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P L A N E TA R Y  S C I E N C E

From gas to ice giants: A unified mechanism for 
equatorial jets
Keren Duer-Milner1,2,3*, Nimrod Gavriel1, Eli Galanti1, Eli Tziperman4,5, Yohai Kaspi1*

The equatorial jets dominating the dynamics of the Jovian planets exhibit two distinct types of zonal flows: 
strongly eastward in the gas giants (superrotation) and strongly westward in the ice giants (subrotation). Existing 
theories propose different mechanisms for these patterns, but no single mechanism has successfully explained 
both. However, the planetary parameters of the four Solar System giant planets suggest that a fundamentally dif-
ferent mechanism is unlikely. In this study, we show that convection-driven columnar structures can account for 
both eastward and westward equatorial jets, framing the phenomenon as a bifurcation. Consequently, both su-
perrotation and subrotation emerge as stable branches of the same mechanistic solution. Our analysis of these 
solutions uncovers similarities in the properties of equatorial waves and the leading-order momentum balance. 
This study suggests that the fundamental dynamics governing equatorial jet formation may be more broadly ap-
plicable across the Jovian planets than previously believed, offering a unified explanation for their two distinct 
zonal wind patterns.

INTRODUCTION
The Jovian planets—Jupiter, Saturn, Uranus, and Neptune—exhibit 
fascinating atmospheric dynamics, particularly evident in their zonal 
wind patterns. One of the most distinguishing characteristics among 
them is the direction of their equatorial jets (1). Jupiter and Saturn 
exhibit equatorial superrotation, meaning they flow prograde (west 
to east), in the same direction as the planet’s rotation. The term “super-
rotation” refers to wind velocity that exceeds the angular momen-
tum conserving wind, which is defined using a simple conservation 
of angular momentum (Eq. 4) (2). Jupiter’s jet-stream reaches veloci-
ties of ~100 m s−1 (3) at the equator, and Saturn, while similar in 
size and rotation to Jupiter, exhibits a broader and more pronounced 
equatorial jet, with peak speeds of ~300 m s−1 (4, 5) (Fig. 1).

In contrast, Uranus and Neptune have retrograde equatorial jets 
(east to west), moving opposite to the direction of their rotation 
(subrotation). The equatorial jet on Uranus reaches wind speeds of 
~50 m s−1 (6–8) and Neptune’s westward jet reaches ~400 m s−1 at 
the equator (9–11). Another notable feature is the presence of alter-
nating midlatitude jets, which are prominent on Jupiter and Saturn, 
while Uranus and Neptune each have only one jet per hemisphere 
(Fig. 1). The wind velocity measurements are relative to a uniform 
rotation rate, which is associated with the planets’ interior and 
aligned with their magnetic field (12). This rotation rate is deter-
mined using radio emissions detected by various spacecraft, along 
with other methodologies [e.g., (5, 13–15)]. Over the past few de-
cades, the jets on all Jovian planets have shown consistency, at least 
since the advent of modern measurement techniques.

The difference in equatorial jet direction presents a major chal-
lenge in planetary science. While it has been suggested in previous 
studies that the planetary dynamics could be driven by different 

mechanisms, it is also possible that they are influenced by similar 
processes due to their comparable physical characteristics (table S1). 
All four planets have comparable rotation periods and penetration 
depths of zonal winds. Jupiter, Saturn, and Neptune also exhibit 
comparable normalized internal infrared flux. Although Uranus’ 
flux is slightly smaller, its zonal wind structure is remarkably similar 
to Neptune’s, as are their size and mass. The jets on Jupiter penetrate 
~0.95 of its radius, according to measured gravity field estimations 
(16, 17) and ohmic dissipation constraints (18). The jets on Uranus 
and Neptune penetrate to a maximal depth of ~0.95 (19, 20), mean-
ing they are shallower or equal to the jets on Jupiter (to date, the 
winds penetration depth of the ice giants has not yet been deter-
mined). Saturn’s jets reach about 0.84 of its radius (21, 22), indicat-
ing a larger proportion related to zonal jets. Other parameters—such 
as obliquity, where Uranus’s is distinct at 98°—vary notably among 
the planets. However, the considerable differences between Uranus 
and Neptune are unlikely to be critical in determining the zonal 
wind mechanisms, as indicated by the similar zonal wind patterns 
observed on both ice giants. All of this suggests that a common 
mechanism may be responsible for jet formation and truncation at 
depth on the Jovian planets.

Theories regarding the formation of zonal jets on giant planets 
focus on two main mechanisms: convection driven by internal heat-
ing [e.g., (23–30)] and baroclinic instability resulting from latitudi-
nal variations in solar radiation [e.g., (31–33)]. Studies using a 
thin-shell general circulation model have demonstrated that both 
superrotation and subrotation can occur depending on the energy 
scheme (34–38). Specifically, solar forcing tends to produce retro-
grade equatorial jets as baroclinic eddies transport momentum 
poleward, whereas strong intrinsic heat fluxes leads to prograde 
equatorial jets due to equatorward momentum convergence by 
equatorial waves (35). However, these variations may not ade-
quately account for the differences between the planets due to their 
physical characteristics (table  S1). In addition, jets in thin-shell 
simulations are generally baroclinic and tend to vanish at depths of 
a few to ~100 bars, although they may penetrate deeper in a differ-
ent numerical setup (34, 35, 38). This somewhat contradicts recent 
estimates indicating that Jupiter’s and Saturn’s jets are relatively 
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barotropic and extend deep (~105 bars) into the interior (16, 21, 39), 
maintaining a cylindrical orientation along the direction of the axis 
of rotation (40).

