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Abstract Microbursts are impulsive injections of energetic (few keV to >MeV) electrons into the
atmosphere, primarily caused by nonlinear scattering driven by whistler mode chorus waves. While the relative
importance of microburst precipitation as a loss process has not been fully quantified, many studies have shown
microbursts may play a significant role in the loss of outer radiation belt electrons. We present a multi-platform
statistical analysis of chorus and energetic electron precipitation in an attempt to constrain the azimuthal spatial
extent (AMLT) of the microburst precipitation region and determine how this extent varies with geomagnetic
activity. Statistical upper bounds of this azimuthal extent are determined with observations of general energetic
electron precipitation that can include direct microburst detections, while statistical lower bounds determination
requires direct microburst detections. The resulting distributions of both upper and lower bounds azimuthal
extent suggest that microbursts may frequently constitute an important source of electron loss from the outer
radiation belt. We find that 36% of upper bound events in the dawn sector span more than 5 hr in MLT. This
azimuthal extent increases with geomagnetic activity, particularly in the dawn and noon MLT sectors.

Plain Language Summary Microbursts are short-duration (<1 s) bursts of electrons that precipitate
from the magnetosphere into the atmosphere. They are thought to be caused by scattering by a plasma wave
called chorus. Microburst precipitation contributes to outer radiation belt loss after enhancements during
geomagnetic storms. The contribution depends on the size and duration of the microburst region. We present a
statistical analysis of chorus and energetic electron precipitation to determine the size of the microburst
precipitation region. We also analyze how the size depends on geomagnetic activity. Our results show that the
region is often large and the size increases with geomagnetic activity.

1. Introduction and Background

Earth's radiation belts are highly dynamic, and many competing processes contribute to their formation and
depletion (see reviews by Thorne (2010), Millan and Thorne (2007), Ripoll et al. (2020), and Kanekal and
Miyoshi (2021)). Quantifying electron precipitation into the atmosphere is critical for understanding these dy-
namics. Electron microbursts are short-duration (<1 s) precipitation events of energetic (few keV to >MeV)
electrons into the atmosphere, first observed via balloon measurements (K. A. Anderson & Milton, 1964), and
subsequently on satellites (e.g., Blake et al., 1996; Imhof & Nightingale, 1992) and balloons (e.g., Millan
et al., 2002; Woodger et al., 2015). Observations suggest that microbursts can be an important loss mechanism in
the outer radiation belt during storm main and early recovery phases (Lorentzen, Blake, et al., 2001; Lorentzen,
Looper, & Blake, 2001; Millan & Thorne, 2007; O’Brien et al., 2004; Thorne et al., 2005; Tsurutani et al., 2013).
Additionally, higher energy microbursts can deposit their energy at altitudes of the mesosphere or stratosphere
(Marshall & Cully, 2020; Miyoshi et al., 2015, 2021), impacting magnetosphere-ionosphere-atmosphere coupling
(see Seppild et al. (2018) and references therein). Although microbursts have been observed for years, many
questions remain regarding the physics of underlying scattering mechanisms and their relative importance in outer
belt energetic electron loss (Blum & Breneman, 2020; Breneman et al., 2017; Douma et al., 2019).

Whistler mode chorus waves are generally believed to be the primary driver of electron microburst precipitation.
Studies by Lorentzen, Blake, et al. (2001), Lorentzen, Looper, and Blake (2001), and Douma et al. (2017) have
shown similarities in temporal (Douma et al., 2019; Nakamura et al., 2000; X.-J. Zhang et al., 2022) and spatial
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(MLT, L) occurrence of chorus and microbursts (e.g., Li et al., 2009). Theoretical and observational studies (e.g.,
Agapitov et al., 2017; Breneman et al., 2017; Douma et al., 2017; Lorentzen, Blake, et al., 2001; Mozer
et al., 2018) suggest that microbursts are primarily caused by first order gyro resonant scattering by chorus waves.
The resonant energy rapidly increases with background magnetic field strength such that lower energy micro-
bursts (10s keV) are precipitated near the magnetic equator by locally generated chorus, while relativistic mi-
crobursts (>100s keV) are generated at higher magnetic latitudes by chorus that has propagated away from its
near-equatorial source (Breneman et al., 2017; Chen et al., 2021; Colpitts et al., 2020; Horne et al., 2003;
Kang et al., 2024; Kersten et al., 2011; Lorentzen, Blake, et al., 2001; Lorentzen, Looper, & Blake, 2001; Miyoshi
et al., 2020; Nakamura et al., 2000; Namekawa et al., 2023; Saito et al., 2012; Shumko et al., 2023; Thorne
et al., 2005).

