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Lightning at Jupiter pulsates with a similar
rhythm as in-cloud lightning at Earth

Ivana Kolmašová 1,2 , Ondřej Santolík 1,2, Masafumi Imai 3,
William S. Kurth 4, George B. Hospodarsky4, John E. P. Connerney5,
Scott J. Bolton6 & Radek Lán1

Our knowledge about the fine structure of lightning processes at Jupiter was
substantially limited by the time resolution of previousmeasurements. Recent
observations of the Juno mission revealed electromagnetic signals of Jovian
rapid whistlers at a cadence of a few lightning discharges per second, com-
parable to observations of return strokes at Earth. The duration of these dis-
charges was below a fewmilliseconds and below onemillisecond in the case of
Jovian dispersed pulses, which were also discovered by Juno. However, it was
still uncertain if Jovian lightning processes have the fine structure of steps
corresponding to phenomena known from thunderstorms at Earth. Here we
show results collected by the Juno Waves instrument during 5 years of mea-
surements at 125-microsecond resolution.We identify radio pulseswith typical
time separations of one millisecond, which suggest step-like extensions of
lightning channels and indicate that Jovian lightning initiation processes are
similar to the initiation of intracloud lightning at Earth.

During the Jupiter flyby of Voyager 1 in 1979, the onboard radio
receiver observed several seconds long radio wave signals at a slowly
decreasing frequency from approximately 7 kHz down to 1 kHz. All
thesedetections were obtained in the Io torus, and their similarity with
the terrestrial lightning whistlers led to the discovery of Jovian
lightning1,2. The cadence of these signals gave a maximum of one
lightning per second, and the analysis of the whistler traces gave an
upper limit of 40ms for the time scales of underlying lightning pro-
cesses. Optical instruments onboard Voyager 1 and subsequent
spacecraft missions to Jupiter did not reach sufficient time resolution
to resolve separate lightning phenomena. Their exposure times were
too long to capture individual lightning strokes (Voyager 1, 2:
35–192 s3,4, Galileo and Cassini: 6.4–179 s5,6, New Horizons: 5 s7).

The lightning and radio emission detector onboard the Galileo
Probe investigated characteristics of radio frequency signals (10Hz to
100 kHz)8. The capability of the instrument to detect groups of
impulsive signals was proven during its calibration against terrestrial
lightning9, showing the characteristics of both intracloud (IC) and

cloud-to-ground (CG) discharges. During the descent phase, the probe
recorded radio frequency signals from a distant source10 which were
dominated by low frequencies with long pulses of the order of a few
hundred microseconds. It was found that the probe entered a spot
with a dry and stable environment11, andmodeling results showed that
there was a very low probability that the probe could have encoun-
tered local thunderstorms12. This implies that the signals received by
the probe arrived from a distant storm located up to a few thousand
kilometers from the descent trajectory8.

The Juno spacecraft has orbited Jupiter since 2016, diving down to
a few thousand kilometers above the clouds. Its Waves investigation
instrument13 discovered Jovian rapid whistlers14 at frequencies below
20 kHz as a formof dispersed atmospherics at short time scales of less
than a few milliseconds to a few tens of milliseconds, and Jupiter dis-
persed pulses15 (JDP) below 150kHz, propagating in the ordinarymode
at even shorter time scales from less than 0.4 milliseconds to several
milliseconds. Juno Waves data also allowed us to verify that the rapid
whistlers are upward propagating signals, which have been shown to
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occur with an average cadence of up to a few whistlers per second,
similar to observations from Earth-orbiting spacecraft above
thunderstorms14.

Moreover, the Stellar Reference Unit (SRU)16 onboard Juno
allowed the field of view of the camera to be panned at a rate of 1 pixel
every 2.7ms using 1 s exposures. This led to a recent observation of
5.4ms long lightning, with inter-flash separation of tens of
milliseconds17. The Microwave Radiometer (MWR)18 onboard Juno
showed that lighting sferics in the 600MHz and 1.2 GHz frequency
band have similar distribution over the surface of Jupiter as Jovian
rapid whistlers and Jupiter dispersed pulses during the first nine close
approaches to Jupiter14. MWR integrates each radiance measurement
for 0.1 s19, being not able to distinguish repetitive signals on milli-
second scales.

