Ann. Geophys., 33, 1173-1181, 2015
www.ann-geophys.net/33/1173/2015/
doi:10.5194/ange0-33-1173-2015

© Author(s) 2015. CC Attribution 3.0 License.

Annales
Geophysicae

Combined effects of concurrent Pc5 and chorus waves on

relativistic electron dynamics

C. Katsavrias'?, 1. A. Daglis', W. Li%, S. Dimitrakoudis*, M. Georgiou?, D. L. Turner®, and C. Papadimitriou!

IDepartment of Physics, National and Kapodistrian University of Athens, Athens, Greece
2Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
3Department of Atmospheric and Oceanic Sciences, UCLA, California, USA

4Institute for Astronomy, Astrophysics, Space Applications & Remote Sensing,

National Observatory of Athens, Penteli, Greece
5The Aerospace Corporation, EI Segundo, California, USA

Correspondence to: C. Katsavrias (ckatsavrias@phys.uoa.gr)

Received: 9 June 2015 — Revised: 26 August 2015 — Accepted: 12 September 2015 — Published: 25 September 2015

Abstract. We present electron phase space density (PSD)
calculations as well as concurrent Pc5 and chorus wave ac-
tivity observations during two intense geomagnetic storms
caused by interplanetary coronal mass ejections (ICMEs) re-
sulting in contradicting net effect. We show that, during the
17 March 2013 storm, the coincident observation of chorus
and relativistic electron enhancements suggests that the pro-
longed chorus wave activity seems to be responsible for the
enhancement of the electron population in the outer radiation
belt even in the presence of pronounced outward diffusion.
On the other hand, the significant depletion of electrons, dur-
ing the 12 September 2014 storm, coincides with long-lasting
outward diffusion driven by the continuous enhanced Pc5 ac-
tivity since chorus wave activity was limited both in space
and time.

Keywords. Magnetospheric physics (energetic particles
trapped)

1 Introduction

The relativistic electron population in the outer radiation belt
is extremely variable — especially during periods of enhanced
geomagnetic activity. During such times, it is continually
subjected to loss and acceleration processes, which compete
and can deplete, enhance or cause little (or no) effect on the
electron population (Reeves et al., 2003; Turner et al., 2013).

The mechanisms responsible for the acceleration or loss
can be generally divided into two categories: adiabatic or re-

versible changes (e.g., Dst effect) and non-adiabatic or irre-
versible changes.

Concerning the non-adiabatic relativistic electron acceler-
ation two mechanisms act (usually) together: (i) inward ra-
dial diffusion and (ii) local acceleration via wave—particle
interactions through whistler mode chorus waves. For in-
ward radial diffusion, electrons in the plasma sheet repre-
sent a source of high phase space density (PSD), and when
the third adiabatic invariant is broken these particles can dif-
fuse inwards in radial distance, gaining energy in the pro-
cess (Schulz and Lanzerotti, 1974). For in situ acceleration
by wave—particle interactions, substorm injections and en-
hanced convection are responsible for providing a seed popu-
lation of tens to a few hundreds keV electrons which can then
be accelerated to higher energies, of the order of ~ MeV, as
they interact with lower band chorus waves inside the outer
belt (Horne et al., 2005). Some of these injected particles can
also generate plasma waves responsible for gyro-resonant
acceleration of electrons to relativistic energies (O’Brien et
al., 2003; Baker and Daglis, 2007; Bortnik et al., 2007). As
shown by Meredith et al. (2001) chorus emissions are often
substorm dependent and chorus emissions are generally en-
hanced when substorm activity is enhanced. Moreover, the
equatorial chorus is strongest in the lower band during ac-
tive conditions in the region 3<L <7, between 23:00 and
13:00 MLT, consistent with keV electron injection from sub-
storms near midnight and subsequent drift around dawn to
the dayside.
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Non-adiabatic (true) losses, on the other hand, are be-
lieved to be dominated by two mechanisms: (i) rapid scat-
tering into the atmospheric loss cones (drift or bounce) via
wave—particle interactions due to plasmaspheric hiss, elec-
tromagnetic ion cyclotron (EMIC) or chorus waves (Shprits
et al., 2007) and (ii) magnetopause shadowing combined
with outward radial transport (Turner et al., 2012; Shprits et
al., 2006). Recently, Usanova et al. (2014) combined elec-
tron precipitation observations and simulations to show that
EMIC waves were able to affect the low pitch angle electrons
in the outer belt, but not the core of the electron distribution
during the 11 October 2012 event. In addition, Jaynes et al.
(2014) showed that in the absence of additional energization,
plasmaspheric hiss was responsible for continuous losses of
electrons inside the plasmasphere during the time period 22
December 2012 through 13 January 2013.

