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[1] We report on internal, magnetospheric processes related to markedly different storm-time
responses of phase space density (PSD) in invariant coordinates corresponding to equatorially
mirroring, relativistic electrons in Earth’s outer radiation belt. Two storms are studied in detail,
selected from a database of 53 events (Dst;, < —40 nT) during the THEMIS era thus far
(December 2007—August 2012). These storms are well covered by a number of in situ
THEMIS spacecraft and complemented by additional ground-based and in situ observatories,
and they epitomize the divergent behaviors that the outer radiation belt electrons can exhibit
during active periods, even during otherwise similar Dst and auroral electrojet (AE) profiles.
From our statistical results with the full database, the changes in the radial profile peak in PSD
reveal notably consistent behavior with prior studies: 58% of geomagnetic storms resulted in
PSD peak enhancements, 17% resulted in PSD peak depletions, and 25% resulted in no
significant change in the PSD peak after the storm. For the two case studies, we examined the
PSD at multiple equatorial locations (using THEMIS), trapped and precipitating fluxes from
low-Earth orbit (using POES), and chorus, hiss, EMIC, and ULF waves (using THEMIS
spacecraft, ground observatories, and the GOES spacecraft). We show that (1) peaks in PSD
were collocated with observed chorus waves outside of the plasmapause during the most active
periods of the PSD-enhancing storm but not during the PSD-depleting storm, providing
evidence for the importance of local acceleration by wave-particle interactions with chorus; (2)
outer belt dropouts occurred following solar wind pressure enhancements during both storms
and were consistent with losses from magnetopause shadowing and subsequent outward radial
transport; during the PSD-enhancing storm, this revealed how the outer belt can replenish itself
seemingly independently of the remnant of the pre-existing belt leftover after a dropout, which
in this case resulted in a double-peaked outer belt distribution; (3) slow decay in PSD was
associated with corresponding locations in L* and enhanced wave amplitudes of
plasmaspheric hiss; (4) precipitation loss associated with wave-particle interactions with hiss
and EMIC waves appeared to be significantly more important during the PSD-depleting storm
than the PSD-enhancing storm; and (5) PSD transport during the recovery phase of both storms
and throughout the PSD-enhancing storm was consistent with ULF-wave-driven radial
diffusion away from maxima in PSD; this indicates the importance of ULF waves in
redistributing outer belt PSD after local acceleration occurs. We conclude that these source,
transport, and loss processes, individually well characterized by previous studies, do indeed
appear to act in concert, leading to predominance of local acceleration in one case and loss in
another. These processes can therefore conspire toward optimal source or loss of outer belt
electrons under suitable external drivers, and the conditions resulting in wave growth for these
acceleration and loss mechanisms are therefore an important area of future research.

"Department of Earth and Space Sciences, University of California, Los Angeles, California, USA.

2Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, California, USA.
Department of Atmospheric, Oceanic, and Space Sciences, University of Michigan, Ann Arbor, Michigan, USA.
“Department of Physics, University of Alberta, Edmonton, Alberta, AB, Canada.

SVisiting scholar at New Jersey Institute of Technology, Newark, New Jersey, USA.

%Skolkovo Institute of Science and Technology, Moscow, Russia.

"Visiting professor at Massachusetts Institute of Technology, Cambridge, Massachusetts, USA.

Corresponding author: D. L. Tumer, Department of Earth and Space Sciences, University of California, Los Angeles, CA, USA. (drew.lawson.turner@gmail.com)

©2013. American Geophysical Union. All Rights Reserved.
2169-9380/13/10.1002/jgra.50151

2196



TURNER ET AL.: STORM-TIME EVOLUTION OF THE OUTER BELT

Citation: Turner, D. L., V. Angelopoulos, W. Li, M. D. Hartinger, M. Usanova, I. R. Mann, J. Bortnik, and Y. Shprits
(2013), On the storm-time evolution of relativistic electron phase space density in Earth’s outer radiation belt, J. Geophys.

Res. Space Physics, 118, 2196-2212, doi:10.1002/jgra.50151.

1. Introduction

[2] Earth’s outer radiation belt consists of a highly vari-
able population of trapped relativistic electrons in near-Earth
space, which can pose a threat to manmade systems [Baker,
2002]. Internal magnetospheric processes, which are
ultimately driven by energy provided via the solar wind
[Li et al., 1997], are responsible for the various acceleration
(i.e., source), loss, and transport mechanisms that drive the
orders-of-magnitude variations observed in the outer belt
population. These variations occur over a broad range of
time scales, from minutes to years [see reviews by Friedel
et al., 2002; Millan and Thorne, 2007; Shprits et al.,
2008a, 2008b; Turner et al., 2012c]. The outer belt popula-
tion is particularly dynamic during geomagnetic storms,
when magnetospheric activity levels peak [e.g., Baker
et al., 1998; Bortnik et al., 2006]. Reeves et al. [2003]
conducted a study of the outer belt electron flux response,
as observed by the LANL-GEO and POLAR spacecraft, to
276 storms characterized by a minimum Dst index level of
less than —50 nT. They found that 53% of storms
resulted in an enhancement in the peak flux level of
relativistic electrons at geosynchronous orbit (>2 times
increase from pre- to post-storm), 28% resulted in little
change in the peak flux, and the remaining 19% resulted
in a decrease of the peak flux level (>2 times decrease from
pre- to post-storm). Their conclusion was that the statistics
were evidence of a “delicate and complicated balance”
[Reeves et al., 2003, p. 36—1] between competing source,
loss, and transport mechanisms.

[3] Several mechanisms have been identified that can the-
oretically result in the acceleration of electrons to relativistic
energies in Earth’s outer radiation belt, and the majority of
these theories can be categorized into three groups: external
sources, internal sources, and recirculation models. The
framework of most of these theories relies heavily on
quasi-linear diffusion theory in one or more dimensions
(using phase space density in 3-D invariant coordinates by
averaging over the phases of the three characteristic periodic
motions) [Schulz and Lanzerotti, 1974]. External sources
require a reservoir of electron phase space density (PSD)
in Earth’s magnetotail, and electrons from this reservoir
can be introduced to the inner magnetosphere via transport
mechanisms that break the third adiabatic (i.e., drift) invari-
ant, L* [Roederer, 1970]. With a source at the outer bound-
ary, inward transport and energization is enabled by ULF
waves in the Pc5 frequency range, which break the third
adiabatic invariant and provide the random displacements
in L* necessary for diffusion [e.g., Hudson et al., 2000;
Elkington et al., 2003; Mann et al., 2004]. Since the first
and second invariants (Mu and K, respectively) are
conserved, electrons become energized in the process of
inward transport to more dipolar regions with higher
magnetic field strengths and shorter field line lengths.
Sudden injections from a PSD source at high L* by either
sub-storm dipolarization fronts [e.g., Ingraham et al.,
2001] or interplanetary shocks [e.g., Li et al., 1998] also
fall into this external source category.

[4] Alternatively, wave-particle interactions (WPI) between
a seed population of electrons at several tens to a few hundreds
of kiloelectronvolt and naturally occurring plasma waves
within the outer belt region can result in net acceleration of a
percentage of those electrons to relativistic energies. These
WPI mechanisms fall into the internal source category of
radiation belt acceleration. Waves that have been identified
as potentially important to this are whistler-mode chorus
[e.g., Summers et al., 1998; Horne and Thorne, 1998; Meredith
et al., 2002; 2003; Horne et al., 2005; Li et al., 2007] and
magnetosonic waves (i.e., equatorial noise) [Horne et al.,
2007]. Finally, recirculation models represent scenarios in
which electrons are energized repeatedly by circuitous
trajectories through an acceleration region. These models
require non-adiabatic variations in equatorial pitch angle
and transport across drift shells. This can occur at high
latitudes after acceleration closer to the equator and
subsequent pitch-angle scattering by WPI [Fujimoto and
Nishida, 1990]. It can also occur by Mu-conserving
random walks in bifurcated drift orbits (i.e., Shabansky
orbits, after Shabansky [1971]), which break electrons’
second and third invariants at higher L* in the dayside
magnetosphere due to the topology of the compressed
magnetic field [Ukhorskiy et al., 2011].