In this work, we use nearly 5 years of data collected by the Juno
Waves instrument and identify electromagnetic signals with a typical
time separation of one millisecond and with a power law distribution
of interpulse intervals. These time scales correspond to terrestrial in-
cloud breakdown processes. The Juno dataset thus implies that
Jovian lightning channels might extend in similar distinct steps after
the lightning initiation, as observed during the initiation of intracloud
lightning at Earth.

Results
Waves instrument onboard Juno spacecraft
The nominal part of the Juno mission20 included 34 orbits. Every
53 days, Juno returned very close to Jupiter, and the perijove (PJ) alti-
tude ranged from 3500 to 8000 km above the cloud tops. The first
Juno close approach to Jupiter, during which scientific data were col-
lected, occurred on 27 August 2016. The thirty-fourth close visit took
place on 7 June 2021. The dataset we used for this analysis was col-
lected by the Low Frequency Receiver (LFR) of the Juno Waves inves-
tigation instrument13. Its high-frequency part (LFR-hi) records
16.384ms long electric field waveform snapshots with a sampling rate
of 375 kHz. The low-frequency part (LFR-lo) records 122.88-ms-long
electric and magnetic field waveform snapshots sampled at 50kHz.
The records are taken once per second during close approaches of
Juno to Jupiter. The high- and low-frequency snapshots do not overlap,
but the LFR-lo electric and magnetic snapshots do.

Properties of pulse sequences
The entire dataset acquired below 5.5 Jovian radii during the nominal
part of the Juno mission by the LFR-hi receiver (326,466 snapshots)
was visually inspected for lightning-generated Jupiter dispersed pulses
(JDPs) propagating in the free-space ordinary mode through the low-
density regions15 with number densities below 250 cm−3, and the cor-
responding dataset from the LFR-lo receiver recorded up to 17th
perijove (158,716 snapshots) was inspected for the presence of rapid
whistlers14 propagating in the whistler mode at frequencies below
20 kHz. In the LFR-hi data, we found 3182 snapshots with at least
one JDP. Among them, we selected 375 snapshots with sequences of at
least three JDPs, withwell-distinguishable interpulse intervals, andwith
the samedispersion and frequency cutoff characteristic. This selection
helps us to focus on radio waves, which propagate through the iono-
spheric plasma to the spacecraft along the same path, and hence from
the same source location of lightning processes. Three examples of
LFR-hi snapshots with such groups of JDPs are shown in Fig. 1.

The shortest time separation of individual JDP traces that we were
able to observe was about 170 µs. No distinct details of the underlying
lightning processes at shorter time scales than these repetitive JDPs
have been observed in the original waveforms down to the time scales
of a few microseconds, defined by the data sampling interval. Source
waveforms corresponding to examples in Fig. 1 and additional exam-
ples of JDP groups are shown in Supplementary Figs. 1 and 2, respec-
tively. Note that although the dispersion characteristics and cutoffs

stay the samewithin each individual analyzedgroupof JDPs, they differ
between the separate groups. This can be attributed to the different
properties of radio wave propagation paths to Juno.

Time scales of Jovian lightning processes can be inferred from the
time separation between individual electromagnetic pulses within
each group. We determined the time delays between centers of
neighboring JDP spectral traceswhenever itwas possible. The resulting
dataset contains 2576 interpulse intervals. Similarly, we inspected the
LFR-lo spectrograms in order to identify records containing groups of
rapid whistlers14.

