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Key Points:

¢ Our numerical models examine the conditions needed to form zonal winds in gas
planets, complying with observed gravity and magnetic data

« A stable layer and magnetic forces are key for strong surface winds at high lat-
itudes that are damped at the inferred depths

e The decay profile of the winds in the stable layer is controlled by the product of
conductivity and squared magnetic field strength
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Abstract

The outer areas of Jupiter and Saturn have multiple zonal winds, reaching the high lat-
itudes, that penetrate deep into the planets’ interiors, as suggested by gravity measure-
ments. These characteristics are finally replicable in numerical simulations by includ-
ing both a shallow stably stratified layer, below a convecting envelope, and increasing
electrical conductivity. A dipolar magnetic field, assumed to be generated by a dynamo
below our model, is imposed. We find that the winds’ depth into the stratified layer de-
pends on the local product of the squared magnetic field strength and electrical conduc-
tivity. The key for the drop-off of the zonal winds is a meridional circulation which per-
turbs the density structure in the stable layer. In the stable region its dynamics is gov-
erned by a balance between Coriolis and electromagnetic forces. Our models suggest that
a stable layer extending into weakly conducting regions could account for the observed
deep zonal wind structures.

Plain Language Summary

Jupiter and Saturn’s atmospheres display persistent east-west zonal jets, similar
to Earth. These jets, extending 2,500-3,000 km and 8,000-9,000 km into Jupiter and Sat-
urn’s interiors respectively, have been challenging to simulate. Current numerical mod-
els struggle to replicate multiple jets, spanning all latitudes and their decay at the depths
inferred from gravity measurements. This study explores the hypothesis that a stably
stratified layer, located at the transition to a semi-conducting region, allows the gener-
ation of pole-near zonal winds and their damping at depth. Using 3D numerical simu-
lations, we model the outer 30% of the planets where the upper part convects and the
lower part is stably stratified. We impose a dipolar magnetic field at the lower bound-
ary and electrical conductivity increases with depth. We observe that the decay in jet
amplitude in the stable region depends on the local strength of the magnetic forces. Deep
within the stable region, these Lorentz forces are balanced by meridional flow, which leads
to temperature perturbations and efficient zonal wind quenching.

1 Introduction

Zonal winds are alternately westwards/eastwards flows and feature across all four
outer planets in our solar system. Those observed on the gas giants, Jupiter and Sat-
urn, share some key characteristics. The dominating equatorial prograde flow on Jupiter
(Saturn) spans roughly 30° (60°) with an amplitude of around 100 m/s (400 m/s). This
is flanked by a pair of slightly weaker retrograde jets and multiple jets reaching the high-
latitude regions (Tollefson et al., 2017; Garcia-Melendo et al., 2011). While these winds
are weaker, they are still significantly stronger in amplitude than non-zonal flows. Jupiter’s
northern hemisphere also features an unusual prograde jet, as strong as the equatorial
jet, at around 21° latitude, introducing a strong equatorial antisymmetry into the dy-
namics.

Surface measurements, first from Voyager 1 and 2 (Ingersoll et al., 1981) then from
Cassini (Salyk et al., 2006), have shown a strong correlation between the eddy momen-
tum flux (or Reynolds stresses) and the zonal wind speed as a function of latitude. This
confirms current theories that Reynolds stresses, which are statistical correlations of the
components of the flow at small and intermediate scales, drive the zonal winds.

The extent of the winds into the jovian interior has recently been constrained us-

ing the gravity moment measurements from Juno, yielding a depth between 2, 500—3, 000km;

around 96% of the planet’s radius (Kaspi et al., 2018; Dietrich et al., 2021; Galanti et
al., 2021). The same investigation has also been carried out for Saturn, using the Cassini
measurements, suggesting the winds extend to 8,000—9, 000km depth, around 85% of
the planetary radius (Galanti et al., 2019).
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This is consistent with simulation-based studies where it has been found that the
location of the flanking retrograde jets is usually coincident with the ‘tangent cylinder®,
here loosely defined as the cylinder aligned with the axis of rotation with a radius cor-
responding to the depth at which jet quenching takes place. This has been found in nu-
merical models studying both magnetic effects as a potential braking mechanism for the
winds, with increasing electrical conductivity at depth (eg. Duarte et al. (2013)) or tran-
sition into a stably stratified region (Wulff et al., 2022). Therefore, based on these ba-
sic geometric observations of the dynamics we would expect the winds to penetrate deeper
on Saturn, with its much wider equatorial jet.

A strong prograde jet flanked by two retrograde jets in the equatorial region, out-

side the tangent cylinder, were already reproduced in hydrodynamic simulations (Christensen,

2002; Heimpel et al., 2005; Gastine et al., 2014). However, simulations with rigid lower
boundary conditions did not exhibit any zonal winds inside the tangent cylinder. Mod-
els with stress-free inner boundaries featured some high-latitude jets but failed to pro-
vide any insights into the winds’ damping mechanism in the interior.

In both planets the increasing electrical conductivity at depth (e.g. French et al.
(2012)), plays a crucial role in the zonal winds’ downward propagation from the surface.
It has been speculated that deeply penetrating zonal winds may cause the observed sec-
ular variation (Moore et al., 2019). However, Bloxham et al. (2022) argue that a slight
correction of Jupiter’s rotation rate provides a better explanation, in combination with
deeper flows in the dynamo region. Furthermore, considering reasonable limits for the
total ohmic dissipation suggests that the winds may not penetrate into the highly con-
ducting region of Jupiter (Liu et al., 2008; Wicht et al., 2019; Cao & Stevenson, 2017).

It was originally surmised that Lorentz forces, acting where the deep zonal flows reach

the conducting region, were responsible for the braking of the winds. However, simulation-
based studies such as Dietrich and Jones (2018) found that these Maxwell stresses at depth
eradicate all large scale zonal flow above the conducting region, leading to zonal wind
profiles with the strong flows confined to near the equator.

