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Key Points:

e Knowledge of a planet wind can draw on different parts of planetary science to provide new insights into planetary systems.
e Three knowledge gaps are discussed and the potential methods to address these gaps are proposed.
e The forthcoming Tianwen-4 mission has a good chance of overcoming these gaps and further investigating Jupiter wind.

Citation: Gu, W.D., Wei, Y., Yao, Z. H,, Wang, Y. Q., and Yuan, C. J. (2026). Jupiter wind as a unifying bridge: a testable paradigm in the
Tianwen-4 era. Earth Planet. Phys., 10(4), 678-688. http://doi.org/10.26464/epp2026051

Abstract: Jupiter's rotating magnetic field, together with its satellites and rings, generate a composite flow that we term the Jupiter wind
in this paper: a multi-source mixture of particles originating from lo's volcanism, Jupiter’s other moons, its rings, and its atmosphere,
subsequently reprocessed by ionization, acceleration, corotation, and outward and tailward transport. Inspired by the unifying role of the
solar wind in heliophysics, we argue that a Jupiter wind perspective can similarly integrate disparate domains of Jovian science—interior
structure, 10's volcanic activity and neutral cloud, plasma dynamics, radiation belts, and distant magnetotail evolution—into a coupled
evolutionary framework. We highlight three systematically interconnected knowledge gaps that form a coherent investigative chain:

(1) What are the electromagnetic processes inside lo, influencing the fundamental source characteristics of Jupiter wind? (2) What
quantitative role do neutral particles play in processes such as supplying the inner radiation belt, representing the intermediate
processing stage of Jupiter wind evolution? (3) How do magnetic field and charged particles evolve across the distant (~100 R to

> 9000 R)) magnetotail, concerning the ultimate fate and control mechanisms of Jupiter wind? The forthcoming Tianwen-4
mission—potentially synergistic with JUICE and Europa Clipper, if their operations overlap—offers a unique opportunity to deliver
instruments to investigate magnetic field and charged and neutral particles, enabling testable predictions regarding the source and
evolution of Jupiter wind. Framing Jupiter wind within a generalized "planet wind" paradigm may ultimately clarify how internal driving
competes with solar forcing to shape planetary systems across the solar system and beyond.
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1. Introduction

1.1 Planet Wind: A Missing Paradigm in Planetary Science
The proposal of the solar wind (Parker, 1958a, b, c), building on
inferences from comet tail dynamics (Biermann, 1951, 1952, 1957),
unified previously disparate domains—solar atmosphere, inter-
planetary structure, magnetospheric and ionospheric processes—
into a physical circulation paradigm that transformed space
physics from phenomenological observations into a predictive
framework (e.g. space weather predictions). An analogous inte-
grative synthesis has not yet fully emerged across planetary
science, even though the couplings are evident and fundamental.
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The evolution of a planet itself directly impacts the evolution of its
atmosphere (e.g. Wei Y et al., 2014; Zhong J et al,, 2014) and then
affects the space environment beyond the atmosphere. In turn,
space environment influences the escape of atmospheric particles
(e.g. Wei Y et al., 2012) and the evolution of atmosphere also feeds
back into the planet's evolution through mechanisms such as
carbon cycle and water cycle. These interconnected processes
suggest that planetary systems operate as integrated circulation
networks, yet we lack a unifying conceptual framework to
describe and predict their behavior.

Based on these relations, the recent introduction of the "planet
wind" hypothesis (Wei Y, 2024) seeks to formalize this coupling
into a testable paradigm. Planet wind is composed of particles
escaping, sputtering, or erupting from a planetary system—the
planet’s surface, atmosphere and/or satellites and rings. These
particles evolve in magnetosphere (or induced magnetosphere)
and eventually either enter interplanetary space or return to the
planetary system, involving various branches of planetary science.
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The concept "planet wind" therefore offers a pathway to integrate
these domains into a unified whole, such as the solar wind
concept transforming our understanding of star-planet interac-
tions. However, for this paradigm to achieve the transformative
impact of the solar wind framework, it must move beyond
conceptual appeal and be shown capable of generating specific,
testable predictions that can discriminate between competing
physical mechanisms.

