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Lightning has been detected on Jupiter by all visiting spacecraft
through night-side optical imaging and whistler (lightning-
generated radio waves) signatures'=. Jovian lightning is thought to
be generated in the mixed-phase (liquid-ice) region of convective
water clouds through a charge-separation process between
condensed liquid water and water-ice particles, similar to that of
terrestrial (cloud-to-cloud) lightning’~°. Unlike terrestrial lightning,
which emits broadly over the radio spectrum up to gigahertz
frequencies!®!!, lightning on Jupiter has been detected only at
kilohertz frequencies, despite a search for signals in the megahertz
range!'2. Strong ionospheric attenuation or a lightning discharge
much slower than that on Earth have been suggested as possible
explanations for this discrepancy'>!%. Here we report observations
of Jovian lightning sferics (broadband electromagnetic impulses) at
600 megahertz from the Microwave Radiometer!® onboard the Juno
spacecraft. These detections imply that Jovian lightning discharges
are not distinct from terrestrial lightning, as previously thought.
In the first eight orbits of Juno, we detected 377 lightning sferics
from pole to pole. We found lightning to be prevalent in the polar
regions, absent near the equator, and most frequent in the northern
hemisphere, at latitudes higher than 40 degrees north. Because the
distribution of lightning is a proxy for moist convective activity,
which is thought to be an important source of outward energy
transport from the interior of the planet'®!’, increased convection
towards the poles could indicate an outward internal heat flux that
is preferentially weighted towards the poles®!®18, The distribution of
moist convection is important for understanding the composition,
general circulation and energy transport on Jupiter.

Terrestrial radio emission from lightning peaks near 1-10 kHz
and falls off rapidly with the frequency f, approximately as f*, above
about 10 MHz!®!". Radio emission from lightning is detectable from a
spacecraft at kilohertz frequencies in the form of whistlers (lightning-
generated radio waves distorted into a decreasing tone by their passage
through the plasma environment of the planet), which propagate from
the source to the spacecraft along magnetic field lines, and at megahertz
frequencies as sferics, which propagate directly from the source to the
spacecraft. On Jupiter, whistlers were previously detected by the Voyager
plasma wave receiver'®, but no high-frequency (10-40 MHz) sferic
signals were observed by the companion planetary radio-astronomy
receiver?’. The Galileo probe also failed to detect high-frequency
sferics"!2. One explanation for the absence of such signals is attenua-
tion from low-altitude ionospheric layers'4. However, such layers would
also strongly attenuate emission at kilohertz frequencies. Therefore, a
slow-discharge model with weak emission above 10 MHz has been pro-
posed as an alternative explanation'>. The closest approach of the Juno
spacecraft to Jupiter is nearly 50 times greater than that of Voyager (up

to 30 dB greater signal strength), and ionospheric attenuation, which
decreases as {2, is not a contributor at 600 MHz, which is the lowest-
frequency channel of the Juno microwave radiometer (MWR). On
the basis of modelled and measured data?!, the electron density in the
Jovian ionosphere is orders of magnitude lower than that required to
generate even a minimally detectable ionospheric opacity at 600 MHz.
Additionally, the observed variation of the MWR antenna temper-
ature with emission angle on the planet is consistent with emission
only from the deep atmosphere over all latitudes, and there is no
evidence of an ionospheric contribution. The only exception is one
localized spot over the portion of the aurora corresponding to the
Io flux tube.

Lightning detection reveals areas of active moist convection in water
clouds on Jupiter>”$. Our current understanding of the global distri-
bution of lightning on Jupiter draws from limited surveys, giving an
incomplete picture of the spatial distribution and frequency of moist
convection. From the vantage point of Jupiter’s polar orbit, the Juno
observations provide new insights into the latitudinal distribution of
lightning and moist convection from pole to pole. Juno is in a highly
elliptical, 53-day polar orbit around Jupiter. The spacecraft is spinning
at two revolutions per minute, with a spin vector roughly perpendic-
ular to the orbit plane. The Juno MWR instrument was designed to
probe thermal emission from the Jovian atmosphere well below the
water-cloud region (at least 100 bar; 1 bar = 10° Pa) and thus place
constraints on the deep water abundance of the planet’s atmosphere.
The instrument measures radiation in six microwave bands from
600 MHz to 22 GHz (1.3-50 cm)'®. The two lowest-frequency chan-
nels (600 MHz and 1.26 GHz) have a Gaussian antenna pattern with
a half-power width of 20°, which is scanned across the planet by the
spacecraft spin.