Christensen et al. (2020) suggested that a combination of a stably stratified layer
(SSL) and the magnetic effects at depth are responsible for the breaking of the zonal flows
on Jupiter. They suggest that the winds decrease in the stable layer in accord with a ther-
mal wind balance. The required density perturbation is caused by a meridional circu-
lation which is affected by electromagnetic forces. Duer et al. (2021) present observa-
tional evidence for the existence of meridional flow associated with the winds. Gastine
and Wicht (2021) conducted a global dynamo simulation with a strong radial variation
of conductivity, which was successful in producing winds formed and being maintained
above the highly electrically conducting region. Recently, Moore et al. (2022) also showed
that dynamo simulations of Jupiter including a SSL at 90 — 95% radius produced dy-
namos with a dominant axial dipole component and a similar degree of complexity as
the measured Jovian magnetic field.

In the context of Saturn a stable layer, shallower than the region of metallic con-
ductivity, could help to explain both the formation of its high-latitude zonal winds and
how they are quenched at depth, and its magnetic field. This is remarkably axisymmet-
ric (Dougherty et al., 2018) and a stable layer at the top of its semi-conducting region
would provide a skin-effect, reducing the smaller-scale field components (suggested by
Stevenson (1979) and studied by Christensen and Wicht (2008); Stanley and Moham-
madi (2008); Stanley (2010)). Furthermore, the difference in amplitude of its axial dipole
field compared to the higher degree m = 0 components (Cao et al., 2020) indicates that
there may be both a deeper dynamo region generating the strong dipole field, located
between a dilute core and the helium rain layer, as well as a shallower layer adding the
weaker latitudinally banded perturbations, operating between the helium rain region and
a shallower, thin, stable layer.

However, for both planets the main uncertainty in the hypothesis is the origin, lo-
cation, depth and strength of such a relatively shallow stable layer. A helium rain layer
(Stevenson & Salpeter, 1977), providing a potential source of compositional stratifica-
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tion, is predicted to lie deeper than the extent of the zonal winds. In Jupiter, although
there are some uncertainties concerning the H/He phase diagram, this would be below
86% radius based on ab initio EoS calculations of high-pressure experiments (Hubbard

& Militzer, 2016; Lorenzen et al., 2011; Brygoo et al., 2021). In Saturn helium immis-
cibility may occur at around 65% radius, e.g. Morales et al. (2013). In both planets, how-
ever, there is not only a large uncertainty with regards to the depth of a helium rain layer
but also no good estimate for its vertical extent. For the case of Jupiter the shallower
regions, above where a helium rain layer is thought to reside, are potentially also more
complex, based on the accurate gravity measurements from Juno, which suggests the ex-
istence of a shallow stably stratified region (Debras & Chabrier, 2019; Nettelmann et al.,
2021; Debras et al., 2021), providing a potential link with the stable region associated
with a quenching of the zonal winds.

In Wulff et al. (2022) we used purely hydrodynamic convection models to inves-
tigate the relationship between the degree of stratification of such a layer and the pen-
etration of the winds, formed in the overlying convecting envelope, into the stable re-
gion below. We found that when the degree of stratification is strong, zonal flows form
all the way to the higher latitudes, as is observed on both gas giants, even when impos-
ing a no-slip boundary condition at the bottom of the stable layer. Furthermore, when
encountering the SSL, the winds are quenched and geostrophy (i.e. their invariance with
respect to the axis of rotation) is broken. However, the decay of the jet amplitude in this
hydrodynamic study was still too gradual with depth to fit secular variation data. Fur-
thermore, we expect that at sufficient depth the electrical conductivity will be large enough
for magnetic effects to play a role. Therefore, it is crucial to investigate how this will in-
fluence both the damping of the jets in the SSL as well as their strength and latitudi-
nal distribution in the overlying convective region. In our study we also test the concept
of Christensen et al. (2020). In their simplified models the zonal flow was driven by an
imposed ad-hoc force. In our models the zonal winds are driven self-consistently by the
convective eddies, which implies that a potential feedback of the winds on the eddy dy-
namics is also accounted for.

2 Methods

We simulate thermal convection in a spherical shell rotating with angular veloc-
ity €2-é,. The ratio of inner boundary radius, r;, to outer radius, r,, is 0.7. Only the
upper part of the shell above 0.83r, is convectively unstable, whereas the lower part is
stably stratified (described in detail in Section 2.3). We assume an exponentially vary-
ing electrical conductivity rising from a negligible value at 7, to a moderate value at r;
(see Section 2.4). We impose an axisymmetric dipolar magnetic field aligned with the
rotation axis through a boundary condition at r;, which represents a field generated by
a dynamo operating below r;. For our systematic study we use the Boussinesq approx-
imation (i.e. incompressible flow), although we also perform additional simulations with
the anelastic approximation (where a radially varying background density is prescribed).
The Boussinesq simulations are cheaper computationally and allow a wider parameter
study. In this study, we keep all hydrodynamic parameters as well as the degree of sta-
bility in the SSL at fixed values, but we vary the magnetic field strength and the pro-
file of the electrical conductivity. The anelastic simulations are carried out for a subset
of these parameters in order to confirm that the trends observed also hold in the com-
pressible models.