1.2 Jupiter Wind: A Systematically Coupled Multi-Stage
Process

Jupiter may present the most compelling case study for developing
and testing a planet wind paradigm. Because Jupiter is a large
planet with a rich satellite system, the Jupiter wind serves as a
representative case of a satellite planet wind system (Wei Y, 2024),
where the primary mass loading originates not from the planet
itself but from its volcanically active moons. The strongest planet
wind inside the solar system, Jupiter wind, is generated from the
largest planet in the solar system, Jupiter, with the strongest plan-
etary magnetic moment in the solar system and the most active
geological activity within the solar system, lo’s surface and internal
processes. Therefore, Jupiter wind can stand for an extreme and
perhaps the typical case of the planet winds in the solar system.
Jupiter wind can be conceptualized as systematic progression
through two interconnected stages: source and evolution.

The first stage, the source of Jupiter wind, is thought to be domi-
nated by particles from lo (Bagenal and Sullivan, 1981), while
Jupiter itself, its rings, and its other satellites also contribute (e.g.
Roth et al., 2014), creating a complex multi-source system. lo, as
the innermost Galilean satellite, is affected by strong tidal effects
and has the most dynamic geological activity in the solar system.
lo’s volcanic eruptions bring plenty of particles into the space
environment, which are the main constituent of Jupiter wind.
Besides, Jupiter wind has other sources. Europa contributes water
vapor (Roth et al.,, 2014). The surface content of satellites and rings
can escape or be sputtered (e.g. Carberry Mogan et al., 2023).
Upward beams were observed in Jupiter’s polar cap (Mauk et al.,
2020). These are also parts of the source of Jupiter wind. There-
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fore, the source of Jupiter wind involves different areas including
lo and Europa’s inner processes, Jupiter’'s polar dynamics, and
interactions between its magnetosphere and its satellites and
rings.

The second stage, the evolution of Jupiter wind, can be classified
roughly into three processes: ionization of neutral particles,
dynamics of charged particles within Jupiter's magnetosphere,
and competition with solar wind. The first process, ionization, is
the main source of charged particles in Jupiter's magnetosphere,
different from terrestrial case where the charged particles mainly
come from both the Earth and the solar wind. The second and
third processes are complex and interact with each other, forming
Jupiter’'s magnetosphere.

The magnetosphere can be roughly divided into 5 layers, showing
the evolution of Jupiter wind. The innermost is inside 10 R,
containing radiation belts and lo plasma torus. The second is 10 to
20 Ry, where the particles corotate rigidly with Jupiter's magnetic
field and are radially heated. The third is 20 to about 35 R, where
the corotation delays and radial heating seems to disappear. The
fourth is about 35 R; to magnetopause, where the corotation
breaks down and the global dawn—dusk asymmetry can be signif-
icantly identified (e.g. Khurana and Schwarzl, 2005). The last is
beyond magnetopause, where is thought to be controlled by the
solar wind but the Jupiter-control signature can still be identified
(e.g. Gu et al., 2023). The characteristics of particles at different
radial distances are shown in Figure 1.

The complexity of Jovian system can be compared with the
complexity of the solar system, as the existence of four Galilean
satellites (can be compared with four terrestrial planets),
Ganymede’s intrinsic magnetic field (like the intrinsic magnetic
field of the Earth), plenty of small satellites, rings and distant
magnetotail (extends to at least 9000 R)). The differences between
the Jovian system and the solar system are also obvious, such as
rotation period length (Jupiter is about 10 hours while the Sun is
about 25 days) and the temporal variation of magnetic field (the
magnetic field of the Sun reverses in 11 years period while this
kind of fast periodic magnetic reversal hasn't been identified in
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Figure 1. The characteristics of particles at different radial distances identified by Juno data, modified from (Kim et al., 2020).

