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a b s t r a c t
The presence of outer stably stratiﬁed layers in planetary cores has been suggested for Earth, Saturn
and Mercury. In this study, we use a 3-D numerical dynamo model to investigate the effects of a thin
stable layer surrounding a convecting interior on the produced magnetic ﬁeld. We ﬁnd that a stable
layer can destabilize the ﬁeld morphology through a thermal wind that produces unfavorable zonal ﬂows
throughout the core. The direction of these zonal ﬂows is prograde in equatorial regions, unlike a model
with no stable layer that has retrograde equatorial ﬂows. Our models therefore suggest that the Earth does
not have a stable layer since we observe a westward drift as opposed to an eastward drift. For Saturn, we
ﬁnd that due to coupling of the ﬂows in the stable and unstable layers, the layer does not act to shear out
the non-axisymmetry in the observed magnetic ﬁeld, and therefore cannot explain Saturn’s axisymmetric
magnetic ﬁeld. For Mercury, we ﬁnd that if the stable layer is thin, it can actively produce strong or weak
surface ﬁelds and not necessarily attenuate smaller scale features through the skin effect.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Planetary magnetic ﬁelds are generated through complex
motions in electrically conducting ﬂuid regions in their interiors.
Since our knowledge of these regions is scarce, any information
that we can obtain about the dynamo region from the resulting
magnetic ﬁeld observed at the surface is important. The standard
planetary dynamo region geometry has a ﬂuid outer shell surrounding a solid inner core. The solid inner core is electrically conducting
and the ﬂuid outer shell is unstably stratiﬁed and hence subject to
convection if the buoyancy forcing is large enough.
Numerical modeling has demonstrated that dynamo action can
be sensitive to variations of this basic setup. For example, the outer
core shell thickness and the presence of stably stratiﬁed layers can
alter the resulting magnetic ﬁeld morphology (e.g. Roberts and
Glatzmaier, 2001; Stanley and Bloxham, 2004; Stanley et al., 2005;
Heimpel et al., 2005; Christensen, 2006). An important role for
numerical dynamo studies is to discover diagnostic tests for speciﬁc
properties of the dynamo region. We can then analyze observational data of planetary magnetic ﬁelds for characteristic features
in order to obtain information on planetary interiors.
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There are suggestions that several planets may contain stably
stratiﬁed layers in their electrically conducting regions. A stably
stratiﬁed region interior to the convecting shell has been invoked
for Uranus and Neptune in order to explain the anomalous heat
ﬂows and magnetic ﬁelds of these planets (Hubbard et al., 1995).
The viability of this explanation was tested with numerical dynamo
models which demonstrated that dynamos generated in a convecting shell surrounding a stably stratiﬁed interior can reproduce ﬁelds
similar to those seen in Uranus and Neptune (Stanley and Bloxham,
2004, 2006).
An outer stably stratiﬁed layer surrounding the dynamo has
been proposed for Saturn, Mercury and Earth. For Saturn, the Pioneer 11 mission found that the dipole tilt of the magnetic ﬁeld
is extremely small (< 1◦ ) (Acuna and Ness, 1980; Smith et al.,
1980). The recent Cassini mission observations conﬁrm this small
tilt (Giampieri and Dougherty, 2004). This is troubling because of
Cowling’s Theorem which states that an axisymmetric magnetic
ﬁeld cannot be maintained by dynamo action (Cowling, 1933). We
therefore expect the magnetic ﬁeld generated inside the dynamo
region to contain a larger non-axisymmetric component. For example, Earth and Jupiter have magnetic dipole tilts of ∼ 10◦ (Stevenson,
1983). Other Saturn anomalies include the depletion of helium
in Saturn’s atmosphere and the requirement of a heat source in
excess of secular cooling and radioactivity in order to explain the
planet’s luminosity (Ingersoll et al., 1980). Gravitational separation of He and H2 has been invoked as the extra heat source.