[5] In addition to acceleration, WPI can also result in a
loss of relativistic electrons from the outer belt by way of
pitch-angle scattering into the atmospheric loss cones [e.g.,
Shprits et al., 2006a]. Waves that have been identified as
important in such loss processes include plasmaspheric hiss
[e.g., Lyons et al., 1972; Li et al., 2007; Meredith et al.,
2009], whistler-mode chorus [e.g., Horne and Thorne,
2003; O’Brien et al., 2004; Bortnik and Thorne, 2007],
whistler waves originating from lightning and ground-based
VLF transmitters [e.g., Abel and Thorne, 1998a; 1998b],
and electromagnetic ion cyclotron (EMIC) waves [e.g.,
Summers and Thorne, 2003; Albert, 2003]. Precipitating
relativistic electrons are observable by certain spacecraft in
low-Earth orbits (LEO) [e.g., O 'Brien et al., 2004; Meredith
et al.,2011] and can also be observed indirectly via high-
altitude balloons that detect Bremsstrahlung X-rays
produced by collisions between relativistic electrons and
neutral particles in Earth’s atmosphere [e.g., Millan
et al., 2002]. Precipitation events appear as spatially con-
fined, longer-duration precipitation bands of enhanced
flux in the loss cone [e.g., Millan et al., 2010] or as
intense, short-lived (i.e., millisecond durations) micro-bursts
[e.g., O’Brien et al., 2004]. Previous studies [e.g., Thorne
et al., 2005; Selesnick, 2006; Tu et al., 2010; Ukhorskiy et al.,
20107 have also concluded that during the main phase of some
storms, losses of greater than ~0.5 MeV electrons to the
atmosphere due to wave-particle interactions can be effective
over timescales ranging from hours to around 1 day and might
explain losses during flux “dropouts.”

[6] Trapped electrons can also be lost to the outer bound-
ary of the system through the dayside magnetopause. This
happens due to sudden inward motion of the magnetopause
in response to increased solar wind dynamic pressure and
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is known as magnetopause shadowing [e.g., Ukhorskiy
et al., 2006]. Recent studies concluded that a combination
of magnetopause shadowing and subsequent enhanced out-
ward radial transport (e.g., by enhanced ULF wave activity)
can account for observations of sudden dropouts of electrons
throughout the outer radiation belt [e.g., Shprits et al.,
2006b; Loto aniu et al., 2010; Turner et al., 2012a]. Such
a loss model is further supported by the results of Shprits
et al. [2012], who conducted a statistical study of reanalyzed
electron PSD throughout the outer belt and found 88% of
dropouts were associated with increases in solar wind
dynamic pressure [see also Kellerman and Shprits, 2012].

[7] All source, loss, and transport mechanisms discussed
here are dependent on the solar wind and its resultant
geomagnetic activity; the effects of these mechanisms on
the outer belt electron population are believed to be more
intense during specific active conditions that can occur
during geomagnetic storms. However, validating these theo-
ries with observational evidence is challenging for several
reasons. First, the outer belt system is enormous, wrapping
entirely around the planet at radial distances between ~3
and ~7 Earth radii (Rg) in the equatorial plane and stretching
along magnetic field lines from the equatorial plane to
Earth’s atmosphere in both the northern and southern hemi-
spheres. At any given time, there are only a few spacecraft
making in situ observations of this vast system. Thus,
multi-point studies are critical for developing a more com-
plete picture of the entire system. Next, relativistic electron
measurements over a finite range of energies and local pitch
angles by themselves do not provide an accurate picture of
source, loss, and transport mechanisms, since they naturally
include adiabatic transport effects [e.g., Kim and Chan,
1997; Tu and Li, 2011] and drift shell splitting [e.g.,
Selesnick and Blake, 2002]. These ambiguities are removed
by converting flux measurements to PSD as a function of the
three adiabatic invariants [e.g., Green and Kivelson, 2004].
Recent studies of outer belt electron PSD in invariant coordi-
nates have revealed evidence of peaked PSD distributions in
L* [e.g., Green and Kivelson, 2004; Chen et al., 2007;
Turner et al., 2012b], local acceleration within the outer belt
[e.g., Miyoshi et al., 2003; Chen et al., 2007; Shprits et al.,
2007; Turner et al., 2010; Schiller et al., 2012], and
Mu-dependent L* distributions of PSD [e.g., Turner
and Li, 2008; Turner et al., 2012b]. Finally, with the
exception of those using CRRES data, most past studies
have been unable to adequately discern the evolution of
equatorial fluxes throughout the entire outer belt because
they have relied on high-inclination spacecraft that often
miss the (typically higher) fluxes of equatorially mirror-
ing electrons and their evolution.

[s] Here, we examine the PSD in invariant coordinates
methodology to compare and contrast the PSD evolution
of equatorially mirroring, relativistic electrons throughout
Earth’s outer radiation belt using the near-equatorial THE-
MIS spacecraft, the orbits from which (plus the GOES
spacecraft) are shown in Figure 1 for the two events detailed
in this study. The recent increase in solar activity and the
unique, near-equatorial, and high-eccentricity orbits of
THEMIS, which provide radial distributions of PSD throughout
the outer radiation belt, have enabled this study. To examine
the details of spatio-temporal evolution of the PSD, we focus
on two different geomagnetic storms: one storm resulting in
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Figure 1. Spacecraft orbits during the two events discussed

here. (a and b) show the spacecraft locations at 00:00 UT on
04 February 2011 and the orbit tracks for 24 h after that in
the GSE XZ and XY planes, respectively. (c and d) show the
same for 23:59 UT on 11 April 2010 and the orbit tracks for
24 h after that in the same format. Note that orbital motion for
all spacecraft shown is in the right-handed sense with respect
to the XY plane. GOES spacecraft at GEO are indicated with
triangle symbols, while THEMIS are indicated with circles.
Each spacecraft and the respective orbit is shown in a
corresponding color, as indicated in the legends in Figures la
and lc.

an overall enhancement and the other resulting in a prolonged
depletion of the PSD throughout the outer belt. We also revisit
the results of Reeves et al. [2003] using PSD for fixed
adiabatic invariants instead of flux as a function of energy
and local pitch angle.

2. Data

[s] For this study, we incorporated data from multiple
missions. Supplementing data from NASA’s THEMIS space-
craft and ground-based observatories (GBOs) [Angelopoulos,
2008], we employed measurements from NOAA’s GOES
spacecraft at geosynchronous orbit (GEO) and NOAA’s POES
spacecraft in low-Earth orbit (LEO). We used relativistic
electron flux measurements provided by the THEMIS-SST
instruments and the POES MEPED instruments [Evans
and Greer, 2004]. Due to early mission commissioning,
we used data after December 2007 only. The SSTs provide
full distributions of energetic electrons in 12 channels ranging
in energy from ~26 keV to >1 MeV. Here we only used
the four highest energy channels (ranging from ~400 keV to
several MeV) that employ coincidence logic and were thus
unaffected by energetic protons in the inner magnetosphere,
which can otherwise contaminate energetic electron
measurements. Fluxes from these four channels were
converted to phase space density for fixed first and second
adiabatic invariant coordinates of Mu=1000 MeV/G
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(corresponding to ~650 keV electrons near GEO and
~1.2 MeV electrons in the heart of the belt at L*~5) and
K~0 G"?Rg (near equatorially mirroring electrons, with
equatorial pitch angles in the range 90+/—15°) at all L*
throughout the outer belt using the method described in Turner
et al. [2012b]. The POES MEPED fluxes shown in this paper
are from the >6.9 MeV proton channel, which responds to
>1 MeV clectrons throughout the outer radiation belt
[Yando et al., 2011]. The >30 keV, >100 keV, and >300 keV
electron channels were also examined, though we do not
discuss the results from those here. All of the MEPED data
were decontaminated using the Lam et al. [2010] method.

