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vertical ion drifts within the upper
atmosphere
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Abstract For decades, the influence of Jupiter's higher order magnetic field on its non-auroral ionosphere
has remained enigmatic. NASA's Juno spacecraft has revealed great complexities in the Jovian magnetic field,
with significant features in the sub-auroral regions aligning with puzzling structures identified in near-infrared
emissions from the ionosphere. Here, we directly compare ground-based measurements of Jupiter's ionosphere
with the latest magnetic field models borne in the era of Juno and reveal aspects of global ionosphere-
magnetosphere coupling not previously explored. Ionospheric emissions exhibit either enhancements or
reductions where the surface field is weakest and are found to correlate with both the strength and geometry of
the magnetic field, where the latter is more dominant and with a unique control in each magnetic hemisphere.
Therefore, we have illustrated that there may be distinct electrodynamic processes responsible for shaping
Jupiter's non-auroral ionosphere in these key regions.

1. Introduction

Giant planet upper atmospheres are composed of a co-located neutral thermosphere, primarily consisting of
molecular H, hydrogen, and a weakly ionized ionosphere, containing the collisionally-excited and prevalent
molecular ion HY. The near-infrared (NIR) emissions from HY are driven by its thermal excitation, and the
observed intensity is governed by both the local ion density and the thermospheric temperature (Miller
et al., 2013). Since planetary ionospheres mediate particle, energy and momentum transfer between the magne-
tosphere above and the turbulent atmosphere below, HY emissions and spectral measurements provide a unique
window into their coupling at the Giant Planets. This allows us to remotely disentangle the physical properties of
their tenuous upper atmospheres (Drossart et al., 1989; Geballe et al., 1993; Trafton et al., 1993), as well as
providing a measure of particle precipitation and energy deposition into the system (Connerney & Satoh, 2000).

HY is formed from the ambient H, population, either by dayside solar photoionization from solar extreme ul-
traviolet radiation, or through particle impact ionization, often via electron precipitation about the magnetic poles
(Miller et al., 2020). It is typically destroyed by dissociative recombination with free electrons, or through
collisional proton exchange with “heavy” neutral species (Miller et al., 2020). While there are detailed iono-
spheric measurements within the auroral regions (Lam et al., 1997; T. Stallard et al., 2002; T. S. Stallard
etal., 2018; Johnson et al., 2018), Jupiter's lower latitudes have remained relatively unexplored, and the extent of
the coupling to the magnetosphere and atmosphere lacks observational constraints.

Equatorial NIR emissions are significantly fainter than the aurora and are difficult to spectrally separate from
bright neutral species (Miller et al., 2020; T. S. Stallard et al., 2018). If the timescales of any transport processes
are longer than the predicted chemical lifetime of H (Miller et al., 2020; L. Moore et al., 2018), and since the
incident solar flux is uniform across the planetary disk, emissions were thought to be relatively homogeneous,
with a gradual gradient from the bright aurora down to the equator (Rego et al., 2000; T. S. Stallard et al., 2012).
Unprecedentedly, recent works have instead revealed that the lower latitudes possess planet-wide variations in the
ionospheric H3+ emissions (Drossart, 2019; Melin et al., 2024; O’Donoghue et al., 2021; T. S. Stallard et al., 2017;
T. S. Stallard et al., 2018).

Analysis of long-term observations using the NASA Infrared Telescope Facility, utilizing H¥ filtered images
averaged over 48 nights across 1995-2000, resulted in a map of the mean NIR emissions from Jupiter's
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Figure 1. Mean infrared brightness of Jupiter's ionosphere, relative to the main auroral emission, with regions of brightening
and darkening labeled a through to h. Only planetocentric latitudes up to 75° in magnitude, across all System III (West)
longitudes, are displayed to represent the non-auroral ionosphere.

ionosphere (T. S. Stallard et al., 2018). This map, as shown in Figure 1, contains large-scale features with complex
morphologies at weak brightness compared to the main auroral emission. In a given location, HY emissions may
be depleted due to the region being cooler relative to its surroundings, a reduction in the local ion density, or both
in tandem. Despite many features being later confirmed (Drossart, 2019), their driver has not been fully resolved,
and they are not discernible in all measurements due to the sensitivity required to detect them (Lam et al., 1997;
Melin et al., 2024; O’Donoghue et al., 2021).

