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Abstract Drastic variations of Earth’s outer radiation belt electrons ultimately result from various competing

source, loss, and transport processes, to which wave-particle interactions are critically important. Using 15

spacecraft including NASA’s Van Allen Probes, THEMIS, and SAMPEX missions and NOAA’s GOES and POES

constellations, we investigated the evolution of the outer belt during the strong geomagnetic storm of 30

September to 3 October 2012. This storm’s main phase dropout exhibited enhanced losses to the atmosphere

at L*< 4, where the phase space density (PSD) of multi-MeV electrons dropped by over an order of magnitude

in <4h. Based on POES observations of precipitating >1MeV electrons and energetic protons, SAMPEX

>1MeV electrons, and ground observations of band-limited Pc1-2 wave activity, we show that this sudden loss

was consistent with pitch angle scattering by electromagnetic ion cyclotron waves in the dusk magnetic local

time sector at 3< L*< 4. At 4< L*< 5, local acceleration was also active during the main and early recovery

phases, when growing peaks in electron PSD were observed by both Van Allen Probes and THEMIS. This

acceleration corresponded to the periodwhen IMF Bz was southward, the AE index was>300nT, and energetic

electron injections and whistler-mode chorus waves were observed throughout the inner magnetosphere for

>12h. After this period, Bz turned northward, and injections, chorus activity, and enhancements in PSD ceased.

Overall, the outer belt was depleted by this storm. From the unprecedented level of observations available, we

show direct evidence of the competitive nature of different wave-particle interactions controlling relativistic

electron fluxes in the outer radiation belt.

1. Introduction

It is now understood that various wave-particle interactions (WPI) play critical roles in many of the different

source, loss, and transport processes that ultimately result in drastic variations of relativistic electron levels in

Earth’s outer radiation belt [e.g., Friedel et al., 2002; Millan and Thorne, 2007; Shprits et al., 2008a, 2008b; Thorne,

2010;Mann et al., 2012]. Outer belt variability is particularly strong during geomagnetic storms [e.g., Baker et al.,

1998; Reeves et al., 1998], when activity levels are high and the effects of source, loss, and transport mechanisms

can be enhanced. However, as stated by Reeves et al. [2003, p. 36-1], the net effect on the outer belt electrons

during storms is a “delicate and complicated balance between the effects of particle acceleration and loss.”

During storms and other periods of significant geomagnetic activity, various source, loss, and transport

processes compete with each other, resulting in net enhancements, depletions, or relatively little change of

relativistic electron flux observed at different locations throughout the outer belt, and results can vary wildly

from otherwise similar events [e.g., Reeves et al., 2003; Turner et al., 2013; Zhao and Li, 2013].

To further complicate the picture, the effective levels of different source, loss, and transport processes vary in

both time and space depending on the complex plasma conditions within the inner magnetosphere, which

in turn are driven by variations in the solar wind and interplanetary magnetic field (IMF). Source mechanisms
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that have been identified as potentially important for accelerating outer belt electrons include inward radial

diffusion from some source in the plasma sheet [e.g., Schulz and Lanzerotti, 1974] and cyclotron-resonant WPI

between ~100 s of keV electrons and whistler-mode chorus waves [e.g., Summers et al., 1998; Horne and Thorne,

1998; Horne et al., 2005; Li et al., 2007]. Losses from the system occur primarily to sinks at either Earth’s

atmosphere at the inner boundary of the system or the outer boundary, which is ultimately the magnetopause.

Loss into the atmosphere can occur due to WPI with various waves including electromagnetic ion cyclotron

(EMIC) waves [e.g., Thorne et al., 2006; Miyoshi et al., 2008; Ukhorskiy et al., 2010], plasmaspheric hiss [e.g., Lyons

and Thorne, 1973; Thorne et al., 2013a; Shprits et al., 2013b], and high-latitude chorus [e.g., Shprits et al., 2008b].

Scattering rates by these different WPI are all dependent on electron energy, equatorial pitch angle, and

magnetic latitude [e.g., Shprits et al., 2008b]. Loss to the outer boundary can occur due to sudden inwardmotion

of the magnetopause or outward adiabatic expansion of drift shells, which can result in loss of electrons on

newly opened drift trajectories, a process called magnetopause shadowing [e.g., Kim et al., 2008; Matsumura

et al., 2011]. Magnetopause shadowing can facilitate rapid outward radial transport, which, in turn, extends

losses down to much lower L-shells than are immediately affected by shadowing alone; this mechanism can

explain most dropouts at L*>~4 [e.g., Shprits et al., 2006; Turner et al., 2012a, 2012b; Ni et al., 2013; Hwang et al.,

2013]. This loss mechanism is relatively independent of particle energy, equatorial pitch angle, and species

[Turner et al., 2014] and relies on radial transport from perturbations like ultralow frequency (ULF) waves [e.g.,

Hudson et al., 2000; Elkington et al., 2003; Ukhorskiy et al., 2009].

Here, we focus primarily on WPI between relativistic electrons and EMIC and chorus waves. EMIC waves are

pulsations in the Pc1-2 (0.1–5Hz) frequency range that are generated by unstable ion distributions in the ring

current [e.g., Cornwall, 1965; Anderson et al., 1992]. Favorable conditions for wave growth include strong

temperature anisotropy (Tperp.> Tpar.) for hot ring current ions that generate the waves [e.g., Kozyra et al.,

1984] and increased plasma density, which lowers the EMIC instability threshold causing an increase in the

convective wave growth rate [e.g., Gary and Lee, 1994; Gendrin, 1975]. Based on spacecraft observations, EMIC

waves occur throughout the inner magnetosphere, though they tend to occur most often on the dusk- and

daysides at high L-shells during periods of medium to high AE, high positive SymH, and magnetospheric

compressions [Usanova et al., 2012]. EMICs are thought to be important for radiation belt dynamics since they

can resonate with relativistic electrons causing strong pitch angle diffusion and rapid precipitation into the

atmospheric loss cone [e.g., Thorne and Kennel, 1971]. Typically, the resonance energy lower limit for

electrons is several MeV, since electrons must overtake an EMIC wave to resonantly interact with it, but this

threshold can drop to≤ 1MeV in regions of high plasma density, such as the plasmapause and plasmaspheric

drainage plumes [Thorne and Kennel, 1971; Meredith et al., 2003a; Summers and Thorne, 2003; Ukhorskiy et al.,

2010]. EMIC waves in plasmaspheric drainage plumes [e.g., Fraser and Nguyen, 2001; Goldstein et al., 2004

(on plumes); Fraser et al., 2005] have been proposed as an effectivemethod of emptying the outer belt rapidly

across a broad range of L-shells, which could explain flux dropout events [Borovsky and Denton, 2009].

However, a recent survey of EMIC waves in plasmaspheric plumes by Usanova et al. [2013] showed that the

occurrence rates of these waves in plumes are very low (~10%). Observational evidence of relativistic electron

scattering and loss by EMIC waves has proven mostly elusive, yet Miyoshi et al. [2008] presented evidence of

just that process with spacecraft observations of precipitating electrons and ions coinciding with isolated

proton aurora and EMIC wave activity observed from the ground.