[10] Wave data were compiled from THEMIS and GOES
spacecraft and a network of ground magnetometers
(GMAGs). Wave amplitudes of chorus and hiss were
obtained from filter bank data (FBK) comprised of the wave
magnetic field measured by THEMIS search coil magnet-
ometers (SCM) [Roux et al., 2008]. Total plasma density
inferred from the spacecraft potential was used to determine
if the waves were observed in the plasmasphere-like or
trough-like region following the method of Li et al. [2010].
Since the frequency range of plasmaspheric hiss is from
~100 Hz to a few kHz and it is generally confined within
the plasmasphere [e.g., Thorne et al., 1973], its amplitude
in each time stamp was calculated based on the root mean
square (RMS) of wave amplitude in the top three frequency
bands (80.2 Hz—4 kHz) in the FBK data, when the spacecraft
was located inside the plasmasphere. Chorus waves are
typically observed in the low-density region outside the
plasmapause, in the frequency range of 0.1-0.8 fce, where
fce is the equatorial electron cyclotron frequency. The fce
was calculated based on the locally measured magnetic field
intensity on the THEMIS fluxgate magnetometers (FGM)
[Auster et al., 2008]. When the spacecraft were outside the
plasmapause, the calculated fce was used at each time stamp
to select the appropriate frequency bands to calculate the
amplitude of chorus waves, using the method described in
detail in Li et al. [2009].

[11] EMIC waves at GEO were identified using GOES-13
and —15 fluxgate magnetometers that can detect magnetic
field variations in the frequency range from DC to 1 Hz
[see, e.g., Singer et al., 1996]. For ground-based analysis,
we utilized magnetic field data from multiple search coil
magnetometers around the globe. In particular, we used
induction coil magnetometer data from selected stations in
the Canadian Array for Real-time Investigations of Magnetic
Activity (CARISMA) [www.carisma.ca; Mann et al., 2008]
between L=4.06-6.81, the Sodankyld Geophysical Obser-
vatory in Finland (www.sgo.fi/Data/Pulsation) between
L=3.3-5.9, and Halley Bay in Antarctica (space.augsburg.
edu/searchcoil) at L=4.3. EMIC waves can be ducted in
the ionosphere and can propagate a long distance from the
source field line. Hence, for CARISMA and Sodankylad
stations, we selected intervals where the most intense wave
activity (with respect to the neighboring magnetometers)
was observed. If the wave intensity did not vary much from
station to station, we assumed that the wave source spanned
a range of L-shells in the magnetosphere.

[12] GOES magnetometer data sampled every 512 ms
were obtained from the National Geophysical Data Center
(http://www.ngdc.noaa.gov/stp/satellite/goes/index.html). Flagged
data were removed, small gaps were interpolated, and the

data were converted to 3 s time resolution. We performed
a 512 point Fast Fourier Transform on the perturbation
fields (>1 mHz) to compute the compressional power spec-
tral density (Pyota) and transverse power spectral density
(Potrans = Ppz + Ppy + Pox — Piora, Where xyz is in local
spacecraft coordinates); see the Figure 7 caption for
additional details. We finally computed the GOES Pc5
power spectral density by averaging the power spectral
densities over the 2—7 mHz frequency band; we normalized
the GOES Pc5 power spectral density to the maximum
value found during both storm intervals.

[13] Solar wind and geomagnetic indices are from the
OMNI dataset available at NASA’s CDAWeb (http://cdaweb.
gsfc.nasa.gov/). Hourly OMNI data were utilized in this study,
though higher resolution OMNI data (1 min) were used as
input for magnetic field modeling for K and L* calculations
and for the ULF wave analysis. The Tsyganenko and Sitnov
[2005] field model was used with the SpacePy/IRBEM
toolsets [see http://spacepy.lanl.gov/; http:/craterre.onecert.
fr//prbem/home.html] for calculating K and L* for the
THEMIS-SST data. From the OMNI Dst index data, we
identified 53 storms between December 2007 and August
2012 in which the minimum Dst was less than —40 nT during
the main phase and the storm sudden commencement (SSC)
reached Dst>0 [for details on storm phases, see Kamide
et al., 1998]. For these storms, we calculated the electron
PSD for Mu= 1000 MeV/G and K~0 G"?Ry and classified
storms as having resulted in an enhancement, a depletion,
or no change in the peak in PSD throughout the belt as
follows. Following Reeves et al. [2003], we classified a
storm as resulting in enhancement (depletion) of relativistic
electrons when the maximum peak in PSD throughout
the outer belt, regardless of its location in L*, increased
(decreased) by at least a factor of 2 from the 2 days prior
to the main phase to 2 days after it. Storms classified as
resulting in “no change in PSD” were those that did not
satisfy either of the enhancement or depletion criteria. Of
the 53 storms with main phase minimum Dst < —40 nT,
58% result in an enhancement in the peak PSD level, 17%
result in a depletion in the peak PSD level, and 25% result
in no significant change. These statistics are notably similar
to those of Reeves et al. [2003], and in the next sections,
we present a detailed analysis of two of these storms, one
an enhancement and one a depletion event.

3. Observations

3.1. Solar Wind and Geomagnetic Activity

[14] Solar wind and geomagnetic indices for the two
storms that we analyzed in detail are shown in Figure 2,
along with a timeline of key features during each storm
period. The 04 February 2011 storm resulted in a net
enhancement of PSD throughout the outer belt. In the days
leading up to the SSC, a high-speed stream in the solar wind
occurred from 01 to 04 February, with the maximum speed
reaching over 500 km/s late in the day on 01 February. A
stream-interface region (SIR), visible as the strong dynamic
pressure enhancement at the end of the day on 31 January,
preceded this high-speed stream. This SIR and high-speed
stream did not result in a geomagnetic storm, as is evident
in the Dst index, but they did correspond to some sub-storm
activity apparent in the AL index, particularly around the
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a) 04 Feb. 2011 Storm: Outer Belt Enhancement Event
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Figure 2. Solar wind and geomagnetic indices during both events. (a) Solar wind speed (V), dynamic
pressure (P), and the GSM Z-component of the IMF vector (Bz), with the Dst and AL indices for the
10 day period from 30 January—08 February 2011. The colored bars on the X axis correspond to the time
periods in which the THEMIS spacecraft were in the outer radiation belt, corresponding to the same colors

in the distributions shown in Figure 3 (a and b). (b)

The same quantities shown in (a) but for the 10 day

period from 07 to 16 April 2010. The colored bars again represent periods when THEMIS was in the outer
belt and correspond to the same colors in the distributions shown in Figure 3 (c and d) and the wave data
shown in Figures 5, 6, and 8. Below these plots, timelines corresponding to the periods shown on the x
axes identify key features for each storm, including (i) the storm phases [Kamide et al., 1998], (ii) electron
phase space density dynamics (e-PSD), (iii) electron precipitation into the atmosphere (e-Precip.), (iv)
chorus wave activity, (v) PcS ULF wave activity, (vi) hiss wave activity, and (vii) EMIC wave activity.

middle of the day on 01 February. The storm examined here
was the result of a second high-speed stream preceded by a
SIR starting at the beginning of the day on 04 February. The
storm started around 12:00 UT on 04 February, corresponding
to the second and stronger of two distinct solar wind dynamic
pressure enhancements. The main phase of the storm followed,
reaching a minimum Dst level of greater than —60 nT before
the end of the day. As is typical of SIR driven storms [e.g.,
Morley et al., 2010], the recovery phase was prolonged for this
event, lasting until 08 February. During this recovery phase, the
IMF was primarily southward, and there was strong sub-storm
activity, particularly from the storm main phase until the end of
the day on 06 February.