Features of interest (The outlined latitudinal/longitudinal extents of the features represent approximate extents as
seen in Figure 1 with the selected scaling, and do not represent the true physical boundaries of the emission
features).

1. The Great Cold Spot. Previously identified as a region of 150 K cooling, approximately fixed in its magnetic
position for a minimum of 15 years (T. S. Stallard et al., 2017), ranging across ~280-320° System IIT (West)
longitude and 45-62° North.

2. Northern Ionospheric Anomaly. Almost longitudinally co-aligned with the Great Cold Spot across ~270—
320°W, but further equatorward at 25-40°N, and larger.

3. Broad region of enhancement. Spanning across 290-320°W and 50-65°N.

4. Dark Ribbon. A sinusoidal ribbon of depleted HI emission, offset from the jovigraphic equator (within 20°
either side), extending across all longitudes. Shown to be co-located with Jupiter's magnetic equator (T. S.
Stallard et al., 2018), where field lines run parallel to the planet such that the dip angle, the angle between the
magnetic field line and the local surface, is 0°.

5. Head of the Northern Silhouette. It “heads” into the northern aurora at 165°W and ~40°N.

6. Southern lonospheric Dark Spot. An isolated dark spot in the southern hemisphere, centered on 90°W
and ~25°S.

7. Northern Silhouette. At the largest scales, this is the darkest of all of the features, extending across ~50—
140°W in the northern hemisphere (30—45°N).

8. Tail of the Northern Silhouette. It “tails” the Northern Silhouette, and extends over 20-50°W and 30-70°N.

NASA's Juno mission has been taking extensive in-situ measurements of the Jovian magnetic field, resulting in
higher-order planetary field and current sheet models in the era of Juno (Bloxham et al., 2022; Connerney
et al., 2018; Connerney et al., 2020, 2022; K. M. Moore et al., 2017, 2019). Significant hemispheric asymmetries
are persistent across recent models (Bloxham et al., 2022; Connerney et al., 2018; Connerney et al., 2022; Gastine
etal., 2014; K. M. Moore et al., 2019) and include localized magnetic features away from the polar regions, such
as a band of positive radial flux, “The Northern Hemispheric Flux Band,” and an isolated area of intense, negative
radial field in the south, “The Great Blue Spot” (Connerney et al., 2018). Following the completion of its prime
mission in July 2021, the latest representation of the internal field is the JRM33 model (Connerney et al., 2022).
Comparisons between JRM33 and its predecessor JRM09 (Connerney et al., 2018) identified a change over time
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Figure 2. Contours of (i) total magnetic field strength (G) and (ii) magnetic dip angle (o), projected onto the map of
ionospheric emissions. For (ii), white contours indicate where the magnitude of the magnetic dip angle is below 50°, and red
and blue depict where the dip angle is between positive and negative 55-90°, respectively.

on the sides of the Great Blue Spot due to its field being transported eastwards via shearing from vertically
extended zonal winds (K. M. Moore et al., 2017, 2019).

This revelation of Jupiter's complex ionosphere (Drossart, 2019; Melin et al., 2024; O’Donoghue et al., 2021; T.
S. Stallard et al., 2017, 2018), and the complementary discovery of its variable field (Connerney et al., 2022; K.
M. Moore et al., 2017, 2019), make it compelling to compare the two unique data sets, and hints that Jupiter's
powerful magnetic field may be responsible for the equatorial structure of its ionosphere. Here, we re-investigate
observations originally presented in T. S. Stallard et al. (2018) and analyze the features of interest highlighted in
Section 1. We discuss their possible connections with Jupiter's magnetic structure at non-auroral latitudes and
draw our final conclusions in Section 2.

We utilize community code JupiterMag (James et al., 2022; Wilson et al., 2023) to use JRM33 and Con2020
(Connerney et al., 2020) as internal and external field models respectively. We assume a spherical planet with an
equatorial radius of 71,492 km (1R;) with the ionosphere ~550 km above the 1-bar pressure level (Melin
et al., 2005). JRM33 assumes planetocentric System III East coordinates, but all mappings are transformed to
planetocentric System III West. The incorporation of Con2020 is not significant at sub-auroral latitudes, where
the radial component dominates, however we have utilized it for completeness.

