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The ice giant planets, Uranus and Neptune, have magnetic fields, atmospheric circulation patterns, and
thermal emissions that are distinct from other planets in our Solar System. However, no self-consistent
dynamical model has been able to reproduce all of these observations. We hypothesize that the dynamos
and surface winds are dynamically coupled and argue that their characteristics are a consequence of
three-dimensional turbulence that may be excited in planetary-scale water layers. Here we present
dynamo models with thick and thin spherical shell geometries consistent with the range of possible

izquzrf;res internal structures of Uranus and Neptune. The style of convection is chosen a priori to yield small-scale
Dynanﬂcs and disorganized turbulence. In agreement with ice giant observations, both simulations (i) generate

multipolar magnetic fields by fluctuating dynamo action, (ii) produce zonal jets with retrograde flow
at the equator through angular momentum mixing, and (iii) predict local equatorial peaks in internal heat
fluxes due to equatorial upwellings induced primarily by Hadley-like circulation cells. Thus, we argue
that three-dimensional convective turbulence can explain the first-order geophysical observations of

Magnetic fields

the ice giants.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Planetary magnetic fields provide a means through which infor-
mation about the interiors of planets can be remotely inferred.
Three styles of magnetic field morphologies are observed in our So-
lar System. Earth, Ganymede, Jupiter, and Saturn have dipole-dom-
inated magnetic fields that are nearly aligned with their rotation
axes (e.g., Kivelson et al., 1996; Burton et al., 2009; Yu et al,,
2010), while Mercury is dominated by axially aligned dipolar and
quadrupolar field components (Anderson et al., 2011, 2012). Ura-
nus and Neptune, the ice giants, are the only known planetary
bodies in our Solar System to have strongly non-axisymmetric,
multipolar magnetic fields (Ness et al., 1986, 1989; Holme and
Bloxham, 1996). This study focuses on these latter dynamos.

1.1. Internal structures

The internal structures of the ice giants can be inferred from
observations of their magnetic and gravity fields by Voyager 2.

* Corresponding author. Fax: +1 512 471 8844.
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Aurnou).
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For example, the presence of an intrinsic magnetic field requires
an electrically conducting fluid region. Gravity field measure-
ments provide additional constraints and suggest that these plan-
ets may be modeled as three nested regions: (i) an outermost
molecular envelope largely composed of hydrogen and helium,;
(ii) a weakly conducting ionic ocean of water, methane, and
ammonia; and (iii) a rocky central core (e.g., Hubbard et al,,
1991; Podolak et al., 1991; Guillot, 1999). Recent experiments
suggest that the gradual transition between the molecular enve-
lope and the underlying ionic ocean occurs near 0.8 planetary ra-
dii where the electrical conductivity reaches about 2500 S/m (e.g.,
Lee et al., 2006). The transition between the ionic ocean and rocky
core is thought to occur below 0.3 planetary radii (e.g., Redmer
et al., 2011). Sharp compositional transitions between these re-
gions are not required (Helled et al., 2011), however, and the loca-
tion of the triple point between ice, fluid, and superionic water is
not well determined (Redmer et al., 2011). Schematics of possible
internal structures of Uranus and Neptune are illustrated in Fig. 1
(top row).

Voyager 2 also measured the thermal energy emitted by the ice
giants. While both planets emit nearly the same amount of total
thermal energy (~5 PW; Pearl et al., 1990), their differing orbital
radii imply a sharp contrast in their energy balance. Neptune emits
more than twice the thermal energy it receives via insolation (Pearl


http://dx.doi.org/10.1016/j.icarus.2013.02.014
mailto:krista@ig.utexas.edu
mailto:mheimpel@phys.ualberta.ca
mailto:mheimpel@phys.ualberta.ca
mailto:eric.king@berkeley.edu
mailto:aurnou@ucla.edu
http://dx.doi.org/10.1016/j.icarus.2013.02.014
http://www.sciencedirect.com/science/journal/00191035
http://www.elsevier.com/locate/icarus

98 K.M. Soderlund et al./Icarus 224 (2013) 97-113

(a) Fully Convecting

R,

<

Electrically-insulating N

(b) Partially Convecting

0.8 R,

“Convecting Molecular Envelope”

Electrically-conducting

Planet Geometry

0.25R;

Convecting Ionic Ocean

Electrically-conducting
Stably-stratified Ionic Ocean (?)

Electrically-conducting

- Solid Core (?)

(¢) Thick shell model

Electrically-conducting

(d) Thin shell model

A

Model Geometry

0351,

Convecting Fluid Core

Electrically-conducting

£ 2

0751,

- Solid Core

Fig. 1. Possible internal structure models of Neptune and Uranus based on Redmer et al. (2011); Rp is planetary radius. As discussed by Podolak et al. (1991) and Fortney et al.
(2011) among others, the ionic oceans may be (a) fully convecting or (b) partially convecting. Geometry of the (c) thick shell and (d) thin shell numerical models. r, is the
outer shell radius of the model and is assumed to correspond to the planet surfaces, taken to be the 1 bar pressure level, in our simplified models that neglect electrical

conductivity and density stratification.

and Conrath, 1991), while the total emission to insolation ratio for
Uranus is no greater than ~1.1 (Pearl et al., 1990). Internal heat
sources are implied for both planets, however, since these ratios
exceed unity, likely due to the release of primordial heat of forma-
tion and radioactive heating. These measurements also indicate
that the interiors of both Uranus and Neptune are unstable to con-
vection since their internal (emitted minus absorbed) heat fluxes
of 0.04 W/m? and 0.4 W/m?, respectively, exceed the adiabatic heat
flux estimates of ~0.01 W/m? (e.g., Stevenson, 1983). Differences
in internal structures (regions of stable stratification; Stevenson,
1983; Podolak et al., 1991; Fortney et al., 2011; Nettelmann
et al., 2012) or internal dynamics (baroclinic instabilities; Holme
and Ingersoll, 1994) have been proposed to explain why Neptune
emits significantly more heat than it receives from the Sun, while
Uranus does not.

Since there are likely no sharp structural boundaries in the ice
giants between the dynamo region and the overlying electrically
insulating layer (cf. the core-mantle boundary of Earth), it is pos-
sible that the dynamo, heat flow, and atmospheric winds are all
dynamically coupled together in these bodies. Further, if the mag-
netic fields are driven relatively near the surface, a single region
may simultaneously generate these observables. In this unified
layer scenario, surface winds may be driven by deep convection
in the dynamo region through teleconvection (Zhang and Schubert,
2000, 2002; Stanley and Mohammadi, 2008; Takehiro et al., 2011),
even if regions are stably stratified. Thus, we seek to generate sin-
gle-layer models that can self-consistently explain all three of

these geophysical observations. The magnetic fields, thermal emis-
sions, and winds of the ice giants are described below.

1.2. Magnetic fields

The magnetic fields of Uranus and Neptune as measured by
Voyager 2 in 1986 and 1989, respectively, are non-axisymmetric
and multipolar with quadrupole and octupole components that
are comparable to or greater than the dipole (Figs. 2 and 10).
Spherical harmonics greater than the octupole are below the limits
of spatial resolution, and there is no information about secular var-
iation (Holme and Bloxham, 1996).

