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Lightning-induced relativistic electron
precipitation from the inner radiation belt

Max Feinland 1 , Lauren W. Blum2, Robert A. Marshall1, Longzhi Gan3,
Mykhaylo Shumko4 & Mark Looper 5

The Earth’s radiation belts are maintained by a number of acceleration, loss
and transportmechanisms, and the electron fluxes at any given time are highly
variable. Microbursts, which are rapid (sub-second) bursts of energetic elec-
trons entering the atmosphere from the magnetosphere, are one of the key
loss mechanisms controlling radiation belt fluxes. Such rapid bursts are typi-
cally observed from the outer radiation belt and driven by interactions with
whistler mode chorus waves, but they can also occur in the inner belt and slot
region, driven by lightning-generated whistlers. This lightning-induced elec-
tron precipitation is typically observed at 10s–100s keV, but here we present
direct observations of this phenomenon at MeV energies. This unveils a cou-
pling between near-Earth processes, such as lightning, and radiation belt
processes, such as relativistic electron microbursts, bridging the gap between
Earth weather and space weather.

The Earth is surrounded by toroids of trapped energetic particles,
known as the radiation belts. These belts are contained within and
shaped by the magnetosphere, which provides protection from the
incident solar wind, and shields the Earth from the Sun. The radiation
belts, which were one of the first discoveries of the space age1, consist
of two main regions: the inner belt and the outer belt. The outer belt
contains very energetic electrons, on theorder ofMeV2,while the inner
belt typically consists of less energetic electrons, on the order of
10s–100s keV, as well as protons with energies several MeV up to
GeV3,4. The upper energy limit of electrons in the inner radiation belt is
a point of much recent debate, as measurements during solar cycle
#24 have shown that there was no significant MeV electron flux in the
inner belt between 2012–20155,6. Strong geomagnetic disturbances are
needed in order to temporarily populate this region with MeV
electrons2,7.

Radiation belt electron dynamics are highly variable, with many
sources of acceleration and loss, causing fluxes to vary by several
orders of magnitude. Microbursts are one such loss mechanism,
characterized as rapid (sub-second) bursts of energetic electrons
precipitating from the magnetosphere into the atmosphere. They are

typically observed from the outer radiation belt, at energies ranging
from keV to MeV8–10, and are often attributed to wave-particle inter-
actions with whistler mode chorus waves11–13. 10s–100s keV electron
microbursts have also on occasion been observed from the inner
radiation belt14,15. In this region closer to Earth, lightning-generated
whistler waves have been connected to these precipitation bursts,
termed lightning-induced electron precipitation (LEP)14,16. While LEP of
both typical keV electrons and more rare MeV electrons has been
indirectly inferred via ground-based very low frequency (VLF)
receivers17,18, the recombination time of the D-region ionosphere
means that this method cannot resolve the rapid time evolution of
bouncing electron packets. Models as well as the few in-situ electron
measurements of lower-energy LEP suggest it can have a repeated
periodic signature from the bounce motion of electrons in the
magnetosphere14.

The particles within the radiation belt are trapped in that they
typically follow a magnetic field line until the angle between the par-
ticle’s velocity and the local magnetic field (the local pitch angle, α)
reaches 90∘ and the particle “mirrors,” or reverses direction, traveling
the other way along the field line. This usually repeats indefinitely in
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both hemispheres (until the system is disturbed), causing a bouncing
motion. Because of this, a subset of all microbursts are so-called
“bouncing packets,” which are repeated observations of consistently-
spaced peaks of electrons, typically of decaying amplitude9,11. In gen-
eral, this phenomenon occurs due to an initial rapid wave-particle
interaction that scatters a packet of electrons in pitch angle, some of
which immediately precipitate, and some of which mirror or are
backscattered back up along the magnetic field line and travel to the
magnetic conjugate point in the opposite hemisphere. There, the
phenomenon occurs again; some electrons are backscattered and
some precipitate. This process can repeat, with more electrons pre-
cipitating with each bounce, until the packet has completely pre-
cipitated as has been described and modeled by Thorne et al., Chen
et al., Cotts et al., Marshall et al., and Peter et al.11,19–22. Bouncing
microburst packets can be used to determine the spatial extent of a
microburst9,23, but very few have been identified in the literature.

Here we present direct measurements of MeV electron micro-
bursts from the inner radiation belt driven by lightning. In searching
for bouncing packets in the SAMPEX/HILT (Solar Anomalous and
Magnetospheric Particle EXplorer/Heavy Ion Large Telescope) ≥ 1MeV
electron dataset, measured from a low-altitude (520 × 670 km), high-
inclination orbit, we observe a number of bouncing microburst pack-
ets in the inner radiation belt that are inconsistent with the chorus
generationmechanism.They are unusual due to their highly relativistic
(1MeV, i.e., 0.94c where c is the speed of light) energy at their inner
belt location.