Deep, convection-driven three-dimensional (3D) simulations 
driven by internal heating can also reproduce the banded structure 
of zonal jets through momentum transport by Reynolds stresses, 
and laboratory experiments have generally supported these find-
ings (41). Studies indicate that the equatorial jets can form in either 
direction depending on the dominance of Coriolis or buoyancy 
forces (i.e., Rayleigh number and Ekman number; see Materials 
and Methods) (29, 30, 42). While this explanation is effective for 
understanding different stellar convection model results (the tran-
sition between solar and antisolar differential rotation states) (30, 
43–45), it may not apply to gas giants. The four Jovian planets ex-
hibit similar rotation rates, with the ice giants rotating ~1.5 times 
slower than the gas giants. The radii of the ice giants are about one-
third those of the gas giants, and with comparable jet speeds, this 
results in a planetary Rossby number approximately twice as large 
for the ice giants. However, the Rossby number remains much less 
than one for all four planets, indicating the continued dominance of 
rotation in their dynamical state. This suggests that while the transition 
proposed by (42) is plausible, it requires larger Rossby numbers for 
the ice giants, leaving the underlying mechanisms driving such a 
transition unclear.

Here, we propose an alternative perspective on the question of 
equatorial jet direction by using deep convection-driven simula-
tions. Our findings show that a subrotation state can also exist 
under dominant rotational forces, framing this behavior as a bi-
furcation with two distinct steady solutions. The formation of the 
equatorial jet is governed by an equivalent mechanism—tilting 
columnar convection—highlighting notable similarities in the 
properties of both solutions. This approach offers an innovative 
explanation for the distinct equatorial dynamics observed across 
the Jovian planets.

RESULTS
Theory
Convection-driven equatorial jet formation has been extensively 
studied and modeled in the past [e.g., (46, 47)]. In simple terms, the 
convection of heat from the planet’s interior outward organizes the 
flow field, correlating between the components of the anomalous 

flow (flow velocity that deviates from the averaged value), as long as 
rotation dominates the momentum balance. This organized colum-
nar convection transfers momentum to the mean zonal wind.

An important aspect of rotating convection is the influence of 
boundaries that constrain convection cells along the axis of rota-
tion. In the idealized case of a rotating cylindrical annulus, where 
these boundaries are linear, the circulation within the convective 
columns (manifested as Reynolds stresses in the momentum bal-
ance) facilitates momentum transfer either inward (toward the 
interior) or outward (toward the outer shell). The direction of this 
transfer is influenced by the orientation of the columns in the equa-
torial plane (their tilt), which can develop in either direction (see 
the equatorial plane cross sections in Fig. 2). This scenario intro-
duces bifurcation, where the tilt can result in two distinct states of 
mean flow (48).

However, when the boundaries are curved, the tilt of the col-
umns is primarily influenced by the curvature of the sloping bound-
aries. Intuitively, this can be understood as a divergence in the 
stretching trend: It vanishes in a linear boundary but reverses in its 
nature between concave and convex boundaries, dictating a varia-
tion during the stretching process. Note that, in both scenarios, the 
columns stretch—commonly referred to as the topographic beta ef-
fect. This variation in curvature results in the formation of east-
ward or westward shear (49, 50), leading to a mean zonal flow that 
corresponds with the tilt (i.e., superrotating or subrotating jets at 
the equator). Factors such as the density gradient may contribute 
to similar opposing behaviors (51). The theoretical understanding 
of this relation between the boundaries and the direction of the 
convective-driven flow is well established in previous studies [e.g., 
(23)]. However, it has not been explored extensively in numerical 
studies, possibly due to the unconventional nature of the concave 
columnar structure.

In spherical geometries as on planets, only positive momentum 
injection toward the outer shell is sustained due to convex-curvature 
constraints (Fig. 2, red). In a hypothetical scenario where a convec-
tion column does not reach the outer boundary, a reverse tilt can 
develop, manifesting concave columnar structure, sustaining con-
vection cells, and leading to equatorial subrotation (Fig. 2, blue).

Model formulation
To simulate the equatorial jet of the Jovian planets, we use the open-
source, 3D Rayleigh convection model (52). The set of equations follow 

A B C D

Fig. 1. Measurements of zonal wind profiles of the Jovian planets. Zonally averaged zonal cloud-level winds [m s−1] of (A) Jupiter (3), (B) Saturn (4), (C) Uranus (6–8), 
and (D) Neptune (10, 11). Saturn’s wind field incorporates recent estimations of the planet’s rotation rate (5). The winds on Uranus and Neptune were measured by 
Voyager 2 (circles) and Hubble Space Telescope (squares) and are presented along with a polynomial fit of the data (line).
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the general formulation used in the hydrodynamics benchmarks 
[e.g., (53)]. See Materials and Methods for more information.

The momentum equation can be written as

where ρ(r) is the background-state density, u is the velocity vector, t 
is time, � is the planetary rotation rate, p′ is the dynamical pressure, 
g(r) is the gravitational acceleration, S is the entropy, and cp is the 
specific heat capacity at constant pressure. Last, D represents the 
stress tensor.

The zonally averaged zonal momentum equation using Reynolds 
decomposition for the velocity vector ( u = u + u� , where the bar is 
the zonal average term and prime denotes deviations from this aver-
age, “eddy”) gives

where the velocity vector u can be decomposed to u in the zonal 
direction, v in the meridional direction, and w in the radial direc-
tion; θ is the latitude; and F is the viscosity force (see Materials and 
Methods for full derivation in spherical coordinates). The accelera-
tion of the zonal wind is driven by advection of the mean flow, 
Reynolds stresses (hereafter referred to as eddy momentum flux 
u′v′ and u′w′ ) (see Eq. 16), and Coriolis forces, balanced by viscos-
ity. This equation effectively describes the fluid motion that gener-
ates equatorial-dominant zonal jets, powered by convection columns 
oriented parallel to the axis of rotation (29, 54).