The MWR continuously samples during Juno’s orbit, integrating each
radiance measurement for 0.1 s. Single positive outliers above the back-
ground atmospheric emission were observed in the time series of the
600-MHz measurement only while observing Jupiter. After eliminating
all other plausible explanations for the source of these outliers, includ-
ing instrument artefacts and other sources of non-thermal emission, we
attribute them to lightning sferics. The lightning emission is extracted
from the background signal by applying a low-pass filter to the radio-
meter’s time series and selecting positive outliers that are six standard
deviations above the noise (>5 K in antenna temperature). This yields
a total of 377 detections at 600 MHz through the first eight (out of the
32 planned) orbits of Juno. Each detection represents the sum of all
discharges that occurred within the antenna field of view during the
0.1-s integration period. Of these, 10 MWR detections were found to be
coincident in time and location with lightning whistlers detected by the
Waves instrument??, further supporting lightning as the source of the
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Fig. 1 | MWR boresight location of each 600-MHz lightning detection
during Juno’s first seven successful passes. Each MWR detection is
shown as a blue circle with a diameter proportional to the minimum
effective isotropic radiating power (the scale shown on the left corresponds
to a). b and ¢ show the north and south polar projection, respectively.

The area of the planet surveyed by MWR during each perijove pass is

excess emission. Similar, but much fewer (12), signatures were detected
at 1.2 GHz, and there were no definite detections above 1.2 GHz; this is
expected, given the ~f * dependence of lightning radio emission. The
600-MHz and 1.2-GHz antennas are on different sides of the spacecraft
and therefore do not make temporally coincident observations, so a
direct measure of the spectral emission slope is not possible. Additional
observations are expected to provide statistical constraints, which may
provide insight into the nature of the discharge process. The remainder
of this paper focuses on the 600-MHz observations.

Figure 1, which illustrates the MWR boresight location and rela-
tive strength of each 600-MHz lightning detection, reveals a new and
more complete picture of the global lightning distribution. The MWR
detections span the locations of previous detections and show lightning
polewards of 79° N, the highest latitude reported by New Horizons®.
Lightning is detected at both poles but is absent near the equator. An
additional notable observation is the absence of lightning in the Great
Red Spot during the direct Juno overpass on 11 July 2017. The most
probable source location of the lightning —the area on the planet that
emitted 90% of the power received by the MWR—would fall on average
within 10® km? of the boresight at the equator and 10° km? at the
pole. During the first eight Juno orbits, the antenna footprint (defined
by the 3-dB contour) covered 3 x 10! km?, or 50% of the planet, in
approximately equal amounts between the northern and southern hem-
ispheres. Although uncertainty in the source location does not allow
an exact computation of the power transmitted in the direction of the
MWR, alower bound can be computed assuming that the emission is
directed at the maximum antenna gain. The derived minimum effective
isotropic radiating power for lightning emission spans between 1.2 W
and 1,800 W, with 87% of the detections below 200 W and 96% below
400 W. The strongest detections are preferentially weighted towards
the northern hemisphere.

We derive the latitude distribution probabilistically, by spread-
ing each detection over a latitude range weighted by the projected
antenna gain and normalized by the total observation time per
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indicated by the bright regions. The brightest regions show the locations of
maximum gain and the less bright ones show the area covered by the 3-dB
antenna pattern contour. The visible-light background image is aligned
with the Great Red Spot overpass, made in July 2017. The other passes are
not aligned with visible features in the image because the clouds propagate
relative to the System IIT longitude owing to zonal winds.

latitude. Figure 2 illustrates that lightning was mostly detected in
the northern mid- to high latitudes, revealing an oscillating pattern
with peaks near 45° N, 56° N, 68° N and 80° N. There are also peaks
centred in the North Equatorial Belt and the North Temperate Belt.
The mean probability is higher in the belts (0.0045 detections per
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Fig. 2 | Lightning detections per second by the MWR and the