[15] The storm on 11 April 2010 resulted in a prolonged
(i.e., several-day) depletion of PSD throughout the outer belt.
This storm occurred at the end of the recovery phase of a much
larger storm that started on 05 April due to a coronal mass ejec-
tion (CME) impact. The high-speed solar wind after this CME
is evident on the first few days shown in Figure 2b. The recov-
ery phase of the 05 April storm revealed enhanced sub-storm
activity, evident in the AL index data. In the early afternoon

on 11 April, the solar wind speed and pressure exhibited a
small, sharp jump in their magnitudes. These are possibly asso-
ciated with a glancing impact from a smaller CME ejected from
the same active area, which is consistent with evidence of a
magnetic cloud in the IMF between ~12:00 UT on 11 April
and ~19:00 UT on 12 April during which the pressure
remained higher than average and the IMF Bz rotated south-
ward to northward. Additionally, there was evidence of a
reverse shock [Gonzalez et al., 1999] at the trailing edge of this
magnetic cloud around 17:00-19:00 UT on 12 April. The SSC
started at the impact of the magnetic cloud after noon on 11
April. The main phase reached a minimum Dst of greater than
—60nT at ~02:00 UT on 12 April, and around this main phase,
there was less than 24h of enhanced sub-storm activity
evidenced by the AL index. The recovery phase lasted until
14 April, but it was interrupted by the pressure enhancement
associated with the reverse shock on 12 April. The solar wind
speed remained around its average level (~425 km/s) through-
out the storm. At the end of the day on 14 April, another solar
wind dynamic pressure enhancement occurred with a slight
increase in the solar wind speed up to ~500 km/s. This was
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accompanied by a brief period of strong southward IMF and a
strong sub-storm starting around 23:00 UT on 14 April.

3.2. Evolution of Phase Space Density Distributions in L*

[16] Electron PSDs for Mu=1000 MeV/G and K
0.025 G'?Rg from both events are shown in Figure 3.
Note that for the February 2011 storm, THEMIS-A (TH-A)
was consistently closer to the magnetic equator than TH-D
and TH-E; thus, the K corresponding to the TH-A PSDs
is consistently closer to 0 G'?Rg; (in fact, it is consistently
<0.01 G'?Rg;, corresponding to electrons with equatorial
pitch angles within 90 4= 10°). During this storm, the three
THEMIS spacecraft were inbound in the late morning
MLT sector, between ~8 and 11 MLT. They were outbound
in the early morning MLT sector, between ~1 and 4 MLT.
For the April 2010 storm, again TH-A was closest to the
magnetic equator, but all of the spacecraft were closer to
each other than during the February 2011 event; the K
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corresponding to all of them is less than 0.01 G'?Rg. At
this time, the three THEMIS spacecraft were inbound in
the early morning MLT sector, between ~3 and 6 MLT.
They were outbound in the evening MLT sector, between
~19 and 22 MLT. For both storms, there was approximately
3 h near perigee between inbound and outbound orbital trajec-
tories in the outer belt. Also during both storm periods, TH-D
and TH-E had conjunctions in phase space coordinates, allow-
ing their PSDs to be inter-calibrated [e.g., Ni et al., 2011] for
direct comparison. Finally, note that the bounds in L* of the
PSD distributions shown in Figure 3 are the result of either
L* being undefined by the model (most often corresponding
to the outer bound on the plot) or the energy required to
conserve Mu extending outside of the range of the four SST
energy channels used to calculate PSD (corresponding to all
of the inner bounds and several of the outer).

[17] During the course of the February 2011 storm, the
outer belt started out with a peak in PSD at 4.5 <L* <5.

€) 07-16 Apr 2010: THEMIS Inbound
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d) 07-16 Apr 2010: THEMIS Outbound
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Figure 3. Phase space density L* distributions for Mu= 1000 MeV/G and K < 0.025 G"*R; during the
10 day periods surrounding two geomagnetic storms. For the February 2011 storm, distributions from (a)
inbound portions of the THEMIS orbits and (b) outbound trajectories are shown with symbols
corresponding to the three THEMIS spacecraft (triangles: TH-A; circles: TH-D; squares: TH-E) and colors
(also labeled with date in month/day format) corresponding to the times shown in Figure 2a. The plasma-
pause locations, calculated using the O’Brien and Moldwin [2003] model using Dst, are indicated for each
day with the corresponding colored bars on the X axis. Note that the inbound trajectories occurred before
the outbound trajectories of the same color. (c and d) show the distributions from the April 2010 storm in
the same format but with colors corresponding to those shown in Figure 2b.

2201



TURNER ET AL.: STORM-TIME EVOLUTION OF THE OUTER BELT

This exhibited slow decay over the first 2 days of this period.
Then on the inbound trajectories at the beginning of 01
February, right after the pressure enhancement in the SIR,
the PSD distribution started showing enhanced losses, which
became more pronounced with increasing L*. Note that the
outbound orbit on 01 February revealed slightly higher
PSD levels at higher L*s than the inbound trajectory, indi-
cating a local time effect of the PSD radial profiles (recall
that all three THEMIS spacecraft were in the late morning
MLT sector during the inbound trajectories and early morn-
ing MLT sector during the outbound trajectories of their
orbits). We propose a few different possible explanations
for this difference. Part of the difference may be due to the
slight differences in K (i.e., THEMIS were slightly closer
to or farther from the magnetic equator) between the
inbound and outbound trajectories. Another reason may
possibly be that part of the difference results from differ-
ences in L* due to magnetic field model inaccuracies, which
may be stronger at higher radial distances. Finally, part of
the difference may also result from Shabansky orbits becom-
ing increasingly more important in describing particle drift
paths, due to the enhanced solar wind dynamic pressure.
Such drift orbits would result in reducing the flux of equato-
rially mirroring electrons on the dayside between around
07:00 and 17:00 MLT [e.g., Ukhorskiy et al., 2011]. Also,
from the outbound trajectories, it appears in Figure 3b as
though the PSD was highest at the outer trapping boundary
(corresponding to the maximum L* defined by the global
field model), but when PSD for fixed first and second invar-
iants was examined at higher radial distances, they revealed
that all of these distributions were indeed peaked beyond the
model boundary deeper into the tail. Continuing with the
evolution throughout the storm, the result of the dropout
starting on 01 February was the distribution seen on 02
February, namely a distribution with a peak in PSD
at L*~4.5 at only ~20% of the initial peak PSD level (i.e., from
30 January). Then within only a few hours between inbound
and outbound orbit trajectories on 02 February, the PSD at
L* > ~5.5 increased drastically by more than an order of mag-
nitude. On 03—04 February, a new peak in PSD had formed at
5.5 <L* < 7.5, though interestingly, at the same time, the PSD
from the dropout remnant of 02 February at L* <5 is still
clearly visible and nearly unchanged except for some slow de-
cay. The outer belt exhibits a double-peaked structure on 03—04
February, with the peak from the original remnant belt at
L*~4.5 and the new, enhanced belt at L* ~6.5. Subsequently,
the main phase of the storm occurred between the outbound or-
bit on 04 February and the inbound on the 05 February, and
when the THEMIS spacecraft came back into the outer belt,
they observed the results of a massive dropout that had
occurred at all L* down to ~4.5. During the ~1.25h delay
between TH-D (first to enter/leave the belt) and TH-E (last to
enter/leave it) on the inbound orbit trajectories of 05 February,
the peak in PSD between 4 < L* < 4.5 was observed to grow
by a factor of ~4. Around 3 h later, during the outbound orbit
trajectories on 05 February, the PSD had increased by over
an order of magnitude out to L* > 5.5. The PSD continued to
increase on 06 February, exhibiting a fully restored outer belt,
dramatically enhanced above the pre-storm levels and peaked
at L*~5.5. This new belt exhibited an increase in PSD of over
2 orders of magnitude over a range of L* from approximately 4
to 7, on a time scale of less than a day. Over the last few days of

the period, the broad peaked distribution persisted at approxi-
mately the same level, with some finer variations that will be
further described in the next section.

