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Rapid Precipitation Features

Nakamura et al., 2000 

• Microbursts:
<1 sec bursts of precipitation, 
seen primarily on the 
morning side

• Longer duration REP: 
~5-30 sec sharp flux 
enhancements at LEO, seen 
on consecutive orbits and in 
conjugate hemispheres

Nakamura et al. [2000]
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BACKGROUND 

SUMMARY 
•  Using SAMPEX HILT data we investigate the magnitudes and distributions of rapid precipitation enhancements at LEO on a variety of timescales – 
from <1 sec precipitation (microbursts) to longer duration (precipitation bands) 

•  Local time and radial distributions: 
–  Microbursts occur primarily on the morning side, from ~2-12 MLT, while band occurrences show a strong enhancement around dusk/midnight, from ~15-24 MLT 
–  Precipitation band magnitudes increase towards the inner edge of the outer radiation belt, ~ L of 4 

•  High speed stream driven storm distributions:  
–  Microburst occurrence rates increase dramatically during the storm recovery phase, concurrent with the building back up of radiation belt fluxes.  This is consistent with 

chorus waves as both a generator of microburst precipitation as well as a source of local acceleration of trapped electrons. 
–  Precipitation band magnitudes increase during the main and early recovery phase.  This suggests that MeV electron precipitation may play a role in main phase losses 

observed during HSSs, especially at lower L shells, and that this loss is not fully detected by the POES instruments alone.  

PITCH ANGLE AND L-MLT DISTRIBUTIONS    STORM-TIME DISTRIBUTIONS: SUPERPOSED EPOCH STUDY 

•  Rapid enhancements of MeV electron fluxes are often measured by 
low earth orbit satellites on timescales ranging from <1 second to 
minutes 

• Microbursts: <1 second bursts of electron precipitation 
–  Occurrences peak from midnight – dawn, becoming more enhanced during 

active times 
–  Pitch angle scattering by large amplitude whistler mode waves or Chorus at 

high latitudes or higher order resonance is believed to be one cause of MeV 
bursts (Lorentzen et al., 2001) 

•  Radiation belt dynamics are controlled by a balance of acceleration and loss mechanisms  
–  In order to fully quantify source processes, we must understand loss 
–  One main loss mechanism is precipitation into the atmosphere via pitch angle scattering by EM waves (e.g. 

EMIC, Hiss, Chorus) 

N ! Nave

1+ Nave

>10

Nakamura et al., 2000 

Goal: to investigate the distributions of these rapid MeV 
electron precipitation events to better understand their 
source mechanisms and contributions to radiation belt 
losses 

SAMPEX HILT DATA 

•  We use 100 msec count rates from the HILT instrument on SAMPEX, in an 82° inclination orbit of 
~500-600 km altitude 

–  HILT: an array of 16 solid state detectors grouped into 4 rows of 4 detectors - SSD1, SSD2, SSD3, SSD4 
–  Sensitive to >1 MeV electrons 
–  ~60° field of view, geometric factor = ~15 cm2 str per SSD row 

•  Microburst detection criteria: 

N = 100ms count rate, and Nave = average  
count rate over 500ms 

•  Precipitation Band detection criteria: 

–  N100 > 4x baseline for ! 5 seconds 
–  10 second linear correlation coefficient 

between N100 and baseline <0.955 

•  41 high speed stream (HSS) driven storms from 2003-2005 investigated (selected 
from Borovsky and Denton, 2009) 
•  Storms superposed at convection onset = 0 epoch 
•  Similar storm sets have been investigated by a number of others and show: 

–  Main phase flux dropouts followed by rebuilding in late recovery 
–  Magnetopause standoff distance remaining > ~8 RE (Morley et al. 2010) 
–  Little precipitation into the atmosphere, as measured by POES (Meredith et al. 2011) 

•  What role do microbursts and precipitation bands play in these storm-time 
dynamics? Can SAMPEX/HILT, with its large field of view and high time resolution, 
provide more information regarding precipitation loss during HSSs?  

Summers et al., 1998 

•  Precipitation Bands: broader bands of precipitation, typically a few 
degrees in latitude, lasting 10s of seconds as measured at LEO  

–  Occur most often on the afternoon and nightside, and are often seen in 
conjugate locations, persisting multiple orbits (Blake et al., 1996) 

–  Potential source mechanisms include EMIC or electrostatic waves (Vampola, 
1977; Thorne and Kennel, 1971)  

•  Comparing relative count rates of HILT detector rows 
gives qualitative pitch angle information 

• Microbursts and precipitation bands show more 
isotropic distributions, indicating a full loss cone 

•  L-MLT distributions and magnitudes of rapid 
precipitation features from 2003-2004 

Meredith et al. (2011) 
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Clear radial and local time differences support different wave modes as scattering mechanisms

Summers et al. [1998]
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Figure 2. Magnetic (T89) equatorial locations of spacecraft, balloons,
and the plasmapause simulated by the plasmapause test particle
(PTP) model.

Canada, and the British Antarctic Sur-
vey (BAS) ground magnetometer at
Halley, Antarctica [Weaver et al., 2013].
While ground observations cannot
determine the wave band due to
horizontal ducting, the EMIC waves
observed by the Van Allen Probes (e.g.,
Figure 1c for Van Allen Probes A) and
the GOES satellites (e.g., Figure 1d for
GOES 13) were in the hydrogen and
the helium band, respectively. During
this period, three relativistic electron
precipitation events were observed by
BARREL balloon 1G, 1C, and 1I at dif-
ferent times. Mapped to the magnetic
equator using the International Radia-
tion Belt Environment Modeling Library
(IRBEM-LIB, formerly the ONERA-DESP
library) in the magnetic field model
of Tsyganenko [1989] (T89), the 03 UT
event observed by balloon 1G was
found to be at MLT∼22 h and L∼6.5
(Figure 2), in close conjunction with the

EMIC waves observed by GOES 13 (MLT∼22 h and L∼7.5; cf. Figures 1d and 2), suggesting the waves may
have scattered the electrons into the loss cone. This precipitation event observed by 1G lasted for about
20 min from ∼02:48:20–03:08:20 UT (Figure 1e).