Whistler-mode chorus waves are electromagnetic emissions resulting from cyclotron instabilities of energetic

electrons [Tsurutani and Smith, 1974]. Chorus consists of discrete wave elements, typically in the range 0.1–0.8

of the electron cyclotron frequency (fce, typically ranging from ~0.1 to 10 kHz throughout the outer belt zone)

[Santolik et al., 2003; Li et al., 2009] that are either rising or falling in tone [e.g., Li et al., 2011]. Chorus also

appears as banded emissions, with upper and lower bands (which can occur either simultaneously or entirely

independent of one another) separated by a gap near 0.5 fce [e.g.,Tsurutani and Smith, 1974]. Chorus activity is

dependent on geomagnetic activity, with highest occurrence rates and strongest wave amplitudes during

periods of strong substorm activity, as indicated by the AE index, primarily in the dawn magnetic local time

(MLT) sector [e.g.,Meredith et al., 2001, 2003b; Li et al., 2009]. Temerin et al. [1994], Horne and Thorne [1998],

and Summers et al. [1998] demonstrated how chorus waves can interact with 10 s to 100 s of keV electrons

in the ring current and outer radiation belt, resulting in pitch angle and energy diffusion that could

potentially accelerate electrons to MeV energy in only 1–2 days. Though chorus results in scattering of

lower energy (less than a few hundred keV) electrons predominantly into the loss cone, it has been shown
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[e.g., Horne et al., 2005] that energy diffusion can dominate over pitch angle diffusion for relativistic

electrons, resulting in energization and scattering toward higher equatorial pitch angles (i.e., closer to

αeq = 90°) during wave-particle interactions between chorus and these electrons. Recent observations of

relativistic electrons within the outer belt indicate that this mechanism may play a dominant role in the

acceleration of relativistic outer belt electrons [e.g.,Miyoshi et al., 2003; Green and Kivelson, 2004; Chen et al.,

2007; Turner et al., 2013; Reeves et al., 2013; Thorne et al., 2013b]. Reeves et al. [2013] showed that the radial

profiles of relativistic electron phase space density (PSD), in adiabatic invariant coordinates, were peaked at

low L*, and those peaks rose in time during a rapid outer belt enhancement event in the main phase of

a storm in October 2012. Turner et al. [2013] studied a different storm and found the same feature, namely

rising peaks of PSD for equatorially mirroring electrons in the heart of the outer belt; furthermore, they

found that the peaks corresponded to the same range of L-shells where strong chorus amplitudes were

also observed simultaneously.

It is important to examine PSD distributions in adiabatic invariant coordinates, since this removes adiabatic

variations in flux observations, which are made for some range of energy and local pitch angle at a particular

location in physical space. For example, during the main phase of a geomagnetic storm, when the magnetic

field in the inner magnetosphere is reduced by the enhanced ring current, electron drift shells expand

outward in physical space to conserve their third adiabatic invariant (i.e., the total magnetic flux enclosed by

the drift shell, Φ, or the invariant drift shell, L*). As particles move outward to regions of lower field strength

and longer magnetic field lines, their energy drops to conserve the first and second invariants, μ and K

(for a detailed description of the adiabatic invariants, including the definition of the drift invariant, L*, see

Roederer [1970]). In spacecraft observations of flux at a given energy, local pitch angle, and spatial location,

such purely adiabatic motion can appear as a drastic drop in electron flux, due to the typical power law

nature of electron flux versus energy distributions. Adiabatic variations may also result in large and sudden

variations in a time series of flux as a function of energy, pitch angle, and location because of steep

gradients in the radial and/or pitch angle distributions of electrons. However, if those flux observations are

properly converted to PSD in adiabatic invariant coordinates (i.e., for any fixed μ, K, and L*), purely

adiabatic variations disappear (see also Green and Kivelson [2004] for a detailed discussion on this). Thus,

PSD distributions in adiabatic invariant coordinates are critical for disambiguating adiabatic variations from

non-adiabatic variations resulting from true source, loss, and transport mechanisms.

With existing missions (Van Allen Probes, THEMIS, Cluster, GOES, POES, CubeSats, etc.) and a number of

ground-based observatory networks providing regional coverage, we are now able to use multipoint

observations from more than a dozen spacecraft throughout the magnetosphere and near-Earth solar wind

to rigorously test many of the theories of radiation belt dynamics developed over the past several decades.

Toward that goal, in this paper we take advantage of the unprecedented multipoint coverage provided by

NASA’s Van Allen Probes, THEMIS, and SAMPEX missions, NOAA’s GOES and POES constellations, and the

CARISMA network of ground magnetometers during the geomagnetic storm that started on 30 September

2012. We start with a brief introduction to the various data sets and orientation of the spacecraft orbits and

locations throughout the event. We next present the observations, starting with the driving conditions in the

solar wind and discuss details on the various spacecraft and ground-based observations throughout the outer

belt. We then present results from a detailed analysis of the evidence of competing source and loss

mechanisms resulting from different WPI in the heart of the belt during the main phase and early recovery

phase. In the detailed discussion that follows, we present a hypothetical evolutionary scenario of the inner

magnetosphere to explain the observations in accordance with expectations from quasi-linear diffusion theory.

Finally, we present the conclusions based on our interpretation of these interesting, multipoint observations.

2. Orientation and Observations

2.1. Data Sets

For this study, we examined data from various instruments on the Van Allen Probes, THEMIS, GOES, POES, and

SAMPEX spacecraft, plus solar wind observations and geomagnetic indices from the OMNI data set. OMNI

solar wind data are taken from various upstream solar wind monitors and propagated to the subsolar point

of the Earth. The data used here include solar wind plasma and IMF data at 1min resolution and geomagnetic

indices data at 1 h resolution available from NASA’s online database, CDAWeb.
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The identical-twin Van Allen Probes spacecraft, RBSP-A and -B (employing the acronym from the pre-launch

mission designator: Radiation Belt Storm Probes), were launched into similar near-equatorial geosynchronous-

transfer-like orbits on 30 August 2012. For Van Allen Probes data, the Relativistic Electron Proton Telescopes

(REPT) [Baker et al., 2012] and Magnetic Electron Ion Spectrometers (MagEIS) [Blake et al., 2013], both

instruments from the Energetic particle Composition and Thermal plasma suite (RBSP-ECT) [Spence et al., 2013],

and the Electric andMagnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] were

used. Relativistic electron fluxes from 11 differential energy channels ranging from ~2 to 20MeV and full pitch

angle distributions from the REPT instruments were converted to PSD for fixed adiabatic invariants using the

method outlined in Reeves et al. [2013] and Morley et al. [2013] using the Tsyganenko and Sitnov [2005] (TS05)

model. Given the energy and pitch angle ranges observed by the REPT instruments, PSD was calculated over a

range of μ from 1000 to>4000MeV/G and K from 0.015 to 0.387G1/2RE at various L* (see all PSD data in plots in

the supporting information). Magnetic field and electromagnetic wave data from the EMFISIS instrument suite

were used in the calculation of the first adiabatic invariant, for examining various wave activities, and for

determining the plasmapause location. MagEIS data were examined (though not presented) to determine the

penetration range and effective energies of energetic particle injections during the storm.

For THEMIS data, electron fluxes from the Solid State Telescopes (SSTs) [Angelopoulos, 2008; Turner et al.,

2012c] were used for this study. Relativistic electron fluxes from the SSTs’ four coincidence logic channels,

ranging in energy from ~330 keV to >1MeV, were converted to PSD for fixed adiabatic invariants using the

method described in Turner et al. [2012c]. We only included flux data from the multi-detector, coincidence

logic channels, since these are unaffected by energetic proton contamination in the inner magnetosphere.

We have also applied a decontamination correction for shield-penetrating electrons based on results from

Geant4 particle beam simulations. For conversion to PSD, only the pitch angle bin corresponding to local

pitch angle of ~90° was used, ensuring very low values of K (i.e., K< 0.02 G1/2RE) since the spacecraft remain

very near the magnetic equator throughout their trajectories in the outer belt. The flux data were originally at

either 3 s or 3min resolution, depending on whether the instrument was in fast or slow survey mode, but all

PSD data were interpolated to 1minute time steps, to align them with the L* calculations. Additional data

from the THEMIS fluxgate magnetometers [Auster et al., 2008] and the wave digital fields board [Cully et al.,

2008] were also used here for the local field strength (used for calculating μ) and examining wave activity. All

THEMIS data were accessed and processed using the THEMIS Data Analysis Software tools.