Gu WD and Wei Y et al.: Jupiter wind as a unifying bridge: a testable paradigm in the Tianwen-4 era



680 Earth and Planetary Physics  doi: 10.26464/epp2026051

Jupiter). The Jupiter wind therefore invites comparison and
contrast with solar wind. For example, the radial heating exists in
both solar corona (e.g. Samanta et al., 2019) and Jupiter’s inner
magnetosphere (e.g. Saur, 2004), indicating the similarity between
Jupiter wind and solar wind, but the control from Jupiter's
magnetic field to the plasma in Jupiter's magnetosphere is much
larger than that exerted by the solar magnetic field on the helio-
spheric plasma, indicating the difference between Jupiter wind
and solar wind. The similarities and differences between Jupiter
wind and solar wind offer opportunities to test the universal prin-
ciples of “wind”. The concept of solar wind has helped unify differ-
ent domains of heliophysics, so the concept of Jupiter wind may
also help connect different parts of Jovian science.

1.3 Investigating Jupiter Wind: Tianwen-4 Era

Jupiter wind has been investigated for decades, from the first
flyby of Pioneer 10 in 1973 (Hall, 1974) to the recent mission Juno
(Bolton et al., 2017). With improving data, more and more detailed
physical characteristics of Jupiter wind have been indicated (e.g.
Gu WD et al, 2024; Xu Y et al., 2024, Yao ZH et al., 2024). Simulta-
neous observations by spacecraft and telescope also give new
evidence (e.g. Yao ZH et al,, 2021; 2022). Meanwhile, high-resolu-
tion simulations keep giving revelations (e.g. Zhang BZ et al,
2021, 2024). In the coming decades, three missions, JUICE, Europa
Clipper and Tianwen-4, will explore the Jovian system systemati-
cally, showing that the Jovian system is a focus of exploration.

Tianwen-4 will investigate Jovian system as the 5th spacecraft to
orbit Jupiter, after JUICE and Europa Clipper. The main objects of
JUICE and Europa Clipper are claimed as Ganymede and Europa,
respectively. The main object of Tianwen-4 may be Callisto, while
other regions of Jovian system can also be investigated before the
spacecraft enters the Callisto orbit. Therefore, these missions will
continuously afford systematic investigations of Jovian system.
We call the coming decades “Tianwen-4 era” for three reasons:

(1) Tianwen-4 will potentially enter Jovian system when JUICE and
Europa Clipper have completed their main missions. In that time
these two spacecraft will be orbiting Ganymede and Europa,
respectively, or have ended their missions. Hence, Tianwen-4 can
investigate Jovian system based on the experience of previous
four missions and focus on the regions and scientific problems
that lack exploration and research, bringing a brand-new under-
standing of Jovian system.

(2) If JUICE and Europa Clipper still operate when Tianwen-4
enters the Jupiter orbit, the emerging multi-mission era will
create a timely opportunity. The spatial and temporal coordination
of these three missions creates opportunities for multi-point
observations that may address fundamental questions about
Jupiter wind’s source and evolution. For example, simultaneous
observations of magnetic field and particle properties at different
regions could directly measure how periodicities and control
mechanisms evolve in the magnetosphere.

(3) Tianwen-4 mission is the first Jupiter system investigation
mission of China. Chinese scientific researchers will have unprece-
dented opportunities to propose, predict and verify scientific
problems and perspectives about Jupiter science through

Tianwen-4 mission. Tianwen-4 era will be an era for Chinese scien-
tific researchers to investigate Chinese scientific perspectives
utilizing Chinese mission, which will undoubtedly make contribu-
tions on the planetary science.

The present work therefore discusses three knowledge gaps by
comparing Jupiter wind and solar wind. These gaps are selected
for their potential accessibility to upcoming observations. The
discussion aims to stimulate future research on Jupiter wind and
planet wind.