We focus on this conjunction event in the present study. We solve the Fokker-Planck pitch angle diffusion
equation using the diffusion coefficient derived by Summers and Thorne [2003] and Summers et al. [2007]
in order to simulate the evolution of the distribution of electrons due to scattering with EMIC waves and
to compute the precipitating electron flux at the boundary of the atmosphere. Details about the model
can be found in Li et al. [2013], and the simulation results are shown in the next section. Items 1 through
6 directly below list the input parameters of the model that we obtained from GOES 13 and the Van Allen
Probes observations:

1. Initial trapped electron population: When the precipitation event occurred at 03 UT, the 30 keV–600 keV
Magnetospheric Electron Detector (MAGED) [Hartley et al., 2013] of GOES 13 observed a “butterfly”
electron pitch angle distribution (PAD), a typical PAD on the nightside at GEO caused by the drift shell
splitting effect [West et al., 1973; Baker et al., 1978; Chen et al., 2014]. To estimate the flux of higher-energy
electrons, we assume they have the same PAD as the particles observed by the highest energy channel
(350–600 keV) of MAGED and calculate their energy differential flux from the integral flux measured
by the E1 (>0.8 MeV) and E2 (>2 MeV) channels of the Energetic Proton Electron and Alpha Detector
(EPEAD) [Rodriguez et al., 2010] of GOES 13 using the method derived by Onsager et al. [2004] and
Gannon et al. [2012], which assumes a relativistic Maxwellian interpolation. Figure 3a shows the <600 keV
PAD observed by GOES 13 and the >600 keV PAD calculated using this method.

The Van Allen Probes were at their apogees (L∼6.5, MLT∼2.6) at 03 UT. Probes A and B observed very
similar features, due to the proximity of the two spacecraft during this day. We analyze the electron flux
measurements from the Relativistic Electron Proton Telescope (REPT) [Baker et al., 2013] and the Mag-
netic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013] of the Energetic Particle, Composition, and
Thermal Plasma suite [Spence et al., 2013]. Since the calibration efforts on REPT remain ongoing, we use a
simple linear adjustment factor in the instrument overlap region to match the flux observed by REPT with
MagEIS and plot in Figure 3a both electron fluxes as a function of pitch angle. Although PAD generally
varies with MLT, the Van Allen Probes and GOES 13 observed a similar PAD, due to the fact that they were
symmetrically located about the noon-midnight meridian plane, where the drift shell splitting effects
are often similar. The flux level observed by the Van Allen Probes, however, was higher than GOES 13 by
less than an order of magnitude (Figure 3a. Note the differences between instrument energy channels.),

LI ET AL. ©2014. The Authors. 3

Blum et al. GRL [2013; 2015] Li et al. GRL [2014]

EMIC-Driven PrecipitationGeophysical Research Letters 10.1002/2014GL062273

Figure 4. (a) Bounce- and drift-averaged pitch angle diffusion coefficients for EMIC waves interacting with electrons. (b) Time variation of the energy distribution
of the simulated precipitating electrons. (c) Log-log line plot of the energy distribution of the bremsstrahlung X-ray count rate averaged over 02:57:30–02:59:30 UT
from the medium spectrum of BARREL balloon 1G (with error bars, background subtracted), the simulation with estimated parameters, and two test simulations
with densities changed to 40 cm−3 and 250 cm−3. (d and e) Time variation of the bremsstrahlung X-rays from simulation and balloon 1G medium spectrum
(background subtracted). The black lines are the total X-ray count rates integrated over energy at every time step. The simulated count rate has been divided by
3.5. Above Figure 4d is the time variation of the EMIC wave amplitude observed by GOES 13. (f ) Time variation of the slope of the linear fit on [400, 800] keV of
the log-log line plot of the simulated and observed (background subtracted) bremsstrahlung X-ray energy spectrum.

curve) matches that observed (red dotted curve) very well (other curves in the plot are discussed in the next
section). We then apply a linear fit in the energy interval [400, 800] keV on the log-log line plot at every 24 s
and characterize the evolution of the hardness of the spectrum using the slope of the linear fit. Shown in
Figure 4f, the hardness of the simulated and the observed spectra are very similar, both becoming slightly
harder with time.

However, there are a few differences between the simulated and observed X-ray spectra. First, though very
similar, the simulated flux is still higher than the observed by 2.7 times on average. Second, the time varia-
tion of the observed X-ray count rate (Figure 4e) is more gradual than the simulated count rate (Figure 4d).
Especially before the first peak (∼02:54 UT), when the observed EMIC wave amplitude was small and con-
stant, the simulated precipitation does not show an evident gradual increase as that in the observed
spectrum. These differences are likely due to the slightly different wave profiles at GOES 13 and the diffusion
region, because the satellite and the balloon were not perfectly conjugate. The difference in the flux levels
may also be a result of the different trapped flux levels at the Van Allen Probes and the diffusion region. Fur-
thermore, please note that the BARREL standard response matrix assumes a downward isotropic REP flux
distribution, corresponding to a flat loss cone distribution that resulted from highly strong diffusion. If we
instead assume that the loss cone flux increases with pitch angle, which was what happened in this event
according to our diffusion simulation, fewer bremsstrahlung X-rays will arrive at the balloon altitude and the
simulated X-ray count rate will be lower. According to our test simulation, a mirroring REP flux distribution of
pitch angles between 80 and 90◦ reduces the expected X-ray count rate by a factor of ∼2 over a downward
isotropic REP flux distribution and hence causes the expected X-ray count rate to be closer to what
was observed.

4. Summary and Discussion

This paper analyzes a relativistic electron precipitation event observed by BARREL during a period of strong
EMIC wave activity. We simulated the electron pitch angle diffusion using wave and particle parameters
observed by GOES 13 and Van Allen probes and compared results with balloon observations. We showed

LI ET AL. ©2014. The Authors. 6

CSSWE CubeSat: 

Magnetically conjugate multipoint measurements directly linking waves and precipitation 
[e.g. Miyoshi et al. 2008; Rodger et al. 2008, 2015; Clilverd et al. 2015; Hendry et al. 2016]



conjugate point in the southern hemisphere by NOAA18. The satellite foot
point separations from AC6 of these three spacecraft varied from 500 to
5,000 km. This shows that the precipitation was wide spread (Agapitov
et al., 2017), which adds further support to the conclusion that the
observed equatorial chorus wave produced the microburst.