These magnetic fields are thought to result from convectively
driven dynamo action in the ionic ocean (e.g., Ruzmaikin and
Starchenko, 1991; Stanley and Bloxham, 2004; Jones, 2011). Shock
experiments on precompressed water and ab initio simulations
suggest that electrical conductivity is large enough to support
dynamos in the ice giants at depths below about 0.8Rp, where Rp -
~ 25,000 km are the planetary radii (Cavazzoni et al., 1999; Lee
et al,, 2006; Redmer et al., 2011; Knudson et al., 2012). This rela-
tively shallow dynamo region is consistent with the prominence
of the higher order spherical harmonics of the planets’ magnetic
fields (Russell and Dougherty, 2010). The lower boundary of the
dynamo generating region is more controversial, however, given
the debate on whether the deep ionic ocean is convecting or stably
stratified (e.g., Stanley and Bloxham, 2004; Redmer et al., 2011;
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Fig. 2. Surface observations of radial magnetic fields, thermal emissions, and zonal winds of the ice giants and Jupiter. The dimensionless heat flux profiles have been
normalized such that the maximum value is unity; extrapolated data shown in gray. Rozr estimates assume that the winds extend to the bases of the molecular envelopes.
Magnetic field data is from Holme and Bloxham (1996) and Yu et al. (2010); thermal emission data is from Pearl and Conrath (1991), Pearl et al. (1990) fit with a cubic spline,
and Pirraglia (1984); and zonal wind data is from Sukoriansky et al. (2002) (short-dashed lines), Helled et al. (2010) (long-dashed lines), and Porco et al. (2003).

Chau et al., 2011; Fortney et al., 2011; Nettelmann et al., 2012).
Thus, the dynamo region may have a thick or thin shell geometry.

1.3. Thermal emissions

The release of gravitational energy provides a source of internal
heat in the giant planets (Stevenson, 1978), and convective mo-
tions redistribute this energy. As such, heat flux patterns provide
insight into these convective processes. Fig. 2 also shows the ther-
mal emissions measured by Voyager 2 as a function of latitude.
Neptune preferentially emits heat from the equatorial and polar re-
gions (Pearl and Conrath, 1991). This profile, however, assumes lat-
itudinal symmetry across the equator since little data is available
in the northern hemisphere. The heat flux pattern for Uranus is
poorly constrained (Pearl et al., 1990).

1.4. Zonal winds

The surface zonal winds are determined by tracking cloud fea-
tures over finite time intervals. Observations made by the Voyager
2 spacecraft, the Hubble Space Telescope, and ground-based tele-
scopes have revealed that the surface winds are dominated by zo-
nal (east-west) motions (e.g. Smith et al., 1986, 1989; Sromovsky
et al., 2001, 2009; Hammel et al., 2001, 2005; Karkoschka, 2011;
Fry et al,, 2012; Martin et al., 2012). These zonal winds are mea-
sured with respect to the mean rotational motion of the planet, as-
sumed to correspond with the deep-seated magnetic field frame of
reference (e.g., Ness et al., 1994). Voyager 2 radio observations sug-
gest that the rotation periods of Uranus and Neptune are, respec-
tively, 17.24 h and 16.11 h (Desch et al., 1986; Warwick et al.,
1989). Adopting these periods, both planets have retrograde (west-
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ward) jets near the equator and prograde (eastward) jets at high
latitudes, as shown in Fig. 2. Further, Neptune has the fastest wind
speeds in the Solar System that approach —400 m/s in the equato-
rial jet and +250 m/s in the high latitude jets. Uranian winds have
maximum velocities near +200 m/s in the high latitude jets and an
equatorial jet speed of about —100 m/s.

There are complications, however, in determining the rotation
rates from radio observations. For example, the radio emissions
of Saturn have multiple periodicities and vary in time (Gurnett
et al., 2007, 2009). Alternatively, dynamical arguments can be
used to estimate the rotation periods (Helled et al., 2010; Kar-
koschka, 2011). Helled et al. (2010) estimate rotation periods
by finding the rotation rate that produces the smallest deviation
between the observed oblateness and that inferred from the
body’s rotation. This approach predicts periods that differ from
those based on Voyager 2 radio signals by —40min and
+68 min for Uranus and Neptune, respectively. Further, Kar-
koschka (2011) estimates the rotation period of Neptune to be
15.97 h, a difference of —8 min from the Voyager 2 derived peri-
od, by tracking features (e.g., storms) and noting their rotational
stabilities. These differences illustrate the uncertainties in giant
planet rotation rates, which are reflected in the zonal winds.
Adopting the Helled et al. (2010) rotation periods, both Uranus
and Neptune have retrograde equatorial jets with speeds of about
—150 m/s and prograde high latitude jets with peak speeds of
about +200 m/s. Zonal wind profiles assuming the Helled et al.
(2010) rotation periods are superimposed in Fig. 2 to illustrate
these differences.

The winds measured near the surface may be linked to convec-
tion in their interiors. Karkoschka (2011) argues that the stationary
features found in Hubble Space Telescope images of Neptune may
result from deep convective processes. Furthermore, the dominant
motions observed on both Uranus and Neptune are perpendicular
to the rotation axis, despite Uranus’ dramatically different pattern
of solar heating due to the planet’s 98° inclination with respect to

the ecliptic. Instead of time-averaged insolation peaking near the
equator as for the other planets, Uranus’ polar and equatorial re-
gions receive comparable amounts of sunlight over a uranian year
(e.g., Levine et al., 1977). This suggests that the winds may have a
deep origin.

1.5. Comparison against the gas giants

The observations of Uranus and Neptune are fundamentally dif-
ferent from those of the gas giants, demonstrated in Fig. 2 by the
inclusion of jovian observations. In contrast to the multipolar
dynamos of the ice giants, Jupiter’s magnetic field is dipole-domi-
nated with the dipole tilted about 10° from the rotation axis. Sim-
ilarly, Jupiter’s surface winds are organized into a strong prograde
equatorial jet and multiple jets at high latitudes that alternate in
direction (Porco et al., 2003). Efforts toward understanding the
dynamics of the ice giants must then also explain why these bodies
are different from those of the gas giants.

We argue that the differences in surface magnetic fields, heat
transfer, and zonal winds between the ice and gas giants can be ex-
plained by a difference in interior dynamics in Section 2. The
numerical model used to test this hypothesis is detailed in Sec-
tion 3. Section 4 describes the simulated magnetic, temperature,
and velocity field characteristics, while Section 5 investigates their
generation. Section 6 compares our results against observations,
and conclusions are given in Section 7.

2. Regimes of convective dynamics

Here we test the hypothesis of Aurnou et al. (2007) that the
internal dynamics of the ice giants are influenced to a lesser degree
by planetary rotation in comparison to the gas giants. Arguments
in favor of this hypothesis are derived from a number of sources,
including observations of the surface winds, scaling laws for the

Table 1

Summary of non-dimensional parameters. Input (output) parameters are given above (below) the dashed line.
Definition Interpretation Model
x=rilro Shell geometry [0.35,0.75]
E=v[2QD? Viscous/Coriolis forces 1.5x 107
Pr=vli Viscous/thermal diffusivities 1
Pm=v[n Viscous/magnetic diffusivities [0,1]
Ra = ag,ATD?|vi Buoyancy/diffusion 2.22 x 107

Buoyancy/Coriolis forces 0.71

Roc = | /%7 — . /RaE? /Pr yancy|
Wing ~ 0.3RoE~1/4pr/2 Transition parameter (King et al., 2012) 19
W jtien ~ RoE~1°Pr12 Transition parameter (Julien et al., 2012a) 4.1

P ~ 0.7RoE~'/2Pr

Pl ~ 0.03RoE~1/?

