
1.  Introduction
Jupiter's huge magnetosphere shows quasi-periodic variations with periods of a few to several days. Long-
term observation by the Galileo spacecraft shows the periodic variation of the energetic ion flux and spectral 
slope in the vast magnetospheric region beyond 20 RJ (RJ is Jupiter's radius) and various local time sectors 
(e.g., Kronberg et  al.,  2009; Woch et  al.,  1998). Periodic reconfiguration of the magnetosphere between 
a loading phase, involving thinning of the magnetospheric current sheet for ∼2 days, and an unloading 
phase, associated with dipolarization of the magnetic field for ∼1 days, was proposed by Woch et al. (1998). 
Statistical analysis of the magnetic field observed by Galileo showed a reconnection-like variation with 
1–4 days intervals for some orbits (Vogt et al., 2010). Polar-integrated aurora observed by International Ul-
traviolet Explorer (IUE) showed brightness variations by a factor of 2–4 on time scales of 5–10 days (Prangé 
et al., 2001). They found that this periodic variation corresponds to the variation time scale of the magnet-
ic field between quiet and disturbed days observed in Jupiter's magnetotail by the Galileo magnetometer 
(MAG). Louarn et al. (2014) reported the enhancement of auroral radio flux (hectometric emission, HOM) 
and the initiation of a radio source in the Io plasma torus (IPT) (narrow-band kilometric emission, nKOM) 
almost simultaneously with the periodic events of energetic ions and plasma injection features. The ap-
pearance and disappearance of the auroral spot observed by Hubble Space Telescope (HST) in the poleward 
region of the dawnside main emission also showed variation with a period of 2–3 days (Radioti et al., 2010). 
A similar spot has been suggested to be a precursor of the auroral intensification (Gray et al., 2016). X-ray 
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auroral spot also shows time variation over days, partly associated with solar wind disturbances (e.g., Dunn 
et al., 2020).

There are various periodicities with a similar time scale, but it is unknown what controls the variation. 
Io's volcanic activity is one of the candidates via changing the plasma mass flux in the magnetospheric 
plasma sheet. Io provides a massive plasma outflow consisting of sulfur and oxygen ions as main contrib-
utors to the plasma pressure, which balances with the magnetic pressure in Jupiter's magnetosphere. Kro-
nberg et al. (2007) proposed a theoretical model to quantitatively explain the variation of periodicity that 
was based on magnetic field and plasma observations. They found theoretically that the time constant of 
the Jovian magnetosphere describing the transition from mass loading until reconnection onset decreases 
with increasing plasma mass flux, although this has not been confirmed by observations. The contribution 
of solar wind variation to magnetospheric periods is also under debate. Kronberg et  al.  (2008) and Yao 
et al. (2019) suggested that the periodic variation seen in the energetic plasma flux and magnetic field is 
independent of the solar wind variation. Vogt et al. (2019) analyzed plasma and magnetic field observations 
by Galileo in Jupiter's magnetotail and suggested two types of variations: (i) magnetospheric compression 
events due to variation of solar wind dynamic pressure and (ii) tail reconnection and plasmoid release, most 
likely internally driven by the Vasyliunas cycle (Vasyliunas, 1983).

The Hisaki Earth-orbiting space telescope monitors both the IPT and Jupiter's northern aurora simultane-
ously (Kimura et al., 2019; Yamazaki et al., 2014; Yoshikawa et al., 2014; Yoshioka et al., 2013). Although the 
Extreme Ultraviolet Spectroscope for Exospheric Dynamics (EXCEED) spectrometer cannot resolve the au-
roral structure due to its moderate spatial resolution (about 1 RJ at Jupiter's opposition), it provides auroral 
spectra continuously for ∼40 min during each 106-min orbit. Since its launch in 2013, Hisaki has observed 
Jupiter for several months around its times of oppositions. In this study, we analyze the periodic variation 
of the aurora observed by EXCEED using 2014–2016 data, which includes monitoring a volcanically active 
event in 2015 (e.g., Kimura et al., 2018; Tao et al., 2018; Tsuchiya et al., 2018; Yoshikawa et al., 2017) and 
solar wind during Juno's approaching phase.

