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1. Introduction
Jupiter's ultraviolet (UV) aurorae, the brightest of the solar system, are caused by high-energy particles precipitat-
ing along magnetic field lines and interacting with the neutral particles in Jupiter's upper atmosphere. The Jovian 
aurorae are usually divided into four components: the main emissions, the equatorward emissions, the polar 
emissions, and the satellite footprints. Each component exhibits different behaviors and morphologies depending 
on the specific processes from which they originate. In previous work, we studied a feature in the polar aurora, 
which we named a bright auroral spot (Haewsantati et al., 2021). This feature appears as a compact shape with a 
power on the order of 10 GW. We found that the bright spots usually take the form of a quasi-periodic pulsation 
fixed in System III longitude position during the sequence. The spots are mostly located near the edge of the swirl 
region (Grodent et al., 2003), within the polar emissions. We suggested the source possibly corotates with Jupiter 
according to their fixed positions. The bright spots are seen at all local times, which is inconsistent with the idea 
of the simple Earth-like cusp process (Pallier & Prangé, 2001), which would always be oriented toward noon. 
We note that the Earth's and Saturn's cusps can also be spread in local time under the right solar wind conditions 
(Arridge et al., 2016; Jasinski et al., 2014, 2016). However, Zhang et al. (2021) pointed out that the topology of 
Jupiter's magnetospheric cusp could be very complex. Therefore, we cannot exclude that the bright spot could be 
related to cusp-like processes in a complex and twisted polar magnetosphere.

Abstract Juno's arrival at Jupiter in 2016 revealed unprecedented details about Jupiter's ultraviolet aurorae 
thanks to its unique suite of remote sensing and in situ instruments. Here we present results from in situ 
observations during Juno flybys above specific bright auroral spots in Jupiter's polar aurora. We compare data 
observed by Juno-UVS, JEDI, JADE, Waves, and MAG instruments when Juno was magnetically connected 
to bright polar auroral spots (or their immediate vicinity) during perijove 3 (PJ3), PJ15, and PJ33. The highly 
energetic particles observed by JEDI show enhancements dominated by upward electrons, which suggests that 
the particle acceleration region takes place below the spacecraft. Moreover, brightness and upward particle 
flux were higher for the northern bright spot in PJ3 than the southern spots found in PJ15 and PJ33. In addition, 
we notice the intensification of whistler-mode waves at the time of the particle enhancements, suggesting that 
wave-particle interactions contribute to the acceleration of particles that cause the UV aurorae. The MAG data 
reveal magnetic perturbations during the PJ3 spot detection by Juno, which suggests the presence of significant 
field-aligned electric currents. While the stable positions of the bright spots in System III suggest that the 
phenomenon is fixed to the planet's rotation, the presence of field-aligned currents leaves the possibility of an 
origin rooted much farther in the magnetosphere.
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Key Points:
•  Jupiter's auroral bright spot emissions 

observed by Juno-Ultraviolet 
Spectrograph were simultaneously 
measured with the JADE, JEDI, 
Waves, and MAG instruments

•  For each event, we observe 
characteristic changes in particle 
distributions, wave emissions, and 
magnetic field disturbances

•  Whistler waves and electric currents 
appear to play a role in generating 
bright auroral polar spots
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The Juno spacecraft carries a comprehensive suite of instruments dedicated to Jupiter's magnetosphere and auro-
rae (Bagenal et  al.,  2017). Juno moves along a very elliptical polar orbit and the close-up sequences, flying 
over Jupiter's pole from North to South, are typically named after their perijove (PJ) number. The morphology 
and spectral characteristics of the UV-aurorae are measured by the Ultraviolet Spectrograph (UVS) (Gladstone 
et  al.,  2017). UVS usually operates for several hours in each perijove, during which Juno is magnetically 
connected to various parts of the Jovian magnetosphere from the distant magnetotail when flying over the pole to 
the immediate neighborhood of Jupiter when flying over the equator and to various SIII longitudes as the planet 
rotates beneath it. The aurorae can also be observed remotely in the near-infrared by the Jupiter InfraRed Auroral 
Mapper (JIRAM) (Adriani et al., 2017). Juno in situ instruments provides critical insight into the magnetospheric 
processes leading to the Jovian aurorae. The plasma and energetic particles populations are measured with two 
instruments, the Jovian Auroral Distributions Experiment (JADE) (McComas et al., 2017) for the low-energy 
particles and the Jupiter Energetic-particle Detector Instrument (JEDI) (Mauk et al., 2017a) for the high-energy 
particles. The characteristics of electromagnetic waves and magnetic field are observed by the Waves and MAG 
instruments, respectively (Connerney et al., 2017; Kurth et al., 2017).