Ex = %fll -udV

&v =5 [B-BdV

ku = > mzli{',:l)z +3 m(-;;:.,,,)z
Ky = /S G02 + o mGebel2
g = (nD/2)/kp

Nu = %QD/pCpkAT

Re = UD/v = v/2&x

Rm =UD|n = RePm
Ro=UJ2QD = ReE
Rozp=U,/20D

A; = B?2pu,nQ = EyPmE
Aq = B?/2ppt, Uty = 2
F? =[5 J7° |7 (r,0)|r? sin 6drde
Qu=F}/F}

Transition parameter (Schmitz and Tilgner, 2010)
Transition parameter (Schmitz and Tilgner, 2010)
Kinetic energy density

Magnetic energy density

Characteristic kinetic wavenumber

Characteristic magnetic wavenumber

Length scale of magnetic field variations
Total/conductive heat transfer
Inertial/viscous forces

Magnetic induction/magnetic diffusion
Inertial/Coriolis forces

Zonal inertial/Coriolis forces
Lorentz/Coriolis forces (low Rm limit)

Lorentz/Coriolis forces (high Rm limit)
Zonal force amplitude
Zonal Lorentz/zonal viscous forces
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behavioral style of rotating convection, and planetary dynamo
simulations.

First, let us consider the zonal wind speeds as measured by the
zonal Rossby number. This parameter characterizes the ratio of
inertial to Coriolis forces: Rozr= U/2QD, where U and D are charac-
teristic zonal velocities and fluid layer depths, respectively. Assum-
ing that the observed winds extend at least to the bases of the
molecular envelopes (cf. Lian and Showman, 2010; Gastine et al.,
2012), the strong ice giant zonal winds have |Rozs = 0.1 on aver-
age, while the slower jovian zonal winds have |[Roz| < 1 (Fig. 2).
These estimates imply that rotation has a weaker role in the ice
giants than the gas giants or, conversely, that inertia has a more
substantial role.

Rotating convection scaling laws, which are a subject of current
debate and based upon studies in plane layer or right cylindrical
geometries, also suggest that different styles of convection (e.g.,
quasi-two-dimensional versus three-dimensional flow structures)
can exist in the interiors of gas and ice giant planets. The convec-
tive regime transition is traditionally thought to be determined
by the ratio of buoyancy to Coriolis forces, characterized by the
convective Rossby number

og, AT\ 7 RaF?
Ro. = ( e ) =\ (1)
40Q°D Pr

with the transition at Ro.~ 1 (e.g., Gilman, 1977, 1978; Aurnou
et al., 2007; Zhong and Ahlers, 2010; Weiss et al., 2010). Here,
o is thermal expansion coefficient, g, is gravitational acceleration,
AT is superadiabatic temperature contrast, €2 is rotation rate, and
D is characteristic length scale. This expression can also be recast
in terms of other dimensionless parameters (see Table 1): the
Rayleigh number, Ra, characterizes the ratio of buoyancy to diffu-
sion; the Ekman number, E, characterizes the ratio of viscous to
Coriolis forces; and the Prandtl number, Pr, characterizes the ratio
of viscous to thermal diffusivities. Recent studies, however, have
shown that the convective Rossby number fails to accurately
predict the parameter values where the velocity and heat transfer
behaviors characteristically change (e.g., Sprague et al, 2006;
King et al., 2009, 2012; Schmitz and Tilgner, 2009, 2010; Julien
et al,, 2012a,b).

King et al. (2009, 2012) instead argue that the convective
regime transition is controlled by boundary layer dynamics using
theory and convection experiments. Three-dimensional turbu-
lence is predicted to occur when the thermal boundary layer
becomes convectively unstable at a transitional Rayleigh number
of Rar~ 10E~3/? (King et al., 2012). Using (1), this leads to a
criterion of

Wying = Roc /RO ~ 0.3Ro.E~"*Pr'/? > 1. 2)

Note that, for moderate Prandtl numbers, this criterion is easier to
satisfy than Ro. > 1, such that three-dimensional turbulence is more
accessible than predicted by traditional arguments.

Asymptotic analyses of Rayleigh-Bénard convection also sup-
port the importance of boundary layer dynamics for the transition
to three-dimensional turbulence. Julien et al. (2012a,b) argue that
the transition occurs when the local convective Rossby number in
the thermal boundary layer, not in the bulk fluid, exceeds unity.
This criterion can be expressed as

W juien ~ RoETPr'? 2 1 3)

and corresponds to the loss of rotational constraint on the thermal
boundary layer, similar to the scaling derived independently by
King et al. (2012).

In contrast, Schmitz and Tilgner (2009, 2010) derive empirical
scaling laws from numerical simulations of Rayleigh-Bénard con-
vection with both no-slip and stress-free boundary conditions to

Table 2

Order of magnitude estimates of the Rossby numbers for the planets’ dynamo regions
and the transition parameters of King et al. (2012), Julien et al. (2012a), and Schmitz
and Tilgner (2010) defined in (1)-(5). The Ro.~ Ro estimates are obtained by
assuming ~ Rm=RePm=RoPm/E=10°  with  E=[10"'°,10"'8,10716,10'¢],
Pm=[10"7,10"7,10"%,10"®], and Pr=[0.1,0.1,10,10] for [Jupiter, Saturn, Uranus,
Neptune] taken from Schubert and Soderlund (2011). Our Pm = 1 dynamo simulations
also have Rm ~ 10%; this similarity between simulated and planetary magnetic
Reynolds numbers is the foundation of the common assumption that no fundamental
changes occur as model results are extrapolated toward planetary parameters (e.g.,
Christensen and Wicht, 2007; Calkins et al., 2012).

Dynamo region Ro. ¥king ¥ jutien i Pl
Jupiter 10°° 1073 107 107! 107!
Saturn 10°8 10-° 102 10° 107!
Uranus 10-° 107! 10! 104 10
Neptune 10> 10! 10! 10* 10!
Models 0.7 2 4 ~10 ~1

predict the convective regime transition. These scalings suggest
that the transition in heat transfer behavior as measured by the
Nusselt number follows:

PN ~ 0.7R0E'*Pr 2 1, (4)

while the transition in flow structures as measured by helicity
follows:

P ~0.03RoE? 2 1. (5)

These criteria are applied to the giant planets in Table 2. Rough
estimates of the convective Rossby number in the deep dynamo-
generating regions of the giant planets suggest Ro** < R0 < 1,
implying rotationally constrained dynamics with rotation playing
a stronger role at Jupiter and Saturn. In contrast, the ice giants
are near the ¥ = 1 criteria while the gas giants tend to be below,
implying that rotation plays a weaker role at Uranus and Neptune
as hypothesized.

Numerical simulations also suggest that the giant planet
dichotomy may result from differences in their convective behav-
iors. Models of rotationally dominated convection with columnar
flow structures are able to generate large-scale magnetic fields
(Stanley and Glatzmaier, 2010; Heimpel and Gomez-Perez,
2011), internal heat flux patterns (Aurnou et al., 2008), and zonal
flows (Heimpel et al., 2005b; Jones and Kuzanyan, 2009; Stanley
and Glatzmaier, 2010) that are similar to those of Jupiter and
Saturn. The success of these models to explain the observations
of the gas giants raises the following question: Does a distinct
dynamical regime exist which can explain the ice giant
observations?