Superrotation and subrotation in equivalent conditions
Keeping the physical parameters constant, we explore two cases, 
starting from rest with random initial entropy noise. The normalized 
inner radius μ =

ri
ro

 (where the subscripts i and o denote the inner and 

outer boundaries, respectively) is set to ~0.92, comparable to the 
convective envelopes of Jupiter, Uranus, and Neptune. We chose a 
regime near the onset of rotating convection, namely, the weakly 
nonlinear regime, where wave properties and force balances can be 
reliably estimated and resolved. To achieve this, the nondimensional 
control parameters were set to: Pr  =  3, Ek  =  7.5  ×  10−4, and 
Ra* = 0.0132. It is important to acknowledge that actual planets are 
expected to exhibit substantialy higher levels of turbulence, condi-
tions that are challenging to achieve in numerical simulations (55). 
All other parameters controlling the simulations are detailed in the 
Materials and Methods. In case (a), we observe the well-studied 
equatorial superrotation driven by convection (Fig. 3A). The right 
side of the figure shows a snapshot of the zonal wind, illustrating the 
columnar structure and prograde tilt. The left side presents the zon-
ally averaged zonal wind, confirming the superrotation. In case (b), 
the scenario is almost a mirror image of case (a) (Fig. 3B). The right 
side reveals that the zonal wind tilt is oriented in the retrograde di-
rection, while the left side shows the subrotating zonally averaged 
zonal wind.

As the only difference between the two cases shown in Fig. 3 is 
the random noise from which the simulations were initiated, it sug-
gests that the problem is essentially a bifurcation problem with two 
distinct stable solutions. To validate this, we repeated the experi-
ment 10 times and conducted 20 additional experiments at slightly 
different μ values (~0.91 and 0.93) while keeping other parameters 
constant (see Materials and Methods and tables S2 and S3). Of the 
30 experiments, 15 resulted in subrotation and 15 in superrotation 
(fig. S4), highlighting the similar likelihood of achieving either solu-
tion. However, this distribution is not strictly half and half, but rath-
er reflects a statistical tendency.

Examining the eddy momentum flux terms perpendicular to 
the axis of rotation ( u′v′

⊥
 , which at the equator is equivalent to 

u′w′, Eq. 17) reveals their columnar structure and orientation. In the 
superrotation case, the columns extend to the spherical boundary of 
the domain (Fig. 4B) and tilt in the prograde direction ( u′v′

⊥
> 0 , 

pumping momentum outward, Fig. 4C), as predicted by potential 
vorticity conservation theory—a conserved quantity that combined 
the effects of circulation, rotation, and stratification (56). In the sub-
rotation case, the columns terminate before reaching the boundary, 
exhibiting a concave structure (Fig.  4F) and tilt in the retrograde 
direction ( u′v′

⊥
< 0 , pumping momentum inward; Fig. 4G), a phe-

nomenon not previously demonstrated within convex boundaries. 
The stability of the subrotation and concave columns within the 
spherical geometry supports the scenario depicted in Fig. 2 (blue).

Examining the full momentum budget (Eqs.  2 and 16) reveals 
similarities between the two cases in terms of the leading order 
terms (figs. S1 and S2). In both cases, the Coriolis force terms and 
eddy momentum flux convergence terms are balanced by the vis-
cosity in the model at steady state. This balance is expected in 
rotation-dominant convection models [e.g., (28–30, 54, 57)]. In the 
subrotation case, the columns are truncated before reaching the do-
main’s geometrical boundary, causing the Taylor-Proudman con-
straint to break near the boundaries, exhibiting a sinusoidal pattern 
in the cylindrical direction, and revealing vertical variations along 
the axis of rotation. Theoretical studies often assume that the Taylor-
Proudman constraint holds perfectly, which may explain why this 
solution has not been suggested in the past. In practice, although the 
Taylor-Proudman constraint is not strictly maintained, the length 

�u

�t
+u ⋅∇u+2�×u=

gS

Cp

−∇

(

p�

ρ

)

+
1

ρ
∇ ⋅D (1)

�u

�t
+ρ

(

u ⋅∇u+u� ⋅∇u� −2Ωsinθv+2Ωcosθw
)

=F (2)

Fig. 2. Schematics of tilted convection columns. The tilt is driving either outward 
(superrotation, red) or inward (subrotation, blue) transport of positive angular mo-
mentum with convex boundaries (dashed envelope). In the subrotation case, the 
columns have a concave structure while existing within a convex-boundary sys-
tem. Ω̂ is the direction of the rotation axis, �r⊥ is the direction perpendicular to the 
rotation axis, and φ̂ is the zonal direction. u is the mean flow, and u′v′

⊥
 is the eddy 

momentum flux directed perpendicular to the rotation axis.
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scale is still long enough to almost satisfy the Taylor-Proudman 
theorem, and the flow remains aligned with the rotation axis, indi-
cating that rotation still dominates the momentum balance (29).

The onset of the two cases appears identical (fig. S6), with the 
solutions beginning to drift toward their final steady states after ~30 
rotations. Before this point, the outcome remains indeterminate. 
The analysis of the eddy fluxes at various depths over time (fig. S6, A 

to C) highlights the temporal variability of the columns, revealing 
a wave-like structural pattern. At mid-shell depth, a similar analy-
sis shows the temporal and azimuthal propagation of these waves 
(fig. S6, D and E). In the superrotation case, the waves propagate 
in the prograde direction, while in the subrotation case, they 
propagate in the retrograde direction, underscoring the antisym-
metry between the two scenarios. Another way to visualize the 

Fig. 4. Zonal wind and eddy fluxes in superrotation and subrotation. Superrotation in the upper panels and subrotation in the bottom panels. (A and E) Zonally aver-
aged zonal wind [cm s−1] (shown are latitudes −30° to 30°), (B and F) Zonally averaged eddy fluxes in the direction perpendicular to the axis of rotation [cm2 s−2], where 
the black dashed lines emphasize the curvature of the cylinder at the bottom. (C and G) Snapshot of eddy fluxes in the equatorial plane [cm2 s−2], and (D and H) snapshot 
of the zonal wind velocity at mid-shell depth [cm s−1]. Both simulations have identical physical parameters and were initiated from random noise. The geometric orienta-
tion of the different panels is shown between the upper and lower rows.