180

S. Stanley, A. Mohammadi / Physics of the Earth and Planetary Interiors 168 (2008) 179–190

Stevenson (1980, 1982) proposed that all of these anomalies could
be explained with a single mechanism: the ongoing differentiation of helium from hydrogen in a layer surrounding the dynamo
source region. In addition to providing a sink for the missing helium
and an extra heat source, this layer would be stably stratiﬁed to
convection. Differential rotation due to thermal winds in the layer
could shear out the non-axisymmetry in the magnetic ﬁeld, producing the near-perfectly axisymmetric ﬁeld observed by spacecraft.
Stevenson (1983) suggests the stable layer thickness is ∼ 5000 km
and is therefore thin when compared to the dynamo region thickness of ∼ 30, 000 km.
For Mercury, some thermal evolution models predict a heat ﬂow
across the core–mantle boundary that is less than the heat ﬂow
down the core adiabat (Schubert et al., 1988; Hauck et al., 2004;
Wicht et al., 2007), suggesting that the outer core may be thermally stable. Another source of buoyancy in the core is the release
of light elements with the solidiﬁcation of the inner core. If the
growth of an inner core results in compositional buoyancy, then
proﬁles of the combined compositional and thermal buoyancy in
the core suggest that the outer portion of the ﬂuid outer core is
stable to convection whereas the inner layer is unstable to convection. Christensen (2006) proposes that this outer stable layer can
also explain the weakness of the observed magnetic dipole ﬁeld
(Ness et al., 1975, 1976). If planetary dynamos operate in magnetostrophic balance (where the Coriolis force balances the Lorentz
force), then an estimate for the intensity of the observed magnetic
ﬁeld can be obtained. For Mercury, the estimated value is 2–4 orders
of magnitude smaller than the observed ﬁeld (Schubert et al., 1988;
Stevenson, 1987). Christensen shows that the attenuation of the
magnetic ﬁeld due to the skin effect in a surrounding thick stable
layer can explain why a strong ﬁeld generated in the core’s convective region manifests itself as a weak dipole ﬁeld at the surface. Due
to the uncertainties in thermal evolution model parameters, it is
difﬁcult to constrain the thickness of the stable layer. A stable layer
of approximately half the outer core radius is used by Christensen
(2006).
For Earth, a thin stably stratiﬁed layer at the top of the core
has been suggested to form from either the build-up of light elements which are released during inner core solidiﬁcation, from
the mantle’s inﬂuence in controlling the cooling of the core, or
from reactions with the lowermost mantle (Gubbins, 1976; Fearn
and Loper, 1981; Gubbins et al., 1982; Franck, 1982; Loper, 1984;
Braginsky, 1984, 1993, 1999, 2006, 2007; Jeanloz, 1990; Moffatt and
Loper, 1994; Labrosse et al., 1997; Shearer and Roberts, 1997; Lister
and Buffett, 1998; Buffett et al., 2000). Estimates of the stable layer
thickness range from 70 to 1000 km.
Kinematic dynamo models have been used to investigate the
role of an outer stable layer on magnetic ﬁeld generation. Although
kinematic models impose the ﬂuid velocities, and hence do not consider the back-reaction of the magnetic ﬁeld on the ﬂuid ﬂow, these
studies are important for understanding the basic dynamo mechanisms. Also, since the models are simpler numerically, they provide
a time-efﬁcient way to investigate dynamos. Studies by Bullard
and Gubbins (1977); Hutcheson and Gubbins (1994) and Sarson
and Gubbins (1996) found that convecting interiors surrounded by
static, stable, electrically conducting shells were more conducive to
dynamo action compared to models where the convecting region
was surrounded by an insulator. This was because the models without a stable layer suffered from enhanced ohmic dissipation due
to the magnetic boundary conditions at the insulator boundary.
Therefore, dynamo action was less efﬁcient.
Love (2000) used kinematic dynamo models with imposed
axisymmetric toroidal ﬂows in an outer stably stratiﬁed layer to
investigate the axisymmetrization process in Saturn. They found
that the morphology of the resulting magnetic ﬁeld depended on

the intensity and direction of the imposed ﬂow in the stable layer.
For certain ﬂows, the resulting ﬁeld was more axisymmetric than a
model without any ﬂow in the stable layer, however for other ﬂows,
the resulting magnetic ﬁeld was equatorially dipolar and hence had
no axisymmetric components.
In another kinematic study, Schubert et al. (2004) examined
the effects of an outer stable layer on the resulting magnetic ﬁeld
symmetry. They found that the symmetry of the stable layer ﬂow
dictated the symmetry of the resulting magnetic ﬁeld observed outside the dynamo region. This implies that the observed magnetic
ﬁeld symmetry is independent of the choice of ﬂow in the convective layer. However, the Love (2000) study found models where the
symmetry of the overlying ﬂow did not necessarily determine the
symmetry of the magnetic ﬁeld.
Liao et al. (2005) used kinematic models in a Cartesian geometry with a stratiﬁed upper layer overlying a convecting layer to
investigate the Earth’s core. Similar to the above-mentioned studies, they found that the overlying ﬂows can enhance dynamo action
and effect the morphology of the resulting magnetic ﬁeld.
These kinematic studies demonstrate that the effects of stable layers can be important. However, in order to investigate the
dynamics involved, we must move beyond kinematic models. Jones
et al. (1995) employed a 2.5-D dynamic dynamo model with a stable
layer in the outer half of the ﬂuid core. They found that this resulted
in strong toroidal ﬁelds, weaker ﬁelds external to the dynamo
source region, and a signiﬁcant reduction in non-axisymmetry.
In Christensen (2006), a very thick stable layer surrounding the
convecting region was used in a 3-D numerical dynamo model to
investigate whether this setup can explain Mercury’s weak surface
magnetic ﬁeld. This study demonstrated that thick stable layers can
act in a passive manner to attenuate the magnetic ﬁeld from its
generation region to where the ﬁeld is observed at the surface.
In this paper, we use a fully 3-D numerical dynamo model to
examine the effects of a thin outer stably stratiﬁed layer on the
dynamo. Since we use a fully 3-D dynamic model, we investigate the
effect of this thin layer on the resulting magnetic ﬁeld as well as on
the ﬂuid ﬂows both in the stable layer and in the convecting interior.
In contrast to kinematic models, the ﬂuid ﬂows in our models can
be effected by Lorentz forces, the convection may penetrate from
the unstably stratiﬁed layer to the stable layer, and thermal coupling
can generate winds in the layers. We discuss the numerical setup in
Section 2, the results of the models in Section 3 and the implications
for speciﬁc planets in Section 4.

