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Abstract: Radiation belt electron dropouts indicate electron flux decay to the background level during geomagnetic storms, which is
commonly attributed to the effects of wave-induced pitch angle scattering and magnetopause shadowing. To investigate the loss
mechanisms of radiation belt electron dropouts triggered by a solar wind dynamic pressure pulse event on 12 September 2014, we
comprehensively analyzed the particle and wave measurements from Van Allen Probes. The dropout event was divided into three
periods: before the storm, the initial phase of the storm, and the main phase of the storm. The electron pitch angle distributions (PADs)
and electron flux dropouts during the initial and main phases of this storm were investigated, and the evolution of the radial profile of
electron phase space density (PSD) and the (μ, K) dependence of electron PSD dropouts (where μ, K, and L* are the three adiabatic
invariants) were analyzed. The energy-independent decay of electrons at L > 4.5 was accompanied by butterfly PADs, suggesting that the
magnetopause shadowing process may be the major loss mechanism during the initial phase of the storm at L > 4.5. The features of
electron dropouts and 90°-peaked PADs were observed only for >1 MeV electrons at L < 4, indicating that the wave-induced scattering
effect may dominate the electron loss processes at the lower L-shell during the main phase of the storm. Evaluations of the (μ, K)
dependence of electron PSD drops and calculations of the minimum electron resonant energies of H+-band electromagnetic ion
cyclotron (EMIC) waves support the scenario that the observed PSD drop peaks around L* = 3.9 may be caused mainly by the scattering of
EMIC waves, whereas the drop peaks around L* = 4.6 may result from a combination of EMIC wave scattering and outward radial
diffusion.

Keywords: radiation belt electron flux dropouts; geomagnetic storm; electron phase space density; magnetopause shadowing;
wave–particle interactions

 

1.  Introduction
Earth’s outer radiation belt is full of energetic electrons, from hun-

dreds  of  kiloelectron  volts  (keV)  to  several  megaelectron  volts

(MeV).  These  high-energy  electrons  pose  a  potential  hazard  to

spacecraft operations and astronauts. The radiation belt electrons

are  highly  dynamic  and  commonly  exhibit  significant  variations

during geomagnetic storms (e.g., Reeves et al.,  2003; Baker et al.,

2013; Thorne et al., 2013; Gu XD et al., 2020a; Murphy et al., 2020).

Radiation electron losses  are  one of  the most  important  physical

processes  of  radiation  belt  electron  dynamics  and  have  been

studied for decades (Shprits et al., 2006; Turner et al., 2014; Xiang

Z et al.,  2016; Zou ZY et al.,  2020). The depletion of radiation belt

electrons can  be  attributed  to  magnetopause  shadowing,  out-

ward radial diffusion, and wave–particle interactions (e.g., Thorne

et  al.,  2010; Matsumura et  al.,  2011; Ni  BB et  al.,  2013; Hudson et

al.,  2014; Tu  WC  et  al.,  2014; Xiang  Z  et  al.,  2017b; Gu  XD  et  al.,

2020b; Liu ZY et al.,  2020).  However,  the relative contributions of

these physical mechanisms are not yet fully understood.