A series of multi-instrument studies of auroral processes have been carried out over the last few years. 
Several studies directly compared in situ particle measurements with UVS observations, for example, Gérard 
et al. (2019), Allegrini et al. (2020), Ebert et al. (2019), and Szalay et al. (2020). The comparisons have been 
made between precipitating electron flux measured by JEDI and the auroral intensity observed by UVS by Gérard 
et al. (2019). The results showed that the brightness of the main auroral emissions agrees well with the brightness 
computed from JEDI electron energy flux. The brightness inferred from the JEDI measurements is computed 
using a model-derived rule-of-thumb that 1 mW/m 2 electron energy flux produces about 10 kilo-Rayleighs (kR, 
1 kR = 10 9 photon cm −2s −1 into 4π steradians) of total unabsorbed FUV H2 emission. However, in the polar 
region, not only is the observed upward particle energy flux larger than the downward flux (Mauk et al., 2017b), 
but also the downward flux is insufficient to produce the auroral UV emissions. Furthermore, the simultaneous 
observations of electron energy distributions from JADE and JEDI and the UV aurorae from UVS in the polar 
region during PJ5 (Ebert et al., 2019) showed that upward electron energy fluxes are greater than downward 
electron fluxes, the former being consistent with the UV emission recorded by UVS. Juno has found Jupiter's 
aurorae in the polar region to be much more complex than anticipated. From plasma measurement by JADE, 
Szalay et al. (2017) presented five distinct regions associated with Jupiter's polar regions. Subsequently, the polar 
particle environment has been characterized into multiple zones corresponding to the character of pitch angle 
distributions and the upward versus downward flux (Allegrini et  al.,  2020; Mauk et  al.,  2020). Additionally, 
JEDI detected intense upward electron beams at energies greater than 1 MeV and connected to the swirl region 
in the polar auroral region (Paranicas et al., 2018). Also, electron inverted-V and proton and ions inverted-V were 
found over the polar cap (Clark et al., 2017a, 2017b; Mauk et al., 2020; Mauk et al., 2017a, 2017b). Waves have 
observed intense upward whistler-mode waves above the polar region, correlating with detecting energetic elec-
tron precipitation by JEDI. The up-going electrons following an inverted-V pitch angle distribution are suggested 
to produce the upward whistler-mode waves (Elliott et al., 2020; Elliott et al., 2018a, 2018b; Kurth et al., 2018). 
Moreover, the interaction between these waves and particles could also play a role in the processes related to the 
auroral emissions.

We identified three unprecedented events during which Juno flew close to the field lines connecting to bright spot 
emissions. These events occurred during PJ3, PJ15, and PJ33, and we present the results from in situ observations 
of the bright spot emissions made by UVS, Waves, JEDI, JADE, and MAG instruments. A short summary of each 
instrument is presented in Section 2. The observational results related to each event are presented in Section 3 
and are discussed in Section 4.

2. Instruments and Observations
UVS is a photon-counting imaging ultraviolet spectrograph. The instrument is operated in the spectral range 
between 68 and 210 nm, which covers the emissions in H2 Lyman and Werner bands. A flat scan mirror at the 
instrument's entrance can look at a target within ±30° perpendicular to the spin plane. The “dog bone”-shaped 
slit consists of three contiguous segments with the field of views of 0.2° × 2.5°, 0.025° × 2°, and 0.2° × 2.5°. 
This study's spectral resolution is irrelevant because we only consider relatively broad bandwidth ranges to esti-
mate the brightness, color ratios, and power emitted by H2 in the UV domain. Hence, only the wide parts of 
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the slit are used to maximize the signal-to-noise ratio. Each photon, detected during every 30-s spin of Juno, 
is attributed an X and Y position corresponding to the spectral dimension and spatial dimension, respectively 
(Gladstone et al., 2017; Greathouse et al., 2013; Hue et al., 2019). A spectral image of Jupiter's UV aurorae is 
constructed based on the orientation of the scan mirror and the motion of the UVS field of view across the planet. 
A polar projection map is created assuming that the aurorae are emitted at 400 km above the 1-bar pressure level 
(Bonfond et al., 2015). Since the scan mirror generally points to different locations on Jupiter for each spin near 
the closest approach or perijove, a global view of the aurora may be reconstructed from several consecutive spins 
in each closest approach or each perijove (PJ). In order to provide context for the in situ observations, we create 
a UV brightness map (left figure in Figure 1) to display a complete view of the auroral region by combining 100 
spins, which cover approximately 50 min. On these maps, each spin is weighted differently so that the last spin 
covering a specific region dominates the others. This method provides the best compromise between coverage 
and dynamics (Bonfond et al., 2021). However, when we analyze the brightness and integrated power of a bright 
auroral spot, we only consider individual spin, as the bright spot is bright enough to get a good signal-to-noise 
ratio (Haewsantati et al., 2021). The power of the bright auroral spot is determined by the intensity of the last 
spin in which the spot brightens. In our analysis, we convert the photon count rate to brightness in kR, which, for 
the total unabsorbed H2 Lyman emissions and Werner bands, may be obtained by multiplying the total counts 
obtained in the 155–162 nm wavelength range with the conversion factor of 8.1, based on H2 synthetic spectrum 
(Gustin et al., 2013). The brightness is then multiplied by the surface area and the mean energy of a UV photon to 
obtain the power emitted. The analysis method of the bright spot surface area is described in the previous study by 
Haewsantati et al. (2021). Since the brightness is integrated over a relatively large auroral region, the shot noise 
uncertainty for a spot around 20 GW is a few percent and can thus be neglected (Gérard et al., 2019). The main 
uncertainty on the auroral brightness determination is due to the in-flight calibration of the instrument's effective 
area, which amounts to ∼16% (Hue et al., 2019). The FUV color ratio presented in this study is calculated by 
the ratio between the emission intensities of hydrogen molecules at wavelength range unaffected and affected by 
methane absorption, I (155–162 nm)/I (125–130 nm).

