainly their outward manifestations are
different. Jupiter has the largest magnetic dipole moment and has a series of higher moments
of decreasing size as does the Earth. Its dipole field is tilted by close to 10°, also like the
Earth’s. Saturn, too, possesses a multipole magnetic field similar to that of the Earth and
Jupiter, but different in one important aspect. There is very little tilt to the dipole. In contrast,
the magnetic fields of Uranus and Neptune have dipole axes that are tilted far from the
rotation axes of the planet.

Tilted dipole moments can be especially useful for determining the rotation period of the
interior of a planet when there is no visible surface feature that rotates with the period of the
interior of the planet. In this review, we will show how this technique returns a very accurate
rotation rate for the interior of Jupiter. We also review the attempts to do the same for Saturn
where the tilt of the dipole is much smaller. For a survey of the early measurements of
planetary magnetic fields, the interested reader is referred to the chapter entitled “Space
Exploration of Planetary Magnetism” (Ness 2009). We begin our review with the planet for
which we have the longest set of measurements, Jupiter.
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2 Jovian Magnetic Field

2.1 Early Observations

The solar-system record holder in almost every category is Jupiter. Its radius of 71,400 km
makes it the largest of the planets. Its IAU-defined (System III) period, 09 h 55 min 29.7 s,
makes it the fastest rotating plasma. It has the most mass, the strongest radio emissions,
and not surprisingly, the strongest magnetic dipole moment. The existence of its magnetic
field was inferred from its polarized radio emissions. These were first detected by Burke and
Franklin (1955) with radio telescopes measuring megahertz frequencies. The changing loca-
tion of the source in the sky clearly identified this planetary source. Later, synchrotron waves
were identified at decimetric wavelengths due to energetic electrons gyrating in Jupiter’s
magnetic field (Sloanaker 1959; McClain and Sloanaker 1959).

The radio data provided many constraints on the nature of Jupiter’s magnetic field. The
dipole tilt was expected to be close to 9.5° (Roberts and Komesaroff 1965; Komesaroff and
McCullough 1967; Morris et al. 1968; Whiteoak et al. 1969; Gardner and Whiteoak 1977).
The field was estimated to be 0.04 mT < B < 0.1 mT in the radiating region (Komesaroff
et al. 1970) with the magnetic moment directed northward, opposite to the direction of the
terrestrial dipole moment (Dowden 1963; Berge 1965).

This magnetic field arises in magnetic dynamo acting in a core of liquid hydrogen and
helium (cf. Hide and Stannard 1976). The pressure of the interior of Jupiter is so great that
it is expected that in the deep interior the hydrogen forms a metallic liquid. The transition
between the outer molecular state and the inner metallic state is thought now to be gradual
with sufficient conductivity for dynamo operation at a radius of ∼0.8 RJ , but substantial
uncertainty in this value (Guillot et al. 2004).

2.2 Flyby Measurements

Based on the number of high-quality radio observations that had been obtained prior to the
advent of in situ observations with spacecraft, one would have expected few surprises upon
the arrival of the Pioneer and Voyager probes. Nevertheless, there were surprises and much
excitement when these spacecraft first arrived. Pioneer 10 flew by Jupiter on 4 December
1973, passing within 2.9 RJ (Jovian radii) of the center of the planet (Smith et al. 1974).
The magnetosphere itself was huge, extending to about 100 Jovian radii at the subsolar
point, about 100 times more distant than the subsolar point of the Earth’s magnetosphere,
making the volume of the magnetosphere a million times greater than that of the Earth. The
structure of the magnetosphere was also quite different from the terrestrial magnetosphere.
In both magnetospheres, the rotation of the planet is important. In the terrestrial magne-
tosphere, the ionosphere fills the innermost magnetosphere with cold plasma that co-rotates
with the planet, but the centrifugal force is small and the cold plasma is mainly gravitation-
ally bound and not magnetically bound. In the Jovian magnetosphere, the volcanic moon,
Io, adds plasma to the equatorial magnetosphere directly, but here, the addition is beyond
synchronous orbit. Like the plasma in the Earth’s magnetosphere, this newly added plasma
is accelerated to the co-rotation speed from the Keplerian orbital speed of Io. At Io’s loca-
tion, the centrifugal force exceeds the gravitational force, and it is the magnetic stress that
binds the plasma to Jupiter. Gravity is not sufficient. As a result, the density builds up in the
magnetosphere from Io’s orbit outward stretching the magnetic field into a disk-shaped con-
figuration. The electrically-conducting ionosphere both attempts to enforce co-rotation and
to anchor the field lines to particular latitude, but it partially fails at both. The plasma rotates
at a speed less than that of the planetary rotation and the plasma moves slowly outward,
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Fig. 1 Pioneer 10 and 11
trajectories near Jupiter. Angles
shown in System III longitude.
Distance is measured from center
of planet and is not a projection.
Dots show the position every
hour. Pioneer 10 traveled around
Jupiter in a prograde sense and
Pioneer 11 in a retrograde sense
(after Smith et al. 1976)