2. Numerical models
We use the Kuang and Bloxham numerical dynamo model
(Kuang and Bloxham, 1997, 1999). This model solves the equations
governing the dynamo in a rotating, electrically conducting, spherical shell surrounding an electrically conducting solid inner core.
We make the Boussinesq approximation and use the non-speciﬁc
buoyancy variable C, termed the “co-density” rather than solving
for temperature and composition separately (see Braginsky and
Roberts, 1995; Sarson et al., 1997; Kutzner and Christensen, 2004,
for details). The gradient in co-density ∇ C is termed the “buoyancy
ﬂux” and can be interpreted as the heat ﬂux if the buoyancy source
is purely thermal in origin.
In the model, the Navier–Stokes, magnetic induction, and
energy equations are non-dimensionalized using characteristic
scales for the variables. Using the radius of the core r0 as a length
scale,  = r02 / (where  is the magnetic diffusivity) as a time
scale,
a magnetostrophic balance intensity for the magnetic ﬁeld
B=
2˝/ (where ˝ is the rotation rate,  is the density and
 is the electrical conductivity) and a co-density scale hB r0 where
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hB is the incoming buoyancy ﬂux at the inner core boundary, the
non-dimensional equations are:



Ro




∂
+ v · ∇
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∇ · B = 0,

(4)

∇ · v = 0,

(5)

  are the velocity, magnetic and buoyancy perturwhere v , B,
bation ﬁelds respectively, C0 (r) the static co-density state, p the
modiﬁed pressure, J the current density and ẑ is a unit vector in
the direction of the rotation axis. The non-dimensional numbers
in the above equations are the magnetic Rossby number Ro, the
Ekman number E, the modiﬁed Rayleigh number Ra and a Prandtl
number q which are deﬁned by:
Ro ≡
E≡


2˝r02

Ra ≡
q=


2˝r02
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(6)
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(7)

˛g0 hB r02
2˝

,

(8)

,

(9)

where  is the kinematic viscosity, ˛ the buoyancy expansion
is the
coefﬁcient, g0 the gravitational acceleration at r0 and
co-density diffusivity.
We use ﬁxed buoyancy ﬂux boundary conditions on the codensity:
∂
= 0,
∂r

Table 1
Values of the non-dimensional numbers in the planets and numerical models



 + Rar + E ∇ 2 v ,
v + ẑ × v = −∇ p + J × B

at r = rio , 1,

(10)

impenetrable and stress-free boundary conditions on the velocity
ﬁeld:
n̂ · v = n̂ × (¯¯  · n̂) = 0,

at r = rio , 1,

(11)

where n̂ is a unit vector in the radial direction and ¯¯  is the viscous
stress tensor, and ﬁnite, electrically conducting boundary conditions on the magnetic ﬁeld:
 = [n̂ · J] = [n̂ × E]
 = 0,
[B]

at r = rio , 1,

(12)

where [] denotes the difference across the boundaries and E is
the non-dimensional electric ﬁeld. The model uses ﬁnite differencing in the radial direction with 64 radial grid points in the ﬂuid
outer shell and 36 radial grid points in the solid inner core, and
spherical harmonics for the azimuthal and meridional directions.
Our maximum spherical harmonic degree and order are lmax = 33,
mmax = 21, respectively. For further details on the numerical model,
see Kuang and Bloxham (1999).
Due to numerical constraints, dynamo models cannot work at
the appropriate non-dimensional numbers for planetary cores. In
Table 1, we give values for the non-dimensional numbers in Earth,
Saturn, Mercury and our dynamo models. Similar to other numerical dynamo models (for a recent summary see Dormy et al., 2000),
we work with as low Ekman numbers as feasible and use turbulence arguments to set our Prandtl numbers to 1. For a review
of the challenges facing numerical dynamo models in simulating
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Earth
Saturn
Mercury
Models

−9

10
10−13
10−7
2 × 10−5

Ra/Rac

E
−16

−9

5 × 10
(10 )
10−18 (10−13 )
−13
5 × 10
(10−7 )
2 × 10−5

8

q
16

10 – 10
1
>1
30–40

3

(1– 10 )