2. Results and Discussions
2.1. The Strength and Geometry of the Jovian Magnetic Field

For Figure 2, we start by comparing the T. S. Stallard et al. (2018) observations of H} emissions from Jupiter's
ionosphere with contours of (a) total magnetic field strength, Br,,;, in Gauss and (b) magnetic dip angle in degrees,
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Figure 3. The relationship between the relative brightness of H;’ emissions and the (i) total magnetic field strength (G), (ii)
magnetic dip angle (o), as well as (iii) both parameters simultaneously between absolute latitudes of 35°. For (i, ii), the mean
and standard deviations are shown in the solid and dashed lines, respectively. The area between 160 and 270°W and 25-35°N is
masked due to the bright emissions from the aurora bleeding into the data.

where the latter represents the angle between the magnetic field line and the local horizontal surface (Rishbeth &
Garriott, 1969). We display each of the components of the field in Figure S1 in Supporting Information S1. Both
Figures 2i and S1i in Supporting Information S1 show features ¢ and h in regions of relatively weak magnetic field,
whereas e and g appear to visually align with the strong field associated with the Northern Hemispheric Flux Band.
The regions a, b and f are within ~20° latitude of magnetic features but are not perfectly collocated.

Figure 2ii reveals that Jupiter possesses extremely localized regions of high dip angle across the planet, unlike the
Earth where strongly inclined field lines are concentrated at high latitudes (Laundal et al., 2017; Schunk &
Nagy, 2009). They also appear to approximately coincide with where the field is strongest (Figure 2i). Some of the
ionospheric features align within ~30° of near-perpendicular field lines (where field lines are close to vertical
relative to the 1bar pressure level), including a, e, g, h, and f. Meanwhile, b and ¢ are well contained within ~30°
of near-parallel field lines (where field lines are near-horizontal to the one bar pressure level). d is coincident with
0° dip angle and closely follows the B, contour of 0G in Figure S1i in Supporting Information S1, indicating that it
is likely to be an ionospheric signature of the horizontal field lines at Jupiter's magnetic equator. This suggests that
the H} features may be magnetically bimodal, either associated with large or small dip angles.

Past measurements have shown that the broad-scale polar emission is dominated by high temperatures (O’Do-
noghue et al., 2021), and we estimate this temperature gradient extends to latitudes of ~35°. Therefore, we restrict
to latitudes between +35° for both Figures 3 and 4, and display how the discrete HY emission features are lost if
Figure 1's full extent is similarly analyzed in Figure S2 in Supporting Information S1.
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Restricting to latitudes of £35° effectively removes the effects of the auroral emissions across the map. However,
the equatorward edge of the northern auroral emission “bleeds” into the non-auroral emission across 160-270°W,
presumably due to the temperature gradient from the aurora to the equator. As a result, we mask the emission
within the region affected by the auroral bleeding (160-270°W and 25-35°N) for both Figures 3 and 4. The
inclusion of the masked region has minimal effects on the results, as shown by Figure S3 in Supporting Infor-
mation S1, and it efficiently removes a bright feature (labeled x) which dominates the non-auroral emissions
across 0—15G and ~25-65° dip angle.

Figure 3 shows how the H} brightness varies with (i) By, (il) absolute dip angle and (iii) both parameters
simultaneously. Figure 3i displays a decreasing gradient in the Hf brightness with increasing field strength,
where the dimmest emissions occur at ~7G. Above this, the gradient in Br,,,; appears to have little effect on the
ionospheric brightness. For Figure 3ii, the darkest emissions are concentrated at 0-15° and ~70-90°, which is
consistent with the hypothesis of bimodal dip angle features. Similarly, there are clear brightness minima at 0—
10° and 80-90° in Figure 3iii as a result of features d and f respectively. There is also a broad dimming across
30-65° and 7-16G, where the darkest emissions occur at 45-65° and 12-16G, and is presumably due to the
coincidence of the bases of features g and e with the bottom of the Northern Hemispheric Flux Band. The
relatively bright emissions about 45-70° and 6-8G are likely from the emissions equatorward and surrounding
feature f.