From the NOAA-GOES and -POES constellations, we used the following data sets: magnetic field and proton

and electron fluxes from the GOES Space Environment Monitor suite of instruments [http://www.ngdc.noaa.

gov/stp/satellite/goes/documentation.html], and precipitating and trapped electron and proton fluxes from

the POES Medium Energy Proton and Electron Detector (MEPED) instruments [Evans and Greer, 2004]. All of

these data are available from NOAA’s National Geophysical Data Center (NGDC). From GOES, we used

magnetometer data and pitch angle resolved differential-energy particle flux from the MAGED and MAGPD

instruments. We examined data from three GOES spacecraft, GOES-13, -14, and -15. GOES-13 and -15

(East and West, respectively) were operating under normal conditions during this period, while GOES-14 was

operating temporarily to support NOAA operations. From POES, the MEPED instruments on each spacecraft

simultaneously observe both the trapped and precipitating populations using two identical ~30° field of view

instruments facing approximately parallel/anti-parallel and perpendicular to magnetic field lines throughout

the outer belt latitudes [e.g., Rodger et al., 2010]. The data used are at a temporal resolution of 16 s, which

are combined from raw counts integrated over 1 s and recorded at 2 s cadence. MEPED particle count rates

were decontaminated for cross-species contamination using the method described in Lam et al. [2010],

and we used data from six available spacecraft: NOAA-15 through -19 and METOP-02.

NASA’s SAMPEX mission [Baker et al., 1993] was officially operational from launch in 1992 until 2004, but it

continued to deliver data until November 2012, when the spacecraft re-entered Earth’s atmosphere. During

the period of interest, SAMPEX’s high inclination, approximately circular orbit had decayed to only around

305 km altitude. Here, we examined> 500 keV electrons from the LEICA instrument [Mason et al., 1993] at 1 s

sampling rate and> 1MeV electron count rate data from the HILT instrument [Klecker et al., 1993] at 20ms

sampling rate. Data from both SAMPEX instruments are shown only in the supporting information at

6 s resolution.

Finally, we have also employed data from the CARISMA network of groundmagnetometers [www.carisma.ca;

Mann et al., 2008]. We examined stations ranging in L-shell from L= 4.06 to 6.81. CARISMA fluxgate
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magnetometer data at 8 samples/s and search-coil magnetometer data at 100 samples/s were used to calculate

wave power spectral density in the EMIC frequency range (i.e., 0–1Hz). Since EMIC waves can be ducted in the

ionosphere [e.g., Manchester, 1966; Neudegg et al., 1995; Morley et al., 2009], we examined stations throughout

the network and compared wave power at each. If waves were strongest at a particular station (i.e., L-shell

andMLT), then we assumed that the source of the waves was nearest to there [e.g.,Mann et al., 2014], but if the

waves showed a relatively uniform intensity over a range of stations, then we assumed that the source of

the waves spanned over at least that region in space.

2.2. Solar Wind Drivers, Geomagnetic Response, and Spacecraft Orbits

A strong geomagnetic storm occurred from 30 September to 3 October 2012. Figures 1a–1d show key solar wind

quantities and geomagnetic indices from this period. The storm was driven by two sudden enhancements of

solar wind dynamic pressure (PDyn) and weak enhancements of solar wind speed (V) and accompanying strong

southward IMF (shown in Figures 1a and 1b). Based on these observations, this was most likely a coronal mass

ejection (CME)-driven event, where the magnetic cloud was observed between ~23:00 UT on 30 September and

~08:00 UT on 2 October. This solar wind activity was apparently very geo-effective. The resulting geomagnetic

storm reached a Dst minimum of around -130nT, and the Kp index reached 6.7 (Figure 1c). There was also

prolonged, strong substorm activity, as indicated by the AE and AL indices (Figure 1d), during the period of

southward IMF from ~11:00 UT on 30 September to ~08:00 on 1 October, corresponding approximately with the

main phase of the storm. Like many CME-driven storms, the recovery phase was relatively short [Gonzalez et al.,

1999]. Note, too, that there was very little substorm activity during the storm recovery phase, which is consistent

with the IMF remaining northward throughout the majority of that period.

Figure 1. Solar wind and geomagnetic indices from 30 September to 3 October 2012 and spacecraft locations. (a) Solar wind dynamic pressure (PDyn, blue on the left

y axis) and speed (V, green on the right y axis). (b) IMF strength (BTot, black) and components in the GSM coordinate frame (BX, blue; BY, green; BZ, red). (c) Kp

index (blue, left y axis) and Dst index (green, right y axis). (d) AE (black) and AL (red) indices. (e) Van Allen Probes, THEMIS, GOES, POES, and SAMPEX orbits and

spacecraft locations from 00:00 UT on 30 September. (f) The same as Figure 1e but for 00:00 UT on 1 October. For both Figures 1e and 1f, the projections of the system on

the XZGSE (XYGSE) plane are shown in the top (bottom) of the two plots, and the Lin et al. [2010] magnetopause in each plane is indicated with the black line.
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Figure 1 also shows the orbits of the

spacecraft used for this study in the GSE

coordinate frame. The Lin et al. [2010]

magnetopause is also included at both

times shown; it was calculated for each

time using the OMNI solar wind and

indices data from those times. During the

peak of the second solar wind pressure

enhancement, the magnetopause moved

in to approximately geosynchronous orbit

(GEO) at the subsolar point (Figure 1f). Of

the spacecraft used for this study, the two

Van Allen Probes satellites were in their

near-equatorial, GEO-transfer-like orbits and

passed through the outer belt throughout

the MLT range from pre-dawn to pre-noon.

The three THEMIS spacecraft were in their

near-equatorial, highly elliptical orbits with

apogees located very near dusk MLT. The

spacecraft were only separated along their

very similar orbits by a few hours in UT.

They passed through the outer belt in the

mid-afternoon (i.e., around 15:00) and

mid-evening (i.e., around 21:00) MLT

sectors. Three GOES spacecraft, GOES-13,

-14, and -15, were at GEO, i.e., ~6.6 RE nearly circular orbits. The six POES spacecraft plus SAMPEX were all

in their various low-Earth orbits (LEO), which, combined, spanned almost the full 24 h range in MLT.

2.3. Outer Radiation Belt Response to the Storm

The evolution of relativistic electron PSD for μ= 750MeV/G (i.e., ~1.2MeV in the heart of the outer belt),

K< 0.02 G1/2RE (i.e., ~75°< αeq<~105°, where αeq is the equatorial pitch angle) throughout the storm is

shown in Figure 2. For approximate conversions between μ, K, and E, αeq for L-shells throughout the belt,

please refer to the supporting information for plots of corresponding energies and equatorial pitch angles

for fixed first and second adiabatic invariants in a dipole field. The different PSD distributions in L* show

different orbit passes from THD and THE in different colors. The pre-storm distribution, shown in dark blue

for 05:30 UT on 30 September, revealed a broadly peaked outer belt population, with a peak in PSD around

L* ~5.5. As detailed in a companion paper [e.g., Turner et al., 2014], the outer belt dropout event that

accompanied the main phase of this storm started after 11:00 UT at higher L* and moved in over time. This

corresponds well to the first sudden pressure enhancement in the solar wind, and Turner et al. [2014], based

on observations, and Hudson et al. [2014], based on simulations, both concluded that at L*> 4, this dropout

was entirely consistent with losses by magnetopause shadowing and subsequent rapid outward radial

transport [e.g., Shprits et al., 2006; Loto’aniu et al., 2010; Morley et al., 2010; Kim et al., 2011; Turner et al.,

2012b]. The full extent of the dropout as observed by THEMIS resulted in the distribution shown in yellow

from around 06:30 UT on 1 October.

