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Key Points:

e Simulations predict that ionospheric convection transitions from two-cell to one-cell patterns
in magnetospherically unforced polar caps.

e The one-cell pattern is driven by the wind dynamo, governed by the pressure gradient from
neutral temperatures and the Coriolis force.

e The efficiency of the polar wind dynamo is suppressed by faster planetary rotation due to

Coriolis-induced deceleration of neutral winds.
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Abstract

Ionospheric electrodynamics are classically governed by magnetic topology, with solar wind
driving two-cell convection in open polar regions and neutral wind dynamo prevailing at closed
lower latitudes. However, it remains unclear whether this paradigm applies to fast-rotating planets
or Earth’s state with extremely weak upstream conditions, where polar regions become largely
closed. Global Earth-based simulations under closed-field, magnetospherically unforced polar cap
conditions predict that the neutral wind dynamo generates a one-cell convection pattern in polar
regions, a fundamental departure from the magnetospherically-driven two-cell structure. The
convection direction is primarily controlled by the pressure gradient from neutral temperature
distributions and the Coriolis force, forming counterclockwise flow around high-latitude cold
regions and clockwise around low-latitude warm regions in the Northern Hemisphere. Furthermore,
faster planetary rotation suppresses dynamo efficiency through Coriolis-induced wind deceleration.
These results establish a theoretical baseline for planetary atmospheric ion-neutral coupling

without imposed magnetospheric forcing.

Plain Language Summary

The movement of charged particles in planetary upper atmospheres, known as ionospheric
electrodynamics, is usually shaped by planetary magnetic field and its interactions with the solar
wind. At Earth, polar regions are typically open to the solar wind, which strongly influences the
ionospheric behavior. However, for distant and fast-rotating giant planets like Jupiter or Saturn,
recent research suggests their polar regions may be mostly magnetically closed, making internal
atmospheric processes more important. However, how these internal processes control the polar
dynamics under such conditions remains an open question. In this study, we use numerical
simulations based on Earth-like conditions to explore what happens when the polar regions are
magnetically closed, magnetospherically unforced, and the planet’s rotation rate varies. Our results
show that the typical two-cell flow pattern changes to a single circulation cell in the polar
ionosphere. This pattern is driven by winds in the neutral atmosphere, influenced by temperature
differences and the planet’s rotation. We also find that as the planet spins faster, the efficiency of
these internal winds in driving the ionospheric currents decreases. These findings provide a
theoretical baseline for interpreting internal electrodynamics of rapidly rotating giant planets and

for Earth under extremely weak solar wind conditions.
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1. Introduction

Ionospheric electrodynamics, governing electric field generation and charged particle motion,
modulate energy and momentum transfer between the solar wind, magnetosphere, and upper
atmosphere in planetary space environments (Richmond & Thayer, 2000; Schunk & Nagy, 2000;
Kelley, 2009). The canonical paradigm, established from rich datasets at Earth, distinguishes
distinct electrodynamic regimes according to magnetic field topology (Heelis, 2004; Kivelson &
Ridley, 2008). Electrodynamics at high latitudes with open and magnetotail-connected closed field
lines are dynamically controlled by solar wind-magnetosphere interactions (Dungey, 1961;
Cowley & Lockwood, 1992). The upstream solar wind typically forces ionospheric plasma to
convect according to a characteristic two-cell pattern, featuring antisunward flow over the polar
cap and return flow at lower (60-75°) magnetic latitudes (MLATSs) under southward interplanetary
magnetic field (IMF) conditions, while more complex structures may occur under other IMF
orientations (Rasmussen & Schunk, 1987; Crooker & Rich, 1993; Reiff & Heelis, 1994;
Ruohoniemi & Greenwald, 2005; Lu et al., 2011). At middle and low (below ~60°) latitudes,
magnetic field lines are topologically closed, connecting conjugate ionospheres, and the
ionosphere is largely shielded from direct solar wind forcing. Here, the neutral wind dynamo,
mainly powered by solar irradiation, becomes the primary driver of electric fields and currents
during geomagnetically quiet conditions, while penetration electric fields from high latitudes
become increasingly significant during enhanced upstream conditions (Richmond, 1995b;

Rishbeth, 1997).