spiraling eventually into the tail where the plasma content of the field lines is unloaded, and
emptied magnetic flux tubes can return (floating buoyantly through the slow outward radial
flow) into the inner magnetosphere to be eventually refilled near Io and repeat their journey.
This very dynamic transport process and strong distortion of the magnetic field make the
distant magnetosphere (outside of the orbit of Io at 5.0 RJ ) unsuitable for precision deter-
minations of the interior magnetic field of Jupiter. Thus, measurements have concentrated
on the interior region. Figure 1 shows the trajectories of Pioneer 10 and 11 inside 5 RJ .
While Pioneer 10 did not cover all planetary longitudes inside 5 RJ , Pioneer 11 arriving
on 3 December 1974, approaching within 1.6 RJ of the center of Jupiter and flying by in
a retrograde direction, did cover all longitudes (Smith et al. 1975). Pioneer 10 and 11 car-
ried an accurate vector helium magnetometer. A fluxgate magnetometer was included in
the Pioneer 11 payload for redundancy. Initially, the fluxgate magnetometer measurements
differed significantly from those of the helium magnetometer, but eventually the fluxgate
magnetometer measurements were recalibrated to agree with the helium data. The consen-
sus dipole to quadrupole to octopole moment ratio was 1.00:0.24:0.21, compared to that of
the Earth of 1.00:0.14:0.10. The dipole moment was set at 1.55 × 1020 Tm3, 20,000 times
larger than that of the Earth.

Voyager 1 arrived at Jupiter on 5 March 1979, passing within 4.9 RJ of Jupiter’s center,
with Voyager 2 arriving only five months later on 20 August, passing within 10.1 RJ of the
planet (Ness et al. 1979). Neither measurement could contribute much to the determination
of the internal magnetic field, and the baseline from the Pioneer 10 and 11 data was too
short to detect any secular variation of even the dipole magnetic field. In February 1992,
the Ulysses spacecraft also flew within 6 RJ of the planet, carrying both a vector helium
and a fluxgate magnetometer (Balogh et al. 1992), but it too did not constrain the magnetic
dipole moment accurately enough to study the secular variation of the magnetic field from
the time of the Pioneer and Voyager measurements (Dougherty et al. 1996). Finally, on
December 7, 1995, the Galileo spacecraft was inserted into Jovian orbit and remained in
orbit until September 2003.

2.3 Galileo Orbiter Measurements

The Galileo orbiter carried two fluxgate magnetometers with flippers mounted on booms
on the spinning portion of the spacecraft. This configuration allowed determination of the



Magnetic Fields of the Outer Planets 255

zero levels of the magnetometers continuously in the spin plane. The sensor along the spin
axis could be interchanged with one in the spin plane to allow its zero level to be monitored
(Kivelson et al. 1992). The outbound sensor had dynamic ranges of ±32 nT and ±512 nT
and ±16,384 nT. The early orbits, G1 to C9, where the letter designates the moon visited
(Ganymede, Europa and Callisto) and the number indicates the orbit number, did not venture
inside 9 RJ except on the insertion pass I0, where the spacecraft traveled far inside Io’s orbit
to 5.0 RJ , but orientation data were unavailable. On orbits G10 to C20, the spacecraft again
stayed at or beyond 9 RJ . Finally, beginning on C21, Galileo’s perijove was lowered to Io
(I27) and kept near 6 RJ until the final plunge on September 21, 2003.

2.4 Inversion Results

Most studies of the Jovian magnetic field have followed a very similar rubric, solving an
overdetermined linear system

y = Ax (1)

where y is a column matrix of the 3N magnetic field observations (3 components observed
N times) and A is a 3N by M matrix relating the observation to the model parameters x.
The vector x is arranged as a column vector of length m.

The magnetic field at any point is a sum of coefficients dependent on locations and
Schmidt-normalized Legendre polynomials
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The ith observation, yi , is related to the model parameters by the function Pi(xi). The
functions Pi(xj ) can be Taylor expanded around some initial parameter set, xj :

yi = Pi(x
0
j ) + ∂Pi
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We can proceed by calculating the residual from an existing model, e.g. the O6 model of
Connerney (1992):
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0
j )

= A′�xj
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The matrix A′ is the same as A and is determined by the spacecraft trajectory independent
of which model being used.
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To solve this matrix, we use singular value decomposition to write

y = USVT x

where U is a 3N by M matrix consisting of M orthonormalized eigenvectors associated
with the M largest eigenvalues of the AAT as columns. S is an M by M diagonal matrix
consisting of the eigenvalues, xvi , of AT A. The S matrix is assembled with the largest svi

in the upper left, all elements positive in the order svi > sv2 > sv3 > · · · > svn.
Multiplying both sides of the equation by UT , we obtain

(UT y) = S(V T x)

Since S is an M × M diagonal matrix, we regard the above equation as M independent
equations relating eigendata (on the left), through the eigenvalues svi , to eigenvectors of
parameter space, the linear combination of the original parameters V T x. The solution to
y = Ax, that is, the parameter vector x minimizing in a least-squares sense (Lanczos 1971)
the difference between the model and the observations, is given by

x = V S ′UT y

Writing β = UT y, the solution can be constructed by a summation over the orthonormalized
Vi of parameter space:

x =
M∑

i=1

(βi/svi)Vi

Magnetic field observations along a certain trajectory are insensitive to certain linear
combination of parameters. One advantage of the SVD is that the parameter vectors which
are poorly constrained by the available observations, are explicitly identified. They are the
eigenvectors associated with the small eigenvalues of AT A.