A dramatically different style of convection occurs when the
columnar style of convection breaks down (e.g., Sprague et al.,
2006; Soderlund et al., 2012; King and Aurnou, 2012; Julien
et al., 2012b), typically achieved by increasing the thermal forcing.
Strongly driven convective turbulence in rotating spherical shells
can drive ice giant-style zonal flows (Aurnou et al., 2007; Brun
and Palacios, 2009; Kaspi et al., 2009; Kapyld et al., 2011; Bessolaz
and Brun, 2011; Gastine et al., 2012). Furthermore, dynamo models
tend to produce multipolar magnetic fields when inertia is impor-
tant (e.g., Grote et al., 1999, 2000; Christensen et al., 1999; Kutzner
and Christensen, 2000, 2002; Stanley and Bloxham, 2004, 2006; Si-
mitev and Busse, 2005; Christensen and Aubert, 2006; Olson and
Christensen, 2006; Sreenivasan and Jones, 2006; Gomez-Perez
and Heimpel, 2007; Soderlund et al., 2012; Dharmaraj and Stanley,
2012, cf. Guervilly et al., 2011). Thus, here we test the hypothesis
that convection in planetary dynamo models characterized by
three-dimensional turbulence will generate magnetic field mor-
phologies, heat flux patterns, and zonal flows that are consistent
with observations of the ice giants.
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3. Numerical model
3.1. Governing equations

The dimensionless governing equations for thermal convection
and dynamo action of a Boussinesq fluid in a spherical shell rotat-

ing at a fixed rate €2 about the axial z direction are:

E(a—u+u-Vu—V2u> +ixu+1VH

ot 2

RaE r 1

:WEHW(VxB)XB, (6)
aT 1,
E+U~VTfﬁVT, (7)
OB 1,
57V><(u><B)+mVB, (8)
V-u=0, V-B=0, 9)

where u is the velocity vector, B is the magnetic induction, T is the
temperature, and IT is the non-hydrostatic pressure (e.g., Olson
et al., 1999). Gravity is assumed to increase linearly with spherical
radius and has a value of g, on the outer boundary. The equations
have been non-dimensionalized by shell thickness D=1, —r; as
length scale, AT as temperature scale, 7, ~ D?/v as time scale, v/D
as velocity scale, pv€2 as pressure scale, and /2pu,n€2 as magnetic
induction scale. Dimensionless rms velocity is then measured by
the Reynolds number, Re = UD/v, and dimensionless rms magnetic
field strength is measured by the square root of the traditional Els-
asser number, A;=B%2pu,nQ. The four dimensionless control
parameters, defined in Table 1, are:
_ ag,ATD? v v

Ra L E=—'_ =Y pm=1 (10)
VK 2QD K n

In these definitions, r, is the outer shell radius, r; is the inner shell
radius, v is kinematic viscosity, x is thermal diffusivity, # is mag-
netic diffusivity, and « is thermal expansion coefficient.

Shell geometry is defined by the radius ratio of inner to outer
shells, y =ri/r,. Two geometries are considered, shown in Fig. 1
(bottom row), in order to investigate the influence of convective-
region geometry: a thick shell with y =0.35 and a thin shell with
x = 0.75. Boundary conditions are free-slip and isothermal. The so-
lid, co-rotating inner sphere has the same electrical conductivity as
the fluid outer shell.

The Boussinesq approximation is employed, where radial varia-
tions in electrical conductivity and density are neglected. This
assumption is not physically realistic for ice giants, however, since
the electrical conductivity varies by several orders of magnitude be-
tween the surface and the dynamo region (e.g., Cavazzoni et al,,
1999). In addition, roughly one density scale height is expected in
the ice giants’ dynamo regions (Hubbard et al., 1991; Helled et al.,
2011), while their molecular envelopes may extend across = 5 scale
heights (Helled et al., 2011). However, Jones and Kuzanyan (2009)
and Gastine et al. (2012) show that anelastic and Boussinesq models
of convection in giant planets yield similar results. Thus, we consider
it important to first test our hypothesis without the additional
complications that arise due to rapid variations in fluid properties.

In order to better understand the effects of magnetic fields on
convective and zonal flow dynamics, we consider both dynamo
and non-magnetic convection models by fixing the magnetic Pra-
ndtl number to Pm = [1,0]. If the dynamics are found to be similar
between the dynamo and non-magnetic models, electrical conduc-
tivity stratification will have only second-order effects on the
hydrodynamics. In that case, our simplified dynamo models may

be able to explain the basic global surface observations (magnetic
field, thermal emission, and zonal flow patterns) of the ice giants.

In all of our models, the control parameters are fixed to
Ra=222 x 107, E=1.5 x 1074, and Pr=1. This choice of parame-
ters selects three-dimensional turbulences since the transition
parameters are all near unity (see Table 2). The models are strongly
supercritical with Ra=110Ra. for the thick shell cases and
Ra = 190Ra. for the thin shell cases. The critical Rayleigh numbers,
Ra., which denote the onset of convection, were estimated using
the results of Al-Shamali et al. (2004) for non-magnetic rotating
convection models with our E, Pr, and y parameters.

3.2. Numerical method

Egs. (6)-(9) are solved simultaneously for u, B, and T using the
pseudospectral numerical model MagIC version 3.44 (e.g., Wicht,
2002; Christensen and Wicht, 2007). The velocity and magnetic
field vectors are represented by toroidal and poloidal scalars. These
four scalars and the temperature field are expanded in spherical
harmonics with maximum degree and order [,q in the lateral
directions and in Chebyshev polynomials in the radial direction
up to degree N, — 2, where N, is the number of radial grid points
across the fluid shell.

MagIC utilizes mixed implicit and explicit time stepping. The
Coriolis and nonlinear terms are treated explicitly using a sec-
ond-order Adams-Bashforth scheme and the diffusion, pressure,
and linear terms are treated implicitly using a Crank-Nicolson time
step. The implicit time step can vary over time and is limited by a
modified MHD Courant criterion which accounts for viscous and
ohmic damping of short-wavelength Alfvén-type oscillations
(Christensen et al., 1999). This damping allows the use of a slightly
larger numerical time step compared to the unmodified MHD Cou-
rant criterion. The code also utilizes OpenMP parallelization.

The thick shell simulations use a numerical grid with 192
spherical harmonic modes, 65 radial levels in the fluid outer shell,
and 17 radial levels in the solid inner core; the resolution is in-
creased to 213 harmonic modes for the thin shell simulations. No
azimuthal symmetries or hyperdiffusivities are employed. The
simulations are thought to have adequate spatial resolution since
there is at least an order of magnitude difference between the
maximum and the cut-off power (Christensen et al., 1999). Dyna-
mo simulations are initialized using the results of prior dynamo
models with three-dimensional convection and multipolar mag-
netic fields. The seed magnetic field morphology does not appear
to impact the model results since a test case with an initial axial
dipole field also produced a multipolar dynamo. Non-magnetic
simulations are initialized by changing the electrical conductivity
of a given dynamo model (Pm = 1) to be insulating (Pm = 0) and let-
ting the system re-equilibrate.

