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[1] Saturn’s magnetic field is remarkably axisymmetric. Early evidence for
nonaxisymmetry came from the periodicity of Saturn’s kilometric radio bursts (SKR).
Subsequently, percent-level variations of the SKR period were found to occur on
timescales of years. A recent breakthrough has been the direct detection of a
nonaxisymmetric component of the field that rotates with a period close to that of the SKR
and whose magnitude varies only weakly with distance from Saturn. The latter implies
that it must be supported by currents external to the planet. We explore the hypothesis that
centrifugally driven convection spontaneously breaks the axisymmetry of the external
magnetic field at Saturn. The density of the outflowing plasma close to its source is
assumed to contain a substantial part that varies as cosf and rotates uniformly. We
demonstrate that the plasma stream must narrow with distance from the planet, while the
field-aligned currents joining stream to ionosphere increase rapidly. These currents
produce a nonaxisymmetric component of magnetic field whose magnitude varies
inversely with radial distance in the planet’s equatorial plane. For a rate of plasma outflow
104 ] _M ] 105g s�1, this component’s strength is compatible with that observed.
Additionally, we postulate that the SKR is associated with the narrow range of longitudes
over which large currents flow along magnetic field lines connecting the tip of the outflow
to the auroral ionosphere.
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1. Introduction

[2] Saturn’s atmosphere exhibits strong (up to 400 m s�1)
and stable (over decadal timescales) zonal winds. This
precludes assigning a unique rotation period to its outer
layers. Although the planet is fluid throughout, its deep
interior must be in near solid body rotation (Liu et al.,
Ohmic dissipation constraint on deep-seated zonal winds on
Jupiter and Saturn, submitted to Icarus, 2006). The internal
rotation would be revealed by observation of nonaxisym-
metric components of the planet’s magnetic field. This
technique works well for Jupiter, but its application to
Saturn has been hampered by the extreme axisymmetry of
the planet’s magnetic field.
[3] Voyager observations of Saturn kilometric radiation

(SKR) bursts coming from the planet’s auroral regions
showed a periodicity of 10 h 39 min 24 ± 7 s [Desch and
Kaiser, 1981]. The periodicity was suspected to arise from a
small nonaxisymmetry of the planet’s internally generated
magnetic field. Detection of small in situ nonaxisymmetric
magnetic components by Voyager and Pioneer 11 magneto-
meters were also reported [Giampieri and Dougherty, 2004],

with periods consistent with that of the SKR. Ulysses
observations of the variability of the SKR period, by of order
1% on timescales of 1 year from 1994 to 1997 [Galopeau and
Lecacheux, 2000], challenged its interpretation as the rotation
period of the planet’s deep interior (a change of 1% in spin
period of the planet’s core over such a short timescale is
energetically impossible). Cassini confirmed this variability,
measuring an SKR period of 10 h 45 min 45 ± 45 s on
approach to Saturn in 2004 [Gurnett et al., 2005].
[4] Magnetometer data obtained by Cassini revealed a

small (few nanotesla) nonaxisymmetric magnetic field com-
ponent in Saturn’s inner magnetosphere whose magnitude
declines slowly with increasing distance from the planet
[Giampieri et al., 2006]. During 14 months of observation,
this component rotated with a period of 10 h 47 min 6 ± 40 s
[Giampieri et al., 2006], close to the Cassini SKR period.
Henceforth, we assume that the two periods are always
equal. Giampieri et al. [2006] suggested that this period
might be that of Saturn’s interior spin. However, the weak
radial dependence of the nonaxisymmetric magnetic field
components in Saturn’s inner magnetosphere implies that
they are sourced by local currents.
[5] We propose that the axisymmetry of the external

magnetic field at Saturn is spontaneously broken by rota-
tionally driven convection which transports plasma gener-
ated in the inner magnetosphere to the magnetopause where
it joins the solar wind. It is well known that mass loss by
rotationally driven convection must be nonaxisymmetric.
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We assume that a substantial part of the outflow varies as
cosf. Accepting this assumption, for which supporting
evidence [Gurnett et al., 2006] emerged subsequent to the
submission of our paper, we show that a mass outflow rate
of order a few times 104 g s�1 can account for both the
strength and weak radial dependence of the nonaxisymmetric
magnetic field components in Saturn’s inner magneto-
sphere. We emphasize that this form of axisymmetry
breaking is independent of nonaxisymmetries of the planet’s
intrinsic magnetic field. The concept of spontaneous sym-
metry breaking by rotationally driven convection was in fact
developed for and first applied at Jupiter. It is of particular
importance at Saturn however, because for Saturn, there does
not seem to be any viable alternative, whereas for Jupiter,
there is an alternative, as discussed by Dessler and Hill
[1975, 1979]. Jupiter’s intrinsic magnetic field, unlike
Saturn’s, displays sizable nonaxisymmetric components
which rotate at a constant rate. The same period is derived
from Jupiter’s control of DAM (decametric radiation) and
from the rocking of the linear polarization of DIM (deci-
metric radiation), and it has remained constant to within
seconds over 50 years.
[6] The plan of our paper is as follows. In section 2, we