However, observations from gas giants imply that the Earth-based paradigm may not directly apply
to such rapidly rotating systems due to fundamentally different dominant energy sources and
magnetospheric topology. At Jupiter and Saturn, powerful auroral emissions and strong high-
latitude particle heating attest to intense magnetospheric energy deposition (Cowley & Bunce,
2001; Bunce et al., 2008; O’Donoghue et al., 2021). These energies largely originate from
internally powered magnetospheres, driven by planetary rotation and moon-related mass loading
(Hill, 1979; Khurana et al., 2004; McComas & Bagenal, 2007, 2008), with additional contributions
from solar wind interaction and reconnection (Gurnett et al., 2002; Cowley et al., 2003; Cowley et
al., 2004; Crary et al., 2005). Recent observational analyses, along with numerical simulations,
suggest that their polar cap, particularly at Jupiter, could be largely closed magnetic field lines,

effectively forming vast, closed magnetospheric lobe regions (Zhang et al., 2021; Szalay et al.,
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2022; Chen et al., 2023; Zhang et al., 2024). Such a magnetically closed topology, together with
existing voltage estimates (Badman & Cowley, 2007) and studies of viscous-like magnetopause
interactions (Delamere & Bagenal, 2010, 2013), suggests that the polar ionosphere may be largely
decoupled from direct Dungey-cycle solar wind driving. Dungey- and Vasyliunas-cycle
contributions may nevertheless overlap and remain difficult to distinguish from the ionospheric
flow pattern alone (Badman & Cowley, 2007). Infrared Hs* observations and related auroral
studies also reveal structured and variable high-latitude dynamics at giant planets (see Stallard et
al., 2012, and references therein), including sub-corotation associated with Saturn’s Enceladus
torus and localized corotation poleward of the main auroral oval (Stallard et al., 2007a; Stallard et
al., 2007b), as well as Jovian sub-corotation, near-corotation, dawnside stagnation or possible
return flows, and asymmetric auroral jets (Rego et al., 1999; Stallard et al., 2001; Stallard et al.,
2003; Johnson et al., 2017; R. Wang et al., 2023).

In closed or weakly solar-wind-forced polar regions, ionospheric electrodynamics may be affected
by two broad classes of internally related processes. One is direct magnetosphere-ionosphere
electrodynamic forcing, in which internally-driven magnetospheric dynamics generate field-
aligned currents and closure currents that impose ionospheric electric potentials and drive E X B
convection. Such forcing is important in rapidly rotating, internally mass-loaded systems and is
central to conventional interpretations of giant-planet auroral electrodynamics (Hill, 1979; Cowley
& Bunce, 2001; Cowley et al., 2003; Nichols, 2011). The other is a thermosphere-ionosphere
dynamo pathway, in which thermospheric heating from auroral precipitation, Joule heating, and
solar irradiance, together with ion drag, and rotational/Coriolis effects, shapes thermospheric
temperature, pressure gradients, neutral winds, and ionospheric conductivity. These neutral winds
can then generate dynamo electric fields through ion-neutral coupling (Richmond, 1995b;
Rishbeth, 1997; Richmond & Thayer, 2000; Millward et al., 2005; Chen & Lei, 2019). Terrestrial
studies reveal that the wind dynamo can generate significant electrical energy, although in high-
latitude terrestrial conditions neutral winds are ultimately strongly driven by magnetospheric
energy input (Thayer & Vickrey, 1992). This suggests that internal atmospheric ion-neutral
coupling could modify convection if the background horizontal wind is strong enough. In real
giant-planet ionospheres, the magnetosphere-ionosphere coupling and wind-dynamo pathways are
coupled, leaving the stand-alone wind-dynamo contribution difficult to isolate. Direct observations

of both ionospheric and thermospheric winds within the same relatively high layer of Jupiter’s
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upper atmosphere highlight the importance of asymmetric winds in this region (R. Wang et al.,
2023). However, these observations do not directly constrain the relative balance between
magnetosphere—ionosphere coupling and wind-dynamo forcing within the underlying Pedersen-

conducting layer.