Mean quantities are averaged in time once the initial transient
behavior has subsided. The averaging windows are
[1.4,0.4,0.8,0.5] viscous diffusion times, t,, for the thick dynamo,
thick non-magnetic, thin dynamo, and thin non-magnetic models,
respectively, unless otherwise stated. These windows correspond
to [0.6,0.05] magnetic diffusion times, t,, for the thick and thin
shell dynamo models, respectively, where 7, = 7,Pm/(1 — x)* fol-
lowing Heimpel et al. (2005a). While this thin shell window is
short, the absence of long-term dipoles facilitates the averaging.

3.3. Dimensional analysis

To promote comparison between our simulations and planetary
observations, numerical outputs are often re-dimensionalized (e.g.,
Jones and Kuzanyan, 2009; Jones et al., 2011). This process is lim-
ited by two obstacles. First, there is no unique way to deconvolve
the absolute magnitudes of the dimensional physical constants
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from which each dimensionless group is constructed. Second, the
dimensionless parameters for convection on Uranus and Neptune
are more extreme than can be accomplished computationally. If
the simulations were dynamically similar to planetary systems,
re-dimensionalizing the simulated system would return quantities
that would all be similar to planetary values. However, since a
number of the dimensionless parameters actually differ signifi-
cantly from planetary values, re-dimensionalization may return
some - but not all - dimensional quantities that are similar to
planetary values. The non-unique choices made in re-dimensional-
izing the system allow us to select which quantities we will likely
get “right”, and which we get wrong.

The choice that is almost ubiquitously made is to assume that the
diffusive properties of the fluid are far higher than their molecular
values. This is done because it is argued that diffusive processes
are controlled by turbulent macro-scale transport in planetary set-
tings (e.g., Roberts and Aurnou, 2012), although there exists little
experimental evidence to support such arguments. Assuming that
the loss of dynamic similarity between models and planets is due
entirely to diffusivity differences, E = 1.5 x 10~ requires an effec-
tive viscous diffusivity v=[8 x 10%,10%] m?/s and layer thickness
D=[1.6 x 107,6.3 x 10°] m in the y =[0.35,0.75] models, respec-
tively, if we use ice giant values for the angular velocity Q ~ 10451,
Since we set Pr = Pm = 1, the magnetic and thermal diffusivities are
n=1x=[8 x 10510% m?/s as well. These diffusivities are roughly
10%-10"3 times their molecular values, all far higher than physi-
cally-based estimates of turbulent diffusivities (e.g., Buffett and
Christensen, 2007; Roberts and Aurnou, 2012).

The re-dimensionalization scheme above is used throughout
this paper. The velocity scale is v/D ~[0.5,0.2] m/s, and the mag-
netic induction scale is \/2pu,nQ2 ~ [1.4,0.5] T. Typical dimension-
less flow speeds in our models are Re ~ 10% corresponding to
[500,200] m/s. Since the dimensional velocities in our models are
comparable to planetary values (Fig. 2), we argue that the models
are kinematically realistic. Typical magnetic field strengths are
A ~[2,7], corresponding to roughly 1 T in both models. This over-
estimation occurs because 7 is more than ten thousand times lar-
ger in our models than in the ice giants. The heat fluxes required
to achieve realistic flow speeds in these strongly diffusive fluids
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are also extremely large. The estimated superadiabatic heat flux
in our models, g, can be estimated using the Nusselt number (Nu,
see Table 1) to be of the order

~ 11
1 D 1 og,D* ¥Pr? g, (an

yielding ~10® W/m? in the thick shell models and ~107 W/m? in the
thin shell models assuming density p ~ 10® kg/m>, specific heat
capacity C, ~10* W/kgK, thermal expansivity o~ 102 K~', and
gravitational acceleration g, ~ 10 m/s?. Clearly, the superadiabatic
heat fluxes required to drive kinematically realistic, ice giant-like
flows in this highly viscous numerical fluid are far larger than the
heat flux estimates of 0.4 and 0.04 W/m? for Neptune and Uranus,
respectively.

However, the large heat fluxes required in our models do not
imply that unrealistic heat fluxes are required to drive three-
dimensional convection in the ice giant interiors (e.g., see Section 2
and Table 2). A different question can then be asked: Are such
flows similar at planetary conditions (i.e., E~ 10"') and at pres-
ently accessible numerical conditions (E ~ 10~4)? Here, we make
the assumption that the largest-scale flows in our models are kine-
matically similar to ice giant flows at first-order, as befits the rela-
tively low resolution ice giant observations.

_NuKAT _ NuRa pC,vk>  NuRaE’ <pC,,Q3D2>

4. Model results

The characteristics of our models’ magnetic, temperature,
and velocity fields are described in this section. Table 3

Table 3

Dynamical characteristics of our models. Note that Rm = Re in the dynamo cases since
Pm = 1. Non-magnetic (Pm = 0) values are given in parentheses. The parameters are
defined in Table 1, and all quantities are time-averaged.

x Re Rozg Nu ku ks Aj; Ag Q,

035 955 —-0.25 13.4 5.5 26 19 003 085
(1094) (-0.28) (13.1) (5.4)

075 1133 —0.41 248 27 93 73 038 34
(3134) (-0.74) (274) (26)
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Fig. 3. Top row: time series of dimensionless magnetic energy density for the (a) thick and (b) thin shell dynamo models. Toroidal and poloidal components are shown for the
outer (OC) and inner (IC) cores. Black vertical lines indicate where time-averaging begins. The transient is evident in (a) as the system equilibrates from its initial state; the
change in behavior in (b) coincides with an increase in spatial resolution. Bottom row: time series of dipole latitude for the (c) thick and (d) thin shell dynamo models.
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Fig. 4. Snapshots of the radial magnetic fields at the fifth radial levels below the outer surfaces, r = 0.998r,, in the (a) thick and (b) thin shell dynamo models. Axisymmetric
toroidal magnetic fields (c and e) and axisymmetric poloidal magnetic field lines (d and f) averaged over roughly 0.02 (0.004) magnetic diffusion times in the thick (thin) shell
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Fig. 5. (a-d) Time-averaged, axisymmetric mean temperatures, (T — T,)/AT, in the meridional planes of our models. Mean temperature as a function of radius at the equator and the
average of latitudes +80° in the (e) thick and (f) thin shell models. Solid (dashed) colored lines indicate dynamo (non-magnetic) models. Solid black lines indicate the conductive
temperature profile, following Kono and Roberts (2001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(a) Thick Dynamo

Fig. 6. Axial vorticity isosurfaces at levels |w,| = 1.6 x 10* (thick shell) and |w,| = 2.6 x 10* (thin shell). Red (blue) indicates cyclonic (anticyclonic) vorticity. The inner yellow
sphere represents the inner core, and the boundary layers have been excluded for clarity. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

summarizes the results by giving the dimensionless output
parameters.

4.1. Characteristics of the magnetic field

Fig. 3 shows the temporal evolution of the dynamo through
time series of magnetic energy density and dipole latitude. Both
dynamos tend to vary strongly with time; there is an average of
one reversal or excursion every 0.04t, (0.01t,) in the thick (thin)
shell dynamo. In addition, both dynamos are dominated by non-
axisymmetric magnetic energy throughout the whole core
(>90%), with equipartioning between toroidal and poloidal compo-
nents in the outer core and more prominent toroidal components
in the inner core.