Results
Properties of LEP events
Forty-five bouncingmicroburst events were detected at L-shells below
3 over a focused search through a decade of SAMPEX data (detailed in
Methods subsection Identification of microbursts). Figure 1 shows
examples of these bouncing packet microburst events, where the

observed periodicity of the sequential bursts roughly matches the
bounce period of 1MeV electrons at these locations (approximately
200ms), to within the allowance of the time resolution of the instru-
ment (20ms). After removing background trends (as shown in Fig. 1,
and detailed in the Methods subsection Characterization of event
shapes), these bouncing packets exhibit a variety of shapes: about one-
third of these events had “crown” (increasing-then-decreasing) profiles
(Fig. 1a), another one-third had decreasing profiles (Fig. 1b), and the
final one-thirdwaseither primarily increasing (Fig. 1c) or another shape
entirely (i.e., without notable growth or decay, termed “other”; Fig. 1d).

The properties and locations of these 45 events are displayed in
Figs. 2 and 3. Figure 2a shows that they are clustered around L = 2 and
Fig. 2b shows that they are predominantly observed on the night side
of the magnetosphere, consistent with expected LEP properties14,24.
Figure 2c shows the range of number of peaks identified by our algo-
rithm for each event. These provide a lower limit, as in general, not
every peak that seemed obvious by eye was detected by the peak-
finding algorithm (e.g., see Fig. 1 and Methods subsection Identifica-
tion of microbursts). Overall, the detected bouncing packets lasted at
least 0.96 to 2.9 seconds. Figure 2d shows the minimum spacing
between peaks for each event; the minimum was used because the
peak separation is expected to increase in time as the distribution in
electron energies produces a spreading of the peaks23,25. Assuming a
dipole model as described by Schulz and Lanzerotti26, the character-
istic electron energy was calculated for each event. The calculated
energies range from323 keV to 7.81MeV.However, since theHILT time
resolution is 20ms, and the bounce period around L = 2 is approxi-
mately 200ms, there can be quite a bit of uncertainty in the calculated
bounce period and therefore electron energy. For example, for an
observed bounce period of 200ms at L = 2 and equatorial pitch angle
of 15 degrees, the estimated energy would be 1.4MeV, whereas a
bounce period of 220ms at the same L and pitch angle would be 550
keV. Figure 2e shows the disturbance storm time index (Dst) value
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Fig. 1 | Four example bouncing microburst events of differing shapes. a A
crown-shaped event. b A decreasing event. c An increasing event. d An event
identified as other. The dashed black lines indicate the original observations, the
red stars indicate peaks as identified by the search algorithm (see “Methods” sub-
section Identification of microbursts), and the solid blue lines show the
background-adjusted observations. The L-shell of each event is included in the

bottom right. L-shells describe magnetic field lines, and an L-shell of 2 represents
the magnetic field line that is 2 Earth radii away from the center of Earth at its
magnetic equator; in three dimensions, this is a “shell.” UTC as written in the plot
refers to Coordinated Universal Time. Source data are provided as a Source
Data file.
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during these events (dark blue) as compared to the distribution of Dst
values over all time throughout the 10 year period. In general, these
microburst events tended to occur during geomagnetically disturbed
times; the averageDst indexduring the electronmicroburst eventswas
lower than the average Dst index during the full 10 years surveyed.
Comparisons of Kp and the auroral electrojet (AE) index showed
similar trends. (See “Methods” subsection Statistical analysis of Dst
index for the statistical significance of this analysis.)

Figure 3 shows the geographic location of all events, revealing a
clear clustering around the southern tip of South America, as well as
the eastern coast of South Africa, with two events observed in the
northern hemisphere above the continental United States. Lightning
occurs most often over land mass27, e.g., North America, Europe,
Africa, and Australia, and primarily during the local daytime28. How-
ever, since ionospheric attenuation is stronger on the dayside, the
whistler mode waves that lightning discharges generate can more

Fig. 2 | Properties of observed LEP events. a Distribution in L-shell for each
observed packet. The distribution is roughly Normal and centered around L = 1.99.
b Distribution in MLT for each observed packet. There is increased occurrence on
the night side of the magnetosphere. c Distribution of the number of peaks
detected in each observed event. d Distribution in minimum observed peak

spacings for each event. The distribution is approximately Normal and centered
around 0.212s. eDistribution inDst index formicroburst events (red), as compared
to theDst index over all time surveyed (blue). The overlapbetween these quantities
is shown in purple. The Dst index during the microburst events is in general lower.
Source data are provided as a Source Data file.
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Fig. 3 | Locations of events. Geographic locations of each identified bouncing
packet (red), with background magnetic field strength shown on the color scale.
L-shell contours are superimposed with white dashed lines, calculated using the