Wehave found4502 snapshotswith at leastone rapidwhistler and
120 snapshots with groups of at least three whistlers exhibiting the
same dispersion and upper cutoffs as well as distinguishable inter-
whistler intervals. The examples of LFR-lo spectrogramswith groupsof
whistlers are shown in Fig. 2. We estimated the time delay between
centers of neighboring clear whistler traces and obtained a set of 482
inter-whistler intervals. The shortest distinguishable time separationof
individual whistler traces was about 1.3ms. Examples of whistler tra-
ces, which were intense and narrow enough to be included in the
estimation of inter-whistler intervals, are shown in Fig. 2. The selection
process leading to the final dataset is, for clarity, also shown in Table 1.
A map of detections of repetitive lightning signals, obtained using
vertical straight-line projections of Juno position down to the 1-bar
level for JDPs and as projections along themagnetic field for whistlers,
are displayed in Fig. 3a by black and blue open circles for groups of
JDPs and rapidwhistlers, respectively. For comparison, orange ‘+’ signs
show previously published projections of Juno’s position for LFR-lo
snapshots containing at least one rapid whistler during PJ1-814. It is
clear that the lightning processes, which emitted multiple JDPs or
groups of rapid whistlers, were located at middle and higher latitudes,
similar to detections of all rapid whistlers reported from the first
quarter of the nominal part of the Juno mission14. However, while
groups of rapid whistlers were observed closer to the planet than
about 110,000 km, the groups of JDPs occurred in snapshots also
acquired at larger distances from Jupiter, up to 260,000 km (Fig. 3b).

The number of JDPs in individual 16.384ms long snapshots
(Fig. 3c) reached the maximum value of 25. The group of five pulses
was the most frequent one, which is above the lower limit of three
pulses imposed by our analysis method. This is different for rapid
whistlers, which occur most often at this limit of three whistlers within
the 122.88-ms snapshots, and the fraction of their higher numbers then
approximately exponentially decreases for up to 13 whistlers per
snapshot.

Distribution of interpulse intervals
The time separation between signal traces estimated within all JDP
groups varied from 0.17 to 11.72ms with a mean value of 1.37 ± 1.27ms
and a median value of 0.95ms. The distribution of all interpulse
intervals is displayed in Fig. 3d. It is clear that the probability density
must artificially decrease at delays above 5ms because of the limita-
tions imposed by the finite length of the snapshot. The probability
density function (PDF) is therefore completed by results obtained
from the analysis of groups of rapid whistlers.

The time separation between rapid whistler traces estimated
within all whistler groups varied from 1.8 to 94ms. The probability
density function of obtained values approximately follows a power law
PDF(δ) =A δB, where δ is the interpulse interval and the power law
exponent B = −1.87 ± 0.07 for δ above 4ms. Careful normalization of
the composed probability density function based on both the JDP and
whistler data (see “Methods”—“Calculation of the probability density
function”) allows us to fit the power law exponent for δ above 1ms,
obtaining an exponent B of −1.89 ± 0.03, while using only the JDP data
for δ between 1 and 4ms, the power law exponent B is close to −1.85
with a standard deviation of 0.08. Note that these results are very
consistent and clearly exclude a random distribution of independent
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events, where the probability density of time delays would be
decreasing exponentially. This is, however, valid only for time scales
below 100ms, while the exponential distribution was previously
found4 at large time scales well above 100ms.

The delays below 100ms therefore reflect more complex and
interlinked lightning phenomena than just a random occurrence.
One of the distinct properties of our dataset is the similarity of
pulses occurringwithin each separate snapshot.We therefore tested

Fig. 1 | Examples of groups of JDPs. Frequency–time power spectrograms of the
electricfieldfluctuations. aSnapshot recordedon 12 September2017 after04:29:57
UTC (Coordinated Universal Time) at a distance of 1.89 RJ (Jovian radii) contains 10

JDPs.b Snapshot recorded on 1 April 2018 after 08:54:57UTCat a distance of 1.93 RJ

contains 8 JDPs. c Snapshot recorded on 17 February 2020 after 19:22:20 UTC at a
distance of 2.39 RJ contains 13 JDPs.
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the consistency of obtained results by calculating the average delays
for each individual group of pulses separately and thus avoiding
possible bias linked to the presence of long pulse trains. These
average values (Supplementary Fig. 3a) varied from 0.43 to 6.66ms
with a median of 1.49ms, which is consistent with results from all
delays.