One way to examine the condition, or stability, of a linear system is to calculate the
“condition number,” CN, defined as the ratio of the largest and smallest singular values (the
square root of the eigenvalue) (Lanczos 1971):

CN = sv1/svm

Errors in the mth generalized parameter can be expected to be about CN times larger in
magnitude than errors in the first generalized parameter. So, the condition number gives a
very good estimate of the “quality for inversion” for a system.

Figure 2 shows the condition number for different spacecraft trajectories with different
eigenvectors included. The 15 ev solution includes the octupole terms while the 8 ev solu-
tions contain up to the quadrupole (Yu 2004; Yu et al. 2009).

The condition numbers vary for the different trajectories depending on whether the 15 ev
or 8 ev representation is used. For 15 ev solutions, the condition numbers vary from below
100 to above 1000; while for the 8 ev solutions, the variation of condition numbers are
smaller and remain of the order of 10. That presents a very good reason to select only the
8 ev solutions to compare measurements: the 8 ev solution has similar inversion qualities
for the different trajectories while higher order solutions do not. Used by itself, the P11 pass
has a better condition number for the 8 parameter inversion than any other pass including
the I27 Galileo pass.
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Fig. 2 Condition numbers for
the spacecraft trajectories of
Pioneer 11, Voyager 1,
Voyager 2, Ulysses, Galileo’s
Ganymede 1 orbit, Callisto 10
orbit and Io 27 orbit. Condition
numbers for 15 eigenvalues
(dipole, quadrupole and octupole)
and 8 eigenvalues (dipole plus
quadrupole) are shown

Table 1 Octupole model from
Galileo observations. Full
octupole model with 15
coefficients and partial octupole
model with 13 coefficients are
compared with the GSFC O6
model which is mainly inverted
from Pioneer 11 observations. In
the Galileo 13 model, the g31
and h31 coefficients that have
minimum field contributions near
the orbital plane of Galileo are
held fixed at their O6 value (Yu et
al. 2009)

1975 1995–2003

GSFC O6 Galileo 15 Galileo 13

g10 4.242 4.258 4.273

g11 −0.659 −0.725 −0.716

h11 0.241 0.237 0.235

g20 −0.022 0.212 0.270

g21 −0.711 −0.592 −0.593

g22 0.487 0.517 0.523

h21 −0.403 −0.448 −0.442

h22 0.072 0.152 0.157

g30 0.076 −0.013 −0.092

g31 −0.155 −0.764 −0.155

g32 0.198 0.292 0.274

g33 −0.180 −0.095 −0.096

h31 −0.388 0.950 −0.388

h32 0.342 0.521 0.506

h33 −0.224 −0.309 −0.299

tilt 9.40 10.16 10.00

long 159.9 161.9 161.8

Condition number is not the only parameter useful in judging the accuracy of an inver-
sion. If the noise level of the data set is known, one can develop a parameter resolution
matrix (Jackson 1972) and calculate the accuracy of each parameter. Using the parameter,
one can choose to maximize the accuracy of parameters by truncating an inversion. For
example, truncating a quadrupole inversion at 7 coefficients as opposed to 8 could signif-
icantly increase the accuracy of the 7 solved coefficients over their values obtained in the
field dipole plus quadrupole inversion.

The Galileo measurements have been inverted using those techniques together with
the use of robust estimators (Yu 2004). More recently, Yu et al. (2009) have re-examined
observations during the two Galileo Earth flybys to verify the calibrations used in the
Galileo processing in the PDS and used by Yu (2004). They find that the three sensor
gains were originally miscalibrated. To correct the Galileo gains, one must multiply them by
0.9907 ± 0.0006, which has been done in presenting the Galileo data that follows. Table 1
shows a comparison of the best inversions of the data from the Galileo mission with the O6
model obtained mainly from Pioneer 11. The 15 terms of the full octupole inversion agree
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Table 2 Seven-coefficient fit for various measurement epochs compared with O6 model (Yu et al. 2009)