An expanded example of the AC6-B electron counting rate and the Van
Allen Probe-B chorus wave is given in Figure 2. Both parameters showed
fast (~0.2 s) large-amplitude fluctuations that were similar in their tem-
poral variations but that did not correlate in detail. These rapid fluctuations
qualify this event as being a long duration microburst. It is noted that the
AC6-B flux varied by as much as a factor of 4 in less than 0.2 s.

A 20 ms snapshot of the unfiltered chorus electric and magnetic field
waveforms, as obtained from the raw time series, is given in Figure 3.
Along with Figure 1, this demonstrates that the chorus magnetic field
was sometimes >1 nT, an extremely large value. As indicated by this data
and Figure 2c, chorus was the only wave present during the entire event.
Its central frequency was about 1,800 Hz, which is about 35% of the
electron gyrofrequency, while its frequency width was about 500 Hz.

Figure 4 (left) gives a scatter plot of the 1 s averaged, normalized electron
flux and the similarly normalized perpendicular magnetic field in the
chorus wave. The dashed curve is a polynomial least squares fit to the
scatterplot data. The colored curves come from the quasi-linear calculation
of the precipitation expected from the equatorial data that is
discussed below.

Figure 4 (right) gives the correlation between the equatorial wave and the ionospheric electrons as a
function of lag time. For a lag near zero, the correlation is greater than 0.8, a very high value for two such
independent measurements. Although the precipitation should occur a fraction of a second after the
chorus wave, the sign of the maximum lag suggests that the precipitation occurred before the chorus
waves. This just indicates that the Van Allen Probes entered the equatorial region occupied by the chorus
waves about 1 s after the AC6 measurements of the electrons scattered out of this region. In summary,
these data provide convincing evidence that the chorus waves produced equatorial electron scattering
that resulted in a large electron microburst precipitating into the upper atmosphere.

3. Quasi-Linear Estimates

A first-order estimate of the flux within the loss cone expected from
scattering of the equatorial electrons by the equatorial chorus can be
obtained using quasi-linear theory. To compute the flux within the loss
cone, one needs estimates of the electron flux near the loss cone and
the bounce-averaged pitch angle scattering rate driven by the chorus
waves at the loss cone boundary (e.g., Kennel, 1969). The electron fluxes
near the loss cone j(E, αLC) are estimated using Van Allen Probe measure-
ments near the equator, as shown in Figure 5b, although the loss cone is
not resolved. The total flux of electrons with energies E > Eth within the
loss cone is

Φ Ethð Þ ¼ π∫∞Ethx Eð Þ j E; αLCð ÞdE (1)

where x Eð Þ ¼ 2 I$1
0 z0ð Þ∫10I0 z0τð Þ τ dτ , z0 Eð Þ ¼ DSD=Dααjα¼αLC

! "1=2
and I0 is

the modified Bessel function. The parameter, x(E), takes into account the
fact that the electron flux within the loss cone generally differed from
the flux at the loss cone boundary, and it depends on the ratio between

Figure 2. Example of the rapid flux variations observed (a) in the precipitat-
ing electrons and (b) in the chorus wave amplitude at the equator. (c) The
wavelet spectrum of the chorus magnetic field.

Figure 1. The top panel gives the 0.1 s averaged >35 keV precipitating
electron counting rate observed on the AC6-B satellite in the ionosphere,
while the bottom panel gives the amplitude of the perpendicular magnetic
field observed at the equator on a field line that maps to the vicinity of the
AC6-B satellite.

Geophysical Research Letters 10.1002/2017GL076120

MOZER ET AL. 2

Geophysical Research Letters 10.1002/2017GL075001

Figure 1. Conjunction overview during the FIREBIRD Northern Hemisphere outer radiation belt pass at ∼1944 UT on
20 January 2016. (a) Probe A chorus amplitudes from the EFW peak counter, and (b) FIREBIRD microburst flux in the
220–283 keV channel. (c) The possible range of equatorial mapped MLT values of FIREBIRD (green) and Probe A (black)
determined by the T89, T01, and T05s magnetic field models. T89 uses only the Kp index as input, while T01 and
T05 are initialized using OMNI solar wind data (King & Papitashvili, 2005). The union of the model MLT separations,
ΔMLT = MLTProbe A − MLTFIREBIRD, is shown in red. (d) Similar to Figure 1c but for L values. Probe A model L values have
been adjusted to match a 10% offset between model and observed (EMFISIS) values. (e) The union of the model
cross-field separations, mapped to the location of FIREBIRD at 500 km.

is plotted in Figure 1e and is as low as 60 km. This small separation means that both satellites are con-
tained within a larger flux tube defined by a single chorus wave packet, which has a typical transverse size
of ∼100–800 km at the equator at L = 4–6 in different case studies (Agapitov et al., 2011, 2017; Santolík &
Gurnett, 2003; Santolík et al., 2004). These are the first published observations of simultaneous chorus and
microbursts with a separation smaller than a chorus packet.

3. Properties of Larger Chorus and Microburst Active Region

The chorus waves in Figure 1a are part of a larger chorus active region at L = 5.6, observed from 1900 to
2010 UT as Probes A and B traversed MLTs from 9.9 to 10.8. Figures 2a and 2b plot EFW peak counter elec-
tric and magnetic field amplitudes in the 0.8–1.6 kHz bin showing this extended chorus activity. Electric field

BRENEMAN ET AL. SIMULTANEOUS CHORUS AND MICROBURSTS 11,267

Chorus-Driven Microburst Precipitation

Breneman et al. [2017] Mozer et al. [2018]
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BACKGROUND 

SUMMARY 
•  Using SAMPEX HILT data we investigate the magnitudes and distributions of rapid precipitation enhancements at LEO on a variety of timescales – 
from <1 sec precipitation (microbursts) to longer duration (precipitation bands) 

•  Local time and radial distributions: 
–  Microbursts occur primarily on the morning side, from ~2-12 MLT, while band occurrences show a strong enhancement around dusk/midnight, from ~15-24 MLT 
–  Precipitation band magnitudes increase towards the inner edge of the outer radiation belt, ~ L of 4 

•  High speed stream driven storm distributions:  
–  Microburst occurrence rates increase dramatically during the storm recovery phase, concurrent with the building back up of radiation belt fluxes.  This is consistent with 

chorus waves as both a generator of microburst precipitation as well as a source of local acceleration of trapped electrons. 
–  Precipitation band magnitudes increase during the main and early recovery phase.  This suggests that MeV electron precipitation may play a role in main phase losses 

observed during HSSs, especially at lower L shells, and that this loss is not fully detected by the POES instruments alone.  