For Figure 4, we split the constrained data into 45° longitude bands and calculate the median brightness for each
band. We further bin the data into 5° dip angle bins and identify each dip angle bin where the Hf emission is above
(brighter than) or below (dimmer than) the median for a given longitude band. The northern and southern
magnetic hemispheres correspond to where dip angles are positive and negative, respectively. We present a
stacked histogram of the H} brightness relative to the median across all longitude bands, and show the percentage
below the median, for each dip angle bin. Figure S4 in Supporting Information S1 represents an analogous plot to
Figure 4, with the inclusion of the masked region between 160 and 270°W and 25-35°N.

T. S. Stallard et al. (2018) found that the Dark Ribbon d is relatively well-contained within £5° of the JRM09
magnetic equator, and it is the one of the most prominent features across all longitudes in Figure 4, with 100% of
the data below the median brightness within +5° of the magnetic equator. Furthermore, f is also distinct as 100%
of the HY emission is dimmer than the median between —75 and —90° dip angle across longitudes 45-135°.
Notably, this is the only region where near-perpendicular field lines are observed in the southern magnetic
hemisphere, just poleward of the Great Blue Spot. Figure 4 highlights the bimodality between equatorial HY
emission and dip angle in the southern magnetic hemisphere. Significant dimming is associated with either near-
parallel (0°) or near-perpendicular (—90°) field lines, with the strongest dimming occurring about the magnetic
equator.

The northern magnetic hemisphere, where magnetic dip angles are positive, is less straightforward. We observe
significant reductions from the median brightness for dip angles of +10-25° due to the combination of feature b
and the diffuse darkening adjacent to ¢ in Figure 1 (this darkening is also present across 35-50° dip angle), as well
as +50-70° (the bases of both features g and e). This is perhaps indicative of a multi-modal distribution in the
north, which may also explain the dimming across dip angles of 30-65° in Figure 3iii.

2.2. Magnetic Field Line Mapping

To firstly investigate the possibility of interhemispheric magnetic conjugacy as a potential source for the features,
we traced magnetic field lines from the ionospheric features to their magnetically conjugate point in the opposing
hemisphere (Figure 5). Figure 5 shows partial interhemispheric mapping between features f and g, where field
lines from feature f map to g, but not all field lines from g map to f, with significant regions instead mapping to
relatively bright regions surrounding f. We argue that they are magnetically linked to the high field anomalies in
the opposing hemisphere, rather than to one another, potentially indicating a conjugate signature of these high flux
regions. Since the remaining HY emission features do not trace to higher field strength locations in the opposing
hemisphere, interhemispheric transport may not be the primary source for these localized variations in the Jovian
ionosphere.
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Figure 4. A stacked histogram displaying the distribution of the HY emission relative to the median brightness for various 45°
longitude bins (indicated by colors) as a function of magnetic dip angle (°), and the percentage below the median for each 5°
dip angle bin is also shown at the bottom. The area between 160 and 270°W and 25-35°N is masked from this figure.

To explore other potential sources, we traced field lines out to various M-shells, in steps of 0.05R;, 360° around
the planet in 10° longitude intervals. The M-shell represents a given non-dipolar field line which intersects the
equatorial plane at a radial distance equal to M. We plot the ionospheric magnetic footprint locations in Figure 6,
and show that the HY features map to be within 4.00R; in the Jovian magnetosphere.
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Figure 5. Magnetic field lines (orange-red) which originate from regions of depleted HY emissions are traced to their
corresponding magnetic conjugate points in the opposing hemisphere. Contours of total magnetic field strength (G) have also
been displayed (gold).
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Figure 6. Ionospheric footprint locations for traced magnetic field lines, separated by 10° longitude, at various M-shell
distances, in steps of 0.05R;.

2.3. Discussions on the Magnetic Shaping of the Ionosphere

We now interpret the various magnetic correlations presented in this analysis. Figures 2—4 show how large-scale
irregularities in Jupiter's ionospheric emissions appear broadly associated with both low and high field strength,
but this alone is not an accurate proxy.