2.  Observations and Data Procedure
The Hisaki observations and auroral analysis are outlined briefly here; for details of the observations and 
data reduction, see Kimura et al. (2019), and for the analysis of the auroral spectra, see Tao et al. (2016a; 
2016b) . The northern auroral region is covered by the central thin part of a dawn-dusk directed dumb-
bell-shaped 140 arcsec slit with an effective spatial resolution of 17 arcsec. EXCEED detects part of the H2 
Lyman and Werner band emissions over the 80–148 nm wavelength range with full width at half maximum 
resolution of 0.4 nm. The auroral signals within the 20 arcsec aperture of the slit width are integrated over 
specific wavelength ranges. The waveband 138.5–144.8 nm is used to estimate the total auroral emission 
and input power (used to estimate energy flux). The far-ultraviolet color ratio (CR) is defined as the ratio 
of the intensity of the waveband absorbed least by atmospheric hydrocarbons (138.5–144.8  nm) to that 
absorbed most (123–130 nm), which for EXCEED is defined as CREXCEED. As the CR reflects the depth of 
the auroral electron precipitation into the hydrocarbon layer, the auroral electron energy can be estimated 
assuming a specific model (Gérard et al., 2014). The total number flux of precipitating electrons is derived 
from the electron energy and energy flux. The source current density can then be estimated with reference 
to the auroral electron acceleration theory (Tao et al., 2016b). This acceleration theory needs to be revised 
in future, for stochastic acceleration events seen in Juno plasma data (e.g., Mauk et al., 2017). We analyze 
the observations when the Jupiter northern aurora was facing most directly toward Earth, that is, when the 
central meridional longitude (CML) was 45–345° system III longitude. Since the northern auroral oval is 
non-axisymmetric surrounding the magnetic pole, which is shifted from Jupiter's rotational pole, the auro-
ral power detectable from Earth varies with Jupiter's rotation. This power variation due to the appearance 
(planet's rotation changing the view of the oval) is scaled by multiplying by the factor (auroral area inte-
grated over all longitude)/(visible auroral area at instantaneous CML), assuming a typical auroral location. 
The appearance-corrected power is obtained as shown in Figure 1a. Auroral observation is integrated over 
10 min to increase the signal-to-noise ratio.

Quasi-periodic variation of the aurora is detected automatically as follows. First, we obtain a temporal 
sequence of the median of the power in the waveband 138.5–144.8 nm within a 0.5-day window shifted by 
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0.25 day (green line in Figures 1a and 1b, 1 day = 1-Earth day = 24 h). This 0.25-day shift is applied to keep 
better time resolution. Then we take a 3-point running average, that is, over 0.75 day (thick gray line in Fig-
ure 1b) and obtain its time derivative, d(Power)/dt (black line in Figure 1c). We select events with positive 
d(Power)/dt with a duration of 0.5 day or more (orange points in Figures 1b and 1c) and negative d(Power)/
dt with a duration of 0.5 day or more (blue points in Figures 1b and 1c). In order to exclude small perturba-
tions, such as those around day of year (DOY) 25 in 2015 (Figure 1), whose amplitudes are insufficient to 
discuss the periodicity, this analysis used only cases when a summation of the derivative over the positive 
and negative derivatives, Σ(|d(Power)/dt|), is larger than 28  GW/day. The detected events are shown by 
vertical purple lines at the peak of each event in Figures 1a and 1b. After excluding events lacking data for 
≥0.5 day in the interval, we obtain the temporal interval between the brightness peaks of the quasi-periodic 
events (“dt” hereinafter).

We also investigate the amplitude of the periodic variation and the existence of bursty auroral brightening 
with short durations of <10 h. The amplitude of each variation is estimated from the difference between the 
maximum and minimum of the running averaged power, as shown by thick black lines in Figure 2b. If the 
maximum value during each periodic brightness peak (diamonds in Figure 2b) is above the maximum of 
the running average (green line) by 1.5σ or more, where σ is the error estimated from the photon statistics, 
we label it as a periodic event with a significant auroral burst. For example, enhancements on DOY ∼4, 
11, 15, and 17 in 2014 are detected as significant auroral bursts as shown by red vertical lines in Figure 2b, 
while the others on DOY 1, 5, 21, and 23 are periodic variations without significant bursts as shown by blue 
vertical lines.

We compare the periodic variation with the external solar wind observed by Juno during its approaching 
phase toward Jupiter. Solar wind dynamic pressure is considered to be an important parameter that affects 
Jupiter's magnetosphere, as investigated in many studies (e.g., Kita et al., 2019; Nichols et al., 2017; Vogt 
et al., 2019). During Juno's solar wind plasma observation from May to July 2016, the continuity of Hisaki 
observation was not adequate for automatic analysis. Compressed magnetic field structures of the inter-
planetary magnetic field (IMF) are often associated with enhancements of solar wind dynamic pressure. We 
refer to the IMF observation by the MAG (Connerney et al., 2017) on board Juno for the solar wind infor-
mation to cover January and February 2016. We use MAG data with a time resolution of 60 s taken from the 
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Figure 1.  Time variations of (a) the auroral power emitted at wavelengths of 138.5–144.8 nm (black diamonds) and its 
median within the 0.5-day window shifted by 0.25 day (green line), (b) the same median power (green) and its 0.75-day 
(3-point) running average (gray line), and (c) time deviation of the power from 29 December 2014 to 30 January 2015. 
The detected positive and negative intervals continuing for ≥0.5 day are shown by orange and blue colors, respectively, 
in Figures 1b and 1c. Gray vertical lines in Figures 1a show errors estimated from the photon statistics. Purple vertical 
lines in Figures 1a and 1b represent the peak time of the quasi-periodic event detected automatically.

(a)

(b)

(c)
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NASA Planetary Data System website. The IMF variation observed at the Juno spacecraft is shifted to the 
location of Jupiter assuming a solar wind velocity of 400 km/s (e.g., Wilson et al., 2018) and a constant struc-
ture during the solar rotation. This simple estimation is applicable since Juno was close to Jupiter, within 
0.12 AU and 6.2° separation in heliospheric radius and longitude, respectively, for DOY 20–63 in 2016.