5 × 10−6 (1)
10−4 (1)
10−7 (1)
1

The numbers are deﬁned in Eqs. (6)–(9) in the text. For the planetary Ekman, Rayleigh
and Prandtl numbers, the ﬁrst value is for molecular diffusivities and the value in
parentheses is for turbulent diffusivities. For the molecular value of the Prandtl number, one would need to know the effective diffusivity for the co-density since it is
a combination of the thermal and compositional effects. We have given the value
for pure thermal effects. Incorporation of compositional effects should increase the
effective diffusivity, so this value can be seen as a minimum value. The Rayleigh
number is given in units of the critical Rayleigh number Rac . The Earth values used
for calculating our non-dimensional numbers are from Gubbins (2001). For the Earth
Rayleigh number, the range of values reﬂects whether the buoyancy source is thermal or compositional with a compositional source giving Rayleigh numbers at the
high end of the range. The Mercury values are adapted from Wicht et al. (2007). Saturn values are adapted from Stevenson (1983) and Nellis (2000). It should be noted
that the planetary values given in the table are not necessarily well determined since
the physical parameters for the planets are not well constrained (especially for the
Rayleigh number where we have used very broad estimates).

realistic planetary cores see Glatzmaier (2002). Because dynamo
models cannot work at the appropriate Ekman numbers for planetary cores, we use stress-free boundary conditions for both our
terrestrial and gaseous planetary models. Although no-slip velocity boundary conditions are the appropriate choice for terrestrial
planets, they result in Ekman boundary layers that are many orders
of magnitude larger than in planetary cores because of the larger
Ekman numbers necessary in the models. We therefore follow the
choice made by several dynamo modeling groups (for a review see
Kono and Roberts, 2002) and use stress-free boundary conditions
in an effort to more accurately simulate the dynamics in planetary
cores.
We use similar hyperdiffusivities as Kuang and Bloxham (1999)
in order to work at more strongly super-critical Rayleigh numbers
(∼ 30–40Rac ) than possible without them. The kinematic viscosity,
thermal diffusivity and magnetic diffusivity are made scale dependent (they increase for larger spherical harmonic degree l):
(l) = 0 [1 + 0.05l2 ]
(l) = 0 [1 + 0.06l2 ]
(l) = 0 [1 + 0.06l2 ]

(13)

where 0 , 0 and 0 are constant values set by the choice of nondimensional parameters. The hyperdiffusivities result in damping
the very small-scale structures likely to be present in planetary
cores providing numerical stability. For possible dynamical effects
of hyperdiffusivities on convection and dynamos, see Zhang and
Jones (1997); Zhang et al. (1998); Grote et al. (2000). All of our models converge with the energy in the largest degrees and orders being
several orders of magnitude smaller than in the smaller degrees and
orders.
The stable layer is implemented through the static background co-density C0 (r). In the unstable convecting layer, the
non-dimensional background co-density gradient is dC0 (r)/dr =
2
−(rio /r) (where rio is the non-dimensionalized inner core radius).
This proﬁle is the solution to the conduction equation ∇ 2 C0 (r) = 0.
In the stable layer, the stability is maintained by a positive buoyancy gradient dC0 /dr = A, where A is a positive constant that varies
between the models. It is very difﬁcult to constrain the distribution of co-density in planetary stable layers, and we therefore do
not know the stable layer co-density proﬁle. In our models, we
choose a proﬁle that ensures convective stability of the layer and is
the simplest mathematically (i.e. a positive constant). Models use
either rs = 0.8r0 or rs = 0.9r0 for the radius at which the stable layer
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Table 2
Model parameters
Model

rs

A

1
2
3
4
5
6

N/A
0.8
0.8
0.9
0.9
0.9

N/A
1
5
1
5
5

Ra
15,000
15,000
15,000
15,000
15,000
10,000

rs is the non-dimensional stable layer radius, A is the stable layer co-density gradient,
and Ra is the Rayleigh number.

begins. We also include a standard model with no stable layer to
compare results. The varied model parameters are given in Table 2.
3. Results
3.1. The magnetic ﬁeld
The standard model (model 1 in Table 2) produces an axially dipolar dominated magnetic ﬁeld similar to other published
dynamo models that operate in this geometry at similar parameter
values (e.g. Kuang and Bloxham, 1999). In contrast, the stable-layer
models produce magnetic ﬁelds that can be classiﬁed into two categories:
(1) stable, strong, axial-dipolar dominated ﬁelds;
(2) unstable, weak, axial-dipolar dominated ﬁelds that experience
frequent reversals or excursions of strong non-axial, nondipolar dominated ﬁelds.
Models 3 and 4 maintain the unstable weak state (state [2] in
rest of paper) throughout their runtimes. Model 5 spends several
magnetic diffusion times in state [2] and then switches to the stable strong state (state [1] in rest of paper) for the remainder of its
runtime. Model 6 does the opposite of model 5, spending several
diffusion times in state [1] and then switching to state [2]. Model 2
spends several magnetic diffusion times initially transforming from
state [1] to state [2] and then remains in that state. It is possible that
the initial state was a prolonged transient in this case.
Henceforth, we compare model 1 (the standard with no stable layer) to the different states in model 5. The other stable layer