Turner et al. (2012) showed that the majority of non-
adiabatic losses of outer radiation belt electrons with ener-
gies above 300 keV during the main phase of the 6 January
2011 geomagnetic storm were not lost to the atmosphere but
to Earth’s magnetopause through magnetopause shadowing
and subsequent rapid outward radial transport. Even in the
case of limited compression of the magnetosphere, Ni et al.
(2011) showed that there is a clear correlation between elec-
tron PSD dropouts and the solar wind pressure pulse, ow-
ing to a combination of magnetopause shadowing and out-
ward radial diffusion. The latter can be achieved under the
presence of ULF waves, a regularly occurring phenomenon,
which can violate the third invariant condition and allow for
electron radial diffusion (Mann et al., 2012).

In this work we attempt an assessment of selected mech-
anisms (substorm injections and wave—particle interactions
via chorus and Pc5 waves) that contribute to the variabil-
ity of the electron population in the outer radiation belt. To
that end, we examine the PSD in phase space coordinates
as well as wave activity (ULF Pc5 and whistler chorus) to
compare and contrast the evolution of equatorial mirroring,
relativistic and sub-relativistic electron population through-
out Earth’s outer radiation belt for two different geomagnetic
storms: one storm resulting in an overall enhancement (17
March 2013) and the other resulting in depletion (12 Septem-
ber 2014) of the PSD throughout the outer belt.

2 Data selection and methodology

We use electron differential fluxes from the Magnetic Elec-
tron lon Spectrometer (MagEIS) Medium M75 and High
instruments (Blake et al., 2013), on board the Van Allen
Probes. Fluxes are converted to PSD for fixed first and
second adiabatic invariants for a range of values and
K <0.05GY?Rg (equatorial mirroring electrons with pitch
angles 90+ ~ 15°) by applying the method described by
Chen et al. (2005, 2007) using magnetic field measurements
from the fluxgate magnetometers of Van Allen Probes (Klet-
zing et al., 2013). The use of PSD at fixed phase space coor-
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dinates (PSCs) allows us to both track particles and to iden-
tify regions and times when the adiabatic assumption breaks
down (injection events, fast loss events), and therefore to au-
tomatically filter out the so-called Dst effect. All values of
the invariants K and L* were calculated at each measure-
ment point using the Tsyganenko and Sitnov (2005) mag-
netospheric field model (TS05). In addition, magnetic field
measurements from the fluxgate magnetometers of RBSP
(3 min resolution) as well as ground measurements obtained
from SuperMAG collaboration were used to determine the
average Pc5 power. A continuous wavelet transform with
the Morlet wavelet as the basis function has been applied
to analyze them in the time—frequency domain (Balasis et
al., 2013). Prior to the time—frequency analysis using wavelet
transforms, a high-pass Butterworth filter with a cut-off fre-
quency of 0.9 mHz was applied to obtain the wavelet power
spectra covering the Pc5 frequency range (typically between
2 and 7mHz). To quantify the temporal evolution of ULF
wave activity, we calculated the weighted sum of the wavelet
spectrum over Pc5 wave frequencies. The ULF wave-derived
diffusion coefficients are then obtained from the aforemen-
tioned ground and in situ measurements. Ozeke et al. (2012)
have demonstrated that the electric term is dominant over the
magnetic one, over a wide range of parameters. Neverthe-
less, the magnetic term is more easily calculated from satel-
lite data, since variations of | B| correspond to compressional
waves, and | B| is easily measured; and relative changes in the
value of DJ are qualitatively, if not quantitatively, similar
to changes in the value of D, . Therefore, we calculate D
for indicative values of w, under the simplifying assumption
that the whole ULF power falls in wave mode 1. The rea-
son that increasing the wave m value does not significantly
affect the magnetic field diffusion coefficient is because in-
creasing m also increases the resonant wave frequency and
at higher wave frequencies the magnetic field PSD is much
lower (Ozeke et al., 2012). On the other hand, we have
obtained DE, from the IMAGE (International Monitor for
Auroral Geomagnetic Effects) (Tanskanen et al., 2009) and
CARISMA (Canadian Array for Realtime Investigations of
Magnetic Activity) (Mann et al., 2008) magnetometer array
data using the mapping method of Ozeke et al. (2009). That
method is restricted to daytime measurements and relies on
ground stations that do not always match the location of the
spacecraft in question. However, they are useful in providing
a more accurate estimation of the total diffusion coefficient,
whenever concurrent measurements are available.

