
1.  Introduction
Solar wind interactions with Jupiter's global magnetic field form a magnetosphere with structures similar to the 
terrestrial magnetosphere, including a compressed dayside structure and a highly extended nightside tail. Similar 
magnetospheric configurations naturally result in fundamental similarities in their magnetospheric dynamics 
(Artemyev et al., 2020; Ge et al., 2007, 2010; Russell et al., 1998). The terrestrial magnetosphere and giant planet 
magnetospheres may share many commonalities in energy releases, such as magnetic reconnection (Arridge 
et al., 2016), Alfvenic waves (Keiling et al., 2003; Pan et al., 2020; Sulaiman et al., 2020), and auroral accelera-
tion (Bonfond et al., 2021; Mauk et al., 2017).

On the other hand, the energy circulation in Jupiter's magnetosphere is very different from that in the Earth due 
to the strong planetary magnetic field, weak solar wind dynamic pressure, rapid planetary rotation, and internal 
plasma sources produced by Io's volcanic activities (Bagenal, 2007). The global circulation of plasma and energy 

Abstract  Periodic variations are widely identified in the Jovian system, varying from 10 s of seconds 
to several days or even longer. These processes are strongly influenced by solar wind conditions, planetary 
rotation and Io's volcanic activity. Ultralow-frequency (ULF) waves at 10 s of minutes, which are the typical 
time scale of field-line resonance, are considered as a crucial process in driving the Jovian energy circulation. 
The longer time-scale periodicities are likely associated with global mass circulation. In this study, we focus 
on multihour variations of the ULF wave energy, which are difficult to identify within the magnetosphere due 
to the rapid planetary rotation modulation. Using the magnetic field observations from Juno and Galileo in 
Jupiter's magnetosheath, we found multiple significant multihour periodicities, widely distributed from 2 to 
10 hr, peaked at different values from case to case. The most common periodicities were between 3 and 5 hr, 
existing in both the dawn and dusk sides. These common periodicities are likely associated with the energy 
transport from the inside to the magnetosheath.

Plain Language Summary  Periodicities, as detected in aurora, particles, waves, etc., widely 
exist in the Jovian system. The periodic variations are key signatures to assess theoretical hypotheses, and 
the coherence between the periodicities in different types of observations can be a crucial constraint to 
reveal physical causality. Jupiter's magnetic axis is about 10 degrees offset from the rotation axis, resulting 
in a periodic vibration of the magnetosphere. A spacecraft traveling in Jupiter's magnetospheric space 
would  persistently detect rapid variations of the magnetic field every several hours, and the variation feature 
depends on the relative location to the magnetic equator and the dynamic magnetospheric processes. Therefore, 
the investigation of hourly variation of the Jovian magnetosphere is highly challenging due to the strong 
mixture of spatial and temporal effects. To overcome this difficulty, we analyze magnetic field and plasma wave 
data in Jupiter's magnetosheath, where the planetary rotation induced spatial variations no longer exist. Many 
multihour periodicities are identified, which are believed to be consequences of compressions from the rotating 
magnetospheric plasma to the magnetopause.
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Figure 1.  The results of the Juno case study from Nov. 8 to 11 in 2016. Panel (a) shows the plasma wave spectrogram. Panel (b, c) are the magnetic strength and the 
bandpass-filtered results using a 1–10 min window. Panel (d) shows the proxy of wave energy in panel (c), and panel (e) gives the result of periodic analysis of the 
proxy of wave energy shown in Panel (d). The red line in panel (e) shows the confidence level at 0.95.
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Figure 2.  The result of the Galileo case study from November 24 to 30, 2000. The format is the same as Figure 1.
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in the terrestrial magnetosphere is well summarized by Dungey (1961), while the circulation of giant planets is a 
combination of the Dungey cycle and the internally driven Vasyliunas cycle (Vasyliunas, 1983).