2.1 MHD Equations

As our primary analysis focuses on simulations that use the Boussinesq approxi-
mation, we give the governing magneto-hydrodynamic (MHD) equations here in their
incompressible form (see Wulff et al. (2022) for the hydrodynamic equations under the
anelastic approximation). The key features we incorporate are the radially varying mag-



172 netic diffusivity A(r) and dT./dr, the imposed stratification profile, where 7. is the back-

173 ground temperature. As we use a constant gravity, g, the equations then simplify to:
%Jr(u'V)qu%ézxu = prJr];—iﬂérJrﬁ(VxB)xBJrVZu, (1)
9B _ B) - iV A(r)V x B 2
= Vx(uxB)- 5 -Vx ()Y xB), 2)
09 dT. 1
o T Vo4 urd—; = P—rv%l, (3)
V-u = 0, (4)
V-B = 0, ()
174 where u is the velocity field, B is the magnetic field, and p is pressure. Temperature fluc-
175 tuations ¢ are defined with respect to the hydrostatic reference state. We adopt a di-
176 mensionless formulation where the reference length scale is the shell thickness d = r,—
177 ri, where 7 denotes the inner boundary values and o denotes outer boundary. Time is
178 given in units of the viscous diffusion time 7, = d*/v, where v is the fluid viscosity. The
179 temperature scale is normalised by the value of the gradient of the background temper-
180 ature at the outer boundary |dT./dr|,, multiplied by d (see Gastine et al. (2020) for a
181 Boussinesq study involving a stable layer implemented in a similar way). The non-dimensionalised
182 velocity is equivalent to a Reynolds number Re = wud/v. The magnetic field is given
183 in units of v/p,uA;€), where p is the magnetic permeability and A is the magnetic dif-
184 fusivity which we prescribe as an analytical radial profile.
185 The dimensionless control parameters that appear in the equations above are the

186 Ekman number (E), Rayleigh number (Ra), Prandtl number (Pr) and magnetic Prandtl
187 number (Pm). They are defined as

v agd* |dT, v v
E=—, Ra= , Pr=— Pm=— 6
Qd? “ kv | dr |, TR LY (6)
188 where k is the thermal diffusivity and « is the thermal expansivity. The magnetic Prandtl
180 number Pm, based on a reference value of the magnetic diffusivity, is kept at 0.5. How-
19 ever, the magnetic diffusivity at the lower boundary JA; is varied.
191 2.2 Hydrodynamic Control Parameters
102 We perform our simulations at a (nominal) Rayleigh number Ra = 6 x 10%, Ek-
103 man number E = 107° and Prandtl number Pr = 0.5. This yields a convective Rossby
104 number of:
Ro. = E+/Ra/Pr = 0.346, (7)
195 so the Coriolis force dominates over inertia.
19 Some additional simulations are carried out under the anelastic approximation (see

107 Wulff et al. (2022) for the governing equations), with polytropic index 2 and dissipation
108 number 1, yielding a mild density stratification of p;/p, = 4. From Jones et al. (2009)
199 and Gastine and Wicht (2012), for example, we know that the critical Rayleigh number

200 increases with increasing density stratification. From the latter study we estimate that
201 the increase is roughly two-fold, compared to our Boussinesq models. Therefore, to com-
202 pare simulations with a similar degree of supercriticality, we double Ra for the anelas-
203 tic simulations.
204 The values given above are based on the full shell width d. Table 1 also lists both
205 non-dimensional numbers, re-scaled to the thickness of the convective region (the outer
206 ~ 57%). We also give the Rayleigh number based on the temperature (entropy for the
207 anelastic cases) difference across the convective region alone, calculated from the hor-
208 izontally averaged temperature (entropy) drop across the convecting region:
3 3
Boussinesq: Raa = M, Anelastic: Raa = agTo(ro — rc) As7 (8)

KU CpkV

209 where 7. is the bottom of the convective region.
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Table 1.

Nominal Ekman and Rayleigh numbers are based on the full shell thickness and the

surface entropy flux. Their re-scaled values, E. and Ra., are based on the thickness of the con-

vective region d. = r, — r. ~ 0.57. The re-scaled Ekman number for the stable region E; is also

given, based on ds = r. — r; = 0.43. Raa is the Rayleigh number defined by Eq. 8. A; is the

value of dT./dr (dS/dr for anelastic cases) in the stable region.

Sim. E FEy E. Ra Ra, Raa A,
H 107 524x107°% 3.15x107% 6x10% 6.04x 107 3.6 x 10" 200
B 107° 524x107° 3.15x107° 6 x10% 6.04 x107 2.6 x 107 200
A 107° 524 x107° 3.15x107° 1.2x10° 1.21 x10® 6.2x 107 100
a) b)
200 0.012 101 ]
Bl.1
10.010 B33
150 A 101 .
r0.008
s 100 10.006& © 1034
r0.004
50 A 10—5 i
r0.002
04 T T 0.000 107 -
0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0
rirs riro
Figure 1. a) dT./dr profile (black) described in Section 2.3. The grey shaded region indi-

cates rs < r < 1. while the dark grey region is fully stratified. The radial grid-point separation is

shown in orange (right y-axis). b) electrical conductivity ¢ = A' for reference case B1.1 (blue)

and extreme cases B3.3 (green) and B4.0 (red).

2.3 Stably Stratified Layer

The region r > 7. is fully convective, whereas at r < r, the full degree of stabil-
ity has been reached, with a transition region at ry < r < r.. This is implemented by
prescribing an analytic background entropy gradient profile defined, using auxiliary vari-

able x = (r —r.)/(r¢

dT. __
dr

—7rs), by:
5 if r <rs,
(As+1)-x%-(2x+3) -1, ifry<r<r,
-1, if r>re.

This is plotted in Figure 1a). In this study we keep r. = 2.77 = 0.831r,, ry =
2.68 = 0.804r, and A; = 200 (As; = 100 for the anelastic cases). Neutral stability is
reached around 0.830r,. The ratio of the Brunt-Viisala frequency, N, to the rotation

rate, is:

RaE?

LA, ©)

N/Q =

which is equal to 4.9, at r < r;. This quantifies the effect of the restoring buoyancy force
relative to the rotational forces and corresponds to a degree of stratification around the
middle of the range studied in Wulff et al. (2022). This parameter is kept the same for
the anelastic cases.
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2.4 Magnetic Parameters

We vary the magnetic diffusivity A, or the electrical conductivity o = 1/, in this
study but keep all other diffusivities (v and &) constant. We prescribe the magnetic dif-
fusivity to be:

A = )\ exp <1(r - rl)) . (10)
dx
For the profiles where A would exceed 107 we cap it at this value to avoid numerical prob-
lems. The electrical conductivity scale height is d, = dyx = [(1/A) - d\/dr]~t. This
simple exponential profile gives the convenience of having a constant scale height through-
out the shell.