models have similar characteristics to model 5 when they are in
corresponding states. Fig. 1 displays the radial component of the
magnetic ﬁeld at the outer surface for examples of the ﬁeld morphologies in the different states. Comparing the standard model
(Fig. 1a) to the stable layer model in state [1] (Fig. 1b), we see that
both models produce axial-dipolar dominated surface ﬁelds of similar strength. The stable layer model has fewer non-axisymmetric
small-scale structures, but the dipole component has a level of nonaxisymmetry similar to the standard model (i.e. the dipole tilt is not
reduced in the stable layer model). When model 5 is in state [2], the
axial-dipole dominated ﬁelds (Fig. 1c) are a factor of 3 weaker in
intensity compared to the state [1] ﬁeld. The non-dipole dominated
ﬁelds (Fig. 1d) have localized ﬁeld patches almost as strong as the
state [1] ﬁelds.
Because the magnetic ﬁeld is solenoidal, we can separate the
ﬁeld into its toroidal and poloidal components:
=B
T + B
 P = ∇ × TB r̂ + ∇ × (∇ × PB r̂)
B

(14)

 P are the toroidal and poloidal components of the
 T and B
where B
ﬁelds, respectively, TB and PB are the toroidal and poloidal magnetic
scalars, respectively, and r̂ is a unit vector in the radial direction. The
toroidal and poloidal components of the axisymmetric magnetic
ﬁelds in the core are shown in Fig. 2. The standard model and model
5 state [1] ﬁelds have similar equatorially antisymmetric large-scale
toroidal ﬁelds. The model 5 state [2] ﬁelds are more complex having
equatorially symmetric and antisymmetric components.
The different states have different energy partitioning. The nondimensional magnetic energy is deﬁned as:



EB =



B2 dV =



BP2 dV +

BT2 dV.

(15)

where V is the total core volume. We examine the energy in
the axisymmetric and non-axisymmetric components of both the
toroidal and poloidal ﬁelds in Fig. 3. The standard model (model
1, Fig. 3a) is characterized as having a stronger toroidal energy
than poloidal energy with both components dominated by their
axisymmetric parts. When model 5 is in state [1] (Fig. 3b), the
toroidal energy is still larger than the poloidal energy, although not
as dominant as in the standard model. The poloidal energy is still
dominated by its axisymmetric component. However, the toroidal
energy is not, having equal contributions from both axisymmetric
and non-axisymmetric parts. When model 5 is in state [2] (Fig. 3c),

Fig. 1. A snapshot of the radial component of the magnetic ﬁeld at the outer-core boundary for the different states. The standard model (model 1) axial-dipolar dominated
ﬁeld is shown in (a), a stable strong axial-dipolar dominated ﬁeld (state [1]) from model 5 is shown in (b), a weak axial-dipolar dominated ﬁeld (state [2]) from model 5 is
shown in (c) and a non-dipolar, non-axisymmetric ﬁeld (state [2]) from model 5 is shown in (d).
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Fig. 2. The axisymmetric components of the magnetic ﬁeld in meridional slices for
the same models and time steps as Fig. 1. Filled contours of toroidal magnetic ﬁeld
are shown on the left and poloidal streamlines are shown on the right. The inner and
outer core boundaries are shown in a thin black line and the stable layer radius is
shown with a thick black line in subplots (b)–(d). In the toroidal plots, red (blue) ﬁeld
is in the prograde (retrograde) direction. In the poloidal plots, red (blue) is clockwise
(counterclockwise) directed streamlines.
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Fig. 3. Magnetic energy versus time for models 1 (a) and 5 (b and c). Plot (b) is for
a time interval when model 5 is in state [1] and plot (c) is for a time interval when
model 5 is in state [2]. In each ﬁgure, the energy in the poloidal (toroidal) magnetic
ﬁeld is shown in the top (bottom) graph. The axisymmetric energy is the solid blue
line and the non-axisymmetric energy is the dashed red line.

the poloidal energy is signiﬁcantly weaker than in the other cases.
It is also no longer dominated by its axisymmetric component.
The toroidal energy is dominated by its axisymmetric component.
Both components experience coinciding bursts in energy which are
associated with the strong non-dipolar surface ﬁelds such as the
example shown in Fig. 1 d. When the energy is weaker (i.e. not
bursting), the surface ﬁeld is dominated by a weak axial-dipolar
morphology such as in Fig. 1 c.
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3.2. The velocity ﬁeld
Because we make the Boussinesq approximation, we can
also separate the velocity ﬁeld into its toroidal and poloidal
components:

∇ · v = 0 ⇒ v = v T + v P = ∇ × Tv r̂ + ∇ × (∇ × Pv r̂)