It should be noted that there are several plasma waves and mechanisms efficient at energetic electron precipi-
tation. Electromagnetic Ion Cyclotron (EMIC) waves can deplete the outer radiation belt of ~MeV electrons
(Blum et al., 2020; Capannolo et al., 2018; Drozdov et al., 2019, 2020; Shprits et al., 2017; Xiang et al., 2017; X.-
J. Zhang et al., 2016). Therefore relativistic (>1 MeV) electron precipitation has been attributed to EMIC waves
(Engebretson et al., 2008; Qin et al., 2020; Woodger et al., 2018; Yuan et al., 2018). However, EMIC waves can
also precipitate electrons down to hundreds of keV, but the process is much less efficient and mainly occurs in the
noon to post-midnight MLT sector (see Capannolo et al. (2023, 2019), Carson et al. (2012), Shekhar et al. (2017,
2018), Blum, Li, and Denton (2015), Blum, Halford, et al. (2015), and Woodger et al. (2018)). Other waves such
as plasmaspheric hiss and ultralow frequency waves and mechanisms like current sheet scattering (CSS) can
cause energetic electron precipitation, however these are likely not representative of the precipitation observed in
this study due to their location and electron precipitation energy (i.e., plasmaspheric hiss is known to precipitate
electrons within the plasmasphere, which is excluded from our study, CSS results in precipitation on the nightside
at high L shells, and as mentioned, EMIC waves are most efficient at MeV energies, (see Capannolo et al. (2021,
2022) and Ma et al. (2020) and references therein). A review on the many processes that contribute to precipi-
tation of outer radiation belt electrons can be found in Ripoll et al. (2020).

Overall, energetic electron precipitation is important for understanding the dynamic coupling between the
magnetosphere, ionosphere, and atmosphere (see Pettit et al. (2023) and references therein). However, the relative
importance of microburst precipitation as a source of electron loss from the outer radiation belt is still an open
question. In order to fully answer this question, one needs an accurate measurement of the typical microburst flux
(#/cm”2/sec) along with the spatial size of a microburst precipitation region. Ultimately, it is critical to quantify
the loss rate due to microburst precipitation, and a necessary step is to determine the size and duration of
microburst regions. This paper focuses on the azimuthal spatial size.

Recent studies (Breneman et al., 2017; Elliott, Breneman, Colpitts, Pettit, et al., 2022) have utilized a combination
of high-altitude chorus wave observations from the Van Allen Probes (RBSP) and low-altitude microburst ob-
servations from the twin Focused Investigations of Relativistic Electron Burst: Intensity, Range, and Dynamics
(FIREBIRD II) CubeSats (Crew et al., 2016; Spence et al., 2012) to constrain the size and duration of microburst
regions. B. R. Anderson et al. (2017) used observations from the Balloon Array for Radiation belt Relativistic
Electron Losses (BARREL) mission, FIREBIRD II, and AeroCube-6 (AC6) and found the region extended over 5
L and 4 hr MLT, but the authors noted that this was a likely underestimation due to a lack of MLT coverage. An
earlier study by Lorentzen, Looper, and Blake (2001) analyzed an October 1998 storm using Solar, Anomalous,
Magnetospheric Particles Explorer satellite data and found the microburst region to persist for 6 hr. They then
used an estimation of 6 hr in MLT and 2 L based on previous observations (i.e., Lorentzen, Blake, et al., 2001;
Nakamura et al., 2000) that showed microburst precipitation peaks at L of 4—6 in the morning sector between 3
and 8 MLT. Elliott, Breneman, Colpitts, Pettit, et al. (2022) presented a single event study that combined multiple
observations of chorus and microburst precipitation to constrain the size of the microburst region. In that study,
the L and MLT extent of the chorus (waves from RBSP, Arase, and ground-based VLF stations) and precipitation/
microbursts (bounce loss cone (BLC) electron flux from the Polar Operational Environmental Satellites (POES)
satellites combined with microbursts from FIREBIRD II and AC6 cubesats) were analyzed for three 9-hr time
periods with continuous wave and precipitation activity. They estimated upper and lower bounds on the size of the
regions for the three time periods. The lower bound was based on the overlap between chorus wave and
microburst/precipitation observations. The upper bound was estimated by extending the region to areas where
microburst/precipitation were observed, but no chorus due to lack of spacecraft coverage. In this study, we extend
the results of Elliott, Breneman, Colpitts, Pettit, et al. (2022) across events from 2014 through 2019 to statistically

ELLIOTT ET AL.