O6 P11-FGM Voyager 1 Voyager 2 Ulysses Galileo

g10 4.242 4.279 4.236 4.406 4.116 4.272

g11 −0.659 −0.627 −0.658 −0.659 −0.636 −0.694

h11 0.241 0.217 0.247 0.225 0.223 0.228

g21 −0.711 −0.655 −0.630 −0.355 −0.836 −0.572

g22 0.487 0.435 0.493 0.410 0.463 0.541

h21 −0.403 −0.295 −0.420 −0.524 −0.291 −0.439

h22 0.072 0.004 0.070 0.235 0.183 0.159

tilt 9.39 8.81 9.42 8.97 9.30 9.71

moderately well with O6 except for the g31 and h31 terms. Since Galileo measurements are
obtained in the rotational equator, they cannot resolve well the g20, g31, or h31 terms. Thus,
in the solution in the right-hand column of Table 1, we have fixed the g31 and h31 coeffi-
cients at their O6 values. We note that the longitude of the dipole axis has changed 2 degrees
between 1975 and the Galileo epoch. This is due to a slight inaccuracy of the IAU-defined
System III period, as discussed in the following section. This small period shift will also
mask small changes in the other coefficients as well as cause changes where values should
be constant.

Table 2 shows a comparison of the O6 model with models based on the Pioneer 11,
Voyager 1, Voyager 2, Ulysses and Galileo measurements. We use the 7-eigenvalue solution
in which g20 is held fixed at the O6 value because Galileo in the orbital plane cannot well
resolve this value. There is no statistically significant change in the coefficients between the
Pioneer 11 epoch and the Galileo epoch. The tilt angles are all within two standard deviations
of the mean value with four of the six within one standard deviation. Since all of the Galileo
data used in this study were obtained outside the orbit of the moon Io that controls the
dynamics of the magnetosphere and produces a mass loaded plasma disk, the tilt angle for
Galileo might be less accurate than, say, the Pioneer 11 model which is constructed from
data largely obtained at lower altitudes.

2.5 Rotation Period of Jupiter

The rotation rate of the Earth is unambiguous. The rotation rate of the surface is the same
everywhere and the interior and crust are for all practical purposes locked together. Different
parts of the system may have slightly different speeds with respect to the surface, such as the
winds in the atmosphere or the fluid motions in the core, but we know clearly what to define
as the speed of rotation or the length of the day on Earth. It may vary over time due to tides
and changes in the distribution of angular momentum between the fluid core, the solid planet
and the atmosphere (Roberts et al. 2007), but at any moment in time, it has a fixed planet-
wide value and changes with time are very small. On the gas giants, there is no solid surface.
There are no observatories that rotate with the interior of the planet nor any surface features
that are locked to the interior. Presently there are four rotation systems defined for Jupiter:
Systems I to IV, whose specifications are listed in Table 3 (Dessler 1983). System I applies
to cloud features within about 10° of the equator. System II applies to high-latitude clouds.
System III is a measure of the periodicity of a certain class of radio emissions controlled by
the magnetic field. This system is believed to rotate with the interior of Jupiter where the
magnetic field is generated. This system has been revised using later radio data and could
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Table 3 The four rotational systems of Jupiter

System Epoch Rotation Rate [d−1] Period [h, min, s]

I Noon GMT July 14, 1897 877.90°
∗

9 h 50 min 30.0034 s

II Noon GMT July 14, 1897 870.27°
∗

9 h 55 min 40.6322 s

III (1957.0) 0000 UT Jan. 1, 1957 870.544° 9 h 55 min 29.37 s
∗

III (1965) 0000 UT Jan. 1, 1957 870.536° 9 h 55 min 29.71 s
∗

IV 0000 UT Jan. 1, 1979
+

845.057°
×

10 h 13 min 27 s

∗
Value in IAU definition. Note that the IAU defines these longitudes in a left-handed sense, i.e. increasing

westward. Many researchers prefer to use a right-handed system with longitude increasing eastward in the
direction of rotation
+

At this time, the central meridian longitude is set to be λIV = 126° (Sandal and Dessler 1988)
×

Defined period but expected to be temporally varying

be revised again using the Galileo measurements of dipole longitude given above. Finally,
there is a proposed System IV that better organizes some magnetospheric phenomena. In this
section, we will first use the data discussed in the previous section to update the System III
period and then say a few words about the reality of System IV and the possible physical
processes behind this periodicity.

If we reanalyze the Pioneer 11, Voyager 1, Voyager 2, and Ulysses magnetometer data
from the publicly available databases using the same software and data preparation tech-
niques as we used for the Galileo data, we get the longitudes shown in Fig. 3 (Yu and Russell
2009). Here we have grouped the Galileo data into six groups of four orbits. The slope of
the line is non-zero with a probability of 93% using the standard F-test. The slope corre-
sponds to a decrease of the IAU System III period by 6 ± 3 ms, for a period of 9 h 55 min
27.704 ± 0.003 s. This change is within the accuracy expected for the IAU defined period.
This difference will be important in comparing future Jovian magnetic measurements with
those of past missions. Users of planetary ephemerides produced by JPL should be cautious
of the current Jupiter longitudes because the IAU changed their defined rotation period in
2000 and this erroneous period found its way to the SPICE system in 2003. Work is cur-
rently under way to get a new IAU-defined period and to correct the SPICE kernels but at
this writing both are still incorrect.