provide a simplified version of equations governing rota-
tionally driven magnetospheric convection. We apply these
equations in section 3 to estimate the nonaxisymmetric
magnetic perturbations it produces. Section 4 is devoted
to a discussion of the clock that controls the perturbations’
rotation rate. A short summary is given in section 5.
[7] We adopt centimeter-gram-second units for length,

mass, time, and Gaussian units for electrodynamical quan-
tities. In order to focus our discussion on Saturn, we provide
numerical estimates along with some of the major equations.
The parameters used in these evaluations are displayed in
Table 1.

2. Basic Electrodynamics

2.1. Rotationally Driven Magnetospheric Convection

[8] The topic has an extensive history, but this is not the
place to review it. Instead, we point to a few influential papers
that aided our understanding. We have done nothing more
than to apply what we learned from reading the literature.
[9] Equations governing rotationally driven convection

were formulated by Chen [1977] and by Hill et al. [1981].
Many applications have been made to the outward transport
of mass from the Io plasma torus. Pontius and Hill [1989]
included a clear discussion of different approaches to this
problem.
[10] Progress in solving the equations referred to above

has been slow. In retrospect, this is not surprising. They are
a nonlinear set, which probably precludes finding analytic
solutions. Moreover, realistic applications are faced with
including a continuous supply of plasma along with bound-
ary conditions that simulate its loss to the solar wind at the
magnetopause.
[11] The work of Summers and Siscoe [1982] is the only

paper we have found that considers steady state convection
with continuous plasma production. Perhaps the most ambi-
tious attempts at a realistic solution are those of Yang et al.
[1994] and Wu et al. [2007] which apply the Rice convec-
tion model to the Io torus. These investigate an initial value

problem, the instability of a torus of finite width. An active
source of plasma is not included. Thus no account is taken
of charge exchange reactions and the ionization of neutrals
by electron impact and photoionization.
[12] Convective instability of a torus favors modes

whose azimuthal spacing is comparable to the torus’ radial
width. Indeed, this is what Yang et al. [1994] and Wu et al.
[2007] deduce from their simulations. Long fingers grow
radially outward from the torus. This is not surprising. The
initial state is analogous to that of a heavier fluid resting
on top of a lighter one, which is Rayleigh-Taylor unstable.
But unlike the standard Rayleigh-Taylor instability which
takes place for constant gravitational acceleration, the
instability of the plasma torus is driven by centrifugal
acceleration which increases linearly outward. This increase
allows narrow fingers to run away from the more slowly
developing, thicker modes that might otherwise subsume
them.
[13] Plasma generation by the electron impact ionization

of neutrals may be by itself a source of nonaxisymmetric
instability since the generation rate is proportional to the
product of the plasma and neutral densities. Thus perturba-
tions in the plasma surface density could be subject to
exponential growth. This is an ingredient that a realistic
treatment of rotationally driven convection must include.
[14] In situ observations offer the potential to provide

information about the convection pattern in realistic circum-
stances. However, even after completion of the Galileo
mission, not much is known about the pattern of rotationally
driven convection in Jupiter’s magnetosphere [Krupp et al.,
2004].

2.2. A Simplified Model

[15] We explore the hypothesis that centrifugally driven
convection spontaneously breaks the axisymmetry of the
external magnetic field at Saturn. In order to account for the
data, we assume that the outflowing plasma has a substan-
tial component whose surface density varies as cosf with
azimuth. This component will be referred to as the plasma

Table 1. Adopted Numerical Quantitiesa

Quantity Value Adopted Notes

R 6 � 109 cm
W 1.6 � 10�4 s�1

BP 0.2 G
Sp 1013 Sp,13 cm s�1 [1]
ai 4R ai,4R [2]
Dfi p Dfi,p
_M 104 _M4 g s�1 [3]
m 3 � 10�24 g
g 1.4
T 140 T140 K [4]
v 108 v8 cm