20of 15

85U8017 SUOWWOD SAIERID 3(gedl|dde auy Aq peusenob sk e O ‘8sn JO S8|nJ o} kg1 8UlJUO AB]1M U (SUORIPUOD-PLE-SW.SH W00 A8 1M AReiq Ul |uo//sdny) SuonipuoD pue swie | 8uises *[620z/20/5z] uo ArigiTauliuo A8|im ‘Ariqi AISRAIUN STeIS BURIIO N AQ 80ZEE0VTYZ02/620T 0T/10p/wioo"A|1m Ariqieuljuosqndnfe;/sdny wo. pepeojumoq ‘ZT *v20Z ‘20v669Te



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA033208

constrain the azimuthal spatial extent (AMLT) of a microburst precipitation region and determine how this extent
depends on geomagnetic activity.

2. Instrumentation and Data Sets

This study includes a combination of measurements from 2014 to 2019 across several different platforms: chorus
wave observations from Van Allen Probes (RBSP) (covering 2014-2019) (Mauk et al., 2013) and Arase (ERG)
(2017-2019) (Miyoshi, Shinohara, et al., 2018), low Earth orbit (LEO) microburst observations from the
FIREBIRD II (2015-2019) (Klumpar et al., 2015) and Aerospace Corporation AeroCube-6 (AC6) CubeSat
missions (2015-2017), particle flux measurements from the POES (including the National Oceanic and Atmo-
spheric Administration and Meteorological Operational satellites, NOAA/MetOp) (Evans & Greer, 2004; Rodger
etal., 2010), and balloon-based X-ray measurements from the BARREL mission (Millan et al., 2013). These data
were used in composite to constrain the azimuthal spatial extent of microburst-producing chorus regions.

2.1. Chorus Measurements

Chorus wave measurements were obtained from the Van Allen Probes (RBSP A, B) and Arase. RBSP was in a
near-equatorial elliptical orbit ranging from ~600 km to 5.8 Earth Radii (Rg). Because of the magnetic incli-
nation, magnetic latitudes of up to 20° and L values up to L > 6 were sampled. Arase has an elliptical orbit ranging
from 400 to 32,000 km, and inclination of 31° MLAT, sampling L values up to ~10 (Miyoshi, Hori, et al., 2018).

Chorus waves on RBSP were identified using the Electric and Magnetic Field Instrument Suite and Integrated
Science EMFISIS (Kletzing et al., 2013) magnetic field power spectral density (PSD) data. For this study, a
threshold parameter was set such that the maximum PSD measurements within the frequency range of lower band
chorus must be greater than 100—7 nT~2/Hz (Hartley et al., 2019). Additionally, to encompass the entire outer
radiation belt, a criterion was placed on orbit times when the spacecraft was within 3—7 L and up to 20° MLAT at
all MLTs. In order for the waves to be identified as chorus, the spacecraft was required to be located outside the
plasmasphere (i.e., density values from EMFISIS below 10%(6.6/L)*4 or 30 cm”3, whichever is smaller, see
Bingham et al. (2018), Hartley et al. (2015, 2016), and Li et al. (2014)) and both the polarization and ellipticity
were required to be greater than 0.5 (e.g., Santolik et al., 2002). Chorus waves on Arase were identified from one
second resolution spectra from its Onboard Frequency Analyzer (OFA), a part of the Plasma Wave Experiment
(PWE) instrument suite (Kasaba et al., 2017; Kasahara et al., 2018; Matsuda et al., 2018; Ozaki et al., 2018) with
the Magnetic Field Experiment (MGF) (Matsuoka, Teramoto, Nomura, et al., 2018).

2.2. Microburst, Particle Flux, and Bremsstrahlung Measurements

Electron microburst measurements were obtained from the FIREBIRD II and AC6 CubeSats. FIREBIRD 1I,
launched in 2015 with an orbit of 632 km by 433 km at 99.1° inclination, consisted of twin CubeSats, Flight Units
3 and 4 (FU3 and FU4), which measured energetic electrons from ~250 to 1,000 keV in five differential energy
channels and one integral (>1 MeV) channel (Crew et al., 2016; Klumpar et al., 2015; Spence et al., 2012). To
detect microbursts, high resolution data (<=50 msec sampling) from the lowest differential energy channel of
each collimated detector (230-300 keV on FU3 and 219-283 keV on FU4, Johnson et al., 2020) were used. In
2014 the AC6 CubeSats were launched into a LEO of 620 km by 700 km at 98° inclination, each with three
radiation dosimeters. The current study uses the >35 keV dosimeter for electrons, which resolves microbursts by
operating in a 10 Hz burst mode. An automated detection method (O’Brien et al., 2003; Shumko et al., 2020) was
used to identify microbursts on FIREBIRD and AC6.