To isolate this internal wind-dynamo contribution, we investigate the theoretical limiting case with
closed-field, magnetospherically unforced polar-cap conditions. Using global simulations with
Earth-based planetary parameters, we impose magnetically closed polar cap conditions and
systematically change the planetary Coriolis forcing. This approach addresses a foundational
question: what convection pattern emerges from the stand-alone neutral wind dynamo, and how is

it governed by planetary rotation and the neutral atmosphere structure?

2. Methods

We conducted our numerical experiments using the Thermosphere—Ionosphere—Electrodynamics
General Circulation Model (TIEGCM) (Roble et al., 1988; Richmond et al., 1992). The model
solves the nonlinear equations of continuity, energy, and momentum for neutral and ion species,
and self-consistently computes ionospheric electrodynamics under a specified geomagnetic field
configuration (Richmond & Maute, 2014). All simulations retain the standard terrestrial
composition and chemistry, with N2, Oz, and O as the dominant neutral constituents, and O*, Oz",
and NO* as the principal ion species relevant to ionospheric electrodynamics. It was configured
with a horizontal resolution of 2.5° % 2.5° and a vertical resolution of 1/4 scale height, spanning
from 97 km to 450-700 km depending on solar activity. All simulations use an Earth-like,
axisymmetric, non-offset dipole magnetic field with the magnetic axis aligned with the planetary
rotation axis. They are run under quiet geomagnetic conditions (Kp = 1), with solar irradiance for
moderate activity (F10.7 = 100 sfu) at the vernal equinox. We conduct two sets of rotation-rate
experiments, one without lower-atmospheric tidal forcing and one with migrating diurnal and
semidiurnal tides imposed at the lower boundary from the Global Scale Wave Model (GSWM;
Hagan & Forbes, 2002, 2003). GSWM is a two-dimensional, linearized, steady-state model based
on prescribed terrestrial background climatologies, and the same GSWM-derived tidal forcing is

imposed across all tide-forced cases.

In the standard model setup, high-latitude electrodynamics are driven by a combination of internal

and external processes. At magnetic latitudes below ~60°, the electric potential is determined
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primarily by the neutral wind dynamo (Richmond et al., 1992) and by penetration electric fields
from high-latitude magnetospheric convection (Foster & Rich, 1998; W. Wang et al., 2008b). At
magnetic latitudes above ~75°, it is specified by the empirical Heelis model (Heelis et al., 1982),
which imposes a cross-polar cap potential (CPCP) indexed by Kp. These solutions are blended
linearly in the transition region (~60°-75°), producing the canonical two-cell convection pattern

under open field line conditions (Richmond, 1995a; Heelis, 2004).

To investigate ionospheric electrodynamics under closed-field, magnetospherically unforced
polar-cap conditions, we removed prescribed external driving from solar wind-magnetosphere
interactions by disabling the high-latitude electric potential, field-aligned currents and auroral
particle precipitation from the empirical model. Field-aligned currents associated with the self-
consistent ionospheric electrodynamic solution are allowed to flow between conjugate ionospheric
foot points, as in the Richmond and Roble (1987) treatment. In this idealized configuration, the

high-latitude electric potential is generated self-consistently by the neutral wind dynamo alone.

The TIEGCM equations are solved in a planet-fixed geographic coordinate system, and neutral
winds are calculated as velocities relative to this rotating frame. We systematically conducted
idealized Coriolis-scaling experiments by multiplying the Coriolis parameter from 1.0 to 2.4, 10,
24, and 100 times the terrestrial value while holding all other parameters constant. This scaling
was applied uniformly at all model pressure levels. No altitude-dependent angular velocity,
differential rotation, or prescribed atmospheric spin-up was imposed. The neutral winds at different
altitudes are instead calculated self-consistently by the model. This sequence was designed to span
a wide parameter range, covering Earth-like conditions to those far exceeding known gas giants.
The scaling factors approximately represent combinations of rotation rate (e.g., ~2.4 for
Jupiter/Earth ratio) and planetary size/magnetic field (e.g., ~10). The approach is inspired by the
transition in magnetospheric morphology from terrestrial to gas giant regimes (Zhang et al., 2024),
though the underlying ionospheric physics may differ. Note that this approach intentionally does
not alter the fixed 24-hour solar irradiation cycle and the Earth-like lower-boundary tidal
conditions, in order to focus directly upon the electrodynamic response to changes in the Coriolis
force. A shorter solar day would also modify thermospheric heating, ionospheric photochemistry,
and atmospheric tides. Thus, these simulations should be interpreted as controlled experiments
rather than fully self-consistent models of gas-giant differential rotation, rotation-dependent tides,