Table 1 
Time Duration of Selected Events

Order number of 
Juno events

Time duration (yyyy-mm-dd-hh to 
yyyy-mm-dd-hh)

Order number of 
Galileo events

Time duration (yyyy-mm-dd-hh 
to yyyy-mm-dd-hh)

t1 2016-11-08-12 to 2016-11-11-02 t1 2000-05-29-15 to 2000-05-30-17

t2 2016-11-12-00 to 2016-11-13-01 t2 2000-06-03-18 to 2000-06-05-19

t3 2016-11-21-23 to 2016-11-23-16 t3 2000-06-10-07 to 2000-06-11-15

t4 2017-01-24-18 to 2017-01-25-19 t4 2000-11-24-06 to 2000-11-30-15

t5 2017-02-19-06 to 2017-02-21-01 t5 2000-12-04-22 to 2000-12-06-09

t6 2017-04-08-15 to 2017-04-09-11 t6 2000-12-11-10 to 2000-12-12-10

t7 2017-05-05-14 to 2017-05-07-01 t7 2001-01-10-21 to 2001-01-12-06

t8 2017-06-16-08 to 2017-06-17-14 t8 2001-01-19-13 to 2001-01-20-14

t9 2017-06-18-09 to 2017-06-19-05 t9 2001-01-21-04 to 2001-01-23-02

t10 2017-10-01-06 to 2017-10-02-18 t10 2002-01-05-07 to 2002-01-06-20

t11 2002-10-31-20 to 2002-11-01-17

Figure 3.  The periodicities of magnetic field perturbations during all Jupiter's magnetosheath crossings by Juno and Galileo using Lomb-Scargle analysis. Two kinds 
of images are used to show the results: (a, b) are pseudo-color images for Juno and Galileo datasets, respectively. (c, d) Line images showing the same results as (a, b). 
Colors in (a, b) represent the ratios to the confidence of 0.95 for each event. The black horizontal line in (c, d) shows a confidence of 0.95.

 21699100, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007625 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [13/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

GU ET AL.

10.1029/2022JE007625

5 of 12

Periodicities in detected or derived parameters are ideal opportunities to reveal the physical processes of a plan-
etary system and beyond (e.g., laboratory system, astrophysical environments), as different processes often have 
different time scales. In investigations of the Jovian system, periodicities are found in many physical parameters 
and with the time scale varying in a large range, including 2–3 min periods in Jupiter's UV aurorae (Bonfond 
et  al.,  2016), 10  s min periods in Jupiter's X-ray aurorae (Dunn et  al.,  2017), several days periods of energy 
loading/unloading (Yao et al., 2019) and 1.5–7 days periods of Jupiter substorms (Kronberg et al., 2009). These 
periodicities correspond to fundamentally different magnetospheric and ionospheric processes, some of which 
are known, while others remain unknown.

Figure 4.  Periodicity analysis of combined magnetic field data from different periods in the magnetosheath for Juno or Galileo datasets. Each magnetic field data is 
normalized to the averaged wave energy of every event. Blue lines are results of periodicity analysis and red lines indicate the confidence level of 0.95.
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The understanding of periodic variations based on in situ observations is 
strongly limited at the time scale of several hours. Jupiter completes its rota-
tion in just below 10  hr. Therefore, the observations from remote sensing 
instruments are strongly modulated by the changing field of view during 
planetary rotation (Dunn et  al.,  2017; Tao et  al.,  2021; Yao et  al.,  2021), 
and the in situ measurements in the magnetosphere are strongly modulated 
by the plasma disc oscillation due to the magnetic dipole tilt of about 10° 
(Khurana, 1992). If a spacecraft is located near the equator, it would peri-
odically switch from one hemisphere to the other in a period of multihour 
time scale. Thus, the magnetic field and particle fluxes would show rapid 
variations every few hours. Since the magnitude of magnetic variation due 
to the plasma disc oscillation is greater than most physical perturbations, the 
calculation of other multihour variations is highly challenging.

To overcome this difficulty, here we focus on magnetic observations in the 
magnetosheath to avoid the high mixture of spatial and temporal effects in 
the magnetosphere. Since the magnetopause is repeatedly compressed by 
rotating plasma due to the Vasyliunas cycle, the compressional effects would 
likely cause significant perturbations in the magnetosheath, allowing us to 
indirectly diagnose magnetospheric periodicities. The spatial effect due to 
the relative location between the satellite and Jupiter's magnetodisc does 
not imply any physical process. The magnetodisc oscillation and planetary 
rotation could impose compressional effects on the magnetosheath. The 
measured perturbation in the magnetosheath is no longer a spatial effect 
although the magnetodisc oscillation may provide a part of the cause for the 
perturbations in the sheath. The magnetic field and plasma wave data from 
Juno and Galileo were used in this study to identify the satellite's duration 
in the magnetosheath, and ULF waves were filtered from the magnetic field 
data. Then, periodic analysis of ULF wave energy is performed. Data and 
the methodology are shown in Section  2, followed by the main results in 
Section 3. A discussion on possible mechanisms of the discovered periodici-
ties is provided in Section 4.