In our reference model \; = 1 and dy = 1/In(10%) ~ 0.054. To investigate and
distinguish the effects of a different local value of electrical conductivity and a different
scale-height, we vary both dy and )\; in a systematic parameter study (see Table 2). The
electrical conductivity profiles of the extremes of the study, B3.3 and B4.0, are shown
in Figure 1b).

An axial dipole field (poloidal ¢ =1, m = 0 component) with amplitude By, at
the poles is imposed as a boundary condition at r; (negative at the North pole). The other
poloidal components and the toroidal field are matched to a field in the inner core, ob-
tained by solving the induction equation in the inner core for a constant value A; of the
diffusivity. At the outer boundary, r,, the magnetic field is matched to a potential field
in the exterior. In this study we systematically vary the strength of the applied dipole,
Buaip.

2.5 Numerical Methods

All simulations in this study have been computed using the MHD code MagIC (avail-
able at https://github.com/magic-sph/magic). We use both the original Boussinesq ver-
sion (see Wicht, 2002) and that which uses the anelastic approximation (Jones et al., 2011).
The governing equations given in section 2 are solved, with stress-free mechanical bound-
ary conditions at both r; and r, and fixed entropy at the outer boundary and fixed en-
tropy flux (downward in our models) at the inner boundary. This is done by expanding
both velocity (or pu in the anelastic cases) and magnetic fields into poloidal and toroidal
potentials. For further details see Christensen and Wicht (2015). The potentials are ex-
panded in Chebychev polynomials in the radial direction and spherical harmonics up to
a degree {4, in the angular direction.

We use 145 radial grid-points for all simulations in the study. We use a non-linear
mapping function (Tilgner, 1999) to concentrate the grid-points around the transition
from convecting to sub-adiabatic. This ensures both the boundary between the two lay-
ers as well as the shell boundary regions are well-resolved, as illustrated in Figure 1. See
the Appendix for details on the mapping

For the reference case, labelled B1.1, we carried out one simulation without any
imposed azimuthal symmetry, using azimuthal resolution ngy = 1280 and without hyper-
diffusivity. For the other cases we introduced a four-fold azimuthal symmetry, reduced
the number of grid-points to ng = 864 and applied hyper-diffusion, where the diffusion
parameters (thermal and viscous) are multiplied by the factor

B
0+1 -1y ] (11)

V(E) = /ﬁ}(() = 1 +D [Wl—ghd

for £ > 014, where £, = 250, D = 4 and 8 = 2. We verified that in the reference case
the zonal winds formed and other features vital for our analysis did not change with im-
posed symmetry and hyper-diffusion.

All analysis was then based on the final stage of the simulations, which were in-
tegrated for 800,000 time-steps after they were fully equilibrated which is around 0.27,
(~ 20,000 rotations).



Table 2. Simulations carried out with critical varied parameters given. The reference case is in
bold.

Simulation p;  Baip 1/dy o; A(0.87,) Symbol

H - - - - -
B1.0 1 025 In(10%) 1  6.04-1075 +
B1.1 1 05 In(10%) 1 242107 X
B1.2 1 1 In(10%) 1 9.67-107% <
B1.3 1 2  In(10% 1  387-1073 >
B2.0 1 05 In(10%) 025 6.04-107°
B2.2 1 05 In(10%) 4 967-10714
B2.3 1 05 In(10%) 16 3.87-107°
B3.0 1 05 In(10%) 025 280-1074
B3.1 1 05 In(109) 1 1.12-1073
B3.2 1 05 In(10% 4  449-1073
B3.3 1 05 In(10% 16 1.80-1072
B4.0 1 05 In(10*%) 025 1.30-107° +
B4.1 1 05 In(101% 1  5.21-1074 X
B4.2 1 05 In(10° 4 208-107* <
B4.3 1 05 In(10% 16 8.33-1073 >
A1.0 4 0.25 In(10%) 1 218-107° +
Al.l 4 05 In(10%) 1 870-107° X
A1.2 4 1 In(10%) 1 3.48.107% <
Al1.3 4 2  In(10®) 1 1.39-1073 >
A2.0 4 05 In(10%) 0.25 2.18-107° +
A2.2 4 05 In(10%) 4  3.48-107% <
A2.3 4 05 In(10%) 16 1.39-1073 >
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Figure 2. A snapshot of the azimuthal flow, ug, for the reference case B1.1. Both plots use
the same colour-scale with a dynamic range of £6000, where red (blue) indicates prograde (retro-
grade) flow. a) View onto the surface of the spherical shell from the North Pole. b) Front view of

the surface flow on the left and a cut down to the bottom of the convecting layer on the right.

3 Results

In our study we vary the strength of the imposed dipole field, Bg;;,, the electrical
conductivity at the inner boundary, o;, and the conductivity scale height, d,. The pa-
rameters are summarised in Table 2. We explore the surface zonal wind profiles, their
extension into the interior and the mechanisms by which they are quenched.

3.1 Zonal Wind Distribution

The snapshot of our reference case B1.1, in Figure 2, shows that these simulations
reproduce one of the key features found in the measurements of the zonal flows of the
two gas giants: a set of alternating zonal jets reaching up the high latitudes. The equa-
torial prograde jet and its flanking retrograde jets dominate, but slightly weaker flows
also persist up to the poles. These extend geostrophically, i.e. invariant with respect to
z which is parallel to the rotation axis, throughout the convective region. We show the
time-averaged, axisymmetric zonal flow for only one hemisphere of the hydrodynamic
comparison case H in Figure 3a. Plotted on top of this is the surface profile as a func-
tion of the cylindrical coordinate s = rsinf, i.e. the distance from the axis of rotation.
We observe that in case H, without either the additional magnetic forces or a mechan-
ical rigid boundary condition which can act as a proxy for some force that brakes the
jets, the jets are much wider and their amplitude (in this case that of the only retrograde
jet present inside the tangent cylinder) only decreases slightly when reaching the stable
layer. We note that a similar purely hydrodynamic simulation with a stress-free flow bound-
ary shown in Figure 3d of Wulff et al. (2022) also shows a zonal flow pattern unlike that
of Jupiter or Saturn, with a few strong jets inside the tangent cylinder (TC) that decay
only weakly towards the inner boundary. The differences to the present case can be at-
tributed to the anelastic approximation and a larger degree of stability in Wulff et al.
(2022).