Juno's Waves instrument measures the electric field spectra from 50 Hz to 41 MHz and the magnetic field spectra 
from 50 Hz to 20 kHz. The instrument consists of a dipole electric antenna, which is located perpendicular to the 
spacecraft's spin axis and x-axis, and a 15-cm long magnetic search coil sensor, whose axis is oriented parallel 
to the spacecraft's spin (z-axis) (Kurth et al., 2017). This study uses the Waves data with a sample rate of one 
spectrum per 1s. However, the waves properties cannot be completely analyzed due to the limitations of single-
axis measurement of the electric and magnetic field. Whether they are electromagnetic or quasi-electrostatic, the 
wave mode can be identified by the electro-to-magnetic field ratio (E/cB), where c is the speed of light, along with 
characteristic frequencies of the plasma, such as the electron cyclotron frequency (Fce) and the electron plasma 
frequency (Fpe), when detectable. The direction of the Poynting flux vector can be determined by comparing the 
phase between the electric and magnetic signals, measured by the Waves instruments, based on the assumption 

Figure 1. Polar projection showing a bright spot emission (red circle) in Jupiter's polar aurorae as observed by Ultraviolet 
Spectrograph (left panel). The time presented here is the time of the last spin, where the bright auroral spot is detected. The 
grid consists of 10° spaced planetocentric parallels and SIII meridians. The right panel presents the color ratio, used as a 
proxy for the depth of the auroral emission.
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that the Poynting flux direction of the waves can be either parallel or antiparallel to the background Jovian 
magnetic field (Kolmašová et al., 2018). For further analysis, the cyclotron frequencies can be calculated with in 
situ measurements from the Magnetic Field Investigation (MAG) instrument (Connerney et al., 2017).

The JEDI instrument is a particle detector, which measures the energy, angular, and compositional distributions 
of electrons (∼25 to ∼1,200 keV) and ions (∼10 keV to >1.5 MeV for protons and ∼150 keV to >100 MeV for 
oxygen and sulfur). The instrument consists of three sensors. Two sensors (JEDI-90 and JEDI-270) are mounted  on 
the spacecraft deck with the field of view covering ∼360° along the plane roughly perpendicular to the Juno spin 
axis. JEDI-180 is oriented to cover nearly ∼180° along the Juno spin axis. Each sensor is comprised of a collimator, 
a time-of-flight (TOF) chamber, and a solid-state detector energy system (Mauk et al., 2017a). The pitch angles 
can be calculated using the magnetic vector provided by the magnetometer on board Juno (Connerney et al., 2017). 
Details for caveats related to JEDI data are discussed in Supporting Information of Mauk et al. (2018).

We can observe particles whose energies are lower than JEDI's energy range using the Jovian Auroral Distri-
bution Experiment or JADE (McComas et al., 2017). The instrument consists of two subsystems, JADE-E for 
electron measurements and JADE-I for ion measurements. The JADE-E measures electrons with a 0.1–100 keV 
range. Two identical sensors are in use, each with 120° field of view, to instantaneously cover a total of 240° field 
of view in the azimuthal direction (perpendicular to the spin axis).