[18] Compared to the 04 February storm, equatorially mir-
roring, relativistic electrons in the outer radiation belt exhib-
ited entirely different behavior during the 11 April 2010
storm. During this period, all three THEMIS spacecraft were
in the post- (pre-) midnight MLT sector during their inbound
(outbound) orbit trajectories. The initial distribution revealed
a very enhanced belt, which was the result of an enhance-
ment during the recovery phase of the 05 April storm. This
initial distribution exhibited a peak in PSD at L* ~6, though
the SST instruments were near their saturation levels at
L* <~5 for 07-10 April, so these PSDs (and in particular
the local minima in the distribution at around L* ~4) should
not be trusted. This, however, has no effect on the interpre-
tation of the results for this study. Over the first few days
of the period, this distribution also underwent some interest-
ing variations, which we do not discuss in detail here. The
final pre-storm distribution was that observed by THEMIS
on their outbound trajectories on 10 April, which revealed
a very broadly peaked or even flat PSD distribution extend-
ing to L* > 8. The distributions from 11 April were during
the SSC and main phase; they revealed inward motion of
the distribution with losses starting at higher L* and moving
inward in time. The outbound distributions reveal a very
sharp gradient in PSD at L* ~6 and a peak in PSD between
4.5 <L* <5.5. Since the inbound and outbound orbits are
all in the tail, this was most likely a temporal change in the
distribution and not a result of MLT differences. By the next
day, the peak PSD had dropped by another factor of 6 and
the peak had moved to L* <5. Interestingly, the PSD in-
creased significantly at L* <5 from 10 to 12 April. Over
the remaining days shown in the period, the key features
are (1) a slow decay in PSD at L* <6, (2) an increase in
PSD at L* > 6.5 between 15 and 16 April, and (3) a second
peak in PSD at L*~6.5 observed during the outbound
trajectory on 14 April. These features, as well as the rest of
those discussed here for both storms, will be analyzed in
detail in section 4.

3.3. Distributions of Trapped Versus Precipitating
Electrons Observed From LEO

[19] We can develop a more complete picture of the global
distributions of relativistic electrons in the outer belt using
POES flux observations from LEO of trapped and precipitat-
ing >1 MeV electrons; these are shown in Figure 4. Note
that we have also examined both high time resolution and
MLT-binned flux maps to ensure that those shown here are
representative of the population and critical details were
not lost by bin averaging. From Figure 4, trapped electron
fluxes are quite consistent (qualitatively) with the PSD
observations derived from the equatorial THEMIS space-
craft, revealing the same variations throughout the course
of each storm; however, precipitating electron data reveal
important new features. For the February 2011 storm, the
outer belt was initially rather quiescent, with a small peak
located between L of 4 and 5. A dropout throughout the belt
occurred starting on 01 February, and the trapped electrons
became enhanced at higher L-shells (L >5.5) on 03-04
February. Another, stronger dropout occurred during the
main phase of the storm on 05 February, essentially

2202



TURNER ET AL.: STORM-TIME EVOLUTION OF THE OUTER BELT

6 a) 2011 Storm: POES >1 MeV Trapped Electrons
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Figure 4. NOAA-POES observations of trapped and precipitating electrons at low-Earth orbit. For the
February 2011 storm, trapped (a) and precipitating (b) >1 MeV electron fluxes (log;o of flux, units #/
cm?-s-sr, shown in color) averaged from six POES spacecraft are shown binned by time (30 min) and
L* (0.1 REg). (c and d) show the same format for >1 MeV fluxes during the April 2010 storm.

emptying the belt at POES altitudes (i.e., at low pitch
angles). Notably, the precipitating electron distributions
(Figure 4b) revealed no enhancements above background
levels at any L-shells during either of the dropouts. In the
following days, 05-09 February, fluxes of >1 MeV trapped
electrons at LEO were replenished, starting at 4 <L < 4.5
and gradually filling in at higher L-shells in time over the
course of a day. During this prolonged recovery phase, the
belt became significantly enhanced above pre-storm levels
between 4 <L < 7.5. More notably, starting late in the day
on 06 February, the precipitating flux observed by POES
also began to rise above background levels. The precipitat-
ing fluxes were observed between 4 <L < 5.5 and peaked
at about 10% of the simultaneously observed trapped flux
population at LEO.

[20] During the development of the storm event resulting
in outer belt depletion on 11 April 2010, POES observed
an initially enhanced belt spanning 3.5 <L <6, as seen
already on 07 April. This enhanced belt spread out to L~8
or more on 10-11 April before experiencing a main-phase
dropout on 11-12 April. This dropout reduced the peak flux
levels by ~90% and the range in trapped fluxes to 3.5 <L
5. The precipitating fluxes throughout the pre-storm period
were enhanced above background between 3.5 <L <5.5
on 07-10 April and extending to higher L-shells on 10-12
April. These precipitating fluxes represented ~10-20% of
their trapped counterparts simultaneously observed at LEO.
During the recovery phase, fluxes started to build back up
at L > 5 until another weak dropout signature around 00:00
UT on 15 April occurred, lowering flux levels throughout
the belt. The fluxes remained below their pre-event levels
for several days throughout the recovery phase and after
the end of the storm. Precipitation fluxes were also above

background at 3.5 <L < 4.5 throughout most of the recov-
ery phase. It is also of interest to note that there were flux
enhancements of both trapped and precipitating electrons at
L <7 at the end of the day on 14 April.

4. Analysis and Interpretation

4.1.

[21] To develop an understanding for the causes of the
extreme and very different outer radiation belt variations
observed during these two storms, we examined a data set
of multi-point wave observations. Concerning acceleration,
growing peaks in PSD were observed on 02—04 and 05-07
February 2011 and 14 April 2010. Wave amplitudes of
whistler-mode chorus are shown in Figures 5 and 6 for both
events as observed by all three THEMIS spacecraft, which
all revealed consistent results. For comparison, the observa-
tions during the outbound trajectories of each orbit are
shown for the February 2011 storm, while for the April
2010 storm, the inbound observations are shown. It is in this
format because chorus distributions reveal a strong depen-
dence on MLT [e.g., Li et al., 2009] but for these orbital
trajectories during both events, the spacecraft were in the same
MLT sector, between ~01:00 and 05:00 MLT. Interestingly, on
01-04 February 2011, chorus waves with enhanced amplitudes
were observed at L* > 5.5, consistent with where the broad
peak in PSD formed after the dropout on 01-02 February. Then
after the second dropout during the main phase of the storm on
04-05 February, the peak in PSD (Figure 3a) was observed
growing first at 3.5 < L* < 5 (inbound) and then at 5 <L* < 6
(outbound) on 05 February and finally as the growing, broadly
peaked distribution (peak PSD at L* ~5.5) on 06-07 February.
Based on the chorus observations from THEMIS during the

Source and Acceleration
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Figure 5. Electron PSD and chorus wave amplitude distributions in L* observed by TH-A, TH-D, and
TH-E during the February 2011 storm. Only observations from the outbound trajectories of the orbit are
shown, since these correspond to the 01:00-05:00 MLT sector (i.e., the same as that shown in Figure 6 for
the April 2010 event). The different plots show the PSD distribution (corresponding to the left vertical
axis) and chorus wave amplitudes (corresponding to the right vertical axis) for each day in the period
of interest, as labeled, and for the PSD curves, the colors correspond to those used in Figures 2 and 3.
The plasmapause locations, calculated using the O’Brien and Moldwin [2003] model using Dst, are indi-
cated for each day with the corresponding colored bars on the X axis.

