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Abstract Electromagnetic ion cyclotron (EMIC) waves are thought to be important drivers of energetic
electron losses from the outer radiation belt through precipitation into the atmosphere. While the theoretical
possibility of pitch angle scattering-driven losses from these waves has been recognized for more than four
decades, there have been limited experimental precipitation observations to support this concept. We have
combined satellite-based observations of the characteristics of EMIC waves, with satellite and ground-based
observations of the EMIC-induced electron precipitation. In a detailed case study, supplemented by an
additional four examples, we are able to constrain for the first time the location, size, and energy range of
EMIC-induced electron precipitation inferred from coincident precipitation data and relate them to the EMIC
wave frequency, wave power, and ion band of the wave as measured in situ by the Van Allen Probes. These
observations will better constrain modeling into the importance of EMIC wave-particle interactions.

1. Introduction

It has long been recognized that wave-particle interactions with electromagnetic ion cyclotron (EMIC) waves
are an important driver for precipitation of relativistic electrons [e.g., Thorne and Kennel, 1971; Summers and
Thorne, 2003; Thorne, 2010]. EMIC waves are observed in the Pc1–Pc2 frequency range (0.1–5Hz). Thermal
anisotropy in the ring current proton population (tens to hundreds of keV) causes the waves to be generated
near the magnetic equator propagating as left-handed circularly polarized waves [e.g., Cornwall, 1965; Kennel
and Petschek, 1966], hence the term “ion cyclotron.” Recent experimental studies have shown that EMIC wave
growth can occur at all local times and can persist for hours and sometimes even days [Paulson et al., 2014;
Saikin et al., 2015]. Recent modeling studies have concluded that EMIC waves are very important sources
of relativistic and ultrarelativistic electron losses from the outer radiation belt [e.g., Drozdov et al., 2015;
Ni et al., 2015].

Despite the decades of recognition that EMIC waves could be significant drivers of electron precipitation,
until recently, there has been little experimental evidence of this. However, some progress is now being
made. Some of the earliest confirmation comes from ground-basedmeasurements showing evidence of rela-
tivistic electron precipitation from subionospheric very low frequency (VLF) and riometer observations along
with the start of simultaneous EMIC waves in ground-based magnetometers [Rodger et al., 2008]. Following
on from this, the properties of probable EMIC wave precipitation events detected using the expected signa-
ture for EMIC wave-driven losses seen in low-Earth orbit satellite data have been presented [Carson et al.,
2013]. One of these probable EMIC wave precipitation events was investigated in a case study using multiple
ground-based experiments [Clilverd et al., 2015] and was confirmed to be intense and EMIC wave driven, but
with unexpectedly low-energy cutoffs <400 keV similar to those suggested by Hendry et al. [2014]. At highly
relativistic electron energies, indirect evidence of the efficiency of EMIC waves to drive losses has been pro-
vided by Canadian ground-based magnetometer data and >2.3MeV trapped relativistic electron from the
Van Allen Probes [Usanova et al., 2014]. Thus, although there is increasing evidence of electron precipitation
from EMIC waves, the detailed characteristics of the precipitation and associated waves remain uncertain.

However, there are many examples in the literature where EMIC waves are observed on the ground or in
space for which there appears to be no electron precipitation occurring, even when the measurements are
available [e.g., Usanova et al., 2014; Engebretson et al., 2015]. There is also a growing recent experimental
evidence which suggests that EMIC waves may precipitate electrons with energies as low as a few hundred
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keV [Hendry et al., 2014; Clilverd et al., 2015; Blum et al., 2015] rather than the relativistic energies which are
widely produced in theoretical modeling [e.g., Meredith et al., 2003; Chen et al., 2011; Usanova et al., 2014].
There is some theoretical support for such comparatively low energy thresholds for EMIC-driven electron pre-
cipitation. Theminimum resonant energy for a He band EMIC wave inside the plasmasphere was shown to be
as low as ~100 keV for waves at ~1Hz [Omura and Zhao, 2013, Figure 2], and some quasi-linear theory has
indicated minimum resonance energies of ~300–400 keV [Summers and Thorne, 2003; Ukhorskiy et al., 2010].

In order to better constrain modeling and understand the importance of EMIC wave-particle interactions, it is
necessary to have in situ observations of the wave and plasma characteristics for EMIC waves which are
confirmed to be driving electron precipitation. In this paper we provide in situ observations supported by
ground-based precipitation measurements to fulfill this goal. We provide a detailed description of one event,
identifying for the first time the location, size, and energy range of EMIC-induced electron precipitation
caused by waves with in situ measurements of EMIC wave frequency, wave power, and ion band. We also
provide the wave and plasma parameters for four other similar events.