2.  Data and Methodology
The magnetic field data from the Juno Magnetic Field investigation (MAG) 
(Connerney, 2022) and Galileo's Magnetometer (Kivelson, 2022), and wave 
data from the Juno Waves instrument (Waves) (Kurth & Piker,  2022) and 
the Galileo Plasma Wave Science instrument (PWS) (Gurnett et al., 1997) 
are analyzed. The magnetic field and wave data are used to identify periods 

when the spacecraft entered Jupiter's magnetosheath, and ULF waves  are filtered from the magnetic field data to 
perform periodic analysis.

Juno-MAG includes two independent magnetometer sensor suites. Each suite includes a Fluxgate Magnetometer 
(FGM) and two imaging sensors (Connerney et al., 2017). For most of the observations presented, the temporal 
resolution of the Juno magnetic field data is approximately 1 s. Galileo's Magnetometer is an FGM including two 
sensor assemblies (Kivelson et al., 1992). For most of the observations presented, the temporal resolution of the 
used magnetic field data is approximately 24 s.

The Juno Waves instrument includes an electric dipole antenna and a magnetic search coil (Kurth et al., 2017). 
Data from the low frequency receiver (LFR) is used, which consists of plasma waves in the frequency range of 
50 Hz to 20 kHz. The temporal resolution is approximately one second. The Galileo PWS instrument includes 
an electric dipole antenna and two search coil magnetic antennas (Gurnett et al., 1992). The data of waves in the 
frequency range of 5.62 Hz–5.65 MHz is used. The temporal resolution is approximately 37 s.

Figure 5.  The locations of satellites during the 21 chosen events in which the 
satellite (Juno or Galileo) is in Jupiter's magnetosheath.
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Magnetic field and plasma waves are used to examine the magnetopause and bow shock crossings and thus to 
determine the durations in Jupiter's magnetosheath. Distinct radio wave structures are expected when a satellite 
crosses the magnetopause or bow shock. A bow shock crossing is identified by a broadband, intense signal 
in plasma wave data and the change in the magnetic field's magnitude (the magnetic field in the solar wind is 
significantly weaker than in magnetosheath), and a magnetopause crossing is identified through the appearance 
or disappearance of trapped continuum radiations near the frequency of 1,000 Hz, as there is trapped nonthermal 
continuum radiation filling Jupiter's outer magnetosphere (Gurnett et  al., 1979, 1980; Scarf et  al., 1979) that 
disappears in the magnetosheath due to high plasma density (Hospordarsky et al., 2017).

After identifying magnetosheath durations, magnetic field data is filtered in frequency between 1 and 10 min to 
obtain ULF waves (𝐴𝐴 𝐴𝐴𝐴𝐴 ). We calculate an averaged wave energy (𝐴𝐴 𝐴𝐴𝐴𝐴

2 ) per 10 min and use Lomb-Scargle Periodo-
gram to analyze the periodicity. The periodicities that exceed a confidence level of 0.95 are studied.

3.  Results
Repeated visits to the dawn magnetosheath are provided by the initial orbits of the Juno spacecraft during apojoves, 
while the Galileo spacecraft explored the Jovian magnetosheath at a range of local times. Jupiter's magnetopause 
and bow shock are highly dynamic, and thus the location changes significantly in several hours or tens of hours. 
To allow a reliable analysis of periodicities at several hours, we identify magnetosheath times through wave and 
magnetic field data, and only select durations longer than 20 hr for the statistical studies. Moreover, we selected 
the longest duration in the magnetosheath from Juno and Galileo for two case studies respectively. The case stud-
ies are described in Section 3.1, and the statistical studies are introduced in Section 3.2.

