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Introduction:  Uranus and Neptune are relatively 

unexplored, yet critical for understanding the physical 
and chemical processes that control the behavior and 
evolution of giant planets. Because their magnetic 
fields, atmospheric winds, and thermal emissions are 
distinct from other planets in our Solar System [1-4], 
these planets provide a unique opportunity to test hy-
potheses for internal dynamics and magnetic field gen-
eration. The ice giants are also important to understand 
as context for exoplanets since most of the presently 
detected planets outside of our solar system are rough-
ly similar in size to Neptune [5].   

The origin of the ice giants’ multipolar magnetic 
fields, three-jet zonal winds, and strong contrast in 
energy balance have remained poorly understood since 
their discoveries. While it is generally agreed that dy-
namo action in the ionic ocean generates their magnet-
ic fields [6], the mechanisms that control the morphol-
ogy, strength, and evolution of the dynamos – which 
are likely distinct from those in the gas giants and ter-
restrial planets – are not well understood. We hypothe-
size that the dynamos and zonal winds are dynamically 
coupled and argue that their characteristics are a con-
sequence of quasi-three-dimensional turbulence in 
their interiors [7-9]. 

Ice Giant-like Dynamo Models:  We have carried 
out numerical simulations of thermal convection and 
magnetic field generation for a Boussinesq fluid (in-
compressible with constant materials properties across 
the ionic ocean and overlying molecular envelope) in 
rotating spherical shells to test the hypothesis that 3D 
turbulence will generate ice giant-like magnetic fields, 
zonal flows, and internal heat flux patterns [8]. In qual-
itative agreement with observations, our simulations 
have multipolar magnetic fields (Fig. 1a) driven by 
fluctuating dynamo action [10], three-jet zonal flows 
(Fig. 1b) that result from homogenization of absolute 
angular momentum [7], and low latitude peaks in in-
ternal heat flux (Fig. 1c) due to warm upwelling fluid. 

Compared quantitatively against the observations, 
however, the magnetic fields and zonal flows are too 
strong, suggesting that a more advanced model is nec-
essary. The biggest limitation of these simulations is 
the assumption of a Boussinesq fluid since the electri-
cal conductivity and background density both vary by 
orders of magnitude between the surface and the dy-
namo region [11,12]. This simplification assumes that 

there is no distinction between the ionic ocean and the 
envelope. Thus, the primary objective of our ongoing 
work is to investigate how radially varying fluid prop-
erties affect the internal dynamics of models that self-
consistently couple the molecular envelope and ionic 
ocean. We are currently simulating ice giant-like mod-
els with variable electrical conductivity and will add 
density stratification in future work.  This systematic 
approach will determine which fluid property varia-
tions are essential to adequately simulate the internal 
dynamics of ice giant planets.  
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Figure 1: Snapshots of the surface (a) radial magnetic 
field up to spherical harmonic degree three, (b) zonal 
flow and (c) superadiabatic temperature from the 
Boussinesq ice giant-like model [8]. Purple (green) 
indicates outward (inward) directed magnetic fields in 
(a), red (blue) indicates eastward (westward) flow in 
(b), red (blue) indicates warm (cool) fluid in (c). 

Comparison Against Observations: For each 
simulation, the magnetic field morphology and ampli-
tude, zonal flow profile and speed, and internal heat 
flux pattern will be compared against corresponding 
observations of Uranus and Neptune to test our hy-
potheses. Our predictions for the magnetic spectra and 
secular variation as well as internal heat flux patterns 
and their correlation with atmospheric dynamics can be 
further tested by future missions. Ultimately, our mod-
els are being developed to provide predictions of the 
internal flow properties of the ice giants and of the 
possible couplings between the different regions. 
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