2. Experimental Data Sets
2.1. Van Allen Probes Observations

We make use of multiple experiments on board the Van Allen Probes, in particular the magnetometer and
wideband observations from the Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) [Kletzing et al., 2013], including the cold plasma densities measurements [Kurth et al., 2015].
EMFISIS provides observations of the EMIC waves as well as the geomagnetic field intensities. Pitch angle
resolved electron fluxes are provided by the Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al.,
2013] and the Relativistic Electron-Proton Telescope (REPT) [Baker et al., 2013] instruments.

2.2. Low-Earth Orbit Precipitation Observations

One source of precipitation observations comes from the Medium Energy Proton and Electron Detector
(MEPED) instrument on board the Polar-orbiting Operational Environmental Satellite (POES) [Evans and
Greer, 2004]. This data set is unusual in that it measures precipitation electron fluxes inside the bounce loss
cone. The characteristics of the POES electron precipitation measurements have been comprehensively
described in the literature [e.g., Rodger et al., 2010a, 2010b; Carson et al., 2013].

2.3. Ground-Based Observations

The other source of precipitation observations comes from narrowband subionospheric VLF sites that are
part of the Antarctic Arctic Radiation-belt Dynamic Deposition-VLF Atmospheric Research Konsortia
(AARDDVARK) network [Clilverd et al., 2009] (for further information see the description of the array at
www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm). Subionospheric VLF responds to electron
precipitation which penetrates beneath the lower boundary of the ionosphere, that is, electrons with mini-
mum detectable electron precipitation energies of ~150 keV (day) and ~50 keV (night) [Rodger et al., 2012].

3. EMIC Event on 24 September 2013—Wave Activity

Figure 1 presents a set of spectrograms showing an EMIC event which started at 16:42UT on 24 September
2013 observed by EMIFISIS on board RBSP-A. Figure 1 (first to third panels) shows the three components of
the magnetic field in GSM coordinates. Figure 1 (fifth panel) shows the variation in the magnitude of the
geomagnetic field, also observed by the EMIFISIS magnetometer (Figure 1 (fourth panel) shows the variation
in the SYM-H geomagnetic index). Shortly before the onset of the EMIC wave the geomagnetic field changes,
with the magnitude of the total field altering by ~30 nT (i.e., ~14%) in 4min from 16:40 UT. This change can
also be seen in the He and O ion gyrofrequencies which are plotted as white lines in the spectrogram panels.

This is a fairly strong and clear example of a He band EMIC wave event. A summary of the wave and plasma
properties determined from the EMFISIS observations of this event is given in Table 1. The observations indi-
cate that this event occurred in the afternoon sector and about 0.6 RE inside the plasmapause.

Figure 2 (top) shows a spectrogram of the EMFISIS magnetic field extremely low frequency (ELF) and VLF
observations from RBSP-A across the same time period as shown in Figure 1. Here the spectrograms of the
summed magnetic field components have been taken. Figure 2 (bottom) shows the wave normal angle for
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the observations shown in Figure 2 (top). Typically, signals with wave normal angles <45° are likely to be
whistler mode waves, while those >75° would be indicative of magnetosonic waves [Gurnett and
Bhattacharjee, 2005] that are restricted to the region of the geomagnetic equator. Figure 2 indicates that
the ELF-VLF wave activity in the time period considered is quiet. Around this time there is an ~100–200Hz
magnetosonic wave that is fading out, as well as a weak ~50–90Hz magnetosonic wave which starts around
the time of the geomagnetic field decrease. Whistler mode wave activity is weak, particularly in the time
period of the strong EMIC wave. It is well known that whistler mode waves can pitch angle scatter electrons

Table 1. Properties at the Times of the Observed EMIC Wave-Driven Precipitation Eventsa

Date (Time: UT)

24 Sep 2013 (16:41) 24 Mar 2013 (6:57) 14 Aug 2013 (4:57) 27 Aug 2013 (15:52) 27 Aug 2013 (16:52)

L 5.1 5.7 5.3 5.3 5.8
MLT 16.5 23.7 18.1 17.9 18.7
fupper (Hz) 0.5 0.9 0.4 0.55 0.35
flower (Hz) 0.25 0.3 0.2 0.47 0.15
PSD wave power
Typical (nT2/Hz) 0.8 0.1 3 0.3 0.3
Peak (nT2/Hz) 10 1 42 2 6
Ne (cm

�3) 190 79 63 112 43
fpe (kHz) 120 80 72 95 58
fce (kHz) 5.5 3.9 4.3 4.9 3.1
RBSP satellite A B B A A
Ion band He H He He He

aThe first event is that described in detail in this study. The parameters listed are as measured by RBSP. fupper, flower: upper and lower EMIC wave frequencies,
PSD: EMIC wave power spectral density, Ne: cold electron density, fpe: electron plasma frequency, and fce: electron gyrofrequency.