or deep-atmosphere coupling.
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b) With closed polar cap
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Figure 1. Simulated ionospheric electric fields in the Northern Hemisphere under different magnetic
configurations. (a) Standard Earth’s run with dipole magnetic fields during geomagnetically quiet (Kp =
1.0) and moderate solar activity (Fio7= 100) conditions. (b) The closed-cap, magnetospherically unforced
baseline run: idealized configuration with a fully closed polar cap and no magnetosphere/solar wind inputs.
The color shading represents the zonal electric field (positive eastward), and the overlaid contour lines
denote the electrostatic potential (interval = 1 kV). Solid and dashed contours indicate positive and negative

potentials, respectively.

3. Results

Figure 1a presents the electric field simulated by the standard Earth run with geomagnetically quiet
(Kp = 1.0) and moderate solar activity (Fio7= 100) conditions. Zonal electric fields (color shading)
exhibit a diurnal variation, with eastward (positive) fields dominating on the dayside and westward
(negative) fields on the nightside, featuring a pre-reversal enhancement of 0.59 mV/m near the
equatorial dusk terminator. While the mid- and low-latitude (<60° MLAT) zonal electric field
remains below 1.13 mV/m, driven primarily by the neutral wind dynamo and modulated by
penetration electric fields, the high-latitude region (> 60°) shows significantly stronger electric
fields, peaking at 16.84 mV/m on the dayside and -17.27 mV/m on the nightside, which are
imposed by magnetospheric convection. The electrostatic potential (contour lines) reveals a
characteristic two-cell structure. Positive potentials (solid contours) are located in the dawn
hemisphere, while negative potentials (dashed contours) dominate in the dusk hemisphere. The
total CPCP difference is 30.1 kV. The horizontal components of the plasma E X B drift are parallel

to these potential contours. Consequently, the flow forms an antisunward motion across the polar
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cap and a return sunward flow at lower latitudes, encircling the positive (counterclockwise) and
negative (clockwise) potential cells. This pattern is the hallmark two-cell convection typically
observed under southward IMF conditions, driven by the solar wind-magnetosphere interaction

(Dungey, 1961; Cowley & Lockwood, 1992).

Figure 1b displays the electrodynamic state in the closed-field, magnetospherically unforced
baseline run, in which direct magnetospheric and solar wind forcing have been removed. The mid-
and low-latitude electric fields remain nearly identical in structure and amplitude (<1.13 mV/m)
to the standard run (Figure 1a), indicating that these regions are indeed dominated by the internal
neutral wind dynamo and are not largely affected by the removal of magnetospheric drivers. In
contrast, the global magnitude of the high-latitude electric field is drastically reduced, with peaks
diminishing to 1.23 mV/m on the dayside and -1.45 mV/m on the nightside (Figure 1b), an order
of magnitude lower than the values of 16.84 and -17.27 mV/m in the standard run (Figure 1a). This
electric field distribution sustains a morphologically distinct convection pattern where the
characteristic two-cell structure is entirely replaced by a single cell in polar regions. The
corresponding CPCP drops to 8.0 kV, a ~70% reduction from the standard run. This potential

distribution is comparable with respect to previous ideal studies (Richmond & Roble, 1987).

