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[1] We present multi‐satellite observations of large
amplitude radiation belt whistler‐mode waves and
relativistic electron precipitation. On separate occasions
during the Wind petal orbits and STEREO phasing orbits,
Wind and STEREO recorded intense whistler‐mode waves
in the outer nightside equatorial radiation belt with peak‐to‐
peak amplitudes exceeding 300 mV/m. During these
intervals of intense wave activity, SAMPEX recorded
relat ivis t ic electron microbursts in near magnetic
conjunction with Wind and STEREO. This evidence of
microburst precipitation occurring at the same time and at
nearly the same magnetic local time and L‐shell with a
bursty temporal structure similar to that of the observed
large amplitude wave packets suggests a causal connection
be tween the two phenomena. Simula t ion s tudies
corroborate this idea, showing that nonlinear wave–particle
interactions may result in rapid energization and scattering
on timescales comparable to those of the impulsive
relativistic electron precipitation. Citation: Kersten, K., C. A.
Cattell, A. Breneman, K. Goetz, P. J. Kellogg, J. R. Wygant, L. B.
Wilson III, J. B. Blake, M. D. Looper, and I. Roth (2011), Observa-
tion of relativistic electron microbursts in conjunction with intense
radiation belt whistler‐mode waves, Geophys. Res. Lett., 38,
L08107, doi:10.1029/2011GL046810.

1. Introduction

[2] Whistler‐mode waves have seen a resurgence as a
potential energization and loss mechanism for radiation belt
electrons following the discovery by Cattell et al. [2008] of
whistler‐mode waves with amplitudes orders of magnitude
larger than previously observed. Past studies have employed
spectral analysis in the characterization of whistler chorus
[e.g., Burtis and Helliwell, 1976; Santolík et al., 2003, and
references therein]. While these studies have established a
picture of the spatial occurrence and characteristic fre-
quencies of the whistler chorus, the use of time–averaged
spectral analysis has drastically underestimated the range of
wave amplitudes. Recent observations of large amplitude
whistler‐mode waves highlight the need for a closer look at
individual wave packet structure and the potential for rapid

energization and scattering of radiation belt electrons
through nonlinear wave–particle interactions [Cattell et al.,
2008; Cully et al., 2008; P. J. Kellogg et al., Large ampli-
tude whistlers in the magnetosphere observed with Wind–
WAVES, submitted to Journal of Geophysical Research,
2010].
[3] Microbursts – bursty energetic particle precipitation to

the ionosphere – are one of the most telling and commonly
observed signs of the rapid scattering of radiation belt
electrons. It is believed that low energy microbursts are
closely tied to whistler chorus enhancements [e.g., Oliven
and Gurnett, 1968; Oliven et al., 1968]; the connection
between relativistic (>1 MeV) electron microbursts and
chorus is not as established. Relativistic electron micro-
bursts (REMB) were first reported by Imhof et al. [1992],
and initial observations showed no correspondence to the
whistler chorus. Blake et al. [1996] cataloged the occurrence
of relativistic electron microbursts to find spatially localized
regions of impulsive precipitation bursts, suggesting the
phenomenon is a result of rapid scattering processes rather
than a breakdown in the adiabatic motion of trapped parti-
cles. Using Polar and SAMPEX data, Lorentzen et al.
[2001] reported REMB at all local times with peak occur-
rence from 0200 to 1000 MLT. Prompted by spectral evi-
dence of correlated dispersive chorus elements in the Polar
swept frequency receiver and high‐frequency waveform
receiver, they suggested that coherent, oblique whistler
chorus elements may provide the scattering mechanism that
drives the observed precipitation.
[4] The occurrence of microbursts in conjunction with