IGRF-13 model. The red dots indicate the observed events. Source data are pro-
vided as a Source Data file.
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easily propagate into the magnetosphere on the nightside29–31, pro-
ducing aprevalenceof LEP on thenightside. Furthermore, LEP requires
a source population of trapped electrons, so LEP events are further
restricted to latitudes mapping to the radiation belts. If these micro-
burst events are thought to consist of bouncing packets of electrons,
onemight expect them to be observed in both hemispheres. However,
there is a clear preference for the southernhemisphere in our database
of events. One explanation of why SAMPEX primarily observes these
events in the southern hemisphere is the asymmetric offset nature of
Earth’smagnetic field. As shown in Fig. 3, themagnetic field strength at
a given L-shell and altitude is weaker in the southern hemisphere
compared to the north, thus enabling electrons of a given pitch angle
and energy to more easily reach lower altitudes before mirroring in
locations within and around the South Atlantic Anomaly. As such,
these same bouncing electron packets may be mirroring above the
altitude of SAMPEX in the northern hemisphere. While previous stu-
dies of LEP at lower energies have observed many events in the
northern hemisphere32, the comparative dearth in our catalog is likely
due to the much lower flux of electrons at these higher energies.

Another, more qualitative, feature of these events indicative of
LEP is the frequent occurrence of two events observed close in time to
eachother, on the order of oneor fewerminutes apart (see Fig. 4 for an
example). These are suggestive of correlated source events (such as
lightning strokes occurring during the same storm) causing two
microbursts close in time.

Direct comparison to lightning observations
To further confirm the causes of these MeV microbursts around L = 2,
we consider the data from the National Lightning Detection Network
(NLDN), which contains information about the timing and strength of
cloud-to-ground lightning over the United States throughout the time
period of these events33,34. The lightning coverage is limited to the
contiguous United States and some of the Caribbean, as the NLDNwas
the only readily available dataset whose coverage overlapped with the
SAMPEX mission. This coverage limits the number of microburst
events in our catalog that can be directly compared to the lightning
database. Seven events do occur either with locations or magnetically
conjugate locations over the continental US, and of those seven
events, three had correlated lightning as determined by the

methodology described in “Methods” subsection Statistical analysis of
lightning events. These examples are shown in Fig. 5a–c, where we see
a large-amplitude (≥ 100 kA17) lightning discharge close in location to
and within a few seconds of the electron microburst. Based on the
lightning-generated whistler and electron propagation times, we
expect the LEP event to occur about 1 second after the causative
lightning discharge.

If lightning is indeed the cause of the microburst events, onemay
wonder why all of the U.S. microburst events were not determined to
be correlated with lightning. This can be attributed to imperfect
lightning detection efficiency, possible in-cloud sources (which are not
detected by the NLDN)35, and the fact that during some of the time
period investigated, very large (approximately ± 200 kA) discharges
could go undetected due to their complex waveforms36.

In order to rule out chance coincidence for the correlated events
we did find, we calculate the number of events over the contiguous
United States with a lightning strike of amplitude ≥ 100 kA
0–3 seconds before the onset of the event, and compare to the same
calculation from the events occurring over Africa. The Americas were
shown to have a statistically significant increase in causative lightning
when compared with events over Africa (see “Methods” subsection
Statistical analysis of lightning events for more detailed information),
confirming lightning as a likely driver for events observed over the
Americas.

Comparisons with existing LEP studies
While the global distributions and correlation with NLDN lightning
data support the interpretation of these as LEP events, two properties
of the observed SAMPEX events differ from previous direct LEP
detections: thefirst being theirhighly relativistic (MeV) energy, and the
secondbeing their shape. To explore thefirstmatter, and to determine
when and why particles of these energies might be so close to Earth,
Fig. 6a shows the trapped ≥ 1MeV electron population, asmeasured by
the SAMPEX HILT instrument, as well as the daily-averaged Dst index
and the timing and location of the bouncing microburst packets. In
general, a lower Dst index corresponds to a higher degree of geo-
magnetic activity, and the index can be used to identify geomagnetic
storms (stars). FromFig. 6a,wecan see that themicroburst events tend
to follow closely after large dips in Dst. While the inner radiation belt
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Fig. 4 | Example relatedmicroburst events observed close in time.Therewere a number of events like this observed in the catalog, suggestive of two correlated causes
(such as two lightning strikes close in time). Source data are provided as a Source Data file.
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and slot region (i.e., the space between the inner and outer radiation
belts) are often devoid ofMeV electrons5,6, during strong geomagnetic
activity, energetic particles can get injected into this low L-shell region.
Figure 6b quantitatively shows this relationship as well; the distribu-
tion of time between geomagnetic storms is much more spread out
than that of the time between geomagnetic storms and microburst
events, demonstrating thatmicroburst events aremore likely to occur

during or following periods of increased geomagnetic activity while
the slot regionwas filledwithMeV electrons. Geomagnetic storms thus
provide the transitory source of MeV electrons at low L-shells, which
can then interact with and be scattered by lightning-generated VLF
whistlers, producing these MeV microbursts observed around L = 2.