The stark contrast between Figures 1a and 1b within the polar auroral region underscores that the
magnetospherically-imposed convection dominates high-latitude electrodynamics even during
quiet conditions (Kp=1.0), justifying the conventional attribution of polar convection to
magnetospheric driving. However, this attribution should not be misconstrued as the neutral wind
dynamo being electrodynamically insignificant. Intense high-latitude thermospheric winds (often
100-150 m/s), generated in response to magnetospheric energy deposition via ion drag and Joule
heating (W. Wang et al., 2008a; Tan et al., 2022), can store substantial mechanical energy.
Diagnostic studies suggest that these winds alone can generate an electrical energy flux
comparable to that from the direct magnetospheric dynamo (e.g., reaching ~8 mW/m? from winds
versus ~12 mW/m? from magnetospheric driving; Thayer & Vickrey, 1992). However, in typical
coupled models, these wind-driven electric fields are inherently aligned with and embedded within
the magnetospherically-driven convection pattern. Therefore, from an energy partitioning
perspective, there is little need to treat them separately, and current empirical models (Heelis et al.,
1982; Weimer, 2005) effectively capture their contribution as part of the net magnetospheric

forcing. Our experiment in Figure 1b deliberately steps outside this coupled framework to
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investigate the wind dynamo in isolation. By removing the dominant magnetospheric driver, we
can answer a fundamental question: what is the intrinsic structure of polar convection when it is
generated self-consistently by the neutral wind dynamo alone? The following analysis will
characterize this emergent one-cell pattern and quantify its dependence on the planetary rotation
and solar irradiation, which control the Coriolis force and the global neutral temperature structure

that govern thermospheric winds and thus the wind dynamo.

a) Typical Earth b) With closed polar cap
12

12

ExB Drift (m/s)

0 0 100 200 300

c) Rotation x 2.4 d) Rotation x 10 e) Rotation x 24 f)  Rotation x 100
12

1.1kV

ExB Drift (m/s) ExB Drift (m/s) ExB Drift (m/s) ExB Drift (m/s)
S S .
0o 10 20 30 40 o 10 20 30 40 0o 10 20 30 40 o 10 20 30 40

Figure 2. Dependence of simulated ionospheric convection patterns in the Northern Hemisphere on
planetary rotation with closed polar cap. (a) Standard Earth run with dipole magnetic fields during
geomagnetically quiet (Kp = 1.0) and moderate solar activity (Fio7 = 100) conditions. (b) Closed-cap,
magnetospherically unforced baseline run: idealized configuration with a fully closed polar cap and no
magnetospheric or solar wind forcing. (c—f) Closed-cap runs with the Coriolis parameter scaled to 2.4, 10,
24, and 100 times the terrestrial value, respectively. The color shading and arrows represent the magnitude

and direction of E X B drifts, respectively.
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Figure 2 shows the systematic changes in high-latitude convection resulting from variations in
planetary rotation under magnetically closed polar caps. The standard run (Figure 2a) reproduces
the classic two-cell pattern with antisunward flow over the polar cap and return sunward flow at
lower latitudes, where E X B drift velocities exceed 300 m/s. In contrast, the closed-cap baseline
run (Figure 2b), without imposed magnetospheric forcing, exhibits a single-cell pattern around
~70° and 3 MLT, with a markedly weaker peak drift of ~40 m/s and an overall dawn-to-dusk flow

across the polar cap.

As the Coriolis parameter increases from 1.0 to 100 times the terrestrial value, the one-cell
structure persists but undergoes significant morphological and intensity changes (Figures 2b—f).
The cell center, distinct from the closed-cap baseline run and the slow 2.4-time rotation run,
progressively shifts toward midnight (0 MLT) at intermediate rotation rates (10 and 24 times) and
subsequently moves to lower latitudes (~55°) at the extreme 100-time rotation. Concurrently, the
convection strength exhibits a non-monotonic response: it slightly intensifies at 2.4-time rotation
but then declines at higher rates. This suppression is quantitatively underscored by the CPCP,
which peaks at 9.1 kV for the 2.4-time-rotation run before falling to 6.0, 3.4, and 1.1 kV for the
10-time, 24-time, and 100-time runs, respectively. This clear damping of both the flow velocity
and the CPCP with increasing rotation beyond a threshold (~2.4 times) demonstrates a substantial
suppression of the neutral wind dynamo efficiency, governed primarily by the strengthening

Coriolis force.

To examine the mechanisms governing the one-cell convection structure and the response of the
dynamo efficiency to the Coriolis force across our closed runs, we analyze the two end-member
scenarios: the 2.4-time-rotation run (strongest convection) and the 100-time-rotation run (weakest
convection). Figure 3 presents the E-region E X B drifts, neutral winds, and neutral temperature

across the Northern Hemisphere for these two runs.