coherent, oblique large amplitude whistler wave packets was
first reported by Cattell et al. [2008] using the STEREO‐B
and SAMPEX satellites. The observed large amplitude
whistler‐mode waves exhibit properties not typically associ-
ated with the whistler chorus, e.g., their very large amplitudes,
oblique propagation, and non‐dispersive monochromatic
signature. Recent examination of Wind data reveals the
common occurrence of similar large amplitude radiation
belt whistler‐mode waves (Kellogg et al., submitted man-
uscript, 2010). We show STEREO/SAMPEX and Wind/
SAMPEX observations of microbursts in conjunction with
very large amplitude whistler‐mode waves. The microburst
precipitation exhibits a temporal structure similar to that of
the observed large amplitude whistler wave packets. Test
particle simulations show that the bursty large amplitude
waves may accelerate electrons to MeV energies while at
the same time scattering them into the loss cone [Cattell
et al., 2008; Bortnik et al., 2008]. These results suggest
that very large amplitude radiation belt whistler wave
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packets may drive subsecond enhancements in relativistic
electron precipitation.

2. Satellites and Instrumentation

[5] The Wind satellite, launched in 1994, entered highly
inclined petal orbits in late 1998 and early 2000 beginning
with nightside traversals of the equatorial radiation belts.
Wind carries a suite of instruments designed to make high
time resolution measurements of AC electromagnetic fields
[Bougeret et al., 1995]. Using two orthogonal spin plane
dipole probes (Ex, 100 m tip‐to‐tip; Ey, 15 m tip‐to‐tip) and
a spin axis dipole (Ez, 12 m tip‐to‐tip), the WAVES Fast
Time Domain Sampler (TDSF) records two‐component
AC‐coupled electric fields at sampling rates up to 125 kS/s.
The TDS instrument samples continuously, buffering 2048‐
point samples categorized by the peak amplitude detected.
Due to limited onboard memory and telemetry bandwidth,
only the largest amplitude captures are saved and transmit-
ted to ground. While this configuration does not provide
continuous coverage, the 7.5 kS/s (duration 273 ms) TDSF
events used in this study constitute a survey of the most
intense wave activity.
[6] The twin STEREO satellites were launched in 2006

into phasing orbits providing four passes through the
nightside radiation belts [Driesman et al., 2008]. The final
phasing orbit brought the two spacecraft to perigee at L ’ 2
at roughly 2100 MLT from which they emerged through the
pre‐dawn equatorial radiation belts. The three‐axis stabi-
lized STEREO spacecraft employ three mutually orthogonal
6 m stacer antennas coupled to a TDS capable of sampling
at up to 250 kS/s [Bougeret et al., 2008; Bale et al., 2008].
As on Wind, the S/WAVES TDS preferentially selects large
amplitude waveform captures for telemetry. S/WAVES also
records the peak detector voltage (TDSmax) at a 1 minute
cadence, effectively tracking maximum wave activity irre-
spective of burst waveform telemetry.During the 12December
2006 perigee passes, the S/WAVES TDS was configured to
sample three‐component AC electric fields at 31.25 kS/s for an
event duration of 524 ms.
[7] The SAMPEX satellite was launched into near polar

low earth orbit in July 1992. The 95 minute orbit provides
nearly full coverage of magnetic local time and L value over
roughly 3 months, or half of its 6 month precession period
[Baker et al., 1993]. SAMPEX carries an array of particle
detectors designed to measure energetic magnetospheric
particle precipitation, as well as galactic and solar cosmic
ray energy and composition. The Heavy Ion Large Tele-
scope (HILT) instrument used in this study employs a large
geometric factor (roughly 100 cm2 sr for ’1 MeV electrons)
array of silicon solid state detectors (SSDs) with a 68 ×
68° acceptance angle sensitive to electrons with energies
≥1.05 MeV [Klecker et al., 1993; Blake et al., 1996].