2. Three Interconnected Critical Knowledge Gaps

2.1 What Are the Electromagnetic Processes in lo’s
Interior?

lo is the innermost Galilean satellite. As Jupiter is the largest
planet in the solar system and has four big satellites called
Galilean satellites, the Jovian system can be compared with the
solar system. In the solar system, Mercury and Earth (the first and
third terrestrial planets) have intrinsic magnetic fields, while
Venus and Mars (the second and fourth terrestrial planets) don't
have. In the Jovian system, Europa and Callisto (the second and
fourth Galilean satellites) don’t have intrinsic magnetic field, while
Ganymede (the third Galilean satellite) has (Kivelson et al., 1996;
Khurana et al, 1998). Therefore, whether lo has an intrinsic
magnetic field is an interesting question concerning the similarities
and differences between the Jovian system and the solar system.
On the other hand, the strong tidal effect leads to the most active
geological activity in the solar system, and the material erupted
from lo’s volcanoes is thought to be the main source of Jupiter
wind (Thomas et al., 2004; Saur et al., 2004). As the presence or
absence of an intrinsic magnetic field is a question concerning the
internal processes of lo, it's a question about the source of Jupiter
wind. However, approaching lo will ruin the spacecraft due to the
harsh environment, and the complex and changeable electro-
magnetic environment around lo make it hard to figure out the
electromagnetic processes within lo (e.g. Jia XZ et al,, 2010).

Current knowledge of the electromagnetic environment around
lo mainly comes from the multiple flybys of Galileo mission in
different regions around lo containing its equatorial plane and
two polar regions. The closest of these flybys was at an altitude of
200 km (Jia XZ et al., 2010). These flybys lead to a conclusion by
comparing the electromagnetic environment in different regions
around lo that, the electromagnetic environment around lo is
mainly controlled by the interactions between lo and the magne-
tosphere, such as the periodically changing induced magnetic
field from a global magma ocean inside lo (Khurana et al., 2011),
while the existence of a strong intrinsic magnetic field can be
excluded (Jia XZ et al., 2010). The absence of a strong intrinsic
magnetic field may be attributed to lack of core cooling which
makes the interior of lo to be a quasi-stationary state (Spohn,
1997; Schubert et al., 2004). However, it's still unknown whether lo
has a weak intrinsic magnetic field. So it still can’t be confirmed
whether lo has a dynamo, which concerns the inner processes of
lo and the source of Jupiter wind.

If one wants to figure out whether lo has a weak intrinsic
magnetic field, a more precise measurement is needed. Detecting
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the magnetic field in lower altitude has stronger possibility to
detect the potential intrinsic magnetic field, but the induced
magnetic field will be stronger as well. Therefore, the first step is
supposed to figure out the induced magnetic field and exclude it
from the data. In this process, the understanding of lo’s internal
electromagnetic dynamics will be clearer and more comprehen-
sive. The more specific and detailed measurements of the
magnetic field around lo will provide new insights about the
induced magnetic field. If the induced magnetic field can be
excluded from the data, the presence or absence of a dynamo
may be confirmed, or a new upper limit of the intrinsic magnetic
field can be obtained.

2.2 What Role Do Neutral Particles Play in Some Unclear
Processes Like Supplying the Inner Radiation Belt?

One of the main differences between Jupiter wind and solar wind
is that most particles supplied by lo are initially released as neutral
particles, unlike the charged particles coming from the Sun. Part
of the neutral particles from lo are ionized through complex
processes, which are thought to be the main source of charged
particles in Jupiter's magnetosphere (e.g. Thomas et al., 2004; Saur
et al., 2004). Magnetospheric physics primarily focuses on charged
particles and often disregards neutral particles, and the same
trend applies to detection efforts. However, it's impossible that all
the neutral particles from lo are ionized. In contrast, the neutral
particles can diffuse to at least hundreds of Jovian radii (Thomas
et al,, 2004), as shown in Figure 2. These neutral particles are also
an important part of Jupiter wind and certainly affect the evolution
of Jupiter wind in ways that may not yet have been fully explored.