Equatorial H} emission is dimmer at preferential dip angles, with one of the largest reductions occurring about the
magnetic equator. In Figure 4, emission is strongly diminished either at dip angles of 0° or approaching 90° in the
southern magnetic hemisphere. However, the opposing hemisphere possesses a more complicated distribution,
with distinct departures from the median brightness at 0°, 10-25° and 50-70°, perhaps indicative of an additional
effect governing the north. Figure S5 in Supporting Information S1 is an analogous plot to Figure 4 for Bz,,,; and
Figure S6 in Supporting Information S1 shows the effects of omitting the mask on the region including the auroral
bleeding. The H brightness does not deviate from the median as significantly, yet H is consistently darker about
5G, ~7G, 8.5-12.5G and <13G in Figure S5 in Supporting Information S1. Given the distinct magnetic features
across 90-135° longitude, we may consider the field strength to be the secondary effect in this region.

The significant asymmetry and variability in the field structure between conjugate hemispheres may drive
different manifestations of the same magnetic disturbance. This could introduce local alterations in the upper
atmospheric properties, suggesting that the ionosphere-magnetosphere coupling is unique across the entire planet
(Laundal et al., 2017). Gradients in the Pedersen conductance can affect the altitude at which ions become coupled
to the field, potentially resulting in the mixing of Hf and electron layers, thus generating currents and inducing
vertical transport either locally or between hemispheres.

We suggest that the likely driver for the dark HI emission features is localized reductions in the ion density within
Jupiter's non-auroral ionosphere, as opposed to local decreases in temperature. Quasi-stable low temperature
structures within the thermosphere would be difficult to maintain without constant driving in order to prevent
them being smoothing out due to the thermal gradient between the auroral regions and mid-latitudes (Lam
et al., 1997).

Above 600 km, H" ions dominate the Jovian ionosphere with their long chemical lifetime of ~1 Jovian day
relative to ~1000 s for HY (Barrow et al., 2012). Under the assumption of photochemical equilibrium, where
chemical timescales are relatively minor compared to timescales for transport, the density of HY is inversely
proportional to the local electron density (L. Moore et al., 2004). There is reason to anticipate that Jupiter's
ionosphere is not in full photochemical equilibrium (e.g., Mendillo et al., 2022), primarily because H* is the
dominant species and is highly mobile. Yet it may be expected that isolated regions of reduced HY density are
induced by a local enhancement in the Hf chemical loss rate due to the presence of relatively high H* (and
electron) densities.

We speculate that such conditions arise through vertical transport or via energetic particle precipitation from the
inner Jovian magnetosphere, where the former is intrinsically entwined with the magnetic field geometry (L.
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Moore et al., 2004). A reduction in the H} emission at high dip angles may indicate its vertical transport to lower/
higher altitudes, thereby driving Hf below the homopause where it is lost to proton transfer with methane, or up in
altitude and causing a local minimum in the plasma density. Alternatively, it could imply precipitation into the
equatorial ionosphere from the innermost magnetosphere, as observed by Juno (Kurth et al., 2025), or that high
dip angles lead to a local minimum in the vertical transport induced by neutral winds, thus allowing a relatively
large concentration of H* to build up. Low emission at low dip angles may suggest the electrodynamic transport
of HY, resulting in upward or downward drifting of plasma akin to at Earth (Laundal et al., 2017; Schunk &
Nagy, 2009), or the inhibition of neutral wind driven ion motion. Both extremes are observed at Jupiter, resulting
in the non-auroral H¥, produced by solar photoionization, which is strongly modulated by electrodynamic pro-
cesses that are intimately linked with the local magnetic field structure.

Notably, the location of feature g coincides with a continuous enhanced neutral atmospheric emission known as
the “H Ly-a bugle” (Melin & Stallard, 2016). Its production has been suggested to require either an increased
population of H or elevated thermal velocities of the H ions. The latter creates wavelength-broadened Ly-a wings
which increase the overall H Ly-a brightness, while the former involves an enhanced flux of soft electrons leading
to electron recombination of HY that could be driven by a vertical E X B drift at the magnetic equator.

Recently, the James Webb Space Telescope observed the ionosphere above Jupiter's Great Red Spot (Early
Release Science #1373, de Pater et al. (2022)) and revealed the instantaneous structure to be driven by transient
gravity wave activity due to strong coupling to the lower atmosphere (Melin et al., 2024). No clear decrease in the
HZ density at the magnetic equator was found, but their spatial coverage was limited and they argued the need to
temporally average over longer timescales to expose the electrodynamic molding of the ionosphere.