Given the relatively frequent occurrence of high-amperage light-
ning discharges, one may wonder why LEP events were not observed

Fig. 5 | Comparison between microburst events and lightning. a–c Lightning
events overlaidwith background-subtracted SAMPEXcountrate data. The color bar
is the difference in longitude between that of the lightning strike and that of the
observed event for the top three panels, such that blue dots indicate discharges
close in space to the electron event, and yellow dots indicate far discharges.

d–f Geographic maps of the location of the lightning events (yellow dots) and
electronmicroburst observations (red dot). The bluedots indicate themagnetically
conjugate point of the event, calculated using the IRBEM library. Source data are
provided as a Source Data file.

Fig. 6 | Visualization of geomagnetic storm times over several years.
a Population of ≥ 1 MeV electrons from 1998 to 2005 as measured by HILT (blue/
yellow colorbar). Overlaid is the daily-averaged Dst index (black line) as well as the
observed microburst events (white dots) and geomagnetic storms (blue stars),
identified by the Dst index dropping below −50nT. b Histogram of the delay

between geomagnetic storms with Dstmin ≤ � 50 nT and microburst events (red),
overlaid with the spacing between storms (blue). The distribution of delay times
between geomagnetic storms and microburst events is markedly shorter on aver-
age than the delay between geomagnetic storms. Source data are provided as a
Source Data file.
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more often over the 10 year period of examination. There are a few
potential explanations for this seeming contradiction, chief among
which is the rarity of slot-filling events5,37,38. Other factors include the
short duration of events and localization of the precipitation patch.
Finally, the authored search algorithm was written to be as strict as
possible to reduce the likelihood of false positives, and so it is likely
that many more of these events occurred in the SAMPEX/HILT data
than were identified by this study. Future work could improve the
detection efficiency of the search algorithm to locate more events.

Now we turn to the second of the two noteworthy properties
mentioned above: the shapes of the microburst events. In the litera-
ture, bouncing packets have previously been observed as a decaying
signature only9,14,23. However, only about one-third of the events
reported here showed this temporal signature, with others showing a
crown shape or even increasing profile. One explanation for the crown
shape could be due to the spatial extent and variability of these
events39. It is possible that during some of these events, SAMPEX
passes through the spatial and temporal peak of electron flux simul-
taneously, causing the observed crown shape; for example, based on
simulation results from Bortnik et al.39, precipitation patches may vary
dramatically over time and space, spanning on the order of 100s of km
or fewer up to 1000sof km.The spacecraftmayobserve a larger spatial
variation if it traverses an event near the edge of a precipitation patch
as compared with at the center. However, further exploration into the
nature of the whistler-electron interactions and spatial variability of
such events is needed to confirm the drivers of the variable bouncing
packet shapes observed in Fig. 1.

Discussion
While lightning-induced electron precipitation is a known phe-
nomenon, and LEP of MeV electrons has been inferred from per-
turbations in subionospheric VLF waves18, these results constitute
the first direct evidence for lightning-driven precipitation of MeV
electrons. Furthermore, relativistic electron precipitation by VLF
transmitters has previously been observed in this region but only up
to 700 keV energies40,41. Thus these results may provide insight into
the lifetimes and behavior of such high-energy particles so close to
the Earth. They also suggest a spatial variability of LEP microbursts
previously uncharacterized by former studies; this high temporal
resolution, in-situ data allows for an in-depth look at the nature of
these events, and reveals details of the wave-particle interaction
process that were unable to be captured by previous studies.
Extreme lightning bolts, also known as superbolts42, radiate strong
electromagnetic waves43 and could, in principle, cause stronger
LEP than common lightning events. Observations of such lightning
discharges and the associated electron precipitation could facilitate
better characterization of the nature of these wave-particle
interactions.

Accounting for and modeling the behavior of energetic parti-
cles in the near-Earth space environment remains an ongoing chal-
lenge, particularly for the space industry, where these particles can
damage space equipment or even fatally irradiate humans44. These
results may aid in this challenge and can form the basis for a more
detailed analysis of the temporal behavior of MeV electrons in the
inner radiation belt. Future high-time resolution measurements of
energetic electrons from the inner radiation belts, such as those
from the upcoming IMPAX45 or RADICALS46 missions, could take
advantage of the worldwide lightning networks (which were not
readily available during the time surveyed in this study) to provide a
more complete, global picture of the relationship between lightning
andmicrobursts in the inner radiation belt. The confluence of Earth-
generated processes, such as lightning; near-Earth space phenom-
ena, such as microbursts; and solar-driven activity, such as slot-
filling geomagnetic storms; serves as a reminder of the connection
between these seemingly unrelated regions.