3. Observations

[8] On 12 December 2006, the STEREO‐B TDS recorded
24 electric field waveforms ranging in amplitude from
100 mV/m to over 240 mV/m [Cattell et al., 2008]. The
right‐hand circularly polarized waves occurred in bursty
packets of duration 0.01 to 0.1 s and exhibited peak power
at roughly 0.2 fce, where fce is the local electron cyclotron
frequency. The TDS waveform captures showing large

amplitude waves were sampled from 11:20 to 11:24 UT at
L ’ 4.7 at 0330 MLT and −13° magnetic latitude (MLAT).
The TDSmax records show that large amplitude waves
persisted from 11:05 to 11:25 UT spanning L = 4.2 to 4.8
from 0310 to 0340 MLT with a short gap at 11:15 UT at L =
4.4 at 0320 MLT. Unlike typical lower‐band VLF chorus
(<0.5 fce), these obliquely propagating waves did not exhibit
the usual dispersive tones typically associated with whistler
chorus as described by Sazhin and Hayakawa [1992, and
references therein].
[9] On 13 November 1998, Wind passed through the

nightside radiation belts and captured 17 large amplitude
wave events over the course of ten minutes at L ’ 4 at
0200 MLT and 9° MLAT. Peak‐to‐peak wave amplitudes
ranged from 100 mV/m to more than 300 mV/m, with peak
wave power at 0.1–0.2 fce. Again, on 10 April 2000, Wind
recorded 28 large amplitude whistler wave packets at L ’ 5
from midnight to 0300 MLT, from 7° to −5° MLAT. These
waves exhibited peak‐to‐peak amplitudes from 100 mV/m to
over 400 mV/m with peak power at 0.2–0.3 fce. The sampled
Ex and Ey channels are in the spacecraft spin plane and
provide a measurement that roughly corresponds to the x‐y
GSE electric field. Wave polarization cannot be precisely
determined with only the Ex and Ey channels; however, all
events exhibit circular polarization in the x‐y plane. The
polarization for a subset of the observed large amplitude
whistler waves has been determined using the three‐
component wave magnetic field measurements of the
WAVES TDSS sampler; the waves were found to range from
nearly field‐aligned to highly oblique, with wave propaga-
tion direction independent of magnetic latitude. All wave-
forms exhibit the same bursty structure as those reported by
Cattell et al. [2008], Cully et al. [2008], and Kellogg et al.
(submitted manuscript, 2010).
[10] Figure 1 shows the SAMPEX HILT count rate per

20 msec for twenty minutes surrounding the times of micro-
burst precipitation for the 13 November 1998 (Figure 1a)
and 10 April 2000 (Figure 1b) Wind perigee passes. The
SAMPEX satellite is operating in a three‐axis stabilized
configuration during both intervals, with the HILT detector
viewing the local bounce loss cone (BLC); observed
microbursts are indicative of relativistic electrons precipitat-
ing within their bounce period. During the interval shown in
Figure 1a,Windwas located at L’ 4 at 0200MLT. SAMPEX
recorded powerful microburst precipitation at L ’ 3–4 from
0330 to 0400 MLT. Wind and SAMPEX were separated
by roughly 1.5 hours in local time during the most intense
microbursts. On 10 April 2000 at roughly 03:20 UT,
microbursts can again be seen in the SAMPEX data at
L = 5–6 from 0400 to 0430 MLT (Figure 1b). This pre-
cipitation was observed during a two hour interval in which
Wind recorded large amplitude whistler waves at L ’ 5 from
midnight to 0300 MLT. During the most intense microburst
precipitation, Wind and SAMPEX were at roughly the same
L shell but separated by four hours in MLT.
[11] Sample Wind TDS burst captures recorded during the