[ 13Apr [ 15Apr.

Figure 6. Electron PSD and chorus wave amplitude distributions in L* observed by TH-A, TH-D, and
TH-E during the April 2010 storm. Only observations from the inbound trajectories of the orbit are shown,
since these correspond to the 01:00-05:00 MLT sector (i.e., the same as that shown in Figure 5 for the
February 2011 event). The different plots show the PSD distribution (corresponding to the left vertical
axis) and chorus wave amplitudes (corresponding to the right vertical axis) for each day in the period
of interest, as labeled, and for the PSD curves, the colors correspond to those used in Figures 2 and 3.
The plasmapause locations, calculated using the O’Brien and Moldwin [2003] model using Dst, are indi-
cated for each day with the corresponding colored bars on the X axis.
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recovery phase of this storm (i.e., 05-08 February in Figure 5),
chorus activity started at 3.5 <L* <5 on 05 February (most
evident in the inbound trajectories, not shown in Figure 5,
while THEMIS were in the post-dawn MLT sector; chorus
wave amplitudes of >0.1 nT were observed at 3.5 <L* <5
during the inbound orbits). The chorus activity subsequently
moved out to 5<L* <7 on 06 February and then L* > 5.5

on 07-08 February (again, the amplitudes were stronger at
L* > 5 on the post-dawn, inbound trajectories, not shown in
Figure 5, for 07-08 February). Electron PSD was enhanced
by over two orders of magnitude over a broad range of L* in
less than 1 day from 05 to 06 February. This is consistent with
theoretical time scales for acceleration by wave-particle interac-
tions with chorus [e.g., Horne et al., 2005; Summers et al.,
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2007], including also when nonlinear interactions are
accounted for [Albert, 2002]. Furthermore, here we have exam-
ined equatorially mirroring, relativistic electrons that, based on
data-derived energy and pitch angle diffusion coefficients
and 2- and 3-dimensional diffusion modeling for stochastic
wave-particle interactions with chorus [e.g., Horne et al.,
2005; Li et al., 2007; Shprits et al., 2009b], are predomi-
nantly scattered up in energy and away from the loss cone;
such diffusion promotes rapid energization over loss to the
atmosphere and generates a local source of electron PSD
at corresponding Mu and K. Summarizing from the February
2011 outer belt enhancement event, growing peaks in phase
space density were observed to occur at the same L* ranges
where high-amplitude chorus waves were simultaneously
observed. We thus present this as evidence in support of local
acceleration of equatorial, relativistic electrons by WPI with
whistler-mode chorus.

[22] From Figure 6, the pre-storm period of the April 2010
event exhibited high-amplitude chorus waves intermittently
on 07—12 April throughout the entire outer belt. Then during
the recovery phase of the storm, chorus activity was only
observed at L* > 6.5 (with the exception of the small band
of activity at L*~5.75 on 15 April), possibly due to lower
magnetospheric convection and/or the outward expansion
of the plasmasphere. The relative lack of chorus waves in
the recovery phase is consistent with the IMF Bz being more
positive on average for this event. The peak in PSD observed
on 14 April occurred around the same time as the large

a) 04 Feb. 2011 Storm: Enhancement Event
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sub-storm that occurred around 23:20 UT on 14 April,
during and after which chorus waves were also observed
at L* > 6.5. Such a peak may be additional evidence of local
chorus acceleration or possibly evidence of an injection of
electrons from the plasma sheet producing a relativistic
electron response into the region near GEO. Such injections
have been observed before [e.g., Ingraham et al., 2001], but
the exact details of such an injection process from the
plasma sheet remain an outstanding question. Here we
speculate on two scenarios. First, there may be some local
acceleration process within the plasma sheet itself or at the
dipolarization front(s), particularly in the hypothetical
scenario in which multiple, localized dipolarization fronts
[e.g., Runov et al., 2012; Pembroke et al., 2012] repeatedly
energize and recirculate a percentage of electrons [e.g.,
Gabrielse et al., 2012] until they attain hundreds of keV
in kinetic energy. For this to occur, electrons must gain
additional energy at each dipolarization front they encoun-
ter; otherwise, the total adiabatic acceleration would simply
be reversed. Alternatively, these may represent electrons
that originated in the outer radiation belt were transported
outward into the plasma sheet by radial diffusion and then
were re-injected by the dipolarization front before they
could drift across the tail and escape from the system.
Further discussion on this injection is beyond the scope of
this study, since it appears to have little effect on the subse-
quent PSD distributions, and it is only briefly remarked
upon here as a point of interest.

b) 11 Apr. 2010 Storm: Depletion Event
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Figure 8. Hiss wave amplitude distributions in L* observed by TH-A, TH-D, and TH-E during (a) the
February 2011 storm and (b) the April 2010 storm, with observations from the outbound and inbound tra-
jectories of the orbit shown, respectively, for each storm, since these correspond to the 01:00-05:00 MLT
sector during both events. For each event, the top plot shows wave amplitudes from all three spacecraft for
days 1-3 of the 10 day period (the corresponding date ranges are labeled on each plot in month/day for-
mat), the middle plot for days 4-6, and the bottom plot for days 7-10, each with colors corresponding
to those used in Figures 2, 3, and 5—7. The plasmapause locations, calculated using the O’Brien and Mold-
win [2003] model using Dst, are indicated for each day with the corresponding colored bars on the X axis.
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[23] Both events exhibited enhancements in ULF wave
activity, including in the PcS5 frequency band that can
resonate with relativistic electron drift frequencies. GOES
observations of these waves are shown in Figure 7 over the
periods of interest for both storms. For the February 2011
storm, peak power occurred during the main phase of the
storm, on 04-05 February. However, there were other peri-
ods of enhanced wave activity in the pre-storm period from
31 January to 02 February, associated with the impact of
the first SIR. Associated with the storm itself, the Pc5 ULF
wave power remained elevated throughout all of the
main phase and most of the recovery period, from 04-07
February. At these times, drift resonant acceleration may
have played a role in the PSD enhancements. Peaked PSD
distributions in the outer radiation belt are often cited as
evidence against acceleration by inward transport from a
source in the plasma sheet. However, here we cannot
entirely rule out the possibility of peaks developing due to
on/off sources of PSD injected from the plasma sheet
between observations (i.e., when none of the THEMIS
spacecraft were in the outer belt); higher temporal resolution
for radial distributions would be necessary to resolve this.
Regardless, on-off source from the plasma sheet cannot
explain the clearest case of a growing peak in PSD observed
by TH-D and TH-E on the inbound trajectories of their orbits
on 05 February. Also, the outbound distributions that reveal
maximum PSD at highest L* (e.g., 02/02, 02/03, 02/04, and
02/05 in Figure 3b) are either a result of L* not being
defined by the Tsyganenko and Sitnov [2005] model or the
required energy range to conserve Mu extending below that
of the coincidence logic energy channels of the SST electron
instruments [see Turner et al., 2012b]; when all of the
electron channels are used to calculate PSD at these higher
L-shells, extending the energy range to ~30 keV, the
observed PSD distributions beyond this boundary (not
shown) are actually peaked. For the April 2010 storm, the
background wave power was weaker than that during the en-
hancement event, and other than at the beginning of the pe-
riod (i.e., during the recovery phase of the 05 April storm),
the ULF power occurred over shorter periods. Like the

a) 04 Feb. 2011 Storm: Enhancement Event
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2011 event, the enhancements in ULF wave activity oc-
curred during periods of enhanced solar wind dynamic pres-
sure and/or fast solar wind speed. PSD distributions do not
suggest that inward radial diffusion was the major accelera-
tion mechanism during this event, except perhaps between
14-16 April at L* < 4.5.