Figure 1. (first to third panels) Spectrograms of the three components of themagnetic field in GSM coordinates from the EMFISIS experiment on board RBSP-A on 24
September 2013. Wave power has units of nT2/Hz. The white lines show the local ion gyrofrequencies for He (top) and oxygen (bottom) ions. (fourth panel) The
SYM-H geomagnetic index. (fifth panel) The absolute value of the DC magnetic field reported by the same instrument. A blue dashed line marks the start of the EMIC
wave at 16:42 UT.
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and cause precipitation [e.g., Thorne, 2010], whereas magnetosonic waves are up to 2 orders of magnitude
less effective at driving precipitation [Shprits et al., 2013].

4. Precipitation Observations
4.1. AARDDVARK

At 16:42UT the Northern Hemisphere footprint of the RBSP-A spacecraft was located near Iceland. We have
examined AARDDVARK data at this time, concentrating on Atlantic longitude observations in the region of
the RBSP-A observations. Figure 3 (top row) shows examples of the AARDDVARK observations made from
St. John’s, Canada (STJ, red line), and Reykjavik, Iceland (REK, blue line). The amplitude and phase perturbations
for two transmitters are plotted, with call sign NRK (red line in the figure, located in Iceland) and NDK (blue line,
located in North Dakota, USA). Figure 3 presents the change in amplitude and phase relative to undisturbed
conditions, i.e., the change relative to the quiet day curve. There are clear amplitude perturbations starting at
16:42UT (marked by the dashed vertical line). We observe consistent evidence of subionospheric perturbations
beginning at the start time of the RBSP-observed EMIC wave seen in Figure 1. As there is no significant whistler
mode wave activity occurring at this time (as shown in Figure 2), the EMIC wave is the most likely candidate for
driving the electron precipitation causing the observed AARDDVARK precipitation.

Figure 3 (bottom) shows a geographic map of the AARDDVARK paths analyzed in this study. Note that there is
both an AARDDVARK receiver and a VLF transmitter in Iceland, with the NRK transmitter symbol largely
obscured. In this plot AARDDVARK paths which were seen to respond to precipitation at the EMIC wave start
time are shown in green, while the unresponsive paths are shown as dashed light blue lines.

The AARDDVARK observations are clearly consistent with precipitation occurring near Iceland around the L
shells of the RBSP footprint. The size of the precipitation patch is sufficiently wide enough that transmitter
receiver paths to the immediate east and west of Iceland are affected but not so wide to affect those paths
from western European transmitters to Finland or from NPM to the Antarctic station, Halley. The observed
region of the EMIC-driven precipitation covers ~13–17 magnetic local time (MLT).

4.2. POES Observations

Near the start of the period during which the EMIC wave was observed by RBSP-A, there was a serendipitous
conjunction with NOAA 15, one of the POES that have been extensively used to investigate radiation belt

Figure 2. EMFISIS ELF/VLF magnetic field observations for the same time period shown in Figure 1. (top) Spectrogram of the summed magnetic field components
with units of nT2/Hz. (bottom) Wave normal angle with units of degrees, determined from Figure 2 (top) waveforms.
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Figure 3. Summary of precipitation observations at the event time. (top row) Precipitating proton (left) and electron (right)
fluxes from NOAA 15. (middle row) The AARDDVARK amplitude and phase perturbations observed on the path NRK-St
John’s (Canada) (STJ, red) and NDK-Reykjavík (REK, blue). The black dashed line marks 16:42 UT. (bottom) Map of the
AARDDVARK paths analyzed in this study. RBSP-A northern (yellow) and southern (magenta) footprints are shown, as is the
POES trigger subsatellite point (blue star), AARDDVARK receivers (red diamonds), and VLF transmitters (green circles). In this
plot AARDDVARK paths which were seen to respond to precipitation at the EMIC wave start time are shown in green, while
the unresponsive paths are shown as dashed light blue lines.
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precipitation. The orbital track of NOAA 15 passed from south to north at the eastern edge of Iceland. At
16:41:55 UT the MEPED instrument on board this satellite observed a burst of proton and electron precipita-
tion with the signature expected from EMIC waves [Sandanger et al., 2009], detected by an automatic algo-
rithm [Carson et al., 2013]. The NOAA 15 precipitating proton and electron and the automatically detected
trigger event (marked by the arrow) are shown in Figure 3 (top row). The location of this algorithm trigger
event is shown as the blue star in Figure 3 (bottom), very close to the eastern end of the RBSP-A atmospheric
footprint. As this observation was made at essentially the same location and time as the start of the RBSP-A
EMIC wave observation, the precipitation includes both protons and a strong relativistic component as
expected for effective EMIC wave scattering, and RBSP-A reports no significant ELF/VLF wave activity; we
assume that the POES precipitation event was produced by the observed EMIC wave.