precipitation events are included below Figures 1a and 1b.
These captures are typical of the bursty, large amplitude
whistler‐mode waves observed during the passes. The
abrupt enhancements in energetic particle flux occur on the
same ∼0.1 s timescales as the bursty whistler wave packets,
consistent with the typical subsecond temporal structure of
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microburst precipitation [e.g., Blake et al., 1996]; however,
due to the lack of peak detector data and the irregularity of
the TDS burst captures, it is not possible to determine
whether the large amplitude waves occurred in precise
conjunction with the observed microbursts. The November
1998 and April 2000 events immediately follow energetic
electron injection as indicated by Los Alamos National
Laboratory (LANL) energetic electron data, consistent both
with the usually invoked free energy source and with
Nakamura et al.’s [2000] statistical study showing abrupt
increases in microburst precipitation following substorm
main phase. The AE index exceeds 500 nT during the April
2000 event and approaches 1500 nT preceding the
November 1998 event.
[12] The December 2006 STEREO perigee passes provide

a unique assessment of radiation belt response to substorm
onset, with STEREO‐A leading STEREO‐B by 1.4 hours
(roughly one SAMPEX orbit). This orbital configuration
effectively served to bracket a small substorm injection
event at 10:50 UT with AE approaching 800 nT [Cattell
et al., 2008]. STEREO‐A recorded no large amplitude

waves during a period of geomagnetic quiet (AE ’ 100 nT),
as evidenced by the STEREO‐A TDSmax record plotted in
Figure 2a (bottom). The HILT data plotted in Figure 2a (top)
shows no microburst precipitation during the same interval,
with SAMPEX in near conjunction with STEREO‐A.
[13] STEREO‐B traversed the same region shortly after

the injection event, and TDSmax data reveals persistent large
amplitude waves throughout the interval (Figure 2b, bottom).
At roughly 11:12 UT located at L ’ 4.3 at 0319 MLT,
STEREO‐B TDSmax indicates the occurrence of waves with

Figure 2. Twenty minutes of HILT counts/20 msec from
consecutive SAMPEX orbits coinciding with the STEREO‐
A and STEREO‐B perigee passes. Nomicroburst precipitation
is observed in the HILT data during the STEREO‐A perigee
pass (a), roughly 1.5 hours ahead of the STEREO‐B pass (b).
The L‐shell of the satellites was calculated based on the
IGRF‐10 magnetic field model and is superposed on the plot
of the HILT counts. Their locations in MLT are labeled with
the times of the observations. Times of TDS burst captures are
marked by ×s along the STEREO‐B L‐shell trajectory. The
peak detector voltage recorded by the STEREO‐A/B TDS
instrument during each pass is also shown to illustrate the
onset of strong wave activity after the STEREO‐A pass and
the continuous occurrence of large amplitude waves during
the observed microburst precipitation. The similarity in the
temporal structure of the (c) microburst precipitation and
(d) large amplitude whistler wave packets suggests a corre-
spondence between the two phenomena.

Figure 1. Twenty minutes of SAMPEX HILT counts/
20 msec during the (a) Nov 1998 and (b) 10 Apr 2000 events.
The counts are summed over the four rows (16 SSDs) of the
HILT detector (state 4). TDS captures from are shown below
Figures 1a and 1b and are representative of the typical
subsecond structure of the large amplitude whistler wave
packets.
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peak‐to‐peak amplitudes approaching 200 mV/m. No TDS
burst captures were telemetered at 11:12 UT, but spectral
analysis shows peak power at a fraction of the local electron
cyclotron frequency, consistent with the whistler mode
[Cattell et al., 2008]. At the same time, SAMPEX records
powerful microburst precipitation at L ’ 4.8 at 0430 MLT
(Figure 2b). The bursty, subsecond structure of the micro-
burst precipitation can be seen in Figure 2c. Strong micro-
burst precipitation is again observed as SAMPEX makes a
second pass through L = 5–6, this time at 0810–0930 MLT,
consistent with Dietrich et al.’s [2010] observations of
microburst storms extending up to 6 hours in MLT. TDS
burst captures recorded at the same time but separated by
more than 5 hours in MLT exhibit the typical subsecond
wave packet structure (times of occurrence marked with ×s
along the STEREO‐B L‐shell trajectory in Figure 2b, with an
example waveform shown in Figure 2d).
[14] The HILT detector was inclined with respect to the