2 s�1 [5]
rI 3 � 10�13 rI�12.5 g cm�3 [6]
g 1 � 103 cm s�2

aThe numerical quantities adopted in order of magnitude calculations
throughout the paper. The meanings of the symbols are given in the text
where first used. Key to numbered notes [1] scaled between estimates for
low and high latitude ionosphere [Atreya et al., 1984]; [2] scaled to orbit of
E ring; [3] scaled to estimates for plasma production from Saturn’s E ring
[Leisner et al., 2006]; [4] scaled to atmospheric temperature at base of
ionosphere [Atreya et al., 1984]; [5] scaled to eddy diffusion coefficient at
homopause [Atreya et al., 1984]; [6] scaled between estimates for low
latitude ionosphere and auroral ionosphere [Atreya et al., 1984].
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tongue. Except within the tongue, flux tubes outside the
torus drift inward because of ‘‘fringing’’ electric fields
surrounding the tongue region. As they cross the torus,
the inward-moving tubes are loaded with freshly created
plasma. Then their trajectories bend around so that they join
the back of the tongue. In this manner, plasma is continu-
ously removed from the entire torus even though the tongue
emanates from only a limited range of azimuth.
[16] In order for the convection pattern to remain steady,

plasma must consistently flow out from the same range of
azimuth in the rotating frame. Outflow occurs from the
densest part of the torus, and so if a single tongue is to carry
the outgoing material, its base must always be refilled fast
enough so that no other longitude in the torus can accumu-
late more plasma. Only if the base of the tongue spans
Dfi ] p radians can the inward drift velocity be large
enough to keep the plasma content in the rest of the torus
lower than in the tongue region.
[17] We have been able to bolster this description with

simplified models of electrostatic fields, but much remains
to be done before anything rigorous might emerge. A
serious technical issue is that a smooth tongue of plasma
is likely to develop narrower fingers as discussed above.
Fortunately, the conclusions of our investigation are insen-
sitive to this possibility. However, it would certainly impede
a rigorous calculation of the convection pattern. That will
have to be left for the future.

2.3. Enceladus as the Source

[18] HST observations of a torus of OH molecules orbit-
ing Saturn indicated a source of �105g s�1 of H2O
molecules near Enceladus [Shemansky et al., 1993; Jurac
et al., 2002]. That the satellite itself is the source was
revealed by Cassini during a close encounter [Hansen et al.,
2006; Tokar et al., 2006; Pontius and Hill, 2006]. Close to
Enceladus, the lifetime of a neutral molecule to charge
exchange is of order months, with ionization by electron
impact being an order of magnitude slower [Johnson et al.,
2006; Tokar et al., 2006]. This implies a lower limit of
�104g s�1 for the plasma creation rate because some of the
hot neutrals produced from charge exchange remain bound;
Johnson et al. [2006] estimates this fraction to be �0.3.

2.4. Notation

[19] We adopt spherical polar coordinates r, q, f, and
work in the inertial frame. Saturn’s magnetic field is
approximated as a spin-aligned dipole. The ionosphere is
taken to rotate with uniform angular velocity W (except in
section 4 where W denotes the angular velocity of the deep
atmosphere). Where necessary, superscripts M and I are
used to distinguish magnetospheric and ionospheric quan-
tities, and superscripts Ip and Ih are used to denote the
Pedersen (direct) and Hall components of the ionospheric
current. Br and Bq are the components of the unperturbed
magnetic field at a general field point. R is Saturn’s radius,
and a is the orbital radius in the equatorial plane. BP is the
magnetic field intensity on the equator in Saturn’s iono-
sphere, and Bz is the component of the vertical magnetic
field in the magnetic equator at a;

Bz ¼ � R

a

� �3

BP: ð1Þ

Height-integrated current densities and electrical conductiv-
ities are indicated by J and S, respectively. The surface
mass density in the magnetosphere is denoted by s.

2.5. Dipole Magnetic Fields

[20] Components of a spin aligned dipole magnetic field
take the form

Br ¼
2M cos q

r3
Bq ¼

M sin q
r3

; ð2Þ

where M is the dipole moment. The field magnitude is

B ¼ B2
r þ B2

q

� �1=2¼ M

r3
1þ 3 cos2 q
� �1=2

: ð3Þ

[21] An individual field line is labeled by either the
colatitude of its footprint at r = R, denoted by q0 or by its
maximum radial extent a; asin2q0 = R. Its shape is described
by:

r sin2 q0 ¼ R sin2 q or r ¼ a sin2 q : ð4Þ

[22] We are interested in field lines that connect to the
planet at high latitudes. Thus we simplify our expressions
by setting sinq0 = (R / a)1/2 and cosq0 = 1.