However, Figures 3b and ¢ demonstrate that under the influence of finite conduc-
tivity and a large-scale magnetic field, the zonal flows develop a multiple jet structure.
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Figure 3. Time-averaged axisymmetric zonal flow for simulations H in panel a), B4.0 in panel
b) and B3.3 in panel c) (see Table 2) with the same colour-scale as Figure 2, with range £6000.
On top of these are plotted the respective surface wind profiles as a function of s for the hemi-
sphere shown. The thin vertical lines indicate the locations of the tangent cylinders associated
with the bottom of the convective region, TC. d) shows the average zonal flow velocity inside the
TC (defined by eq. 12), as a function of the local Elsasser number evaluated at 0.8r,. See table 2

for the symbols for each case.

Furthermore, the jets are quenched effectively in the stable layer. The two cases shown,
B4.0 and B3.3, are the extremes in the study. In B4.0 the conductivity starts out rather
small at the inner boundary and drops rapidly with radius. This case shows strong zonal
winds in the tangent cylinder reaching the polar region. In B3.3 the conductivity at r;
starts out rather large and drops more weakly with radius. Here, significant jets are still
found at mid-latitude, but they fade out at the high latitudes. The vertical extent of the
convective region, i.e. the depth of the stable layer, is not altered in the study so the TC
is in the same location and the equatorial prograde jet has the same width, with the peaks
of the flanking retrograde jets being located on the TC.

The relation between the jet widths and jet amplitudes was confirmed to obey Rhines
scaling well, when taking the convective region as the shell thickness (following the method-
ology detailed in Gastine et al. (2014)). This predicts that narrower jets are also weaker.
In order to quantify the strength of the axisymmetric zonal flow inside the tangent cylin-
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der (TC), we define the average surface zonal flow amplitude in this region as:

meéc( [ st oo - [riecmmeda), 12)

where /(g (ro,0))? is the time-averaged, axisymmetric, rms surface zonal flow and 6, =
sin~!(r./7,), i.e. the colatitude associated with the location of the TC at the surface.
This definition broadly captures both the extent and strength of the zonal flow and fa-
cilitates a comparison between all cases.

We observe that simulations with a stronger imposed dipole field strength, By,
and those with higher electrical conductivity, o, have weaker winds inside the TC. We
use a local Elsasser number A(r) = Bg;,(r)%0(r)/pQ) as a proxy for the local strength
of the Lorentz force, relative to the Coriolis force, although in this study we only explic-
itly test the dependency on By;, and o. This expresses not only the radial variation of
the electrical conductivity but also the r—2 dependence of the dipole field strength (in
our definition we use the axial dipole field amplitude at the poles).

In Figure 3d we therefore plot Uy, f, as a function of the Elsasser number eval-
uated at 0.8r,, i.e. in the upper part of the stable layer, just below 7. The extremes of
our parameter sweep are A(0.87,) = 1.30 - 107° in case B4.0, up to 1.80- 102 in case
B3.3 (see Table 2).

The plot suggests that if magnetic forces remain insignificant near the SSL bound-
ary, strong zonal winds can develop and be maintained in the overlying convecting re-
gion and are independent of the magnetic effects coming into play deeper in the stable
region. However, when magnetic effects become more pronounced in the upper part of
the stable layer, the zonal flow inside the TC becomes somewhat more diminished, in
particular at high latitudes. Within our parameter sweep this is not a dramatic effect.
As our focus is on models that have strong jets inside the TC so we do not go beyond
case B3.3. We would expect these to disappear if the semiconducting region begins at
even shallower depths and A(0.87,) is increased by even just one more order of magni-
tude.

3.2 Flow Amplitude Versus Depth

Figure 4a) shows the horizontally averaged rms velocity components for the ref-
erence simulation as a function of radius, where solid lines show the axisymmetric com-
ponents (labelled with an overbar) and dashed lines the non-axisymmetric components
(indicated by a prime). In the convective region, the convective flow amplitude (ufb, uy
and wu!.) is almost an order of magnitude weaker than the rms zonal wind amplitude (the
jet peaks themselves are even stronger). Upon reaching the SSL, radial flow components
are quenched most effectively and amplitudes drop by almost two orders of magnitude.
At least part of the remaining radial motion seen in figure 4 may represent wave motion
(gravity waves, inertial waves) and no overturning motion. Right at the SSL boundary
both the latitudinal component of the meridional flow, g, and the horizontal compo-
nents of the convective flow, ufﬁ and uj, increase very slightly which may be attributed
to the deflection of the radial flows. However, further into the SSL all other flow com-
ponents are damped. We analyse this in more detail for the zonal flow.

We track the jet amplitude as a function of radius in the SSL. This is illustrated
in Figure 5a) where we show the locations of the maxima/minima of the jets inside the
TC for simulation B1.1. This tracking is vital as the locations of the peak velocity is no
longer z-invariant in the SSL in contrast to the convective region, as can be seen in fig-
ure 3b and c.