PITCH ANGLE AND L-MLT DISTRIBUTIONS    STORM-TIME DISTRIBUTIONS: SUPERPOSED EPOCH STUDY 

•  Rapid enhancements of MeV electron fluxes are often measured by 
low earth orbit satellites on timescales ranging from <1 second to 
minutes 

• Microbursts: <1 second bursts of electron precipitation 
–  Occurrences peak from midnight – dawn, becoming more enhanced during 

active times 
–  Pitch angle scattering by large amplitude whistler mode waves or Chorus at 

high latitudes or higher order resonance is believed to be one cause of MeV 
bursts (Lorentzen et al., 2001) 

•  Radiation belt dynamics are controlled by a balance of acceleration and loss mechanisms  
–  In order to fully quantify source processes, we must understand loss 
–  One main loss mechanism is precipitation into the atmosphere via pitch angle scattering by EM waves (e.g. 

EMIC, Hiss, Chorus) 
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Goal: to investigate the distributions of these rapid MeV 
electron precipitation events to better understand their 
source mechanisms and contributions to radiation belt 
losses 

SAMPEX HILT DATA 

•  We use 100 msec count rates from the HILT instrument on SAMPEX, in an 82° inclination orbit of 
~500-600 km altitude 

–  HILT: an array of 16 solid state detectors grouped into 4 rows of 4 detectors - SSD1, SSD2, SSD3, SSD4 
–  Sensitive to >1 MeV electrons 
–  ~60° field of view, geometric factor = ~15 cm2 str per SSD row 

•  Microburst detection criteria: 

N = 100ms count rate, and Nave = average  
count rate over 500ms 

•  Precipitation Band detection criteria: 

–  N100 > 4x baseline for ! 5 seconds 
–  10 second linear correlation coefficient 

between N100 and baseline <0.955 

•  41 high speed stream (HSS) driven storms from 2003-2005 investigated (selected 
from Borovsky and Denton, 2009) 
•  Storms superposed at convection onset = 0 epoch 
•  Similar storm sets have been investigated by a number of others and show: 

–  Main phase flux dropouts followed by rebuilding in late recovery 
–  Magnetopause standoff distance remaining > ~8 RE (Morley et al. 2010) 
–  Little precipitation into the atmosphere, as measured by POES (Meredith et al. 2011) 

•  What role do microbursts and precipitation bands play in these storm-time 
dynamics? Can SAMPEX/HILT, with its large field of view and high time resolution, 
provide more information regarding precipitation loss during HSSs?  

Summers et al., 1998 

•  Precipitation Bands: broader bands of precipitation, typically a few 
degrees in latitude, lasting 10s of seconds as measured at LEO  

–  Occur most often on the afternoon and nightside, and are often seen in 
conjugate locations, persisting multiple orbits (Blake et al., 1996) 

–  Potential source mechanisms include EMIC or electrostatic waves (Vampola, 
1977; Thorne and Kennel, 1971)  

•  Comparing relative count rates of HILT detector rows 
gives qualitative pitch angle information 

• Microbursts and precipitation bands show more 
isotropic distributions, indicating a full loss cone 

•  L-MLT distributions and magnitudes of rapid 
precipitation features from 2003-2004 

Meredith et al. (2011) 
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BACKGROUND 

SUMMARY 
•  Using SAMPEX HILT data we investigate the magnitudes and distributions of rapid precipitation enhancements at LEO on a variety of timescales – 
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–  Precipitation band magnitudes increase towards the inner edge of the outer radiation belt, ~ L of 4 

•  High speed stream driven storm distributions:  
–  Microburst occurrence rates increase dramatically during the storm recovery phase, concurrent with the building back up of radiation belt fluxes.  This is consistent with 
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•  Storms superposed at convection onset = 0 epoch 
•  Similar storm sets have been investigated by a number of others and show: 

–  Main phase flux dropouts followed by rebuilding in late recovery 
–  Magnetopause standoff distance remaining > ~8 RE (Morley et al. 2010) 
–  Little precipitation into the atmosphere, as measured by POES (Meredith et al. 2011) 
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dynamics? Can SAMPEX/HILT, with its large field of view and high time resolution, 
provide more information regarding precipitation loss during HSSs?  

Summers et al., 1998 
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–  Occur most often on the afternoon and nightside, and are often seen in 
conjugate locations, persisting multiple orbits (Blake et al., 1996) 

–  Potential source mechanisms include EMIC or electrostatic waves (Vampola, 
1977; Thorne and Kennel, 1971)  

•  Comparing relative count rates of HILT detector rows 
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e!/s at 0.9 MeV. (Kiruna was 2 " 1017 e!/s at 1.7 MeV).
The January 19 event contributed four times as many
precipitated electrons as all the other MeVevents combined.
[12] Figure 5 shows the spatial distributions of soft

(triangles) and hard MeV (asterisks) events in MLT and
magnetic latitude; MeV events were only detected in the
afternoon or evening, while soft events were seen at all local
times, again demonstrating that the MeV events are distinct
from the softer precipitation.

3. Discussion

[13] Considerable attention has been recently focussed on
relativistic electrons in the radiation belts and on acceler-
ation processes in particular [Fujimoto and Nishida, 1990;
Summers et al., 1998; Hudson et al., 1999; Friedel et al,,
2002]. However, understanding and quantifying the losses
is equally important; the required source strength depends
on both the trapped flux and loss rate.
[14] The MAXIS GeD detected nine Kiruna-like MeV

precipitation events, with #40 minute average duration,
during the eight days it spent between 58!–68! magnetic
latitude (L = 3.8–6.7). From the X-ray fluxes, we infer the
total number of $0.5 MeV precipitating electrons to be #9
" 1021. Dividing by the instrument field of view and the
observing time of 8 days, we find an average precipitating
electron flux of #360 cm!2s!1. Assuming that the GeD

observed a representative sample of the precipitation, we
multiply this average flux by the total area between 58! and
68! magnetic latitude (2 " 1017cm2), and the observing
time to obtain a total of #5 " 1025 $ 0.5 MeVelectrons lost
during the eight day interval.
[15] To estimate the total number of trapped electrons,