The  electron  losses  caused  by  magnetopause  shadowing  occur

when the  magnetopause  moves  inward  because  of  enhance-
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ments in the solar wind dynamic pressure and because electrons
at high L-shells find themselves at open drift shells (e.g., Turner et
al.,  2012a; Morley  et  al.,  2013; Turner  and  Ukhorskiy,  2020). Elec-
trons at lower L-shells move outward because of the sharp radial
gradients of electron phase space density (PSD), and they experi-
ence decay (e.g., Keika et al., 2005; Shprits et al., 2006; Matsumura
et al.,  2011; Turner et al.,  2012b; Glauert et al.,  2014; Ukhorskiy et
al.,  2015; Tu WC et  al.,  2019).  The electrons can also be scattered
by  various  magnetospheric  waves,  including  plasmaspheric  hiss
waves,  chorus  waves,  magnetosonic  waves,  and electromagnetic
ion cyclotron (EMIC) waves (e.g., Summers et al., 2007a, b; Thorne
et  al.,  2010; Turner  et  al.,  2014; Xiang Z  et  al.,  2017a; Ni  BB  et  al.,
2019; Fu S et al., 2020). The EMIC waves are thought to play a par-
ticularly  important  role  in  radiation  belt  dropouts,  during  which
the  electron  flux  can  decrease  by  several  orders  of  magnitude
within  a  few  hours  (e.g., Bortnik  et  al.,  2006; Morley  et  al.,  2010;
Turner et al., 2012b; Cao X et al., 2017). A number of previous stud-
ies  have  reported  that  EMIC  waves  contribute  significantly  to
multi-MeV electron (i.e.,  less  than ~2 MeV)  dropouts  during geo-
magnetic storm main phases (e.g., Shprits et al., 2013, 2016, 2017;
Kersten et al., 2014; Usanova et al., 2014; Ma Q et al., 2016; Su ZP et
al.,  2017; Xiang  Z  et  al.,  2017b, 2018). Electromagnetic  ion  cyclo-
tron waves can lead to a strong loss of MeV electrons with times-
cales of <1 hour, whereas loss timescales of MeV electrons attrib-
utable to chorus and hiss waves are about a few days.

In  this  study,  we  investigated  a  radiation  belt  dropout  event  on
12–13  September  2014  by  using  high-resolution  particle  and

μ

wave measurements from Van Allen Probes. Three periods of this

event  (before  the  storm,  the  initial  phase  of  the  storm,  and  the

main phase  of  the  storm)  were  comprehensively  studied  to  ob-

tain the observational features during different phases of the geo-

magnetic  storm.  To  distinguish  the  dominant  loss  mechanism  in

different spatial regions during different phases of the storm, the

pitch angle distribution (PAD) of electron fluxes, the observations

of  EMIC  waves,  and  the  electron  PSD  drops  at  different  and K
(first and second adiabatic invariants) were analyzed. We provide

the flux observations from satellites  in Section 2 and analyze the

calculated results of electron PSDs in Section 3. Section 4 presents

a discussion of our results, and Section 5 summarizes the conclu-

sions.

2.  Event Overview

2.1  Solar Wind and Geomagnetic Conditions
This study focuses on a moderate geomagnetic storm with a min-

imum disturbance storm time (Dst) index around −100 nanoteslas

(nT) that occurred after a solar wind dynamic pressure pulse event

(increase  of  ~15  nanopascals  (nPa)  within  4  hours)  on  12–13

September 2014. Figure 1 shows the corresponding solar wind dy-

namic pressure (Pdyn), interplanetary magnetic field (IMF Bz), auror-

al electrojet (AE) and Dst indices, and magnetopause standoff dis-

tance (from top to bottom).  The solar  wind parameters  and geo-

magnetic  indices  were  obtained  from  NASA’s  OMNIWeb

(http://omniweb.gsfc.nasa.gov/) with a 1-min time resolution. The
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Figure 1.   Time series of solar wind parameters and geomagnetic indices from the OMNI database from 12 to 13 September 2014. From top to

bottom: (a) solar wind dynamic pressure (Pdyn), (b) interplanetary magnetic field (IMF Bz), (c) auroral electrojet (AE, black line) and disturbance

storm time (Dst) indices (blue line), and (d) magnetopause (MP) standoff distance (RE).
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initial  phase of the storm began at ~16:00 universal  time (UT) on

12 September 2014,  as indicated by the sudden commencement

of  the  storm,  and  the  main  phase  occurred  between  ~20:30  and

23:00 UT. The AE index during this storm fluctuated considerably,

with  the  maximum  value  reaching  ~1,200  nT,  indicating  strong

substorm activities.  The magnitude of Pdyn increased, accompan-

ied  by  an  enhancement  of  the  northward  IMF Bz,  and  then  it

gradually decreased when the IMF Bz turned southward at ~20:00

UT on 12 September 2014. Figure 1d shows the standoff location

of the magnetopause,  which was calculated following the model

of Shue  et  al.  (1998).  The  figure  shows  that  the  magnetopause

moved rapidly from ~11 earth radii (RE) to ~7RE along with the sol-

ar  wind dynamic  pulse  and recovered to  ~9RE after the  pulse  in-

terval.