Electron flux measurements from the Medium Energy Proton and Electron Detector (MEPED) instruments on the
POES satellites (NOAA15, NOAA18, NOAA19, METOPO1, and METOPO02) were used as a measure of strong
electron flux in the BLC. Although POES measurements do not have the temporal resolution to distinguish
between microburst precipitation and non-bursty precipitation, BLC flux increases may be indications of chorus
wave driven precipitation (e.g., Bortnik & Thorne, 2007; Li et al., 2013). POES has excellent spatial coverage,
providing important statistics for the current analysis, despite the limitations of low time resolution. We inves-
tigated the possibility that the higher resolution POES data (2-s) observed higher count rates during periods of
chorus wave activity that perhaps were averaged out in the lower resolution (16-s) data used for this study. There
was some indication of more “bursty” precipitation which overlapped with regions of strong chorus wave activity.
Therefore, using the downsampled 16-s data may have resulted in an underestimation of precipitating flux from
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Table 1
Types of Precipitation and Associated Upper/Lower Bounds

Requires co-located chorus Does not require chorus
Direct microburst observations and/or general precipitation from POES Type 1 lower bound Type 1 upper bound
Direct microburst observations only Type 2 lower bound Type 2 upper bound

Note. Type 1 precipitation combines POES and microbursts, while Type 2 precipitation only includes direct microburst precipitation. Upper bounds for both types do not
require chorus observations, while lower bounds require the precipitation type and chorus to be observed.

POES. However, a more thorough statistical analysis of the higher resolution data is warranted, but beyond the
scope of the current study.

Since POES BLC flux may or may not represent microburst precipitation, we perform our analysis both with and
without the POES precipitation included. Precipitation that includes POES will subsequently be called Type 1
precipitation and precipitation that excludes POES (i.e., only direct microbursts) will be called Type 2 (see
Table 1). For the analyses that include POES (Type 1 precipitation), we used the MEPED Precipitating Electron
(MPE) data set, described in Pettit et al. (2021), which provides BLC flux for 27 energy channels from 27 keV to
8.9 MeV. We selected BLC fluxes from 84.7 to 320.8 keV to be consistent with the lowest FIREBIRD energy bin.
These are also energies above auroral electrons, associated with microburst precipitation (e.g., Chen et al., 2022;
Drozdov et al., 2020; Li et al., 2013 and references therein). We also removed times of low flux as described by
Elliott, Breneman, Colpitts, Pettit, et al. (2022). We are aware that care must be taken with using MEPED electron
data to compute precipitating electron flux due to the angular response function of the instrument, which can
sometimes include trapped electrons (see Selesnick et al. (2020)). However, the angular response function issues
only occur at times where there is little to no geomagnetic activity and at large MLTs outside the peak of the
chorus wave distributions found in the current study.

Bremsstrahlung X-ray measurements (produced from collisions of precipitating electrons with atmospheric
neutrals) were provided by BARREL. In total, 58 balloons launched during multiple campaigns between 2013
and 2020 collected X-ray data (via a sodium-iodide scintillator) in both hemispheres (Woodger et al., 2015). From
2014-2019, there were 35 balloons for which data were processed for scientific use, from which we used the first
three energy channels (~25-180 keV) of the 50 ms resolution data. Microbursts were detected automatically
based on the methods described in Cantwell and Millan (2024).

3. Methodology

To constrain the size of microburst-producing chorus regions, we identified all chorus and precipitation events
across the platforms listed above from 2014 through 2019. We defined event intervals by the orbit of RBSP-A
using the ephemeris start/stop times. These are roughly 9 hr in duration which provides sufficient spatial and
temporal coverage for each event (see Elliott, Breneman, Colpitts, Pettit, et al. (2022)). This choice of interval
may result in events that include multiple separate instances of microburst precipitation, which likely occur on the
substorm timescales of 2-3 hr (Huang, 2005) or chorus decay timescales of ~1-2 hr (Troyer et al., 2024), but
allows for the best estimate possible with the available data sets. Positive detections of chorus and precipitation
were binned by MLT (1-hr bins) and L (2 L bins). Figure 1 shows an example event, where Figure 1a shows the
chorus and precipitation observations, and Figure 1b shows the resulting binned data (1-hr MLT bins and 2 L bins)
of microbursts from FIREBIRD, AC6, and BARREL, BLC flux precipitation from POES, and chorus waves from
RBSP and Arase.