Moreover we infer chorus wave amplitudes from the ra-
tio of precipitating and trapped electron fluxes over the en-
ergy of 30-100keV (measured by POES satellites) apply-
ing the method described by Li et al. (2013). In this way we
can estimate the chorus wave intensity in broad MLT cov-
erage, which cannot be obtained from in situ chorus wave
measurements by equatorial satellites alone. Supplementary
measurements of 1 min averaged values of solar wind speed,
pressure and interplanetary magnetic field (IMF) as well as
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geomagnetic indices SYM-H and AL from the NASA/OMNI
database? are also considered.

3 Detailed event analysis
3.1 Enhancement event

An overview of the 16-18 March 2013 period of interest is
shown in Fig. 1la—c. An interplanetary coronal mass ejection
(ICME) on 17 March (arrival time at 05:00 UT) increased
the solar wind speed from its quiet values to approximately
750kms~1 and dynamic pressure to approximately 16 nPa
while the IMF magnitude reached 21 nT. Pressure gradually
decreased to the pre-storm levels by midnight UT of the same
day while speed gradually decreased by the end of the re-
covery phase on 18 March. The strongly southward IMF
(~20h duration) associated with the ICME caused an in-
tense storm (SYM-H index reached —130nT) and an interval
of enhanced substorm activity (AL reached —2100nT) for
the rest of day 17 until the beginning of the recovery phase.
During 18 March there is no substorm activity or pressure en-
hancements. In Fig. 1d we show calculations of the magne-
topause and plasmapause location using the models of Shue
et al. (1998) and O’Brien and Moldwin (2003), respectively.
Clearly the location of the magnetopause starts at a distance
of L ~ 11 and reaches L ~ 6 during the main phase of the
storm while it recovers to pre-storm distances afterward. The
plasmapause exhibits a similar behavior; it starts at L ~ 4,
while it moves to L ~ 3 during the main and recovery phase
of the storm and then it recovers to slightly lower than the
pre-event levels on 19 March.

Right after the storm sudden commencement (SSC) and
the beginning of the substorm activity, the global chorus am-
plitudes increase by more than 1 order of magnitude for all
L shells (Fig. 1e). This enhanced chorus activity lasts until
the end of the main phase of the storm — which coincides
with the end of the substorm activity — and decreases to the
pre-storm levels during the recovery phase. This is consistent
with the results of Meredith et al. (2001, 2002), who showed
the dependence of chorus activity on substorm injections.