Fig. 4 (top row) shows snapshots of radial magnetic field inten-
sity near the outer shell boundary in our models. These visualiza-
tions illustrate that the multipolar magnetic fields are dominated
by poorly organized, small-scale, locally intense flux patches. In
contrast, the time-averaged, axisymmetric toroidal magnetic fields
and poloidal magnetic field lines show that large-scale, persistent
features also develop in both dynamo models with amplitudes that
are substantially weaker than the instantaneous flux patches
(Fig. 4, bottom row). These mean magnetic fields also tend to have
flux concentrated in a single hemisphere when averaged over 0.02
(0.004) magnetic diffusion times in the thick (thin) dynamo model.
This occurs because the axisymmetric dipole, quadrupole, and
octupole components are all significant in our models (Fig. 10;
Grote et al., 1999).

The characteristic wavenumber of the magnetic fields, kg, is cal-
culated from the magnetic spectra:

FB: \/ Ez+m—327 (12&)
1=l
= max I(B[ . Bl)
where I = IZO: RET (12b)
"= m(By, - Bp)
and mp = 2 g, (12¢)

Here, B, is magnetic induction at spherical harmonic degree [, B, is
magnetic induction at spherical harmonic order m, and &y is the
magnetic energy density. Table 3 gives these wavenumbers for
our models and shows that kg is about a factor of three times great-
er in the thin shell model. This difference is primarily a consequence
of geometrical effects (Heimpel et al., 2005a).

The dynamic Elsasser number characterizes the ratio of Lorentz
to Coriolis forces in dynamos and can be used as a measure of mag-
netic field strength:

BZ

~ 2pu,QUlg’ (13)

Ag
where ¢ ~ (tD/2)/kg is the typical quarter-wavelength of magnetic
field variations (Soderlund et al., 2012). The magnetic field
strengths differ between the thick and thin shell dynamo models
in Fig. 4, where flux patches tend to be roughly an order of magni-
tude stronger in the thin shell model. While the dynamic Elsasser
number near the outer shell boundary is always less than unity in
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Fig. 7. Time-averaged zonal flows (left panels) and meridional circulations (right panels). Red (blue) indicates both prograde (retrograde) zonal motions and clockwise
(counterclockwise) meridional circulations. Flow speeds are given in zonal Rossby number units, Roz = U,;/2QD. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

the thick shell model, 44 can locally exceed unity in the thin shell
model. When averaged over the entire fluid volume, however, both
models have A44<0.2 as shown in Table 3, predicting the Lorentz
force to have a secondary influence on the convective (non-zonal)
dynamics.

4.2. Characteristics of the temperature field

Convective heat transfer efficiency is measured by the Nusselt
number. Convection is more efficient in the thin shell models,
where Nu =~ 25, than in the thick shell models, where Nu ~ 15. This
occurs because the thin shell models are more strongly supercriti-
cal (Ra =190Ra.) than the thick shell models (Ra = 110Ra,).

Convection also modifies the global temperature field. Fig. 5
shows the time-averaged, axisymmetric temperature in our mod-
els (top row) and plots the mean temperature as a function of ra-
dius at the equator and the average of +80° latitude (bottom
row). The equatorial regions are thermally well-mixed in all of
our models, while substantial radial gradients occur at high
latitudes, especially in the non-magnetic cases. In addition, the
mean bulk temperature is cooler in the thick shell models. King
et al. (2010) also observed this trend in well-mixed systems and

attribute the mean bulk temperature reduction with increased
shell thickness to the conservation of heat flux across the inner
and outer shells.

4.3. Characteristics of the velocity field

Fig. 6 shows snapshots of axial vorticity w, =2 - (V x u) isosur-
faces in the bulk fluid of our models. Independent of the presence
of magnetic fields and differences in shell geometry, convection is
characterized by poorly organized, three-dimensional flows in all
of our models, rather than by columnar structures aligned with
the rotation axis as is typical for rotationally dominated models.

The characteristic wavenumbers of the flow structures are cal-
culated from the kinetic spectra analogously to (12) and are given
in Table 3. Typical wavenumbers are comparable between the dy-
namo and non-magnetic models, but are about five times smaller-
scale in the thin shell compared to the thick shell models. This
trend is similar to that observed for magnetic field length scales,
where geometrical effects are primarily responsible for the differ-
ent length scales (Al-Shamali et al., 2004; Heimpel et al., 2005a).

Fig. 7 shows the time-averaged, axisymmetric meridional circu-
lations in our models (right panels). Two large circulation cells
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develop outside of the tangent cylinder in all of our simulations.
These cells have poleward flow near the outer boundary and equa-
torward flow near the inner boundary, resulting in an equatorial
upwelling and downwellings at mid-latitudes. Cells also develop
above and below the inner core with opposite polarities in the
thick shell geometry, promoting the mid-latitude downwellings
and leading to upwellings near both poles. In contrast, meridional
circulations are weak within the tangent cylinder of the thin shell
models because isotherms are nearly flat within the tangent cylin-
der (Fig. 5).

The time-averaged, axisymmetric zonal flows are also com-
pared in Fig. 7 (left panels). This comparison shows that all simu-
lated zonal flows are characterized by retrograde equatorial jets,
despite differences in electrical conductivity and shell geometry.
Prograde flows also develop at high latitudes in all models except
the thin shell dynamo. In this case, magnetic fields strongly modify
the zonal flows, leading to a weak prograde jet near the tangent
cylinder and retrograde jets near the rotation axis.

5. Analysis of results

In this section we discuss how the magnetic fields, heat transfer
patterns, meridional circulations, and zonal flows are generated in
our models.

5.1. Magnetic field generation

Magnetic field generation occurs on both local and global scales
(e.g., Cattaneo, 1999). Mean-field dynamos result when the fluid
motions promote field generation at scales larger than that of the
convection. Zonal flows shear poloidal magnetic fields to form
toroidal magnetic fields via the Q-effect, and helical motions create
poloidal magnetic fields by twisting toroidal field lines via the «-ef-
fect (e.g., Moffatt, 1978; Miesch, 2005). In contrast, fluctuating
dynamos result when fluid motions stretch and amplify magnetic
fields at scales smaller than that of turbulence (e.g., Subramanian,
1997; Schekochihin et al., 2005; Kleeorin and Rogachevskii, 2011).

Typical length scales of the magnetic and flow fields are quan-
tified using the characteristic wavenumbers, k, and kg, given in Ta-
ble 3. Regardless of shell geometry, we find that the magnetic field
is smaller scale than the velocity field (kTg > 3H). This scale dispar-
ity suggests that the magnetic fields in our models are generated
by small-scale, fluctuating dynamo action. Furthermore, the
time-averaged magnetic energy spectra are strongly dominated

by the non-axisymmetric component, containing more than 90%
of the energy in both dynamo models. This weak mean field contri-
bution is consistent with a fluctuating dynamo system.

5.2. Thermal emissions and meridional circulation generation

The heat Eq. (7) describes how thermal energy is transported. In
a turbulent system, the variables can be decomposed into mean
and fluctuating components: T =T + T and u = u + ' for temper-
ature and velocity. The mean quantities are temporally averaged
and the fluctuating quantities are assumed to have zero mean over
time (e.g., Kundu and Cohen, 2002). Averaging (7) then yields the
mean heat equation:
oT o 1
E_fv-(uTJrquﬁVT), (14)

recast in terms of heat fluxes. The terms on the right side are,
respectively, mean convective heat flux, turbulent convective heat
flux, and molecular heat flux. These processes control the thermal
emission pattern.