Methods
Identification of microbursts
In order to detect microbursts, data from the Heavy Ion Large Tele-
scope (HILT) instrument on board the Solar Anomalous Magneto-
spheric and Particle Explorer (SAMPEX) satellite was used. Specifically,
the 20mscount rate portionof the datawas searched, over the decade
of August 7th, 1996 to August 7th, 2006. Two algorithms were applied
using MATLAB, the first of which was adapted from O’Brien et al.47 to
find microbursts, and the second of which was developed by the
authors of this paper to identify bouncing packets in particular. The
adapted version of the former was implemented as follows:

ðN100 � A500Þ=ð1 +
ffiffiffiffiffiffiffiffiffiffi

A500

p

Þ> 5 ð1Þ

where N100 is the particle count rate over 100ms, and A500 is the cen-
tered running average over 500ms. The right-hand side of the equation
is set to 5 (instead of the original value of 10 in O’Brien et al. 47) in order
to catch lower amplitude events. Any index for which this condition was
true was flagged, and if any two flagged indices were fewer than 200ms
apart, they were counted as a part of one interval.

The second algorithm used the intervals identified by the O’Brien
algorithm, plus 0.2 seconds at the beginning and 1 second at the end,
as inputs for search criteria. It then searched for peaks within the
interval (i.e., localmaxima; any data point that is higher thanboth of its
neighboring points). This was implemented using MATLAB’s function
findpeaks, available from the Signal Processing Toolbox. In order to
qualify as a peak, the prominence of the peaks was required to be at
least 0.25 times the total range of count rate values spanned by the
input interval. In essence, the O’Brien algorithm was used as a candi-
date finder so that a prominence requirement could more efficiently
be imposed. In order to minimize the number of false peaks found, a
minimum peak separation of at least 0.06 seconds was also applied;
that is, if two peaks were identified that were fewer than 0.06 seconds
apart, the algorithm ignored the smaller peak and only counted the
larger one. This function searched for runs of at least four consecutive
peaks, and flagged the interval as a candidate event if the peaks were
consistently spaced (defined as the difference in spacing being less
than 0.15 times themean spacing), and discarded intervals that did not
meet this criterion. Afterfinding these intervals, the algorithmchecked
that a) the total time interval was less than 15 seconds long, and b)
there were at least 10 unique count rate values recorded over the
course of the interval. The first condition exists to focus in ononly very
short, bursty instances; the second removes periods during very high
count rates where the quantization of the countrates compressed for
inclusion in telemetry is coarse, and thus oscillates between two or
three values, creating false peaks.

Since these two scripts were written formore generalmicroburst/
bouncing packet identification, an extra criterion was added to narrow
down the scope of the study to the inner radiation belt and slot region
only: the L-shell, as determined fromSAMPEX ephemeris data,must be
equal to or lower than 3.

Over the course of the time period surveyed, 68 events were
detected by these algorithms. Of those, 45 showed clear bouncing
packets by eye, and were included in this study (some events removed
were noisy or contained false positives with very wide peaks whose
exact tip could be at multiple locations, creating difficulty in deter-
mining the spacing between peaks). The identification process was
designed to be as strict as possible to decrease the number of false
positives, meaning that some events were likely missed.

Characterization of event shapes
In addition to identifying bouncing microburst packets, we also wanted
to characterize their magnitude and shape, and thus implemented
a procedure in MATLAB to remove more slowly varying back-
ground trends from the microburst events (e.g., Blum et al.,
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Douma et al., O’Brien et al.8,48,49). This involved finding the local
minima of each interval, and then interpolating between these
points to capture the behavior of the background activity. The
background activity was then subtracted from the interval to
show the underlying shape. The shapes of each event were then
classified based on these background-subtracted profiles.

Statistical analysis of Dst index
A two-population t-test was performed in MATLAB using the function
test, available from the Statistics and Machine Learning Toolbox,
between the hourly Dst index during the entire epoch surveyed (1
decade) and the Dst index during the electron microburst events. The
likelihood that these two populations were statistically homogeneous
was p = 0.0046. Using the standard significance level of 0.05, we are
able to reject the null hypothesis and conclude that the microburst
events occurred during statistically lower Dst indices (corresponding
to higher geomagnetic activity). The mean Dst index during micro-
burst events was –26.73 nT, while the mean Dst for all time surveyed
was –16.40nT.

Statistical analysis of lightning events
We present a statistical analysis, performed in MATLAB, between the
events with actual or conjugate mirror points over the contiguous
United States and those observed over Africa, to determine the like-
lihood of chance coincidence being the cause of the correlation
between lightning discharges and electronmicrobursts during someof
our events. Events over the Atlantic Ocean were omitted due to the
NLDN’s imperfect detection efficiency in this region; its coverage
should extend over the entirety of the United States, and there should
be no coverage over Africa, whereas the coverage over the Atlantic
cannot bedefinitively qualified in thisway. If therewasa lightning strike
with a peak current larger than ± 100 kA17 between 0 and 3 seconds
before the onset of themicroburst event, thiswas counted as a success,
whereas if there was no such event, it was a failure. The proportion of
successes for each population was compared using a two-population t-
test, which returned a p-value of 1.16 × 10−4, or a 0.012% chance of these
results assuming the populations are homogeneous. Using the stan-
dard significance level of 0.05, we are able to reject the null hypothesis
and conclude that these populations are in fact different. The micro-
burst events over the United States have a much higher rate of corre-
lated lightning, andwecan therefore ascertain that these events are not
just coincidentally aligned with lightning activity and are thus indeed
the result of lightning-induced electron precipitation.