ULF wave activity, calculated from the magnetic field
measurements of the Van Allen Probes in the nightside mag-
netosphere, shows similar behavior (Fig. 1f). There is an en-
hancement of Pc5 power up to 3 orders of magnitude right
after the SSC that lasts until the beginning of the recovery
phase of the storm. The subsequent decrease of Pc5 activity
to the pre-storm levels coincides with the gradual decrement
of dynamic pressure and solar wind speed. This is consis-
tent with the theory of generation of ULF waves (Mann and
Wright, 1999) due to instabilities (e.g., Kelvin—-Helmholtz)
at the flanks of the magnetosphere. Félthammar (1965) and
Elkington et al. (2003) proposed that fluctuations in the geo-
magnetic field produced by ULF waves may cause adiabatic

Lhttp://omniweb.gsfc.nasa.gov/
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radial diffusion of the radiation belt electrons. As a conse-
quence the diffusion coefficients (Fig. 1g) are enhanced up
to 3 orders of magnitude during the main phase of the storm
for the whole outer belt (3.5<L <6.5) and gradually drop to
the pre-storm levels. The enhancement of radial diffusion is
the same for the dayside magnetosphere as well (Fig. 1h-i);
diffusion coefficients are enhanced up to 3 orders of magni-
tude during the main phase of the storm and then return to
the pre-storm level values.

Time profiles of PSD for fixed adiabatic invariants are
shown in Fig. 2. Each point is defined as the average PSD
calculated from RBSP A and B after a binning in L* val-
ues. As shown, the overall net effect of the storm is enhance-
ment of the electron population but there are slight differ-
ences depending on the electrons’ energy. The population
with = 100MeV G~ ! (panel a) increases right after the
SSC. By the afternoon of 17 March, PSD has reached its
maximum (up to 4 orders of magnitude) that coincides with
the maximum of substorm activity. After the beginning of
the recovery phase of the storm, PSD remains enhanced until
the end of the storm. We note that there seems to be a de-
pendence of the enhancement on the L shell; enhancement is
more pronounced for lower L shells and, in addition, PSD is
almost decreased to the pre-storm levels for L =5.25. The
300 MeV G~ electron population (panel b) shows similar
behavior except the enhancement is simultaneous for all L
shells. The 600 and 900 MeV G~1 population show differ-
ent behavior. Right after the SSC there is a PSD depletion
(up to an order of magnitude) that coincides with the maxi-
mum compression of the magnetopause, which is the result
of magnetopause shadowing (Boyd et al., 2014). After the
depletion there is a sudden enhancement of PSD that reaches
its maximum value at the end of the main phase of the storm
(a few hours later than the lower p population). Again, PSD
remains enhanced until the end of the storm. We note that
the dependence of the enhancement on L shell is not appar-
ent in the high 1 population (as n increases the enhancement
is more or less of the same order of magnitude).