Radial heat transfer is decomposed into mean, turbulent, and
total (mean plus turbulent) convective components in Fig. 8. The
equatorial peak in convective heat transfer is robust across all
cases, while the behavior at high latitudes exhibits larger varia-
tions with shell thickness. In the thick shell models, radially out-
ward heat transfer is enhanced near the equator and poles by the
meridional circulations and, to a lesser extent, by turbulent mo-
tions. The thin shell models behave differently due to the lack of
polar circulation cells. In these cases, the Hadley-like cells dictate
the mean pattern, leading to a prominent peak in heat transfer near
the equator. Interestingly, the turbulent patterns differ between
the thin dynamo and non-magnetic cases. While both profiles have
low latitude peaks, the minima occur at mid-latitudes in the dyna-
mo model and at the poles in the non-magnetic model. This result
implies that the magnetic fields modify the correlation between
the fluctuating radial velocity and temperature fields.

Equatorial Hadley-like cells affect the temperature at high lati-
tudes in our thick shell models. This leads to a substantial latitudi-
nal temperature gradient near the poles (Fig. 5a and b), which
drives an azimuthal thermal wind flow and associated polar
upwelling (e.g., Olson et al., 1999; Aurnou et al., 2003; Aubert,
2005; Miesch, 2005). In contrast, Hadley-like cells in the thin shell
models (Fig. 5c and d) do not strongly affect the polar regions such
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Fig. 9. (a) Dimensionless absolute angular momentum on the outer shell boundaries. Mixing of absolute angular momentum is limited to within about +40° (solid horizontal
lines). Comparison of time-averaged zonal flow profiles to those predicted by angular momentum homogenization when mixing occurs in regions exterior to 40° latitude in
the (b) thick and (c) thin shell models. The predicted profiles are indicated by dashed black lines and calculated from Eqs. (11) and (13) of Aurnou et al. (2007).

that neither a thermal wind nor a polar upwelling is generated,
explaining why no polar cells develop in this geometry.

5.3. Zonal flow generation

Turbulent flows can mix absolute angular momentum, leading
to the development of retrograde equatorial jets (e.g., Gilman
and Foukal, 1979; Suomi et al., 1991; Aurnou et al., 2007; Miesch
and Hindman, 2011; Gastine et al., 2012). This hypothesis also
makes predictions of the equatorial jet speed depending on the
shell geometry and what fraction of the fluid volume has homoge-
nized absolute angular momentum. Fig. 9a plots the dimensionless
absolute angular momentum, M*, on the outer shell boundary as a
function of latitude. Angular momentum mixing occurs in all of our
simulations, where M* is constant within about +40° latitude in all
models except the thin shell dynamo, which is approximately con-
stant within +20° latitude. Panels b and c of Fig. 9 compare our
simulated zonal wind profiles in the thick and thin shell models,
respectively, against those predicted by angular momentum mix-
ing exterior to +40° latitude. Good agreement between the simu-
lated and predicted profiles occurs at low latitudes, supporting
this zonal flow generation hypothesis. At high latitudes, however,
the profiles diverge because the predicted flows approach infinity
near the poles. Instead, the winds are damped with no flow at
the poles. Strong magnetic damping is also evident in the thin shell
dynamo model (Fig. 9c).

Zonal flow power budgets have shown that zonal power is pri-
marily dissipated by viscosity in the absence of magnetic fields,
while both viscous and magnetic dissipation can be important in
dynamos (Aubert, 2005; Stanley and Mohammadi, 2008). As a re-
sult, magnetic fields may be expected to strongly damp the zonal
flows when the ratio of zonal Lorentz to zonal viscous forces ex-
ceeds unity. Following Soderlund et al. (2012), we explicitly calcu-
late these forces to determine their ratio a posteriori. Towards this
end, the axisymmetric azimuthal forces are integrated over the
meridional (r,0) hemisphere:

7[ To
F* = / / |7 (r,0)|r? sin 0drdo, (15)
0 T

where Z (r,0) is a generic force density given by each term in the
zonal momentum equation.

This zonal Lorentz to viscous force ratio, Q, = F{/F}, is calcu-
lated to be 0.8 in the thick shell dynamo model and 2.9 in the thin
shell dynamo. Consequently, the zonal flows are similar between
the dynamo and non-magnetic ice giant-style models in the thick
shell geometry because viscous damping exceeds magnetic damp-
ing, while the zonal flows differ more strongly in the thin shell
geometry because magnetic damping exceeds viscous damping.
In both cases, more than 99% of F{ is due to fluctuating magnetic
fields, such that magnetic damping by the mean field is negligible.

6. Comparison of model results against observations

Surface magnetic spectra of Uranus and Neptune are com-
pared against time-averaged and instantaneous simulated spec-
tra in Fig. 10. Both planets and models have significant power
in the dipole, quadrupole, and octupole components. The plan-
ets have a strong m=1 signature and much weaker power at
higher orders. The randomly chosen instantaneous spectra are
non-axisymmetric, yet both models have peak power in the axi-
symmetric m=0 mode when temporally averaged. This result
suggests that the magnetic fields of Uranus and Neptune may
have a prominent axisymmetric component when averaged over
time.

It is important to note, however, that our models artificially as-
sume that the dynamo source regions extend through the molecu-
lar envelopes to the planetary surfaces. Consequently, attenuation
of the magnetic field is not taken into account. This attenuation,
which increases with spherical harmonic degree, occurs in the
weakly conducting deep atmosphere and approximates that for a
potential field. Additional attenuation and filtering of high degree
and rapidly varying field components would occur in stably strat-
ified layers of relatively high electrical conductivity outside the dy-
namo region (Christensen, 2006; Christensen and Wicht, 2008;
Stanley and Mohammadi, 2008). As a result, the magnetic field at
the planet surface will be larger scale and weaker than at the top
of the dynamo region.

Fig. 11 illustrates the thick shell model results. The dynamo
model self-consistently generates magnetic field, thermal emis-
sion, and zonal flow patterns that are qualitatively similar to those
of the ice giants (Fig. 2): a multipolar dynamo, peak thermal emis-
sion in the equatorial and polar regions, and a retrograde zonal jet
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at low latitudes with flanking prograde jets at high latitudes. The
magnetic field exhibits significant temporal variations, but remains
multipolar irrespective of the temporal averaging window (Fig. 10).
Shaded regions in the width of two standard deviations indicate
time variability of the thermal emission and zonal flow profiles
and show that thermal emissions also evolve strongly with time,
while the zonal flows are quasi-steady.