The Juno magnetometer (MAG) instrument consists of the Fluxgate Magnetometer and Advanced Stellar Compass 
(ASC) CCD imagers. The three components of the magnetic field vectors in the range of ∼1 nT to ∼16 × 10 5 nT 
are measured by a pair of FGMs, together with the attitude determination system of the ASC. Depending on the 
distance between Juno and Jupiter, MAG can observe each magnetic field component with a sample rate of 64, 
32, or 16 measurements per second. More details on the instruments are discussed in Connerney et al. (2017). 
Here we focus on the 1-s resolution magnetic field perturbations in each component during our focus time inter-
vals. The magnetic perturbation is calculated by removing the estimated background field based on the Juno 
Reference Model through perijove 33 (JRM33) (Connerney et al., 2022) and the magnetodisc model (Connerney 
et al., 2020). The magnetic field perturbations in the perpendicular direction to the background magnetic field are 
then separated into the directions parallel and perpendicular to Juno's trajectory projected in the plane perpen-
dicular to the magnetic field. We noted a significant shift between the observed magnetic field and the JRM33 
(order18) + Con2020 model. Hence, we used a fifth-order polynomial fit to the data before and after the crossing 
to detrend the data to isolate the magnetic field deflection related to our event. For the interested readers, Figures 
S1–S3 in supporting information show the differences from the comparison between the magnetic field from 
observation, the JRM33 (order18) + Con2020 model, and the fifth-order polynomial fit during the crossing time.

3. Results
3.1. PJ3 Event

Figure 1 shows 100-spin maps of the UVS brightness and color ratio of the bright spot emission found during 
PJ3 on 11 December 2016: the last spin, which contain the bright spot, was acquired at 15:42:27 UT. The red line 
represents the Juno footprint path according to the JRM33 model. According to the best-fit ellipse, the bright spot's 
center was located at latitude 65.1° N and 158.9° System III (SIII) longitude, with emitted power of ∼71 GW. This 
emission is found to be part of a bright spot emission sequence presented in Haewsantati et al. (2021). The UVS 
images show that Juno started to cross the bright spot emissions starting from ∼15:38 UT. However, brightness 
data are missing from 15:38 UT until 15:42 UT because of gaps in the UVS data stream and because the bright 
spot was in the area covered by the narrow slit. The in situ data were considered during the bright spot crossing, 
as shown in Figure 2. We highlighted four specific times, which are indicated by vertical dashed lines. Two black 
lines represent the times when Juno's magnetic footprint, indicated by the red curve on Figure 1, started to enter 
and exit the bright spot area, labeled by “I” for ingress and “E” for egress. The blue vertical dashed line, labeled 
“C,” indicates when Juno's footprint is at its closest approach to the bright spot center. The pink vertical dashed line 
labeled “B” represents when the bright spot was the brightest, as seen by UVS, as shown in Figure 1.

Regarding the Waves observations, an intensification of whistler-mode hiss waves was observed from 15:36:30 
UT until after 15:40:00 UT, as shown in the top panel in Figure 2 (zoom versions of the wave plots are available in 
supporting information Figure S4). This intensification started a few seconds before the enhancement of upward 
electrons (second panel). The E/cB ratio analysis (see Figure S5 in Supporting Information S1) shows that the 
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Figure 2.
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waves are electromagnetic waves, indicated by the common value of electromagnetic whistler mode waves E/cB 
ratio between 1.0 and 2.0. Moreover, the Poynting flux analysis shows that, during the intensifications, a compo-
nent of the Poynting flux direction is parallel to the magnetic field direction, implying that the waves propagate 
in the upward direction away from Jupiter for the northern hemisphere.

For JEDI data, we focus on the energy and pitch angle distributions of electrons as shown in panels (b)–(f) in 
Figure 2. The electron intensities started to increase at 15:37:47 UT, coinciding with the enhancement of the 
electric field spectral density (Figure 2a) until ∼15:42 UT. The time interval between 15:37 UT to 15:42 UT 
covers when the Juno spacecraft's magnetic footprint passes closest to the bright spot position. The energy flux 
shows the quantitative measure (Figure 2f). Even though we used the most recent magnetic field model (JRM33), 
it should be noted that magnetic mapping uncertainty may prevent us from knowing the exact location of Juno's 
footprint relative to the bright spot. However, we believe that Juno flew close enough to see the connection 
between the particle flux intensification and the bright spot appearance. The particle distributions are dominated 
by upward electrons throughout the interval of interest. During the time that Juno flew across the bright spot posi-
tion, that is, at around 15:38 - 15:40 UT, the upward electron flux reached ∼900 mW/m 2 while the energy flux of 
downward electrons was <70 mW/m 2. Panel (g) shows the Juno-UVS measurement of noise count rate, which is 
essentially related to >7 MeV electrons penetrating the instrument's shielding (Zhu et al., 2021). The blue vertical 
lines represent when the angle between UVS's boresight and the magnetic field points is minimal. This happens 
when UVS points away from Jupiter in the northern hemisphere and toward Jupiter in the southern hemisphere 
(c.f. PJ15 and PJ33). The red line presents Juno's altitude during this time interval. A 0 Hz rate generally indicates 
gaps in the recorded data stream. However, we note that the count rate peaks at levels much higher than the typi-
cal rate (20 kHz compared to ≤1 kHz), and these peaks appear simultaneous with the peaks of the JEDI energy 
flux (i.e., these values are never reached before 15:38 UT nor after 15:43 UT), indicating that the radiation noise 
detected by UVS corresponds the high energy tail of the electron distribution observed by JEDI. Panel (h) shows 
the brightness of Juno's footprint during the crossing and the time delay between the Juno time stamp and the 
actual UVS observation of the Juno footprint. The plot shows that, during the ingress (I) time, where the time 
delay is very short, meaning that the Juno's footprint brightness is observed simultaneously from UVS and JEDI, 
the brightness is approximately 90 kR. The average of 10–50 mW/m 2 of downward energy flux observed by JEDI 
(panel f) is sufficient to produce 100 kR of Juno's footprint brightness. The apparent brightness increases at the 
end of the interval took place much earlier (as indicated by the blue color). As it is not contemporaneous with the 
in situ measurements, it is irrelevant to the present discussion. No appreciable fluxes of lower energy plasma are 
observed by JADE, where only signatures of penetrating radiation are observed. As JEDI can measure the high 
energy charged particle environment, we focus on JEDI measurements for the remainder of this study.