We divided this event into three different periods, as indicated by

the arrows at the top of Figure 1. Period 1 covers the time interval

before  the  storm  (i.e.,  before  16:00  UT  on  12  September  2014),

featured by Pdyn < 3 nPa, IMF Bz of ~0 nT, Dst of ~0 nT, and a mag-

netopause  location  of  >10RE.  Period  2  corresponds  to  the  initial

phase  of  the  storm  (16:00–20:30  UT  on  12  September  2014),

which  exhibited  a  strong Pdyn pulse,  a  mainly  northward  IMF Bz,

sudden storm commencement and strong substorm activity, and

inward intrusion of the magnetopause to ~7RE. Period 3 started at

the beginning of the main phase of the storm from 20:30 UT on 12

September 2014 to 01:00 UT on 13 September 2014, as character-

ized  by  a  gradual  decrease  in Pdyn,  a  southward  IMF Bz that sub-

sequently turned northward, the approach of a Dst minimum and

strong  substorm  activity,  and  recovery  of  the  magnetopause  to

~9RE. Clearly, both the solar wind parameters and the geomagnet-

ic activity were highly dynamic during the event under investiga-

tion, which could trigger distinct responses among radiation belt

electrons in  different  spatial  regions  during  different  time  inter-

vals.

2.2  Electron Flux Observations
The NASA Van Allen Probes, launched on 30 August 2012, have a

geosynchronous transfer orbit with an orbital period of ~9 hours,

an  inclination  of  10.2°,  a  perigee  of  1.09RE,  and  an  apogee  of

5.77RE.  In  this  study,  the  pitch  angle-resolved  electron  flux  data

obtained by a magnetic electron ion spectrometer (MagEIS; Blake

et  al.,  2013)  and  a  relativistic  electron–proton  telescope  (REPT;

Baker  et  al.,  2013)  were  used  to  examine  radiation  belt  electron

distributions.  Measurements  based  on  the  Electric  and  Magnetic

Field Instruments  Suite  and  Integrated  Science  (EMFISIS)  instru-

ment  (Kletzing  et  al.,  2013) were  used  to  investigate  magneto-

spheric plasma waves in detail.

Figure 2 shows electron fluxes with a 90° local pitch angle at ener-

gies of 4.2 MeV, 3.4 MeV, 2.1 MeV, 1,073 keV, 749 keV, 470 keV, 176

keV,  and  54  keV  (from  top  to  bottom)  observed  by  Van  Allen

Probes from 12 to 13 September 2014. We adopted background-

corrected  MagEIS  data  (Claudepierre  et  al.,  2015)  for  <1.5  MeV

electrons and REPT data for higher energy electrons.

A decrease  in  electron  fluxes  could  be  observed  in  multiple  en-
ergy channels during both periods 2 and 3. However, the behavi-
or differed between MeV electrons and hundreds of keV electrons.
During  period  2  (initial  phase  of  the  storm),  the  electron  fluxes
mainly decayed at L > 5 at almost all energy channels. During peri-
od 3 (main phase of the storm), the fluxes decayed more deeply at
L > 4 and expanded to 3 < L < 4 for 2.1–4.2 MeV electrons. In con-
trast, lower  energy  electrons  (e.g.,  54  keV)  exhibited  a  sharp  en-
hancement at L < 4 instead of a flux decay.