In the 2.4-time-rotation run (Figures 3a—c), the E X B drift (Figure 3a) exhibits a large-scale
clockwise flow at low latitudes on the dayside afternoon and a distinct counterclockwise cell
centered near 75° MLAT and 3:00 MLT. This pattern closely mirrors the structure of the horizontal
neutral wind (Figure 3b), particularly the large-scale clockwise circulation on the dayside, which
is expected as the dayside electrodynamics are primarily driven by the E-region dynamo. On the

nightside, the neutral wind also shows a counterclockwise circulation, centered near 85° MLAT

10
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and 5:00 MLT, albeit with a slight offset from the E X B drift cell. This offset likely arises because
the nightside Pedersen conductivity peak lies in the F-region, and the electric field must adjust to
maintain a large-scale conservative pattern in response to the dayside dynamo. Overall, the large-
scale E X B drift circulation corresponds to the horizontal neutral wind distribution. The neutral
wind structure, in turn, corresponds to the neutral temperature (T;,, Figure 3c) distribution, which
is associated with neutral pressure distribution. A temperature maximum is located near 30° MLAT
and 15 MLT, while a minimum is found around 80° MLAT and 6:00 MLT. The neutral temperature
contours exhibit a notable similarity to the wind flow pattern, indicative of a wind field primarily
governed by a balance between the pressure gradient force associated with neutral temperature
distribution and the Coriolis force, yielding characteristics analogous to geostrophic flow in the

lower atmosphere (Tarbuck & Lutgens, 1979).

Rotation x 2.4 Rotation x 100
ExB Drift (m/s) ExB Drift (m/s)
a) 0 10 20 30 40 50 60 70 80 d) 0 10 20 30 40 50 60 70 80

0°
LON 180°
MLT 0:00

b)

0°
LON 180° A 0
MLT 0:00 : 12:00

c) Neutral Temperature (K) f) Neutral Temperature (K)
300 350 400 450 500 550 600 300 350 400 450 500 550 600

0°
LON 180°
MLT 0:00

Figure 3. Simulated E-region ionosphere-thermosphere parameters under different Coriolis
parameters for the closed polar cap and magnetospherically unforced scenario. The left column (a-c)
corresponds to the run with a Coriolis parameter 2.4 times the terrestrial value, and the right column (d-f)
corresponds to 100 times the terrestrial value. (a, d) Horizontal E X B drift velocity (color shading) with

overlaid flow vectors (arrows). (b, €) Horizontal neutral wind velocity (color shading) with overlaid wind

11
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flow vectors (arrows). (c, f) Neutral temperature (color shading). The contour lines are overlaid at intervals
of 15 K. The simulations show that the stronger Coriolis force in the faster-rotating run (right column)
significantly reorganizes the flow patterns and suppresses the dynamo efficiency. All results are at the

pressure level Zp = -4 (approximately ~130 km, near the daytime E-region Pedersen conductivity peak).