Waves instrument as a function of latitude. The black line shows the
distribution of sferics observed by the MWR. The lightning detection
locations are distributed over the latitude, which is weighted by the
projected MWR antenna gain pattern. This accounts for the uncertainty

in the lightning source location within the MWR beam in a probabilistic
way. The blue line shows the detection frequency of whistlers by the Waves
instrument as a function of magnetic footprint latitudes from the VIP4
model. The grey bars indicate the belts with the zones (white bars) in
between®.
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second) than in the zones (0.0035 detections per second) for abso-
lute latitudes below 70°. Analysis of Galileo data also found more
frequent lightning in belts*. In the southern hemisphere, the light-
ning frequency peaks at 17° S, followed by 48° S. The ambiguity of
the lightning source location in the MWR beam gives an effective
resolution in latitude (defined by the 3 dB antenna contour averaged
over all detections) of about 2° at the equator, 5° at +45°, and 10°
near the poles.

Considerably more lightning is detected in the northern hemisphere
than in the southern hemisphere. This hemispherical asymmetry is
observed in each perijove pass (spaced every 53 days), so it is not due
to a single anomalously active storm in the northern hemisphere.
The MWR is closer to the planet, and thus slightly more sensitive to
lightning, at a given latitude in the northern hemisphere compared to
the southern hemisphere. However, removing those detections in the
northern hemisphere that would not have been observed in the south-
ern hemisphere at an equivalent latitude does not affect the observed
asymmetry. The equatorial zone is the only place on Jupiter with a near-
zero probability of lightning detection. The boresight location of the
most equatorial detection is 7.8° N. Accounting for sampling through
orbit 8, equatorial lightning (within +6° of the equator) must occur at
a rate of <0.03 km ™2 yr~! to have a detection probability less than 1
(or be 100 times less intense than lightning at higher latitudes). The
absence of lightning at the equator is consistent with the non-detection
of lightning at the Galileo probe entry site'* at 6° N and the absence of
visible detections within £+6° of the equator.

Jovian rapid whistlers observed by the Waves instrument** show a
similar north-south asymmetry, as indicated by the whistler detection
frequency per unit time shown in Fig. 2 in 5° latitude bins. The source
location of the whistlers is estimated by back-propagation to be 300 km
above the 1-bar level along magnetic field lines using the VIP4 model®.
The overall detection rates of whistlers are approximately ten times
higher than the MWR detection rate because of the increased source
power at kilohertz frequencies compared to 600 MHz'?. We note also
that whistlers do not show detections within about 20° of the equator,
which may be explained by ducted propagation not allowing them to
access the Juno altitude. High-latitude observations are mostly missing
from whistler records, as these are masked by intense plasma waves in
the polar-cap and auroral regions.

The moist convection distribution derived here has implica-
tions for the global water abundance and energy budget of Jupiter.
While moist convection is a complex process that is influenced
in part by the local water concentration, thermodynamic environ-
ment and vertical wind shear, the distribution observed here could
support a preferentially poleward-weighted distribution of the
outward-directed internal heat flux'®!®. The high concentration
of ammonia in the equatorial zone*»? suggests that the equator is
close to an ideal adiabat?®, potentially explaining the lack of convec-
tion at the equator. A rising air parcel in this region would have the
same density as the ambient air and would not gain kinetic energy
from the upward motion. Moist convection involving water clouds,
as inferred from the presence of lightning, provides a constraint on
the water abundance. If water were depleted globally below the value
of the solar oxygen-to-hydrogen ratio, as would be concluded by
taking the Galileo probe result as a global number?’, there would be
no liquid water®® and hence lightning would be difficult to gener-
ate”®. Moist convection models also suggest that insufficient latent
heat would be available to sustain lightning-generating updrafts'*2%%.
Previous studies of optical lightning imagery (and the associated moist
convection) have used these arguments to suggest a global water abun-
dance greater than the solar one, under the assumption that the con-
vective nature of regional storms observed over a short period of time
applies globally and is sustained over time>®. The MWR lightning
observations analysed here show widespread moist convective activity
at nearly all latitudes consistently for over an Earth year, providing
compelling evidence for a global water abundance at least as high as
the solar one.
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METHODS