3.1.  Case Studies With Observations From Juno and Galileo

The longest duration in the magnetosheath from a single orbit in Juno's data set is from 12:00 UT, November 8th 
to 02:00 UT, November 11th in 2016. For Galileo, the longest duration was from 06:00 UT, November 24th to 
15:00 UT, November 30th in 2000. The overview observations of the two cases are presented in Figure 1 (Juno) 

Figure 6.  A schematic diagram to show how the disc oscillation cause ∼5 hr periodic perturbations to the magnetosheath.
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and Figure 2 (Galileo) in the same format. From the top to the bottom, the 
plots are the plasma wave spectrogram of the electric field (a), total magnetic 
field strength (b), ULF waves filtered from the total magnetic field strength 
in frequencies between 1 and 10 min (c), and the proxy of wave energy calcu-
lated from ULF waves in panel c per 10 min (d). Panel (e) shows the results of 
periodic analysis using Lomb-Scargle Periodograms. The red line indicates 
the confidence level of 0.95.

Using the appearance and disappearance features of nonthermal contin-
uum radiation, we can assess satellite's crossings of the magnetopause 
(Hospodarsky et  al.,  2017). As seen in Figure  1, there are waves at a 
frequency near 1,000  Hz (i.e., nonthermal continuum radiation) before 0 
UTC and between 9 UTC and 11 UTC on 8 November 2016. And there is a 
broadband, instance signal in wave data and a sudden decrease in magnetic 
field data near 3 UTC on 11 November 2016, which indicate a bow shock 
crossing. To avoid additional complexity due to the mixture of magneto-
sphere, magnetosheath, and solar wind environments, here, we do not include 
the  data before the magnetopause crossing and the data after the bow shock 
crossing to ensure that the environment analyzed was purely magnetosheath. 
Similarly, the Galileo data as shown in Figure 2 also includes a bow shock 
crossing near 5 UTC on 24 November 2000 and a magnetopause crossing 
near 16 UTC on 30 November 2000. We also exclude the data in the solar 
wind and the data in the magnetosphere.

As clearly demonstrated by Figures 1e and 2e, ULF waves in Juno data have 
significant periodicities of about 3.5, 6 and 8 hr, and the Galileo results have 
significant periodicities of about 5.2, 6 and 9 hr. The periodicities near 5 hr 
(or 6 hr) and 9 hr (or 8 hr) are perhaps associated with planetary rotation 
modulation. We speculate that these periodicities in the magnetosheath may 
come from the influence of Jupiter's magnetosphere. ULF waves serve as 
a crucial media of energy transport, implying that the internal process can 
transport energy to the magnetosheath in the Jovian system.

3.2.  Statistical Studies

Besides case studies, we have also performed statistical investigations of 
the periodicities in Jupiter's magnetosheath using the Juno and Galileo data-
sets. We identify magnetosheath times and choose the durations longer than 
20 hr for the statistical studies. As shown in Table 1, 21 events were selected, 
including 10 from the Juno data set and 11 from the Galileo data set. For 
each event, we perform Lomb-Scargle analysis individually to obtain peri-
odicities. The main results are shown in Figure 3. Panels (a, Juno) and (b, 
Galileo) show the normalized PSD (power spectral density) for each event 
using pseudo-color images. The normalized PSD is the ratio of PSD to the 
confidence level of 0.95 for each event. Panels (c, Juno) and (d, Galileo) are 
line plots of the periodicities for each event. The confidence level of 0.95 is 

shown by the horizontal lines in Panels (c) and (d). Since the durations of some events are not much longer than 
20 hr, we only show the periodicities from 1 to 6h in this study.

Figure  3 shows that periodicities exist between 3 and 4  hr and around 5  hr in every orbit of both satellites, 
although periodicities between 3 and 4 hr may not be so significant. Similar periodicities are also shown in the 
two selected case studies. Such periodicities are probably associated with the plasma disc flapping as a modu-
lation of planetary rotation. The periodicities near 5  hr suggest that the magnetodisc flapping could transfer 
energy to the magnetosheath and thus generates the detectable ULF wave signals as reported here, in addition to 
causing artificial signals in periodic analysis within the magnetosphere, which make it difficult to research the 
periodicities. The energy transport from the inner magnetosphere to the magnetosheath is probably a fundamental 

Figure 7.  Locations of MP crossings compared to the MP model under 
several typical solar wind dynamic pressures (0.045 (magenta line), 0.09 
(green line) and 0.36 nPa (red line)) from Joy et al. (2002). We think the 
dynamic pressure of 0.09 nPa is the normal state. The selected events are 
marked.
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process which remains poorly understood. The flapping disc is expected to encounter the equatorial region of the 
magnetopause every half a planetary rotation period, that is, ∼5 hr. Since the flapping is strongly coupled with 
the rotation of the magnetosphere, it is possible that the rotation could induce various shifts on the peak, which 
probably explains that the frequency peaks are not exactly half a planetary rotation period. Further investigations 
(e.g., numerical simulation or case studies) are required to further confirm the hypothesis.