2.6. Magnetospheric Currents

[23] Consider an element of cold plasma that is nearly
corotating with and slowly drifting away from the planet.
Centrifugal balance and angular momentum conservation
require that the height-integrated current densities which
pass through the element satisfy

JMf Bz

c
¼ �sW2a ð5Þ

and

JMa Bz

c
¼ �2sW _a ð6Þ

respectively, where we have neglected the planet’s gravity
in equation (5).
[24] The ratio

JMa
JMf

¼ 2 _a

Wa
ð7Þ

is small in the inner magnetosphere but becomes of order
unity in its outer regions.
[25] The horizontal divergence of the magnetospheric

currents, r2d 
 JM, flows along magnetic field lines and
into the ionosphere. It is the source for the electric field in
the ionosphere.

2.7. Ionospheric Electric Field

[26] The height-integrated current density, JI, and electric
field, EI, are related by

JI ¼ JIp þ JIh ¼ SpF
I þ Sh b̂� EI

� �
; ð8Þ

A05225 GOLDREICH AND FARMER: SATURN’S EXTERNAL MAGNETIC FIELD

3 of 9

A05225



where FI�EI + (W�R)�BI / c is the Lorentz force,Sp and
Sh are the height-integrated Pedersen and Hall conductiv-
ities, andb�BI / jBIj. By setting sinq0 = (R / a)1/2 and cosq0 = 1,
we neglect bothBq

I and the effects of the parallel conductivity.
Taking the divergence of equation (8) yields

r2d 
 JI ¼ r2d 
 JIp ¼ Spr2d 
 EI : ð9Þ

We assume that the Hall conductivity is independent of
position so r2d 
 JIh = 0 because r2d � EI = 0; EI is a
potential field. A full solution for EI would involve setting
E = �rFI and then solving Poisson’s equation r2FI =
�Spr2d 
 JIp. As detailed in section 2.1, for realistic con-
ditions, this has proven to be a difficult task. Fortunately, an
approximate procedure suffices for the current investigation.
[27] We simply map JM to JIp. Specifically, we set

J
Ip
f ¼ 1

R

da

dq0

JMf

2
¼ � csW2R

BP

a

R

� �11=2
; ð10Þ

and

J
Ip
q ¼ a

R sin q0

JMa
2

¼ csWR
BP

a

R

� �11=2 _a
a
: ð11Þ

[28] Their ratio is given by

J
Ip
q

J
Ip
f

¼ � _a

Wa
: ð12Þ

Determination of JIh requires knowledge of the ionospheric
electric field.
[29] Given JIp, we obtain EI from

Fq ¼
J
Ip
q

Sp

and Ef ¼
J
Ip
f

Sp

; ð13Þ

with

Fq � Eq �
2WR sin q

c
BP : ð14Þ

[30] This procedure does a good job of evaluating EI in
the portion of the ionosphere that is magnetically connected
to the outgoing tongue of magnetospheric plasma. However,
it does not permit a determination of the fields that fringe
this region. These control the inward flow of depleted
plasma tubes.

2.8. E � B Drift

[31] Just above the ionosphere, the plasma drifts at
velocity

v ¼ c
Ef

2BP

êq �
Eq

2BP

êf

� �
: ð15Þ

Projecting down to the magnetosphere, we obtain

_a

a
¼ � 2 _q0

q0
¼ � cEf

RBP

a

R

� �1=2
¼ c2sW2

SpB
2
P

a

R

� �6
: ð16Þ

and

DW
W

¼ cFq

2WRBP

a

R

� �1=2
¼ c2s

2SpB
2
P

a

R

� �6 _a
a
: ð17Þ

Here DW is the angular velocity at which the plasma in the
tongue slips relative to the neutral atmosphere which at this
point is assumed to be uniformly rotating. In section 4.2.1,
we consider differential rotation of the ionosphere relative
to the deep atmosphere.
[32] For future reference, we note that

_a

a

� �2

¼ 2WDW : ð18Þ

[33] We emphasize that our expressions for _a and DW are
valid where the plasma in the tongue is in near corotation;
that is where _a / (Wa)  1 and DW / W  1.

2.9. Coupling to Rate of Mass Loss

[34] Suppose the tongue covers Df(a) in azimuth, where
Df is a function of a to be determined later. Then

_M ¼ Dfa _as : ð19Þ

Substituting for _a using equation (16), we arrive at

_M ¼ Dfc2s2W2R2

SpB
2
P

a

R

� �8
; ð20Þ

from which we obtain

s ¼ jBPj
cWR

Sp
_M

Df

� �1=2
R

a

� �4

: ð21Þ

[35] Next, we replace s in _a / a which yields

_a

a
¼ Wc

RjBPj
_M

SpDf

� �1=2
a

R

� �2
: ð22Þ

2.10. Steady State Scalings

[36] Flux freezing implies that s / Bz is independent of a
in a sourceless, steady state flow. Consequently, Df at a is
related to its initial value at ai by