dosimeter measurements on one of the GPS satellites in a
20,200 km altitude, 55! inclination circular orbit were used.
The outer radiation belt was assumed to be a torus
extending from L = 2 to L = 7 [Baker et al., 1998] giving
a total volume between L = 4 and L = 7 ( where measure-
ments were available) of 1.1 " 1029 cm3. Assuming an
isotropic pitch angle distribution, the median flux of 0.5–
3.6 MeV electrons measured between L = 4 and L = 7 by
GPS on January 19 between 2:30–6:10 UT, prior to any
observed MeV events, was 4.4 " 106 cm!2s!1. The total
number of trapped 0.5–3.6 MeV electrons is then estimated
to be #2 " 1025, so on average, the MeV precipitation
events would empty the outer radiation belts of relativistic
electrons in #3 days. Previous in-situ >450 keV electron
measurements found an e-folding decay time of #6 days
after a storm-related enhancement [Schulz and Lanzerotti,
1974]. Thus, these MeV precipitation events are likely to

Figure 3. (a) Count spectra for two MeV X-ray events and
a soft event together with the Kiruna event spectrum (solid
line). The GeD count rates for (b) the short MeV event on
Jan. 25 (crosses in a) that occurred during an interval of
slowly varying low energy precipitation (solid diamonds),
and (c) the longest and brightest MeV event observed (Jan.
19, open diamonds in a).

Figure 4. Histogram of spectral power law index between
100–180 keV for the 25 MAXIS events.

Figure 5. The distribution in magnetic latitude and
magnetic local time of MeV events (asterisks) and soft
precipitation (triangles). The solid line shows the balloon
trajectory.
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MAXIS BALLOON:a) b) c)

L=
4

L=6

The highest raw event location count is about
4.5< L< 5. The raw satellite location in each
L value bin is also counted in Figure 4 (middle).
It is apparent that the raw satellite location
counts show a gradual decrease with the
increase of the L value from 3 to 7, implying that
the satellites spend more time within lower
L values. Figure 4 (bottom) gives the normalized
distribution of L value. Removing the bias of
satellites spending longer periods of time with
lower L value, the highest of normalized event
location count moves to 5< L< 5.5.
Normalized events within region of 3.5< L< 5
have a more gentle decrease with decreasing
L value.

Carson et al. [2013] analyzed EMIC wave-driven
REP by autodetection algorithm for both P1 0°
and P6 0° channels. In their algorithm, events
can be detected if actual measured value
exceeds the running mean by a factor of 3.
According to their algorithm, Figure 5 (top)
shows the normalized event occurrence
distribution of L value and MLT in a clock plot.
The L value of clock plot is within the range
3< L< 7 and MLT rotating anticlockwise with
12 MLT (noon) in Figure 5 (top) and 00 MLT
(midnight) in Figure 5 (bottom). There are two
clusters, one cluster before and one after
00 MLT. The cluster on 00–04 MLT has the
highest occurrence rate values in the plot. This
distribution is coincident with Carson et al.
[2013, Figure 5]. On the other hand, Figure 5
(bottom) shows the distribution of events in the
condition that actual measured value exceeds
the running mean by a factor of 4, which is
adopted in this paper. Compared with Figure 5

(top), Figure 5 (bottom) has only one cluster. The 00–04 MLT cluster in Figure 5 (top) becomes very weak in
Figure 5 (bottom) and can be ignored. The only one cluster is centered on 1800–2200 MLT and L~5, and no
cluster of events is observed on the dayside, which is consistent with the result by Carson et al. [2013]. The
distribution of the bottom is more concentrated than that of Figure 5 (top), which will be reasonably
explained as follows.

Figure 6 shows the variation of the normalized rate of events with different Dst ranges. Figure 6a corresponds
to events in quiet time with Dst>!30 nT. In this clock plot, the cluster of occurrence is mainly centered on
19–22 MLT. The cluster favors the dusk-midnight sector, with highest occurrence rates around 21.5 MLT and
L=4.5. However, it is apparent that the distribution of occurrence rate changes as the Dst index decreases to
!50 nT<Dst<!30 nT (Figure 6b). In comparison with Dst>!30 nT, the cluster of occurrence rate with
!50 nT<Dst<!30 nT has a trend of moving toward the noon-dusk sector so that the percentage of the
occurrence rate on the noon-dusk MLT increases. With the decrease of the Dst index, Figure 6c shows that not
only the main occurrence rate is on the noon-dusk section but also the L value of the occurrence rate
becomes lower. Due to the small number of events in the sample at the very lower Dst index range
(Dst<!100), there are only four available points. All of the occurrence rates are below 4.5 in L value.

The Dst index can reflect the intension of ring current ions, which are injected into the inner
magnetosphere during geomagnetic storms. Therefore, the Dst index is also commonly used to

Figure 5. (top) The distribution of events that the actual mea-
sured value exceeds the running mean by a factor of 3. The plot
shows two clusters of occurrence, one before and one after
00 MLT. (bottom) The distribution of events that the actual mea-
sured value exceeds the running mean by a factor of 4. There is
only one cluster near 21.5 MLT, and the majority of events con-
verge on dusk-midnight sector.
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POES:
MeV e- and keV p+ precipitation

Millan et al. (2002)
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7

occurrence is seen at MLT= 10–19 h and L = 4–6, centered in
the afternoon sector.
[33] We also examined the Dst dependence for H-band and

He-band events independently, as shown in Figure 7 in the
same format as Figures 6d–6f. H-band events occur fre-
quently in the outer magnetosphere (L ≥ 7) in the afternoon
sector, regardless of geomagnetic activity. H-band events
also occur frequently in the outer magnetosphere on the
morningside (4 h ≤MLT< 8 h) only under quiet conditions.
The high occurrence rate in the afternoon sector is evident
at 5 ≤L< 7 bins under disturbed conditions. He-band events
frequently occur in two regions: in the outer magnetosphere
(L ≥ 7) in the afternoon sector (15 h ≤MLT< 18 h) under
quiet conditions, and in the inner magnetosphere (L< 7) on
the prenoon to duskside (10 h ≤MLT< 19 h) under disturbed

conditions. It is interesting that the He-band event occurrence
rate is lower than 5% under modest conditions.

