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Abstract. Radiation belt electron flux dropouts are a kind of
drastic variation in the Earth’s magnetosphere, understand-
ing of which is of both scientific and societal importance.
Using electron flux data from a group of 14 satellites, we
report multi-satellite simultaneous observations of magne-
topause and atmospheric losses of radiation belt electrons
during an event of intense solar wind dynamic pressure pulse.
When the pulse occurred, magnetopause and atmospheric
loss could take effect concurrently contributing to the elec-
tron flux dropout. Losses through the magnetopause were
observed to be efficient and significant at L =5, owing to
the magnetopause intrusion into L ~ 6 and outward radial
diffusion associated with sharp negative gradient in electron
phase space density. Losses to the atmosphere were directly
identified from the precipitating electron flux observations,
for which pitch angle scattering by plasma waves could be
mainly responsible. While the convection and substorm in-
jections strongly enhanced the energetic electron fluxes up to
hundreds of keV, they could delay other than avoid the occur-
rence of electron flux dropout at these energies. It is demon-
strated that the pulse-time radiation belt electron flux dropout
depends strongly on the specific interplanetary and magneto-
spheric conditions and that losses through the magnetopause
and to the atmosphere and enhancements of substorm injec-
tion play an essential role in combination, which should be

incorporated as a whole into future simulations for compre-
hending the nature of radiation belt electron flux dropouts.

Keywords. Magnetospheric physics (energetic particles
precipitating; magnetospheric configuration and dynamics)
— space plasma physics (wave-particle interactions)

1 Introduction

The Earth’s electron radiation belts consist of two zones: the
inner belt (1.2 < L < 2) remains stable with a long-term slow
change with respect to the phases of a solar cycle, and the
outer belt (3 < L < 7) is characteristically featured by highly
dynamic variations on timescales ranging from minutes to
years (e.g., Friedel et al., 2002; Reeves et al., 2003; Baker et
al., 2014).

One dramatic phenomenon in the outer belt is the electron
flux dropout, which, as proposed by Turner et al. (2012b),
refers to an event in which the flux of trapped electrons de-
creases by at least a factor of 50 (or by less than 50 if the
flux level drops from some significant level to the instrumen-
tal background/noise level) as measured at approximately the
same L shell, equatorial pitch angle, and magnetic local time
(MLT) by the same spacecraft in a period less than or equal
to 24 h. Both adiabatic and non-adiabatic effects occur dur-
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ing the course of electron flux variation. While the adiabatic
effect, in particular the “Dst effect”, which describes the adi-
abatic response of radiation belt electrons during the main
phase of a storm, has been suggested to explain a number of
electron flux dropouts (e.g., Mcllwain, 1966; Li et al., 1997;
Kim and Chan, 1997; Tu and Li, 2011), more attention has
been paid to the non-adiabatic effect since this process is ir-
reversible with the presence of a true loss.

There are two major mechanisms that can lead to a per-
manent loss of radiation belt particles. One is the drift
loss through the magnetopause (often called “magnetopause
shadowing”) and outward radial diffusion associated with
increased solar wind dynamic pressure (e.g., Turner et al.,
2012a), and the other is the atmospheric precipitation due
to resonant wave-particle interactions (e.g., Green et al.,
2004). The former can be a phenomenon over a broad range
of energy (tens of keV to several MeV), while the latter is
strongly dependent on electron energy that can resonate with
magnetospheric waves and the wave-induced scattering ef-
fect as well. Using multi-satellite measurements, Turner et
al. (2012a) clarified that during the main phase of a small,
CIR-driven geomagnetic storm on 6 January 2011, the ma-
jority of the non-adiabatic loss of outer radiation belt elec-
trons>300keV was to the Earth’s magnetopause through
magnetopause shadowing and subsequent rapid outward ra-
dial transport. Hudson et al. (2014) simulated three events of
radiation belt flux dropout using the LFM MHD code and
clearly showed the inward intrusion of the magnetopause
for each event. Most recently, Hwang et al. (2015) investi-
gated an electron flux dropout during a weak storm on 7—
8 November 2008. Combining the measurements from multi-
ple satellites with the radiation belt environment model sim-
ulations (Fok et al., 2008), they found that relativistic and
sub-relativistic electrons showed different features in timing
and amount of loss, which could be dominated by either or
a combination of magnetopause shadowing and atmospheric
loss. By analyzing the dynamics of radiation belt electron
phase space density assimilated from four spacecraft dur-
ing 200 days in 1990 and 1991, Shprits et al. (2012) found
that approximately 73% of the dropout events can be as-
sociated with the simultaneous sudden jumps (>7 nPa over
several hours) in the solar wind dynamic pressure, and ap-
proximately 15% could be associated with small jumps or
gradual increases in solar wind dynamic pressure. A subse-
quent study of Ni et al. (2013a) used the measurements from
six satellites and the Kalman filtering technique to investigate
the radiation belt responses to solar wind dynamic pressure
variations in 2002 (solar maximum). They found that 68 %
of identified solar wind dynamic pressure pulses correspond
to electron phase space density dropout events and that 81 %
of identified dropout events are associated with solar wind
dynamic pressure sudden jumps (i.e., pulses) or a modest in-
crease, which suggests that losses to the magnetopause alone
cannot fully explain radiation belt electron dropouts under
evolving solar wind conditions. Green et al. (2004) studied

Ann. Geophys., 34, 493-509, 2016

Z. Xiang et al.: Multi-satellite simultaneous observations

52 rapid decrease events of >2 MeV electron flux at the geo-
stationary orbit and through a careful analysis revealed that
the identified fast depletion of electron flux is likely due to
enhanced precipitation into the atmosphere even though its
exact cause is uncertain. A variety of magnetospheric waves,
including chorus, plasmaspheric hiss, and EMIC waves, are
believed to be capable of driving pitch angle scattering losses
of radiation belt electrons into the atmosphere, especially
during geomagnetically disturbed times (see the review by
Thorne, 2010). Recently, based upon the causal relationship
between the efficiency of wave-induced scattering loss and
the ratio of precipitated to trapped energetic electron fluxes,
a novel physics-based technique has been developed to con-
struct the time-varying, data-driven model of event-specific
global distribution of whistler-mode waves (W. Li et al.,
2013; Thorne et al., 2013b; Ni et al., 2014a).