Data availability
The processed SAMPEX data used for the identification and char-
acterization ofmicrobursts in the study are available from the SAMPEX
Data Center at https://izw1.caltech.edu/sampex/DataCenter/DATA/
HILThires/State4/and https://izw1.caltech.edu/sampex/DataCenter/
DATA/PSSet/Text/(count rate and attitude/ephemeris data, respec-
tively) which are accessible to the public. The OMNI dataset, used to
pull Dst data, is available from the NASA SPDF OMNIWeb interface at
http://omniweb.gsfc.nasa.gov which is accessible to the public. The
datasets generated during and analyzed during the current study are
available from the corresponding author upon request. The rawVaisala
lightning data are protected and are not available due to data privacy
laws. The truncated version of this data is available from the corre-
sponding author upon request. The data used to generate all plots
shown in this study are provided in the Source Data file. Source data
are provided with this paper.

Code availability
The computer code used to identify the bouncing microburst packets
is available from Code Ocean50, which is available to the public. The
O’Brien microburst algorithm as originally implemented is detailed in

O’Brien et al.47, and the adapted version as used in this study is avail-
able within the driver script specified above.

References
1. Van Allen, J. A., Ludwig, G. H., Ray, E. C. & McIlwain, C. E. Obser-

vation of high intensity radiation by satellites 1958 alpha and
gamma. Jet. Propuls. 28, 588–592 (1958).

2. Baker, D. N., Kanekal, S. G. & Blake, J. B. Characterizing the earth’s
outer Van Allen zone using a radiation belt content index. Adv.
Space Res.2, S02003 (2004).

3. Selesnick, R. S. Atmospheric scattering anddecay of inner radiation
belt electrons. J. Geophys. Res. Space Phys.117, A8 (2012).

4. Mazur, J. E., O’Brien, T. P. & Looper, M. D. The relativistic proton
spectrometer: a review of sensor performance, applications, and
science. Space Sci. Rev.219, 3 (2023).

5. Fennell, J. F. et al. Van Allen probes show that the inner radiation
zone contains no MeV electrons: ECT/MagEIS data. Geophys. Res.
Lett. 42, 1283–1289 (2015).

6. Li, X. et al. Upper limit on the inner radiation belt MeV electron
intensity. J. Geophys. Res. Space Phys. 120, 1215–1228 (2015).

7. Looper, M. D., Blake, J. B., Mewaldt, R. A., Cummings, J. R. & Baker,
D. N. Observations of the remnants of the ultrarelativistic electrons
injected by the strong SSCof 24March 1991.Geophys. Res. Lett. 21,
2079–2082 (1994).

8. O’Brien, T. P., Looper,M. D. &Blake, J. B.Quantification of relativistic
electron microburst losses during the GEM storms. Geophys. Res.
Lett.31, 4 (2004).

9. Blake, J. et al. New high temporal and spatial resolution measure-
ments by SAMPEX of the precipitation of relativistic electrons. Adv.
Space Res. 18, 171–186 (1996).

10. Crew, A. B. et al. First multipoint in situ observations of electron
microbursts: initial results from the NSF FIREBIRD II mission. J.
Geophys. Res. Space Phys. 121, 5272–5283 (2016).

11. Chen, L., Breneman, A.W., Xia, Z. & Zhang, X.Modeling of bouncing
electron microbursts induced by ducted chorus waves. Geophys.
Res. Lett.47, 17 (2020).

12. Horne, R. B. & Thorne, R. M. Relativistic electron acceleration and
precipitation during resonant interactions with whistler-mode
chorus. Geophys. Res. Lett.30, 10 (2003).

13. Saito, S., Miyoshi, Y. & Seki, K. Relativistic electron microbursts
associated withwhistler chorus rising tone elements: GEMSIS-RBW
simulations. J. Geophys. Res. Space Phys.117, A10 (2012).

14. Voss, H. D. et al. Lightning-induced electron precipitation. Nature
312, 740–742 (1984).

15. Pinto, O., Pinto, I. R. C. A. & Mendes, O. X ray microbursts in the
SouthAtlanticmagnetic anomaly. J. Geophys. Res. Space Phys. 101,
10909–10917 (1996).

16. Inan, U. S., Piddyachiy, D., Peter, W. B., Sauvaud, J. A. & Parrot, M.
DEMETER satellite observations of lightning-induced electron pre-
cipitation. Geophys. Res. Lett. 34, 7 (2007).