(16)

where v T and v P are the toroidal and poloidal components, respectively, and Tv and Pv are the toroidal and poloidal velocity scalars,
respectively. The axisymmetric components of the velocities are
shown in Fig. 4. The standard model (Fig. 4a) has strong differential
rotation inside the tangent cylinder (an imaginary cylinder coaxial
with the rotation axis and tangent to the inner core boundary at the
equator), as well as a retrograde equatorial jet outside the tangent
cylinder near the inner core boundary. The meridional circulation is
dominated by an equatorially antisymmetric pattern. The effect of
the stable layer is evident in Fig. 4 b–d. The meridional circulation is
concentrated inside the unstable layer and the differential rotation
is quite different from the standard model. The contours of shearing
outside the tangent cylinder in the unstable layer are much more
parallel to the rotation axis and a bending of the differential rotation
contours at the stable layer boundary is evident at mid-latitudes.
There are also distinguishing characteristics of the different
states in model 5. In state [1], the meridional circulation has the
same symmetry as the standard model (equatorially antisymmetric) whereas in state [2], the meridional circulation is equatorially
symmetric. It appears that the symmetry of the meridional circulation is closely tied to the axial-dipole stability of the magnetic ﬁeld.
The differential rotation is also much stronger in state [2] than in
state [1] or the standard model.
In Fig. 5, we show the time average of the axisymmetric zonal
ﬂow as a function of latitude at the outer boundary of the dynamo
region. We also include the maximum and minimum values for the
zonal ﬂow at each latitude. As can be seen from the average and
max/min values, the zonal ﬂows in the equatorial regions are fairly
stable and always the same sign in the individual models. In contrast, the polar ﬂows are more time variable. In the standard model
(Fig. 5a), the equatorial zonal ﬂow is always westward, whereas in
all the stable layer models (e.g. Fig. 5 b and c) the equatorial zonal
ﬂows are always eastward.
Similar to the magnetic energy deﬁnition, the non-dimensional
kinetic energy is deﬁned as:



Ek =



v2 dV =



vP2 dV +

vT2 dV.

(17)

The different components of the kinetic energies are plotted
in Fig. 6. All the models have kinetic energies dominated by their
toroidal components. The poloidal energy is relatively similar in all
the models, a result of the fact that the convection patterns in the
unstable layer are similar. The non-axisymmetric toroidal energy is
also similar in all the models. In contrast, the axisymmetric toroidal
energies are different. The standard model has a toroidal energy
dominated by its axisymmetric component, and although this is
also generally true in model 5 when its in state [1] (Fig. 6b), the
axisymmetric energy is not as dominant as in the standard model,
and it experiences much larger ﬂuctuations than in the standard
model. When model 5 is in state [2] (Fig. 6c), the axisymmetric
toroidal energy is much stronger than in the other cases and also
experiences large ﬂuctuations. It appears that the main difference
in the two states in model 5 is in the axisymmetric toroidal kinetic
energy.
By comparing the kinetic and magnetic energies, we see that
the variability in the magnetic and velocity ﬁelds is related. Strong
bursts of magnetic energy in model 5 state [2] (Fig. 3c) coincide with

Fig. 4. The axisymmetric components of the velocity ﬁeld in meridional slices for
the same models and time steps as Fig. 1. Filled contours of differential rotation
u /r sin are shown on the left and poloidal streamlines are shown on the right.
The inner and outer core boundaries are shown in a thin black line and the stable
layer radius is shown with a thick black line in subplots (b)–(d). In the toroidal plots,
red (blue) is in the prograde (retrograde) direction. In the poloidal plots, red (blue)
is clockwise (counterclockwise) directed streamlines.
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Fig. 5. Axisymmetric zonal ﬂow ū versus latitude at outer boundary of dynamo
region for models 1 (a) and 5 (b and c). Plot (b) is for a time interval when model 5
is in state [1] and plot (c) is for a time interval when model 5 is in state [2]. In each
ﬁgure, the average zonal ﬂow over two magnetic dipole diffusion times is shown
with a solid line, and the maximum and minimum values of the zonal ﬂow at each
latitude is shown with dashed lines to give a sense of the time-variability of the
zonal ﬂow. The vertical dotted line indicates a speed of 0.

strong bursts in the axisymmetric poloidal kinetic energy. These are
times when the surface ﬁeld is dominated by a strong, non-dipolar
ﬁeld.
3.3. Force balances
In order to understand why the velocity and magnetic ﬁelds are
different in the different models and states, we examine the force
balances in the models. Fig. 4 demonstrated that the differential
rotation pattern in the standard model is different from the stable
layer models. In order to investigate the source of the zonal ﬂows,
we look at two aspects of the momentum equation related to the
zonal ﬂows.
First, we consider the thermal wind balance. Taking the axisymmetric -component of the curl of the momentum equation (Eq.
(1)) and retaining the leading terms (i.e. ignoring viscosity and
inertia) gives:
∂ū
∂z

= Ra

¯
∂
 ,
− [∇ × (J × B)]
∂

(18)

Fig. 6. Kinetic energy versus time for models 1 (a) and 5 (b and c). Plot (b) is for a
time interval when model 5 is in state [1] and plot (c) is for a time interval when
model 5 is in state [2]. In each ﬁgure, the energy in the poloidal (toroidal) velocity
ﬁeld is shown in the top (bottom) graph. The axisymmetric energy is the solid blue
line and the non-axisymmetric energy is the dashed red line.