A B

Fig. 3. Results from two simulations with identical physical parameters, initiated from rest with random entropy noise. (A) Zonally averaged zonal wind (left side 
of the sphere) and zonal wind (right side of the sphere) of a convection-driven simulation, showing a superrotating equatorial jet flanked by two retrograde higher-
latitude jets. The right side also displays convection columns tilted in the prograde direction. Outer shell is shown for r = r

o
 and inside the slice values are shown for r = r

i
 

( μ =
ri

ro

= 0.92 ). (B) Similar setup but with reversed patterns: the equatorial jet is subrotating, the higher-latitude jets are in the prograde direction, and the convection 
columns are tilted in the retrograde direction.
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wave properties is through a frequency-wave number plot (fig. S7, A 
and B). The phase speed of the waves can be directly deduced 
from the trends in these plots, resulting in absolute values of ~1.43 ± 
0.07 m s−1 for the superrotating case and 1.40 ± 0.05 m s−1 for the 
subrotating case (see Materials and Methods and fig. S7). To verify 
the nature of these waves, we compare the observed values with 
those of Thermal Rossby waves based on the solutions to the lin-
earized equations that describe convection in a rotating annulus 
(23, 58). The theoretical value is given by cp = −

β∗

k2
 (see Materials and 

Methods), where k is the typical zonal wavenumber (derived from 
fig. S7, C and D for the calculations, specifically ksuper = 2π 266

2πR
 and 

ksub = 2π 262

2πR
 ) and β* is the topographic beta. At the equator it is 

β∗(θ=0◦) =
2Ω

H
 (see Materials and Methods). This yields absolute 

phase speed values of 1.37 and 1.41 m s−1 for superrotation and sub-
rotation, respectively. The alignment between the observed and 
theoretical values not only reinforces the validity of our numerical 
results, but also emphasizes the origin and antisymmetry of the 
equatorial waves that dominate the dynamics.

Bifurcation regime
Next, we focus on examining the regimes of multiple equilibria. 
Taking the two study cases (Fig.  4), after reaching a dynamical 
steady state, we vary μ to determine where each solution holds 
(table S4). We adjust other physical parameters while maintaining 
the main nondimensional control parameters and the resolution 
constant (see Materials and Methods and table S2). Starting from 
the initial conditions shown as dashed horizontal lines in  Fig.  5 
(red for superrotation, blue for subrotation), 38 simulations were 
performed (table S4 summarizes the parameters for all the simula-
tions). The resulting steady-state mean zonal wind solutions at the 
equatorial outer shell are represented by the line and circles. Each 
simulation runs for 2000 rotations (10 viscous diffusion times, see 
Materials and Methods), and the final equatorial zonal velocity is 
presented as the average from the last 100 rotations, along with one 
SD (Fig. 5, circles).

The figure illustrates a back-to-back saddle-node bifurcation 
(59, 60), featuring two stable branches. The superrotation branch is 
the sole stable solution for μ < 0.88, indicative of deep domains. In 
this regime, the columns are “aware” of the spherical boundaries, 
resulting in a prograde tilt and a superrotating equatorial jet (orange 
shade). For mid-values (0.88 < μ < 0.97), both solutions are possi-
ble, suggesting that the final outcome is determined by the initial 
conditions. Here, the columns are likely insensitive to the curvature 
of the boundaries, allowing for both convex (red shade) and concave 
(blue shade) columnar structures to exist, or that a competing 
mechanism balances against the convex boundaries and prevents a 
preference. In this regime, the relative volume between the cylin-
drical annulus bounded by the sphere and the curved spherical 
boundaries is smaller, suggesting a reduced influence of the curved 
boundaries on the entire column (see the Supplementary Materials). 
The subrotation branch continues into the regime of 0.97 < μ < 0.99, 
where it becomes the only stable solution (gray shade). In these rela-
tively shallow domains, the tilt of the columns is likely influenced by 
an additional mechanism, such as vigorous mixing or potential vor-
ticity stretching [e.g., (29, 42)], inhibiting superrotation. It is also 
possible that the effective dynamics in this regime exhibit a shallow-
layer behavior, resulting in subrotation as commonly observed in 
models [e.g., (38, 61)]. Notably, as the shell thins, the convective 

structures diminish in size, potentially rendering the resolution too 
coarse in this thin-shell region. To address this, we use scaling laws 
to calculate the minimal resolution required to properly resolve the 
mode at onset (62), ensuring adequate simulation resolution for 
large normalized inner radii. Therefore, for normalized inner ra-
dii larger than μ = 0.95, we repeat the experiment with double 
the original resolution (fig. S14). The results are generally robust 
under these changes; however, for very large normalized inner radii 
(0.97 < μ < 0.99), achieving sustained simulations necessitates an 
increase in viscosity, leading to reduced velocity values. Consequently, 
we cannot unequivocally conclude that the subrotation branch is 
robust in these very shallow domains (μ > 0.97).