Additionally, we studied the magnetic field perturbation at the time of the bright spot detection. The magnetic field 
perturbations (Figure 2 panels i and j) show magnetic deflections perpendicular to the field line. When decompos-
ing to parallel and perpendicular components to Juno's trajectory projected on the perpendicular plane (as shown 
in Figures 2i and 2j, respectively) under the assumption that the currents are stationary, these deflections are the 
signature of downward currents. From Figure 2i, the maximum magnetic deflection is 75 nT, which results in approx-
imately 1 MA of downward current if we assume that it flows along a field line mapping at the center of the bright 
spot. Even though the maximum amplitude of the magnetic deflection is about 0.2% relative to the ambient field, this 
data was observed at range 4 with a quantization step size of 3.12 nT, meaning that the perturbations are well resolved.

3.2. PJ15 Event

For the second identified event, a bright spot was found during PJ15, for the spin centered on 02:28:55 UT on 
7 September 2018. In Figure 3, the bright spot's center position is 82.8° S and 58.1° SIII with emitted power of 

Figure 2. Observations of electric field spectral density and 5-s bin of electron energy distributions observed during PJ3: (a) the electric field spectral density observed 
by the Waves instrument, (b) total electron energy distributions, (c) pitch angle distributions, (d) energy distributions for upward electrons (pitch angles 0°–30°), 
(e) energy distributions for downward electrons (pitch angles 150°–180°), and (f) energy fluxes for upward (0°–30°, blue line) and downward (150°–180°, red line) 
electrons in the 30–1,200 keV energy range. The horizontal band centered around 160 keV is a well-known instrumental effect documented in Mauk et al. (2018). Panel 
(g) shows the penetrating particle count rate measured by Juno-UVS. A zero count rate generally indicates a gap in the data stream. The vertical blue solid lines show 
the minima of the angle between the Ultraviolet Spectrograph (UVS) boresight and the magnetic field. The evolution of Juno's altitude is represented by the red line. 
Panel (h) shows the Juno's footprint brightness with the time delay. Panels (i) and (j) are magnetic field deviations observed by MAG in the directions along (parallel) 
and perpendicular to the Juno trajectory, respectively. The vertical dashed lines indicate the times when (I) Juno started to cross the bright spot (ingress), (C) Juno 
footprint was closest to the bright spot center, (B) UVS took the image of a bright spot as shown in Figure 1, and (E) the time of egress.
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∼6 GW, previously presented in Haewsantati et al. (2021) and characterized by a high color ratio (around 15), 
indicating high-energy particles precipitating into the atmosphere. In this event, based on the JRM09 magnetic 
field model (Connerney et al., 2018), the bright spot position and the Juno position were very close. From the 
recent JRM33 model, while the bright spot was farther from Juno's footprint, the spacecraft still flew close to the 
bright spot emissions a few minutes before the UVS detection of the bright spot. Hence, we are still convinced 
that the faint signatures in the particle and Waves instruments recorded by Juno are related to the bright spot 
event. The electric field spectral density observed by the Waves instrument (Figure 4a and Figure S6 in support-
ing information) also shows the intensifications of Whistler-mode waves similar to those observed during PJ3. 
The E/cB ratio (see Figure S7) and the Poynting flux analysis imply that the detected waves are electromagnetic 
and anti-parallel to the magnetic field direction, indicating that waves were traveling upward away from Jupiter's 
southern hemisphere. The waves intensified before 02:28 UT, during the time that Juno flew close to bright spot 
emission indicated by a blue vertical dashed line (C). Next, the waves were damped during 02:28–02:30 UT when 
the bright spot was seen by UVS, indicated by a pink vertical dashed line (B).