To extend our analysis to longer periodicities (6–10 hr), a longer time series of data is needed. We combine all 
magnetic field data from one satellite in the magnetosheath from selected events. Since the variations of magnetic 
field strength could vary a lot from event to event, we normalize the filtered magnetic field data. We use the ratio 
of wave energy to the averaged wave energy for each event as the normalized data and combine the data together 
for periodicity analysis. The results are shown in Figure 4, and the red lines are the confidence level of 0.95.

As we can see, there are significant periodicities near 4.7 and 6.2 hr in both results, while the periodicities near 
8 and 9 hr are only significant in the Galileo data set. Periodicities near 4.7 and 9 hr are near 5 and 10 hr, possi-
bly resulting from the influence of Jupiter's magnetosphere as we have previously mentioned. There were two 
peaks near 2 and 3 hr, which are possibly the harmonics of the 6.2hr peak. We shall also notice that the ∼9 hr 
period was only significant in the Galileo data set, which is perhaps related to a dawn-dusk asymmetry as the two 
satellite samples were from very different local times, as shown in Figure 5. However, it is important to note that 
by combining the magnetosheath data from different intervals, we may have included some unknown artificial 
signals in periodogram analysis. This asymmetry doesnt exist in the case studies.

Figure 8.  Comparison of the periodic analysis to Galileo t3, t4, t11, and Juno t4. We think Galileo t3 and t4 are in the expended state, and Galileo t11 and Juno t4 are 
in the compressed state.
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4.  Discussion
In this study, we analyze multihour periodic variations of ULF wave power using Juno and Galileo observations 
in Jupiter's magnetosheath. To assure the validation of periodicity analysis, the events were selected only when 
the spacecraft was continually in the magnetosheath for more than 20 hr. Under such requirements, 21 events are 
analyzed to obtain a global picture. The locations of satellites during the 21 events are shown in Figure 5. From 
case to case, the periodicities are scattered. However, across the datasets, we often find periodicities between 3 
and 4 hr, and periodicities near 5 hr. Periodicities near 9 hr are often found in long time analysis. The variability of 
periodicities may represent different magnetospheric states caused by mass loading and/or solar wind conditions.

Extensive literature has been focused on the periodic variations in Jupiter's magnetosphere. However, hitherto, 
fluctuations on multihour timescales have been difficult to explore because the ∼5-hr motion of the plasma sheet 
means that a quasi-stationary single spacecraft mission will sample different magnetospheric regions across this 
timescale. Consequently, multihour periodic variations are rarely investigated. However, once the spacecraft is in 
the magnetosheath, such problems of data sampling are no longer applicable.

Jupiter's magnetosphere constantly rotates, producing a dynamic magnetopause boundary layer, which could 
potentially pass magnetospheric signatures to the magnetosheath. While the disc oscillation may cause pertur-
bations to the magnetosheath (as shown in Figure 6), the perturbations are physical and could lead to energy 
dissipation rather than a spatial variation related to the regions sampled by the spacecraft. As clearly shown in 
the datasets, ∼5 hr perturbations are widely observed, which is probably associated with the rotation modula-
tion. Periodicities between 3 and 4 hr, and periodicities near 9 hr may be caused by supercorotation in the outer 
magnetosphere. The hypothesis could potentially be examined by global numerical simulations of the Jovian 
system (Zhang et al., 2021).

The multihour periodicities of ULF wave power represent a type of modulation of energy release. At Earth, 
repetitive energy release, such as through periodic substorms, is believed to be driven by the solar wind (Huang 
& Cai, 2009). Besides the external driver caused by the solar wind (Dungey, 1961), internal processes are also 
believed to drive periodic substorms on Earth (Brambles et al., 2011). In comparison with the Earth, the Jovian 
magnetosphere is mainly controlled by loading of internal mass and associated processes (e.g., Yao et al., 2019). 
For example, the relation between quasi-periodic reconfiguration and the solar wind has not been found in obser-
vation (Kronberg et al., 2009). Internal processes, such as planetary rotation and Io's volcanic activity, are crucial 
in driving magnetospheric dynamics (Delamere,  2016). It is unclear whether or not these internal processes 
could be strong enough to influence Jupiter's magnetosheath. This work suggests that they are. The significant 
and common periodicities near 5 hr (common in all analysis) and 9 hr (common in long time analysis) indicate 
that the magnetospheric plasma circulation could modulate energy processes in the magnetosheath. Perhaps the 
interaction could result in energy transfer from the magnetosphere to the magnetosheath, which requires further 
examination with multiinstrument measurements.