Given the estimated wind penetration depth of the Jovian plan-
ets, we can deduce their characteristics in relation to the bifurcation 
shown in Fig. 5. Our results suggest that planets with mid-range 
convective envelopes may exhibit either state, while very shallow en-
velopes show only subrotation. In contrast, planets with a deep dy-
namical layer are likely to exhibit only superrotation. Saturn, with its 
deep convective envelope (21), falls where only superrotation is a 
stable branch. In contrast, Jupiter, Uranus, and Neptune lie within 
regions of two stable solutions (16, 19), indicating that their equato-
rial jets could potentially orient in either direction. Since the pene-
tration depth of Uranus and Neptune is not yet fully established, it is 
possible that they could exist in a state where only subrotation is a 
stable option, which aligns with the observations. Note that the μ 
values in this figure might not correspond exactly to actual planets, 

Fig. 5. Thirty-eight simulations revealing a back-to-back saddle-node bifurca-
tion. Two initial conditions are studied: a superrotating case (red dots, with the red 
dashed line indicating the initial mean velocity value) and a subrotating case (blue 
dots, with the blue dashed line indicating the initial mean velocity value). For each 
normalized inner radius ( μ =

ri

ro

 ), two simulations were performed with both sets of 
initial conditions. All the simulations are in a statistical steady state, with the mean 
zonal value and error bars, representing one SD, are averaged over the last 100 ro-
tations (mostly notable around the bifurcation nodes, elsewhere the SD is smaller 
than the circle). The figure reveals four different regions based on μ: A normalized 
inner radius smaller than μ < 0.88 cannot maintain a concave structure of columns, 
resulting in a reversion to the superrotation condition (orange shade). Depths in 
the range (0.88 < μ < 0.97) can support both convex (red shade) and concave (blue 
shade) columnar structures. Depths associated with μ > 0.97 are presented with 
open circles and dotted lines as the results are less conclusive (see main text). In 
this regime (gray shade), only subrotation persists.
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as the results are model dependent. Moreover, we operate in the 
weakly nonlinear regime of turbulent convection, an idealized sce-
nario for rotating turbulence. Therefore, while the results shown 
in Fig. 5 demonstrate the potential for both superrotation and sub-
rotation to occur at large normalized inner radius, further work is 
needed to directly connect these findings with specific observation-
al constraints (such as the depth of the dynamical region). Last, to 
ensure the bifurcation is not confined to the specific parameter set 
used, we conducted a series of sensitivity tests. Our results indicate 
the bifurcation persists as long as convection organizes into col-
umns (i.e., supercriticality remains above critical) within a similar 
convective regime (see Materials and Methods). When the model 
becomes excessively forced (fig. S10), the subrotation branch is no 
longer sustained. Nonetheless, the bifurcation remains robust with-
in the Boussinesq framework (fig. S13), for slightly less viscous cases 
(fig. S12), and at higher Pr numbers (fig. S9). These robustness tests 
suggest that the bifurcation phenomenon we have identified may 
have broader implications for understanding the dynamics of rotat-
ing fluids, extending beyond the specific context of giant planets in 
the Solar System.

DISCUSSION
This study offers fresh insights into the convective processes driving 
the emergence of both superrotation and subrotation in fast-rotating 
spherical shells. By exploring two cases with identical physical pa-
rameters starting from random initial noise, we find that both states 
are achieved once the system reaches a dynamical steady state, sug-
gesting a bifurcation with two stable solutions. This finding is vali-
dated by repeated experiments. Eddy flux analysis reveals temporal 
variability in a wave-like structure, with prograde propagation in 
superrotation and retrograde propagation in subrotation, highlight-
ing the inherent antisymmetry in these dynamics.

Examining the eddy flux terms reveals their columnar structure 
and orientation. In the superrotation case, the columns extend to 
the spherical boundary and tilt in the prograde direction, consistent 
with theoretical arguments [e.g., (23)]. In the subrotation case, the 
columns terminate before reaching the boundary, exhibiting a con-
cave structure and retrograde tilt. The full momentum budget analy-
sis shows that in both cases, the Coriolis force and eddy momentum 
flux convergence are balanced by viscosity at steady state. Despite 
the Taylor-Proudman constraint breaking near the boundaries in 
subrotation, rotation, and eddy fluxes remain dominant in the mo-
mentum balance, demonstrating the stability of these dynamics 
within spherical geometry. Frequency–wave number analysis sup-
ports our findings, providing phase speeds that align closely with 
theoretical predictions for Thermal Rossby waves. These insights 
enhance our understanding of the mechanisms driving superrota-
tion and subrotation and offer a robust framework for future studies 
in geophysical and astrophysical contexts.

The bifurcating phase space of zonal wind solutions reveals three 
distinct dynamical regimes. In deep domains, only superrotation is 
a stable solution, as the spherical boundaries strongly influence the 
tilt of the convection columns. In the mid-range, both spherical 
boundaries and mixing could play comparable roles, allowing for 
either superrotation or subrotation, depending on the initial condi-
tions. In shallow domains, only subrotation is stable, suggesting that 
the geometrical boundaries lose control over the resulting tilt and 
zonal wind. In this shallow case, a competing mechanism might play 

a role, potentially controlling the direction of the zonal wind shear 
and subsequently influencing the tilt (reverse causality). For in-
stance, it might exhibit two-dimensional behavior, with potential 
vorticity mixing around the equator dictating a subrotating equato-
rial jet and consequently an opposite tilt of the convective columns 
develops. Note also that the sensitivity of these results to horizontal 
resolution introduces a degree of uncertainty that warrants careful 
consideration for very large aspect ratios.

Our results could bear implications for the different flow be-
haviors observed in the Jovian planets. Saturn fits within the stable 
superrotation branch, while Jupiter, Uranus, and Neptune lie within 
the region of two possible stable solutions, suggesting that their 
equatorial jet formation mechanisms could be equivalent. Due to 
the lack of clear knowledge on the wind penetration depth on 
Uranus and Neptune, they might also fall within the solely stable 
subrotation branch.