Another distinct property of the observed groups of pulses is
nearly regular interpulse intervals within some of them, as are most of
those in Fig. 1. One-fourth of groups (90 out of 374) fulfilled the cri-
terion that the standard deviation of their interpulse intervals is
smaller than one-half of their mean value. Within this subset of regular
pulse trains, we found 643 interpulse intervals varying from 0.20 to

Fig. 2 | Examples of groups of whistlers. Frequency–time power spectrograms of
the electric field fluctuations. a Snapshot recorded on 27 August 2016 after 13:14:26
UTC at a distance of 1.32 RJ contains three whistlers. b Snapshot recorded on 7

September 2018 after 00:50:19UTCat a distanceof 1.27 RJ contains sevenwhistlers.
c Snapshot recordedon 21December 2018 after 17:34:58UTCat adistanceof 1.56RJ

contains 10 whistlers. White lines indicate the local proton cyclotron frequency.
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5.22ms with an average value of 1.28 ±0.80ms and a median value of
1.10ms (Supplementary Fig. 3b), which is again consistent with results
obtained for the entire dataset.

Discussion
Our results show that typical time scales of repetitive radio wave sig-
nals of Jovian lightning are around 1ms. In about one-fourth of
observed cases, we capture regular sequences of pulses, similar to
stepping processes at Earth. Globally, the probability density of longer
interpulse delays decreases according to a power lawwith an exponent
of −1.9 up to delays of at least 100ms. The characteristics of the other
Juno instruments (MWR and SRU), which are also observing Jovian
lightning, do not allow for revealing any repetitive processes at the
millisecond time scales because of lower instrumental resolution or
longer exposure times.

The signals recorded by the Galileo Probe might be compatible
with our observations, but the uniqueness of the Galileo Probe mea-
surements does not allow us to compare the results more thoroughly.

Due to a long propagation below the ionosphere, the high-frequency
portion of the signal was probably already attenuated.

Looking further into analogies with measurements of signals
emitted by terrestrial lightning phenomena,wemust consider the time
scales of electromagnetic signals generated during different evolution
stages of terrestrial lightning flashes. A comparison of signals gener-
ated by Jovian lightning with those observed by Earth-orbiting space-
craftwouldbenecessarily influencedby thedifferences in propagation
to the spacecraft through ionospheres with different properties on
both planets and the time scales of their causative lightning phe-
nomena can be analyzed in detail only in broadband recordings of
ground-based radio receivers.

These time scales vary from units of microseconds (width of an
individual dart-stepped leader pulse) to several hundred milliseconds
(duration of multi-stroke lightning flashes)21. An analogy with CG
lightning might be disputable for the Jovian atmosphere with no solid
surface, but for completeness, we consider time scales of all known
sequences of impulsive signals:

Fig. 3 | Distributionof interpulse intervals. aMapof detections of groups of JDPs
as vertical projections of Juno positions on the 1 bar level (black circles) and groups
of rapid whistlers (blue circles) as projections along the magnetic field45. Orange
crosses display previously published positions of rapid whistlers during PJ1-814.
b Altitudes of Juno when detecting multiple JDPs (black circles) or multiple whis-
tlers (blue circles) as a function of the Jovicentric latitude of the corresponding
projections from panel (a). c Distribution of the number of pulses or whistlers in
snapshots containing multiple JDPs (black) andmultiple whistlers (blue). The error
bars correspond to the standarddeviations of the expectedPoissondistribution for

counts of JDPs/whistlers. d Probability density function (PDF) of JDP interpulse
intervals (black) and separation between whistler traces (blue). Error bars corre-
spond to the standard deviations of the Poisson statistics of the underlying counts
of occurrences (see “Methods”—“Calculation of PDF”). The solid red line shows a
power lawfit for delays above 1ms andbelow4mson JDPdata and for delays above
4ms on rapid whistlers. The Jovian image in panel (a) is available at https://www.
planetary.org/space-images/merged-cassini-and-juno. The source data are pro-
vided as a Source Data file. The relevant codes are available at https://data.
mendeley.com/datasets/s2rg9ddb24.