3.  Results
Figure 3 shows an overview of the data set analyzed in this study. Hisaki is continuing its observation of 
Jupiter's aurora (even now in August 2020), while we use highly continuous data until the middle (DOY 
241) of 2016 to detect the periodic variation automatically. Top plots show the auroral power in the 138.5–
144.8 nm band, which reflects the total input power. Detected periodic variations are indicated by red or 
blue lines at their peaks in the top plots and their separation interval dt is shown in middle plots. This data 
set covers quiet (from DOY 1 in 2014 to DOY20 in 2015) and large active volcanic event (DOY 20–100 in 
2015) as seen in the variation of S+ emission from the IPT (bottom plots). Since some sporadic volcanic 
activities occurred in 2016, e.g., DOY ∼140 (Kimura et al., 2017; Tsuchiya et al., 2019), we exclude the 2016 
data set from the comparison of behaviors between volcanically quiet and active time.

Figure 4 shows a histogram of the separation interval of the auroral periodic variation dt. The interval over 
the whole analyzed period varies in the range of 0.8–11.5 days with a peak at 2 days. The analyses applied 
to Io's volcanically quiet (from DOY 1 in 2014 to DOY 40 in 2015) and active (DOY 40–140 in 2015) periods 
are shown by dotted and dot-dashed lines, respectively, which are concentrated at a similar separation time. 
The mean and standard deviation during the quiet (active) period are 3.0 (2.6) and 1.3 (1.0) days, respective-
ly. For the quiet period, we excluded the extreme event at dt = 11.5 days. We use the Mann–Whitney U-test 
to investigate whether two independent samples taken from non-normal populations have the same distri-
bution. Excluding the extreme event, the null hypothesis, that is, (dt during the active period) = (dt during 
the quiet period), is not rejected by the Mann–Whitney U-test (test statistics: U = 249.5, z = 1.05, p = 0.290, 
sample size n = 40). See Section 4.3 for the power analysis.

An interesting finding from this analysis is that the auroral bursts sometimes occurred at the peaks of the 
periodic variation, several examples of which are shown in Figure 2. The events on DOY ∼4, 11, and 15 in 
2014 are auroral bursts reported by Kimura et al. (2015). The first two events were almost simultaneously 
observed with HST. The auroral images taken by HST show low-latitude expansion and blobs along the 
main aurora (Badman et al., 2016; Kimura et al., 2015). These events were seen at the peak of the periodic 
variation. There are also periodic variations that are not associated with significant auroral bursts: for exam-
ple, DOY 1, 5, 21, and 23 in 2014 in Figure 2.

The existence (red) and absence (blue) of the auroral bursts over the whole period shows concentrations of 
the occurrence of these events, e.g., DOY ∼10 and ∼355 in 2014, 40–120 in 2015, and 20–50 in 2016. On the 
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Figure 2.  As Figures 1a and 1b but from 30 December 2013 to 24 January 2014. The black vertical lines in 
Figures 2b show the detected amplitudes of the periodic variation, and diamonds show the largest power during each 
enhancement. Red and blue lines represent the existence and absence of significant auroral enhancement, respectively.

(a)

(b)
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other hand, the quasi-periodic variation is seen almost all the time. The longest period in which the most 
of periodic variations (89%) are accompanied by the auroral burst, DOY 40–120 in 2015, corresponds to 
Io's volcanically active event. The number of events associated with significant power enhancements is 16 
(17) within 39 (26) periodic variations, that is, an occurrence ratio of 41% (65%), for the volcanically quiet 
(active) period from DOY 1 in 2014 to DOY 40 in 2015 (DOY 40–140 in 2015).

Figure  5 shows the relationship between the separation interval and geometric parameters and auroral 
powers. There is not clear correlation between dt, CML (Figure 5a), Io phase angle (Figure 5b), and the am-
plitude of the periodic variation (Figure 5c) which would reflect the size of magnetospheric reconfiguration 
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Figure 3.  Time variations of the power emitted at wavelengths of 138.5–144.8 nm (upper), interval of events dt 
(middle), and IPT SII emission intensity (bottom, see Yoshikawa et al. (2017) for details), observed in (a) 2014, (b) 2015, 
and (c) 2016. Gray vertical lines in the upper plots show errors estimated from the photon statistics, and red and blue 
vertical lines represent the peak times of periodic events with and without significant enhancement, respectively.



Journal of Geophysical Research: Space Physics

(see Section 4.2). The same analysis using different Io volcanic activity 
levels also shows no clear correlation if the extreme event dt > 8 is ex-
cluded. On the other hand, we found a significant positive correlation 
between the amplitude power and auroral burst power. The amplitude 
power corresponds to the maximum difference of power within a peri-
odic variation (e.g., the size of thick black lines in Figure 2b), while the 
auroral burst power is the excess of auroral burst (e.g., diamonds in Fig-
ure 2b) from the peak power of the periodic variation. The correlation 
coefficient is 0.49 for the data set using the whole period, and 0.64 and 
0.69 for Io volcanically active and quiet times, respectively.