Other mechanisms have been proposed to explain the distinc-
tions between gas and ice giants, including the transition from 
buoyancy-dominated to rotation-dominated dynamics [e.g., (29, 30, 
42)], various forcing or dissipation schemes [e.g., (35–37)], notable 
differences in magnetic fields—particularly the presence of strong 
nonaxial components in ice giants (63)—and compositional varia-
tions that notably affect planetary dynamics (51,  64). While this 
study introduces a unique unified mechanism to understand the 
direction of equatorial jets on giant planets, it is important to ac-
knowledge certain limitations. Our simulations focus on a specific, 
carefully chosen regime near the onset of rotating convection. This 
regime allows us to isolate and examine the fundamental dynamics 
responsible for jet formation; however, it does not fully capture the 
highly turbulent conditions expected in the atmospheres of real 
planets; these “true” gas giant–like regimes remain numerically un-
stable in current state-of-the-art 3D rotating convection models (55). 
Furthermore, although we have examined the robustness of the bi-
furcation across various parameter changes (see figs. S9 to S14), in-
cluding more turbulent conditions, a comprehensive exploration of 
the full parameter space—defined by at least five key dimensions—
remains computationally prohibitive.

Despite these constraints, the identification of a bifurcation lead-
ing to opposing jet directions and its potential to explain the diverse 
zonal wind structures observed in gas and ice giants have impor-
tant implications for understanding atmospheric dynamics of giant 
planets. The emergence of subrotation from tilted columnar con-
vection has not been previously demonstrated in rotating spherical 
simulations; in this study, we show that it can arise as a stable solu-
tion to the governing equations. We further find that this solution is 
robust across variations in the normalized inner radius. Our find-
ings underscore the possibility of both superrotation and subrota-
tion arising under identical physical conditions, offering a unified 
framework to interpret the diverse zonal wind patterns observed on 
the Jovian planets and shedding light on the fundamental mecha-
nisms behind equatorial jet formation.

MATERIALS AND METHODS
Angular momentum conserving wind
The axial component of specific absolute angular momentum (m) 
can be defined by

m = Rcosθ (ΩRcosθ + u) (3)
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therefore, the angular momentum-conserving wind of an air parcel 
at latitude θ that moves poleward from rest at the equator can be 
expressed as [e.g., (56)]

Since this function varies greatly with latitude, it is clear that only 
low-latitude winds can be superrotating (2). In particular, if the 
wind speed at the equator is greater than zero, this indicates a state 
of superrotation.

Planetary Rossby number
The planetary Rossby number is a dimensionless parameter that 
measures the relative importance of inertial forces to Coriolis (rota-
tion) forces. At the equator, it is given by

Since ice giants have similar zonal velocities but rotate at roughly 
two-thirds the rate of gas giants and have radii about third as large, 
their Rossby numbers are expected to be approximately twice those 
of the gas giants.

Nonetheless, all four planets have Rossby numbers that are much 
less than one, indicating that rotation strongly dominates the force 
balance.

Formulation
Governing equations
The basic equations describing the motion of compressible convec-
tion under the anelastic approximation are [following (53, 65)]

The equations above are the momentum equation as shown by 
(66) (Eq. 7), the continuity equation in an anelastic format (Eq. 8), 
a linearized equation of state, a definition for entropy (Eq. 9), and an 
evolution equation for entropy (or temperature) (Eq. 10). The ther-
modynamic variables (p, pressure; T, temperature; and ρ, density) 
are displayed using Reynolds decomposition, denoted with an over-
bar for the spatial mean field (reference state) and primes for de-
viations from this mean state. Here, we take the deviations to be 
small relative to the reference state. In the momentum equation, 
� = ∇ × u is the vorticity and Fν being the viscous force with con-
stant kinematic viscosity ν assuming zero bulk viscosity (no internal 

friction) (53). The specific entropy S is defined for perfect gas (67) 
and γ =

cp

cv
 , where cp is the specific heat capacity at constant pressure 

and cv at constant volume. Last, in the entropy equation κ is the 
turbulent thermal diffusivity, the energy flux is − κρT∇S (68), Π is 
viscous heating, and Qi is radially dependent internal heating (53). 
We evolve the equations above in time to solve for the time-
dependent variables.
Dimensionless formulation
The hydrodynamic set of equations can be written in a dimen-
sionless form with a set of control parameters. The main three 
control parameters of the simulations are the modified Rayleigh number 
Ra∗ =

goΔS

cpΩ
2L

 (where the “regular” Rayleigh number is Ra = goΔSL
3

νκcp
 ), 

the Ekman number Ek = ν

ΩL2
 , and the Prandtl number Pr = ν

κ
 [e.g., 

(69)], where L is the shell depth, ΔS is the entropy difference across 
the shell, and go is the gravity at the top of the domain. The subscripts 
i and o denote the inner and outer boundaries, respectively. In ad-
dition, we define the dissipation number Di = goL

cpTo

= μ
(

e
Nρ

n −1
)

 , 

where n is the polytropic index, Nρ = ln
(

ρi

ρo

)

 is the number of den-
sity scale heights across the shell, and μ =

ri
ro

 is the normalized inner 
radius (or aspect ratio) (53). Then, the set of equations may be writ-
ten as (69)

Numerical setup
To analyze equatorial zonal jets in gas giant atmospheres, we use 
deep convection-driven simulations using the Rayleigh code (52). 
These simulations can qualitatively replicate the characteristics ob-
served at the outer boundary of the Jovian planets’ equatorial regions. 
We examine the domain depth ( μ =

ri
ro

 or L = ro − ri ) to characterize 
the bifurcation problem. All simulations in this study employ free-
slip velocity boundary conditions, which are suitable for the outer 
boundary of a gaseous planet and may also represent the inner bound-
ary of the atmosphere, assuming the presence of a fluid interior be-
low [e.g., (53)]. We use fixed entropy boundary conditions at both 
boundaries, a choice that is straightforward and frequently used in 
benchmark models [e.g., (53)].