The precipitation spike has been analyzed as described in section 3.2 of Clilverd et al. [2015]. By using the
proton and electron precipitation measurements and a detailed understanding of the instrument response
[Yando et al., 2011], one can determine an energy spectrum, flux magnitude, and energy cutoff estimations
for the observed precipitation. This precipitation event is best fit with a power law, with spectral gradient
values from �2.7 to �1.7, lower energy precipitation cutoffs of 140–230 keV, upper cutoff estimates of
1.6–8MeV, and precipitation magnitudes of ~1.25 × 104 cm�2 sr�1 s�1.

4.3. AARDDVARK Modeling

The location of the POES triggers event, and the RBSP-A footprints provide useful constraints on the likely
longitudinal range of the precipitation affecting the paths from GQD and DHO to Iceland, i.e., the transmitters
to the east of the Reykjavik receiver. We undertake modeling of the subionospheric perturbations predicted
from precipitation defined by the POES energy and power law gradient, using approaches previously
described [e.g., Rodger et al., 2012; Clilverd et al., 2015].

We find that the modeling is sensitive to the initial conditions, for example, comparatively small changes in
the starting location of the energetic electron precipitation change along the path (i.e., changes of tens of
kilometers). This is likely due to the relatively short, all sea path from the transmitter to receiver, such that
there is a high number of significant modes present in the Earth ionosphere waveguide and also the small
ionospheric region affected. Our modeling of the perturbations observed on the transmissions from DHO
(ΔAmplitude =+1.8 dB, ΔPhase =�3°) and GQD (ΔAmplitude =+0.6 dB, ΔPhase =�3°), at the EMIC wave
onset time, indicates that these changes are consistent with the effect caused by imposing the POES
precipitation observations, i.e., flux magnitudes of ~0.6–5× 104 cm�2 sr�1 s�1. The modeling reproduces
the observations for power law gradients which have low-energy cutoffs, i.e., ~200 keV. It was not possible
to successfully model the subionospheric VLF perturbations using low-energy cutoffs of ~1MeV. Such cutoffs
produce much larger amplitude and phase perturbations than observed.

5. Trapped Electron Flux Observations

Figure 4 shows the RBSP-A MagEIS pitch angle resolved trapped fluxes with 1MeV (top) and 225 keV energies
(bottom). At the time of the geomagnetic field change and the start of the EMIC wave the fluxes change to a
butterfly distribution, with a 50% decrease in the 90° pitch angle fluxes from 16:41 to 16:44 UT. A similar
signature is seen in the MagEIS fluxes at energies >143 keV and in REPT fluxes ≤2.6MeV. The REPT fluxes
>2.6MeV are at noise levels. There is no evidence of significantly different behavior between the 2.6MeV
fluxes and those at lower energies, in apparent contradiction to the conclusions of Usanova et al. [2014],
although this could be obscured by the changes leading to the butterfly distribution.

Such butterfly distributions can be produced by magnetopause shadowing or by field line stretching and
drift shell splitting [e.g., Roederer, 1970; Sibeck et al., 1987] or by chorus and magnetosonic waves [Xiao
et al., 2015]. However, this does not explain the observations in our case, due to the small time dispersion
between the energies. The source of the distribution should be only ~0.6MLT away to be consistent with
the energy dispersion observed (i.e., located at ~16MLT). While we note that the butterfly distribution is unli-
kely to be caused bymagnetopause shadowing as the location is far frommagnetic noon, there has not been
evidence suggesting that such pitch angle distributions can be produced by EMIC waves. Nonetheless, the
change to this distribution makes it essentially impossible to see evidence of the pitch angle scattering
driving the observed precipitation.
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6. Additional Events