where an over-bar denotes the axisymmetric component and z is
the cylindrical coordinate in the direction of the rotation axis. The
term on the left comes from the Coriolis term in Eq. (1), the ﬁrst
term on the right is the thermal wind and is due to variations of the
buoyancy perturbation with co-latitude, and the last term is known
as the magnetic wind and is due to Lorentz forces.
Fig. 7 plots the different components of Eq. (18). We see in all
the models that the Coriolis term is almost entirely balanced by the
thermal wind term. The magnetic wind is only appreciable near the
inner core boundary where differential rotation between the inner
and outer cores produces strong Lorentz forces. The effect of the
stable layer is evident in the ﬁgures. Very strong thermal winds are
generated inside the stable layer at mid-latitudes. These are respon-
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Fig. 7. Components of the thermal wind balance (Eq. (18)) for the same models and time steps as Fig. 1. Filled contours of the Coriolis term are shown in the left plot, the
thermal wind term is shown in the middle plot and the magnetic wind term is shown in the right plot. The inner and outer core boundaries are shown in a thin black line
and the stable layer radius is shown with a thick black line in subplots (b)–(d).

sible for the bending of the differential rotation contours in the
stable layer seen in Fig. 4. It should be noted that the thermal winds
in the stable layer are not the result of any temperature variations
imposed at the outer boundary. They result from the temperature
variations at the boundary between the stable and unstable layers
that arises naturally from convection.
Next, to investigate the sources and sinks of the zonal ﬂows, we
examine the power budget for u (similar to the procedure used by
Aubert (2005)). By multiplying the axisymmetric- component of

the momentum equation by ū and rearranging we get:
2

1 ∂ū
 ū − Ro[(u
 ] ū
 · ∇ )u
 ] ū + E[∇ 2 u
= −ūs ū + [J × B]
2 ∂t

(19)

In Fig. 8, we plot the four terms on the right-hand side of Eq.
(19).
In the standard model and model 5 case [1] (Fig. 8 a and b), the
main power source is the Coriolis force but there is also a positive
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Fig. 8. Components of the axisymmetric u power budget (Eq. (19)) in meridional slice for the same models and time steps as Fig. 1. From left to right the plots are ﬁlled
contours of the Coriolis term, the Lorentz term, the Reynolds stress term and the viscous term. The inner and outer core boundaries are shown in a thin black line and the
stable layer radius is shown with a thick black line in subplots (b)–(d).

contribution from Reynolds stresses in the vicinity of convection
rolls. The Lorentz force acts as a dissipative mechanism through
Ohmic dissipation. The difference in the zonal ﬂows between the
standard model and model 5 state [1] can be seen in the location
of the power sources. In the standard model, away from the inner
core boundary, the source is strongest outside the tangent cylinder
in the equatorial regions. This is the location of the strong equatorial
jet in Fig. 4 a. In contrast, the strongest power source for the zonal
ﬂows in model 5 state [1] is near the tangent cylinder boundary at
mid-latitudes. This corresponds to the region of strong differential
rotation seen in Fig. 4 b.

For model 5 state [2] we see that the power is signiﬁcantly
stronger and the source is mostly from the Reynolds stresses when
the surface ﬁeld is weak and axially dipolar dominated. When the
ﬁeld is non-dipolar and strong, the Coriolis force also becomes a signiﬁcant source locally in the southern hemisphere. This localized
spot acts similarly to the strong ﬁelds in the standard model and
model 5 state [1] in that the Coriolis term is the power source and
it is dissipated by the Lorentz force. It appears that state [2] arises
when the Reynolds stresses dominate the source of the zonal ﬂows.
A dynamo is in magnetostrophic balance and known as a ‘strongﬁeld dynamo’ when the Coriolis and Lorentz forces balance in the
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ment is even stronger in this case. The model 5 state [1] case (Fig. 9b)
is similar to the standard model. It appears that the strong axialdipolar dominated ﬁelds seen at the surface in these two cases are
the result of a similar force balance in the models.
The model 5 state [2] case experiences signiﬁcant time variation in this force balance. When the surface ﬁeld is weak and
axial-dipolar dominated (Fig. 9c), the Lorentz and Coriolis terms
do not balance in the majority of the core. Both of these forces
are also signiﬁcantly weaker in this case. When model 5 is in state
[2] with a strong non-dipolar ﬁeld morphology (Fig. 9d), then the
axisymmetric- components of the Coriolis and Lorentz forces are
strong in localized regions and do balance in these regions. The
state [2] weak unstable ﬁeld morphologies result from a different
force balance than the standard or state [1] models.
4. Planetary implications

Fig. 9. Axisymmetric components of the Coriolis (left) and Lorentz (right) forces
for the same models and time steps as Fig. 1. The inner and outer core boundaries
are shown in a thin black line and the stable layer radius is shown with a thick black
line in subplots (b)–(d).