The  evolution  of  electron  PADs  measured  by  both  Van  Allen
Probes from 12 to 13 September 2014 at L = 4, 4.5, and 5 (from left
to right), with the three time bins (shaded areas) corresponding to
periods 1 to 3, respectively, is displayed in Figure 3. At L = 4, elec-
tron fluxes at all energies mostly manifested 90°-peaked PADs in-
stead  of  butterfly  PADs.  At L =  4.5,  weak  butterfly  PADs  for  MeV
electrons  were  observed  during  period  2,  whereas  no  butterfly
PADs  occurred  at  lower  energies.  At L = 5,  butterfly  PADs  oc-
curred  at  almost  all  energy  electrons  during  periods  2  and  3,
which became  more  significant  during  period  2  when  the  mag-
netopause was  compressed  closer  to  the  earth.  This  result  sug-
gests that  the  butterfly  PADs  were  likely  caused  by  magneto-
pause shadowing (e.g., Ni BB et al., 2020). In addition, the prompt
enhancements  of  the  electron  fluxes  at  lower  energies  (e.g.,  54
keV) at L < 4 were likely due to the substorm-induced electron in-
jections.

To clearly exhibit  the characteristics  of  electron flux PADs,  we in-
troduced a butterfly PAD index β (Ni BB et al., 2016a) as

β =
j(90◦)

javg(j(< 90◦)max ∶ j(> 90◦)max) , (1)

where j (90°) is the electron flux at a 90° pitch angle, j (<90°)max is
the maximum electron flux at a <90° pitch angle, and j (>90°)max is
the maximum electron flux at a >90° pitch angle. In this study, we
set  the  threshold  value  of  butterfly  PADs  as β =  0.95.  A  higher
value of β indicates more 90°-peaked distributions.

Figure 4 shows the butterfly PAD index β as a function of electron
energy and L-shells in  periods 2  and 3.  During period 2,  the but-
terfly PADs were observed for a wide energy range at L > 4.5 and
became sharper  as L increased,  whereas a  slight  change of  PADs
occurred at lower energies. The β value was larger during period 3
(Figure 4b) than during period 2 for almost all energy channels at
L > 4.5. Unlike period 2, the >1MeV electron PADs tended to peak
at a 90° pitch angle inside L = ~4.5 during period 3 (main phase of
the  storm,  with  IMF Bz turning  from  northward  to  southward).
These observations indicate that the electron loss during period 3
could be caused by EMIC waves because EMIC waves scatter only
high-energy  electrons,  producing  90°-peaked  PADs  (Ni  BB  et  al.,
2015a; Xiang Z et al.,  2017a, 2019). Butterfly PADs were observed
for almost all energies at L > 4.5 during both period 2 and period
3,  indicating  that  magnetopause  shadowing  was  potentially  the
main loss mechanism.

Figure 5 shows the evolution of electron flux radial profiles for dif-
ferent electron energies  and pitch angles  from 12 to 13 Septem-
ber 2014 by using REPT data (>2 MeV) and MagEIS data (<2 MeV)
from Van Allen Probe B during color-coded orbit periods. Period 1
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(green line)  represents  the  initial  conditions  before  the  geomag-

netic storm, whereas the purple and blue lines correspond to the

aforementioned period 2 (initial phase of the storm) and period 3

(main phase of the storm), respectively. For electrons with a pitch

angle  larger  than  50°  (first  three  rows),  the  corresponding  fluxes

during period 2 were smaller  than those for period 1 for >1 MeV

electrons at L > 4. However, the fluxes were larger at a pitch angle

less than 60° during period 2. For hundreds of keV electrons (right

three  columns),  flux  decreases  were  also  observed  at  large  pitch

angles  at L >  5.  The ~90°  pitch  angle  electron losses  at  a  high L-

shell were found for all electron energies during period 2. This was

accompanied  by  a  compressed  magnetopause  toward  the  Earth

from  ~11RE to  ~7RE,  as  suggested  by  the  rapidly  increasing Pdyn,

indicating that the electron losses were caused by magnetopause

shadowing.