5.2. Storm Phase Dependence
[34] In the previous section, we confirmed that EMIC

waves in the inner magnetosphere (L< 6) occur more fre-
quently under disturbed conditions (Dst ≤!50 nT) than quiet
(Dst> 0 nT) or moderate (!50<Dst ≤ 0 nT) conditions. In
this section, we examine the dependence of the EMIC wave
occurrence on storm phases. We define storm phases in two
independent ways. One focuses on whether the time interval
of interest is before or after the storm maximum (i.e., Dst
minimum); we term the intervals before and after the storm
maximum the “Main” and “Recovery” phases, respectively.
The other definition focuses on whether the ring current
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Figure 6. (Top) Variations of the Dst index during the AMPTE/CCE era (DOY 239, 1984 through DOY
009, 1989). The horizontal dotted lines indicate 0 and !50 nT, respectively. Spatial distributions of the total
number of 32 s intervals of AMPTE/CCE observations under (a) quiet (Dst> 0 nT), (b) moderate
(!50<Dst≤ 0 nT), and (c) disturbed (Dst≤!50 nT) geomagnetic conditions in the same format as
Figure 4a; and spatial distributions of the occurrence rate of EMIC wave events under (d) quiet, (e) moderate,
and (f) disturbed conditions in the same format as Figure 4c. The black bin with the cross sign in Figure 6c
indicates that the number of 32 s intervals is smaller than 100. The corresponding bins in Figure 6f are
removed because they do not provide statistically significant results of the occurrence rate.
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L=3

L=9

Blum et al. (2015)
Wang et al. (2014); Carson et al. (2012)

• What fraction of EMIC waves are driving 
electron precipitation?

- What are the key wave or plasma properties 
determining this?

• What fraction of precipitation is caused by 
EMIC waves?

- Are field line curvature scattering or other wave 
modes contributing (e.g. Smith et al. JGR 2015)

Keika et al. (2013)
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RBSP	A	only	 RBSP	A	and	B,	same	Mme	

Mostly outside L=4, 
primarily dayside, 
spacecraft time lag < 3 hrs

Full range of MLT, lag 
times, L shells; slightly 
longer lag times on 
nightside (ave 1.6 hrs vs 
1.2 on day)

Blum et al. GRL [2017]

• Dayside, H+ band waves more often span larger areas, while He+ band and 
nightside waves are more localized (but often persistent)

• Looking into MLT dependent wave and plasma properties may help us 
understand the pre-midnight prevalence of precipitation events 
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3. Background and Motivation  
 Below, an overview of bounce-resonant interactions and EMIC waves as a source of 
electron scattering is presented, including previous motivating work and some remaining open 
questions. 
 
3.1 Bounce Resonance 

There are three typical time-scales of electron 
motion in the dipole magnetic field: the smallest time-
scale corresponds to gyrorotation, the bounce 
oscillations between mirror points is slower, and the 
longest time-scale is for electron drift around the Earth. 
Associated with each of these time-scales is a 
corresponding adiabatic invariant: magnetic moment for 
gyrorotation, second (longitudinal) adiabatic invariant 
for bounce oscillations, and magnetic flux (third 
adiabatic invariant) for drift motion around the Earth. 
Pitch-angle (and/or energy) diffusion of electrons results 
from the breaking of one (or all) adiabatic invariant. To 
destroy conservation of a given invariant, perturbations of the electromagnetic field should 
have time-scales comparable with the time-scales of the corresponding electron motion, e.g. 
the conservation of magnetic moment can be violated by VLF waves (wave frequencies are 
comparable with electron gyrofrequencies). Thus, the destruction of the second adiabatic 
invariant requires the perturbation of electron motion on the time-scale of bounce oscillations. 
Figure 1 shows a distribution of bounce frequencies for relativistic equatorial (90° pitch-
angle) electrons in the inner magnetosphere. For 10-1000 keV electrons these frequencies are 
on the order of a few hertz; therefore waves in this frequency range can resonate with the 
bounce motion of these electrons, changing the energy and momentum of the particle.  

Bounce resonant interaction between electrons oscillating between mirror points and 
low frequency hydrodynamic waves was proposed initially by Roberts and Schulz [1968] and 
is well described in Schulz and Lanzerotti [1974]. This resonance is nonlocal: particles are in 
resonance with the wave field during the long time period of bounce motion. Moreover, this 
resonance is nonlinear: the period of electron bounce oscillations depends on particle energy, 
whereas particle bounce motions are not oscillations of a linear pendulum (in contrast to gyro-
oscillations). Both these effects result in a more complicated formulation of bounce resonance 
scattering in comparison with classical electron scattering by VLF waves in gyroresonance. 
Recently bounce resonant wave-particle interactions have attracted significant attention [e.g., 
Chen et al. 2015, Li et al. 2015] both due to widespread observations of large-amplitude (10s 
pT up to 1 nT – e.g. Ma et al., 2013; Tsurutani et al., 2014) magnetosonic waves (often 
considered as a main wave population resonating with electrons in bounce resonance [Roberts 
and Schulz, 1968; Kivelson and Southwood 1969]) and due to the possibility of bounce 
resonance to fill in gaps in diffusion rates for those pitch-angles unaffected by gyroresonant 
wave-particle interactions [Shprits 2009, Shprits 2016]. The details of resonant conditions 
with the whistler mode wave spectrum (chorus and hiss waves, e.g.) create a problem for 
scattering of nearly equatorially mirroring electrons.  This should produce electron pitch angle 
distributions highly peaked at 90° [Lyons et al., 1974] for a relatively broad range of energies; 

 
Figure 1: Bounce frequency as a 
function of electron energy and L-
shell [Schulz and Lanzerotti, 1974]. 