In our examination of RBSP-A EMIC wave data and comparison with precipitation data we found four other
events in which RBSP-A observed an EMIC wave, there was little evidence of confounding ELF/VLF whistler
mode wave activity, and AARDDVARK sites at Churchill (Canada), Fairbanks (Alaska), and Sodankylä
(Finland) confirmed the presence of energetic electron precipitation. The RBSP-A in situ measurements of
EMIC wave and plasma parameters for these four additional events, along with those for 24 September
2013, are given in Table 1. All of these five events have butterfly distributions in the MagEIS trapped electron
fluxes which begin near the wave start time. To the best of our knowledge such distributions have not been
observed in other published studies describing near-equatorial particle distributions associated with
EMIC waves.

In the current study we have chosen to concentrate on the analysis of the 24 September 2013 event, due to
the serendipitous conjunctions between RBSP-A, NOAA 15, and AARDDVARK network observations. None of
the other events listed in Table 1 have such close conjunctions. We note that there are multiple POES triggers
on 27 August 2013 and that the events on this day may deserve more attention in a future study.

7. Summary

For the first time we have combined satellite-based observations of the characteristics of EMIC waves, with
satellite and ground-based observations of the EMIC-induced electron precipitation. In a detailed case study,
supplemented by an additional four examples, we are able to identify the location of the EMIC-induced
electron precipitation inferred from coincident POES/AARDDVARK data and relate them to the EMIC wave
frequency, PSD wave power, and ion band as measured by the Van Allen Probes. We have also constrained
the size and energy range of the electron precipitation.

We find the following:

1. The precipitation-causing EMIC waves typically occur over the MLT range 16–00UT and at L~ 5.4 ± 0.4,
somewhat inside the plasmapause. The frequency of the EMIC waves is typically 0.3–0.5 Hz and is mostly
found within the helium band. The typical wave power spectral density is ~1 nT2/Hz, with peak powers
~10 times higher.

Figure 4. Butterfly pitch angle distributions seen in the MagEIS (top) 1MeV flux distributions and the (bottom) 225 keV distributions. The dashed red line marks the
start of the EMIC wave seen in Figure 1.
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2. The EMIC-induced electron precipitation was detected by the ground-based AARDDVARK network, with
one coincident measurement made by one of the NOAA POES. The region of electron precipitation
was small in geomagnetic latitude, i.e., <50 km (ΔL= 0.15), but high in flux, i.e., ~104 cm�2 sr�1 s�1, with
a power law energy spectrum beginning at ~200 keV. Radio wave propagation modeling of the
AARDDVARK observations is supportive of the POES detection of a narrow latitudinal precipitation patch,
as well as extended in longitude through several hours of MLT, and occurring at the time of the EMIC wave
observed by RBSP.

References
Baker, J. B., et al. (2013), The Relativistic Electron-Proton Telescope (REPT) instrument on board the Radiation Belt Storm Probes (RBSP)

spacecraft: Characterization of Earth’s radiation belt high-energy particle populations, Space Sci. Rev., 179, 337–381, doi:10.1007/s11214-
012-9950-9.

Blake, J. B., et al. (2013), The Magnetic Electron Ion Spectrometer (MagEIS) instruments aboard the Radiation Belt Storm Probes (RBSP)
spacecraft, Space Sci. Rev., 179, 383–421, doi:10.1007/s11214-013-9991-8.

Blum, L. W., et al. (2015), Observations of coincident EMIC wave activity and duskside energetic electron precipitation on 18–19 January
2013, Geophys. Res. Lett., 42, 5727–5735, doi:10.1002/2015GL065245.

Carson, B. R., C. J. Rodger, and M. A. Clilverd (2013), POES satellite observations of EMIC-wave driven relativistic electron precipitation during
1998–2010, J. Geophys. Res. Space Physics, 118, 232–243, doi:10.1029/2012JA017998.

Chen, L., R. M. Thorne, and J. Bortnik (2011), The controlling effect of ion temperature on EMIC wave excitation and scattering, Geophys. Res.
Lett., 38, L16109, doi:10.1029/2011GL048653.

Clilverd, M. A., et al. (2009), Remote sensing space weather events: The AARDDVARK network, Space Weather, 7, S04001, doi:10.1029/
2008SW000412.

Clilverd, M. A., R. Duthie, R. Hardman, A. T. Hendry, C. J. Rodger, T. Raita, M. Engebretson, M. R. Lessard, D. Danskin, and D. K. Milling (2015),
Electron precipitation from EMIC waves: A case study from 31 May 2013, J. Geophys. Res. Space Physics, 120, 3618–3631, doi:10.1002/
2015JA021090.