3.2 Depletion event

An overview of the 11-13 September 2014 period of inter-
est is shown in Fig. 3a—c. There is a high-speed stream that
caused a ~ 10 h (00:00-10:00 UT on 12 September) increase
of speed (up to 450 kms—1) and pressure (up to 10nPa) as
well as some sporadic substorm activity but no storm (the
minimum SYM-H index reached —20nT). After a 3h quiet
period an ICME arrives at 15:00 UT of 12 September. So-
lar wind speed is increased from its quiet values to approx-
imately 750 kms~—1 and dynamic pressure to approximately
20 nPa while the IMF magnitude reached 30 nT. The strongly
southward IMF associated with the ICME caused a short-
lived but intense storm (SYM-H index reached —100 nT) and
an approximately 2 h interval of enhanced substorm activity
(AL reached —1200nT) at the end of day 12. Speed grad-
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Figure 1. (a—d) Values of solar wind parameters and geomag-
netic indices with 1 min resolution, during the time period 16—
18 March 2013. Top to bottom: average IMF and its z compo-
nent (B;), solar wind speed and dynamic pressure, geomagnetic in-
dices SYM-H and AL, models of magnetopause (Shue et al., 1998)
and plasmapause (O’Brien and Moldwin, 2003) location. (e) Cho-
rus wave intensity averaged over all MLTs based on the POES
electron measurements. (f) Pc5 power from RBSP for the night-
side magnetosphere (22:00 < MLT < 04:00). (g) Averaged values
of DEL corresponding to RBSP magnetic field measurements at the
nightside magnetosphere (22:00 < MLT < 04:00). (h) Pc5 power
for the dayside magnetosphere obtained from ground observa-
tions (06:00 < MLT < 11:00). (i) Averaged values of Df at the
dayside magnetosphere (06:00 < MLT < 11:00) obtained from the
CARISMA and IMAGE ground magnetometer arrays. The vertical
dashed lines circumscribe the main phase of the storm.
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Figure 2. Nightside PSD time profiles obtained from RBSP flux
measurements for fixed adiabatic invariants during the 16-18 March
time period. Each panel corresponds to different value of n (100,
300, 600 and 900 MeV G~ respectively) and each color curve to
different value of L*. The vertical dashed lines circumscribe the
main phase of the storm.

ually decreases on 13 September but never reaches the pre-
storm levels. In addition, strong fluctuations of pressure are
present during the whole recovery phase of the storm, yet
there is no sign of substorm activity. The location of the mag-
netopause (panel d) starts at a distance of L ~ 10 and reaches
L ~ 6 during the main phase of the storm while it recovers to
larger than the pre-storm distances afterwards. The plasma-
pause exhibits a similar behavior; it starts at L ~ 4, while it
moves to L ~ 3 during the main phase of the storm and then
it recovers to pre-event levels on 14 September.
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The global chorus amplitudes are increased less than 1
order of magnitude (Fig. 3e), and the enhancement is very
limited both in space (3.5<L<5.5) and time (only during
the minimum SYM-H). This enhancement coincides with the
strong but also limited in time (a couple of hours) substorm
activity indicating once again the dependence of chorus in-
tensity on substorm injections.

ULF wave activity in the nightside magnetosphere shows
completely different behavior (Fig. 3f). There is an enhance-
ment of Pc5 power caused by a high-speed stream during
the beginning of 12 September but Pc5 recover to the pre-
vious levels. With the arrival of the ICME in the afternoon,
we observe an enhancement of more than 3 orders of magni-
tude (at all L shells). This enhancement is weakened during
the storm recovery phase (up to 2 orders of magnitude); still,
Pc5 power remains high, compared to the pre-storm levels,
even at the end of the storm. This coincides with the fact that
both solar wind speed and pressure are still enhanced during
the recovery phase of the storm. As a consequence the dif-
fusion coefficients (Fig. 3g) are enhanced up to 3 orders of
magnitude during the main phase of the storm while the en-
hancement persists for L >4 during the recovery phase. The
enhancement of radial diffusion is almost the same for the
dayside magnetosphere (Fig. 3h—i); diffusion coefficients are
enhanced up to 3 orders of magnitude during the main phase
of the storm and then show sporadic and weak enhancements
above the pre-storm levels.

Time profiles of PSD for fixed adiabatic invariants are
shown in Fig. 4. The overall net effect of this storm is com-
pletely different, depending on the electrons’ energy. The
population with ;. = 100 MeV G~ (panel a) increases right
after the SSC and before midnight of 13 September; PSD for
high L shells has reached its maximum that coincides with
the maximum of substorm activity. After the beginning of
the recovery phase of the storm, PSD for L*<4.5 remains
enhanced until the end of the storm while PSD for L*>4.5
recovers to the pre-storm levels. We note that the depen-
dence of the PSD enhancement on the L shell appears in
both events. As we move to higher values of u the behav-
ior of the electron population is completely different. The
300 MeV G~ electron population (panel b) shows an en-
hancement during the maximum chorus activity (main phase
of the storm) and a depletion for L*>4.5 right before the be-
ginning of the recovery phase of the storm. By the end of the
recovery phase, the electron population at high L shells has
returned to the pre-storm levels while the low L shell popu-
lation shows slight enhancement. For the higher w electron
population the aforementioned depletion is more abrupt and
deep (especially for higher L shells) and the net effect of the
storm is depletion and very slow recovery of PSD that ex-
ceeds the time interval of this study.
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Figure 3. Same as Fig. 1 during the time period 11-13 September
2014.