Table 1 | Data selection: overview of the selection process, which resulted in the final dataset of sequences of at least three
JDPs or three whistlers

Juno Waves
receiver

Number of available
snapshots

Numberof snapshotswith at
least one JDP/whistler

Number of snapshots with at
least three JDPs/whistlers

Number of inter-
pulse intervals

The shortest distinguishable
interpulse interval

LFR-Hi 326,466 3182 375 2576 170 μs

LFR-Lo 158,716 4502 120 482 1.3ms
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a. groups of strokes in multi-stroke CG lightning flashes, where
strokes are usually separated by several tens of milliseconds
(globally 55 ± 2ms for subsequent strokes flowing in pre-existing
channels and 65 ± 4ms for subsequent strokes with a new ground
contact22);

b. trains of pulses accompanying the initiation of normal IC flashes,
where the pulses are separated by several hundreds of micro-
seconds up to a few milliseconds;23,24 the average propagation
speed was 4 × 105m/s;25

c. trains of pulses appearing during initiation of attempted leaders
(also called inverted IC flashes) or negative CG lightning, where
pulses are separated by several tens to a few hundred of
microseconds24,26(73μs and 152μs long average interpulse inter-
vals were respectively found in the electromagnetic data from
Florida27 and Malaysia28);

d. sequences of stepped leader pulses of CG lightning with inter-
pulse separation of several units to a few tens of microseconds29

(0.2–15.7 µswith an average value of 3.3 µs corresponding tomany
simultaneously active leader branches in Florida, US30, or an
average inter-step interval of 16.4μs identified within optical
detections of individual branches in Florida,US31, and 13.9–23.9μs
with a mean value of 17.4μs in electromagnetic measurements of
individual branches in China32);

e. pulse sequencesof stepping recoil leaders or dart-stepped leaders
with an interpulse separation of units ofmicroseconds (6.1 ± 3.1 µs
and 5.1 ± 1.8 µs, respectively in Florida and Arizona, US33, typically
6–8 µs as derived for the lightning standard purposes34; average
propagation speeds of 1.4–2.2 × 106m/s and 6.4 × 106m/s were
reported for downward and upward leader propagation35).

Even though there are, on average, three to six strokes in terres-
trial multi-stroke CG flashes36 and the groups of JDPs predominantly
consisted of five pulses, the Jovian pulse groups were very unlikely
generated by multi-stroke lightning flashes. In such case, the Jovian
strokes would appear in about 30 times faster succession than on the
Earth29. This scenario seems to be therefore improbable. It is also in
contradiction with modeling results which predicted that a time
interval of 10 s was needed to establish conditions for initiation of a
subsequent discharge in Jovian water clouds37.

Only comparison with terrestrial IC processes might therefore be
relevant to Juno observations. The initial breakdown pulses are
believed to appear during the initiation phase of the majority of both
CG and IC terrestrial lightning flashes38. The spectrogram in Fig. 4a
shows an example of a sequence of initial breakdownpulses belonging
to an inverted ICflash recordedbya broadbandmagneticfield antenna
(5 kHz to 90MHz) installed at the Milešovka observatory in Czechia39

(known for frequent lightning, as it is reflected in the German version
of its name “Donnersberg”—“thunder mountain”). Figure 4b shows a
spectrogram of the initiation of a normal IC flash recorded by a similar
antenna system installed at the nearby Dlouhá Louka observatory in
Czechia. Magnetic field waveforms corresponding to spectrograms in
Fig. 4, together with a waveform showing a multi-stroke negative CG
flash, are plotted in Supplementary Fig. 4. The time separations of
observed pulses in examples shown in Fig. 4 correspond to the typical
time scales mentioned in the list of repetitive lightning phenomena
(points c and b).