Cornwall, J. M. (1965), Cyclotron instabilities and electromagnetic emission in the ultra low frequency and very low frequency ranges,
J. Geophys. Res., 70, 61–69, doi:10.1029/JZ070i001p00061.

Drozdov, A. Y., Y. Y. Shprits, K. G. Orlova, A. C. Kellerman, D. A. Subbotin, D. N. Baker, H. E. Spence, and G. D. Reeves (2015), Energetic,
relativistic, and ultrarelativistic electrons: Comparison of long-term VERB code simulations with Van Allen Probes measurements,
J. Geophys. Res. Space Physics, 120, 3574–3587, doi:10.1002/2014JA020637.

Engebretson, M. J., et al. (2015), Van Allen probes, NOAA, GOES, and ground observations of an intense EMIC wave event extending over 12 h
in magnetic local time, J. Geophys. Res. Space Physics, 120, 5465–5488, doi:10.1002/2015JA021227.

Evans, D. S., and M. S. Greer (2004), Polar orbiting environmental satellite space environment monitor - 2: Instrument descriptions and
archive data documentation, NOAA Tech. Memo, version 1.4, Space Environ. Lab., Boulder, Colo.

Gurnett, D. A., and A. Bhattacharjee (2005), Introduction to Plasma Physics: With Space and Laboratory Applications, Cambridge Univ. Press, New York.
Hendry, A. T., C. J. Rodger, B. R. Carson, and M. A. Clilverd (2014), Investigating the upper and lower energy cutoffs of EMIC-wave driven

precipitation events, in General Assembly and Scientific Symposium (URSI GASS), 2014 XXXIth URSI, pp. 1–4, IEEE, Beijing, doi:10.1109/
URSIGASS.2014.6929964.

Kennel, C. F., and H. E. Petschek (1966), Limit on stably trapped particle fluxes, J. Geophys. Res., 71, 1–28, doi:10.1029/JZ071i001p00001.
Kletzing, C. A., et al. (2013), The electric andmagnetic field instrument suite and integrated studies (EMFISIS) on RBSP, Space Sci. Rev., 179, 127–181.
Kurth, W. S., S. De Pascuale, J. B. Faden, C. A. Kletzing, G. B. Hospodarsky, S. Thaller, and J. R. Wygant (2015), Electron densities inferred from

plasma wave spectra obtained by the Waves instrument on Van Allen Probes, J. Geophys. Res. Space Physics, 120, 904–914, doi:10.1002/
2014JA020857.

Meredith, N. P., R. M. Thorne, R. B. Horne, D. Summers, B. J. Fraser, and R. R. Anderson (2003), Statistical analysis of relativistic electron energies
for cyclotron resonance with EMIC waves observed on CRRES, J. Geophys. Res., 108(A6), 1250, doi:10.1029/2002JA009700.

Ni, B., et al. (2015), Resonant scattering of outer zone relativistic electrons by multiband EMIC waves and resultant electron loss timescales,
J. Geophys. Res. Space Physics, 120, 7357–7373, doi:10.1002/2015JA021466.

Omura, Y., and Q. Zhao (2013), Relativistic electron microbursts due to nonlinear pitch angle scattering by EMIC triggered emissions,
J. Geophys. Res. Space Physics, 118, 5008–5020, doi:10.1002/jgra.50477.

Paulson, K. W., C. W. Smith, M. R. Lessard, M. J. Engebretson, R. B. Torbert, and C. A. Kletzing (2014), In situ observations of Pc1 pearl pulsations
by the Van Allen Probes, Geophys. Res. Lett., 41, 1823–1829, doi:10.1002/2013GL059187.

Rodger, C. J., T. Raita, M. A. Clilverd, A. Seppälä, S. Dietrich, N. R. Thomson, and T. Ulich (2008), Observations of relativistic electron
precipitation from the radiation belts driven by EMIC waves, Geophys. Res. Lett., 35, L16106, doi:10.1029/2008GL034804.

Rodger, C. J., M. A. Clilverd, J. C. Green, and M. M. Lam (2010a), Use of POES SEM-2 observations to examine radiation belt dynamics and
energetic electron precipitation into the atmosphere, J. Geophys. Res., 115, A04202, doi:10.1029/2008JA014023.