In the 100-time-rotation run (right panels of Figure 3), the E X B convection pattern (Figure 3d)
is not simply a uniformly weakened version of the 2.4-time-rotation case, but is reorganized into
a weaker and more symmetric structure. A dawnside poleward drift of order ~10 m/s remains over
a broad latitude range, whereas the duskside equatorward branch is reduced from ~30-40 m/s in
the 2.4-time run (Figure 3a) to ~10 m/s in the 100-time run (Figure 3d). Thus, the main change is
not only a reduction in drift magnitude but also a transition from the more displaced and
asymmetric circulation to a more symmetric large-scale pattern. This behavior reflects the fact that
the E X B drift is determined by the electrostatic potential obtained from the global, conductivity-
weighted wind-dynamo current-closure problem, rather than by the local neutral wind alone. A
related reorganization is also seen in the neutral wind distribution (Figure 3e). Under very strong
Coriolis forcing, the meridional neutral wind is strongly suppressed and the wind field becomes
increasingly dominated by zonal components, with westward winds between 12-20 MLT and
eastward winds during other MLTs at low latitudes. This change in the neutral wind geometry
reorganizes the wind-dynamo source term and redistributes the electric potential, thereby
weakening the duskside return branch while maintaining a weaker dawnside poleward branch.
Furthermore, the neutral temperature distribution is substantially altered. Figures 3¢ and 3f show
that the low-latitude temperature in the 100-time run is slightly higher (~600 K) than in the 2.4-
time run (~570 K). In contrast, the high-latitude temperature (~300 K) is significantly colder than
its 2.4-time counterpart (~450-500 K). This enhanced latitudinal temperature gradient arises
because a stronger Coriolis force requires weaker wind speeds to balance a given pressure gradient
force. As solar radiation primarily heats low-to-mid latitudes, the reduced wind-driven advection
inhibits efficient heat redistribution to high latitudes, thereby amplifying the temperature contrast.
The thermospheric momentum balance also includes ion drag, viscosity, nonlinear advection, and
other forcing terms besides the pressure-gradient and Coriolis forces (Roble et al., 1988; Richmond
etal., 1992; Richmond & Thayer, 2000). As the Coriolis scaling increases, the system tends toward
a more geostrophic-like balance, in which enhanced pressure gradients can be balanced by weaker

horizontal winds, thereby suppressing the wind dynamo efficiency.

12
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Figure 4. Sensitivity of the closed-polar-cap simulations to lower-boundary tidal forcing as a function
of the imposed Coriolis scaling factor. (a) Peak horizontal E X B drift speed poleward of 50° magnetic
latitude. (b) Peak absolute meridional neutral wind speed. (¢) Maximum difference in E-region neutral
temperature. Black curves correspond to simulations without lower-boundary tides, and red curves
correspond to simulations including migrating diurnal and semidiurnal tides from the Global Scale Wave
Model (GSWM). The horizontal axis denotes the Coriolis scaling factor relative to the terrestrial value. All
diagnostics are evaluated at Zp = -4, approximately 130 km, near the daytime E-region Pedersen

conductivity peak.

Figure 4 summarizes how the wind-dynamo response varies with imposed rotation rate and lower-
boundary tidal forcing. This comparison is motivated by classical terrestrial wind-dynamo studies,
in which lower-atmospheric tides can substantially amplify electrodynamic variations (Richmond
& Roble, 1987; Richmond, 1995b). In our simulations, increasing the Coriolis scaling reduces both

high-latitude horizontal E X B drift and the peak meridional neutral wind, while increasing the E-

13
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region neutral temperature contrast. Within the present configuration, this suggests that faster
rotation inhibits meridional heat redistribution and helps maintain stronger temperature gradients,
but also weakens the meridional wind response that drives the wind dynamo. Adding the prescribed
empirical migrating diurnal and semidiurnal tides (Hagan & Forbes, 2002, 2003) modifies the
amplitudes of the simulated drifts and winds, generally enhancing them, but does not alter the
rotation-dependent trend in these sensitivity tests. Because the same Earth-based tidal
perturbations are imposed for all rotation rates, rather than being recalculated self-consistently for
each rotation state, these simulations should be interpreted as a sensitivity test of lower-boundary
forcing rather than as a complete treatment of rotation-dependent tidal effects. A full heat-budget
diagnosis would be required to determine how rotation changes the balance between horizontal
energy redistribution by meridional winds and vertical transport by diffusion, waves, and tides.
This distinction is relevant to future applications to rapidly rotating planetary thermospheres,
where the partition between horizontal redistribution and vertical transport remains an important

open problem.

4. Discussion

Our simulations demonstrate that under magnetically closed and magnetospherically unforced
polar cap conditions, high-latitude ionospheric convection can be generated by the neutral wind
dynamo and organizes into a one-cell pattern rather than the usual solar-wind-driven two-cell
pattern. The pattern's intensity and detailed morphology evolve with rotation rate, but its direction
remains closely tied to the pressure gradient associated with neutral temperature distribution. In
the Northern Hemisphere, the simulated E X B flows consistently exhibit counterclockwise
circulation around nightside, high-latitude cold regions and clockwise circulation around the
dayside, lower-latitude warm region. This relationship arises from the neutral wind direction
dominated by the pressure gradient force and the Coriolis force, analogous to cyclonic and
anticyclonic flow in the troposphere (Tarbuck & Lutgens, 1979). These thermospheric winds then
drive electric fields by the wind dynamo and further cause the corresponding convective E X B
drift. As the imposed rotation rate increases, the neutral temperature contrast becomes larger, but
the meridional neutral wind and E X B drift become weaker. This interpretation is consistent with
the established theory of wind dynamo-driven convection at middle and low latitudes (e.g.,