Since an event of solar wind dynamic pressure pulse com-
monly corresponds to an inward displacement of the magne-
topause and a disturbed period of geomagnetic activity, it is
natural to consider that the above two loss processes may
occur simultaneously other than exclusively. Increased re-
sources of in situ radiation belt electron flux measurements
from satellites with a broad spatial coverage provide a great
opportunity to testify this scenario. The focus of the present
study is to investigate the magnetopause and atmospheric
losses of radiation belt electrons observed by multiple satel-
lites during a radiation belt dropout event corresponding to a
solar wind dynamic pressure pulse on 2 October 2013. The
outline of this paper is as follows. We provide the description
of the instrumentation and data availability in Sect. 2. Sec-
tion 3 presents multiple spacecraft observations of a radiation
belt flux dropout event, which is further investigated to eval-
uate the signatures of losses through the magnetopause shad-
owing followed by the outward radial diffusion and losses
to the atmosphere. Section 4 discusses our results and shows
simultaneous wave observations to assess their potential con-
nection to the radiation belt electron dropout. We summarize
the conclusions in Sect. 5.

2 Instrumentation and data availability

In this study simultaneous observations from 14 spacecraft
are collected to study the radiation belt electron flux dropout
in response to a strong intensification of solar wind dynamic
pressure. This group of satellites includes three THEMIS
spacecraft (A, D, E; The THEMIS Team, 2008), two Van
Allen Probes (A, B; The RBSP-EMFISIS Team, 2012;
RBSP-ECT Data Portal, 2012), four NOAA POES space-
craft (POES 15, 16, 18, 19; NOAA, 2013), one GOES space-
craft, three FengYun series spacecraft (2E, 3B, 3C; avail-
able upon request to Binbin Ni (bbni@whu.edu.cn)), and
one Colorado Student Space Weather Experiment (CSSWE;
CDAWeb, 2012) CubeSat. On one hand, POES, CSSWE,
and FengYun 3B & 3C spacecraft provide the electron flux
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information at low altitudes of hundreds of kilometers. On
the other hand, Van Allen Probes, GOES-15 satellite, and
FengYun 2E spacecraft provide data of electron distribu-
tions in the equatorial region in the inner magnetosphere, and
THEMIS spacecraft can extend to the central plasma sheet
beyond L ~ 12.

While originally designed to measure the upper end of
particle distributions for the determination of complete mo-
ments and to identify current boundaries, the THEMIS solid
state telescope (SST) instrument can provide measurements
of near-equatorial energetic electron fluxes from ~ 30 to
719 keV with inherent pitch angle resolution of 22.5-37° but
interpolated and binned in 5° pitch angle increments (An-
gelopoulos et al, 2008). In this study, we analyze SST elec-
tron flux data from the three innermost THEMIS probes (A,
D, and E) with perigees of below 2 Rg and apogees above
10 Rg.

The dual-spacecraft Van Allen Probes mission, launched
in August 2012 and flying in nearly the same highly elliptical
(1.1 x 5.8Rg), low inclination orbits (Mauk et al., 2012), has
provided a new window for looking into the dynamic vari-
ations of radiation belt electrons from ~ 10s of keV to 10s
of MeV. Both particle and wave measurements from the twin
Van Allen Probes are utilized. The Magnetic Electron lon
Spectrometer (MagEIS) instrument (Blake et al., 2013) of the
Energetic Particle, Composition, and Thermal Plasma (ECT)
suite (Spence et al., 2013) contains one low-energy unit, two
medium-energy units, and a high-energy unit, thereby of-
fering pitch angle resolved energetic electron measurements
over the critical energy range of 20 keV to 4.8 MeV. The Rel-
ativistic Electron Proton Telescope (REPT) also of the ECT
suite is well designed to provide precise and unambiguous
directional measurements of ultra-relativistic electron fluxes
in the energy range ~ 1.5 to 20 MeV (Baker et al., 2013). Be-
sides particle measurements, the Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) provides
measurements of DC magnetic fields (magnetometer instru-
ment) and a comprehensive set of wave electric and mag-
netic fields (Waves instrument) (Kletzing et al., 2013). The
Waveform Receiver (WFR) on the EMFISIS Waves instru-
ment measures wave power spectral density from 10 Hz up to
12 kHz (Kletzing et al., 2013), and the High-Frequency Re-
ceiver (HFR) provides electric spectral intensity between 10
and 400 kHz, thus enabling measurements of the upper hy-
brid resonance frequency, from which the total plasma den-
sity can be evaluated.

The NOAA POES mission consists of a number of satel-
lites operating simultaneously with good coverage over a
broad range of MLT and L =~ 2-8 every ~ 100 min. As
polar orbiting sun synchronous satellites at an altitude of
~ 800 km with an orbital period of ~ 100 min, the POES
satellites have the SEM-2 instrument package that includes
two electron solid-state detector telescopes to measure elec-
tron fluxes in three energy bands (> 30, > 100, and > 300 keV)
(Evans and Greer, 2004; Green, 2013). The 0° telescope mea-
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sures precipitating flux inside the bounce loss cone at L > 1.4
(Rodger et al., 2010), and the 90° telescope, mounted ap-
proximately perpendicular to the 0° telescope, mostly mea-
sures the trapped particles between 55 and 68° invariant lat-
itude (L =~ 3-7 in a dipole field) (Meredith et al., 2011).
In the present study, we use the Medium Energy Proton
and Electron Detector (MEPED) onboard four POES satel-
lites, i.e., NOAA-15, NOAA-16, NOAA18, and NOAA-19.
To obtain the clean data sets, we remove the proton contam-
ination using the correction procedure described in Lam et
al. (2010), and remove the points during the solar proton
events and those measured at the region of the South Atlantic
Anomaly (SAA) (Casadio and Arino, 2011).