Rodger, C. J., B. R. Carson, S. A. Cummer, R. J. Gamble, M. A. Clilverd, J.-A. Sauvaud, M. Parrot, J. C. Green, and J.-J. Berthelier (2010b),
Contrasting the efficiency of radiation belt losses caused by ducted and non-ducted whistler-mode waves from ground-based transmitters,
J. Geophys. Res., 115, A12208, doi:10.1029/2010JA015880.

Rodger, C. J., M. A. Clilverd, A. J. Kavanagh, C. E. J. Watt, P. T. Verronen, and T. Raita (2012), Contrasting the responses of three different
ground-based instruments to energetic electron precipitation, Radio Sci., 47, RS2021, doi:10.1029/2011RS004971.

Roederer, J. G. (1970), Dynamics of Geomagnetically Trapped Radiation, Springer, New York.
Saikin, A. A., J.-C. Zhang, R. C. Allen, C. W. Smith, L. M. Kistler, H. E. Spence, R. B. Torbert, C. A. Kletzing, and V. K. Jordanova (2015), The

occurrence and wave properties of H
+
-, He

+
-, and O

+
-band EMIC waves observed by the Van Allen Probes, J. Geophys. Res. Space Physics,

120, doi:10.1002/2015JA021358.
Sandanger, M., F. Søraas, M. Sørbø, K. Aarsnes, K. Oksavik, and D. Evans (2009), Relativistic electron losses related to EMIC waves during CIR

and CME storms, J. Atmos. Sol. Terr. Phys., 71(10-11), 1126–1144, doi:10.1016/j.jastp.2008.07.006.
Shprits, Y. Y., A. Runov, and B. Ni (2013), Gyro-resonant scattering of radiation belt electrons during the solar minimum by fast magnetosonic

waves, J. Geophys. Res. Space Physics, 118, 648–652, doi:10.1002/jgra.50108.

Geophysical Research Letters 10.1002/2015GL066581

RODGER ET AL. EMIC WAVES DRIVING PRECIPITATION 9640

Acknowledgments
The authors would like to thank Richard
Yeo for hosting the AARDDVARK
receiver in Reykjavik and the following
institutional AARDDVARK hosts: Churchill
Northern Studies Center USGS/Magnetic
Observatories Fairbanks and Sodankylä
Geophysical Observatory. We would also
like to acknowledge the researchers and
engineers of NOAA’s Space Environment
Center for the provision of the data and
the operation of the SEM-2 instrument
carried on board these spacecraft, the
many teams involved in the Van Allen
Probes, and the developers of the
Autoplot interactive data tool. The
research at University of Iowa was
supported by JHU/APL contract 921647
under NASA prime contract NAS5-01072.
Data availability is described at the
following websites: http://rbspgway.
jhuapl.edu/ (Van Allen Probes Science
Gateway), http://emfisis.physics.uiowa.
edu/ (EMFISIS), http://www.rbsp-ect.lanl.
gov/data_pub/rbspa/mageis/level3/
(MagEIS), http://www.rbsp-ect.lanl.gov/
data_pub/rbspb/rept/level3/ (REPT),
http://www.rbsp-ect.lanl.gov/data_pub/
rbspa/MagEphem/def/2013/
(MegEphem), http://satdat.ngdc.noaa.
gov/sem/poes/data/ (POES SEM-2),
http://www.physics.otago.ac.nz/space/
AARDDVARK_homepage.htm
(AARDDVARK), and http://wdc.kugi.
kyoto-u.ac.jp/aeasy/index.html (SYM-H).