Superposed-epoch analysis is carried out for the observed power and the 
estimated parameters from the spectral analysis. The reference time = 0 
for the superposed-epoch analysis is the timing of the power peaks of the 
quasi-periodic variation. The mean value of all events within each time 
bin is shown in red. If we exclude the periodic events associated with 
the auroral bursts, the mean value (blue) at time = 0 decreases, while 
this purely reflects the periodic variation. CREXCEED shows a slight de-

crease from ∼1.4 to ∼1.3; this decrease is smaller than the variance ∼0.4 (Figure 6b). This decrease around 
time = 0 is less clearly seen if the auroral burst events are excluded (blue, Figure 6b). In contrast to the 
variation in CREXCEED, the source current is enhanced from ∼3 to ∼7 nA/m2 with increasing auroral power 
(Figure 6c). Since the absolute values of these parameters vary among events, we conducted similar analysis 
using the variation ratio of each parameter normalized by the initial value of each periodic variation, as 
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Figure 4.  Histogram of separation interval dt of periodic events for all the 
2014–2016 data set (green line), Io's volcanically quiet time in 2014–2015 
(black dotted line), and Io's volcanically active time in 2015 (red dot-
dashed line).

Figure 5.  Separation interval dt as a function of (a) CML, (b) Io phase angle, and (c) amplitude power of the periodic 
variation, and (d) correlation between amplitude power and peak-amplitude power, for all the data set over 2014–2016 
(green diamonds), Io's volcanically quiet time (black pluses), and volcanically active time (red pluses). Numbers in the 
upper part of each plot are the correlation coefficient, and those in brackets are the correlation coefficients excluding 
the extreme case with dt > 8 days.

(a) (b)

(c) (d)
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shown in Figures 6d–6f. Increasing and decreasing trends are more clearly seen in the power and current 
density. This periodic variation of auroral power is mainly related with the change in source current. The 
source current varies with the periodic variation by a factor of ∼1.6 (Figure 6f).

We statistically investigate the durations of increasing and decreasing power over in the quasi-periodic var-
iation. The duration of increasing (decreasing) auroral emissions vary from 0.5 to 2.25 days (0.25–2.75 days) 
with mean and standard deviation values of 0.96 ± 0.39 (0.78 ± 0.52) days for the whole period as shown 
in Figure 7a (Figure 7b). The difference between the durations of increasing and decreasing auroral power 
is significant according to the Mann–Whitney U-test (U = 4,401.5, z = 4.03, p = 5.4 × 10−5, n = 225). The 
histogram of the duration differences shows a slightly longer increasing period by −0.17 ± 0.66 day on 
average (Figure 7c).
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Figure 6.  Results of superposed-epoch analysis for the periodic events showing (a) auroral power at 138.5–144.8 nm 
with rotational modulation correction, (b) CREXCEED, and (c) maximum field-aligned current that can be carried by 
precipitating magnetospheric electrons without field-aligned acceleration, and superposed-epoch analysis showing 
relative increase (see detail in text) of (d) auroral power, (e) CREXCEED, and (f) field-aligned current. The mean value 
within each 0.2-day bin for all events and that for events without bursts are shown by red and blue diamonds, 
respectively, with error bars showing the variance.

Figure 7.  Histogram for the (a) durations of increasing power, (b) decreasing power, and (c) their difference in periodic 
events for the entire 2014–2016 data set (solid green line), Io's volcanic quiet time in 2014–2015 (black dotted line), and 
Io's volcanic active time in 2015 (orange dot-dashed line).

(a) (b) (c)
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Finally we show a comparison between the auroral power and the variation of the IMF from the Juno 
observation in Figure 8. The auroral power over wavelengths of 80–170 nm without absorption, estimated 
from the observation at 138.5–144.8 nm (Tao et al., 2016b), is shown on the right y-axis. There are significant 
solar wind variations on DOY 22–27, DOY 39–43, and DOY 50–59 in 2016. The lower envelope of the auroral 

power, that is, the background of the periodic peaks, is correlated with the 
IMF variations. For example, the auroral power increases from 1.5 TW 
on DOY 22–23 to 3.5 TW on DOY 24–25 and then decreases to ∼1 TW on 
DOY 30. The power variation trend is similar to that of the IMF. Periodic 
variations are seen in addition to these variations, for example, DOY 22, 
23, and 25 in the first enhancement. These periodic variations are contin-
uously observed in periods of both quiet and enhanced IMF. From this 
observation, the auroral power amplitude associated with the solar wind 
is estimated to be 1–3  TW. This is comparable with the typical ampli-
tude of the periodic variation of ∼0.8 TW and that of the auroral burst of 
∼1 TW up to 6 TW, which are estimated from the whole data set.

4.  Discussion
4.1.  Comparison With Other Studies for a Global View

Quasi-periodic variations have been reported for various parameters 
along with their characteristics. We focus on the periodicity, asymmetric 
increasing and decreasing time durations, and the time scale of auroral 
power variation. Here we compare our results with those of previous 
studies and construct a global view based on the magnetospheric recon-
figuration model proposed by Woch et al. (1998) (Figure 9).