To clearly illustrate the electron losses from period 1 to period 3,

the flux drops in relation to the L-shell are shown in Figure 6. The

flux drops were obtained by subtracting the flux during period 2

from that during period 1 (purple line) and the flux during period

3 from that during period 2 (blue line) at given energies and pitch

angles. The format of Figure 6 is the same as that of Figure 5. The

decay of electron fluxes during period 2 compared with period 1

has been described previously. We focused on the flux drop from

period  2  to  period  3  shown  in Figure  6,  during  which  the  storm

entered  the  main  phase  and  the  orientation  of  IMF Bz changed

from northward to southward. As shown in Figure 6, the electron

flux  drops  were  strongly  dependent  on  the  electron  energy.  For

>1 MeV electrons (left three columns), the drops decreased with a

decreasing  electron  pitch  angle  at L > 5,  whereas  the  drops  in-

creased as the electron pitch angle decreased at L < 5. For all pitch
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Figure 2.   Fluxes of radiation belt electrons at a 90° local pitch angle for the indicated energies from 12 to 13 September 2014 based on

observations from REPT (a–c) and MagEIS (d–h) onboard both Van Allen Probes. The range of period 1, period 2, and period 3 are the same as in

Figure 1.
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angles,  a  positive  correlation  was  observed  between  the  drops
and  electron  energy.  This  strong  dependence  of  electron  flux
drops on electron energy is consistent with electron loss attribut-
able to scattering effects driven by EMIC waves, which can lead to
top-hat  PADs.  Furthermore,  EMIC  waves  were  observed  during

period 2, as shown in Figure 7, supporting the conclusion that EM-
IC wave scattering could have been the main loss mechanism dur-
ing period 3. For hundreds of keV electrons (right three columns),
the  drops  at L <  4  were  less  significant  than  those  at  higher L-
shells and had no obvious pitch angle dependence.
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Figure 3.   The evolution of electron pitch angle distributions measured by REPT and MagEIS onboard both Van Allen Probes for the indicated

energies at a given L-shell, with the three time bins (shaded areas) corresponding to periods 1 to 3, respectively.
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602 Earth and Planetary Physics       doi: 10.26464/epp2020060

 

 
Ma X and Xiang Z et al.: Loss mechanisms of radiation belt dropout

 



3.  Electron PSD Observations
To  investigate  the  physical  mechanism  responsible  for  the  flux

dropouts of radiation belt  electrons and to exclude the adiabatic

effect  associated  with  the  change  in  magnetic  field  strength  in

space (Su ZP et  al.,  2015; Xiang Z et  al.,  2017b, 2018),  the PSD of

electrons in the outer radiation belt  was examined in detail  from

11:57  UT  on  12  September  2014  to  01:02  UT  on  13  September

2014. Figure 8 shows the evolution of electron PSD radial profiles

at  specified μ and K during  this  event.  The  values  of μ increased

from left  to  right,  and the values of K increased from top to bot-

tom.  During  period  2  (purple  lines),  which  indicates  the  initial

phase of  the  storm,  the  electron  PSD  decayed  only  weakly  com-

pared  with  period  1  at  a  lower K (e.g., K =  0.02 G1/2RE and  0.04

G1/2RE)  and  a  higher L*  (e.g., L*  >  5).  However,  when  the  storm

entered the  main  phase  (period  3,  blue  lines),  significant  dro-

pouts  occurred  for  almost  all μ and  for  higher K (e.g., K >  0.08

G1/2RE) at L* = 3.5–5.3.

Figure  9 shows  the  PSD  drops  between  different  periods.  The

value of  PSD drops illustrates  the decay process  of  electron PSD,

which  was  obtained  by  calculating  the  logarithm  of  the  ratio  of

the  previous  period  PSD  to  the  later  period  PSD  at  the  same L*.