The NOAA GOES mission consists of a number of
geosynchronous orbit (GEO) satellites. GOES-15 was
launched in March 2010 and replaced GOES-11 as GOES-
WEST in December 2011. The particle detector onboard
GOES-15 can provide 1min resolution data of electron
fluxes at three energy channels, i.e., >0.8, >2, and >4 MeV,
for the present study.

FengYun 2E is one of a Chinese satellite series at
the geosynchronous orbit. Launched in December 2008,
FengYun 2E contains a space particle detector that can mea-
sure the spin-averaged fluxes for two electron energy chan-
nels, i.e., > 0.35 and > 2 MeV, with a field of view of 60°
(Wang et al., 2008). FengYun 3B and 3C were launched in
November 2011 and September 2013, respectively, into the
solar synchronization orbit at an altitude of about 800 km
with an inclination of 98°. Both satellites contain the detec-
tor to provide the electron fluxes for five energy channels be-
tween 0.15 and 5.7 MeV. With a field of view of 40° for elec-
tron measurements, the detector is mounted perpendicular to
the plane of the satellite trajectory and therefore mainly mon-
itors the trapped population of energetic electrons (Wang et
al., 2010, 2013).

The Colorado Student Space Weather Experiment
(CSSWE) was launched into a highly inclined (65°) low
Earth orbit (480 km x 780 km) in September 2012 (Li et al.,
2012, 20133, b). The Relativistic Electron Proton Telescope
integrated little experiment (REPTile) was the only science
payload onboard CSSWE, which was designed to measure
the relativistic electron fluxes for three energy channels, i.e.,
0.58-1.63, 1.63-3.8, and >3.8 MeV. CSSWE traverses the
radiation belts four times in each orbit (~ 90 min), providing
a global view of their spatial structure. Electrons that can be
measured by REPTIle can be separated into three categories
of trapped, quasi-trapped, and untrapped population in terms
of the satellite location and the geometry of ambient mag-
netic field (e.g., the South Atlantic Anomaly).

The present study is aimed at investigating the abrupt re-
sponse of the electron radiation belt to a solar wind dy-
namic pressure pulse event that occurred at 02:00-05:00 UT
on 2 October 2013. Figure 1 shows the corresponding solar
wind parameters and geomagnetic indices obtained from the
OMNIWeh. Panels, from top to bottom, present the temporal
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Figure 1. Time series of OMNIWeb geomagnetic indices and solar wind parameters for the 2-day interval between 12:00 UT on 1 October
and 12:00 UT on 3 October, 2013. From top to bottom: Dst and AE, IMF B;, solar wind speed (Vsw), solar wind proton density (Nsw), solar
wind dynamic pressure (Pgyn), and the magnetopause standoff distance modeled following Shue et al. (1997). The two vertical lines denote
the start time of the two intense Pgyn enhancements during the intense solar wind dynamic pressure pulse.

variations of the Dst index, AE index, interplanetary mag-
netic field (IMF) B;, solar wind speed Vs, solar wind proton
density Nsy, solar wind dynamic pressure Pgyn, and magne-
topause standoff distance based on Shue et al. (1997), respec-
tively. During the data gap of ~ 03:00-04:00 UT on 2 Octo-
ber 2013 for the OMNIWeb data sets, these parameters had
no significant changes based on the WIND measurements,
which are provided in the Supplement. Obviously, two Pgyn
intensification occurred between 02:00 and 06:00 UT. The
first was featured with an increase of over 10nPa within
0.5h, and the second with an increase of ~ 30nPa within
1h, as indicated by the two vertical dashed lines. Concur-
rently, IMF B, was strongly southward, reaching a mini-
mum of ~ —30nT; Vsw jumped from ~ 350 to >600 kms—1;
Naw increased from ~ 10 to >50cm—3, showing a variation
trend very similar to Pgyn; the magnetopause was substan-
tially compressed inwards to a location as low as ~ 5 Rg.
In addition, the geomagnetic activity was highly disturbed,
manifesting an obvious sudden storm commencement (SSC)
above 50nT, a moderately strong geomagnetic storm with
(Dst)min ~ —90nT, and a remarkably fluctuated profile of
AE index with the maximum over 2000 nT. After the pulse
event, while Vs, remained high, Pgyn dropped quickly within
5h. In addition, the geomagnetic storm evolved into the re-

Ann. Geophys., 34, 493-509, 2016

covery phase and the location of the magnetopause retreated
rapidly to ~ 10 Rg and beyond. During the period of the dy-
namic pressure pulse, GOES 13 was approximately on the
nightside (21:00-00:00 MLT) to see the substorm injections
of both electrons (40-475 keV) and protons (95-575) corre-
sponding to the dynamic pressure enhancements and increase
of AE index, the results of which are shown in Fig. 2.

Figure 3 illustrates the satellite trajectories during 02:00—
14:00 UT on 2 October 2013 for four NOAA POES satel-
lites, GOES-15, three innermost THEMIS probes (A, D, E),
and two NASA Van Allen probes in the GSM x-y plane. It
is clearly seen that the satellite constellation covered a wide
range of both MLT and L shell, thereby providing a good op-
portunity to investigate the magnetospheric response to the
occurrence of Pgyn pulse.

3 Multi-satellite observations of a radiation belt
electron flux dropout

In this section, we illustrate in situ observations of a radiation
belt flux dropout event. We further investigate simultaneous
electron flux measurements from multiple satellites, aiming
towards an overall representation of the major loss mecha-
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Figure 3. Satellite trajectories during 02:00-14:00 UT on 2 October
2013 for four NOAA POES satellites, GOES-15, three innermost
THEMIS probes (A, D, E), and two NASA Van Allen probes in the
GSM x-y plane.

nisms in association with magnetopause shadowing and at-
mospheric precipitation.