During the late main phase and early recovery phase, THEMIS also revealed evidence of local acceleration in the

form of growing peaks in PSD for fixed adiabatic invariants. This is evident in Figure 2 from the time history

of the L* distributions from 06:30 to 12:20 UT on 1 October (i.e., gold, orange, and red curves in Figure 2). The

peak was located at L*~ 4 after the dropout, and over the next several hours, the PSD more than doubled

between ~4.0< L*<~5.5 (i.e., at least L* of 5.5, since that was outside of range at 06:30 UT). Also, the peak

moved outward and broadened throughout this period, from L*~ 4 to L* ~ 4.2–4.5. Then, between 12:20 UT on

1 October and 05:30 on 2 October, the peak magnitude decreased between ~3.8< L*<~5.0 and increased

at lower and higher L*s. This indicates that the local source of PSD slowed significantly or turned off and the

distribution spread away from the PSD peak in L*, most likely via radial diffusion.
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Figure 2. Relativistic electron phase space density (PSD) distributions in

L* during the course of the storm as observed by THEMIS. PSDs are

shown for fixed first and second adiabatic invariants, μ=750MeV/G and

K< 0.02G
1/2

RE, corresponding to equatorially mirroring relativistic

electrons at energies of 100 s of keV to >1MeV in the outer belt. PSD

from both THD (circles) and THE (squares) are shown. Different colors

correspond to different spacecraft passes through the outer belt, with

the times when the spacecraft was at GEO for each distribution indicated

on the legend.
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The THEMIS-SST data revealed the

evolution of relativistic outer belt

electrons at energies from 100 s of keV

up to a few MeV out to the last closed

drift shell and beyond, but RBSP-ECT

REPT observed the evolution with better

energy resolution at higher energies

(multi-MeV) within the heart of the outer

belt (L*≤~5.5), which revealed significant

energy and equatorial pitch angle

dependencies. Figure 3 shows PSD

distributions as a function of L* for

μ=2024MeV/G and K=0.172G1/2RE
calculated from REPT fluxes. These

distributions are typical for the high-μ

and -K electron response to the storm

main phase as observed by REPT. As

detailed in Turner et al. [2014] and

consistent with the THEMIS observations

(Figure 2), the dropout started at higher

L* and moved inward, and there was a

sharp cutoff in the distribution at L*~ 5

around 23:30 UT. We do not focus on

those features here; instead, we are

concerned with the sudden loss at L*< 4 between ~22:00 and 05:00 UT and the formation of a peak in PSD

around 4< L*< 5.

Starting with the outbound RBSP-A pass through the outer belt, shown with the dashed light green line

marked 20:02 in Figure 3, the spacecraft observed some loss from the pre-event distribution at L*< 4, but this

loss was less than ~50%. RBSP-B’s inbound pass (solid dark green line), which actually passed through L*< 4 after

RBSP-A had already traversed that range (compare also with the L* vs. time plot shown in the supporting

information), revealed that no further loss occurred there until at least 22:30 UT. Then, on the RBSP-B

outbound trajectory starting at 23:52 (orange curve), drastic losses were observed at L*> 3.25. The PSD at

those low L*s dropped by more than an order of magnitude in the< 3 h revisit time between the consecutive

RBSP-A and -B passes. This loss continued further at L*< 4 as observed by RBSP-A on its inbound trajectory

that started at 23:27 UT (gold curve). By the time it got to L*< 4, between 1 and 3 h after RBSP-B passed

through on its outbound trajectory, the PSD at L*< 3.75 revealed dramatic losses, with the loss being

strongest at 3< L*< 3.5, where it fell by over an order of magnitude in only ~3 h. Interestingly, THEMIS did

not reveal such losses, which indicates some μ- and/or K-dependence of the loss mechanism. This was

confirmed when we examined Van Allen Probes data at lower μ and K (a more detailed discussion to follow).

Turner et al. [2014] included these sudden and drastic losses at L*< 4 in their quantification of the dropout’s

effect and speculated that they resulted from WPI, since they were inconsistent with losses by magnetopause

shadowing and subsequent rapid outward radial transport. However, they performed no thorough analysis to

prove or refute that statement. We conduct such an analysis here.

The Van Allen Probes observations shown in Figure 3 also reveal additional evidence of a local source around

4< L*< 5. Again, comparing the RBSP-A inbound pass starting at 23:27 UT with the RBSP-B outbound pass

starting at 23:52 UT, the two spacecraft were at the same L* very near L* ~ 4.5 at ~02:30 UT. The high quality of

the calibrations on the REPT instruments is immediately clear considering the nearly equal quantities of PSD

observed by both during this conjunction in adiabatic invariant coordinates [see also Morley et al., 2013]. So,

taking their respective trajectories into account during these two passes, RBSP-B observed the distributions

at L*< 4.5 before RBSP-A did. Meanwhile, RBSP-A observed the distributions at L*> 4.5 before RBSP-B did.

This shows the loss at L*<~4 discussed in the previous paragraph, but it also shows that at ~4< L*< 4.5, the

PSD actually increased by up to a factor of 2 in the< 1.5 h between when RBSP-A and -B passed through that

region. Meanwhile, at L*> 5, the PSD continued to decrease rapidly until around the time that RBSP-B reached
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Figure 3. Relativistic electron PSD distributions in L* during the course of

the storm as observed by Van Allen Probes. PSDs are shown for fixed first

and second adiabatic invariants, μ=2024MeV/G and K=0.172G
1/2

RE,

corresponding to off-equatoriallymirroring relativistic electrons at energies

of several MeV in the outer belt. PSD from both RBSP-A (triangles) and -B

(circles) are shown. Different colors correspond to different spacecraft

passes through the outer belt, with the start times for each distribution

indicated on the legend. Inbound passes are shown with solid lines, and

outbound are shown with dashed lines.
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apogee. At that point, around the start of

its inbound trajectory starting at 04:22 UT

(i.e., solid dark red curve; see also L* vs.

time plot in supporting information),

RBSP-B observed a very sudden increase in

PSD. The PSD continued to increase on

subsequent passes (not shown in Figure 3;

see Figure 7 or supporting information).

These observations, combined with the

concurrent THEMIS observations that

showed negative gradients of relativistic

electron PSD beyond the Van Allen Probes

apogees (e.g., green curve in Figure 2),

revealed that the increase in PSD caused a

growing local peak in L*, which is a

clear indicator of local acceleration

[e.g., Reeves et al., 2013; Thorne et al.,

2013b]. Thus, during this storm main phase

at L*< 5, the combined THEMIS and Van

Allen Probes observations showed that

there were competing source and loss

mechanisms active in the heart of the outer

radiation belt. In the next section, we

analyze those mechanisms in detail using

these and additional observations to

determine the nature and net effects of

each mechanism.

3. Analysis

3.1. Relativistic Electron Loss

To develop a more comprehensive picture

of what may have caused the sudden loss

observed in the high-μ, high-K electrons by

Van Allen Probes, we complemented the

Van Allen Probes and THEMIS observations

with those of >1MeV trapped and

precipitating electrons from six POES

spacecraft (including the METOP-02 satellite) and SAMPEX, plus ground magnetometer data from the

CARISMA network [Mann et al., 2008]. Figure 4 provides a summary of the POES >1MeV electron fluxes

throughout the storm period (Figure 4a) and during the period of interest for the loss at L*< 4

(Figures 4b and 4c). From the trapped flux map in Figure 4a, it is clear that the dropout started after

~12:00 UT on 30 September at higher L-shells and propagated inward in time. Then, around ~23:00 UT

when the second sudden solar wind pressure enhancement impacted the system, the loss extended

rapidly below L ~ 4.5 and within only a couple of hours engulfed the entire outer belt population,

bringing the POES trapped fluxes to background levels throughout the full range of outer belt L-shells.

Focusing on the period from 22:00 UT on 30 September to 04:00 UT on 1 October, we examined the POES

fluxes from different L-shells, latitudes, and MLTs and found that there were very strong precipitating fluxes

(above background and pre-event average levels) at low L-shells in both hemispheres in the dusk-to-

midnight MLT sector during this period. To demonstrate this, Figure 4b shows the ratios of precipitating to

trapped fluxes observed by all six POES spacecraft over the L-shell range 3< L< 6, between noon and

midnight MLT in both hemispheres between 22:00 and 04:00 UT. The precipitation was bursty, with sudden

increases in the precipitation fluxes observed for only a few time steps out of the typical background levels,

which were not included for the ratio calculations. Most of the strong precipitation occurred during the
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Figure 4. (a) POES >1MeV trapped electrons binned and averaged by

L-shell (ΔL=0.1) and time (Δt = 15min). The logarithm of electron flux

(units, #/cm
2
-s-sr) is shown in color for 30 September to 3 October 2012.