4 Discussion

In order to study the contribution of different mechanisms to
the outer radiation belt dynamics we chose to investigate the
impact of ICMEs. The reason for that is that ICMEs drive
a variety of magnetospheric processes that are relevant for
radiation belt dynamics. They have a high solar wind speed
and much larger ULF wave power than their surroundings.
There are also indications that fluctuating IMF and Pgyn that
are associated with ICMEs can enhance substorm occurrence
and thus chorus wave activity (Hietala et al., 2014).
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Figure 4. Same as Fig. 2 for the 11-13 September 2014 time period.

Both examined events exhibited intense storms (as indi-
cated by the SYM-H index) caused by the arrival of an
ICME. The pressure pulse was high enough to compress
the magnetosphere to low L shells in both cases, but there
are pronounced differences that connect the solar wind—
magnetic field-waves—electron population chain of events.
During the March 2013 storm, the z component of the
IMF was continuously negative for more than 18 h and pro-
duced an equivalent time interval of intense substorm ac-
tivity while speed and pressure gradually and smoothly de-
creased to the pre-storm levels. On the other hand, during the
September 2014 storm the strong southward component of
the IMF lasted for approximately 4 h and produced an equiv-
alent interval of substorm activity while speed and pressure
showed intense fluctuations during the recovery phase of the
storm. During both recovery phases no substorm activity was
present.
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During the first storm, pronounced wave activity (both
chorus and Pc5) at all L shells during the main phase was
exhibited while there was no activity at all during the recov-
ery phase. The latter coincides with the absence of substorm
activity as well as the absence of fluctuations and the grad-
ual decrement of speed and pressure on 18 March. The sec-
ond storm exhibited very limited (in time and space) chorus
activity, due to the short-lived main phase and substorm ac-
tivity, but long-lasting Pc5 activity due to the continuously
enhanced and fluctuating solar wind speed and pressure. The
latter is consistent with the statistical study of Liu et al.
(2010), who showed, over a 21-month period, that ULF wave
activity (in the range of Pc4-5) is strongly correlated with so-
lar wind speed and pressure in 4-9 Rg.

The net effect of the two storms was completely differ-
ent and moreover dependent on the energy of the electrons.
The March 2013 event suggests that the intense series of sub-
storms and the associated generation of chorus waves are the
mechanisms that lead to enhancement of the electron popula-
tion. This is consistent with the results of Li et al. (2014) and
Turner et al. (2014). In detail, the low w electron population
was enhanced right after the beginning of the substorm ac-
tivity while a few hours later higher energy electrons reached
the maximum values of PSD. This result (amongst others in
the literature) is a verification of the scenario proposed by
Horne et al. (2005) in which substorm- and shock-related in-
jections are responsible for the access of energetic electrons
(approximately hundreds of keV) to the outer belt and the
generation of chorus activity. These seed electrons are accel-
erated by chorus waves to even higher (relativistic) energies.
We note that the electron acceleration occurs even though
the Pc5 activity was pronounced (and comparable to the cho-
rus activity) and outward diffusion, as indicated by the dif-
fusion coefficient calculations, was present. Moreover, elec-
tron PSDs remain enhanced even during the storm recovery
phase. This coincides with the absence of significant activity
both in the solar wind (speed, pressure and IMF) and inside
the magnetosphere (AL index and waves).