Df ¼ ai

a

� �2
Dfi : ð23Þ

Thus

s ¼ jBPj
cWai

Sp
_M

Dfi

� �1=2
R

a

� �3

� 5� 10�12 4R

a

� �3


 Sp;13
_M4

Dfi;pa
2
i;4R

 !1=2

g cm�2 : ð24Þ

_a

a
¼ Wc
aijBpj

_M

SpDfi

� �1=2
a

R

� �3
� 0:1

a

4R

� �3



_M4

Sp;13Dfi;pa
2
i;4R

 !1=2

d�1 : ð25Þ
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An equivalent equation was originally derived in the work
of Hill et al. [1981].
[37] The timescale a / _a for outward plasma transport

decreases with distance from the planet. Plasma near the
source at ai = 4R doubles its radial distance on a timescale
of several days. The constancy of the observed magnetic
period on far longer timescales implies that the convection
pattern remains steady for many dynamical timescales of the
source region.
[38] Somewhat arbitrarily, we adopt ao, the value of a at

which _a = W a, or equivalently where DW = W / 2, as the
outer radius of the region in which partial corotation
applies;

ao

R

� �
¼ aijBPj

c

� �1=3 SpDfi

_M

� �1=6

� 21
a2i;4RDfi;pSp;13

_M4

 !1=6

:

ð26Þ

2.11. Comparison With Previous Work

[39] We assume a steady state outflow with flux freezing
and obtain Df / a�2, s / a�3, _a / a4, DW / a6. It is of
interest to compare our results with those in the literature.
[40] Hill [1979] assumes steady state, axially symmetric

(Df = 2p) outward diffusive plasma transport. He derives
an inertial limit on corotation, L0, defined as the L shell at
which the corotation lag, DW / W, becomes of order unity.
To make contact with L0, we proceed from Ja

M [equation (6)]
through Jq

Ip [equation (11)] to DW / W [equation (17)]. Then
we use the constancy of _M [equation (19)] to eliminate s _a
from the latter equation and setDf = 2p. Solving for the a / R
at which DW / W = 1/4 yields

L0 ¼
pSpB

2
PR

2

c2 _M

� �1=4

: ð27Þ

[41] Hill’s L0 is related to our ao / R in the dual limit ai = R
andDfi = p by L0 � (ao / R)

3/2. Corotation lags are larger in
our model than in Hill’s as a consequence of the decrease of
Df with a. Note that the assumption of axial symmetry
implies that Hill’s Jf

M is independent of f and thus that his
Jf
Ip = 0.
[42] The work of Hill et al. [1981] is the landmark paper

in rotationally driven convection. It displays the complete
set of governing equations and describes many salient
properties of their solutions. In particular, it demonstrates
that flux freezing and centrifugal balance imply _a / a4 and
deduces that a steady state plasma outflow narrows with
increasing distance from its source.
[43] Summers and Siscoe [1982] address the same prob-

lem we do but assume Df = constant < 2p. Combining this
with flux freezing (s / a�3), they obtain _a / a2, DW / a4.
Their solution is incomplete because they do not use the
relation between Jf

M and Jf
Ip [our equation (10)]; since

the outflow spans Df < 2p, the azimuthal current in the
magnetosphere must close in the ionosphere via field-
aligned currents at the boundaries of the tongue. The
inclusion of this relation leads to our equation (16) and
ultimately to the requirement that Df cannot be a constant
but instead must satisfy Df / a�2.

[44] In their study of the motion of a small, isolated flux
tube moving in a background of less dense plasma, Pontius
et al. [1986] arrive at the same expressions, _a / a4 and DW
/ a6, as we do. As they carry out a more rigorous solution
of Poisson’s equation in the ionosphere, their results add
weight to ours.
[45] Hill et al. [1981] recognized that a steady state

plasma outflow must narrow with increasing distance from
its source. Our specific result Df / a�2 appears to be new.
Because its derivation involves approximations, it is worth
reexamining from another perspective. The steady state
assumption implies r � E = �r � (v � B) = 0. In
cylindrical coordinates (v, f, z), the z component of this
relation evaluated in the equatorial plane yields

@vf
@f

¼ 2vv �v
@vv
@v

: ð28Þ

[46] Thus vf varies with f unless vv / v2. In particular,
for vv / v4,

@vf
@f

¼ �2vv ð29Þ

from which our result Df / a�2 follows directly.