The case for the existence of yet a fourth rotation period has been made by Sandal and
Dessler (1988). Their proposed System IV period is 10 h 13 min 27 s almost 18 min longer
than the System III period. It is reasonable that magnetospheric phenomena would require
longer to “co-rotate” than the interior of the planet because slippage would be expected
in the coupling process between the ionosphere and the magnetosphere as momentum is
exchanged to speed up the mass added by Io to the magnetosphere and to maintain that
“co-rotational” speed as the material convects or diffuses outward from its source region.
The only surprise is that a single rotation value is a unifying rate for many magnetospheric
phenomena. The only other periodic rate associated with Io is its Keplerian orbital period
of 42.456 h. The fourth harmonic of the corresponding frequency has a period of 10.614 h
which is longer than the observed System IV period of 10.224 h. If there were a resonance
with orbiting material, the material would have to be at a distance of 5.75 RJ not Io’s 5.9 RJ .
Surprisingly, the Io ribbon (Trauger 1984) lies very close to this distance. It is possible that
in the interaction of the co-rotating plasma with Io, the slowed flow moves inward because
the magnetic stresses in place for co-rotating speeds now apply an overpressure to the more
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Fig. 3 System III longitude of
the Jovian magnetic dipole axis
on Pioneer 11, Voyager 1,
Voyager 2, and Ulysses flybys,
together with 6 groups of four
orbits of Galileo. Error bars are
given for each measurement and
the least-square, best-fit straight
line to the data points is shown
(Yu and Russell 2009)

slowly rotating post-interaction plasma. If this is confirmed by simulations, it could explain
both the location of the Io ribbon and the System IV period. A circulating flow would be
built up driven by Io. The quasi-harmonic resonance would lead to density asymmetries in
the flow as the interaction periodically reinforced previously formed density enhancements.
Such a quasi-resonance also appears to occur at Saturn.

3 Saturnian Magnetic Field

3.1 Early Observations

Saturn is Jupiter’s smaller sibling with less than one third the mass and 60% of its volume,
rotating about 10% slower and with a magnetic moment of only 3% of that of Jupiter, but
these slights of nature are more than compensated by Saturn’s spectacular ring system and
two of the most exotic moons of the solar system, Enceladus and Titan. The Saturn radius is
60,268 km and the rotational period of its interior roughly 10 h 33 min, but as we will discuss
below, is not decisively determined at present. Saturn radio emissions cannot be detected
from Earth, and properties of the Saturnian magnetic field remained hidden until Pioneer 11
arrived on September 1, 1979, passing within 1.4 RS of the center of the planet. Voyager 1
soon followed, passing within 3.1 RS on August 22, 1980, and then Voyager 2 on 26 August
1981, passing within 2.7 RS . The observed field was surprising. First, it was much weaker
than expected with a dipole moment of only 4.6 × 1018 Tm3 and an equatorial surface field
of about 20,000 nT. The quadrupole field relative to the dipole field on the surface is only
half that in the Earth. A simple explanation of this is that the source is relatively deeper
inside Saturn than the dynamos of the Earth and of Jupiter (cf. Elphic and Russell 1978).
The next and perhaps the major surprise was the tilt of the dipole axis which is less than 1°
compared to the near 10° tilts of the dipole axes for Earth and Jupiter (Smith et al. 1980; Ness
et al. 1981, 1982). To resolve this conundrum, Stevenson (1982) proposed that the internal
field is tilted, but the tilted component of the field is shielded from the external observer
by spin-axis-symmetric differential rotation of a conducting layer between the helium-rich
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Table 4 Zonal spherical harmonic coefficients

Multipole Term Cassini SPV Z3 GD

g10 [nT] 21,162 21,225 21,248 21,232

g20 [nT] 1514 1566 1613 1563

g30 [nT] 2283 2332 2683 2821

core and the helium-depleted molecular mantle. This hypothesis has not been confirmed or
refuted. Finally, the various components of the spin-axis-symmetric magnetic field combine
in such a way that a northward displacement of the dipole moment is a good approximation
to the magnetic field. This displacement is seen throughout the magnetosphere, causing a
discernible offset of the magnetic and rotational equators.

On June 30, 2004, Cassini was inserted into orbit, carrying in its payload a fluxgate
magnetometer and a scalar/vector helium magnetometer (Dougherty et al. 2004).This in-
strument has the capability of defining the magnetic field much more precisely than on the
earlier flybys. Table 4 shows the zonal dipole, quadrupole and octupole coefficients for the
SPV (Acuna et al. 1983), Z3 (Connerney et al. 1983), GD (Giampieri and Dougherty 2004)
models compared with the Cassini measurements (Burton et al. 2009a). The differences be-
tween models are not large, but since the Cassini analyses are based on close to three years
of orbital data, they are to be preferred.