All the simulations use the same control parameters, with Jupiter’s 
radius and rotation rate. Since we use the anelastic dimensional 
framework, to maintain constant Ek, Ra*, and Pr values while vary-
ing the inner shell depth, we scale the dimensional quantities (the 
viscosity, thermal diffusivity, and entropy gradient) based on ζ, 

Um = ΩR
sin2θ

cosθ
(4)

Ro =
U

ΩR
(5)

Roice =
U

3

2
Ω ×

1

3
R
= 2Rogas (6)

�u

�t
−u×�= −

∇p�

ρ
−∇

1

2
u2−2�×u+Fν +

ρ�g

ρ
(7)

∇ ⋅ ρu = 0 (8)

p�

p
=

ρ�

ρ
+

T �

T
, S =

cp

γ

(

p�

p
−
γρ�

ρ

)

(9)

ρT

(

�S

�t
+u ⋅∇S

)

=∇ ⋅κρT∇S+Π+Qi (10)

�u

�t
+u ⋅∇u+2ez ×u=Ra∗

r2
o

r
Sr̂−∇

(

p�

ρ

)

+
Ek

ρ
∇ ⋅D (11)

ρT

(

�S

�t
+u ⋅∇S

)

=
Ek

Pr
∇ ⋅ρT∇S+

EkDi

Ra
∗ Π+Qi (12)

D=2ρ
(

eij−
1

3
∇ ⋅u

)

, eij=
1

2

(

�ui

�xj
+

�uj

�xi

)

(13)

Π = 2ρ
[

eijeji−
1

3
(∇ ⋅u)2

]

(14)
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where ζ = 1 −
7μ− 2.45

4.55
 (tables  S2 and S3). This scaling originates 

from an normalized inner radius (aspect ratio) of μ = 0.35, where 
ζ = 1. By taking a specific percentage of this shell (μ = 0.35), such as 
half of it, we achieve ζ = 0.5. The simulations run until they reach a 
dynamical steady state (1000 to 3000 rotations), equivalent to 5 to 15 
viscous diffusion time 

(

tν =
L2

ν

)

 , with all results showing time-
averaged values (excluding snapshots).

The control parameters were chosen within a regime near the 
onset of rotating convection [i.e., the weakly nonlinear regime 
(70), the supercriticality of the main experiments (Figs. 3 and 4) 
is ~5], where the properties of Thermal Rossby waves are dis-
tinctly observable, enabling precise quantification and compari-
son between different solution types. Within this framework, we 
can properly estimate the fundamental mechanism responsible 
for equatorial jet formation. Although more turbulent models 
may more accurately resemble the conditions of real planets, they 
pose considerable numerical challenges and complicate inves-
tigations at large aspect ratios (54). Encompassing the physical 
parameters of the planets listed in table S1 within the Rayleigh-
Ekman-Prandtl parameter space, we observe substantial varia-
tions between these parameters and the numerical values used in 
this study and others (42, 71), largely due to computational limita-
tions. Nonetheless, research suggests that the fundamental physics 
demonstrated in numerical models can still be applicable to actual 
physical environments (55).
The zonal momentum equation
Starting from the zonally averaged zonal momentum equation 
(Eq. 2), considering that the mean momentum fluxes were shown to 
be small in the ageostrophic order (deviating from the perfect geo-
strophic balance, the leading order momentum balance as shown in 
fig. S3) (29, 57, 72), we can write

Using the continuity equation, we can rearrange to write the zonal 
momentum equation in an anelastic form with spherical coordinates

The eddy momentum flux in the direction perpendicular to the 
axis of rotation in an anelastic form with spherical coordinates is

At steady state, the primary balance in this equation involves the 
two Coriolis forces (figs. S1 and S2). When these forces are canceled, 
the remaining Coriolis terms and the radial eddy momentum flux 
convergence term are counterbalanced by the radial numerical vis-
cosity (57, 72). Away from the equator, the meridional eddy mo-
mentum flux convergence term becomes substantial, contributing 
more in the direction perpendicular to the axis of rotation (54). This 

momentum transfer from the eddy fluxes to the zonal velocity sus-
tains the equatorial zonal wind in both the superrotation and subro-
tation cases. This primary balance holds for the entire columnar 
structure outside the tangent cylinder, with contributions from the 
meridional eddy flux and viscosity terms in the direction perpen-
dicular to the rotation axis. This balance also holds in the mid-
latitudes, where solid or parameterized boundaries can represent 
viscosity (73).

Spectral analysis
To assess the wave-like structure of the columns (visible in Fig. 4, C 
and D for superrotation and Fig. 4, G and H for subrotation), we 
conducted a 2D spectral analysis in time and in the zonal direction 
(fig. S7, A and B), and also averaged over a large time span for gen-
erality (between day 300 and day 900, where data are taken every 
1 day) (fig. S7 C and D). The frequency spectrum was calculated by 
taking the two-dimensional (zonal and time dimensions) Fourier 
transform of the kinetic energy at the equator in the middle of the 
shell using Matlab’s fft2. The time averaging (fig. S7, C and D) re-
veals three dominant wave numbers at the equator: 1 to 30, repre-
senting the mean flow and large-scale patterns; ~260, corresponding 
to the number of columns; and ~130, representing the half value 
(fig. S7, C and D). This pattern is evident in Fig. 4 (C and G, insets), 
where columns appear in front-and-back positions, resulting in a 
secondary peak at the half value. The difference between the super-
rotation and subrotation cases is minor; hence, the overall trend 
remains consistent. Examining the dominant wave number at on-
set (fig. S6, D and E) reveals that these wave numbers are consistent 
from onset to dynamical steady state. The phase velocity of the 
waves apparent in the Hovmöller diagrams (fig. S6, D and E) can be 
estimated directly from the frequency–wave number spectra by 
taking the trend of the brightest features in the figure. We per-
formed linear fit to these features by filtering the strongest signals 
(value > 2  ×  106) (see insets in fig.  S7, A and B). The resulting 
values appear in the main manuscript along with one SD of the 
data. The phase speeds derived from our simulations are valid for 
the parameters used in our study but should not be interpreted as 
directly applicable to real planetary conditions, as the simulations 
are not conducted within the true planetary regime [i.e., Ek and 
Ra* numbers are much higher than expectation for real planets 
(42, 55)].