3.1 Identification of a flux dropout event

Figure 4 shows the observations of radiation belt electron
fluxes at the geostationary orbit by two satellites, i.e., GOES-
15 and FengYun 2E. The blue curve displays the temporal
flux variation of >0.35 MeV electrons observed by FengYun
2E, and the red and black curves display GOES-15 ob-
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Figure 4. (top) Temporal variations of Pgyn. (bottom) Observations
of radiation belt electron fluxes at the geostationary orbit by two
satellites, i.e., GOES-15 and FengYun 2E, for three specific energy
channels: (blue) >0.35 MeV, (red) >0.8 MeV, and (black) >2 MeV.
The two vertical lines denote the start time of the two intense Pgyn
enhancements.

served temporal flux variations of >0.8 and >2 MeV elec-
trons, respectively. The start times of two intense Pgyn en-
hancements are indicated by the two vertical lines. Overall,
the flux dropout occurred remarkably for the electron energy
channels of >0.35 and > 0.8 MeV but less pronouncedly for
>2 MeV electrons.

Specifically, during the first Pgyn enhancement, the fluxes
of >0.35MeV electrons initially increased by a factor of
~ 3 within an hour and then dropped substantially by over
3orders of magnitude within another hour. The fluxes of
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Figure 5. Temporal variations of radiation belt electron flux observed by low-altitude FengYun 3B and 3C spacecraft during the 2-day period
for five energy channels, i.e., 0.15-0.35, 0.35-0.65-, 0.65-1.2, 1.2-2, and 2-5.7 MeV. The two vertical lines represent the start of the two
intense Pgyn enhancements. The color scale specifies the logarithmic values of electron fluxes.

> 0.8 MeV electrons showed a similar trend of temporal evo-
lution but to a lesser extent of change. A possible explana-
tion is that strongly enhanced substorm activities (Fig. 2)
produced the large increase in electron population of hun-
dreds of keV at the early stage, which subsequently under-
went efficient loss processes to account for substantial drops
in the electron flux. When the second intense Pgyn enhance-
ment occurred, the substorm activities remained active. How-
ever, the fluxes of >0.35MeV electrons decreased almost
concurrently by over 2 orders of magnitude and lasted for
over an hour before the restoration to the pre-storm level,
probably due to the fact that the second Pgyn enhancement
was stronger than the first one and the energetic particle was
weaker as well. It is also seen that about 18 h after the second
Pgyn enhancement the electron fluxes at all indicated energy
channels reached a quite stable state comparable to or higher
than the pre-storm (i.e., pre-pulse) level.

The above radiation belt electron flux dropouts at the
geosynchronous orbit are apparently associated with the en-
hancements of Pyyn and the evolvement of a moderately
strong geomagnetic storm also developed (first panel of
Fig. 1). Qualitatively, the overall changes of the geosyn-
chronous electron fluxes are most likely to reflect a combina-
tion of adiabatic (reversible) and non-adiabatic (irreversible)
variations. On the one hand, the typical Dst effect may at
least partly contribute to the fast recovery of >0.35 MeV
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electron fluxes after the first Pyyn enhancement. On the other
hand, in situ measurements from other satellites with a broad
spatial coverage can bring essential information to under-
stand the physical processes that can result in real losses,
which will be investigated comprehensively in the following
subsections.

3.2 Observations of losses through the magnetopause

Figure 5 shows an overview of the radiation belt electron
variations observed by low-altitude FengYun 3B and 3C
spacecraft during a 2-day period from 1 to 3 October. Binned
by 0.1 L shell with a time resolution of 1h, the fluxes of
trapped electrons are displayed for five energy channels, i.e.,
0.15-0.35, 0.35-0.65, 0.65-1.2, 1.2-2, and 2-6.5 MeV. The
two vertical lines represent the start of the two intense Payn
enhancements. The observed electron flux dropout occurred
for almost all the energy channels after the second Pdyn en-
hancement, principally at the spatial extents of L 2 5, which
is consistent with the inward penetration of the standoff dis-
tance of the magnetopause to ~ 5 Rg (Fig. 1) in response to
the solar wind dynamic pressure pulse. A very likely expla-
nation for this overall profile over a broad energy range is
that the electron population that initially drift on a closed tra-
jectory find themselves on an open drift shell where they en-
counter the magnetopause on the dayside and get lost through
this outer boundary sink into the magnetosheath (e.g., Millan
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and Thorne, 2007; Turner et al., 2012a, b). The effect of mag-
netopause shadowing can produce a sharp gradient in the ra-
dial distribution of electron phase space density and thereby
drive outward radial diffusion that potentially reduces the
outer zone electron fluxes efficiently in a few hours (e.g., Sh-
prits et al., 2006). Consequently, the flux dropout was seen
to extend to lower L shells (i.e., L ~ 4) for 1.2-2.0 and 2.0-
5.7 MeV energy channels right after the second Pgyn pulse.
Consequently, a significant scenario for this event is that the
effect of magnetopause shadowing is directly effective to re-
move electron down to L ~ 5 and subsequent outward ra-
dial diffusion becomes important to drive substantial losses
of outer radiation belt electrons down to even lower L shells.

Notably, the electron fluxes at L 2 5 responded differently
to the two Pgyn enhancements. During the period of the first
enhancement, 0.15-0.35 and 0.35-0.65 MeV electron fluxes
did not exhibit decrease but increase, while 1.2-2.0 and 2.0-
5.7 MeV electron fluxes showed a slight decrease. When the
second (more intense) Pgyn enhancements occurred, electron
fluxes >0.35MeV were uniformly low as a result of real
losses, however, electron fluxes of 0.15-0.35MeV initially
decreased remarkably within an hour, subsequently increased
dramatically in the following hour, and then decreased sub-
stantially again for several hours. Clearly, enhanced convec-
tion and injection during magnetic substorms is an important
factor to affect the responses of radiation belt electrons to a
strong dynamic pressure pulse. Specifically, it tends to cause
electron flux increases other than decreases at energies be-
low hundreds of keV (Li et al., 2002). It is also interesting
to see the differences in the energy components, flux magni-
tude, and innermost penetration region of injected electrons
between the two Pgyn enhancements, which imply the strong
dependence of storm-time outer zone electron flux evolution
on the specific interplanetary and magnetospheric conditions.