momentum equation. In Fig. 9, we examine the axisymmetriccomponent of the Coriolis and Lorentz forces. In the standard model
(Fig. 9a), the Lorentz force balances the Coriolis force throughout
most of the core. Although Fig. 9 is only a time-snapshot of the
model, we have also analyzed the time average and the above state-

We ﬁnd that the inclusion of a thin stable layer in the dynamo
models acts to destabilize the dynamo. The stable layer generates
a thermal wind which creates a differential rotation pattern in the
core different from the standard model. Although the presence of
a stable layer can still promote the generation of a strong ﬁeld
dynamo (i.e. in magnetostrophic balance), it can also lead to a weak,
axial-dipolar reversing state. Below we examine the implications
for Earth, Saturn and Mercury.
As mentioned in Section 1, authors have investigated the possibility of a stable layer at the top of Earth’s core. Several studies have
searched for evidence of core radial motions near the core–mantle
boundary by examining observations of the geomagnetic secular variation (see Bloxham, 1990, and references therein), but
the results are inconclusive. For our models that produce strong
dipole-dominated surface ﬁelds, we examine whether there is any
characteristic sign of a stable layer.
The main difference, observable at the surface, between our
standard model and our stable layer models is in the zonal ﬂow
near the core–mantle boundary. Fig. 5 shows that in the standard
model, equatorial zonal ﬂows near the core–mantle boundary are
retrograde (westward). In contrast, near the core–mantle boundary,
our stable layer models always have a prograde (eastward) zonal
ﬂow in equatorial regions. This means that the drift of magnetic
ﬂux spots in the equatorial regions is westward in our standard
model and eastward in our stable layer models. Since the geomagnetic observations show a westward drift of ﬂux spots, our models
would therefore suggest that the Earth’s core does not contain a
stable layer. Once dimensionalized, the magnitude of the equatorial zonal ﬂows in our models are O (10−4 m/s) and are therefore
the same order of magnitude as the inferred Earth values from the
geomagnetic secular variation (e.g. Bloxham and Jackson, 1991).
The stable layers in our models would correspond to layers of
thickness 350 and 700 km in the Earth’s core. This is within the
range of estimated stable layer thickness in the Earth given in Section 1. The stable layer co-density proﬁle is ad hoc and one may
question whether an Earth-like proﬁle (although we do not know
what it is) would provide a different zonal ﬂow direction in equatorial regions. The retrograde equatorial ﬂows near the CMB in our
stable layer models are the result of thermal winds that develop
inside the stable layer. These thermal winds are due to meridional
temperature differences at the outer boundary of the unstable layer
that are the natural result of core convection. The convection modes
in a rapidly rotating spherical container can more easily transport
heat in the equatorial regions which results in a pole-to-equator
temperature differential at the outer boundary of the unstable layer
(for example, see Olson et al., 1999). It is therefore likely that other
co-density proﬁles in the stable layer would produce similar results
as our models.
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For Saturn, our models do not produce the level of dipole
axisymmetry seen in the observations (Giampieri and Dougherty,
2004). It appears that just having a thin stable layer surrounding
the dynamo is not enough to axisymmetrize the magnetic ﬁeld.
Even though we do have thermal winds in our stable layer, the
differential rotation is slave to the Taylor Proudman theorem and
the zonal velocities in the two shells couple. We therefore do not
get the shearing effect proposed by Stevenson (1980). However,
Stevenson (1980) proposes that the differential rotation in the stable layer is driven by thermal winds due to lateral temperature
variations at the outer boundary of the stable layer. Although we
do have thermal winds in our stable layer, they are not driven by
an outer-boundary temperature variation, and therefore, we cannot discount this mechanism. It is also possible that the use of the
Boussinesq approximation in our models (which is certainly not
applicable inside Saturn), promotes the coupling between the stable and unstable layer differential rotation which does not allow for
the axisymmetrization process envisioned by Stevenson (1980) to
occur.
A thick stable layer surrounding a dynamo has been shown to
produce a weak surface ﬁeld in a numerical model aimed to investigate Mercury (Christensen, 2006). In Christensen’s model, the
stable layer is passive and attenuates the magnetic ﬁeld through
the skin effect resulting in large-scale, weaker surface ﬁelds. Here,
we have shown that stable layers do not always result in attenuated ﬁelds. Rather than a passive attenuation effect, stable layers
can also actively produce strong or weak surface ﬁelds that are not
necessarily large-scale. If Mercury’s surface ﬁeld is weak because it
is in a state similar to state [2] in our models, then it can still possess
small-scale, non-dipolar, non-axisymmetric features observable at
spacecraft altitude since they are not attenuated by the skin effect.
This means that the presence of small-scale ﬁelds in future magnetic ﬁeld observations does not rule out a stable layer in Mercury’s
core. Future observations of Mercury’s ﬁeld will be helpful in sorting through the potential explanations for Mercury’s weak ﬁeld
(Aharonson et al., 2004; Stanley et al., 2005; Heimpel et al., 2005;
Christensen, 2006; Takahashi and Matsushima, 2006).
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