(b) POES>1MeV precipitating to trapped flux ratios. Using all six available

POES spacecraft, ratios are calculated when both the trapped and

precipitating channels are above background levels when the spacecraft

were in the MLT range 12:00 – 24:00 during the period of interest, 22:00

UT on 30 September to 04:00 UT on 1 October. Ratios are plotted as a

function of L-shell and color coded by time of the observation during the

period. The dashed black line with error bars is the pre-event (00:00 UT on

28 September to 11:00 UT on 30 September) average ratio from the same

MLT range. (c) The L-MLT distribution of the observations shown in

Figure 4b; each point is color coded the same as it was in Figure 4b.
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beginning of this period, and it is clear from

the average trapped distribution that there

was significant loss of the trapped

population observed from LEO, consistent

with the observations from Van Allen Probes

at higher altitudes closer to the equator. The

precipitating fluxes, which represent

electrons deep within the atmospheric loss

cone, revealed significant precipitation

through this period, with several

observations at the strong diffusion limit

(ratio ~ 1). Typically, these >1MeV

precipitating electrons are at the instrument

background level (i.e., at or below the

1-count level). Excluding the slot region

(L<~3.5, where both trapped and

precipitating fluxes are typically around

background levels), the pre-event average

ratio included precipitating fluxes near

(but just above) the background level of

the instruments, which when combined

with the pre-storm trapped distribution

yielded the average pre-event ratio of

~10–20%. We confirmed that throughout

this storm, 22:00 UT on 30 September to

04:00 UT on 1 October was the only

period when there was any significant

precipitation of this energy electrons

observed by POES spacecraft. The

precipitating fluxes peaked between 23:00

and 01:00 UT, at ~18:00 to ~22:00 in MLT, 3.5< L< 4.5 (see Figure 4c; 3.5< L< 4.5 corresponds

approximately to 3.2< L*< 4.0), and approximately the same levels in both the northern and southern

hemispheres based on near-simultaneous observations from multiple spacecraft.

SAMPEX also revealed enhanced levels of relativistic electrons at LEO during this period (not shown here; see

plots of >500 keV and >1MeV count rates in the supporting information). From the passes through the outer

belt between 18:00 and 02:00 UT, it is clear that in the dusk MLT sector (~19:00 MLT) at L< 4, the count rates of

>1MeV electrons increased by almost an order of magnitude at 22:50 and 00:20 UT compared to the passes

through the same L and MLT before (18:20 UT) and after (01:50 UT). Most interestingly, and providing further

evidence of the energy dependence of this loss, the>500 keV count rates from SAMPEX did not show a similar

increase, except at very low L-shells

(L<~3.5) later in the period.

Strong precipitation of >1MeV

relativistic electrons into the dusk

MLT atmosphere is suggestive of

rapid scattering by EMIC waves.

These waves are excited by

anisotropic pitch angle

distributions of ions and result in

scattering losses of energetic

protons. Fortunately, POES-

MEPED instruments also observe

trapped and precipitating protons

with energies from 10 s of keV to

several MeV. Figure 5 shows

POES 80-250 keV trapped protons: Dusk MLT sector

POES 80-250 keV precip. protons: Dusk MLT sector
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Figure 5. (a) POES trapped and (b) precipitating protons from

the 80 to 250 keV channel. The logarithm of proton flux (units,

#/cm
2
-s-sr-keV) is shown in color for 3≤ L≤8 from 06:00 UT on 30

September to 12:00 UT on 1 October 2012. Fluxes have been binned

and averaged by L-shell (ΔL= 0.1) and time (Δt = 15 min) when each

POES spacecraft was in the dusk MLT sector (15:00 – 21:00 MLT) only.

Figure 6. Fourier spectrogram of wave data from the CARISMA ground magnet-

ometer station at Pinawa (L=4). Data from the H-component are shown for

22:00 UT on 30 September to 05:00 UT on 1 October 2012 in the EMIC frequency

range (0–1Hz). The corresponding MLT at Pinawa over this range in UT was from

15:24 to 22:24 MLT.
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trapped and precipitating flux maps of 80–250keV protons in the dusk MLT sector (15:00 – 21:00 MLT) during

the pre-storm and storm main phases. Before the storm started, the POES spacecraft only observed background

flux levels throughout the range of L-shells shown, but enhancements in both the trapped and precipitating

populations startedwithin a fewhours of the storm sudden commencement associatedwith the first sudden solar

wind pressure enhancement on 30 September After ~23:00 UTand the impact of the second solar wind pressure

enhancement, the trapped and precipitating fluxes of protons became more enhanced and stayed elevated until

~06:00 UT. Interestingly, the enhancements were mostly limited to 3< L< 4.5, other than signatures of

precipitation that span a broad range in L but only last briefly in time, which we interpret as energetic particle

injections from the plasma sheet. Since the flux levels of precipitating protons were at the same level as the

trapped proton fluxes, the losses to the atmosphere were at the strong diffusion limit; this is another strong

indicator of EMIC wave activity at these L-shell and MLT ranges during this period.

Finally, we also looked for direct observations of EMIC waves from THEMIS, Van Allen Probes, and the CARISMA

network of ground magnetometers. Unfortunately, the three THEMIS spacecraft were all near apogee during
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Figure 7. Relativistic electron PSDdistributions as a function of L* for differentμ and K during the course of the stormas observedby VanAllen Probes. PSDs are shown in the

same format as Figures 2 and 3 for fixed values of the first and second adiabatic invariants: (a) μ=1000MeV/G, K=0.015G
1/2

RE; (b) μ=1000MeV/G, K=0.172G
1/2

RE;

(c) μ=2414MeV/G, K=0.015G
1/2

RE; (d) μ=2414MeV/G, K=0.172G
1/2

RE. All distributions from before 11:00 UT on 30 September are shown in dark blue, while all those

from after 12:00 UT on 1 October are shown in dark red. The other colors correspond to distributions from passes between those two times, and the start times for each are

indicated in the corresponding legends.

Journal of Geophysical Research: Space Physics 10.1002/2014JA019770

TURNER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1969



the period of interest (i.e., 22:00 –

02:00 UT). However, when they did pass

through these low L-shells both before

and after the sudden loss occurred at

L*< 4, THEMIS did not observe any EMIC

wave activity, indicating that if EMIC

waves were present during the period of

interest then they did not last for more

than ~9 h. The Van Allen Probes also

revealed no EMIC waves along their

orbits during the period and ranges of

interest. However, both Van Allen

Probes spacecraft were in the dawn MLT

sector, revealing that there were no

EMIC waves on that side of the system,

which is also of interest considering the

lack of >1MeV precipitation observed

there (not shown). The CARISMA

network in North America, however,

does span the L-shells of interest (i.e.,

3< L< 5) and, most fortunately, North

America was in the dusk MLT sector

around 00:00 UT on 1 October. Figure 6

shows wave power spectral density

from the Pinawa station located at L = 4.

The range in UT on this plot corresponds

to 15:24 to 22:24 MLT at the station. At

Pinawa, band-limited Pc1-2 emissions

(consistent with EMIC waves) were

observed starting around 22:00 UT and lasting until around 01:30 UT, when broadband wave activity

dominated the frequency spectrum. The EMIC waves revealed structured forms prior to ~23:45 UT and,

from then until 01:30 UT, a broader band of more powerful, nearly continuous wave activity with peak

power around ~0.2 Hz but extending also to higher frequencies. After the broadband wave activity

subsided around 03:00 UT, there was no longer any evidence of EMIC waves from this station. Based on

comparisons with other stations, the EMIC waves observed from 22:00 to 01:30 UT were limited

to 3< L< 5.