While the electron flux dropout remained present af-
ter the decay of the dynamic pressure pulse, in particu-
lar at L > 5, 0.15-0.35 MeV electron fluxes recovered most
quickly within 12 h, accompanied by substorm activities.
In contrast, higher energy electrons took much longer time
(>1 day) for recovery to the pre-pulse level (Thorne et al.,
2013b; Boyd et al., 2014]. Post-pulse electron flux build-ups
initially occurred at L ~ 4-5 with a relatively small extent
of increase, and subsequently expanded to both lower and
higher L shells with much larger enhancements. The distinct
timing and magnitude of the flux increase with respect to
electron energy strongly suggests the essential contribution
that resonant wave-particle interactions made in the storm re-
covery phase to the dynamic evolution of radiation belt elec-
trons.

Observations of trapped radiation belt electron flux in the
equatorial region are obtained from the MagEIS and REPT
instrument onboard Van Allen Probes and SST instrument
onboard THEMIS A, D, and E, the results of which are
shown in Fig. 6. The first four panels show the SST data of
radiation belt energetic electrons at four specified energies,
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i.e., 31, 139, 408, and 720 keV, the middle three panels show
the MagEIS data at three specified energies, i.e., 110, 590,
and 1200 keV, and the bottom three panels show the REPT
data at highly relativistic energies, i.e., 2.3, 3.6, and 4.5 MeV.
The two vertical lines correspond to the start time of the two
intense Pgyn enhancements. The horizontal lines with arrows
indicate the time intervals of observed electron flux dropouts.

According to THEMIS measurements, the dramatic elec-
tron losses after the second pressure enhancement were obvi-
ous for 31 and 139 keV electrons at very high L shells, e.g.,
L = 8, close to the outer magnetospheric boundary, which is a
strong signature of magnetopause shadowing. The real elec-
tron losses lasted for at least 12 h, and extended to L ~ 6
which could be attributed to the outward radial diffusion.
During the late recovery phase after the decay of the dynamic
pressure pulse, magnetospheric electron fluxes reached or ex-
ceeded the pre-pulse level, indicating the occurrence of ac-
celeration processes. However, the flux variations at energies
of 408 and 702 keV were faint with respect to the dynamic
pressure pulse. One possible reason is that the flux values are
generally very small for these energies at high L shells so that
large decrease in electron flux cannot be evidently discerned.
Potential proton interfere of SST electron fluxes at higher
energies might also take effect, or just due to instruments
saturation (L <5). Twin Van Allen Probes MagEIS obser-
vations show that there tends to be no decrease in energetic
electron flux for 110 keV, which can be reasonably explained
as a result of enhanced convective injection, consistent with
the flux observations at the geostationary orbit as shown in
Figs. 2 and 4. Large drops in electron flux primarily occurred
for 590 keV and 1.2 MeV. By comparison, the flux decreases
occurred at L > 4.5 for 590 keV but extended to lower lo-
cations of L <4 for 1.2 MeV. The recovery time required to
restore the pre-pulse flux level was ~ 3 and ~ 12 h, respec-
tively. REPT flux observations manifest interesting features
of ultra-relativistic electron loss in response to an intense dy-
namic pressure pulse. While it is difficult to distinguish the
flux variations at the spacecraft apogee, i.e., L ~ 6, and for
electrons > 4.5 MeV (since their flux values are very small),
the large flux decreases were apparent at L = 3—4 for 2.3 and
3.6 MeV electrons. These drops in electron flux lasted for
~ 15h and even longer.

To better distinguish between the adiabatic and non-
adiabatic changes in radiation belt electron distribution, we
compute electron phase space densities (PSD) in the phase
space coordinate defined by the three adiabatic invariants (u,
K, and L*) following the methodology of Ni et al. (20094, b).
Three data sets of pitch angle resolved electron fluxes mea-
sured from THEMIS SST and Van Allen Probes MagEIS and
REPT instrument are adopted to evaluate the radial profile
of electron PSD. Note that L*-values for Van Allen Probes
and THEMIS are computed using the TS04s model (Tsyga-
nenko and Sitnov, 2005). Figure 7 shows the results of elec-
tron PSDs for THEMIS and Van Allen Probes corresponding
to a fixed value of K =0.05G/2 Rg and a group of . val-
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Figure 6. Temporal variations of radiation belt electron flux observed by the SST instrument onboard THEMIS A, D, Efrom L =5to L = 14
and the MagEIS and REPT instrument onboard Van Allen Probes between L = 2.5 and L = 6.5 during the 2-day period for the indicated 10
energy channels. The two vertical lines represent the start of the two intense Pgyn enhancements. The color scale specifies the logarithmic

values of electron fluxes.

ues. The red lines indicate the start time of the Pdyn pulses.
The data gap of PSD for THEMIS at higher L*-values is
due to the fact that the satellite(s) moved outside the mag-
netopause to intersect with an open field line. For Van Allen
Probes, L* becomes unavailable particularly during the pres-
sure pulse period when the magnetopause was highly com-
pressed to much lower L shells for which the last closed drift
shell was pushed substantially inwards. When the first Pgyn
pulse occurred, substorm injections were obvious at L* ~ 7
from the THEMIS measurements, as indicated in the first
two panels. ForVan Allen Probes measurements, L*-values
show dramatic variations following the storm sudden com-
mencement (denoted by the first red vertical line). After the
second Pgyn pulse, Van Allen Probes captured substantial de-
crease of electron PSD at higher p-values, especially when
w>500MeV G~ that corresponds to >1MeV electrons
at L* < 4. Since the magnetopause was rather “distant” at
L* < 4, we suggest that those real losses of highly relativis-
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tic electrons near the heart of the outer radiation belt were
mainly due to the atmospheric precipitation. In addition, out-
ward radial transport following the magnetopause shadow-
ing and/or negative gradient in electron phase space density
could be also effective down to L* =4 (e.g., Turner et al.,
2014a). To clarify it quantitatively needs full dynamic model-
ing of the magnetic field during the main phase of the storm,
which however is beyond the scope of this paper. The process
of atmospheric losses from the outer radiation belt can be
triggered via pitch angle scattering by a variety of magneto-
spheric waves such as whistler-mode chorus, plasmaspheric
hiss, and EMIC waves (e.g., Summers et al., 2007; Thorne,
2010), which is outside the scope of the present study but will
be discussed in next section. It is also worthwhile to point
out that the combined measurements from THEMIS and Van
Allen Probes consistently show the flux decreases with a
broad spatial coverage from L 210 to L <5. It implies that
outward radial diffusion in addition to magnetopause shad-

www.ann-geophys.net/34/493/2016/
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Figure 7. Computed electron PSDs for THEMIS and Van Allen Probes corresponding to a fixed value of K = 0.05GY/2 Rg and a group of u
values. The red lines indicate the start time of Pgyn pulses. The calculations of L* are performed using the TS04s geomagnetic field model.

owing contribute to the fast and significant depletion of both
energetic and relativistic electrons in the magnetosphere.