4.2. Loss

[24] Concerning losses, whistler-mode hiss and EMIC
waves were also observed during both storm periods.
Figure 8 shows hiss wave amplitudes observed by the three
THEMIS spacecraft. Note that the locations agree approxi-
mately with the plasmapause locations shown, with hiss
being observed primarily within the plasmasphere. During
the first 6 days of the February 2011 storm, hiss waves were
observed out to L*~5.5, which may explain the continual
slow decay observed there between TH-D and TH-E (since
TH-D passed through the belt around 1h before TH-E did)
and from day to day during the periods 30-31 January and
02—04 February. Stronger hiss waves were also evident in
the outbound trajectories in the same L* range on these days,
when THEMIS spacecraft were in the pre-midnight MLT
sector (not shown in Figure 8a). During the main phase
and beginning of the recovery phase of the storm, hiss was
restricted to L* < 3.5, consistent with the strong erosion of
the plasmasphere. During the rest of the recovery phase, hiss
was observed with higher amplitudes mostly at L* < 4.5,
which corresponded to the inner edge of the outer belt ob-
served there. During the April 2010 storm, hiss was re-
stricted to L* <4.5 during the first 7days of the period
shown. Then during the late recovery phase and remainder
of the period from 14 to 16 April, high-amplitude hiss waves
were observed out to L* ~ 6.5, which is consistent with the
slow decay of PSD observed at L* < 6.5 during these last
few days.

[25] Figure 9 shows L-shells and times at which EMIC
waves were observed by the THEMIS ground magnet-
ometers and GOES during the periods of interest. Compar-
ing the two storms, it is immediately clear that there were
more EMIC waves during the April 2010 depletion event.

b) 11 Apr. 2010 Storm: Depletion Event
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Figure 9. Locations in L and durations of EMIC waves observed by CARISMA, Sodankyla, and Halley
Bay ground magnetometers and GOES spacecraft at GEO for (a) the February 2011 storm and (b) the

April 2010 storm.
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During the pre-storm period of that event (07-11 April),
waves in the EMIC frequency band were observed regularly
over a broad range of L-shells throughout the outer belt. In-
terestingly, the wave activity was not observed during the
main phase and start of the recovery phase starting late on
11 April and lasting throughout 12 April, when the dropout
in PSD occurred. It should be noted, however, that most of
these EMIC observations are ground based, and it has been
reported that EMIC waves are more likely to be observed
on the ground several days into storm recovery compared
to the main and early recovery phases [e.g., Bortnik et al.,
2008]. Activity picked up again over a broad range of L-shells
around the end of the day on 13 April. The February 2011
storm on the other hand revealed fewer EMIC waves, and those
that were observed occurred over shorter periods and were
more localized in L. EMIC waves may have played a role in
loss during the recovery phase of this event, however. The bite
out of the PSD distribution at 4.3 < L* < 5 on 07-08 February
seems most consistent with loss by EMIC waves, since (i) the
plasmapause was located at L < 4.3, (ii) observed hiss waves
were limited to L <4, (iii) EMIC waves were observed by
ground magnetometers at 4 < L < 5 (most consistently around
L~4.25) from 07 to 09 February, and (iv) there was enhanced
precipitation of >1 MeV electrons into the atmosphere at4 < L
5 on 07-09 February. However, we cannot rule out the possi-
bility that the precipitation may have alternatively just been the
result of the increase in the total trapped population.

[26] Each of the dropouts observed during these periods
was associated with sudden enhancements of solar wind
dynamic pressure, i.e., on 31 January—02 February and 0405
February 2011 and 11-12 April 2010. The behavior of the
PSD distributions during these dropouts, particularly the 31
January—02 February and 11-12 April periods, was consistent
with what is expected from a combination of magnetopause
shadowing at high L* followed by rapid outward radial
transport. Both cases exhibited losses first at higher L* and then
later at lower L*, evidenced by the fact that the peak in PSD
was falling in magnitude with inward motion in L* [see Turner
et al.,2012a). The 11-12 April period was particularly reveal-
ing, showing the initial distribution on the inbound trajectory
on 11 April followed by the distribution on the outbound (only
a couple hours later), which exhibited (i) a very sudden drop in
PSD at L*~6 (consistent with the discontinuous signature of
magnetopause shadowing), (i) a peak that decreased and
moved in from L* ~6 to L* ~5 (possibly due to a combination
of the initial shock-like injection [e.g., Li et al., 1998] and
subsequent inward transport), and (iii) an increase in PSD at
L* inside of the peak location between 11 and 12 April (consis-
tent with inward diffusion away from the remnant peak in PSD
after magnetopause shadowing occurred). ULF activity was
enhanced during all three dropout periods, which is a require-
ment for breaking the third invariant and enabling rapid trans-
port across drift shells. Since EMIC waves are often generated
during magnetospheric compressions [e.g., Usanova et al.,
2008; 2012, and references therein], we also considered the
possibility of EMIC-related loss of MeV electrons to the atmo-
sphere. Numerical simulations have also shown that electron
scattering by EMIC waves with sufficient wave amplitudes
should result in strong diffusion [e.g., Shprits et al., 2009a].
Also, previous model-data comparisons have shown that loss
timescales of relativistic electron precipitation into the atmo-
sphere during the main phase of storms can be on the order

of several hours [e.g., Selesnick, 2006; Tu et al., 2010] to
around a day [e.g., Thorne et al., 2005]. However, the precipi-
tating flux maps reveal no significant increase in losses to the
atmosphere that would support the depletion of the trapped
population. Even in the absence of strong diffusion, some
enhancement in precipitating flux throughout the loss cone
would be expected if the majority of the electrons in the belt
were being stochastically scattered into the atmosphere, and
to properly estimate loss rates to the atmosphere, model-data
comparisons should be conducted along the same lines as
previous studies [e.g., Thorne et al., 2005; Selesnick, 2006;
Tu et al., 2010]. Based on the lack of enhanced precipitating
electrons and the observed evolution of the PSD distributions
shown here, we conclude that these dropouts were more consis-
tent with the model of magnetopause shadowing and subse-
quent enhanced outward radial transport, as discussed in
Turner et al. [2012a, and references therein].

4.3. Transport

[27] As discussed above, transport across drift shells
appeared to play an important role in dropout-related losses
that occurred during each of these storm periods. Diffusive
radial transport was also evident at various times as well.
For example, note the inward spreading of PSD observed
at L* < 4.5 during both active recovery periods, from 06 to
08 February 2011 and 14 to 16 April 2010 (Figures 3a and
3b). Outward transport away from the peaks in PSD [e.g.,
Reeves et al., 1998; Miyoshi et al., 2003] was also observed
during these two recovery phase intervals. The PSD in-
creased at L* > 6 from 07 to 08 February 2011 and also at
L*>5 from 15 to 16 April 2010 consistent with outward
radial transport. Particularly evident in the April 2010 case,
the PSD distribution exhibited flattening at higher L*. This
flattening is consistent with our expectation from theory
given the expected stronger radial diffusion at higher L*,
an initially peaked distribution, and assuming sufficient
source population to balance the loss from outward
transport. We also examined ULF wave data from THEMIS
(not shown), which was consistent with that observed
by GOES but revealed that ULF wave activity extended to
L-shells beyond GEO, further supporting strong radial diffu-
sion there. From the chorus observations (Figures 5 and 6)
revealing strong chorus wave amplitudes at L* > 6 in both
of these periods, it should be noted that these enhancements
in PSD were probably the result of a combination of chorus
acceleration and outward diffusion (enhanced ULF wave ac-
tivity during these periods allowed for enhanced outward
diffusion). This presents an interesting scenario in which
outward transport may serve as a regulating mechanism of
the system; i.e., WPI may be producing peaks in PSD during
active periods, but these newly accelerated relativistic elec-
trons will also experience enhanced diffusion outwards in
the active conditions and thus be decelerated and potentially
lost from the system.