3. Magnetic Perturbations

3.1. Observations and Assumptions

[47] Giampieri et al. [2006] found all three spatial com-
ponents of the nonaxisymmetric magnetic field to be of the
same magnitude (several nanotesla), to exhibit the same
periodicity, and to display a weak dependence on distance
from the planet. The f component was measured with the
highest signal-to-noise ratio.
[48] Figure 1 displays the currents associated with the

plasma tongue. The magnetic perturbations created by these
currents are discussed in what follows. We calculate these
under the assumption of D W  W, i.e., a straight tongue.
Ionospheric conductivities are expected to be larger in the
summer hemisphere, so we neglect those currents presently
flowing north of the equator. Expected departures from this
simple picture will be discussed in section 3.4. Because
Giampieri et al. [2006] highlighted the azimuthal magnetic
perturbations, we make particular effort to calculate these.
We focus on perturbations in the inner magnetosphere (a �
4–8 RS) where the measurements were made.

3.2. Magnetic Perturbations From Currents in the
Tongue

[49] Directly above and below the tongue, Jf
M gives rise

to a radial magnetic perturbation, Ba, of magnitude

jBaj ¼
2pJMf
c

� 6� 10�6 a

ai

� � _M4Sp;13

Dfi;p

 !1=2

G; ð30Þ

where the final relation is obtained using equations (5) and
(24). The radial current in the tongue, Ja

M, is much smaller
than Jf

M in the inner magnetosphere,

JMa
JMf

� 0:01
a

ai

� �3 _M4a
6
i;4R

Dfi;pSp;13

 !1=2

: ð31Þ
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Consequently, the azimuthal magnetic perturbation it
produces is much smaller than that reported by Giampieri
et al [2006], and we neglect it.

3.3. Dominant Contribution to Bf

[50] From equations (23), (31), and (30), we see that the
total radial current in the tongue at a,

I � JMa aDf � 2cW _M

Bp

a

R

� �3
; ð32Þ

increases sharply with distance from Saturn. As a result, the
dominant azimuthal magnetic perturbations in the inner
magnetosphere are produced by the current that flows along
magnetic field lines which connect the summer polar
ionosphere to the outer part of the tongue near ao. Field
lines crossing the equator near a � ao carry a current of
order Io, where

Io �
2cW _M

Bp

ao

R

� �3
� 2Wai Dfi

_MSp

� �1=2
: ð33Þ

We approximate the resulting magnetic perturbations as
arising from a ‘‘wire’’ of field-aligned current Io arching
over the inner magnetosphere. The smallest distance s
between an observer in the equator plane at a and a field
line that passes through the equator at a much larger
distance a0 is s � a. We thus estimate the magnetic
perturbation from the field-aligned currents to be

Bf � � 2Io

cs
� �1:2� 10�5 ai

a

� �
Dfi;p

_M4Sp;13

� �1=2
G : ð34Þ

3.4. Commentary and Caveats

[51] The above calculations yield values of Ba and Bf of
the same order as those found by Giampieri et al. [2006],
with weak radial variations, Ba / a; Bf / a�1. At longitudes

not coincident with the plasma tongue, these perturbations
will mix into approximately equal parts of the three spatial
magnetic field components a, q, f.
[52] The above estimate for the magnitude of Bf ignores

the contribution from the return current that comes from
a > ao and closes the circuit. Unfortunately, not much can be
deduced about the geometry of the return current since the
field lines it flows along are likely to be strongly perturbed
by the solar wind. However, it is possible that it could act to
reduce the magnitude of the perturbation by a factor 2 or
more. Conversely, fragmentation of the tongue into nar-
rower structures would not greatly affect the estimated Bf,
since magnetic perturbations from individual fingers would
add coherently.
[53] We have also ignored the contribution from the

currents that flow in the northern hemisphere. In the case
of perfect N-S symmetry, magnetic perturbations from the
two hemispheres would exactly cancel Bf in the middle of
the tongue but not elsewhere. In reality, at most times (the
exception being near times of equinox), this cancellation is
likely to be small, since the ionospheric conductivity will
differ significantly in the northern and southern polar iono-
spheres. Near solstice, almost all the current will flow
through the summer hemisphere. At these times, the above
estimate for Bf should be approximately doubled.
[54] Importantly, the approximation DW  W is not

valid in the outer part of the tongue, and we expect
significant curvature as corotation lags become large.
Under the assumption of a straight tongue, the perturba-
tions jBaj and jBfj are in phase with each other and also in
phase with the maximum plasma density (south of the
equator, Ba and Bf are in phase; to the north, they have
opposite phase). In reality, we expect jBfj to significantly
lag the maximum plasma density in the inner magneto-
sphere, since Bf originates from currents feeding the end
of the tongue.
[55] The largest field-aligned currents occur close to ao,

where the tongue spans a narrow range of longitudes. We
propose that the SKR is associated with these currents,

Figure 1. The currents associated with the plasma tongue in Saturn’s magnetosphere.
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and as such displays the same periodicity as the magnetic
field.