Regarding the pitch angle distribution, the JEDI energy flux in Figure 4 shows the same trend as in PJ3, in which 
the upward electrons dominated during the time interval of interest. However, the energy distribution shows only 
small fluctuations, with (1) an intensification dominated by upward electrons just before 02:25 UT, that is, right 
before Waves observed its intensification and near the time when Juno's footprint is closest to the bright spot 
emission, and (2) two intensifications near 02:30 UT at the time when UVS took an image of the bright spot 
at its brightest. Panels (e) and (f) clearly show that the enhancements were from upward electrons at ∼02:23 
UT and near 02:30 UT. The upward electron energy flux at the closest approach time indicated by the vertical 
dashed line (C) is ∼50 mW/m 2, while the downward electron energy flux is ∼5 mW/m 2. In addition, the upward 
electrons' energy flux of two peaks at 02:30 UT is 30–40 mW/m 2, while the energy flux of downward electrons 
is <5 mW/m 2. These energy fluxes of 30–40 mW/m 2 are lower than those observed during the PJ3 event, in 
agreement with the lower emitted power recorded by UVS. Panel (g) shows that the UVS count rate peaks at the 
blue vertical lines, representing the times when UVS's line of sight points toward Jupiter. The count rate is very 
low (possibly corresponding to a few Far-UV photons hitting the detector) and does not indicate any atypical radi-
ation noise level. The Juno's footprint brightness plot (panel h) shows a long delay between the UV acquisition 
time and the other Juno observations. Therefore, we cannot determine whether the observed downward particles 
are sufficient to produce Juno's footprint brightness. A magnetic field deflection associated with this event was 
recorded in both components (Figures 4i and 4j), but their amplitudes are small (<20 nT).

It must be noted that this data was observed at range 4 with a quantization step size of 3.12 nT as in PJ3. In 
addition, this deflection is less than 0.1% relative to the ambient field. Therefore, the magnetic field deflection 
might be less obvious than that in PJ3. However, if we considered the same analysis of magnetic field perturbation 
direction as discussed in PJ3, these fluctuations imply the downward currents as well. In summary, the in situ 
signatures during the crossing are less prominent than those during the PJ3, partly because of the lower emitted 

Figure 3. The polar projections with the same coordinates as Figure 1 show bright spot emission and the color ratio 
distribution in Jupiter's polar aurorae as observed by Ultraviolet Spectrograph (UVS) from 100-spin where the last spin was 
when the bright spot was observed by the UVS.
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Figure 4. Observations of electric field spectral density and 5-s bin of electron energy distributions observed during PJ15, 
each panel is the same observation described in Figure 2. For the southern hemisphere, electrons with pitch angles 150°–180° 
and 0°–30° are upward and downward electrons, respectively. The energy fluxes (f) of upward electrons are presented by a 
red line and a blue line for downward electrons. Panels (g–j) and two vertical dashed lines, (C) and (B), are the same as in 
Figure 2.
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power recorded by UVS (indicative of a weaker event), combined with the crossing distance further away from 
the bright spot center in PJ15.

3.3. PJ33 Event

The third event is a southern bright spot found during PJ33, as shown in Figure 5. The bright spot was seen 
at 01:38:30 UT on 16 April 2021 with a power of ∼10 GW at the center's position of 83.5° S and 65.1° SIII. 
The magnetic field deflection measured by the MAG instrument represents less than 0.01% of the ambient 
field at the time of the waves intensifications and electron enhancements during PJ33. It is thus not considered 
significant (Figures 6j and 6k). The electric field spectral density plot from Waves observations (Figure 6a, 
see details in supporting information Figure S8-S9) shows some intensifications above the proton cyclotron 
frequency, which is the Whistler-mode wave, at ∼01:33–01:37 UT. However, there are no burst waveforms 
for the Poynting flux analysis. Therefore, the direction of the Poynting flux cannot be determined during this 
time interval.

An enhancement of the electron flux took place at ∼01:33 UT–01:35 UT, as shown in the JEDI plots 
(Figures 6b–6h). This event occurred during the time at which Juno crossed the bright spot emission (from the 
start of crossing to the closest approach to the bright spot center presented by vertical dash lines (I) and (C), 
respectively.) The enhancement is seen in the upward polar electron beam data, whose energy is higher than 
500 keV. Upward electrons were previously observed over the polar auroral region, though their intensity usually 
was more modest (Mauk et al., 2020). Moreover, the UVS count rates shown in panel (i) reach peak values far 
beyond 1 kHz (up to 20 kHz) in the same time interval as the electron flux enhancements observed by JEDI. 
As for the PJ3 case, this enhanced UVS radiation rate indicates that the electron population has a high energy 
tail beyond 7 MeV. While the data stream during PJ3 was often interrupted, preventing firm conclusions about 
the orientation of the relativistic electrons, here, we can see that the peaks occur when the UVS points toward 
Jupiter (c.f. the blue lines), which indicates that the relativistic electrons go away from the planet. Furthermore, 
a zoom on this radiation noise shows a bursty behavior, similar to the bar code patterns described in Bonfond 
et al. (2018). JEDI measured an enhancement in the proton flux at ∼01:35 UT. Protons first moved downward, 
and then the low-energy protons with perpendicular pitch angles became more dominant. At the same time, the 
electron energy flux decreased after 01:35 UT and remained small during the UVS bright spot detection time 
(01:38 UT). During 01:39–01:42 UT when the shortest time delay of Juno's footprint brightness was detected, the 
downward electron flux (0.1 mW/m 2) at Juno position appears insufficient to produce 200–450 kR Juno footprint 
brightness. However, as shown in Table 1, the altitude of Juno during PJ33 was even higher than during PJ3 and 
PJ15. This suggests that the processes accelerating particles downward to the aurora and upward to the magneto-
sphere took place below the spacecraft. Finally, it is also noteworthy that the time of the most intense bright spot 
emissions does not exactly correspond to the time of the most intense upward particle flux. This indicates that 
Juno did not cross the field line connected to the bright spot when the UV-emitted power was maximum.