Fig. 12 illustrates the thin shell model results to test the robust-
ness of the dynamics to differences in convective-region geometry.
While the magnetic field, thermal emission, and zonal flow pat-
terns tend to be qualitatively similar in the thick and thin shell
models, there are two noteworthy differences. First, the heat flux
pattern in the non-magnetic model captures only the equatorial
peak with a minima occurring at the poles. The second and
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dominant deviation compared to the observations is the lack of
strong prograde zonal jets at high latitudes in the dynamo model,
contradicting the unified layer hypothesis. We anticipate, however,
that if a thin electrically insulating layer were present near the out-
er boundary in our model, prograde jets would be generated near
the surface at high latitudes since such jets develop in the non-
magnetic model, bringing the zonal flow pattern into qualitative
agreement with the observations. Furthermore, magnetic damping
of zonal flows is artificially strong in our models with Pm =1 com-
pared to low Pm solutions that are more appropriate to the ice
giants (Gomez-Perez and Heimpel, 2007; Soderlund, 2011). Conse-
quently, it may not be appropriate to use these results to constrain
the shell thickness of the combined molecular envelope and dyna-
mo region. Instead, this suggests that further studies in this regime
should be carried out using models with radially varying fluid
properties and lower Pm to test the viability of thin shell models
for explaining ice giants observations.

We also contrast the simulated amplitudes against the observa-
tions, similar to the dimensional analysis of Section 3.3. The mean
radial field strengths at the outer boundaries are on the order of
A; ~ 1073 in both dynamo models when truncated at spherical har-
monic degree [ =3 to match the resolution limit of the observa-
tions. If we instead assume r,=0.8Rp such that the outer
boundaries correspond to the tops of the dynamo regions, upward
continuation to the planet surfaces yields A;~ 10~%. In contrast,
the mean observed intensities are A;~5 x 107> at the ice giant
surfaces and A; ~ 10~ at the tops of the dynamo regions. Note that
these planetary values assume ice giant magnetic diffusivity esti-
mates, not the much larger model values. The simulated strengths

of the large-scale magnetic fields are then comparable to the ob-
served intensities of Uranus and Neptune.

The simulated heat flux is many orders of magnitude larger
than the observed heat flux. However, no overdriving may be nec-
essary when the results are scaled to more realistic material prop-
erties (e.g., to lower Ekman numbers) as discussed in Section 3.3.

Peak dimensionless model speeds are |Rozr ~ 0.3 in the thick
shell models, |Roz| ~ 0.4 in the thin dynamo model, and |Roz.
| ~ 0.7 in the thin non-magnetic model. These speeds are similar
to those of the ice giants, which have |Roz| ~ 0.25+0.15 given
the possible range in wind speeds due to uncertainties in the plan-
ets’ rotation rates.

We utilize the Boussinesq approximation, and the conse-
quences of this limitation must be assessed. Our zonal flows and
meridional circulations are qualitatively similar to those obtained
in the non-magnetic, anelastic models of Brun and Palacios
(2009) and Gastine et al. (2012) simulating non-magnetic, slowly
rotating convection with a density difference between the upper
and lower boundaries of up to two orders of magnitude (about five
density scale heights). Since we have estimated that the dynamo
and molecular envelopes of Uranus and Neptune contain about
six density scale heights, the similarity between our Boussinesq
and these anelastic models suggests that density stratification will
not fundamentally alter the dynamics. Furthermore, Gastine and
Wicht (2012) and Gastine et al. (2012) show that the buoyancy
force strongly increases with radius for non-magnetic rotating con-
vection models with high density stratifications. This increase sug-
gests that poorly organized convection becomes easier to achieve
in the ice giants outside of the dynamo region. In contrast, we
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argue that it is of primary importance to consider electrical con-
ductivity stratification in giant planet dynamo models (e.g., Go-
mez-Perez et al.,, 2010; Heimpel and Gomez-Perez, 2011) since
the Lorentz force can significantly modify the zonal flows and heat
transfer.

7. Discussion and conclusions

Uranus and Neptune are unique in the Solar System. Observa-
tions show that these planets have magnetic fields, internal heat
fluxes, and zonal winds that are fundamentally different from
those of Jupiter and Saturn. We argue that these differences may
arise from a lack of rotational organization of the convective flows
from which they arise. Towards testing this hypothesis, we carry
out turbulent dynamo and non-magnetic rotating convection mod-
els with two spherical shell geometries. In these simulations, mag-
netic fields are generated by fluctuating dynamos due to the small-
scale, poorly organized nature of the convection. The simulated zo-
nal flows are characterized by retrograde equatorial jets. These, we
argue, result from the homogenization of absolute angular
momentum mixing via convective turbulence. Meridional circula-
tions are coupled to radial heat transport and lead to peak heat flux
near the equator and additionally near the poles in the thick shell
geometry. Thus, we predict local equatorial peaks in internal heat
fluxes on Uranus and Neptune. Our dynamo models then self-con-
sistently generate magnetic field, thermal emission, and zonal flow
patterns that are roughly comparable to those of Uranus and Nep-
tune. No other models, to our knowledge, are able to self-consis-
tently and simultaneously produce these large-scale dynamical
characteristics of the ice giants.

It has also been argued that dynamo action in the ice giants oc-
curs in relatively thin layers that lie above convectively stable ionic
oceans (Stanley and Bloxham, 2004, 2006). In this hypothesis, mul-
tipolar magnetic fields are generated because a stable layer of fluid
can dynamically respond to electromagnetic stresses. In contrast, a
large, solid, electrically conducting inner core can effectively an-
chor the dipole field (e.g., Hollerbach and Jones, 1993). This argu-
ment then implies that a stably stratified fluid core is required
for multipolar dynamo generation in both Uranus and Neptune.
Recent internal structure models, however, do not necessarily sup-
port the presence of such a region in Neptune (Fortney et al., 2011;
Nettelmann et al., 2012). Our results also appear to contradict this
hypothesis since multipolar dynamos are produced despite the
presence of large, solid, electrically conducting inner cores. Inter-
estingly, the Stanley and Bloxham (2004, 2006) models meet the
Roc 2 1, Pking 2 1, Wjuiien 2 1 criteria, but neither of the ¥gr cri-
teria. Our results may then differ because their models employ
strong hyperdiffusion and do not simulate the non-axisymmetric
inertia terms in the momentum equation (Kuang and Bloxham,
1999).

Two directions for future work are evident. First, it is important
to deconvolve what controls the transitions in magnetic field mor-
phology, heat transfer, zonal flow, and local-scale convection and
how these transitions scale to planetary settings (e.g., Sprague
et al.,, 2006; King et al., 2009, 2010, 2012; Schmitz and Tilgner,
2009, 2010; Tilgner, 2012; Julien et al., 2012a,b; Soderlund et al.,
2012; Gastine et al., 2012). Second, the next step to make the mod-
els presented here more planet-like is to incorporate radially vary-
ing electrical conductivity and, secondarily, density (e.g., Stanley
and Glatzmaier, 2010; Gomez-Perez et al., 2010; Heimpel and Go-
mez-Perez, 2011). This will allow both the electrically insulating
molecular envelope and the electrically conducting ionic ocean to
be simulated in a single model.

The most advanced studies of rotating convection suggest that
three-dimensional turbulence may develop in planetary-scale
water-rich layers, such as the dynamo regions of Uranus and

Neptune. Based upon this argument, we have carried out dynamo
models here with three-dimensional convective turbulence and
find that strongly multipolar dynamo generation is easily excited
in these systems. Extrapolating our results to bodies other than
Uranus and Neptune, we predict that strongly multipolar magnetic
fields will be observed on extrasolar ice giant planets and slowly
rotating red giant branch stars (e.g., Gillon et al., 2008; Leitzinger
et al., 2011; Brun and Palacios, 2009).
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