17. Clilverd, M. A., Rodger, C. J. & Nunn, D. Radiation belt electron
precipitation fluxes associated with lightning. J. Geophys. Res.109,
A12 (2004).

18. Inan, U. S., Burgess, W. C., Wolf, T. G., Shater, D. C. & Orville, R. E.
Lightning-associated precipitation of MeV electrons from the
inner radiation belt. Geophys. Res. Lett. 15, 172–175 (1988).

19. Thorne, R. M., O’Brien, T. P., Shprits, Y. Y., Summers, D. & Horne, R.
B. Timescale for MeV electronmicroburst loss during geomagnetic
storms. J. Geophys. Res. Space Phys. 110, A9 (2005).

20. Cotts, B. R. T., Inan, U. S. & Lehtinen, N.G. Longitudinal dependence
of lightning-induced electron precipitation. J. Geophys. Res. Space
Phys. 116, A10 (2011).

21. Marshall, R. A.&Bortnik, J. Pitch angledependenceof energetic elec-
tron precipitation: energy deposition, backscatter, and the bounce
loss cone. J. Geophys. Res. Space Phys. 123, 2412–2423 (2018).

Article https://doi.org/10.1038/s41467-024-53036-4

Nature Communications |         (2024) 15:8721 7

https://izw1.caltech.edu/sampex/DataCenter/DATA/HILThires/State4/
https://izw1.caltech.edu/sampex/DataCenter/DATA/HILThires/State4/
https://izw1.caltech.edu/sampex/DataCenter/DATA/PSSet/Text/
https://izw1.caltech.edu/sampex/DataCenter/DATA/PSSet/Text/
http://omniweb.gsfc.nasa.gov
www.nature.com/naturecommunications


22. Peter, W. B. & Inan, U. S. On the occurrence and spatial extent of
electron precipitation induced by oblique nonducted whistler
waves. J. Geophys. Res. Space Phys. 109, A12 (2004).

23. Shumko, M. et al. Microburst scale size derived from multiple
bounces of a microburst simultaneously observed with the
FIREBIRD-II CubeSats. Geophys. Res. Lett. 45, 8811–8818 (2018).

24. Bezděková, B., Němec, F. & Manninen, J. Ground-based VLF wave
intensity variations investigated by the principal component ana-
lysis. Earth Planets Space 74, 30 (2022).

25. Voss, H. D., Walt, M., Imhof, W. L., Mobilia, J. & Inan, U. S. Satellite
observations of lightning-induced electron precipitation. J. Geo-
phys. Res. Space Phys. 103, 11725–11744 (1998).

26. Schulz, M. & Lanzerotti, L. J.Particle Diffusion in the Radiation Belts
(Springer Berlin, Heidelberg, 1974).

27. Christian, H. J. et al. Global frequency and distribution of lightning
as observed from space by the Optical Transient Detector. J. Geo-
phys. Res. Atmos. 108, D1 (2003).

28. Blakeslee, R. J., Mach, D. M., Bateman, M. G. & Bailey, J. C. Seasonal
variations in the lightning diurnal cycle and implications for the
global electric circuit. Atmos. Res. 135-136, 228–243 (2014).

29. Colman, J. J. & Starks, M. J. VLF wave intensity in the plasmasphere
due to tropospheric lightning. J. Geophys. Res. Space Phys. 118,
4471–4482 (2013).

30. Němec, F., Santolík, O., Parrot, M. & Rodger, C. J. Relationship
between median intensities of electromagnetic emissions in the
VLF range and lightning activity. J. Geophys. Res. Space Phys. 115,
A8 (2010).

31. Ripoll, J.-F. et al. Analysis of electric and magnetic lightning-
generated wave amplitudes measured by the Van Allen Probes.
Geophys. Res. Lett. 47, 6 (2020).

32. Inan, U. S., Walt, M., Voss, H. D. & Imhof, W. L. Energy spectra and
pitch angle distributions of lightning-induced electron precipita-
tion: Analysis of an event observed on the S81-1(SEEP) satellite. J.
Geophys. Res. Space Phys. 94, 1379–1401 (1989).

33. Cummins, K., Krider, E. & Malone, M. The US National Lightning
Detection Network and applications of cloud-to-ground lightning
data by electric power utilities. IEEE Trans. Electromagn. C. 40,
465–480 (1998).

34. Nag, A., Murphy, M. J., Cummins, K. L., Pifer, A. E. & Cramer, J. A.
Recent Evolution of the U.S. National Lightning Detection Net-
work. In 23rd International Lightning Detection Conference & 5th
International Lightning Meteorology Conference, Tucson, AZ
(Vaisala, 2014).

35. Marshall, R. A., Xu, W., Sousa, A., McCarthy, M. & Millan, R. X-ray
signatures of lightning-induced electron precipitation. J. Geophys.
Res. Space Phys. 124, 10230–10245 (2019).