For example, neutral particles may participate in supplying the
inner radiation belt. The inner radiation belt was discovered by
Juno (Kollmann et al.,, 2017; Roussos et al., 2022), as shown in
Figure 3. Because particles in Jupiter's magnetosphere are
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Figure 2. Images of the neutral sodium clouds on three different
scales, modified from (Thomas et al., 2004).

thought to mainly come from lo’s volcanic eruptions and the
corotating charged particles will flow away from Jupiter, the
source of the plenty of charged particles in the inner radiation belt
is mysterious, as the inner radiation belt is inside lo plasma torus.
Besides, as plenty of sulfur ions have been observed in the inner
radiation belt (Kollmann et al., 2017), lo is still an important source
of the particles in the inner radiation belt. The charged particles in
the inner radiation belt can originate from the ionization of local
neutral particles and the movement of charged particles outside
lo’s orbit. The local neutral particles can come from Jupiter’s satel-
lites and rings and the movement of neutral particles from lo, as
the neutral particles from lo do not necessarily corotate with
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Jupiter and could potentially fall into Jupiter or revolve in an orbit
inside lo’s orbit. These neutral particles may be hit by cosmic rays
and generate energetic charged particles (Kollmann et al., 2017).
They may also be picked up (generating charged particles) and
then be accelerated through mechanisms like wave—particle
interactions (e.g. Southwood and Kivelson, 1982). Therefore, the
detection of the motions and distributions of charged and neutral
particles can help figure out the origins of the inner radiation belt.

2.3 What Are the Electromagnetic Processes Along the
Distant Magnetotail?

With lo’s active geological activity continually injecting particles
into Jupiter wind, Jupiter wind becomes the strongest planet
wind in the solar system, stretching Jupiter's distant magnetotail
to at least 9000 Jovian radii (R)) as observed by Voyager-2 (Kurth
et al., 1982; Lepping et al.,, 1983; Sittler et al., 1987). The New Hori-
zons spacecraft detected charged particles along the distant
magnetotail (McComas et al, 2007), while the magnetic field

along the distant magnetotail within 9000 R, remains unknown.

When comparing Jupiter wind and solar wind, a similarity is the
distant propagation, as Jupiter has the longest magnetotail in the
solar system. If the distant magnetotail has electromagnetic
processes different from the processes in the solar wind, the
difference offers a new avenue for exploring the difference
between Jupiter wind and solar wind. Inversely, if the electromag-
netic processes along the distant magnetotail and along the solar
wind are similar, the independence of Jupiter’s distant magnetotail
would become complex. The similarity can come from the similarity
between Jupiter wind and solar wind, while it can also come from
the influence from solar wind to the distant magnetotail. Hence,
the electromagnetic processes along Jupiter’s distant magnetotail
concern the controlling factors of distant magnetotail.

While the charged particles with characteristics of charged particles
in Jupiter's magnetosphere have been identified along the distant
magnetotail (McComas et al.,, 2007), as shown in Figure 4, the
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influence from solar wind can't be excluded. In fact, the magnetic
field of Jupiter’s distant magnetotail in about 9000 R, observed by
Voyager-2 shows both the influence from solar wind (e.g. 25 days
periodicities) and differences from the solar wind in terms of
magnetic direction and pressure (Lepping et al., 1983), as shown
in Figure 5. These intermittent observations suggest that Jupiter’s
distant magnetotail is controlled by both solar wind and Jupiter
system, indicating the competition between Jupiter system and
solar wind, while the specific controlling mechanisms and weights
of Jupiter system and solar wind remain unknown, showing the
demand for more observation along the distant magnetotail.