The separation time of the periodic variation seen in the aurora is scattered 
over 0.8–8 days with a peak at 2 days. This is comparable with previous 
reports, that is, 5–10 days seen in the aurora by IUE observation (Prangé 
et al., 2001), 1.5–7 days in plasma spectra (Kronberg et al., 2009) and in 
the signatures of magnetic field stretching and depolarization (Kronberg 
et al., 2008), and 1–4 days in magnetic reconnection-like features (Vogt 
et al., 2010) and in wave power spectra (Vogt et al., 2019), and ∼3 days in 
both magnetic field and plasma taken by Juno (Vogt et al., 2020).
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Figure 8.  Time variations of (a) auroral powers emitted at wavelengths of 138.5–144.8 nm and (b) interplanetary 
magnetic field strength observed by Juno for DOY 20–64 in 2016. In Figure 8a, gray vertical lines show errors estimated 
from the photon statistics, and red and blue vertical lines represent the peak times of periodic events with and without 
auroral bursts, respectively. The right y-axis in Figure 8a shows the auroral power over wavelengths of 80–170 nm 
without absorption. Gray hatched regions are solar wind events.

(a)

(b)

Figure 9.  Schematics representing from top to bottom the magnetospheric 
reconfiguration model and the related observed characteristics of the 
magnetic field; the energetic ion flux and spectral index γ; the auroral radio 
emissions; the auroral power from previous observation; the auroral power, 
flux, and energy from this study; and auroral images taken by HST at quiet 
(left) and disturbed (right) times.
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Our observation shows increases for a duration of 0.96  ±  0.39  days and decreases for a duration of 
0.78 ± 0.52 days. Asymmetric durations of increases and decreases were found by in situ plasma observa-
tions (e.g., Woch et al., 1998). The decrease in the energetic ion flux and the increase in the spectral slope 
take ∼2 days, while the flux increases and the slope decreases within ∼1 day with disturbed features. To 
compare the intrinsic durations in detail, we also statistically investigated the duration of the periodic vari-
ation in the energetic ions observed by Galileo using the data set of Kronberg et al. (2009). Referring to the 
time variation of the spectral index γ of energetic ion distributions observed by Energetic Particle Detector 
on board Galileo, intervals of increasing and decreasing spectral index are detected for the 71 events from 
1996 to 2002. As a result, we found that the duration of increasing spectral index is 1.84 ± 0.97 days and the 
duration of decreasing spectral index is 1.24 ± 0.87 days (Figure 10). The difference between durations of 
spectral hardening and softening is significant according to the Mann–Whitney U-test (U = 3,695, z = 4.79, 
p = 1.65 × 10−6, n = 141). The difference, that is, the duration of decreasing subtracted by the duration of 
increasing, is −0.60 ± 0.92 days. Therefore, the significant asymmetry in intervals of increasing and de-
creasing is confirmed in both the auroral power (Section 3) and energetic ion spectral index γ that is related 
to the thinning of the plasma sheet (Kronberg et al., 2007), while the difference between the durations seen 
in aurora, −0.17 ± 0.66 day, is still much smaller than the difference related to variation of energetic ion 
spectra. The automatic method (Section 2) detects durations of clear positive or negative slope signatures 
(Figure 1b). This would underestimate durations, especially for the decreasing (loading) phase, with per-
turbed signatures (e.g., DOY 22–25 in 2015, Figure 1b). Despite this limitation, our study confirmed that the 
loading phase is usually longer than the unloading phase.

Magnetic field dipolarization and plasma sheet thinning have been observed with the periodic variation 
of energetic particles (e.g., Kronberg et  al.,  2007; Vogt et  al.,  2020). They also found that the magnetic 
field ratio of the southward component to the radial component reaches the threshold for the ion tearing 
instability at the end of the stretching phase. Energetic ion bursts were sometimes but not always observed 
during this disturbed time. Yao et al. (2019) found the magnetic reconnection-like features, probably linked 
to small-scale drizzle reconnection, occur during both loading and unloading variation seen in magnetic 
field and plasma observed by Juno. According to their Figure 2, the occurrence of the reconnection-like 
feature seems to be concentrated around the end of the stretching phase and beginning of the dipolarization 
phase. Their event analysis suggests the correspondence among aurora, electron flux, and magnetic field 
variations (thick black arrow in Figure 9). The asymmetries in the durations of the periodicity seen in au-
rora and plasma found in this study also support the correspondence. Prangé et al. (2001) found magnetic 
field disturbance in the magnetospheric tail around the peak of the auroral power. Interestingly, our Hisaki 
observation sometimes detected auroral bursts, and we found in this study that they occur at the peak of 
the periodic variation. These aurora bursts are associated with auroral blobs and low-latitude expansion of 
the main auroral oval on the basis of auroral imaging by HST (Badman et al., 2016; Kimura et al., 2015), an 
example of which is shown in Figure 9. Bonfond et al. (2012) reported a months-long expansion of the main 
emissions at the same time as the occurrence rate of intense equatorward emissions strongly increased in 
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Figure 10.  Histograms for the (a) durations of increasing and (b) decreasing spectral index γ of energetic ion 
distributions and (c) their difference observed by the Galileo Energetic Particle Detector (EPD).
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2007. Magnetodisc modeling by Nichols et al. (2015) showed that equatorward expansion of the auroral oval 
could be achieved for typical Io mass loading rates with a global enhancement of hot plasma population. 
Enhancement of hot electron density by a factor of ∼2.3 at IPT during the volcanic event in 2015 was re-
ported by Yoshioka et al. (2018). Yao et al. (2020) reported that signatures of larger scale reconnection have 
been related to large auroral brightening seen in the dawnside which is called dawn storms. These auroral 
structures are considered to represent Jupiter's reconfiguration events. The stretching of the magnetosphere 
and energy release process in the tail region (e.g., reconnections) initiate auroral bursts. Inversely, auroral 
bursts provide an opportunity for monitoring reconfiguration events.