To investigate the influence from the solar wind, we may compare the periodicities of events during compressed 
and expanded magnetospheric states. Since the determination of solar wind conditions is highly challenging 
without a monitor from upstream solar wind, we only chose several events when the magnetopause was under 
extremely compressed or expanded conditions. Figure 7 shows the locations of magnetopause crossings for all 
events. For a convenient comparison, the modeled magnetopause following Joy et al. (2002) under several typical 
solar wind dynamic pressures (0.045, 0.09, and 0.36 nPa) is also provided in Figure 7. As we can see, the MP 
crossings in Galileo t3 and t4 are significant outside the magnetopause model under the solar wind dynamic 
pressure of 0.045 nPa, which is significantly weaker than the normal state (0.09 nPa). Thus, the two events can 
be considered as expended situations. The magnetopause crossings in Galileo t11 and Juno t4 are inside of the 
modeled magnetopause under the solar wind dynamic pressure at 0.36 nPa, so that they are compressed events. 
The periodic analysis of Galileo t3, t4, t11, and Juno t4 are shown in Figure 8. Although it seems the two events 
during compressed situation are at slightly shorter periods, the difference is very minor. The periods at ∼4 and 
∼5 hr are significant for both compressed and expanded situations. These results suggest that the solar wind has 
little influence on the periodicities. We speculate that these hourly periods in the magnetosheath are likely mainly 
controlled by the magnetospheric plasma circulations. As the ULF wave plays an important role in the energy 
circulations in the Jovian system, the results in this study therefore highlight the influence from the inside process 
of Jupiter's magnetosphere to the magnetosheath.
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5.  Conclusion
In this study, multihour periodicities are systematically investigated for the first time, using magnetosheath meas-
urements from the Juno and Galileo spacecraft. The results show multihour variations in both dawn and dusk 
local times, which is suggested to be a consequence of magnetospheric plasma circulation and disc oscillation. 
Although the solar wind compressions can drive significant energy dissipation as visualized by auroral images 
(Nichols et al., 2007, 2017; Yao et al., 2022), our results show that the compressions may have little influence on 
the hourly periodicities. But the exact generator of multihour variations still needs to be confirmed. Numerical 
simulations would be an ideal complementary investigation to reveal the mysterious hourly variation revealed in 
this study. The periodicities near 5 and 9 hr are likely the influence of Jupiter rotation. How the planetary oscil-
lation exactly modulates the interaction between the magnetosheath and rotating magnetospheric plasma circula-
tion may be next work. The processes associated with the magnetopause boundary layer are crucial to answer this 
question. The main results are summarized as follows:

1.	 �Jupiter's magnetosheath has many hourly periodic variations, which are likely a consequence of magneto-
spheric plasma circulation. Periodicities from 2 to 10 hr are widely identified, but the periods can change 
from time to time.

2.	 �We found little difference in the periods during solar wind compression or quiet situations, which perhaps 
suggested that the hourly periods are mostly controlled by internal processes.

3.	 �The hourly ULF waves are identified throughout the orbits of Juno and Galileo spacecraft, indicating that the 
Jovian system can systematically generate hourly perturbations. The mechanism is still unclear, and numerical 
simulations are likely ideal tools to answer this question.

Data Availability Statement
All Juno and Galileo data presented here are publicly available from NASA's Planetary Data System. The Juno-
MAG data set is from NASA Planetary Data (Connerney, 2022) and the Juno-Wave data set is from NASA Plan-
etary Data System (Kurth & Piker, 2022). Galileo-MAG data set is from NASA Planetary Data System (Kivelson 
et al., 2022) and Galileo-Wave data set is from NASA Planetary Data System (Gurnett et al., 1997). The matlab 
scripts used to produce Figures 1–5, 7, and 8 are available at Gu et al. (2023). Figure 6 is produced by Adobe 
Illustrator.
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