Besides, the magnetic field is supposed to evolve with distance
along the distant magnetotail as the charged particles frozen with
magnetic field were observed to evolve with distance (McComas
et al.,, 2007), as shown in Figure 4. In addition, the magnetic field
and charged particles in Jupiter’'s near magnetotail are thought to
be controlled by the Jovian system, and the influence from solar
wind is less significant (e.g. Vasyliunas, 1983; Kronberg et al,,
2009), which is different from Voyager-2's observation at about
9000 R, (Lepping et al., 1983) as discussed above, showing the
existence of evolution with distance as well. Based on these
observations, the magnetic field and charged particles along the
distant magnetotail are supposed to evolve together and the
controlling factors may change gradually.

3. Testable Predictions

3.1 Multiple Detections of the Magnetic Field Near the
Surface of lo Potentially Indicating the Inner Processes
of lo

As Galileo had reached 200 km above lo, a nearer detection may
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be needed to confirm whether lo has a weak intrinsic magnetic
field. Besides, as Galileo has flown by different regions around lo
providing a global insight into the electromagnetic environment
around lo (Jia XZ et al., 2010), new methods should be employed
to obtain the information that Galileo hasn't found.

One potential method is investigating the magnetic field around
lo systematically to obtain a magnetic field model around lo, anal-
ogous to the construction of Jupiter's magnetic field model from
Juno observations (Connerney et al., 2022) (shown in Figure 6). If
the model can show the magnetic field generated by lo’s dynamo,
distinguished from Jupiter's magnetic field and lo’s induced
magnetic field, the existence of 10's intrinsic magnetic field can be
confirmed. However, as the space environment around lo is harsh,
the spacecraft may be damaged if flying around lo.

Another method is to fly by lo multiple times just like Galileo. In
fact, the confirmation of Ganymede’s intrinsic magnetic field
(Kivelson et al, 1996) and Callisto’s induced magnetic field
(Khurana et al., 1998) is based on multiple flybys of Galileo. When
Galileo flew by the satellite at different times, the background
magnetic field is different. When Galileo observed an unchanged
dipole moment, the intrinsic magnetic field of Ganymede was
discovered (Kivelson et al., 1996), as shown in Figure 7. When
Galileo observed a magnetic field changing with background
magnetic field, the induced magnetic field of Callisto was
confirmed (Khurana et al., 1998), as shown in Figure 8. On the
other hand, to obtain the information that Galileo hasn't
obtained, the method of flying by should be different. A potential
new method is to fly by the same region multiple times in different
local times to avoid the spatial variations of the environment
around lo and show only the variations with the background
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magnetic field. If an unchanged moment can be obtained distin-
guished from the changing induced magnetic field by the data of
different flybys, the intrinsic magnetic field of lo can be identified.
In contrast, if only a changing induced magnetic field can be iden-
tified, the absence of intrinsic magnetic field may be confirmed.

The magnetic field around lo can be estimate as:

B:Blo"'(‘I +’]ind)BO+Bran (M

By, is the intrinsic magnetic field. B, is the background magnetic
field. n,q is a coefficient that n, 4B, stands for the induced
magnetic field. B,,, stands for the noise. If the orbit of each flyby
can cover a common region in an lo—Jupiter coordinate but differ-
ent in the Jupiter’s local time, the spatial variation around lo can
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be ignored and the temporal variation can be investigated
directly. Each term of Equation (1) may be obtained by fitting the
multiple flyby data. If B,, can be indicated to exist, the intrinsic
magnetic field can be indicated to exist. Otherwise, if B,, can be
confirmed to be 0, the absence of an intrinsic magnetic field can
be confirmed.