3.3 Observations of losses to the atmosphere

Measurements of precipitating electron fluxes from low-
altitude POES spacecraft are critical to investigate the atmo-
spheric loss of radiation belt electrons. Figure 8 shows the
profiles of precipitated and trapped electron fluxes measured
by the MEPED instrument onboard four POES satellites, i.e.,
NOAA-15, NOAA-16, NOAA-18, and NOAA-19, for the in-
dicated three energy channels (> 30, > 100, and > 300 keV).
The data are binned by every 0.1 L and every 0.5h for the
2-day period of interest. The two vertical lines correspond to
the start time of the two intense Pgyn enhancements.
Electron precipitation into the atmosphere was evident for
all three energy channels for a broad coverage of L shell,
say, L > 3. The electron precipitation fluxes maximized dur-
ing the period of enhanced substorm injection. When the
dynamic pressure pulse evolved, the fluxes became smaller
but clearly observed, demonstrating a continuous presence
of outer zone electrons in either bounce or drift loss cone for
precipitation losses. Combining the precipitated and trapped
electron fluxes together, we see that within 1 day of the pulse
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occurrence the two flux profiles at L > 4.5 showed a similar
variation tendency in response to the interplanetary and ge-
omagnetic conditions. We note that decreases in the trapped
electron fluxes can be partially explained by the observations
of precipitated electrons, since the total electron population
at all pitch angles dropped markedly after the occurrence
of the dynamic pressure pulse, which supports the above-
mentioned hypothesis of magnetopause shadowing and out-
ward radial diffusion. The enhancements of the trapped elec-
tron population initially occurred at L ~ 3-4 and then ex-
panded to higher L shells quickly during the storm recov-
ery phase, while the corresponding loss processes became
less significant. Very likely, wave scattering can primarily
account for both the continuous atmospheric loss of precipi-
tating electrons and the considerable energization of trapped
electrons, while the responsible magnetospheric waves may
be different.

Another data source used to identify the atmospheric loss
comes from REPTile onboard CSSWE. Based on REPTile’s
position versus the International Geomagnetic Reference
Field (IGRF) model and assuming that electrons are locally
mirroring and that an electron will be lost if it reaches 100 km
altitude (L.i et al., 2013b), REPTile observed electron fluxes
are carefully separated into three groups (based on where the

Ann. Geophys., 34, 493-509, 2016
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Figure 8. Temporal variations of (top) precipitated and (bottom) trapped electron fluxes measured by the MEPED instrument onboard four
NOAA POES satellites, i.e., NOAA-15, NOAA-16, NOAA-18, and NOAA-19, for the indicated three energy channels (>30, >100, and
>300keV). The two vertical lines represent the start of the two intense Pgyn enhancements. The color scale specifies the logarithmic values

of electron fluxes.

measurements were made) of untrapped population that was
measured in the bounce loss cone to precipitate at its con-
jugate point, quasi-trapped population that was measured in
the drift loss cone to lose at the SAA, and trapped population
otherwise. Figure 9 shows the fluxes of three electron popu-
lations obtained by REPTile during the 3-day period. For the
energy channel of 0.58-1.63 MeV, it is clear to capture the
increases in precipitating electron fluxes at L ~ 3.5-5.5 af-
ter the dynamic pressure pulse occurred, owing to enhanced
losses to the atmosphere. Compared to the measurements
lday before and after the dynamic pressure pulse event,
fluxes of trapped electrons consistently displayed large drops
at L > 4.5 and peaked at lower locations down to L ~ 3.5. In
contrast, 1.63-3.8 MeV electrons showed nearly no change
in the precipitation flux and underwent smaller variations in
the quasi-trapped and trapped population.

4 Discussions

The dynamic evolution of magnetospheric electron fluxes
is a delicate balance of competing source and loss mech-
anisms (Reeves et al., 2003; Turner et al., 20144, b). The
source mechanisms include plasma sheet electron injections
and wave-induced momentum energization, while loss mech-
anisms include magnetopause shadowing followed by out-
ward transport and wave-induced pitch angle scatting. As a
magnetospheric phenomenon featured as remarkable losses,
radiation belt flux dropouts were first thought as a result
of purely adiabatic, reversible effects (Dessler and Karplus,
1961), which was later recognized to break down when real
electron losses occur during geomagnetic storms and/or as-
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Figure 9. Flux variations of three electron populations (from top
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REPTile onboard CSWWE for the energy channels of (left) 0.58—
1.63MeV and (right) 1.63-3.8 MeV during the 3-day period. The
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sociated with solar wind dynamic pressure increase (see
the review of Millan and Thorne (2007) and the references
therein). In the present study, direct measurements of elec-
tron fluxes are adopted to analyze the flux dropout profiles
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Table 1. A list showing the electron loss feature observed by each satellite and the corresponding possible cause(s).