Figure 5b shows g along the centres of these jets (we use superscript e to denote
the extrema of Ty as a function of latitude). This also highlights the strong equatorial
symmetry of these particular simulations where the northern/southern hemisphere jet
pairs have almost identical velocity profiles. Finally, Figure 5c shows the same velocity
profiles, with each one normalised by the respective jet velocity at r.. This plot clearly
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Figure 4. Radial profiles of time- and horizontally-averaged a) velocity and b) magnetic
field strength (given in A) for the reference case B1.1. The dashed lines show the average non-
axisymmetric flow (field strength) and the solid lines are the axisymmetric parts, where colours
indicate the three components. For By and B, we subtract the dipole component, of which the
average amplitude is shown by the black dotted line. The dark grey (grey) shading indicates the
(transition into the) SSL.
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Figure 5. Illustration of the jet tracking method described, applied to the reference case B1.1.
a) shows the zonal flow pattern in the SSL (r < 7.). The black lines show the locations of the
zonal flow extrema (denoted by superscript e) and the grey lines indicate lines of constant s. b)
shows the peak amplitudes of these 8 jets as a function of radius and in ¢) we normalise this by

the jet flow velocity at r = r..
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a) Elsasser number as a function of depth in the SSL (r < r.) for the end-members

of each of the Boussinesq sets. b) shows the normalised jet amplitude profiles as shown in Fig-

ure 5¢ where a single profile is obtained for each case by averaging over all 8 jets. ¢) ratio of

zonal flow amplitude at 0.8r, and the jet flow velocity at r

r¢, obtained from the averaged

profiles shown in b) and the remaining models omitted on this plot. See Table 2 for the symbols

for each case.

illustrates that the relative decay with depth is rather similar for all jets, independent

of their location inside the TC.

We average the radial profiles of all jets inside the TC, normalised by their veloc-
ity at the bottom of the convecting region, for each case to quantify the zonal wind de-
cay. Figure 6b compares averaged profiles for the end-member simulations of each of the
Boussinesq sets while Figure 6a shows the respective Elsasser number profiles in the SSL.
Profiles with identical A(r) (sets B1. and B2.) nearly perfectly overlap which highlights
that the Elsasser number is the crucial parameter here; doubling the axial dipole field
strength has exactly the same effect as quadrupling the electrical conductivity. When
considering the other profiles shown we clearly see that in simulations with the lowest
Elsasser numbers the decay of the zonal wind is very gradual. This is illustrated in fig-
ure 6¢ where we plot the ratio of the jet amplitude at 0.8r, and the amplitude at r., again
averaging over all 8 jets to obtain one value per simulation. Therefore, magnetic effects
are crucial in reducing the penetration distance of zonal winds into the SSL.

3.3 Magnetic Field Induction

Figure 4b shows the horizontally averaged induced magnetic field components for
the reference case. The induced axisymmetric toroidal field is almost as strong as the
dipole field at the lower boundary, for this case, but drops off rapidly with radius. The
induced axisymmetric radial and latitudinal fields, AB, and ABy, i.e. the perturbations
of the imposed poloidal field, are almost three orders of magnitude smaller but do not
drop off in amplitude as sharply over the SSL.

We investigate the difference in the induction when changing the imposed axial dipole
field strength in Figure 7. On the left the top three plots are latitudinal profiles of %,

AB, =B, —Eflp and By at 0.8r,. These are all as we may expect, with B1.3 having
the strongest induced magnetic fields. This is due to it having the largest imposed dipole
amplitude, eight times stronger than case B1.0 with the same conductivity profile, lead-
ing to a larger Q-effect. The Q-effect describes the induction of axisymmetric toroidal

field by the shearing of the ax
the two components B,.0, ("74’
tion that a stronger dipole wil

sin 6

isymmetric poloidal field by differential rotation and has
and M@g 2o ) From this we see that the assump-

lead to a stronger induced field holds only when the sim-

ulations with different Bg;;, have similar distributions of %g. However, in Figure 6b we

—13—



392

393

394

395

396

397

398

399

400

401

403

404

405

406

407

408

409

410

411

10?

— B,

OB 5 (Tp/sind)

T(0.8r0)

ABr(0.8rp)

90 60 30 0 -30 -60 -90
latitude (*)
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eraged, rms amplitude of the two terms in the Q-effect for the same cases, where dashed(solid)

corresponds to B1.0(B1.3) and dark(light) blue corresponds to the radial(latitudinal) shear term.

see that the zonal wind is quenched very effectively in case B1.3, so g is almost zero

at mid-depth of the stable layer, while this only happens near the bottom in case B1.0.
Therefore, the Q-effect is stronger for case B1.0 than for B1.3 in the lower third of the
stable layer and the amplitude of the induced field, By, exceeds that of B1.3 significantly,
as can be seen in the bottom panel of Figure 7. In fact, for case B1.0 it also exceeds the
amplitude of the imposed dipole field at the lower boundary which for this case is B,(r;,0 =
0) = —0.25. Thus, the model, B1.0, which has the most interaction between the zonal

flow and the electrically conducting region (i.e. over the greatest depth range) actually

has the weakest induced field strength near the top of its conducting region.

The morphology of the induced §¢ field can also be better understood by compar-
ing the contributions of the two terms that make up the Q-effect; the radial and the lat-
itudinal shear of the zonal wind. This is shown on the right in Figure 7, where the rms
amplitude of the two terms has been averaged horizontally to produce radial profiles. For
both cases, B1.0 and B1.3, the radial shear is the more dominant term throughout the
shell. Therefore, the decay of the jets with depth produces a stronger gradient than the
transition between oppositely flowing jets. This also leads to the induced azimuthal field
being strongest almost exactly on the zonal wind peaks.

3.4 Zonal Wind Truncation Mechanism

A thermo-magnetic wind equation can be derived by taking the ¢-component of
the curl of the Navier-Stokes equation, then averaging over azimuth and assuming steady
state:

RaFE 1

2F _
— 0y
ror

0 = 7ﬂ¢,8zﬂ¢, - Esﬂsagﬂ — Eﬂzﬁzw¢ + 28zﬂ¢ —
S S
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gradient of the zonal flow and c) the latitudinal entropy fluctuation. The thin horizontal line

indicates rs, i.e. the bottom of the transition region into the SSL.