Figure 2 shows lower and upper bounds on the region size for Type 1 (Figures 2a and 2b, respectively) and Type 2
(Figures 2c and 2d, respectively) precipitation. It should be noted that we are only estimating the MLT extent of
the region and therefore all L values (within 3-8 L) are included in each event.

In general, for each event, there is far less chorus coverage than there is combined coverage of POES precipitation
and microbursts (Type 1 precipitation). Thus, we provide an upper bound of the energetic electron precipitation
region based on the more comprehensive Type 1 precipitation coverage because we cannot know if chorus is
active throughout this entire region (see Table 1). By contrast, by requiring both chorus and Type 1 precipitation
to be observed we define a lower bound (i.e., region size minimum). This is a lower bound because the lack of
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Figure 1. Example event showing multi-instrument observations of chorus and microburst/precipitation (left) and the resulting binned precipitation region (right). Panel
(a) shows the MLT and L h locations of RBSP A and B (purple and green lines, respectively) and Arase (blue line). The rainbow color bar shows the mean magnetic
spectral density of the lower-band chorus waves (between 0.1 and 0.5 Fce) observed. The blacked-out regions indicate where Polar Operational Environmental Satellites
(POES) observes strong electron precipitation and the red stars indicate microburst observations from FIREBIRD, AC6, or Balloon Array for Radiation belt Relativistic
Electron Losses. The data is then binned into 1-hr MLT bins and 2 L bins (b), where microburst precipitation observations are shown by the blue regions, strong bounce
loss cone flux precipitation from POES regions are shown by the black regions, and chorus wave observations are shown by the red hashed regions.
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Figure 2. Data from Figure 1 binned into 1-hr MLT bins and 2 L bins (same method as Figure 1b). Panels (a, b) show the (a) lower and (b) upper bounds on the region size
for Type 1 (microburst and Polar Operational Environmental Satellites bounce loss cone flux precipitation observations combined). Panels (c, d) show the (c) lower and
(d) upper bounds on the region size for Type 2 (direct microburst observations only). The lower bound is defined as overlap between chorus and precipitation type. The
upper bound is defined as all regions where (b) Type 1 or (d) Type 2 precipitation are observed. Note that L values are combined.
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Figure 3. (a) Example chorus and microburst/precipitation observations binned plot for an event where Polar Operational Environmental Satellites (POES) has limited
spatial coverage between 10 and 14 MLT. (b) POES coverage (gray scale) and POES instrument locations during the example event (each colored line represents a
different POES satellite). This data gap between 10 and 14 MLT exists in the years after the Medium Energy Proton and Electron Detector instrument aboard NOAA16
was no longer in operation (2015 onwards). Other smaller data gaps exist at variable MLT (e.g., between 4 and 5 MLT in this case), which are remedied by our

interpolation method.

chorus coverage means that the actual chorus region is likely larger than we observe. It should be noted that
although POES provides the best spatial coverage of all the platforms listed above, POES does not have complete
coverage (an example of which is shown in Figure 3b). However, these spatial gaps are smaller in delta-MLT than
that of our spatial binning (with the exception of a consistent data gap around noon MLT and orbit-caused smaller
gaps, which are discussed in detail below). It is possible that our threshold for selecting strong BLC flux may be
too restrictive, resulting in missed precipitation regions. Because of this, the upper bound for Type 1 precipitation
may not represent the maximum possible size of the region.

From examination of Figure la, it is evident that POES provides valuable additional observations in regions
where the CubeSats and/or balloons are unable to provide measurements due to their limited coverage. However,
because POES cannot detect microbursts, we repeat the upper and lower bound analyses, excluding POES
precipitation and only including direct microburst detections (Type 2 precipitation, see Figures 2c and 2d). For
Type 2 precipitation statistics, the upper bound is defined as the entire region where microbursts are detected. The
lower bound requires both chorus and microbursts to be observed (see Table 1).