Satellites Observed loss

Possible loss cause(s)

THEMISA&D&E lossathighL>7

31-139keV

Magnetopause shadowing and
outward radial diffusion

Van Allen Probes
A&B

(1) lossat L 2 5;
110 keV-3.6 MeV
(2) lossat L =34

(1) outward radial diffusion associated
with magnetopause shadowing
(2) wave scattering

NOAA 15, 16, 18, 19
atmosphere at L > 3

(2) decrease in trapped population at higher

L shells; >30 to > 300 keV

(1) enhanced precipitation to the

(1) wave scattering

(2) magnetopause shadowing followed
by outward radial diffusion

GOES 15 Large loss Magnetopause shadowing and
>0.8and >2.0 MeV outward radial diffusion
FengYun 2E Large loss Magnetopause shadowing and
>0.35 MeV outward radial diffusion
FengYun 3B & 3C decrease in trapped population Magnetopause shadowing and
at L > 5; 0.15-2.7 MeV outward radial diffusion
CSWWE (1) enhanced precipitation to (1) wave scattering

the atmosphere at L > 4

(2) decrease in trapped population at

L > 5; 0.58-3.8 MeV

(2) magnetopause shadowing and
outward radial diffusion

and to investigate the underlying physical processes of loss
during an intense solar wind dynamic pressure pulse. Basi-
cally, adoption of electron fluxes cannot rule out the adia-
batic effect that mixes with the non-adiabatic effects. Specif-
ically, here the adiabatic effect refers to the Dst effect which
is closely associated with the variations of the ambient mag-
netic field intensity and its geometry, and the non-adiabatic
effects refer to losses to the magnetopause and to the atmo-
sphere. To accurately determine the driver(s) of observed dy-
namics, it is important to convert electron fluxes to electron
phase space densities (PSD) as a function of the three adi-
abatic invariants (e.g., Chen et al., 2007; Ni et al., 2013a),
which however requires pitch angle resolved flux informa-
tion as a function of kinetic energy and a reliable model of
the ambient magnetic field. Therefore, various assumptions
should be made to evaluate electron PSD. In the present
study, except THEMIS and Van Allen Probes, all the other
satellites cannot provide the information of pitch angle distri-
bution, which thereby brings substantial restrictions to elec-
tron PSD computations. Furthermore, the combined analyses
of simultaneous multiple-satellite measurements have great
potential to minimize the deficiency of using flux data to
identify and understand real losses of radiation belt electrons
from various perspectives of view, e.g., at both low and high
altitudes and at both equatorial and high latitudes. Therefore,
we argue that it is feasible to utilize the electron flux data
from 14 satellites and PSD from THEMIS and Van Allen
Probes to look into the loss processes of the electron flux
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dropout during the dynamic pressure pulse event on 2 Octo-
ber 2013.

A major and significant impression that we obtain con-
cerning electron losses from the simultaneous flux obser-
vations by multiple satellites is that when an intense dy-
namic pressure pulse occurs, losses through the magne-
topause (magnetopause shadowing) and to the atmosphere
can take effect concurrently and each satellite, depending on
its location, can act as witness to one or both physical pro-
cesses connecting to the real depletion of electron fluxes. A
general picture is that in response to the dynamic pressure
pulse event and geomagnetic storm on 2 October 2013, losses
through the magnetopause were efficient and significant at
L 2 10, which was captured by THEMIS spacecraft around
the magnetospheric outer boundary. The resultant sharp neg-
ative gradient in electron distribution at large L shells con-
tributed to enhanced losses at L shells down to L ~ 6 that
resulted from the outward radial diffusion, which could be
primarily captured by THEMIS, Van Allen Probes, FengYun,
GOES-15, and POES satellites. Losses to the atmosphere
were directly identified from the precipitating electron flux
observations by POES and CSSWE. It was also manifested
as large decreases in trapped electron fluxes around the heart
of the outer radiation belt measured by Van Allen Probes. As
a summary, Table 1 outlines the main features of the elec-
tron losses observed by each satellite and the corresponding
possible physical causes. It is noted that the present study
cannot distinguish the exact roles that the above two major
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Figure 10. Corresponding to the radiation belt electron flux measurements, Van Allen Probes EMFISIS Wide-Frequency Receiver (WFR)
observations of electric and magnetic field spectral intensity at 10 Hz-10 kHz and Fluxgate Magnetometer (MAG) observations of electric
field spectral intensity at 0.1-10 Hz. The overplotted curves in the WFR spectrograms, from top to bottom, denotes the electron fce, 0.5 fce,
0.1fce, fLHR, 0.5fLHR, and fcp, respectively, where fee, fiHR and fcp represent equatorial electron cyclotron frequency, lower hybrid
resonance (LHR) frequency, and proton cyclotron frequency. The overplotted curves in the MAG spectrograms denote the local HT, Het
and O™ ion gyrofrequencies, respectively. The two vertical lines represent the start of the two intense Pgyn enhancements, and a number of

activities of chorus, hiss, and EMIC waves are labeled.

loss mechanisms played in driving the temporal evolution of
energetic and relativistic electrons observed by the group of
14 satellites, which however requires future investigation.
While a number of mechanisms are able to result in the
atmospheric loss of magnetospheric electrons via transport
of previously trapped electrons into the bounce or drift loss
cones, we think that pitch angle scattering by plasma waves
can be a viable candidate to be mainly responsible for the ob-
served precipitating electron losses for the dynamic pressure
pulse event. Firstly, whistler mode chorus can cause efficient
pitch angle scattering of electrons into the loss cone leading
to precipitation into the atmosphere and net losses of ener-
getic electrons from the outer radiation belt on a timescale of
~ 1 day or less. Thorne et al. (2005) found that chorus driven
cyclotron resonance could be responsible for the microbursts
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of relativistic electron precipitation observed by SAMPEX
on the dayside, while Orlova and Shprits (2010) showed that
in the realistic magnetosphere chorus waves could also ex-
plain the nightside microburst precipitation. Chorus waves
are also mainly responsible for the electron diffuse auroral
precipitation at ~ 1 keV (Thorne et al., 2010; Ni et al., 2011,
2014b). Secondly, plasmaspheric hiss induced pitch angle
scattering of energetic electrons is responsible for the for-
mation of the quiet time slot region that separates the inner
and outer radiation belts (Lyons and Thorne, 1973). It also
contributes to the slow decay and resultant scattering loss
to the atmosphere of relativistic electrons generated during
magnetic storms (e.g., Summers et al., 2007; Meredith et al.,
2009; Thorne et al., 2013a; Ni et al., 2013b) on a timescale
of several days or longer. Apart from inducing direct precip-

www.ann-geophys.net/34/493/2016/
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(e) plasmaspheric hiss, and (f) He™-band EMIC waves.