The red curves indicate the minimum electron resonant energies
attributable  to  cyclotron  resonance  with  H+-band  EMIC  waves.
The  method  and  assumptions  of Silin  et  al.  (2011) were  used  to
calculate  the  curves.  Additionally,  the  dipole  geomagnetic  field
model and the plasmaspheric density model (Sheeley et al., 2001)
were  adopted  in  the  calculation.  The  representative  parameters
for H+-band EMIC waves, with an upper cutoff wave frequency of
0.8 fcp (where fcp is the proton gyrofrequency) and an ion compos-
ition ratio H+ : He+ : O+ of 0.85 : 0.1 : 0.05, were used following pre-
vious  studies  (e.g., Summers  and  Thorne,  2003; Summers  et  al.,
2007b; Meredith  et  al.,  2014; Ni  BB  et  al.,  2015b).  The  minimum
resonant electron energies for H+-band EMIC waves were the low-
est  among  all  three  bands,  indicating  electrons  that  could  be
scattered efficiently by He+- and O+-band EMIC waves and by H+-
band EMIC waves (Young et al., 1981; Zhang XJ et al., 2016; Xiang
Z et al., 2018).

Figure 9a–9d displays the evolution of PSD drops between period
1 and period 2. Figure 9a shows the evolution of PSD drops versus
L* at K = 0.02 G1/2RE and μ = 100–3,600 MeV/G; the μ from 100 to
3,600  MeV/G  are  color  coded.  Phase  space  density  drops  occur
only at L* > 5 at K = 0.02 G1/2RE. The PSD drops versus μ and K at L* =
3.9, 4.6, and 5.1 are shown in Figure 9b–9d, respectively. The val-
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Figure 6.   Electron flux drops as a function of the L-shell at different electron energies and pitch angles (PA) from 11:57 UT on 12 September to

01:02 UT on 13 September 2014. The energy and pitch angle in each panel are the same as in Figure 5.
Van Allen Probe B

1

10

Fr
eq

ue
nc

y 
(H

z)

10-5

10-4

10-3

10-2

10-1

100

(n
T2 /H

z)

          

1

10

Fr
eq

ue
nc

y 
(H

z)

1

0

20

40

60

80

W
N

A

5.3
3.8
0.9

19:00

5.8
4.5
-0.0
20:00

5.8
5.2
-1.2
21:00

5.4
6.0
-2.6
22:00

4.5
6.9
-4.7
23:00

L
MLT
LAT

hh:mm
2014 Sep 12 
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ues  of  PSD  drops  almost  equal  zero  at L*  =  3.9  and  4.6,  whereas

comparatively  small  PSD  drops  cover  a  wide  range  of μ for K =

0.02  and  0.04 G1/2RE at L*  =  5.1  (Figure  9d),  which  is  consistent

with the results in Figure 9a. The decay shows no dependence on

μ and  a  low  value  of K,  confirming  the  loss  characteristics  as

caused  by  magnetopause  shadowing.  However,  the  evolution  of

PSD drops between period 2 and period 3 is quite different from

that between period 1 and period 2, as displayed in Figure 9e–9h.

Figure 9e shows the evolution of PSD drops versus L* at μ = 1,100

MeV/G  and K =  0.02–0.26 G1/2RE.  Two  drop  peaks  occur  around

L* = 3.9 and L* = 4.6, which are indicated by two dashed lines, re-

spectively. These drop peaks also exist at other μ values, which in-

dicates  different  mechanisms  at  different μ.  Hence,  we  show  the

dependence of PSD drops with μ and K at L* = 3.9, 4.6, and 5.1 in

Figure  9f–9h.  At L*  =  3.9,  significant  PSD  drops  occur  above  the

red  curves,  which  indicates  that  the  EMIC  wave  scattering  is

stronger here. In Figure 9g, the results show significant PSD drops

both  above  and  below  the  red  curves,  and  they  form  a  distinct

boundary along the red curve at L* = 4.6. This result suggests that

EMIC wave scattering is  the  main  loss  mechanism above the  red

curve, whereas some other loss mechanisms may be effective be-

low the red curve around L* = 4.6. At L* = 5.1, the magnetopause

is  still  in  a  compressed state during the main phase of  the storm

(Figure  1d);  therefore,  magnetopause  shadowing  is  effectively

causing electron loss.