It is important to note that while the spatial coverage of POES is quite good, a significant gap exists in the noon
MLT sector for the 2014-2019 data used here (Elliott, Breneman, Colpitts, Pettit, et al., 2022; Pettit et al., 2021).
Figure 3 shows an example of the 1 hr MLT binned data for one event (Figure 3a for Type 1 precipitation) and the
corresponding POES coverage (Figure 3b). A few clear data gaps can be identified, specifically around ~10—
14 MLT (a consistent data gap around noon MLT), 4-5 MLT, and 19-20 MLT (orbit-caused smaller data gaps).
To deal with these two types of data gaps, we interpolate across the binned POES precipitation data for statistics
that include POES (i.e., Type 1 precipitation). All gaps less than two bins wide (with a 1-hr MLT bin size) that
have precipitation on both sides are interpolated across. Additionally, in the noon (10-14 MLT) sector we
interpolate across gaps up to 4 bins wide based on the established method from Pettit et al. (2021). Figure 4 shows
an example of the upper (Figure 4a) and lower (Figure 4b) bounds for Type 1 precipitation using the interpolation
method described. It should be noted that within each ~9 hr window there are sometimes a few POES passes in
the 10-14 MLT sector (as shown in Figure 3b). However, since the data are sparse, they may not be representative
of the entire time period, which could result in a misinterpretation of precipitation over these sectors. Because of
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Figure 4. Example (a) upper and (b) lower bounds for an event on 21 December 2015 from 10:24 to 19:21 UT. Upper bounds
shown are for Type 1 precipitation. Lower bounds are constrained to the region of overlap between chorus and Type 1
precipitation observations during the ~9 hr event. Note that all L values are included. A region is considered continuous if the
data gap is within 1 hr in MLT for all MLTs except between 10 and 14 MLT where a 4 hr data gap is accepted due to
limitations on Polar Operational Environmental Satellites (POES) observations (c). Panel (c) shows the bounce loss cone flux
(#/cm?/sec) from 10 to 20 UTC on 21 December 2015 derived using methods from Pettit et al. (2021) and then interpolated
on MLT—L using Delaunay triangulation. The stars indicate measurement locations by the various POES Medium Energy
Proton and Electron Detector instruments during the same time period.

this, we interpolate across the 10-14 MLT sector. Figure 4c shows the BLC flux during this event using the
method from Pettit et al. (2021), which is consistent with our interpolation method. The stars indicate the orbit
location of all the POES satellites during this ~9-hr time window. The contours are BLC flux estimations based
on a sophisticated spherical triangulation interpolation method to accurately interpolate unevenly-spaced grid
points. It should be clear from Figure 3c that observational data from POES is very limited around the 12 MLT
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Figure 5. Histograms show the probability of events within or above the bin separated by MLT sector. A total of 894 events were in the 3-9 MLT sector, 378 events were
in the 9-15 MLT sector, 287 events were in the 15-21 MLT sector, and 355 events were in the 21-3 MLT sector. The blue bins show the upper bounds and black hashed
bins show the lower bounds for Type 1 precipitation. In the 3-9 MLT sector, approximately 36% of upper bound events and approximately 14% of lower bound events

are at or above delta MLT of 5.

sector. Despite this, the interpolation method described in Pettit et al. (2021) is able to extrapolate BLC flux
estimations across the data gap with reasonable accuracy.

We utilize an automated routine to compute estimates of the upper and lower bounds on the azimuthal extent of
the microburst region for both types of precipitation. Figure 2 shows the result of this process. For each event, the
corresponding bounds are recorded, along with the average MLT of the region constrained by these bounds, and
the geomagnetic conditions during the event (i.e., average AL index). Again, it is important to mention that we are
only estimating the MLT extent of the region and therefore all L values are included in each event.

4. Statistical Results and Dependence on Geomagnetic Activity

Figure 5 (Type 1 precipitation) and 6 (Type 2 precipitation) show the statistical results of upper (blue bars) and
lower (black hashed bars) bounds for all events, separated by MLT sector (determined by the average MLT for
each event). The histograms show the probability of an event being greater than or equal to a given delta MLT
value (i.e., 100% of events are at least 1-hr in delta MLT for both upper and lower bound estimates). The majority
of events occur in the dawn (3-9) and noon (9-15) MLT sectors, with a total of 894 Type 1 and 63 Type 2 events
in the dawn MLT sector and 378 Type 1 and 97 Type 2 events in the noon MLT sector. It should be noted that
large events can span multiple MLT sectors. Separating into sectors using the average MLT is to ensure there
aren't outlier events outside the typical chorus/microburst region drastically affecting our delta-MLT statistics.