http://dx.doi.org/10.1007/s11214-012-9950-9
http://dx.doi.org/10.1007/s11214-012-9950-9
http://dx.doi.org/10.1007/s11214-013-9991-8
http://dx.doi.org/10.1002/2015GL065245
http://dx.doi.org/10.1029/2012JA017998
http://dx.doi.org/10.1029/2011GL048653
http://dx.doi.org/10.1029/2008SW000412
http://dx.doi.org/10.1029/2008SW000412
http://dx.doi.org/10.1002/2015JA021090
http://dx.doi.org/10.1002/2015JA021090
http://dx.doi.org/10.1029/JZ070i001p00061
http://dx.doi.org/10.1002/2014JA020637
http://dx.doi.org/10.1002/2015JA021227
http://dx.doi.org/10.1109/URSIGASS.2014.6929964
http://dx.doi.org/10.1109/URSIGASS.2014.6929964
http://dx.doi.org/10.1029/JZ071i001p00001
http://dx.doi.org/10.1002/2014JA020857
http://dx.doi.org/10.1002/2014JA020857
http://dx.doi.org/10.1029/2002JA009700
http://dx.doi.org/10.1002/2015JA021466
http://dx.doi.org/10.1002/jgra.50477
http://dx.doi.org/10.1002/2013GL059187
http://dx.doi.org/10.1029/2008GL034804
http://dx.doi.org/10.1029/2008JA014023
http://dx.doi.org/10.1029/2010JA015880
http://dx.doi.org/10.1029/2011RS004971
http://dx.doi.org/10.1002/2015JA021358
http://dx.doi.org/10.1016/j.jastp.2008.07.006
http://dx.doi.org/10.1002/jgra.50108
http://rbspgway.jhuapl.edu/
http://rbspgway.jhuapl.edu/
http://emfisis.physics.uiowa.edu/
http://emfisis.physics.uiowa.edu/
http://www.rbsp-ect.lanl.gov/data_pub/rbspa/mageis/level3/
http://www.rbsp-ect.lanl.gov/data_pub/rbspa/mageis/level3/
http://www.rbsp-ect.lanl.gov/data_pub/rbspb/rept/level3/
http://www.rbsp-ect.lanl.gov/data_pub/rbspb/rept/level3/
http://www.rbsp-ect.lanl.gov/data_pub/rbspa/MagEphem/def/2013/
http://www.rbsp-ect.lanl.gov/data_pub/rbspa/MagEphem/def/2013/
http://satdat.ngdc.noaa.gov/sem/poes/data/
http://satdat.ngdc.noaa.gov/sem/poes/data/
http://www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm
http://www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm
http://wdc.kugi.kyoto-u.ac.jp/aeasy/index.html
http://wdc.kugi.kyoto-u.ac.jp/aeasy/index.html


Sibeck, D. G., R. W. McEntire, A. T. Y. Lui, R. E. Lopez, and S. M. Krimigis (1987), Magnetic field drift shell splitting: Cause of unusual dayside
particle pitch angle distributions during storms and substorms, J. Geophys. Res., 92, 13,485–13,497, doi:10.1029/JA092iA12p13485.

Summers, D., and R. M. Thorne (2003), Relativistic electron pitch-angle scattering by electromagnetic ion cyclotron waves during geomagnetic
storms, J. Geophys. Res., 108(A4), 1143, doi:10.1029/2002JA009489

Thorne, R. M. (2010), Radiation belt dynamics: The importance of wave-particle interactions, Geophys. Res. Lett., 37, L22107, doi:10.1029/
2010GL044990.

Thorne, R. M., and C. F. Kennel (1971), Relativistic electron precipitation during magnetic storm main phase, J. Geophys. Res., 76, 4446–4453,
doi:10.1029/JA076i019p04446.

Ukhorskiy, A. Y., Y. Y. Shprits, B. J. Anderson, K. Takahashi, and R. M. Thorne (2010), Rapid scattering of radiation belt electrons by storm-time
EMIC waves, Geophys. Res. Lett., 37, L09101, doi:10.1029/2010GL042906.

Usanova, M. E., et al. (2014), Effect of EMIC waves on relativistic and ultrarelativistic electron populations: Ground-based and Van Allen
Probes observations, Geophys. Res. Lett., 41, 1375–1381, doi:10.1002/2013GL059024.

Xiao, F., C. Yang, Z. Su, Q. Zhou, Z. He, Y. He, D. N. Baker, H. E. Spence, H. O. Funsten, and J. B. Blake (2015), Wave-driven butterfly distribution
of Van Allen belt relativistic electrons, Nat. Commun., doi:10.1038/ncomms9590.

Yando, K., R. M. Millan, J. C. Green, and D. S. Evans (2011), A Monte Carlo simulation of the NOAA POES Medium Energy Proton and Electron
Detector instrument, J. Geophys. Res., 116, A10231, doi:10.1029/2011JA016671.

Geophysical Research Letters 10.1002/2015GL066581

RODGER ET AL. EMIC WAVES DRIVING PRECIPITATION 9641

http://dx.doi.org/10.1029/JA092iA12p13485
http://dx.doi.org/10.1029/2002JA009489
http://dx.doi.org/10.1029/2010GL044990
http://dx.doi.org/10.1029/2010GL044990
http://dx.doi.org/10.1029/JA076i019p04446
http://dx.doi.org/10.1029/2010GL042906
http://dx.doi.org/10.1002/2013GL059024
http://dx.doi.org/10.1038/ncomms9590
http://dx.doi.org/10.1029/2011JA016671


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