Only the zonal harmonics are given in Table 4 because it soon became realized that the
rotation rate of the interior is not manifested by the period of the radio emissions as they are
on Jupiter. Any error in the rotation rate will smear out the non-zonal harmonics and over
time average them to zero, and the rotation period is poorly known. As at Jupiter, initially,
the rotation rate was chosen based on periodicities in the radio emissions that are detectable
from nearby satellites, initially Voyager and later Ulysses and the Cassini. These waves indi-
cate a period of about 10 h 47 min, but the period is not fixed (Kurth et al. 2004, 2007). These
periodic signals are accompanied by periodic modulation of the magnetospheric magnetic
field at the same period. It was only when a large shift in period between Voyager/Pioneer
days and the Cassini epoch was noticed that the community became suspicious of the SKR
radio period. In fact, it was only after continued variation in the period after several years
of Cassini’s data that the diehards gave up. This saga continues at this writing and deserves
some discussion as there are important lessons for Saturn from the Jovian situation discussed
above.

3.2 Rotation Period of Saturn

Since the dipole magnetic moment is nearly aligned with the rotation axis of Saturn, it
does not produce a significant pulse for the timing of the rotation of the interior. While this
observation was obvious to all observers, the hope existed that some asymmetry was strong
enough to control magnetospheric processes such as the generation of radio emissions. Thus,
many sought to study radio emissions as a measure of the rotation rate. While such emissions
are not visible from Earth, they are detectable by nearby interplanetary spacecraft at a period
around 10 h 47 min. Galopeau and Lecacheux (2000) noted however that the periodicity of
the Saturn kilometric radiation had changed between the time of Voyager 1 and 2, Saturn
flybys in the early 1980s and Ulysses observations in the period 1994 to 1997. The period
continued to vary when Cassini arrived and a longitude system was developed based on this
measurement (Kurth et al. 2004). Most recently, Gurnett et al. (2009) have reported two
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simultaneously varying different periods in the north and the south. Thus this signal cannot
be due to the rotation of the interior of Saturn.

These periodic radio signals are accompanied by periodic modulation of the magne-
tospheric magnetic field. This was first noted by Espinosa et al. (2003a, 2003b) who reana-
lyzed the magnetic field data from the Pioneer and Voyager flybys. Giampieri and Dougherty
(2004) modeled these data and proposed that there was a tilted dipole at an angle of 0.17°
rotating within a second of the radio signals. Originally, this was linked to the interior with a
camshaft model which was purported to launch a periodic signature into the magnetosphere.
Initial analysis of Cassini’s magnetometer data from the first two years of orbital tour seemed
to confirm that the magnetic period measured was very similar to that observed by the radio
measurements (Giampieri et al. 2006), but these periods were observed to change also and
do not pertain to the deep interior. Hence it is clear that the link between the internal rotation
of Saturn and its external magnetic field is much more complex than had previously been
recognized (Dougherty et al. 2005). Gurnett et al. (2007) correctly deduced that the radio
emission had its origin in the inner magnetosphere, and that this system slips slowly in phase
to Saturn’s internal rotation. Thus this scenario clearly resembles the relationship between
Jupiter’s System IV (plasma phenomena) and System III (internal field), but contrary to the
initial interpretation, the Saturn kilometric radiation period is the analogue of System IV and
there are no radio signals marking the period of Saturn’s System III, its internal rotation.

For the same reason, as noted above for Jupiter, it is likely that the System III interior ro-
tation period is significantly shorter than that of the System IV period of the magnetosphere
which must be “spun up” by the ionosphere. A completely different approach using Pioneer
and Voyager radio occultation and wind data has estimated the interior period to be 10 h
32 min 35 ± 13 s (Anderson and Schubert 2007). More recently, Read et al. (2009) have
estimated a period of 10 h 34 min based on its planetary-wave configuration, and Burton et
al. (2009b) have presented evidence for a possible spin rate of 10 h 34 min by examining
the non-axial power in their model inversions as a function of rotation period as well as
examining the root-mean-square misfit field as a function of period. The coincidence of a
broad maximum in the non-axial power and a minimum in the misfit at 10 h 34 min points
to this signal as due to the interior field. We note, however, that the properties of the in-
verted magnetic fields depend very sensitively on the accuracy of the rotation rate used. An
error of one minute in rotation period can totally erase the dipole component in the rota-
tional equator in 180 days. All current models are affected to some extent by smearing of
the coefficients due to the choice of an inaccurate rotation rate. The convergence of these
independent approaches to determining the rotation period of the interior is heartening and
should soon allow accurate field models to be obtained as well as a consensus spin period.