Chorus wave activity has been shown to be closely associated with plasma sheet electron injections during
substorms (e.g., R. R. Anderson & Maeda, 1977; Li et al., 2008, 2009; Meredith et al., 2004; Santolik et al., 2010).
In this study, we use the average AL index over each ~9 hr event to analyze how the geomagnetic activity impacts
our statistics. AL index has been previously used to study chorus wave properties and occurrence rates (Li
et al., 2016; S. Zhang et al., 2021). Microburst occurrence rates have also been found to increase during the
recovery phase of geomagnetic storms (Blum, Halford, et al., 2015; Blum, Li, & Denton, 2015; Kurita
et al., 2016). Figure 7 shows the statistical results in the same format as Figure 5 but separated out by average AL
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Figure 6. Histograms show the probability of events within or above the bin separated by MLT sector. A total of 63 events were in the 3-9 MLT sector, 97 events were in
the 9-15 MLT sector, 14 events were in the 15-21 MLT sector, and 41 events were in the 21-3 MLT sector. The blue bins show the upper bounds and black hashed bins
show the lower bounds for Type 2 precipitation. In the 3-9 MLT sector, approximately 3% of upper bound events are at or above delta MLT of 5. In the 9-15 MLT sector
approximately 6% of upper bound events are at or above delta MLT of 5.

index over each ~9 hr event. It is immediately apparent that as geomagnetic activity increases, the microburst
region increases in size, especially in the dawn and noon MLT sectors. A similar trend can be observed for Type 2
precipitation (not shown).

In order to determine the relative importance of microburst precipitation as a loss process for outer radiation belt
electrons, the mean microburst flux is needed in addition to the size of the precipitation region. Breneman

etal. (2017) found this value to be approximately 69 (cmzs st keV)_l. The associated loss timescale for this mean
microburst flux is roughly 10 hr for events with azimuthal extents of 5 AMLT, which is comparable to the duration
of a single storm. We therefore use >SAMLT to gauge the significance of a given event. We also attempted to
calculate the mean flux for several of our events using the POES BLC precipitation and found that the flux varied
by more than a factor of 2 for our lower and upper bounds, and that events occurring in different MLT sectors
produced significantly different mean microburst flux estimates (i.e., higher microburst flux was observed in some
MLT sectors more than others). This result indicates that we need better constraints on the region size than what is
currently possible with the given data set to definitively quantify the importance of this process.

Our statistical results show that for Type 1 precipitation more than 30% of all upper bound events are >5 AMLT
(Figure 5). Specifically, in the dawn sector, for AL indices between —500 and —200 nT, ~50% of upper bound
events are >5 AMLT and for AL indices less than —500 nT, ~90% of upper bound events are >5 AMLT. For
Type 2 precipitation (Figure 6), significantly fewer events are >5 AMLT. This is likely due to the lack of
coverage for direct microburst detections; however, there are still a number of events that span multiple MLTs.
These results indicate that microburst precipitation is likely a significant loss source of outer radiation belt
electrons, but a comprehensive statistical analysis is difficult to do with the current observational data set.

5. Conclusions

Constraining the extent of the microburst-producing chorus region is vital to understanding whether microburst
precipitation is a significant loss mechanism for relativistic electrons in the outer radiation belt. This loss has
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Figure 7. Same format as Figure 5 (Type 1 precipitation) but separated by average AL index during each ~9 hr event. As geomagnetic activity increases, events occur
over a wider MLT range. For example, within the 3-9 MLT sector, approximately 55% of upper bound events and approximately 18% of lower bound events are at or
above 5 delta MLT when the average AL index is within —500 and —200 nT. Within this same MLT sector, approximately 87% of upper bound events and approximately
30% of lower bound events are at or above 5 delta MLT when the average AL index is below —500 nT. A similar trend is observed in the 9-15 MLT sector.

important implications for magnetosphere-ionosphere coupling and atmospheric composition. We have con-
ducted a statistical analysis of multipoint observations of chorus and microburst precipitation to estimate the
azimuthal spatial extent (AMLT) of the microburst region. We present upper and lower bounds on the estimated
size of the region. The statistics are presented for both combined microburst and POES BLC flux precipitation
(Type 1 precipitation) as well as for only direct microburst precipitation (Type 2 precipitation). For Type 1
precipitation, the upper bound represents regions where chorus and microburst and/or POES BLC flux precip-
itation are observed contemporaneously, along with regions where microburst and/or POES BLC flux precipi-
tation is observed without chorus due to lack of spacecraft coverage. For Type 2 precipitation, the upper bound
represents regions where direct microbursts are observed and the lower bound represents regions where both
chorus and direct microbursts are observed.