Note that the magnetospheric reconnection-like feature and in situ ion bursts are observed several times 
within one periodic variation (e.g., Kronberg et  al.,  2007; Yao et  al.,  2019). This multiple feature would 
be related with the several auroral spots which appear and disappear with a period of 2–3 days (Radioti 
et al., 2010). Bonfond et al. (2020) reported that the intense auroral emission is observed probably several 
hours after the reconnection-trigger auroral brightening in midnight. The auroral bursts observed by Hisa-
ki's polar-integrated view would be developed features of the reconnection-like auroral spots.

In the following sections, we will quantitatively discuss the auroral variation and Io's volcanic activity and 
solar wind effects within this global view.

4.2.  Quantitative Analysis of Auroral Variation

The results of superposed-epoch analysis shown in Figure 6 suggests that the periodic variation of auroral 
emission is associated with the increase in auroral source current. Tao et al. (2016b) quantitatively evaluated 
the variation of auroral emission due to (i) a magnetospheric compression and (ii) a change in the relative 
contribution of different components in the auroral structures as possible explanations of the auroral varia-
tion during solar wind compressions and/or plasma injections. On the other hand, the periodic variation in 
the global feature (Section 4.1) is considered to correspond to the plasma sheet thinning phase rather than 
the radial compression for (i). The change in the auroral components, (ii), is also unlikely to be the cause of 
this variation. Here we consider a quantitative estimation for this case of plasma sheet thinning. We assume 
that corotation breakdown is the main generation mechanism for the main aurora and magnetospheric 
reconfiguration modulates the source current density in the magnetotail and auroral emission intensity.

The source current density j//0 (2.5/kBT0 [keV]) 1/2
0 0N T   (see Tao et al. (2016b) for details) is the current den-

sity conveyed without acceleration by magnetospheric electrons with density N0 and temperature T0. Here 
we also assume adiabaticity, that is, PV constant   with γ = 5/3, where P = N0kBT0 is the plasma pressure, 

V is the flux tube volume (i.e., the volume per unit magnetic flux), and kB is the Boltzmann constant. From 

the mass conservation, VN0 = constant, we obtain j//0   1/21 2/3
0 0 0N N N   . Referring to the observed 

∼1.6-fold increase in the source current (Figure 6f), the plasma density is estimated to increase by a factor of 
1.63/2 = 2.0 and the pressure variation by a factor of 1.63/2+1 = 3.2. From the mass conservation, VN0 = con-
stant, the volume will be decreased by 50%. This can be achieved by, for example, a change in the dimensions 
of the initial region from radial range Δr = 15 RJ with width in the north-south direction Δz = 4 RJ to the 
region with Δr = 30 RJ and Δz = 1 RJ in the thinning phase at the similar radial distance.

Kronberg et al. (2007) evaluated the magnetic field variation during the periodic variation from the results 
of in situ observation. They obtained a radial component of Br = 3.5 nT and a meridional component of 
Bθ = 1.1 nT in the mass-unloaded phase and values of Br = 4.5 nT and Bθ = 0.1 nT in the reconnection 
phase. This suggests an increase in magnetic pressure by a factor of 1.5. Some events showed a variation 
from Br = 3 nT to 6 nT (Figure 1 of Kronberg et al. (2007)) resulting in the magnetic pressure increasing by 
a factor of ∼3.5. The plasma thermal pressure is almost balanced with the magnetic pressure in the Jupiter 
magnetotail, as also shown by Kronberg et al. (2007). Note that the magnetic field variation was observed 
at magnetotail ∼120 RJ, while the auroral source current mainly reflects the middle magnetosphere ∼30–50 
RJ. Referring to the periodic variation in the plasma pressure investigated by Kronberg et al. (2008), the pres-
sure varies by a factor of 2.5–5.5 at 30–60 RJ. The 3.2-fold pressure enhancement estimated from this study 
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is comparable with the observed variation. Therefore, the auroral periodic variation is quantitatively linked 
with the source current variation due to magnetospheric plasma thinning and dipolarization.

4.3.  Modulations by Io Volcanic Activity: Periodicity

Our analysis does not show a significant difference in the periodicity due to the volcanic activity of Io. On 
the other hand, a decreasing time constant of the Jovian magnetosphere needed for mass loading with 
increasing plasma mass flux has been proposed by Kronberg et al.  (2007) on the basis of a quantitative 
relationship. Here we estimate the expected variation of the periodicity from the relationship and its detect-
ability using our data set.