background magnetic field during both passes, viewing a
combination of BLC and drift loss cone (DLC) particles.
The increased background count rate due to the presence
DLC particles can be seen in both passes and is attributed
to a persistent scattering process occurring eastward of
SAMPEX. Due to the isotropy of REMB [e.g., Blake et al.,
1996], the bursty flux enhancements can be attributed to
relativistic electrons precipitating within the bounce period.
The absence of both large amplitude waves and microbursts
before substorm injection suggests a connection in the onset
of large amplitude whistler wave packets and relativistic
electron precipitation in response to substorm activity. This
connection is further illustrated by the similarity in the tem-
poral structure and duty cycle of the microbursts and whistler
wave packets shown in Figure 2 and discussed byCattell et al.
[2008].

4. Discussion

[15] The observations presented herein are drawn from the
only known intervals in which a satellite equipped with
instruments capable of recording high time resolution, large
amplitude waveforms reached near conjunction with a low‐
altitude satellite capable of measuring relativistic electron
precipitation; until data are available from RBSP and
BARREL, this represents the best data set with which to
examine the possible relationship between large amplitude
whistler mode waves and relativistic electron precipitation.
These observations provide evidence suggesting a causal
connection between large amplitude whistler‐mode wave
packets and relativistic electron precipitation. The relatively
common occurrence of coherent, oblique whistler mode
waves with amplitudes exceeding 200 mV/m in the night-
side through dawn radiation belts [Cattell et al., 2008;
Kellogg et al., submitted manuscript, 2010] suggests a
reexamination of whistler wave–particle interactions is
necessary for the understanding of radiation belt dynamics.
The first‐order cyclotron resonance interaction capable of
scattering of MeV radiation belt electrons can only occur at
high latitudes for the observed wave frequencies; however,
higher harmonics of the cyclotron resonance may occur at
low latitudes, especially for obliquely propagating whistler‐
mode waves [Lorentzen et al., 2001; Millan and Thorne,
2007, and references therein]. The work of Meredith et al.
[2001] shows that lower band chorus occurs primarily at

low latitudes in the nightside radiation belts, only moving to
higher latitudes beginning near dawn and continuing to the
dayside. The observation of equatorial large amplitude
oblique whistler waves in conjunction with relativistic
electron precipitation near midnight suggests that the low
latitude interaction with oblique whistler waves may drive
the precipitation of MeV electrons.
[16] Much recent work has focused on the detailed sim-

ulation and analysis of nonlinear whistler wave–particle
interaction. Omura et al. [2007] reported that electrons with
energies of a few hundred keV may undergo a relativistic
turning acceleration during their bounce motion in a dipole
field, resulting in acceleration to MeV energies in a single
trapping interaction. Cattell et al. [2008] described results of
simulations showing the rapid acceleration and scattering of
energetic electrons due to nonlinear oblique large amplitude
whistler wave–particle interactions. Shortly after, Bortnik
et al. [2008] presented detailed simulations showing that
the phase trapping interaction dominates for oblique large
amplitude waves. Tao and Bortnik [2010] further show that
the equatorial region is favored for the nonlinear interaction
of non‐dispersive, oblique, large amplitude whistler‐mode
waves with relativistic radiation belt electrons. Kellogg
et al. [2010] show that the electrostatic component of the
oblique large amplitude whistler packets observed by Wind
and STEREO is indeed capable of significant electron
trapping through resonant interaction, in part consistent with
simulations.
[17] These recent simulation studies, coupled with the

observed occurrence of strong microburst precipitation in
conjunction with coherent, large amplitude whistler waves,
indicate that the nonlinear trapping interaction plays an
important role in the dynamics of energetic radiation belt
electrons. The possible connection between large amplitude
whistler waves and relativistic electron precipitation calls for
a closer examination of the nonlinear interactions that
govern transient electron radiation belt substorm response.
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