itation loss of MeV electrons, scattering by hiss in plasma-
spheric plumes may reduce the acceleration of MeV elec-
trons by depleting the lower energy electron seed popula-
tion (Summers et al., 2008; Jaynes et al., 2015). Scattering
by electromagnetic ion cyclotron (EMIC) waves is an effi-
cient contributor to the rapid removal of radiation belt rela-
tivistic electrons well above 1 MeV (e.g., Thorne and Ken-
nel, 1971; Bortnik et al., 2006; Summers et al., 2007; Ker-
sten et al., 2014). The electron loss timescales due to EMIC
wave scattering can be shorter than a few minutes during the
main phase of a storm. While H*-band and He™-band EMIC
waves are most efficient in producing the pitch angle scatter-
ing loss of relativistic electrons at ~ 1-2 MeV, it is O -band
EMIC waves, when present, that dominate the scattering loss
of 5-10 MeV electrons in the outer zone (Ni et al., 2015).
Figure 10 shows the Van Allen Probes EMFISIS WFR
observations of chorus and hiss, and MAG observations of
EMIC waves during the flux dropout period. Before the
dynamic pressure pulse, all three wave modes were weak.
When the Pgyn enhancements occurred, as labeled in Fig. 10,
chorus and EMIC waves were enhanced quickly during the
storm main phase, and enhanced hiss emissions were ob-
served later. The overall profiles of the three wave modes
in Fig. 10 indicate that resonant wave-particle interactions
could indeed take place during the period of the dynamic
pressure pulse and the course of the geomagnetic storm. In
order to quantitatively evaluate the roles of various plasma
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waves in driving the electron losses, we concentrate on the
representative measurements of the three wave modes and
compute the wave-induced scattering rates of radiation belt
electrons, the results of which are shown in Fig. 11. Fig-
ure 1la—c display the measured power spectral intensities
of chorus, hiss, and EMIC waves, respectively. It indicates
that lower band chorus was very strong while hiss and He™-
Band EMIC waves had relatively smaller amplitudes during
the storm time right after the Pgyn pulse. The Full Diffusion
Code (FDC) (Ni et al., 2008, 2011, 2015; Shprits and Ni,
2009) is used to quantify the bounce-averaged pitch angle
diffusion rates due to lower band chorus, hiss, and He™-Band
EMIC waves. The background magnetic field is assumed to
be dipolar, and electron density is derived from the upper
hybrid frequency observed by Van Allen Probes EMFISIS
instrument. Since the observation results show that the wave
normal angles of all three wave emissions were quite small
(not shown here), parallel or quasi-parallel propagation as-
sumption is adopted for computations. In addition, following
the previous studies (Meredith et al., 2003; Summers et al.,
2007; Ni et al., 2015), we use the ion concentrations with
n =0.7, n2 =0.2, n3=0.1, (where n1, n2 and n3 are the
hydrogen, helium, and oxygen ion concentrations, respec-
tively) to calculate the pitch angle scattering rates due to
He*-Band EMIC waves. The bounce-averaged pitch angle
diffusion coefficients for the three wave emissions are shown
in the right panels of Fig. 11 as a function of equatorial pitch
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angle and electron energy. It is clearly shown that compara-
tively chorus waves could cause efficient pitch angle scatter-
ing of ~ 10keV to ~ 1 MeV electrons at a rate of the order
10~3 s~ near the loss cone, which corresponds to small loss
timescales (in other words, electron lifetimes) on the order of
tens of minutes. We note that whistler-mode chorus can also
play a significant role in electron acceleration (e.g., Horne et
al., 2005; Thorne et al., 2013), while its net effect as either
loss or energization (of 100s keV to MeV) depends on a num-
ber of factors (including EMIC waves, existing electrons’
energy spectrum, wave properties, and so on). In addition,
scattering by plasmaspheric hiss and He™-band EMIC waves
could result in the precipitation loss of relativistic (> 1 MeV)
electrons on a timescale of days. But it becomes difficult for
these plasma waves to scatter electrons at large equatorial
pitch angles via gyroresonance. Therefore, there should be
some underlying mechanism(s) accounting for the electron
loss near and at 90° of pitch angles. Besides the outward ra-
dial diffusion, another possible mechanism can be that par-
allel acceleration by magnetosonic waves decreases the elec-
tron pitch angles and then facilitates wave induced electron
scattering at lower pitch angles (e.g., Chen et al., 2015; Li
et al., 2016). In this paper, we only make rough calculations
for three popular wave modes and give some hints of the loss
mechanisms. Overall, electron scattering by the three wave
modes alone or combined can be proposed as an important
mechanism to trigger the real electron losses in the outer
zone. The precise analysis of wave-particle interaction needs
global distributions of various plasma waves, which is out-
side the scope of the present study and left as a future study.

5 Conclusions

The present study is dedicated to a detailed investigation
of the behaviors of the radiation belt electron flux dropout
in response to two intense solar wind dynamic pressure en-
hancements on 2 October 2013. The simultaneous flux mea-
surements from a cluster of 14 satellites with a broad spa-
tial coverage manifest a strong dependence of storm-time
outer zone electron flux evolution on the specific interplan-
etary and magnetospheric conditions, from which the losses
through the magnetopause and to the atmosphere are regis-
tered. The main conclusions are summarized as follows:

1. When the intense dynamic pressure pulse occurred, the
effects of magnetopause shadowing and atmospheric
loss could take effect concurrently to contribute to the
generation of an electron flux dropout;

2. Losses through the magnetopause were efficient and
significant at L = 5, which was captured clearly in re-
sponse to the inward intrusion of the magnetopause lo-
cation. The resultant sharp negative gradient in electron
distribution at large L shells contributed to enhanced
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losses at lower L shells that could result from the out-
ward radial diffusion;

3. Losses to the atmosphere were directly identified from
the precipitating electron flux observations and from
large decreases in outer zone trapped electron fluxes, to
which pitch angle scattering by plasma waves could be
a viable contributor;

4. Substorm injections and convection strongly enhanced
the energetic electron fluxes up to hundreds of keV,
which could delay other than avoid the occurrence of
electron flux dropout at these energies for the intense
dynamic pressure pulse.
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