The constraints obtained from this statistical analysis confirm that the region is often large and extended in MLT.
The region is shown to expand as geomagnetic activity (based on AL index values) increases, particularly in the
dawn and noon MLT sectors, where most events occur. Considerations of the estimated average flux suggest that
microbursts can constitute a significant source of electron loss from the outer radiation belt. However, the relative
importance of microbursts as a loss process cannot be fully quantified without accurate measurements of the flux of
microbursts through a given area over a given amount of time. For example, the use of 9-hr intervals is necessary in
order to provide sufficient coverage to estimate the size of the region. However, we know that microburst pre-
cipitation is not constant over these timescales, and in fact occurs within the typical 2-3 hr substorm interval. The

ELLIOTT ET AL.

10 of 15

dny) SUORIPUOD pue SWB L 8y} 88S *[6202/20/52] uo Ariqriauluo AB1im ‘Ariqil AIseAIuN oIS eueluo W AQ 80ZEE0VTYZ02/620T OT/10p/wod" A3 |1 Areiq1jeul juo sqndnBey/sdny woJj pepeojumoa ‘ZT ‘v20Z ‘Z0v669TC

00 fo M ArIqIRUI

85UB0| 7 SUOWIWIOD aA eI 3|ced!dde ay) Ag peusenoh afe sajoiie YO ‘8sn Jo SajnJ Joj AreuqiT 8uluo /8|1 Uo (Suonipuod-pue:



~u |

A
MA\IS Journal of Geophysical Research: Space Physics 10.1029/2024JA033208

ADVANCING EARTH
AND SPACE SCIENCES

Acknowledgments

Work at the University of Minnesota and
NASA Goddard was supported by the
NASA Heliophysics Supporting Research
program NNH18ZDAOOIN-HSR award
80NSSC19K0842. The authors would like
to acknowledge Jeremy Faden and the use
of Autoplot. IMP acknowledges funding
from the NSF Coupling, Energetics and
Dynamics of Atmospheric Regions, Grant
AGS 1651428 and the NASA Living With
a Star program, Grant NNX14AH54G.
KAC acknowledges NASA Grant
80NSSC24K0241, Dartmouth College,
and the BARREL team.

current study represents what is currently achievable given the existing observational fleet. However, new missions
are required, including imagers and constellation missions with multipoint observations at LEO and wave
and particle measurements at varying latitudes and altitudes in order to achieve this spatial resolution with suffi-
cient time resolution on the order of substorm dynamic timescales (Elliott, Breneman, Colpitts, Bortnik,
et al., 2022).

Data Availability Statement

Data—Science data of the Van Allen Probes (RBSP) used in this study can be found on the Coordinated Data
Analysis Web (CDAWeb) (https://cdaweb.gsfc.nasa.gov/) (EFW data is also available on http://www.space.umn.
edu/rbspefw-data/ and EMFISIS on https://emfisis.physics.uiowa.edu/data/index), see Kletzing et al. (2013).

Data—The FIREBIRD II data are available at http://solar.physics.montana.edu/FIREBIRD_II/ and the AC6 data
are available at https://rbspgway.jhuapl.edu/ac6. See Klumpar et al. (2015).

Data—Science data of the ERG (Arase) satellite were obtained from the ERG Science Center operated by ISAS/
JAXA and ISEE/Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en), see Miyoshi, Hori,
et al. (2018). The present study analyzed PWE OFA L2 power spectrum data v02_02 (Kasahara et al., 2021).
PWE WEFC L2 electric field spectrum data vO0_02 (Kasahara, Kojima, Matsuda, Shoji et al., 2020). PWE WFC
L2 magnetic field spectrum data v00_02 (Kasahara, Kojima, Matsuda, Ozaki, et al., 2020). HEP L2 omniflux data
v03_01 (Mitani et al., 2018), MGF L2 8 s spin-averaged data v03.04 (Matsuoka, Teramoto, Imajo, et al., 2018),
and Orbit L2 v03 data vO3 (Miyoshi, Shinohara, & Jun, 2018).

Data—The POES MEPED data is available at the National Centers for Environmental Information (NCEI) at
https://www.ngdc.noaa.gov/stp/satellite/poes/dataaccess.html. See Evans and Greer (2004) and Rodger
et al. (2010).

Data—BARREL data are available on CDAWeb (https://cdaweb.gsfc.nasa.gov/). Used for this study were the
v10 calibrated 12 data products. See Millan et al. (2013).

Software—Figures were made with Autoplot software (https://autoplot.org/).
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