4. The Clock

[56] As described in section 1, a somewhat slow and
imperfect clock controls the quasiperiodic behavior of SKR
bursts. In our scenario, the same clock controls the non-
axisymmetric magnetic perturbations. Both Voyager- and
Cassini-era measurements of SKR and magnetic periods are
consistent with this picture.

4.1. Where is the Clock Located?

[57] We hypothesize that the clock beats at the period of
rotation of the asymmetry associated with the inner portion
of the plasma outflow. Ionization of water vapor ejected
from Enceladus at a � 4R is the dominant plasma source.
As explained below, the clock’s period propagates through-
out the magnetosphere provided the differential rotation of
the latter remains time invariant.
[58] Suppose that a source of material located at radius ai

feeds a plasma torus rotating at Wi. The torus is unstable and
sends out a ‘‘tongue’’ of plasma centered on a fixed azimuth
fc(ai) in the rotating frame. Plasma at the center of the
tongue moves outwards at radial speed _ac(a) and rotates at
angular speed _fc(a), where _fc(a) ] Wi. In steady state, the
shape of the tongue’s centerline would be determined by

fc að Þ ¼ fc aið Þ þ
Z a

ai

da0
_fc a0ð Þ
_ac a0ð Þ : ð35Þ

[59] Viewed froma nonrotating frame, the tongue is a steady
structure rotating at pattern speedWi. At radius a and time t, the
apparent azimuth of the tongue’s centerline is given by

fobs ¼ fc að Þ þ Wit; ð36Þ

and so _fobs = Wi, regardless of the run of differential rotation
across the magnetosphere.

4.2. Why is the Clock Slow?

[60] SKR and magnetic periods determined by Cassini are
longer than those associated with the motion of any atmo-
spheric features. The most plausible explanation is that the
ionosphere rotates more slowly than the underlying atmo-
sphere because magnetic torques are transferring angular
momentum from it to the plasma tongue. Huang and Hill
[1989] conclude that the rotation of Jupiter’s ionosphere is
slowed in this manner.
[61] Since the magnetic torque increases sharply with

increasing latitude, this is also a plausible explanation for
the observed decline of the magnetosphere’s angular velocity
with increasing distance from Saturn. This scenario is quan-
titatively reasonable, in contrast to models based on the
slippage of the rotation of the magnetospheric plasma
relative to the rotation of the ionosphere. The observed
clock frequency is the rotation rate of the ionosphere where
it connects to the inner part of the plasma tongue.

4.3. Steady State Rotation of the Ionosphere

[62] We analyze a simple model for the steady state
rotation of the ionosphere and underlying atmosphere. It

assumes axial symmetry and considers only vertical trans-
port of angular momentum. Deep atmospheric layers are
taken to rotate rigidly with angular velocity W. We work
within the approximation of an isothermal atmosphere with
sound speed cs, scale height H = cs

2 / gg, buoyancy
frequency N2 = (g�1)g / (gH), and eddy diffusivity v.
The ionosphere is taken to be a single layer rotating at the
angular velocity WM of the part of the plasma tongue to
which it is magnetically connected.
[63] We modify equation (6) to allow for the nonuni-

form rotation rate, WM, of the magnetospheric plasma. The
torque per unit a applied to the tongue of outgoing plasma
reads

dTM
B

da
¼ _M

d

da
WMa2
� �

: ð37Þ

Thus the magnetic torque per unit q0 on the ionosphere is
given by

dT I
B

dq0
¼

_MR2

2

d

dq0

WM

q40

 !
: ð38Þ

In steady state, the torque must be constant with depth
below the ionosphere. Provided the torque is not too large, a
stable, steady state, shear flow is established in which the
viscous torque given by

dTn

dq0
¼ �2pR4q30rn

dWA

dz
; ð39Þ

carries angular momentum up from the atmosphere to the
ionosphere. Equating the viscous torque to the magnetic
torque yields

dWA

dz
¼

_M

4pR2rnq30

d

dq0

WM

q40

 !
: ð40Þ

The shear flow is stable where the Richardson criterion is
satisfied, that is where equation (40) predicts

Rq0
dWA

dz
] N : ð41Þ

In the stable regime,

W� WM � �
_MH

4pR2rInq30

d

dq0

WM

q40

 !
�

_MWHa4

pR2rInR4
: ð42Þ

Here we have set WM = W in the final step. This is a good
approximation since W � WM  W in the stable regime.
[64] The boundary of the stable regime occurs where the

stability criterion is violated just below the ionosphere. We
use the symbol Q0 to denote the value of q0 at this
boundary. At Q0,

_M

4pRrInNQ2
0

d

dq0

WM

q40

 !
� �1 : ð43Þ
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An approximate solution forQ0, and the corresponding acrit /
R � Q0