On the other hand, observations of the September 2014
event suggest that the outward diffusion driven by the pro-
nounced and long-lasting Pc5 activity was, possibly, the
dominant mechanism for >300 MeV G~ electron PSD de-
pletion. In detail, the low wu electron population was en-
hanced right after the beginning of the short-lived substorm
activity due to the shock/substorm-related injections. Fur-
thermore, the intense substorm injection (during the main
phase of the storm) drove chorus wave activity which,
consequently, was also short-lived. Nevertheless, despite
their short duration, chorus waves efficiently accelerated at
4.25< L <5 to relativistic energies (.1>300 MeV G1). Dur-
ing the recovery phase of the storm, the >300 MeV G~ elec-
tron population is depleted. This depletion coincides with the
absence of significant chorus wave activity and the enhanced
Pc5 power. We note that, as explained below, outward diffu-
sion seems to be the only mechanism (combined with mag-
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netopause shadowing or not) able to cause such a pronounced
depletion of the >300 MeV G~ electron population.

Alternative loss mechanisms could be the scattering of
the >300MeV G~ electron population into the loss cone
via wave—particle interactions due to plasmaspheric hiss or
EMIC waves. However, Usanova et al. (2014) have shown
that EMIC waves are able to affect only ultra-relativistic elec-
trons at higher latitudes but not the equatorial mirroring pop-
ulation examined here. Moreover, the activity of plasmas-
pheric hiss is limited mostly inside the plasmapause (Thorne
et al., 2005), which was compressed up to L = 3 during both
of the events. Even if the plasmapause were located at higher
L shells, hiss-driven electron precipitation has a timescale
from ~ 1 day to tens of days depending on energy (Mered-
ith et al., 2007; Thorne et al., 2013; Jaynes et al., 2014)
and not a few hours. In addition, this depletion is consistent
with the results of Loto’aniu et al. (2010), who showed that
non-adiabatic losses on 25 June 2008 event occurred over a
timescale of 1-4 h.

5 Conclusions

In this work we attempt an assessment of selected mecha-
nisms that contribute to the variability of the electron pop-
ulation in the outer radiation belt. To that end, we examine
the PSD in phase space coordinates as well as wave activ-
ity (ULF Pc5 and whistler chorus) to compare and contrast
the evolution of equatorially mirroring, relativistic and sub-
relativistic electron population throughout Earth’s outer ra-
diation belt for two different geomagnetic storms: (a) one
storm that exhibited pronounced chorus and Pc5 wave ac-
tivity for the same time interval and resulted in an overall
enhancement of the electron population (16-18 March 2013)
and (b) another that exhibited short-lived chorus wave activ-
ity but pronounced and long-lasting Pc5 wave activity which
resulted in depletion of the >300 MeV G~ electron popula-
tion (11-13 September 2014) throughout the outer belt. All
of this evidence leads us to the following conclusions:

1. There is a 300 MeV G~ threshold in . that separates
not only the source of relativistic electron population
inside the outer belt after the arrival of a prominent
pressure pulse but also the mechanisms that contribute
to its variability. Electrons below this limit are acceler-
ated due to substorm/shock injections regardless of the
net effect of various mechanisms on higher w electrons
while electrons above this threshold are accelerated lo-
cally by interactions with chorus waves.

2. Concerning the >300 MeV G~ electrons, the compari-
son of the two events shows that during similar intervals
of pronounced chorus and Pc5 wave activity, the relative
effect is higher for chorus waves (i.e., the chorus-driven
acceleration exceeds the Pc5-driven losses).
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3. Finally, it is the long-lasting Pc5 power enhancements
(with absence of chorus wave activity) that lead to PSD
depletion of the >300 MeV G~ electron population via
outward diffusion.

A future statistical study with a large-enough number of
events is necessary in order to verify the aforementioned re-
sults.
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