Returning to the correspondence between Jupiter’s System IV and the SKR period at
Saturn, we note that, like the Jovian magnetosphere, Saturn has a mass-loading body Ence-
ladus well beyond synchronous orbit so that plasma at near the co-rotational speed will exact
an outward force stretching the magnetic field (Dougherty et al. 2005). When this near co-
rotating plasma encounters Enceladus, the plasma slows down as it loses momentum to fast
neutrals and picks up slow new ions from the Enceladus plume. The plasma will then be
pulled toward Saturn by the magnetic stress where it will be sped up by the field lines con-
nected to the ionosphere. Thus, the Enceladus interaction sets up a global circulation pattern.
The flows reported by Tokar et al. (2007) were probably generated in this way. Like in the Io
interaction, there is a quasi-resonance (but this time 3 to 1) between the Keplerian rotation
rate at Enceladus and the material circulating at these distances. Thus, we would expect that
density asymmetries would develop in the flow as density enhancements reinforced them-
selves when they re-encountered Enceladus. In short, the Jupiter–Io coupling is probably
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Table 5 Uranus Q3 magnetic
field model Schmidt-normalized
spherical harmonic coefficients
(Uranus radius of 25,600 km)

After Connerney et al. (1987)

n m gm
n [nT] hm

n [nT]

1 0 11,900

1 1 11,580 −15,680

2 0 −6030

2 1 −12,590 6120

2 2 200 4760

very similar to the Saturn–Enceladus interaction. The difference in the Jovian System III
and System IV periods is 18 min and the difference between the Burton–Anderson–Read
period and the SKR period is a similar 14 min. It seems there is much to learn about each
system by their intercomparison.

4 The Magnetic Fields of Uranus and Neptune

Uranus and Neptune have been explored by only one spacecraft, Voyager 2, passing within
4.2 Ru of Uranus in January 1986, and within 1.18 Rn of Neptune in August 1989. The
different flyby distances resulted in quite different sensitivities of the observations to higher
degrees and order components of the magnetic field. Thus, as shown in Table 5, the modeled
Uranian field consists of only dipole and quadrupole terms while in Table 6, the modeled
Neptunian field includes dipole, quadrupole and octupole components. As noted in the ta-
bles, some of the components are poorly resolved, limited by the flyby geometry. In these
two tables, the coefficients are listed to the nearest ten nT in the absence of information on
their individual accuracies, which are probably less than 10 nT.

Uranus has a radius of 25,600 km and an obliquity of 98°. Thus, it is a retrograde rotator
with its spin axis tilted below its orbit plane. Its rotation axis can be almost aligned with
the planet–Sun line and Voyager 2 encountered it at such a time. The magnetic inversion
process revealed the best-fit rotation period to be 17.29 ± 0.01 h (Ness et al. 1986). A more
recent inversion (Herbert 2009) reveals a 17.21 ± 0.02 h period, more in accord with the
radio period of 17.24 ± 0.01 h (Desch et al. 1986). Figure 4 shows an offset tilted dipole
model of the Uranian magnetosphere, illustrating this configuration of the rotation axis and
the very large 60° tilt of the dipole axis to the rotation axis (Ness et al. 1986). The surface
magnetic field from the model given in Table 5 is shown in Fig. 5 (Connerney et al. 1987).
A more recent model derived using both magnetic observations and auroral data is given in
Table 7. Comparison with Table 5 reveals only qualitative agreement. Orbiter measurements
will be needed before we have a definitive model of the Uranian magnetic field.

Neptune has a radius of 24,765 km and is a prograde rotator with an obliquity of 30°,
comparable to that of Saturn. Figure 6 shows the offset tilted dipole model of Neptune’s
magnetic field, illustrating its large tilt, 47°, with respect to the rotation axis (Ness et al.
1989). The rotation rate used to determine the moments was 16 h 63 min, and was not
derived from the magnetic field data. Figure 7 shows the surface magnetic field contours
(Connerney et al. 1991). It is clear that the magnetic fields of Uranus and Neptune are quite
comparable. Finally, in Fig. 8 we show the relative contributions of the dipole, quadrupole,
and octupole terms to the magnetic field along the trajectory past Neptune. Near periapsis,
the quadrupole and octupole contributions are each greater than that of the dipole.

The magnetic fields of Uranus and Neptune are thus mutually similar and qualitatively
different from those of Jupiter and Saturn. The simplest explanation of the high harmonic
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Fig. 4 The offset tilted dipole
model for Uranus (after Ness
et al. 1986). The rotation axis of
Uranus is tilted south of its
orbital plane. Its magnetic dipole
axis is at 60° to its spin axis

Table 6 Neptune O8 magnetic
field model Schmidt-normalized
spherical harmonic coefficients
(Neptune radius of 24,765 km)

Coefficients are poorly resolved
or unresolved unless noted
otherwise. After Connerney et al.
(1991)
∗
Coefficient well resolved

(Rxx > 0.95)
†
Coefficient marginally resolved

(0.75 < Rxx < 0.95)

n m gm
n [nT] hm

n [nT]

1 0 9730
∗

1 1 3220
∗ −9890

∗

2 0 7450
†

2 1 660
†

11,230
∗

2 2 4500
∗ −70

∗

3 0 −6590

3 1 4100 −3670
†

3 2 −3580 1790

3 3 480
†

770
†

Table 7 Uranus AH5 magnetic
field model up to quadrupole
terms. After Herbert (2009)

n m gm
n [nT] hm

n [nT]