On the other hand, as the space environment around lo is harsh, if
wanting to fly by lo in nearer orbits than Galileo, the multi-space-
craft strategy may be considered to make sure at least one space-
craft can survive by flying by lo in high altitude. The spacecraft can
carry multiple small probes and throw them multiple times to
obtain time-varying data, or carry a battery-powered probe and
throw it to fly orbiting lo. However, we should note that the engi-
neering constraints of these methods are uncertain, and the accu-
rate control of each flybys’ orbits is also very challenging. Since no
prior missions have attempted similar explorations, further profes-
sional discussions are needed to clarify relevant engineering
constraints. Besides, the detection method presented here is qual-
itative, and additional detailed simulations are required to confirm
its ability to detect a potential weak intrinsic magnetic field and
determine its detection accuracy. If the noise is large enough, the

presence or absence of a constant B, may be hard to be
confirmed and only the upper limit can be obtained. Nevertheless,
a new detection indicating the temporal variation with nearer
orbits is supposed to provide new insights into lo's inner
processes and the interactions with the magnetosphere.

3.2 Mass Balance of Neutral and Charged Particles
Potentially Indicating the Source of Inner Radiation
Belt

The mass balance of particles in the inner radiation belt can be
investigated by detecting the motions and distributions of neutral
and charged particles. This may help investigate the origin of
particles in the inner radiation belt. For example, the sulfur ions
have two potential origins, injection of charged particles and
ionization of local neutral particles. The motions of sulfur ions can
indicate the injection of sulfur ions, the distribution of neutral
sulfur particles can indicate the ionization of neutral particles, and
the motions of neutral particles can indicate the origin of neutral
particles. If the detection can figure out these processes, different
potential origins of sulfur ions in the inner radiation belt can be
quantitatively analyzed.
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Here gives a simple way of estimation:

Ang; = Ngjin + N; (Nsn + Nsnin = Nsnio) = Nsilo (2)

Ang; is the variation of sulfur ion contents. ng;, is the injection of
sulfur ions. n, is the ionization rate of neutral sulfur particles. n, is
neutral sulfur particle contents. ng,;, is the injection of neutral
sulfur particles. ng,, is the loss of neutral sulfur particles. ng, is
the loss of sulfur ions. Some terms can be estimated utilizing the
data or model of the distribution and motions of charged and
neutral particles, like Ang;, nsjin, ns, and nspi,. Other terms can be
estimated through Equation (2). The origin of the charged and
neutral particles in this region can therefore be estimated, which
can help understand the source of the inner radiation belt.

3.3 Periodicities Potentially Indicating Controllers of
Distant Magnetotail

When comparing the influence on the distant magnetotail from
Jupiter system and solar wind, the periodicities can serve as indi-
cators. The most influential periodicity of the Jupiter system is the
~10 hours period, generated by the corotation and flapping of
charged particles due to the rotation and magnetic dip of Jupiter.
The Sun rotates in a period of about 25 days, which is much
longer than Jupiter’s 10 hours period. Therefore, the periodicities
changing from 10 hours in Jupiter's magnetosphere (e.g. Vasyliu-
nas, 1983) to 25 days in 9000 R, (Lepping et al., 1983) may indicate
the controller changing from Jupiter system to solar wind.

The comparison of influence from Jupiter system and solar wind
can therefore be estimated as

_ Pion
Pasd”

@)

pion and p,sq are the power spectral density of 10 hours period
and 25 days period, respectively. In Jupiter's magnetosphere, the
10 hours period dominates almost all processes while the 25 days
period is much less significant. Therefore, in Jupiter's magneto-
sphere, p,q, is much larger than p,sq, and n is much larger than 1.
On the contrary, at 9000 Rj, the 25 days period is much more
significant than 10 hours period. Therefore, at 9000 R), pqp is
much smaller than p,sq, and n is much smaller than 1. From
Jupiter's magnetosphere to 9000 R), the variation of n can indicate
the variation of controller. In fact, the particle data has shown this
kind of change, as shown in Figure 4, while the specific processes
and mechanisms remain unknown. If the magnetic field in the
distant magnetotail can be investigated, the electromagnetic
processes can be analyzed by combining magnetic field data and
particle data. Besides, a new period of 3 h or 6 h has been identified
in Jovian system (Gu WD et al., 2023; Schok et al., 2023), which can
be a new indicator.