4.  Discussion
The storm  investigated  in  this  study  has  been  reported  in  previ-

ous  studies.  However,  most  of  these  studies  have  focused  on

long-lasting (>10-day) depletion after a rapid loss process. Jaynes

et al. (2015) used GOES and Van Allen Probe data to examine the

causes of  the  long-lasting  depletion  and  suggested  that  the  ab-

sence of chorus wave activity might explain the lack of any signi-

ficant  recovery  following  the  initial  rapid  depletion. Ozeke  et  al.

(2017) used an ultra low frequency wave radial diffusion model to

simulate  the  variation  in  ultra-relativistic  electron  fluxes,  and  the

excellent  agreement  between  the  observations  and  simulations

highlighted  the  potentially  dominant  role  of  ultra  low  frequency

transport.  However,  the  mechanisms  for  rapid  dropouts  during

the main phase of the storm remain unexplained.

In  this  study,  we found that  electron losses  occurred in  both the

initial phase and the main phase of the storm, and each phase had

a  different  orientation  of  IMF Bz.  The  characteristics  of  electron
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Figure 8.   Electron phase space density (PSD) radial profile for the different pairs of μ and K during the period from 11:57 UT on 12 September to

01:02 UT on 13 September 2014. The start and end times of each electron PSD radial profile are color coded.
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loss processes during the two periods were different, which indic-

ates  there  are  different  mechanisms  for  the  entire  radiation  belt

electron loss process.  To clearly understand the underlying phys-

ics responsible for the loss processes during the initial phase and

main phase of the storm, we have summarized some information

from the two periods in Table 1, including parameters of the solar

wind and geomagnetic  conditions,  magnetopause standoff  loca-

tions,  evolution  of  the  radiation  belt  electron  flux  and  PSD,  and

the corresponding possible dominant electron loss mechanisms.

During  the  initial  phase  of  this  storm,  the  magnetopause  was

compressed by the rapid increase in the Pdyn.  Significant electron

loss  was  observed over  a  wide range of  energies  outside L =  ~5,

and more  electron  losses  were  observed  near  the  equator,  caus-

ing  butterfly  PADs.  Phase  space  density  drops  occurred  only  in

low K around L* = 5.1,  as shown in Figure 9d, fitting the electron

flux loss characteristic during the initial phase of the storm. These

phenomena are  consistent  with  electron  losses  caused  by  mag-

netopause  shadowing.  During  the  main  phase  of  the  storm,  the

Table 1.   Summary of the electron decay processes during the geomagnetic storm.

Initial phase Main phase

Solar wind &
geomagnetic
conditions

Pdyn increased rapidly to 23 nPa
IMF Bz remained northward
The AE index reached ~1,000 nT

Pdyn continued to decrease
IMF Bz changed from northward to southward
The AE index reached ~1,200 nT

Magnetopause Dropped from ~11RE to ~7RE ~6RE

Radiation belt
electron fluxes

PA >60°: significant losses occurred for > 1
MeV electrons at L > 4 and for hundreds of
keV electrons at L > 5
PA <60°: no loss occurred for almost all energy
at L > 4.5

Electron fluxes decreased dramatically at L > 4 across a wide
energy range; losses at lower L-shells were observed only for >1
MeV electrons
Fluxes lost more as the PA decreased and the energy range
increased for >1 MeV electrons