Lightning detection methodology. In the MWR data, lightning is observed as
single positive outliers in the time series of the antenna temperature. The MWR
integrates each sample for 0.1 s, during which time the spacecraft rotates by 1.2°,
or about 1/17th of an antenna beamwidth at 600 MHz and 1.2 GHz. This means
that each sample is correlated with its neighbours, and only a short (<0.1 s) radio-
frequency impulse on top of the background brightness temperature distribution
could produce such a discrete jump in the time series. Instrument anomalies were
eliminated as the source of these outliers by evaluating high-rate data during the
cruise portion of the mission and several high-rate acquisitions near apojove. No
outliers greater than four standard deviations above the noise were observed in
approximately 5,000 h of observations through the antenna or in the accompany-
ing observations of internal calibration sources. During the perijove pass, outliers
were observed only when the radiometer was pointed towards the planet, and not
away from the planet, eliminating radiation effects or other anomalies unique to
the Jovian environment as the cause. The most probable source of short radio-
frequency emission bursts from Jupiter is thus lightning.

Extended Data Fig. 1 shows an example of a lightning detection. The left panel
shows the antenna temperature time series from approximately one spin of the
spacecraft. The centre of the plot shows the scan across Jupiter, with the peak value
closest to nadir. The large lobes on either side of the planet near the limb arise
from synchrotron radiation. The cold sky background forms the baseline level.
The lightning observation is the single-point outlier on the planet, which is shown
more clearly in the zoomed-in image in the right panel.

The outliers are extracted from the time series using a two-step process. First,

the data are low-pass-filtered using a 15-point local least-squares regression
smoothing method. Positive outliers in the difference between the measurements
and the smoothed background that are greater than 5 K (six standard deviations
above the noise floor) are identified and removed. Linear interpolation is used
to fill in the gaps from the filtered outliers and a second low-pass filter is applied
to this ‘cleaned’ time series to estimate the background antenna temperature as a
function of time. Extended Data Fig. 2a shows 600-MHz antenna temperatures
obtained during a single Juno spin, with the smoothed background antenna tem-
perature overlaid. The lightning observation in this case is the red outlier point.
The final step subtracts the measurements from the smoothed background antenna
temperature and all positive outliers greater than 5 K are extracted as lightning
observations. An example of this difference for perijove 7 is shown in Extended
Data Fig. 2b. The noise on this difference is a combination of instrument noise
(~0.6 K) and noise from the background removal. The noise (excluding the posi-
tive outliers) is consistent with a zero mean Gaussian distribution with a standard
deviation of 0.8 K. The 5 K detection threshold is set conservatively to minimize
the number of false positives. Extended Data Fig. 2c shows the difference between
the antenna temperature and the background for all perijove passes through orbit
7. The negative-temperature part of the histogram guided the choice for the 5 K
threshold, which is indicated by the vertical dashed lines in the figure.
Analysis of detection biases. To assess the statistical robustness of these conclu-
sions, we must understand possible detection biases in the data. The 5 K detection
threshold in the antenna temperature is based on received power, which introduces
a sampling bias relative to source emission that varies with the square of the dis-
tance to the planet (R?). The MWR is approximately 100 times more sensitive to a
single lightning flash at perijove (a few degrees north of the equator) than it is as
the pole. However, the received power is the sum of all lightning flashes in a single
sample, and polar observations cover 30-40 times more area on the planet than
those made at the equator. Therefore, the lightning detectability in the MWR ulti-
mately depends on how close the average transmission strength is to the threshold
at a given distance and spatial density of lightning, both of which are unknown.

If we assume that lightning is sufficiently sparse so that each MWR detection
originates from a single source, the difference in area from each observation is
not a factor. We can therefore normalize the power received during each obser-
vation to the perijove by scaling by the square of the ratio of the observation
distance to the perijove distance, as shown in Extended Data Fig. 3a. The mini-
mum detection threshold, shown as the solid black line, varies with R? and is
slightly skewed towards the northern hemisphere because Juno's perijoves are all
north of the equator. The dashed red line represents a detection threshold that is
symmetric about the equator. Even if we removed the northern hemisphere obser-
vations that would not be detectable in the southern hemisphere at an equivalent
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latitude, there would still be more numerous and stronger detections in the
northern hemisphere. We can also compute an upper limit on the lightning
rate at the equator. The MWR acquired 5,690 samples within +6° of the
equator through perijove 8. On average, each sample is integrated over an effective
area of 2 x 10® km? for 0.1 s. Therefore, for the probability of detection to
be less than 1, the lightning flash rate within £6° must be less than

0.03km™2yr~,— L 31,557,600 s yr', or be 100 times less intense
(2 x 10%km?) (5695)

than lightning at higher latitudes.