Schulz and Lanzerotti [1974]

• In addition to gyroresonance with MeV electrons, EMIC waves are also of the right 
frequency (~few Hz) to resonate with the bounce motion of 10s-100s keV electrons

• Bounce-resonance and violation of the second adiabatic invariant can be effective for 
near-equatorially mirroring electrons, which are unable to be scattered through 
cyclotron resonance with whistler mode chorus and hiss waves, e.g. Cao et al. [2017]

• Parameter study by Cao et al. [2017] shows diffusion can be significant at pitch angles 
~90, but very sensitive to L shell, wave normal angle, and wave frequency

Energy Dependence of Precipitation

EMIC-driven precipitation

[e.g., Summers et al., 2007b]. Then we determine the diffusion coefficients as a function of equatorial pitch
angle αeq and electron energy Ek in Figure 3. For radiation belt electrons of interest (>100 keV), only the
first bounce-resonance harmonic l= 1 contributes to the pitch angle scattering at L = 4 and L = 5, as
shown in Figure 2. At L = 3, no bounce resonance can be found for the first resonance harmonic (l= 1),
while it is the l= 2 resonance that makes the major contribution to the bounce-resonant electron scatter-
ing. Our results demonstrate that electrons with αeq ~90° are subject to very efficient bounce-resonant
scattering (even exceeding 10!2 s!1), regardless of L shell or electron density. Figure 3 shows the weak
dependence of bounce-resonant diffusion coefficients on electron density and their strong dependence
on L shell for a given EMIC wave spectrum. Variation of electron density within an order of magnitude
produces only slight changes of the bounce-resonant scattering rates, especially for electrons with αeq
>88°. In contrast, increase of L shell clearly broadens the αeq coverage of efficient scattering rates
(>10!2 s!1). For instance, at L = 3, only αeq >86° electrons can be scattered on time scales of ≤1 day
due to bounce resonance with H+ band EMIC waves. However, for L = 4 and 5, the corresponding efficient
scattering region having a time scale of ≤1 day can extend to αeq <70° and αeq <60°, respectively. In
addition, bounce resonance with H+ band EMIC waves is more likely to occur for relativistic electrons
at lower L shells, consistent with the results in Figure 2.

To make a quantitative comparison between bounce-resonance and cyclotron-resonance induced pitch
angle scattering rates due to EMIC waves, we calculate the quasi-linear bounce-averaged pitch angle diffu-
sion coefficients by cyclotron-resonant interactions with H+ band EMIC waves, using the Full Diffusion
Code [Ni et al., 2008; Shprits and Ni, 2009]. This code has been extended by Ni et al. [2015] and Cao et al.
[2016] to consider wave-induced particle diffusion in a cold, multi-ion (H+, He+, and O+) plasma.
Contributions from cyclotron resonance harmonics from N=!5 to N= 5 are included in our calculations.
The results of bounce-averaged electron cyclotron-resonant pitch angle diffusion coefficients due to H+ band
EMIC waves are shown in Figure 4. As in Figure 3, we present the diffusion rates as a function of Ek and αeq for

Figure 3. 2-D plot of bounce-resonant pitch angle diffusion coefficients due toH+bandEMICwaves as a functionof electron
kinetic energy Ek and equatorial pitch angle αeq for the indicated sets of L shell, bounce resonance harmonic l, and electron
number density Ne. The wave amplitude Bw is 1 nT; the wave frequency spectrum is Gaussian withωlc = 0.5ωp,ωuc = 0.7ωp,
ωw = 0.1ωp, andωm = 0.6ωp; and the wave normal angle distributions are [ϕlc,ϕuc] = [0, 20]° and [ϕm,ϕw] = [10, 10]°.
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angle αeq and electron energy Ek in Figure 3. For radiation belt electrons of interest (>100 keV), only the
first bounce-resonance harmonic l= 1 contributes to the pitch angle scattering at L = 4 and L = 5, as
shown in Figure 2. At L = 3, no bounce resonance can be found for the first resonance harmonic (l= 1),
while it is the l= 2 resonance that makes the major contribution to the bounce-resonant electron scatter-
ing. Our results demonstrate that electrons with αeq ~90° are subject to very efficient bounce-resonant
scattering (even exceeding 10!2 s!1), regardless of L shell or electron density. Figure 3 shows the weak
dependence of bounce-resonant diffusion coefficients on electron density and their strong dependence
on L shell for a given EMIC wave spectrum. Variation of electron density within an order of magnitude
produces only slight changes of the bounce-resonant scattering rates, especially for electrons with αeq
>88°. In contrast, increase of L shell clearly broadens the αeq coverage of efficient scattering rates
(>10!2 s!1). For instance, at L = 3, only αeq >86° electrons can be scattered on time scales of ≤1 day
due to bounce resonance with H+ band EMIC waves. However, for L = 4 and 5, the corresponding efficient
scattering region having a time scale of ≤1 day can extend to αeq <70° and αeq <60°, respectively. In
addition, bounce resonance with H+ band EMIC waves is more likely to occur for relativistic electrons
at lower L shells, consistent with the results in Figure 2.

To make a quantitative comparison between bounce-resonance and cyclotron-resonance induced pitch
angle scattering rates due to EMIC waves, we calculate the quasi-linear bounce-averaged pitch angle diffu-
sion coefficients by cyclotron-resonant interactions with H+ band EMIC waves, using the Full Diffusion
Code [Ni et al., 2008; Shprits and Ni, 2009]. This code has been extended by Ni et al. [2015] and Cao et al.
[2016] to consider wave-induced particle diffusion in a cold, multi-ion (H+, He+, and O+) plasma.
Contributions from cyclotron resonance harmonics from N=!5 to N= 5 are included in our calculations.
The results of bounce-averaged electron cyclotron-resonant pitch angle diffusion coefficients due to H+ band
EMIC waves are shown in Figure 4. As in Figure 3, we present the diffusion rates as a function of Ek and αeq for

Figure 3. 2-D plot of bounce-resonant pitch angle diffusion coefficients due toH+bandEMICwaves as a functionof electron
kinetic energy Ek and equatorial pitch angle αeq for the indicated sets of L shell, bounce resonance harmonic l, and electron
number density Ne. The wave amplitude Bw is 1 nT; the wave frequency spectrum is Gaussian withωlc = 0.5ωp,ωuc = 0.7ωp,
ωw = 0.1ωp, andωm = 0.6ωp; and the wave normal angle distributions are [ϕlc,ϕuc] = [0, 20]° and [ϕm,ϕw] = [10, 10]°.
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[e.g., Summers et al., 2007b]. Then we determine the diffusion coefficients as a function of equatorial pitch
angle αeq and electron energy Ek in Figure 3. For radiation belt electrons of interest (>100 keV), only the
first bounce-resonance harmonic l= 1 contributes to the pitch angle scattering at L = 4 and L = 5, as
shown in Figure 2. At L = 3, no bounce resonance can be found for the first resonance harmonic (l= 1),
while it is the l= 2 resonance that makes the major contribution to the bounce-resonant electron scatter-
ing. Our results demonstrate that electrons with αeq ~90° are subject to very efficient bounce-resonant
scattering (even exceeding 10!2 s!1), regardless of L shell or electron density. Figure 3 shows the weak
dependence of bounce-resonant diffusion coefficients on electron density and their strong dependence
on L shell for a given EMIC wave spectrum. Variation of electron density within an order of magnitude
produces only slight changes of the bounce-resonant scattering rates, especially for electrons with αeq
>88°. In contrast, increase of L shell clearly broadens the αeq coverage of efficient scattering rates
(>10!2 s!1). For instance, at L = 3, only αeq >86° electrons can be scattered on time scales of ≤1 day
due to bounce resonance with H+ band EMIC waves. However, for L = 4 and 5, the corresponding efficient
scattering region having a time scale of ≤1 day can extend to αeq <70° and αeq <60°, respectively. In
addition, bounce resonance with H+ band EMIC waves is more likely to occur for relativistic electrons
at lower L shells, consistent with the results in Figure 2.