When the electron PSDs from REPT were examined for a broad range of μ and K, as shown in Figure 7, there

was clear evidence of a significant μ- and K-dependence on themagnitude of the loss at L*< 4. The evolution

of the PSD distributions in L* for μ= 2414MeV/G and K= 0.172G1/2RE (Figure 7d) was very similar, both

qualitatively and quantitatively, to that shown for μ=2024MeV/G and K=0.172G1/2RE in Figure 3. Throughout

the L* range that could be observed at this μ and K from REPT, the PSD dropped by at least an order of

magnitude between the distributions observed around 23:27 and 04:22 UT. However, for the same μ but

K=0.015G1/2RE (Figure 7c), the loss at L*< 4 was not as severe. For example, at L*~ 3.5, the loss was only

around a factor of 2 between 00:27 and 06:37 UT, while at L* ~ 3, the loss was closer to a factor of 4 over the

same period. Throughout the range L*< 3.5, the loss was most extreme at L*~ 3.2. Next, examining lower-μ

electrons, the loss was again much stronger for higher-K PSD (e.g., μ=1000MeV/G, K = 0.172G1/2RE in

Figure 7b). For lower-K (e.g., μ=1000MeV/G, K = 0.015G1/2RE in Figure 7a), the loss was only between a factor of

2 and 4 with the strongest loss occurring at higher L*. However, this entire picture is complicated by the

evidence of a source of PSD occurring simultaneous with the loss.

3.2. Relativistic Electron Source

From Figures 2, 3, and 7, it is evident that some source of PSD resulted in a growing peak of PSD around

3.5< L*< 5 during the early hours (UT) of 1 October. After ~12:00 UT on 1 October, however, the peak

Figure 8. Data from GOES-13 during the event. (a) Magnetic field

strength. (b) Omnidirectional differential electron fluxes from the MAGED

data, with different colors corresponding to different energies, as labeled

on the right of the plot (channel equivalent energies are calculated as the

square root of the product of the upper and lower energy thresholds for

each channel). (c) 39 keV electron flux from the MAGED telescopes nearest

to local pitch angles of 90° (red) and 0° (blue), with the actual measured

pitch angle for each telescope shown in Figure 8.
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stopped growing, indicating that the

source of PSD energization ceased or was

approximately balanced by any ongoing

losses or transport away from the peak in

PSD. Based on THEMIS PSDs (Figure 2),

the peak level of PSD for low-μ, low-K

electrons increased by at least a factor of

~4 between around 06:30 and 12:20 UT

on 1 October. As observed by the Van

Allen Probes (Figure 7b), the peak level

of PSD increased by a factor of >10

between 00:00 and 12:00 UT. At higher

μ, the peak in PSD increased by a factor

of ~15 in around 9 h for K = 0.015G1/2RE
(Figure 7c), and by a factor of ~8 over

the same period for K = 0.172G1/2RE
(Figure 7d). THEMIS observed peaked

PSD distributions in L* throughout the

storm, consistent with the Van Allen

Probes observations at higher μ and K.

Multiple energetic particle injections were

observed throughout the inner

magnetosphere by THEMIS, Van Allen

Probes (not shown here), and GOES, as

shown in Figure 8. Before the storm

sudden commencement, GOES-13

observed an energetic particle injection

at ~05:00 UT; the upper energy

threshold on this injection was

~141keV. The frequency of injection

events was highest during the main

phase of the storm (i.e., between

~13:00 UT on 30 September and ~04:00 UT on 1 October). During the main phase of the storm, injections were

observed at ~15:00, ~17:00, and ~21:00 UT, with the energy threshold increasing up to at least 458 keV by the

last of these. Using observations from all three GOES spacecraft, we determined whether the strong

variations observed in the fluxes and magnetic field strength between ~00:00 and ~09:00 UT were more

consistent with localized energetic particle injections or more global reconfigurations of the magnetic

field topology itself. Such large-scale reconfigurations can result in the GOES spacecraft crossing from

the trapping region to open drift shells that connect to the magnetopause or the lobes. Based on multi-

spacecraft analysis, there were at least a dozen more energetic particle injections during the main

phase, including the two largest variations around 02:00 and 04:30 UT. Proton injections were also

observed in the GOES-MAGPD instruments throughout the main phase (see supporting information). These

GOES observations are also consistent with the AL index (Figure 1) and the Van Allen Probes and THEMIS

flux observations during this period, which also revealed multiple particle injections during the main

phase. Injection activity died down after ~12:00 UT on 1 October, with only two isolated injections being

observed around 11:00 and 18:00 UT on 2 October. Note that spikes in the AL index accompanied both of

those last injections.

With THEMIS, Van Allen Probes, and POES, we also examined the chorus wave activity during this

storm. Figure 9 shows chorus wave amplitudes observed by Van Allen Probes (Figure 9a) and THEMIS

(Figure 9b) and derived from POES 30–100 keV electron flux observations as described in Li et al. [2013]

(Figures 9c–9f ). Recall that the Van Allen Probes spacecraft were in the dawn-to-noon MLT sector, THEMIS

spacecraft were in the dusk sector, and POES can be used for the full range in MLT. Based on comparing

the observations from Van Allen Probes and THEMIS, chorus wave amplitudes were stronger in the dawn
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Figure 9. Chorus wave amplitudes (Bw, in color), sorted by UT from 30

September to 3 October and L* for (a) RBSP and (b) THEMIS. For Van

Allen Probes, wave amplitudes were calculated by integrating magnetic

wave power spectral density over 0.1–0.8 fce and for THEMIS RMS wave

amplitudes of FBK data were calculated over 0.1–0.8 fce, where fce is the

electron cyclotron frequency. Figures 9c–9f show estimated chorus

wave amplitudes (in color) as a function of UT and L-shell inferred from

the POES precipitating vs. trapped flux ratio of 30–100 keV electrons.

Figures 9c, 9d, 9e, and 9f correspond to results from the midnight,

dawn, noon, and dusk MLT sectors, respectively.
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sector than in the dusk, which is further supported by the wave amplitudes derived from POES

(Figures 9d and 9f ). POES also revealed that the chorus amplitudes were strongest in the midnight MLT

sector, but strong activity was also observed in the dawn and noon MLT sectors. The Van Allen Probes and

POES both show that chorus activity started at higher L-shells and moved in to lower L during the main

phase, and the peak in activity was centered around L* ~ 4 between 00:00 and 09:00 UT on 1 October.

After ~12:00 UT on 1 October, very little chorus activity was observed until around 11:00 and 18:00 UT on

2 October, corresponding to the energetic particle injections (Figure 8) and spikes in the AL index

(Figure 1) observed around those same times.

4. Discussion

4.1. Event Summary and Conceptual Scenario

On 30 September 2012, CME activity in the solar wind buffeted Earth’s magnetosphere, causing global

geomagnetic activity that ultimately resulted in a strong geomagnetic storm, which lasted until 3 October.

This storm’s sudden commencement andmain phase were associated with an intense flux dropout throughout

the outer radiation belt, which was examined in detail by a companion paper [i.e., Turner et al., 2014]. This

dropout eradicated the “storage ring” feature described by Baker et al. [2013], which itself formed after a

different dropout in early September andmay have been a remnant belt left over after the dropout [e.g., Turner

et al., 2013]. The dropout on 30 September essentially wiped out the entire outer belt population, but a source

of electrons started replenishing the belt during the main phase, counteracting the effects of the dropout.

Despite this source of new electrons, the total content of the outer belt remained lower than the pre-storm

level, revealing that losses dominated over sources during this storm.

We present the following scenario to explain the salient features of this storm as observed by 15 spacecraft and

the CARISMA network of ground magnetometers. Competing source and loss mechanisms resulting from

WPI were active in the heart of the outer radiation belt (i.e., L*<~5) during the main phase of this storm. At

L*< 4, EMIC waves in the dusk MLT sector caused sudden loss of >1MeV electrons mirroring at high magnetic

latitudes by scattering them into the atmospheric loss cone. Meanwhile, chorus waves locally accelerated

electrons around 3.5< L*< 5, evident as a growing peak in PSD. This acceleration affected electrons at all

levels of μ and K examined, but its effect was strongest for lower-μ and near-equatorially mirroring electrons

(K~0G1/2RE). However, for higher μ and higher K (i.e., off-equatorially mirroring) electrons at L*<~4, the

loss mechanism by EMIC WPI dominated over the source; this resulted in an overall depletion of

electron PSD for μ>~1200MeV/G (at all K) and K>~0.03 G1/2RE (at all μ) over the full range of L-shells

affected by the WPIs (see additional data in the supporting information). Furthermore, energetic particle

injections from a source population in the plasma sheet likely played a key role in both of these processes by

introducing the source (and seed) populations of 10–100 s of keV electrons that generated (and were

simultaneously accelerated by) the chorus waves. Particle injections would also be responsible for introducing

the energetic ions that could generate the EMIC waves near the plasmapause as they drifted through the dusk

MLT sector. With this scenario in mind, we next revisit the evidence of WPI from the observations and compare

them to expectations from quasi-linear theory.