5. Conclusions

[28] We have identified a database of geomagnetic storms
and evaluated their effects on the PSD of equatorially mir-
roring, relativistic electrons throughout the outer radiation
belt. From this database, we have analyzed two storms in
detail, one that resulted in a net enhancement of PSD in
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the outer belt and another that resulted in a depletion of PSD
throughout the outer belt. For each event, we examined
multi-point observations of solar wind and geomagnetic
conditions; L*-distributions of electron PSD for Mu= 1000
MeV/G and K~0 G"?Rg; (i.e., relativistic and equatorially
mirroring); trapped and precipitating >1 MeV fluxes from
LEO; and chorus, hiss, EMIC, and ULF waves observed
throughout the system. From these observations, we have
presented PSD distribution variations that are consistent
with (i) local acceleration by WPI between relativistic elec-
trons and whistler-mode chorus based on growing peaks in
PSD directly corresponding to peak locations in chorus
wave amplitudes; (ii) dropout events resulting from magne-
topause shadowing combined with enhanced outward radial
transport; (iii) slow, decay-like loss associated with hiss; (iv)
precipitation loss corresponding to the location of observed
EMIC waves and a reduction in equatorial PSD; and (v)
radial diffusion away from peaks in PSD during active re-
covery phase conditions. It should be noted that these are
all observations from only two storms, and more rigorous,
statistical studies as well as additional case studies using
multi-point observations (incorporating THEMIS, POES,
GOES, and soon benefiting from the addition of the recently
launched, twin Van Allen Probes, or RBSP, spacecraft) will
confirm whether these cases represent general behavior in
the outer belt. With this in mind, the main conclusions of
this study are as follows:

[20] 1. When compared to the storm that resulted in a de-
pletion of PSD throughout the belt, the storm that resulted in
an overall PSD enhancement exhibited (i) more enhanced
chorus wave amplitudes, (ii) broader ranges in L* of chorus
activity, (iii) a smaller range in L* of hiss during the recov-
ery phase, (iv) fewer EMIC wave events throughout the pe-
riod, and (v) more prolonged periods of enhanced Pc5 ULF
wave activity. Both storms also provided evidence of radial
diffusion, both inward and outward from a peak in PSD
within the outer belt itself, as well as losses to the atmo-
sphere corresponding to observed locations of EMIC
waves and slower decay rates during quiet times, possibly
corresponding to plasmaspheric hiss.

[30] 2. We observed evidence consistent with rapid accel-
eration by WPI between whistler-mode chorus and relativis-
tic electrons; PSD peaks grew in time on the same L* as
enhancements in chorus wave amplitude were observed.
The PSD peaks and chorus waves were consistently
beyond the plasmapause location, even as it evolved over
the course of the storms. However, we cannot fully rule
out the role of on/off source due to sudden injections of
electrons from the plasma sheet [e.g., Ingraham et al., 2001;
Lui et al., 2012], since distributions at higher time cadence
are necessary to resolve them. Regardless, we showed that
the source mechanism can increase the PSD throughout the
entire belt by more than two orders of magnitude in less
than 1 day.

[31] 3. Dropouts throughout most/all of the outer belt fol-
lowed after solar wind dynamic pressure enhancements and
exhibited features consistent with magnetopause shadowing
and subsequent enhanced outward radial transport.

[32] 4. We showed evidence supporting the fact that the
outer belt can rebuild seemingly independently of the remnant
distribution from a dropout event resulting in a double-peaked
distribution in the outer belt, as occurred on 01-04 February

2011. This was not an isolated occurrence; of the 53 storms ex-
amined, 13 cases revealed this remnant, double-peaked feature
in the post-dropout PSD distributions. Also, such a feature has
now been simultaneously confirmed with an independent study
using observations from NASA’s Van Allen Probes mission
(Baker, D. N. et al., A long lived relativistic electron storage
ring embedded within the Earth’s outer Van Allen radiation
zone, Science, in press).

[33] 5. Of the 53 storms in our database, 58% resulted in
an electron PSD enhancement, 17% resulted in PSD depletion,
and 25% resulted in no significant change. These results are
consistent with those of Reeves et al. [2003] and suggest that
the set of storms studied here are a representative sample of
the ones studied during the previous solar cycle. This also
reveals that the variation in the fluxes at GEO follow the vari-
ation of the peak in PSD, and, L- or pitch angle dependent var-
iations, particularly increases at lower L-shells during dropouts,
may explain the discrepancy with the more recent statistics of
Zhao et al. [2013].

[34] This study is a comprehensive assembly of particle
and wave data in Earth’s outer radiation belt, which affords
us the first clear pictures of the various processes responsible
for the extreme variations of the relativistic electron popula-
tions observed during two similar Dst storms, which display
very different radiation belt responses, side by side. Our
interpretations of these observations suggest that the current
theories involving source, loss, and transport mechanisms in
the outer radiation belt are sufficient to explain most of the
significant changes in PSD during these two events. The re-
sultant outer belt enhancement or depletion of any particular
storm or event is thus the combined effect of these individual
processes, acting in concert to produce the observed effects.
However, several outstanding questions still remain. The
effect of chorus on the PSD distributions shown here is not
linearly related to the amplitude of the observed chorus
waves, and we must develop a clearer picture of the exact
nature of these WPI. This is also true of the slow decay
due to hiss and is probably also the case for WPI with EMIC
waves, indicating that a better understanding of the radiation
belt response to waves of given amplitude is needed. The
role of injections of relativistic electrons during sub-storms
is still not understood; do the electrons originate in the
plasma sheet due to some acceleration mechanism acting
there, or do they originate in the outer belt and are just being
reintroduced after outward transport into the tail? We also
do not currently have a good understanding of the role of
Shabansky drift orbits, both in generating chorus and EMIC
waves [e.g., McCollough et al., 2012] and in scattering
electrons in K and L* [e.g., Ukhorskiy et al., 2011]. Here
we have also not presented any evidence of magnetosonic
wave activity (since the spacecraft were not in the preferred
dayside MLT sector and THEMIS FFF data, necessary
for identifying magnetosonic waves, were unavailable for the
April 2010 event) or the cross L-shell effects of drift-resonant
interactions with ULF waves (since PSD as a function of
energy must be examined). This study demonstrates the
importance and potential of employing multi-point observations
from spacecraft (and ground stations and/or balloons)
throughout the outer belt system to develop a more comprehen-
sive picture of the entire system. To address these outstanding
questions and to continue development towards a full under-
standing of Earth’s outer radiation belt electrons in the near
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future, observational studies should take full advantage of the
unprecedented array of particle and wave observatories cur-
rently in place for studying the outer belt system, including
those based on Earth (e.g., CARISMA, THEMIS-GMAG:s,
and BARREL), those at LEO (e.g., POES, SAMPEX, and
CubeSats like CSSWE and FIREBIRD), and those near the
magnetic equator (e.g., Van Allen Probes in the heart of the
belt, GOES at GEO, and THEMIS throughout the belt and
beyond it into the plasma sheet).
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