Richmond, 1995b) and with earlier idealized studies showing that thermospheric winds can drive
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ionospheric electric fields even without imposed magnetospheric forcing (Richmond & Roble,

1987).

The rotation-dependent changes in thermal structure and neutral winds provide a qualitative
reference for rapidly rotating planetary ionospheres with closed and weakly forced polar caps.
Figures 3c, 3f, and 4c indicate that stronger Coriolis forcing reduces horizontal redistribution of
thermospheric energy in our solar-radiation-driven case. Because early Earth rotated more rapidly
than today (Green et al., 2017; Mitchell & Kirscher, 2023), the non-monotonic Coriolis response
found here suggests that faster rotation could have altered thermospheric heat redistribution and
the resulting wind-dynamo convection, although its magnitude would depend on contemporaneous
solar and atmospheric conditions. In real gas-giant auroral regions, however, the high-latitude
thermal and electrodynamic structures are dominated by magnetosphere-ionosphere coupling. At
Jupiter, enhanced H; temperatures have been observed in and poleward of the main auroral oval
(O’Donoghue et al., 2021), although comparisons with neutral temperatures require caution, since
Hj traces the neutral gas only under quasi-local thermodynamic equilibrium (LTE) conditions and
non-LTE effects may occur at higher altitudes (Tao et al., 2011; Giles et al., 2016). Such auroral
heating may modify neutral temperatures and winds by analogy with terrestrial auroral heating
(Xu et al., 2013). In addition, Jovian and Kronian auroral electrodynamics are strongly controlled
by current closure and coupling to rapidly rotating magnetospheric plasma (Hill, 1979; Cowley &
Bunce, 2001; Nichols, 2011; Stallard et al., 2012), and observations show structured ion and
neutral flows, including sub- and super-corotational motion, possible return flows, asymmetric jets,
and ion-neutral relative motion (Chaufray et al., 2011; Johnson et al., 2017; Cavali¢ et al., 2021;
R. Wang et al., 2023). Recent observations of Jupiter’s UV-dark polar ovals further suggest that
magnetospheric forcing may organize large-scale polar atmospheric structures and potentially
influence atmospheric dynamics down to stratospheric levels (Tsubota et al., 2025). Consistent
with these observations, giant-planet thermosphere-ionosphere models show that auroral energy
input, Joule heating, ion drag, and rapid rotation can substantially control upper-atmospheric
circulation and thermal structure (Achilleos et al., 1998; Bougher et al., 2005; Yates et al., 2020;
Miiller-Wodarg et al., 2025). Thus, for Jupiter and Saturn, the wind-dynamo pathway isolated here
should be viewed as a weak, complementary limiting process rather than an alternative to

magnetospheric driving.
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Because the simulations use Earth-based planetary parameters, an aligned dipole, Earth-like solar
irradiation, and Earth-like lower-boundary forcing while only the Coriolis forcing is scaled, they
should be interpreted as controlled reference cases for the stand-alone closed-cap wind dynamo.
At Earth, the Pedersen conductivity generally peaks in the E region during the daytime and the
lower F region at night. The altitude of this peak is planet dependent, while the overall wind-
dynamo response is determined by currents integrated along magnetic field lines rather than by the
wind at a single altitude (Richmond, 1995a; Rishbeth, 1997; Heelis, 2004; Chen & Lei, 2019).
More generally, the results may be useful for considering weakly forced closed polar caps at gas
giants, ice giants, or exoplanets, but quantitative applications will require coupled magnetosphere-
ionosphere-thermosphere models with planet-specific magnetic geometry, magnetospheric forcing,
realistic lower-atmospheric tidal boundary, and vertically resolved neutral-wind and

electrodynamic responses.
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