4.2. Loss by WPI With EMIC Waves

To summarize the results of the analysis presented in section 3.1: The Van Allen Probes observed a sudden

and strong loss of high-μ, high-K electrons between ~22:30 and ~03:00 UT at L*< 4. For lower-μ, low-K

electrons observed by both THEMIS and Van Allen Probes, this strong sudden loss was not evident. Between

22:50 and 01:00 UT, POES and SAMPEX observed very strong enhancements of>1MeV electron fluxes at LEO;

these enhancements were limited to L-shells< 4.5, which corresponded to L*< 4, in the dusk MLT sector in

both the northern and southern hemispheres. POES revealed a strong enhancement of the precipitating to

trapped ratio of electrons and ring current ions (10 s to 100 s keV). SAMPEX did not observe a similar

enhancement in the >500 keV population. THEMIS did not observe EMIC waves in the dusk MLT sector before

or after the period of loss, and the Van Allen Probes did not observe EMIC waves in the dawn to pre-noon MLT

sector during the period of loss. However, the CARISMA network of ground magnetometers observed EMIC

waves between 22:00 and 01:30 UT; these EMIC waves were limited to 3< L< 5 and occurred in the dusk MLT

sector between ~15:30 and 19:00 MLT. GOES-15 observed EMIC waves at GEO between 22:30 and 23:00 UT (not

shown), but there were no enhancements in precipitating flux around these
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L-shells, either due to a lack ofMeV electrons here because of previous losses during the first part of the dropout

or due to inadequate plasma density conditions for electron resonance.

Based on quasi-linear diffusion theory, EMIC waves should be most effective at scattering electrons at

energies in the multi-MeV range and pitch angles closer to the atmospheric loss cone. Unfortunately, we

cannot accurately model WPI between EMIC waves and relativistic electrons due to a lack of in situ

observations of the waves during this event. With only ground observations of the EMIC waves, we are

unable to estimate the electron resonant energy ranges and loss rates since we have no in situ detail of the

EMIC wave spectrum, its proximity to the electron gyrofrequency, and plasma density. However, we can

estimate the effects of WPIs between EMIC waves and relativistic electrons based on previous work.Meredith

et al. [2003a] calculated minimum resonance energies for electrons interacting with EMIC waves based on

observations from the CRRESmission. They found that the resonant energy was typically above 2MeV, except

in regions of high plasma density and/or weakmagnetic field strength, where the ratio of the electron plasma

frequency to equatorial electron cyclotron frequency was >10. Based on diffusion coefficients calculated by

Albert [2003]; Summers and Thorne [2003], and Shprits et al. [2008b, 2013b], EMIC waves should cause rapid

pitch angle scattering of electrons near the strong diffusion limit, which should result in rapid loss of

electrons over a range of pitch angles within as little as 1 h. However, resonance also depends on the ion

species present and those responsible for generating the EMIC waves [e.g., Summers et al., 2007; Ukhorskiy

et al., 2010]. Furthermore, EMIC waves should only be effective at scattering electrons with equatorial pitch

angles less than ~40–60° [Thorne et al., 2005; Shprits et al., 2008b]. The energy and pitch angle dependencies

of electron scattering by EMIC waves are consistent with the recent observations of Usanova et al. [2014], who

used Van Allen Probes data to examine the effects of EMIC waves on pitch angle distributions of electrons

ranging in energy from 2 to 8MeV. They found that the magnitude of electron losses increased with

increasing energy (i.e., they were stronger at 8MeV than at 2MeV) and the losses were only effective over a

limited range in equatorial pitch angle. Losses were strongest at equatorial pitch angles nearest the loss cone,

with electrons at equatorial pitch angles around 90° being essentially unaffected by the loss. These results,

both theoretical and observational, are consistent with the observations presented here from the 30

September to 3 October 2012 geomagnetic storm, supporting the scenario in which sudden loss of multi-

MeV electrons mirroring at high latitudes occurred at L*< 4 due to WPI with EMIC waves during the main

phase of the storm.

4.3. Source by WPI With Chorus Waves

To summarize the results of the analysis presented in section 3.2: Growing peaks in relativistic electron PSD

were observed by both THEMIS and Van Allen Probes over a broad range of μ and K. The enhancement was

strongest at the lower μ’s and higher K’s examined (e.g., μ= 1000MeV/G, K = 0.172G1/2RE shown in Figure 7).

The PSD increased by factors between ~4 and >10 for different μ and K combinations in less than 10 h at

4< L*< 4.5. The peaks in PSD stopped increasing after ~12:00 UT on 1 October. Throughout this storm, the L*

distributions of electron PSD were peaked for all μ≥ 750MeV/G and K< 0.02 G1/2RE examined with THEMIS.

This indicates that there was continually less relativistic electron PSD in the near-Earth plasma sheet than

within the heart of the outer belt; thus, inward radial transport could not explain the observed

enhancements in PSD since there was an insufficient source of relativistic electrons at higher L-shells or in

the plasma sheet. Multiple energetic particle injections were observed by GOES, POES, THEMIS, and Van

Allen Probes between 12:00 UT on 30 September and 12:00 UT on 1 October, and significant chorus wave

activity was also observed (or indicated in the case of POES) by THEMIS, Van Allen Probes, and POES during

this period.

Due to the multipoint observations of electron energy distributions and chorus wave activity throughout

the system, we were able to use a two-dimensional energy and pitch angle diffusion model [Ma et al., 2012;

Thorne et al., 2013b] to simulate the acceleration of electrons by WPI with chorus waves during this event.

For the simulations, the period from 02:00 to 12:00 UT on 1 October was used with a 2 h time step at L = 5.25

(corresponding to an average L* of 4.5 during that period). Initial conditions for the electron PSD as a

function of energy and pitch angle were taken from the Van Allen Probes data. Chorus amplitudes and

distributions were taken from the POES and Van Allen Probes observations averaged over 4≤ L≤ 6. The

plasma trough density model from Sheeley et al. [2001] was also employed, but we confirmed that the

model density values were consistent with those observed by the Van Allen Probes around the dawn
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sector. With those parameters, we were able to calculate

pitch angle and energy diffusion coefficients and run

the simulation.

The simulation results, an example from which is shown in

Figure 10 for comparison (see also the plots of E and αeq for

different μ, K, and L-shells in the supporting information), are

generally consistent with the observations from Van Allen

probes. For example, electrons with μ=2414MeV/G and

K= 0.015G1/2RE (see Figure 7) were enhanced by a factor of

~40 in 9 h at L* = 4.5 as observed by Van Allen Probes during

the main and early recovery phases of this storm. The model

showed that chorus waves around L*= 4.5 were able to

enhance electrons at 2MeV and equatorial pitch angles of 90°

by a factor of ~20 over a 10 h period. For off-equatorially

mirroring electrons, the Van Allen Probes observed a factor of

~8 increase for μ=2414MeV/G, K= 0.172G1/2RE electrons in

~9h; the model also revealed a factor of 8 increase over 10h

for 2.85MeV electrons with equatorial pitch angles ~30°. At

lower energies (and μ), the enhancement was stronger; the Van

Allen Probes observed a ~100 times increase in PSD for

μ=1000MeV/G and K=0.172G1/2RE electrons at L*= 4.5 over

12h. This too is approximately consistent with the model, which

revealed a factor of ~300 increase for 0.88MeV electrons with

equatorial pitch angles ~30°.