�2, follows from setting WM = W. In this manner, we
arrive at

acrit

R
¼ 1

Q2
0

 !
� pRrInN

_MW

� �2=7

� 9:1
n8rI�12:5

_M4T
1=2
140

 !2=7

: ð44Þ

[65] Turbulent diffusion enhances the rate at which
angular momentum is transported upward in regions
where the atmosphere is Richardson unstable. This slows
the rate at which the corotation lag increases with increasing
a > acrit [Pontius, 1997]. To assess this rate, we determine
the depth to which the unstable layer penetrates into the
atmosphere. Because the angular velocity gradient in a
stable layer is inversely proportional to density, and the
density increases exponentially with depth, the thickness
of the unstable layer increases logarithmically with decrea-
sing q0. An estimate for W � WM is obtained by multi-
plying the critical angular velocity gradient from
equation (41) by the thickness of the unstable layer. The
following expression provides a good fit to W � WM for
all values of q0 or a / R. We express it in terms of the latter
for ease of comparison with data on the rotation of plasma
in Saturn’s magnetosphere.

1� WM

W
� NH

WR
a

R

� �1=2
ln 1þ a

acrit

� �7=2 WM

W
þ a

2W
dWM

da

� �" #
:

ð45Þ

[66] Figure 2 displays the run of vf = WMa versus a / R for
our nominal parameters. The rotation curve is in reasonable
agreement with Voyager measurements [Richardson, 1986].
At a / R = 4, corresponding to the orbit of Enceladus, 1 �
WM / W ’ 0.5%. By comparison, equation (18) predicts the
much smaller value, 3 � 10�5, for the slippage of the
rotation rate in the plasma tongue at a = 4R relative to that
of the ionosphere.

4.4. Why is the Clock so Steady?

[67] We have tentatively associated the clock’s period
with that of the rotation of plasma in the vicinity of the orbit
of Enceladus. This period, which reflects the lag of the
ionosphere’s rotation relative to that of the underlying
atmosphere, depends upon only two parameters, v and _M
(see equation 45). Unfortunately, little is known about the
temporal variations of either.
[68] The clock rate has varied by �1% around a mean

value that is of order 1% slower than the rotation period of
clouds in Saturn’s equatorial jet. This implies a small
corotation lag, and a consequently shear stability, of the
ionosphere that is coupled to the plasma near Enceladus. It
also implies that our choice of eddy viscosity, v� 108 cm2 s�1,
is not far off the mark. The ionosphere would respond to
changes in _M on the diffusion time

tn �
H2

n
� 105 s ; ð46Þ

which is much shorter than the timescale for observed
changes in the clock rate. The timescale for outflowing
plasma near the orbit of Enceladus to double its distance
from Saturn is also short, of order several days (see
equation 25).
[69] The stability of the clock on a yearlong timescale

poses a problem since the rate at which Enceladus ejects
mass seems to vary on a much shorter timescale [Jones
et al., 2006]. A possible solution involves the slow rate at
which neutral molecules are ionized (cf. the discussion in
section 2.1). This acts to smooth variations in their number
density that result from variations in the rate of mass
ejection from Enceladus.

5. Summary

[70] Rotationally driven convection of magnetospheric
plasma breaks the axisymmetry of the external magnetic
field at Saturn. Field-aligned currents transfer angular
momentum from the planet to a tongue of outflowing

Figure 2. Rotational velocity of equatorial plasma as a function of distance from Saturn. Rigid
corotation with Saturn’s interior is plotted as the dashed line; the magnetosphere lags the planetary
interior due to slowing of the ionosphere by magnetic torques.

A05225 GOLDREICH AND FARMER: SATURN’S EXTERNAL MAGNETIC FIELD

8 of 9

A05225



plasma. This transfer slows the rate of rotation of the
ionosphere relative to that of the underlying atmosphere.
The currents are the source for the nonaxisymmetric com-
ponents of the magnetic field. The common rotation rates of
these components and SKR bursts is that of the plasma near
the orbit of Enceladus and by extension the rotation rate in
the ionosphere to which this plasma is coupled. This tells us
nothing about the rotation rate of Saturn’s deep interior. Of
that we remain ignorant.
[71] Magnetic perturbations with magnitudes similar to

those observed by Cassini are produced for _M �104 g s�1, a
value similar to estimates for the rate of production of
plasma from water vapor ejected from Enceladus.
[72] Enhancement of the SKR occurs in a narrow range of

longitudes where large currents flow along magnetic field
lines connecting the tip of the plasma stream to the auroral
ionosphere.

[73] Acknowledgments. Wolfgang Baumjohann thanks the reviewers
for their assistance in evaluating this paper.
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