36. Cummins, K. L.et al. The U.S. National Lightning Detection Network:
Post-Upgrade Status. In Second Conference on Meteorological
Applications of Lightning Data, Atlanta, GA (Am. Meteorol.
Soc., 2006).

37. Baker, D. N. et al. An impenetrable barrier to ultrarelativistic elec-
trons in the Van Allen radiation belts. Nature 515, 531–534 (2014).

38. Claudepierre, S.G. et al. A revised look at relativistic electrons in the
earth’s inner radiation zone and slot region. J. Geophys. Res. Space
Phys. 124, 934–951 (2019).

39. Bortnik, J., Inan, U. S. & Bell, T. F. Temporal signatures of radiation
belt electron precipitation induced by lightning-generated MR
whistlerwaves: 2.Global signatures. J. Geophys. Res. 111, A2 (2006).

40. Cunningham, G. S., Botek, E., Pierrard, V., Cully, C. & Ripoll, J.
observation of high-energy electrons precipitated by NWC trans-
mitter from PROBA-V low-earth orbit satellite. Geophys. Res. Lett.
47, 16 (2020).

41. Sauvaud, J. et al. Radiation belt electron precipitation due to VLF
transmitters: Satellite observations. Geophys. Res. Lett. 35, 9
(2008).

42. Turman, B.N. Detectionof lightning superbolts. J.Geophys. Res.82,
2566–2568 (1977).

43. Ripoll, J.-F. et al. Electromagnetic power of lightning superbolts
from Earth to space. Nat. Commun. 12, 1 (2021).

44. Chancellor, J., Scott, G. & Sutton, J. Space radiation: the number
one risk to astronaut health beyond low earth orbit. Life 4,
491–510 (2014).

45. Colpitts, C. et al.Quantifying microburst precipitation as a radiation
belt loss mechanism: The IMPAX (Imaging Microburst Precipitation
with Atmospheric X-Rays) CubeSat mission. In AGU Fall Meeting
2021, New Orleans, LA (American Geophysical Union, 2021).

46. Mann, I. et al. The RADiation Impacts on Climate and Atmospheric
Loss Satellite (RADICALS) Mission. In AGU Fall Meeting 2021, New
Orleans, LA (American Geophysical Union, 2021).

47. O’Brien, T. P. et al. Energization of relativistic electrons in the pre-
sence of ULF power and MeV microbursts: evidence for dual ULF
and VLF acceleration. J. Geophys. Res. 108, A8 (2003).

48. Blum, L., Li, X. & Denton, M. Rapid MeV electron precipitation as
observed by SAMPEX/HILT during high-speed stream-driven
storms. J. Geophys. Res. Space Phys. 120, 3783–3794 (2015).

49. Douma, E. et al. Characteristics of relativistic microburst intensity
from SAMPEX observations. J. Geophys. Res. Space Phys. 124,
5627–5640 (2019).

50. Feinland, M. Lightning-induced relativistic electron precipitation
from the inner radiation belt. Code Ocean https://codeocean.com/
capsule/6743360/tree/v1 (2024).

Acknowledgements
We acknowledge the use of the IRBEM library (version 5.0.0), the latest
version of which can be found at https://doi.org/10.5281/zenodo.
6867552. We sincerely thank Dr. Ryan Said from Vaisala, Inc. for pro-
viding lightning data from the NLDN. This work was supported in part by
NASA H-SR grant #80NSSC21K1682 (LB) and NSF grant
#AGS2123253 (LB).

Author contributions
M.F.wrote themanuscript and search algorithmandgenerated theplots
under the supervision of L.B. L.B. edited themanuscript and coordinated
the collaboration. R.A.M. coordinated the acquisition of lightning data
andprovidedvaluable insight throughdiscussion intoLEPbehavior.M.S.
and L.G. provided valuable input through discussion and interpretation
of observations, as well as confirmation of bounce period calculations.
M.L. offered engineering insight into the workings of the HILT instru-
ment. All authors reviewed and provided feedback on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53036-4.

Correspondence and requests for materials should be addressed to
Max Feinland.

Peer review information Nature Communications thanks Umran Inan,
Ondrej Santolik and the other, anonymous, reviewer for their contribu-
tion to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-024-53036-4

Nature Communications |         (2024) 15:8721 8

https://codeocean.com/capsule/6743360/tree/v1
https://codeocean.com/capsule/6743360/tree/v1
https://doi.org/10.5281/zenodo.6867552
https://doi.org/10.5281/zenodo.6867552
https://doi.org/10.1038/s41467-024-53036-4
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-53036-4

Nature Communications |         (2024) 15:8721 9

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Lightning-induced relativistic electron precipitation from the inner radiation belt
	Results
	Properties of LEP events
	Direct comparison to lightning observations
	Comparisons with existing LEP studies

	Discussion
	Methods
	Identification of microbursts
	Characterization of event shapes
	Statistical analysis of Dst index
	Statistical analysis of lightning events

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