It is important to note that the simulations only considered

interactions between chorus waves and energetic electrons

using quasi-linear theory, and they were able to capture the levels and timescales of acceleration

observed in this event. We also examined THEMIS and Van Allen Probes data for magnetosonic waves,

since those waves may also play an important role in outer belt electron dynamics [e.g., Horne and

Thorne, 1998]. However, none of those satellites observed strong magnetosonic wave activity in either

the dawn or dusk sectors during the acceleration interval of 02–12 UT on 1 October. With the caveat

that magnetosonic waves may have been more intense at other MLTs that were not directly observed, it

is unlikely that magnetosonic waves played a significant role in the evolution of the relativistic electrons

during this event based on the magnitude of the wave amplitudes that were observed by THEMIS and

Van Allen Probes. This, along with the success of the simulations, provides additional evidence [see also

Thorne et al., 2013] suggesting that magnetosonic waves may not play an important role in relativistic

electron acceleration [Shprits et al., 2013a]. However, our comparison between the simulation results and

observations also implies that some additional loss process (i.e., not from EMIC waves observed during

the main phase at lower L-shells) may also have been ongoing during the enhancement and was more

effective for lower energy (≤ ~1MeV) electrons. Note that the energies and pitch angles listed here from

the model correspond approximately to the corresponding μ and K from the observations to which we

compared them. For additional detail, including the model results plus the Van Allen Probes

observations over the full range of μ and K examined, please see the supporting information.

These results support the scenario in which local acceleration from WPI with whistler-mode chorus

waves acted as a local source of ~MeV electrons during the late main phase and early recovery phase

of this storm. This source was only active until ~12:00 UT on 1 October, at which point the peaks in

electron PSD stopped growing and afterward only slow decay was observed. The timing of the

acceleration corresponded to the most active period of substorm activity (see the AE and AL indices

in Figure 1d), energetic particle injections (see Figure 8), and chorus waves (see Figure 9). This picture

is entirely consistent with the theory and previous observations of relativistic electron acceleration by

WPI with chorus [e.g., Horne and Thorne, 1998; Summers et al., 1998; Horne et al., 2005; Chen et al.,

2007; Turner and Li, 2008; Turner et al., 2010; Turner et al., 2012c; Reeves et al., 2013; Thorne et al.,

2013b; A. Boyd et al., Quantifying the radiation belt seed population in the March 17, 2013 electron
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Figure 10. Two-dimensional momentum and

pitch angle diffusion model results simulating

the effects of chorus waves on relativistic electron

distributions. This figure shows the evolution of

the electron phase space density for electrons at

various energies (from 460 keV to 7.15MeV

shown in different colors) and equatorial pitch

angles of 90° at L=5.25. For the simulation,

time=0 corresponds to 02:42 UT on 1 October.

Model details are discussed in section 4.3 with

additional details provided in the supporting

information. For results at different equatorial

pitch angles, see the supporting information.
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acceleration event, submitted to Geophysical Research Letters, 2013]. In this picture of the system, a

seed population of 10 s to 100 s of keV electrons, whose source is in the near-Earth plasma sheet, is

introduced to the inner magnetosphere during periods of enhanced convection and/or energetic particle

injections. Electrons at lower energies can serve as the source population for chorus waves. When the chorus

waves interact with the seed population of electrons, they can be accelerated to relativistic electrons, resulting

in growing peaks in PSD that can increase by more than two orders of magnitude in only ~12h.

5. Conclusions

The multipoint observations presented here provide observational evidence of competing WPI driving

losses and sources that alter the balance of relativistic electrons in the outer belt during the late main

phase of the large geomagnetic storm that started on 30 September 2012. First, these observations

are additional direct observational evidence [see also Miyoshi et al., 2008; Usanova et al., 2014] that loss

of relativistic electrons from the outer belts via WPI with EMIC waves does occur and can contribute to

rapid loss during dropout events. As expected from theory, the plasmapause apparently played a critical

role in the WPI, since the interactions occurred along or just outside of it, and only electrons at very

high energy (several MeV; high-μ) and mirroring at high latitudes (equatorial pitch angles away from

90°; high-K) were affected by the loss. Thus, losses from WPI with EMIC waves may explain dropouts of

multi-MeV electrons that are not associated with magnetopause shadowing [e.g., Shprits et al., 2012]

or that extend to lower L-shells than can be affected by magnetopause shadowing and subsequent

outward radial diffusion [e.g., Bortnik et al., 2006], as was also the case here [see additional details in

Turner et al., 2014].

Our results also provide direct observational evidence of local acceleration of relativistic outer belt electrons by

WPI with chorus waves. The acceleration was effective over a range of electron energies, from 100 s of keV to

>5MeVand a range of equatorial pitch angles, but the enhancements were strongest for lower energies (100 s of

keV to ~1MeV) and equatorial pitch angles near 90°. The results also indicated how energetic particle injections

during periods of substorm activity and the plasmapause play an important role in relativistic electron

acceleration by WPI with chorus waves: the acceleration occurred outside of the plasmapause and ceased after

the IMF turned northward, coinciding with the cessation of substorm activity, electron injections, and chorus

waves. The observed PSD enhancements agreed well with simulations using a two-dimensional, energy and

pitch angle diffusion model with the observed chorus distributions and intensities at L* =4.5. However, the

comparison between the observations and the simulation results also indicated that some other loss mechanism

may have been in effect after the EMIC waves subsided, since the enhancement of lower-energy (≤ ~1MeV)

electrons was not as strong as that in the simulations. We suspect that, since the plasmapause remained inside of

L=3.3 during the acceleration period [Turner et al., 2014], the additional loss was probably not due to

plasmaspheric hiss, which is an energy-dependent loss mechanism that is more effective for lower-energy

relativistic electrons [e.g., Thorne et al., 2013a; Shprits et al., 2013b]. Loss may have occurred due to interactions

with chorus waves at higher latitudes on the dayside [Li et al., 2007] or outward radial transport away from the

peak in PSD. Another possibility to explain the additional loss is by nonlinear WPI with large-amplitude chorus

waves [e.g., Albert, 2002; Bortnik et al., 2008; Catell et al., 2008; Santolik et al., 2014; Tao et al., 2012], though there

are many outstanding questions concerning the nature of such interactions.

Finally, concerning the competitive nature of the interactions, between ~23:00 UT on 30 September and

~05:00 UT on 1 October, both EMIC waves and chorus waves were affecting the intensity of relativistic

electrons, which provided us an interesting opportunity to study the competitive nature of these WPI. When

both types of waves were active, WPI with chorus resulted in a local source of relativistic electrons between

~3.5< L*<~5.5, while the losses were restricted to L*<~4, so the two mechanisms were competing in the

range 3.5< L*< 4. Based on the multipoint PSD results from THEMIS and Van Allen Probes (Figures 2, 3, and 7

and supporting information) in this L* range, the source dominated over loss at lower energies (corresponding to

μ<~1200MeV/G) and near-equatorially mirroring electrons (K<~0.03G1/2RE), but losses to the atmosphere

dominated over sources for higher energy electrons and those mirroring at high latitudes. Ultimately,

however, the chorus waves were longer lived than the EMIC waves, and local acceleration continued after the

EMIC waves subsided. Despite this, the combined losses due to magnetopause shadowing at L*>~4

and EMIC waves at L*<~4 during the main phase of this strong storm were more intense than the local
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source during the late main phase and early recovery phase, since this storm ultimately resulted in an

outer belt depletion compared to pre-storm levels. These results represent just one storm, and

observations from 15 spacecraft and ground observatories were necessary to shed light on the nature

and complexity of the competing source and loss mechanisms. Future statistical studies of multiple

storm and/or non-storm events should account for this complexity and characterize the parameters

important to each of the different source and loss mechanisms, including the WPI highlighted here,

when trying to relate various solar wind drivers and indicators of magnetospheric activity to responses

of relativistic electrons in the outer radiation belt.
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