1 -
51V x (4 x By, + B[V2wly, (13)
where w = V X u is the vorticity and j = V x B. The first three terms are from the
advection term, the fourth and fifth terms are from the Coriolis force and buoyancy, re-
spectively. The last two terms are from the Lorentz force and the viscous force. We find
that in our simulations, the equation can be reduced to:

RaFE 1
14
Pr ,raeﬁa ( )

0~ 20,TUp + ——
as all other terms were found to be negligible. This is shown in Figure 8b and ¢ where
we plot the vertical gradient of the zonal wind (first term of eq. 14) and the latitudinal
temperature gradient (second term of eq. 14). The two are in nearly perfect balance; the
magnetic term of the thermo-magnetic wind equation is negligibly small. As in the hy-
drodynamic simulations in Wulff et al. (2022), the decrease of the zonal wind in the sta-
ble layer is controlled by a thermal wind balance. The associated density perturbation
is caused by a meridional flow. As Lorentz forces play a critical role for the penetration
of the winds into the stable layer, this should happen via their influence on the merid-
ional circulation. To elucidate this, we consider (as in Wulff et al., 2022) the time-averaged
(denoted by ()) axisymmetric, azimuthal component of the Navier-Stokes equation, given
by:

0= (Fag)+ (Fo)+ (Fr)+ (F.) + (Fuma) + (Fana) ;
Faa= L 0y (sTg) + -0 ()
FC’ = %as
Frn= i8[2//}8[//]
R = 0s |S7UsUy + 0, Uz Uy
F, = — L0, [s*a, @)} — 0, [0 ()]
Fa = T |30 (8°By Bs) + 0 (By B:)]
Ftna = o |50, (°BLBL) + 0. (BB | (15)

This includes the: ‘advective’ force F 44, Coriolis force F and viscous forge F,. The
forcei associated with the Reynolds stresses and the Maxwell stresses are F'r, and Fps,
and Fprp, respectively, where the former is the contribution from the large-scale (ax-

isymmetric) magnetic field components and the latter is from the small-scale (non-axisymmetric)

field components.
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Figure 9. The zonally and temporally averaged azimuthal component of the force balance,

shown for cases a) B1.0 and a) B1.3, in the transition region and SSL for one hemisphere. The
panels show the Coriolis term, F¢; Reynolds stresses, F'r; viscosity, F,; and Lorentz forces,
Frra. The horizontal black line indicates rs, which is also roughly the depth at which Lorentz
forces become significant and F'r becomes negligible. Solid (dashed) grey contours indicate posi-

tive (negative) ug.

We find that the advective force remains negligibly small and therefore omit it in
Figure 9 where we show the zonal force balance. Furthermore, the Maxwell stresses aris-
ing from the correlation of the small-scale magnetic field components, F j;pnq, also remain
very small, even at depth and are thus also not shown in Figure 9. This is because in
our study the stable layer suppresses small-scale flows so effectively. The conductivity
distribution implies that the Lorentz forces only start acting in the SSL in these simu-
lations, where only very weak non-axisymmetric induced magnetic field components con-
tribute.

The first panels in Figure 9 show the Coriolis force, which is directly proportional
to the s-component of the meridional flow. This meridional flow is driven in the convect-
ing (not shown) and transition region, where the associated Coriolis force is balanced
mainly by the Reynolds stresses. The Reynolds stress force is enhanced in the transi-
tion region, by the same mechanism as in the purely hydrodynamic study (Wulff et al.,
2022), where radial flows and also all small-scale motion is quenched (see Figure 4). There-
fore there is a sharp drop-off in the correlation of the convective flows just below r., lead-
ing to large derivatives with respect to s and z (see eq. 15 for the definition of F'g). The
large Reynolds stress force is primarily balanced by the Coriolis force F of an enhanced
meridional circulation. Inside the SSL there is a good match of F¢ and the force asso-
ciated with the Maxwell stresses, F s,. This is the essential difference to the hydrody-
namic models where only viscosity can balance Fo in this region. In the MHD case, the
meridional flow remains significant in the SSL, so entropy perturbations are induced (see
Figure 8) and the zonal flow can be quenched more effectively in the SSL. This is broadly
in agreement with the mechanism proposed by Christensen et al. (2020), where the winds
were driven by an ad-hoc force rather than self-consistently by Reynolds stresses. We
observe that the viscous force also plays a significant role in the SSL, as the zonal flow
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Figure 10. a) and b) show the time-averaged axisymmetric zonal flow for simulations A1.0
and A2.3 (see Table 2) with the same colour-scale as Figure 2, with range +6000. On top of
these are plotted the respective surface profiles as a function of s for the hemisphere shown. The
thin vertical lines indicate the locations of the tangent cylinders associated with the bottom of
the convective region, TC. c¢) shows the average zonal flow velocity inside the TC (defined by eq.
12), as a function of the local Elsasser number evaluated at 0.8r,. See table 2 for the symbols for

each case.

velocity is decreasing rapidly. At the much lower Ekman numbers that apply to the gas
planets, viscosity is expected to play no significant role.

Comparing Figures 9a) and b) we first note that in case B1.3 where the dipole strength
is increased (Figure 9b)), the Lorentz forces already begin to act in the SSL transition
region. This illustrates how they are able to impact the structure of the zonal winds in
the top part of the stable region. Deeper in the stable region similar meridional circu-
lation cells develop for both models, to balance the Lorentz forces. However, they are
shifted upwards in case B1.3 relative to B1.0. In model B1.0 the winds only reach near-
zero amplitude near the inner shell boundary and the transition from equator-ward (pole-
ward) flow in the high- (mid-) latitude region to oppositely flowing meridional circula-
tion occurs close to this boundary. In case B1.3 the winds are already quenched at around
0.74r, which is where the circulation cells are centred in this model.

3.5 Anelastic Simulations

For seven models with different field strengths and conductivity profiles we replaced
the Boussinesq approximation by the anelastic approximation in order to test its impact
on the results (sets Al. and A2. in Table 2). Qualitatively, the zonal flows formed in these
simulations are very similar to their Boussinesq counterparts, with the strongest jets be-
ing the prograde equatorial jet and its flanking retrograde jets, complemented by another
four weaker jets inside the tangent cylinder (see figures 10a and b). In these simulations
we also observed some time-variability in the zonal flow structure, similar to that dis-
cussed in Wulff et al. (2022), which we do not explore further within this work.