Previous studies37,40 placed initiation of Jovian lightning inside
clouds composed of water and ice and located at a temperature range
between 250 and 270K. These studies also showed that a strong
convective motion driven by the internal heat is favorable for separa-
tion of charged water and ice particles and for an establishment of
electric fields sufficient for lightning initiation. The breakdown fields
calculated for Jovian water clouds located at different altitudes
(6 × 105V/m at 1 bar level to 2.3 × 106V/m at 5 bar level37) are very close
to breakdown fields observed around or below 1 bar level in terrestrial

thunderclouds (3 × 105–1 × 106V/m). We can therefore assume that the
initiation processes, including the average leader velocities at Jupiter
and Earth, might be similar.

Based on the similarity of time scales of the observed groups of
JDPs or Jovian whistlers with these terrestrial initial breakdown pulse
trains, a probable scenario could be offered: The Jovian pulse
sequences might be emitted during step-like extensions of Jovian
lightning channels after the lightning initiation, similar to initiation
processes of lightning at Earth. If we assume that the evolving dis-
charges propagate in the Jovian water clouds at a similar average
velocity of 105–106m/s as the terrestrial intracloud lightning leaders21,
the average prolongation of Jovian lightning channelsmight happen in
steps of several hundreds to a few thousand meters long (see “Meth-
ods”—“Estimation of the lengths of the steps”). In contrast with the
sferics detected by the Galileo Probe, our dataset does not indicate a
substantial charge transfer. This is not surprising, as a smaller amount
of charge is expected to be transferred during the stepping process.
Note that the velocity of individual steps might be—similarly to on
Earth—much faster than the average velocity of the leader prolonga-
tion, which also includes quiet stages between the steps41. Our results
indicate that Jovian lightning is initiated at a larger spatial scale com-
pared to processes preceding cloud-to-ground lightning in the Earth’s
atmosphere, but the process might be comparable to the initiation of
normal intracloud lightning.

Methods
Power spectrograms
Power spectrograms from Juno measurements in Figs. 1 and 2 were
obtained from the original electric (all LFR-hi snapshots and 95 LFR-lo
snapshots) and magnetic field (25 LFR-lo snapshots) waveform data
acquired by Juno using the Fast Fourier Transform (FFT) based on 128
waveform samples with a von Hann window, shifted by 32 samples in
every time step of the spectrogram, giving 75% overlapping rate. The
frequency and time steps are then, respectively, 2.93 kHz and 85 µs for
JDPs in Fig. 1, with a nominal time resolution (full width at half max-
imum of the windowed signal power) of 125 µs. For rapid whistlers in
Fig. 2, the frequency and time steps respectively are 391 Hz and 640 µs,
with a nominal time resolution of 940 µs.

Calculation of the probability density function (PDF)
The PDF values of delays between neighboring pulses in Fig. 3d are
calculated from counts of occurrences NJi and NWi for JDPs and rapid
whistlers, respectively, in each bin i of delays:

f Ji =
NJi

δiMJτJ

1
L ð1Þ

f Wi =
NWi

δiMW τWKW

1
L

ð2Þ

where f Ji and f Wi respectively are probability density values for JDPs
and whistlers. δi is the width inmilliseconds of each bin of delays,MJ is
the total number of analyzed waveform snapshots recorded below 5.5
Jovian radii by the LFR-hi receiver, τJ is the duration of each snapshot.
The total durationMJτJ = 534 s ofwaveformcaptures at radial distances
below 5.5 Jovian radii was used for our analysis of JDPs. Similar values
MW and τW for the LFR-lo receiver give the total duration
MW τW = 19503 s of waveform captures included in the analysis of
rapid whistlers. The normalization coefficient L is set so that the
integral of the probability density function is normalized to unity:

L=
Xi4

i = 1

NJi

MJτJ
+

XiT

i = i4 + 1

NWi

MW τWKW
ð3Þ
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where i4 denotes the index of the bin containing the delay of 4ms, and
iT is the total number of bins. The physicalmeaning of the coefficient L
is the average cadence of detected lightning pulses per second,
obtained as L=0.47 s−1 from our dataset. Finally, the calibration coef-
ficient KW is introduced to reflect the lower detection ability for rapid
whistlers linked to the higher natural background in the LFR-lo band
and also to a different altitude distribution of rapid whistlers in
comparison to JDPs, which are better distributed over the analyzed
range of altitudes. A value of KW = 0.21 was estimated from the
requirement of continuity of power law fits to f Ji and f Wi values.

Terrestrial measurements
Examples of measurements of terrestrial lightning processes in Fig. 4
were obtained from measurements of Shielded Loop Antenna with
Versatile Integrated Amplifier (SLAVIA) devices, yielding broadband
magnetic field waveforms sampled at 200MHz, covering a frequency
range between 5 kHz and 90MHz. Power spectrogramsof SLAVIA data
were again obtainedusing FFT, but this timebasedon 32768waveform
samples with a von Hann window, resulting in a frequency step of
6.1 kHz and a nominal time resolution of 60 µs.

Estimation of the lengths of the steps
Even if the rapid extension of the leader in individual stepsmight be as
fast (~108m/s) on Jupiter as on Earth41, we are not able to confirm this
velocity using the existing Juno data. The ionospheric dispersion does
not allow us to estimate the duration of rising edges of individual
pulses with a sufficient time resolution. That is why we limit our esti-
mation to an average speed of the leader prolongationhappening over
a group of leader steps, i.e., including the intervals between the pulses
when we assume that the leaders do not extend. We further assume
that the average speed of the Jovian leader prolongation is similar to
the average speed of leaders propagating in the terrestrial water
clouds at a similar pressure. If we combine this average velocity of
105–106m/s with the interpulse intervals resulting from our study
(typically a few milliseconds, Fig. 3d), we obtain the average step
length of several hundreds to a few thousand meters.

Data availability
The Juno Waves calibrated burst waveform full-resolution dataset
includes all high-rate science waveform information calibrated in units
of electric or magnetic field for the entire Juno mission and has been
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Fig. 4 | Terrestrial ground-based broadband measurements. a The
frequency–time power spectrogram of magnetic field fluctuations showing the
1.8ms long detail of the initiation of an inverted IC flash occurring on 2 July 2020 at
20:55:26 UTC. b The frequency–time spectrogram of magnetic field fluctuations
showing the 5ms long detail of the initiation of an IC flash occurring on 6 August

2021 at 15:52:42 UTC. In comparing with JDPs of Fig. 1 in the spectral scale, white
dashed lines indicate the upper frequency limit of theWaves LFR-Himeasurements.
The source data are available at https://data.mendeley.com/datasets/
w629b9nyx243.
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deposited at https://doi.org/10.17189/152246142. The Jovian image in
Fig. 3a is freely available at https://www.planetary.org/space-images/
merged-cassini-and-juno (provided by NASA/JPL-Caltech/SSI/SwRI/
MSSS/ASI/INAF/JIRAM/Björn Jónsson). The source data for Fig. 3 is
providedwith this paper in the Excel sheets in the SourceData file. The
ground-based data displayed in Fig. 4 are available at https://data.
mendeley.com/datasets/w629b9nyx243, doi:10.17632/w629b9nyx2.1.
The data generated in this work are available in the Source data zip file
(inter-whistler intervals.csv and inter-JDP intervals.csv). Source data
are provided with this paper.

Code availability
The custom codes were written in IDL® (a product of Exelis Visual
Information Solutions, Inc., a subsidiary of Harris Corporation), were
used for generatingfigures, and are not central to the paper. The codes
are available at https://data.mendeley.com/datasets/s2rg9ddb2444,
https://doi.org/10.17632/s2rg9ddb24.1.
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