Alternatively, if we assume lightning is sufficiently dense so that the number of
transmitters that are visible per observation is proportional to the area, then it is
appropriate to scale the received power by the area illuminated. The signal received
by the MWR from lightning is the integral of all discharges occurring in the area
of the planet that is illuminated by the antenna over the 0.1 s integration period.
The power at the receiver is a function of the spacecraft location and viewing angle
relative to the planet. To allow comparisons between different locations on the
planet, we normalize the measurements with respect to source power. However,
without knowing the source location, we cannot determine the source power from
the received signal. We can compute a power density to normalize the measure-
ments. If we assume that lightning radiates isotropically with a power of P;s, and
has a discharge frequency of Nj per unit area of the planet per unit time, then we
can write the total received power as

=I5

where ry, is the vector between the differential area of the planet, dA, and
the MWR antenna, G is the antenna gain in that direction, A is the wavelength
and ¢ is the time. We can use equation (1) to normalize the received power
measurements
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where N\Pj, is the received isotropic radiated power per unit area per unit time
(Wkm™2s™h).

Extended Data Fig. 3b shows the lightning power normalized using equation
(2). The minimum detection threshold in this case is more uniform in latitude
because the illumination area increases as R, offsetting the decrease in signal
strength with distance. In both cases, the larger number of observations in the
northern hemisphere appears to be a statistically robust conclusion. Removing
from the northern-hemisphere data those values that would not be detected in
the southern hemisphere at an equivalent latitude gives the red line in Extended
Data Fig. 4; there is negligible change in the resulting north-south asymmetry.
Effective isotropic radiating power. The received power is computed from the
lightning antenna temperature by

P.=kBT, 3)

where the 600-MHz receiver bandwidth is B=18 MHz and k is Boltzmann’s con-
stant. Because the MWR measures a single linear polarization, if lightning emission
is assumed to be unpolarized, a factor of 2 is introduced between the received and
source power. The effective isotropic radiating power is then computed by

_ 2P(4nR)* @
iso Gr Az
where R is taken to be the distance of the boresight vector to Jupiter, G, is the
maximum antenna gain (19.77 dB) and the wavelength ) is 0.5 m. The result
represents the minimum radiated power and only applies when the boresight is
pointed directly at the lightning. The lightning is probably detected over a broad
range of angles (and hence antenna gains) relative to the boresight.
Data availability. The Juno MWR data that support the findings of this study
are available from the Planetary Data System archive (https://pds.nasa.gov/index.
shtml) as ‘Juno Jupiter MWR reduced data records v1.0’ (dataset INO-J-MWR-
3-RDR-V1.0).
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Extended Data Fig. 1 | Example of lightning detection in the MWR
antenna temperature time series. a, Antenna temperature measurements
obtained during a spin of the spacecraft. The scan from limb to limb of
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Jupiter is shown at the centre of the image and enlarged in panel b. The
single positive outlier is the additive emission from the lightning discharge
above the background emission from the atmosphere.
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Extended Data Fig. 2 | Illustration of the lightning extraction process. and the background antenna temperature for all perijoves. The dotted
a, Smoothed background antenna temperature (TA) and the data. lines in b and ¢ indicate where the detection threshold is set relative to the
b, Difference between the measurements and the smoothed background variance in the data.

antenna temperature for perijove 7. ¢, Differences between the MWR data
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Extended Data Fig. 3 | Normalized 600-MHz lightning power, expressed
as antenna temperature, as a function of latitude. a, Power normalized
to the perijove distance by the square of the distance. This normalization

is used if the observed power from each detection originates from a single
source, which is expected for discharge rates less than 300 km 2 yr~! near

the equator and 0.3 km 2 yr~! at the poles. b, Power normalized by both
the distance and the area covered by the antenna pattern, which is used if
the observed power originates from several sources and should be scaled
per unit area.
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Extended Data Fig. 4 | Lightning detections per second by the MWR distribution as that shown in Fig. 2, but with the red line showing the
and the Waves instrument as a function of latitude. The same MWR distribution with an equalized detection threshold as a function of latitude.
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