Figure 10 is the counterpart to Figure 3, showing the dependence of the rms zonal
flow amplitude at the surface, inside the TC, on the local Elsasser number. While A cov-
ers a smaller range than the Boussinesq study, the same trend is clearly seen: stronger
winds develop in models where magnetic effects, characterised by Bgipa, become signif-
icant only deeper into the stable layer.

We also test the relationship of the local Elsasser number and the zonal wind pen-
etration distance for these anelastic models. We use the same analytical technique de-
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Figure 11. a) Elsasser number as a function of depth in the SSL (r < 7.) for all 7 anelastic
models. b) shows the normalised jet amplitude profiles as shown in figure 5¢ where a single pro-
file is obtained for each case by averaging over all 8 jets. ¢) shows ratio of zonal flow amplitude
at 0.8, and the jet flow velocity at r = 7., obtained from the averaged profiles shown in b). See

Table 2 for the symbols for each case.

scribed in section 3.2 and track the jet amplitudes in the stable layer. This is shown in
Figure 11. As Figure 11a shows, the two sets Al. and A2. have the same 4 radially vary-
ing Elsasser number profiles (with A1.1 forming part of both sets). However, in one set
the axial dipole field strength, By;p, is varied while in the other the electrical conduc-
tivity profile is varied (the conductivity scale height remains the same). Figure 11b shows
that the models with the same A(r) have near-to identical zonal flow decay in the sta-
ble layer, with the zonal winds in models with a stronger imposed dipole strength or a
greater electrical conductivity (A1.3 and A2.3 respectively) being quenched most effec-
tively. Although the variation of the background density with radius is rather weak in
our models, this suggests that our observations from the Boussinesq models also hold
when there is a variable background density. Furthermore, Figure 11c, where we plot

the ratio of jet amplitude at 0.8r, to that at r., shows that the 1/5(r) dependency of

the local Elsasser number leads to a more gradual damping of %y in these models com-
pared to cases B1l. and B2., their Boussinesq equivalents. Figure 11c has the same axes
as Figure 6¢ to highlight that these models fit on the same trend line. This is possible
for this analysis as the relative decay is evaluated, while the absolute jet amplitudes are
difficult to compare with the Boussinesq models.

4 Discussion and Conclusions

We find that the amplitude and latitudinal extent of zonal flow in the convective
region, depends directly on the amplitude of the magnetic forces near the top of the un-
derlying stable region. If these are negligible, due to both a weak dipole field strength
and very weak conductivity, the zonal flow at the surface develops a structure and am-

plitude independent of the magnetic effects acting deep in the stable region below. If Lorentz

forces are non-negligible at the bottom of the convective region, they will impact the jets
formed above, in particular diminishing those inside the tangent cylinder (see Figures 3d)
and 10c)).

The penetration distance of zonal flows into the stable layer is dependent on the
product o B? at depth. For a fixed profile of ¢ B2, it can be expected from Wulff et al.
(2022) that the degree of stratification, N/, also influences the damping of the zonal
winds in the stable layer, as well as other parameters. Christensen et al. (2020) suggest
that for a fixed o and B, and in the limit of negligible viscosity, the combination (N/Q)?E !
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is relevant, where E, = x/Qd? is an Ekman number based on the effective thermal dif-
fusivity in the stable layer.

When investigating the braking mechanism of the winds in the stable layer, we con-
firm the findings of Christensen et al. (2020) and are also able to explore this further us-
ing different models. Firstly, the quenching of %4 in the stable layer is governed by a ther-
mal wind balance, without magnetic winds playing a role. The temperature perturba-
tion required to facilitate this is generated by meridional circulation in the stable region.

Secondly, a significant toroidal field is induced due to the Q-effect, while the induced poloidal

field remains orders of magnitude smaller than the imposed dipole field.

Lorentz forces only start acting in the stable region, where small-scale motions are
very weak. Therefore they are primarily due to the correlation of the toroidal field, in-
duced by the zonal flows, and the imposed dipole field, as the correlations of the non-
axisymmetric field components remain negligible (in contrast to what Dietrich and Jones
(2018) found when varying the radial conductivity profile, without a stable layer). As
the Lorentz forces are balanced by Coriolis forces, i.e. the meridional circulation, they
indirectly influence the damping of the zonal flows in the stable region. While viscous
forces are not dominant in the force balance for the meridional flow, they are not neg-
ligible either in our simulations (see Figure 9), in contrast to what may be assumed in
the gas planets.

More comprehensive simulations that include the dynamo region (Gastine & Wicht,
2021; Moore et al., 2022) also showed zonal winds inside the tangent cylinder that drop
off inside a shallow stably stratified region. Our simpler models, comprising only of the
outer regions of the gas planets and imposing a dipolar magnetic field are computation-
ally more economical and allow a more extensive parameter study. Therefore, we are able
to compare the influence of varying magnetic parameters and study what factors make
the zonal wind damping more efficient. Furthermore, in contrast to Moore et al. (2022)
our models feature multiple zonal jets, making them more gas planet-like and allowing
us to make a systematic study of jet formation and structure.

A possible avenue for future work would be to introduce a more complex imposed
field at the lower boundary, to study the influence of non-axial-dipole components of the
magnetic field, such as intense flux concentrations, similar to Jupiter’s observed Great
Blue Spot, on the zonal winds.

5 Open Research

All simulations were carried out using the 3D magnetohydrodynamic code MaglC
which is open source and available at https://magic-sph.github.io/.

Appendix A Radial Grid-point Redistribution
The collocation points are redistributed by the following function:

1 tan[A(rehes — o)) i + T,
Al
r= 2 Qg + ) + 9 (A1)

where 7.pep are the Gauss-Lobatto collocation points and repep € [—1,1]. The three pa-
rameters are:

tan™! (o (1 — K-1 tan™! (o (1
P (a1(1 - az)) 2o = K= an,1<a1( + a2)) (A2)
1—xo K+1 tan™! (a1 (1 — a2))
where we use a1 = 2, ag = —0.2.
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