Figure 5. When the spacecraft flew close to the bright spot position during PJ33 on 16 April 2021, the polar projection 
shows bright spot emission in Jupiter's polar aurorae (left) and color ratio (right) as observed by Ultraviolet Spectrograph 
combined from 100-spin, with the last spin centered on 01:38:30 UT. The coordinates are the same as described in Figure 1.
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Figure 6. Observations of electric field spectral density by Waves and particle distributions made by JEDI instrument during 
PJ33. Panel (a–f) have similar descriptions as Figure 2, and particle directions are similar as described in 4. The proton energy 
and pitch angle distributions are shown in panels (g and h), respectively. The last four panels (i–l) and four vertical dashed 
lines are the same as in Figure 2.
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4. Discussions and Conclusions
We present in situ and UV imaging observations during the brightening of bright spot emissions. The summary 
and comparison of the data from all instruments are shown in Table 1. The crossing time duration, the time in 
which Juno's path, according to JRM33, crosses the bright spot area, is 4–5 min for PJ3 and PJ15 and 12 min for 
PJ33. On the other hand, the brightness variation time interval of the emission bright spot, ∼5 min (Haewsantati 
et al., 2021), is comparable to the crossing time. We have to consider this timing information when interpreting 
the data set. Based on the UVS data, the PJ3 emitted power is seven times more energetic than the PJ15 and 
PJ33 events. No discernible plasma signatures were observed below 50 keV in JADE, where only signatures of 
penetrating radiation were observed. Moreover, the enhancements of upward electron flux observed by JEDI are 
found in all three events. In all three cases, the bright spot, which is the signature of an intense flux of down-going 
particles, also corresponds to the enhanced electron fluxes in the upward direction. We note that the energy flux 
and the bright spot power for PJ3 are relatively high compared to the other two cases. The dominance of upward 
electrons combined with intense auroral emissions suggests that most of the electron acceleration occurs between 
the spacecraft and the planet, in both directions along the field lines.

The strong magnetic field deflection detected during PJ3 is most probably an indicator of significant (∼1 MA) 
downward field-aligned currents on field lines connected to the bright spot. However, it should be noted that 
the magnetic perturbations in PJ15 and, more significantly, PJ33 do not show strong signatures as found in PJ3. 
Therefore, magnetospheric field-aligned currents do not appear as a necessary condition for bright spot emissions.

Regarding the wave-particle interactions, the upgoing whistler-mode waves have been related to the upward 
energetic electron beams in the Jovian polar cap (Elliott et  al.,  2020). Moreover, the upgoing electrons were 
suggested to be stochastically accelerated by the broadband whistler mode waves (Elliott et  al., 2020; Elliott 
et  al.,  2018a). The concurrent intensifications observed in the JEDI and Waves data in PJ3, PJ15, and PJ33 
support these arguments. We notice that whistler-mode waves occurred a few seconds before detecting an upward 
electron enhancement during PJ3. This enhancement started when Juno flew close to the bright spot position. In 
addition, the intensification of whistler-mode waves happened nearly simultaneously with electron enhancement 
in the PJ33 event. For PJ15, we also found that, where the altitude increases with time, the Whistler-mode waves 
were first enhanced and then damped for ∼2 min. The time of wave enhancement corresponds to the time when 
Juno's footprint is closest to the bright spot center. Afterward, the bright spot was detected by the UVS, which 
took place at the time of wave damping. This behavior suggests that energy transfer between waves and particles 
occurs, as discussed in Elliott et al. (2018b). According to this theory, waves are generated close to the planet (i.e., 
at smaller radial distances) and then propagate along the magnetic field lines toward higher altitudes to become 
damped, transferring their energy to the electrons, which can then be accelerated. Since the bright spots were 
detected during the same time of the wave damping and followed by electron enhancements, the bright spot possi-
bly appeared during the wave-particle enhancement. We suggest that these waves contribute to the acceleration 
of particles that cause UV emissions.