To make a quantitative comparison between bounce-resonance and cyclotron-resonance induced pitch
angle scattering rates due to EMIC waves, we calculate the quasi-linear bounce-averaged pitch angle diffu-
sion coefficients by cyclotron-resonant interactions with H+ band EMIC waves, using the Full Diffusion
Code [Ni et al., 2008; Shprits and Ni, 2009]. This code has been extended by Ni et al. [2015] and Cao et al.
[2016] to consider wave-induced particle diffusion in a cold, multi-ion (H+, He+, and O+) plasma.
Contributions from cyclotron resonance harmonics from N=!5 to N= 5 are included in our calculations.
The results of bounce-averaged electron cyclotron-resonant pitch angle diffusion coefficients due to H+ band
EMIC waves are shown in Figure 4. As in Figure 3, we present the diffusion rates as a function of Ek and αeq for

Figure 3. 2-D plot of bounce-resonant pitch angle diffusion coefficients due toH+bandEMICwaves as a functionof electron
kinetic energy Ek and equatorial pitch angle αeq for the indicated sets of L shell, bounce resonance harmonic l, and electron
number density Ne. The wave amplitude Bw is 1 nT; the wave frequency spectrum is Gaussian withωlc = 0.5ωp,ωuc = 0.7ωp,
ωw = 0.1ωp, andωm = 0.6ωp; and the wave normal angle distributions are [ϕlc,ϕuc] = [0, 20]° and [ϕm,ϕw] = [10, 10]°.
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Courtesy of A. Artemyev, in prep.
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25 Jul 2013, He+ band, dusk

Bounce Resonance
Here, we evaluate bounce resonance diffusion coefficients for realistic wave and plasma parameters



Preliminary Findings

• For realistic wave spectra, we obtain electron scattering at 
intermediate pitch-angles, not just at large pitch angles

• Lower energy electrons (10s-100s keV) can be scattered 
effectively even by fairly field-aligned waves

• Diffusion rates are comparable to (or larger than) rates for these 
electrons interacting with hiss/chorus waves

-> Preliminary calculations show bounce resonant interactions 
with EMIC waves could play an important role in ~10s-
100s keV electron dynamics (not just MeV electrons)



Energetic Electron Precipitation and 
Associated Scattering Processes

• Recent event studies of conjugate multipoint 
observations help confirm associations between 
various wave modes and types of precipitation

• Still need to understand:
– What fraction of precipitation events are caused by 

what wave modes (and vice versa)

– Detailed precipitating energy spectrum and nature of 
wave-particle interaction

Lauren Blum – NASA/GSFC – Cascais Portugal 2018



GTOSat
• Recently selected HTIDS, launch ~2021 into 

geosynchronous transfer orbit (GTO)

• GTOSat team: L. Blum, L. Kepko, S. Kanekal, D. Turner, 
A. Jaynes

• Measure pitch angle resolved ~200keV-2MeV electrons
– PSD profiles to distinguish between various loss and 

acceleration mechanisms

• Radiation belt monitor in the post Van Allen Probes era
– Pathfinder for reliable, capable CubeSats beyond LEO and 

affordable magnetospheric constellation missions

Geophysical Research Letters 10.1002/2015GL064955
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Figure 2. The 20 min expanded view of the injection event from 0445 UT to 0515 UT. RBSP-A measurements of (a) the magnitude of B, (b) Bx and Bz in GSM,
(c) the spin fit electric field in GSM (the spin axis electric field is obtained from the E⋅B = 0 assumption), (d) the E ×B drift velocity in GSM, (e) fluxes of
energetic electrons from MagEIS, (f ) fluxes of energetic electrons from REPT, (g) PAD of 0.9 MeV electrons from MagEIS, (h) PAD of 1.8 MeV electrons from
REPT. THEMIS-D measurements of (i) the spin resolution magnetic field in GSM, (j) the spin resolution electric field in GSM, (k) differential energy fluxes of
energetic electrons from SST. (l and m) Counts per second of MeV electrons (averaged over 20 s) measured from LANL 94 and LANL 94, respectively. (n and o)
GOES 13 measurements of three magnetic field components in GSM and the integral flux of energetic electrons. (p and q) are GOES 15 measurements of
three magnetic field components in GSM and the integral flux of energetic electrons.
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Figure 2. The 20 min expanded view of the injection event from 0445 UT to 0515 UT. RBSP-A measurements of (a) the magnitude of B, (b) Bx and Bz in GSM,
(c) the spin fit electric field in GSM (the spin axis electric field is obtained from the E⋅B = 0 assumption), (d) the E ×B drift velocity in GSM, (e) fluxes of
energetic electrons from MagEIS, (f ) fluxes of energetic electrons from REPT, (g) PAD of 0.9 MeV electrons from MagEIS, (h) PAD of 1.8 MeV electrons from
REPT. THEMIS-D measurements of (i) the spin resolution magnetic field in GSM, (j) the spin resolution electric field in GSM, (k) differential energy fluxes of
energetic electrons from SST. (l and m) Counts per second of MeV electrons (averaged over 20 s) measured from LANL 94 and LANL 94, respectively. (n and o)
GOES 13 measurements of three magnetic field components in GSM and the integral flux of energetic electrons. (p and q) are GOES 15 measurements of
three magnetic field components in GSM and the integral flux of energetic electrons.
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