At Earth, the upward E X B force due to the horizontal field at the magnetic equator drives plasma up in altitude,
leading to a local reduction with enhancements either side as the plasma gravitationally diffuses down the field
lines, generating the Equatorial Ionization Anomaly (Schunk & Nagy, 2009). If such processes were to occur at
Jupiter, its magnitude and direction would depend on the gradients in the ion and neutral ionospheric wind
patterns, and since these are not well constrained at Jupiter, we can only speculate. Previous observations found
indications of small-scale structure in the bulk H;r flows, but these were inside of the derived errors (Johnson
et al., 2016). Further modeling is needed to determine if this is occurring at Jupiter, especially given that the
constituents of terrestrial plasma possess longer chemical lifetimes than that of H} (Miller et al., 2020; L. Moore
et al., 2018; Schunk & Nagy, 2009), but that is beyond the scope of this study.

If there is ionosphere-magnetosphere coupling in these key regions, Figure 6 shows that the features magnetically
map to be well within the volcanic moon Io's orbit (5.9R,), and so we may eliminate field-aligned precipitation
from the Io plasma torus as a possible driver. The inner magnetosphere (<10R;) contains the primary source of
plasma production, inner ring systems, radiation belts, innermost satellites, and Jupiter's magnetic field aids the
trapping of ~1 GeV protons and >70 MeV electrons in this region (Roussos et al., 2022).

Charged particles propagating in the near Jupiter environment will orbit about a magnetic field line whilst radially
drifting around the planet, with the direction of motion characterized by the particle's charge. If a magnetic field
gradient is present, the azimuthal motion, along with the radial component of the magnetic field, results in a force
acting against the particle's motion and in the direction of lower magnetic intensity. Its motion is slowed until it is
forced to reverse its direction and is magnetically mirrored back along the field line, leading to a bounce motion
between its northern and southern mirror points (Abel & Thorne, 2003). The strength of the mirror force varies as
a function of the magnetic field strength, with a higher field strength producing a larger mirror force, and the field
strength varies as a function of longitude. Longitudinal variations in the magnetic field strength can therefore
scatter energetic charged particles such that they cannot be deflected sufficiently by the magnetic field intensity,
and mirror at such low altitudes that they precipitate into the atmosphere (Abel & Thorne, 2003). Therefore, we
may expect any HY brightness governed by particle precipitation to vary with magnetic field strength. The field
across many of the features varies significantly, yet their brightness is relatively uniform (Figure 2i). As they
appear to be quasi-stable over periods of years, any interactions with an external source would need to be long-
lived and fixed in System III longitude, making it difficult to justify a variable external driver.

Nevertheless, for M-shells 1.10-1.35R, the field strength at the ionospheric footprints is at a minimum at c,
whereas further away from the planet, we map to darkenings f and h (Figures 2i and 6). This change magnetically
traces to a shift from a proton-rich to an electron-dominant population within Jupiter's inner radiation belts
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(Roussos et al., 2022). If energetic particles are scattered into the non-auroral ionosphere, they could alter the local
plasma conditions, current structure and subsequently the vertical mixing of HY, and so may play a part in shaping
some of the HY emission features.

Juno has directly sampled equatorial ionospheric populations using the Jovian Auroral Distributions Experiment
Ion JADE-I) sensor (Valek et al., 2019, 2020) and the Juno Waves instrument (Kurth et al., 2025). JADE-I has
measured continuous signatures of heavier ions which vary in intensity, but do not change significantly with
longitude, and are integrated with the lighter ions from the upper atmosphere (Valek et al., 2020). The authors
hypothesized a magnetospheric origin, suggestive of coupling between the planet and inner magnetosphere, in
agreement with this study. Furthermore, inferred ionospheric electron densities from the Waves instrument have
shown distinct variations that appear to be somewhat organized to the Jovian magnetic field, as well as indications
of mid-latitude particle precipitation into the atmosphere (Kurth et al., 2025), also harmonious with the findings of
this work.