To assess the theoretical phase speed for these conditions, we be-
gin with Taylor expanding the Coriolis parameter around a latitude 
θ0 (56). As the effect of varying the height (topographic beta) is 
equivalent to the effect of varying the rotation parameter used in 
meteorology, we use the later for simplicity (23)

where f0 = 2Ωsinθ0 , β =
2Ωcosθ0

R
 and y = R

(

θ−θ0
)

 . In the limit of 
θ0 → 0 , βy ≫ f0 , hence

This is known as the equatorial beta-plane approximation. Start-
ing from the full dispersion relation found under these conditions 
(56, 58), we can write

�u

�t
+ρ

(

u� ⋅∇u� − 2Ωsinθv + 2Ωcosθw
)

=ρν∇2
u (15)

�u

�t
+

1

r2cosθ

�

�θ

(

ρu�v�cos2θ
)

+
1

r2

�

�r

(

ρu�w�r
2cosθ

)

−ρ2Ωsinθv

+ ρ2Ωcosθw=
ρν

r2cosθ

�

�θ

(

cosθ
�u

�θ

)

+
ρν

r2

�

�r

(

r
2 �u

�r

)

(16)

𝜕u�v
�
⊥

𝜕r⊥
= sin(θ)

1

ρrcos2θ

𝜕

𝜕θ

(

ρu�v�cos2θ
)

+cos(θ)
1

ρr

𝜕

𝜕r

(

ρu�w�rcosθ
)

(17)

f = 2Ωsinθ ≈ 2Ωsinθ0 + 2Ω
(

θ−θ0
)

cosθ0 = f0 + βy (18)

fθ0→0 = βy =
2Ω

R
Rθ (19)

ω2 − c2k2 − β
kc2

ω
= (2m+1)βc (20)
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where ω is the dispersion relation, c is the propagation speed, k is 
the zonal wave number, and m = 0,1,2 … . For low-frequency waves, 
we can neglect terms with ω2 , and the dispersion relation becomes

or in a simpler form

In our case, k2 ≫ (2m+1)β∕c . We further recall the use of the 
topographic beta instead of the “regular” beta, where β* = 2Ω/H 
and H, the scale height, is H = 0.25R, corresponding to the height at 
the center of the cylinder for μ = 0.92. Then, the dispersion relation 
and phase velocity are

Variations in the main control parameters
Last, we investigate the sensitivity of the bifurcation behavior to 
variations in the main control parameters. It is important to recog-
nize that we are operating outside the realm of true physical regimes 
relevant to the planets, meaning there are no definitive true values 
for these parameters to compare against. This disconnect under-
scores the need to examine how variations in these parameters in-
fluence the dynamical behavior of the system.

The experiment closely mirrors that described in Fig. 5, where 
one parameter (e.g., aspect ratio) was varied, while the remaining 
parameters were held constant at their initial values. The calcula-
tion runs were conducted for both super- and subrotation cases, 
starting from the steady states shown in Figs. 3 and 4. Specifically, 
the simulations from Figs. 3 and 4 were restarted for an additional 
5 or 10 viscous diffusion times, during which one or more param-
eters were adjusted according to the specific experiment detailed 
in the Supplementary Materials. We varied four additional control 
parameters [the Rayleigh number (fig. S10), the Ekman number 
(fig.  S12), the Prandtl number (fig.  S9), and the density scale 
height (fig. S13)], testing both half and double their original val-
ues (unless stated otherwise, see Supplementary Text), resulting in 
20 additional runs. Furthermore, as higher aspect ratios require 
high horizontal resolution to properly solve the onset mode (62), 
we repeat the experiment in  Fig.  5 with higher resolution for 
μ > 0.95 for validity. For aspect ratios μ > 0.97, the Ek had to be 
increased as well.

In general, operating near the critical value for convection en-
sures that the bifurcation remains stable, provided that the parame-
ters do not cross critical thresholds. Exceeding these thresholds 
leads to the breakdown of organized convection (wave patterns), 
resulting in vigorous mixing [e.g., (42)]. This is evident in several 
validation tests, including those with low Pr values (fig. S9, bottom 
row), low Ra values (fig. S10, bottom row), and larger density varia-
tions (fig. S13, top row). Moving further into supercriticality yields 
mixed results: increasing Ra* leads to the disappearance of the sub-
rotation solution (fig.  S10, top row), yet decreasing viscosity by a 
similar factor allows the bifurcation to persist (fig. S12, middle row), 
suggesting that the bifurcation’s stability is sensitive to the overall 
parameter combination.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S14
Tables S1 to S4
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Supplementary Materials. The numerical results discussed in this study were derived by 
applying the Rayleigh convection model to solve the hydrodynamic equations. For a detailed 
overview of the methodology, please refer to (52). In this context, we used a specific set of 
parameters and a defined reference state, which are elaborated in the main text and further 
detailed in the Supplementary Materials. This approach allowed us to simulate the dynamics 
of the planetary systems and analyze the resulting behavior under the specified conditions. 
The choice of parameters and reference state is critical, as they strongly influence the 

outcomes and interpretations of the simulations. See Materials and Methods for further details 
and discussion.
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