1 0 11,278

1 1 10,928 −16,049

2 0 −9648

2 1 −12,284 6405

2 2 1453 4220

3 0 −1265

3 1 2778 −1548

3 2 −4535 −2165

3 3 −6297 −3036

content of their magnetic fields is that the source of the fields is a dynamo much nearer the
surface than at Jupiter and Saturn, i.e. one in the global ocean of both of these gas giants.
We stress that while these two unusual magnetic fields have given us much to think about,
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Fig. 5 Total surface intensity
(Gauss) of Uranus’ magnetic
field on a dynamically flattened
surface (Connerney et al. 1987)

Fig. 6 Offset tilted dipole field
lines of Neptune in the plane
containing the rotation axis and
the dipole center. The axis of the
offset tilted dipole is inclined at
22° to the plane of the page (Ness
et al. 1989)

their current best models are severely underdetermined. We look forward to the day when
these magnetic fields can be explored with orbiting spacecraft.

5 Summary and Conclusions

The four gas giants have strong magnetic dynamos despite their varying internal structures.
Because of their different settings, each behaves in a different manner. Jupiter has a tilted
magnetic field like the Earth, and the rotation of this dipole field controls much of the dy-
namic behavior that we see at Jupiter. Over the two decades between Pioneer/Voyager and
Galileo, there has been no unambiguous secular variation of the Jovian magnetic field. Sim-
ilarly, in the same interval, there has been no unambiguous change in Saturn’s internal mag-
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Fig. 7 Magnetic field intensity
(Gauss) on dynamically flattened
surface of Neptune using the O8
model (Connerney et al. 1991)

Fig. 8 Magnitude of the field
(short dashed line) as a function
of time and spacecraft radial
distance compared that due to
partial solutions: the dipole
coefficients, the quadruple
coefficients and the octupole
coefficients calculated separately
(after Connerney et al. 1983)

netic field, but here we emphasize that analysis with the incorrect spin period has distorted
the field models reported to date.

The big surprise about Saturn’s magnetic field is its azimuthal symmetry. It is possible
that when the period of its interior rotation is better determined, this may change a little but it
is not likely to change qualitatively. There must be little field in the non-axial coefficients and
a small dipole tilt. Since this is so unlike the other planets and appears to violate Cowlings
theorem, one must wonder if Saturn has a dynamo. While Stevenson (1983) argues that the
diffusive time for the decay of Saturn’s field is too short for it to be primordial, and while
he also proposes a mechanism to hide a tilted interior field (Stevenson 1982), the small tilt
angle and the weakness of the field are consistent with the field being primordial. If these
properties persist in the improved studies of the Saturn magnetic field now underway, then
perhaps it is slowly decaying and once was much stronger like Jupiter’s main field. However,
if this is occurring, the conductivity of Saturn’s interior must be much greater than currently
estimated.

In contrast to the role of Jupiter’s tilted dipole in controlling the dynamics of the magne-
tosphere, Saturn’s internal magnetic field with its small tilt plays no significant role in the
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dynamics of its magnetosphere which, in turn, is dominated by the Enceladus mass loading.
The resultant coupling of the magnetospheric plasma to the ionosphere via the planetary
magnetic field controls the plasma circulation. This coupling allows slippage and, hence,
other (time-varying) periods of rotation dominate the interaction. These periods seem to in-
volve a complex interplay between mass loading by the moon Enceladus and the generation
of a global circulation pattern in the inner magnetosphere. The quasi-resonance of the third
harmonic of the orbital frequency of Enceladus with the frequency of this magnetospheric
circulation may allow the build-up of density enhancements that drive dynamic processes
throughout the Saturnian magnetosphere. At Jupiter, the dynamics associated with the Sys-
tem IV circulation pattern, probably generated in an analogous fashion near the fourth har-
monic of Io’s orbital period, is much weaker than that associated with the tilted dipole, but
still quite measurable. At Saturn, we finally have an estimate of the true spin period of the
interior with a period about 14 min shorter than the SKR period and not unlike the 18 min
difference between System III and System IV at Jupiter.

As exciting as the magnetospheres of Jupiter and Saturn might be, and as mysterious
may be the process that generates the fields at these two planets, the field configurations
of Uranus and Saturn baffle us even more. They both have very strong contributions at high
order and degree and they have large tilts of the dipole moment. The high contribution of the
higher order and degree components to the surface field indicates immediately the likelihood
of a dynamo source close to the surface. Thus, we must look to sources in the water layer
and not deep in the core.

Our experience at Saturn in being stymied so long by our ignorance of the rotation rate
of the interior provides lessons for Uranus and Neptune as well. In order to make progress
here, we need orbiters that provide both complete coverage of the body and a long temporal
baseline of measurements.

Finally, our long sequence of surprises in planetary magnetism should be a lesson not
to make assumptions about what will be seen at a planetary body in the absence of any
a priori information. Thus, the recent tendency to not make magnetic measurements on
certain missions to small bodies including, notably, (early) Mars, Vesta, Ceres and Pluto,
while it ensures that surprises will cease, is not to be encouraged. We need to understand the
magnetism of all bodies in the outer solar system that may have once had or even possibly
today have, convecting interiors.
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