In addition, we see the burst of penetrating of electrons from the Juno-UVS measurements of count rates during 
the Juno bright spot flyby (Figures 2g, 4g, and 6i), which shows that the counts rates peak at the same time as 
the wave-particle enhancements for all three events. These concurrent results show a relative increase in the flux 
of upgoing particles seen in UVS and JEDI. One hypothesis is that we see the high energy tail of the particles 
related to the upward electron and upgoing whistler mode waves interaction as described by Elliott et al. (2018b).

It must be noted that there are possible time delays between UVS observation and wave and particle observations, 
which could explain the time differences between wave and particle enhancements and bright spot detection. 
Several scenarios are proposed, as follows. First, if we suppose that Juno was crossing magnetic field lines 
mapping to the bright spot, the observation times of the waves and particles should be prior to the bright spot 
emission time since waves and particles should take some time to travel from the spacecraft to the bright spot 
position beneath the spacecraft. To estimate how long the particles would travel, the travel times of a 100 keV 
electron and a 100 keV proton for a distance ∼1.5 RJ from the spacecraft to the bright spot position are 0.6 
and 25 s, respectively. In contrast, the wave travel time is even shorter. As a result, the travel times of waves 
and particles should not cause the time differences between UVS spots and wave-particle enhancement detec-
tions. As a comparison, the spin period of the spacecraft is 30 s, which is longer than the travel time of even 
the protons. Second, the bright spot evolves with time, and the UVS image might capture it with a different 
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brightness or extent compared to the time of the field line crossing. This source of uncertainty would explain the 
mismatch in intensity rather than a time difference. Finally, the mapping from the magnetic model (JRM33 (order 
18) + Con2020) might need to be more accurate. This error could be translated into a time delay.

Overall, for the processes related to the bright spot emissions, intense field-aligned currents do not seem to be 
a necessary condition for bright spot emissions, as only a weak signature was observed on PJ15, during which 
Juno only skimmed the field lines connected to the bright spot. No significant current was found during PJ33, for 
which the crossing took place closer to the center of the phenomenon. Interestingly, the currents identified for PJ3 
and PJ15 were in the downward direction, consistent with an up-going electron flux larger than the down-going 
one, as measured by JEDI. We note that it is not the first time that larger up-going electron fluxes (compared 
to down-going fluxes) are found on field lines connected to auroral emissions in Jupiter's polar region (Ebert 
et al., 2017; Gérard et al., 2019; Mauk et al., 2017b). Furthermore, the fact that the bright spots are almost fixed 
in System III (Haewsantati et al., 2021) indicates that the processes giving rise to them are anchored to the planet. 
With supporting information from Waves (presence of Whistler mode waves) and JEDI (up-ward electron beam), 
wave-particle interactions associated with Whistler mode waves (Elliott et al., 2018b) appear as the most plausible 
process causing the particle acceleration leading to the auroral bright spot emission. However, two recent alter-
native scenarios should also be taken into consideration: (a) magnetic reconnection at Jupiter's near-planet polar 
magnetosphere, which could generate high-energy electron beams (Masters et al., 2021), and (b) the broadband 
acceleration due to the presence of an ionospheric Alfvén resonator or IAR (Lysak et al., 2021). In order to better 
identify the root cause for these intriguing bright spot emissions, further information could be found by looking 
deeper into the high-resolution magnetohydrodynamic simulations of the Jovian magnetosphere and the tangling 
of the magnetic flux tubes above the poles (see, e.g., Zhang et al., 2021). Other promising investigations would 
result from the future flybys over the bright spot through or below the particle acceleration region, sampling the 
downgoing particles and providing a direct link between the particle's behaviors and the auroral emissions.

Data Availability Statement
All data used herein can be found in the Planetary Data System (PDS) (https://pds.nasa.gov). Ultraviolet Spec-
trograph (UVS) data can be obtained from https://pds-atmospheres.nmsu.edu/cgi-bin/getdir.pl?dir=DATA& 
volume=jnouvs_3001 (Trantham, 2014). Waves survey data can be found in https://pds.nasa.gov/ds-view/pds/
viewDataset.jsp?dsid=JNO-E/J/SS-WAV-3-CDR-SRVFULL-V2.0 (Kurth & Piker,  2022). Juno Magnetometer 
data can be found in https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/JNO-J-3-FGM-CAL-V1.0 
(Connerney, 2022). JEDI data can be obtained from https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://
PPI/JNO-J-JED-3-CDR-V1.0 (Mauk,  2022). Jovian Auroral Distributions Experiment data may be found in 
https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/JNO-J_SW-JAD-3-CALIBRATED-V1.0 
(Allegrini et al., 2022).
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