Assuming a pressure balance with appropriate simplifications for the Jupiter magnetotail environment, 
Kronberg et al. (2007) defined a parameter representing the plasma sheet topology. They obtained the peri-
odic time constant τ from the time variation of the parameter. One of their proposed relationships relating 
the τ with the plasma mass flux is as follows:

rec 0 n  
 






� (1)

where the ρrec and ρ0 are the plasma mass density just before the reconnection and that at the start of the 
mass-loading phase, respectively; PS/m V   , where m  is the mass-loading rate and Vps is the mass-loaded 

plasma sheet volume; and  rec 0

16 p
n

m
 




  is the number density enhancement, where mp is the proton 

mass. For δn = 0.05, referring to the plasma observation by Frank et al. (2002), the time constant is esti-
mated to be 6.5–1 days for the probable mass-loading rate of 100–600 kg/s and ∼2.5 days for the most likely 
value of the mass-loading rate of 250 kg/s.

Io's volcanic activity in 2015 was distinct from the past events seen in the sodium nebula reaching 60 kR 
at 50 RJ as compared with 20–25  kR before this event (Yoneda et  al.,  2015). From IPT spectral anal-
ysis combined with a chemical model, it was found that the net production of S and O increases from 
700 ± 130 kg/s to 3,000 ± 300 kg/s (factor of 4.3) and the electron density increases from 2,350 ± 340 cm−3 
to 2,860 ± 260 cm−3 (factor of 1.2) at ∼6 RJ around the peak of the volcanic event compared with a quiet time 
(Yoshioka et al., 2018). Their analysis also suggested that plasma outflow velocity increases by factor of ∼3.4 
during the volcanically active time. Hikida et al. (2020) applied the plasma diagnosis method to the Hisaki 
data with the 140 arcsec slit and obtained a similar electron variation from 1,790 ± 80 cm-3 to 2,400 ± 100 
cm-3 (factor of 1.3) during the volcanic event. An analytic method considering conservations of the mag-
netic flux and energy in the interchange motion at the IPT associated with the IPT emission observed by 
Hisaki suggests an increase in the plasma mass-loading rate from 300 to 500 kg/s (factor of 1.66) during this 
volcanic event (Kimura et al., 2018). Auroral spectral analysis combined with the auroral particle accelera-
tion theory suggests that the source plasma density around the middle magnetosphere also increases from 
0.0019 to 0.0027 cm-3 (factor of 1.4) (Tao et al., 2018). Increases in the plasma density and mass-loading rate 
by factors of 1.2–1.7 are estimated from these various methods.

For the variation of the mass-loading rate from 300 to 500 kg/s (Kimura et al., 2018), relationship (1) with 
δn = 0.05 corresponds to a decrease in the time constant from 2 to 1.2 days. The difference between the 
maximum and minimum values is 0.8 day. For the increase in the plasma density and mass-loading rate by 
a factor of 1.2–1.7, the decrease in the time constant is ∼83%–60%. If the time constant at the volcanically 
quiet condition is 3 days, that at the active condition is expected to be in the range of 2.5–1.8 days. The dif-
ference between quiet and active conditions is 0.50–1.2 days.

Here, we analyzed the power, that is, probability to detect the significant difference correctly, of our test 
using the wmwpow package (ver. 0.1.2, R). This package evaluates the exact power of the Mann–Whit-
ney U-test using a Monte-Carlo approach (Mollan et  al.,  2019). The obtained detection power was 0.83 
(0.81) with a potential difference of 1.25 (1.2) days for the event number of our data set, which is compa-
rable to a generally acceptable value of 0.8. From our analysis, the difference between the volcanic quiet 
(dt = 3.0 days) and active conditions (dt = 2.6 days) was 0.4 days (Section 3), which is less than 1.25 days. 
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Therefore, a difference of greater than 1.25 days is unlikely to exist between the active and quiet conditions. 
This also indicates that our data set is not adequate for detecting a difference of less than 1.25 days. The 
expected difference of 0.50–1.2 days for this volcanic event is beyond this detection ability.

The ability to detect a smaller difference improves with increasing number of samples. If the observed 
separation times on DOY 10–200 in 2016 are added as the quiet period, the number of samples for the quiet 
time increases to 43. With the 19 samples during the volcanically active time, the data set has a large power 
(0.889) for detecting a difference of 1.2 days but insufficient power to detect a difference of 0.5 days (power 
of 0.261) according to the wmwpow analysis. In addition, the obtained mean values of the two groups be-
come closer, 2.65 and 2.62, for the quiet and active conditions, respectively.

Therefore, a significant difference in periodicity between volcanically quiet and active conditions is not 
derived from our data set. From the detection analysis, we cannot conclude whether no difference exists or 
whether a difference of less than 1.25 days exists. Further observations and analysis are expected to answer 
this remaining question.

4.4.  Modulations by Io Volcanic Activity: Auroral Burst

The occurrence of aurora bursts increased significantly during enhanced volcanic activity as also previously 
reported (Kimura et al., 2018, Tao et al., 2018; Tsuchiya et al., 2018; Yoshikawa et al., 2017). In addition, a 
new finding in this study is the correlation between the auroral burst power and the power of the periodic 
amplitude. This correlation indicates that the explosion of the magnetospheric power is related to the activi-
ty of the background periodic variation. These bursts are considered to be the main diagnostic of the plasma 
mass release via magnetospheric reconnection.