4. Opportunities in Tianwen-4 era

In the coming decades, Tianwen-4 will systematically explore
Jovian system, offering unique opportunities to expand our
insight about the Jupiter wind. Tianwen-4 may help address the
gaps described in section 2 by the methods described in Section
3, as discussed below, which will help establish a cognitive system
about the Jupiter wind and further study the concept of planet
wind. The potential simultaneous observations of spacecraft and

Lenghu planetary telescope can also bring new insights (Deng et
al,, 2021; Zou et al., 2024).

(1) Whether lo’s weak intrinsic magnetic field exists or not is an
open question about the inner processes of lo and the source of
Jupiter wind. But it is hard to confirm based on the existing obser-
vations. If a future mission can fly by lo multiple times, it will have
good chances to provide new insights of lo through methods
introduced in Section 3.1. If the future mission can take multiple
small probes and throw them in every lo flyby, whether lo has an
intrinsic dynamo magnetic field or a new upper limit of it may be
confirmed utilizing the multiple observations. Besides, the envi-
ronment around lo can also be further investigated based on the
new data in the nearer regions of lo, which can help further
understand the evolution of Jupiter wind.

(2) The neutral particles from lo are important components of
Jupiter wind and participate in the evolution of Jupiter wind. The
detection of neutral particles may shed light on unknown
processes like the source of inner radiation belt. However, the
detection of neutral particles is lacking, maybe due to the lower
priority or technical difficulties. If a future mission can bring in-situ
detections of the distributions and motions of neutral and
charged particles by carrying neutral and charged particle investi-
gation instruments or telescopes, these data will shed light on the
unsolved problems as discussed in Sections 2.2 and 3.2.

(3) The electromagnetic processes along the distant magnetotail
may indicate the controlling factors and evolution of Jupiter wind
along the distant magnetotail. The charged particles along the
distant magnetotail have been detected (McComas et al., 2007),
while the magnetic field along the distant magnetotail remains
unknown. If a future mission can detect the distant magnetotail at
least further than 200 R, carrying magnetic field and particle
investigation instruments (further than the orbit of Galileo
mission which carried magnetic field and particle investigation
instruments), it will offer unique opportunities to further investi-
gate the distant magnetotail. Using the potential data in distant
magnetotail from upcoming missions, the controlling factors and
evolution of the Jupiter wind along the distant magnetotail can
be further studied. Besides, the high-resolution simulations can
also shed light on studying distant magnetotail (e.g. Zhang BZ et
al., 2019).

5. Conclusions

Jupiter wind represents more than an interesting circulation
system within a single planetary magnetosphere. It embodies a
new paradigm for understanding how planetary systems operate
as integrated circulation networks. By framing the diverse
processes of the Jovian system—from lo's interior dynamics and
volcanic activity through magnetospheric plasma physics to
distant magnetotail evolution—as interconnected stages, we gain
new insights into the fundamental physics governing planetary
environments. The three critical knowledge gaps identified in this
analysis—source electromagnetic control, intermediate neutral
particle processing, and distant evolution under competing influ-
ences—form a coherent investigative framework that can be
systematically addressed.
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Addressing these gaps will convert a largely descriptive inventory
into a predictive architecture. Discriminant observational signa-
tures—stability or proportional variability of low-degree
magnetic moments around lo, spatial-temporal correlations
between neutral and charged particles, and radial evolution of
periodic power ratios—supply the testable predicates needed to
elevate the paradigm. Each signature links a physical process
(interior electromagnetic action, neutral-ion conversion effi-
ciency, Jovian vs solar forcing competition) to a measurable
metric, enabling falsifiability rather than purely analogical argu-
ment.

These gaps relate to the source and evolution of Jupiter wind, yet
they remain poorly understood up to now due to the limited
observations. The future missions, like Tianwen-4, will have good
chances to overcome the challenges in detections and provide
new observations to figure out these gaps. With the future data
from future Jovian system investigation missions, the understand-
ing of Jupiter wind and planet wind will achieve significant and
long-term development.
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