The re-analyzed 1995-2000 campaign represents the only observations to-date which provide a global view of the
ionosphere with the sensitivity required to capture non-auroral variabilities (T. S. Stallard et al., 2018). Dis-
crepancies with the magnetic measurements (Connerney et al., 2020, 2022) may be expected due the years
separating the two independent data sets. Nonetheless, across the JRMO09 and JRM33 epochs, the measured
Jovimagnetic secular variation was localized to the Great Blue Spot (K. M. Moore et al., 2019; Simon
et al., 2015), and the close alignment of d with the JRM33 equator suggests that Jupiter's magnetic equator has
remained quasi-stable, which is a promising proxy. If the remaining H} features are akin to d, they may be
broadly fixed in their System III longitudinal position for tens of years (T. S. Stallard et al., 2017), and so this
direct comparison is compelling.

2.4. Summary and Conclusions

In this paper, we present a new analysis of ground-based observations of Jupiter's ionosphere with a direct
comparison with magnetic field models from NASA's Juno mission. These results have revealed how Jupiter's
magnetic field structure governs the long-term organization of its non-auroral upper atmosphere. Vertical
transport of ionospheric Hf ions may be present in specific locations, either locally generated or initiated by
localized interactions with the surrounding plasma environment, and/or charged particle precipitation from the
innermost magnetosphere may be occurring.

1. The Great Cold Spot. Coincident with a region of near-perpendicular magnetic field lines, highlighting one of
the extremes of the bimodality between long-term ionospheric emissions and the geometry of the Jovian field.

2. Northern lonospheric Anomaly. This feature remains unexplained.

3. Broad region of enhancement. A region of relatively weak field surrounded by complicated magnetic field
geometry, and magnetically traces to a proton-rich environment within the inner radiation belts.

4. Dark Ribbon. Co-located with the parallel magnetic field lines about the magnetic equator, displaying the other
extreme of the bimodal relationship between ionospheric emissions and the magnetic field's geometry.

5. Head of the Northern Silhouette. Located within the region of highest magnetic field strength (~17.85G) as
well as near-perpendicular magnetic field lines. Both the extreme field strength and geometry may be affecting
the structure of the ionosphere in this region.

6. Southern lonospheric Dark Spot. Magnetically traces to the Northern Hemispheric Flux Band and is coin-
cident with highly inclined magnetic field lines. This feature strongly highlights the bimodality present in the
southern magnetic hemisphere, and traces to an electron-dominant population within Jupiter's inner radiation
belts.

7. Northern Silhouette. Magnetically conjugate with the Great Blue Spot. The extreme magnetic field strength
and geometry may also be playing a role in the low emission at this location.

8. Tail of the Northern Silhouette. Relatively weak magnetic field strength, and also traces to an electron-
dominant population in the radiation belts.

We endeavor to motivate future investigations to observationally constrain the drivers of these ionospheric
features, such as global observations similar to the T. S. Stallard et al. (2018) map which include spectroscopic HY
temperature and column-density measurements (akin to Roberts et al. (2025)). We also highlight the need for new
global circulation models which incorporate complex magnetic field topology to model the plasma transport
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within the Jovian ionosphere, as well as improved magnetic mapping at low M-shells. Both previous and current
studies are limited by their ability to sense the detail of this highly complex region, which challenges our current
understanding and differs significantly from the auroral regions.

This study illustrates how ground-based observations can potentially track extremities in the planetary magnetic
field, supporting Juno's extended mission as well as after its culmination, and how possibly the same can be
achieved at other worlds in the absence of in-situ spacecraft. Since Jupiter is not alone in possessing a complex
magnetic field, it is not unlikely that these ionospheric shadows occur at other giant planets, within our Solar
System and further afar.

Data Availability Statement

The T. S. Stallard et al. (2018) data set used in this study is publicly available at https://doi.org/10.7910/DVN/
KVQWNIJ (T. Stallard, 2018). The data which supports the JRM33 magnetic field model is archived using the
NASA Planetary Data System at https://doi.org/10.17189/1519711 and can be found at https://pds-ppi.igpp.ucla.
edu/collection/JINO-J-3-FGM-CAL-V1.0 (Connerney, 2017). The data set supporting the Con2020 current sheet
model can also be found at the NASA Planetary Data System https://pds-ppi.igpp.ucla.edu/search/default.jsp#.
The open-source python package, JupiterMag, used to utilize both the JRM33 and Con2020 models can be found
at https://github.com/mattkjames7/JupiterMag.git (where the corresponding journal can be found at https://doi.
org/10.1007/s11214-023-00961-3).
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