4.5.  Modulations by Solar Wind

As seen in the comparison of the periodic variation obtained with Juno's IMF observation, the periodic varia-
tion continues under solar wind compression events. This supports the independent periodic variation of the 
energetic particle flux and spectral slope proposed by Kronberg et al. (2008) and Vogt et al. (2019) . From the 
statistical analysis using the plasma and magnetic field datasets measured by Galileo, Vogt et al. (2019) found 
that increases in the solar wind dynamic pressure are statistically associated with magnetospheric compres-
sion events while tail reconnection and plasmoid release are most likely internally driven by the Vasyliunas 
cycle. Our results of auroral observation also reflect these two characteristic dynamics. As shown in Figure 8, 
the increasing trend of the auroral base (“envelope” of local emission minima) over several days closely re-
flects the variation of the IMF strength. This power modulation is probably due to magnetospheric compres-
sion. Similar auroral variation was reported in Hisaki observation by, for example, Kita et al. (2016) and Tao 
et al. (2016b), referring to the solar wind variation estimated by model (Tao et al., 2005). Using HST image 
taken in May–June 2016, Nichols et al. (2017) reported that main emissions and duskside poleward region are 
brightened during the solar wind compressions observed by Juno. On the other hand, the quasi-periodic varia-
tion and auroral bursts at these peaks sometimes correspond to the auroral reconnection and plasmoid release 
as discussed in Section 4.1. Our data set of polar total auroral power is unique in its reflection of both types of 
dynamics. The relative contribution of both dynamics to the total power is derived from this study, that is, the 
intrinsic periodic variation provides ∼0.8 TW amplitude with an auroral burst of 1–6 TW and is comparable 
to the 1–3 TW contribution from solar wind variation. This auroral power modulated by solar wind is compa-
rable with those observed in May–June 2016 (e.g., Gladstone et al., 2017; Kita et al., 2019; Nichols et al., 2017).

5.  Summary
We have investigated the quasi-periodic variation of polar-integrated auroral power with a period of a few 
to several days using observation by the Hisaki space telescope from the end of 2013 to the middle of 2016. 
From our analysis, we obtained the following results.

(1) The detected periodicity of the auroral power is 0.8–8 days with a peak at 2 days. The increasing duration 
of the periodic auroral variation is slightly but significantly longer than the decreasing duration on average, 
as seen with the spectral index of energetic ion distributions from in situ plasma observation by Galileo.
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(2) Significant difference in the periodicity depending on the volcanic activity for the active period in early 
2015 was not detected in our data set, possibly (to be confirmed) because of the insufficient amount of data 
to detect the expected difference from the theoretical estimation applied for this volcanic event. On the 
other hand, our data set suggests that a difference greater than 1.25 days is unlikely to exist between the 
volcanically active and quiet conditions, which is consistent with the expected difference estimated from a 
proposed relationship applied to the plasma variation of this volcanic event.

(3) The periodic variation is mainly caused by the total auroral electron flux variation rather than the av-
eraged auroral energy variation. This variation is associated with magnetospheric thinning by quantitative 
comparison with the in situ observation.

(4) Auroral bursts within short durations <10 h and a large amplitude were sometimes found at the peaks 
of the periodic variation. A positive correlation was found between the auroral burst power and the periodic 
amplitude. The occurrence of the auroral bursts was 41% of periodic peaks during the volcanically quiet 
time, which increased to 65% during the volcanically active time.

(5) The periodic variation associated with the auroral bursts was continuously seen when solar wind struc-
tures hit the magnetosphere. The variation associated with solar wind is 1–3 TW, the periodic variation is 
∼0.8 TW, and the auroral burst varies from ∼1 to 6 TW.

The time variation of the auroral emission modulations suggests a link to other previous observations and 
theoretical models associated with the magnetospheric reconfiguration. Remaining and newly proposed 
questions for future works are as follows. Which spatial component(s) of the aurora is responsible for the 
periodic variation? Does the periodicity depend on the variation in the plasma density and/or the mass-load-
ing rate? What determines the occurrence and absence of the bursts? For the third question, one possibility 
is the amount of accumulated plasma (e.g., Kimura et al., 2018), and another is the geometry of the plasma 
sheet and its evolution toward reconnection-associated instabilities. Why is the asymmetry of the increasing 
and decreasing durations in auroral power less than that of the periodic variation of in situ energetic ions? 
The reflection of global regions in auroral observations compared with the locality for in situ observations 
and/or the time variation between Hisaki and Galileo observations might be related to this difference.

These Hisaki observations provide a total power variation without resolving auroral spatial distribution as 
achieved by Juno and HST. In spite of limited spatial resolution, this study revealed that this Hisaki data set 
can successfully monitor the global internal dynamics of periodic variations and associated auroral bursts.

Data Availability Statement
The data from the Hisaki spacecraft can be found in the Data Archives and Transmission System (DARTS) 
of JAXA at https://www.darts.isas.jaxa.jp/stp/hisaki/ The Juno magnetometer (MAG) data were taken from 
the NASA PDS website (https://pds.nasa.gov/). Auroral images was taken from observations made with the 
NASA/ESA Hubble Space Telescope (observation ID: GO13035), obtained at the Space Telescope Science 
Institute, which is operated by AURA, Inc. for NASA. The Galileo EPD data can be also found in NASA PDS 
website (https://pds.nasa.gov/).
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