Pitch angle
distributions Butterfly PADs occurred at L > 4.5

PAD characteristics tended toward 90°-peaked PADs for >1 MeV
electrons at L < 4
Butterfly distributions were weaker for lower energies at L > 4.7

Radiation belt
electron PSD

Weak PSD drops occurred only in low K
around L* = 5.1

Two PSD drop peaks occurred around L* = 3.9 and L* = 4.6
PSD drops were above the red curve around L* = 3.9
PSD drops occurred both above and below the red curve around
L* = 4.6
Small PSD drops occurred at L* = 5.1

Possible mechanisms Magnetopause shadowing was dominant at
L > 5

Magnetopause shadowing occurred at L > 5
A combination of EMIC wave scattering and outward radial
diffusion occurred around L = 4.6
PA scattering by EMIC waves occurred at L < 4

Notes: Pdyn, solar wind dynamic pressure; IMF Bz, interplanetary magnetic field; AE index, auroral electrojet index; RE, Earth radii; PA, pitch angle;
PAD, pitch angle distribution; PSD, phase space density; EMIC waves, electromagnetic ion cyclotron waves.
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Figure 9.   Electron phase space density (PSD) drops observed between (a–d) periods 1 and 2 and between (e–h) periods 2 and 3. The red curves

in panels b–d and f–h indicate the minimum electron resonant energies attributable to cyclotron resonance with H+-band electromagnetic ion

cyclotron (EMIC) waves, which have been mapped to the μ and K coordinates.
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evolution of electron fluxes and PSD drops both differed from the

previous  period.  At L >  5,  magnetopause  shadowing  caused  by

the  compressed  magnetopause  continued  from  the  initial  phase

to the main phase. The electron PADs presented a typical butter-

fly distribution in a wide energy range. Around L = 4.6, the energy

dependence of  the electron flux evolution began to emerge.  For

>1 MeV electrons, the flux drops increased as the pitch angle de-

creased, resulting in 90°-peaked PADs. The PSD drops are divided

into two parts by the red curve in Figure 9. This indicates minim-

um resonant  electron energies  of  H+-band EMIC waves,  suggest-

ing that EMIC wave scattering loss was the main dropout mechan-

ism above the red curve. For drops below the red curve, direct loss

by  magnetopause  shadowing  was  insignificant  because  the  last

closed drift shell rarely reached such low L* regions (Xiang Z et al.,

2018). Persistent magnetopause shadowing from the initial phase

to  the  main  phase  at  a  higher L-shell then  produced  flux  gradi-

ents  and  resulted  in  outward  radial  diffusion,  which  could  cause

electrons loss from the lower L-shell. At L < 4, significant dropouts

occurred  mainly  for  >1  MeV  electrons,  leading  to  90°-peaked

PADs. Phase space density drops all occurred above the red curve.

During the main phase of the storm, the orientation of the IMF Bz

turned from northward to southward. And with a southward IMF,

the magnetic reconnection could occur at the subsolar magneto-

pause (Roelof and Sibeck, 1993; Shue et al.,  1998; Suvorova et al.,

1999, 2005; Ma X et al., 2017), which could enhance the anisotrop-

ic  (T⊥> T//)  distribution of  energetic  ions,  and then contribute  to

exciting  the  EMIC  waves.  Electromagnetic  ion  cyclotron  waves

were also observed by Van Allen Probe B during the main phase.

All  the  above  evidence  demonstrates  that  EMIC  wave  scattering

was stronger at the L < 4 region.

Our observational results are consistent with the findings of Ni BB

et al. (2016b), who investigated the flux variations during 40 solar

wind  dynamic  pressure  pulse  events  between  September  2012

and  December  2014  based  on  the  radiation  belt  electron  flux

measurements  from  five  satellites.  These  findings  suggest  that

large depletions in radiation belt electron fluxes are more likely to

occur  in  association  with  the Pdyn pulse  under  southward  IMF Bz

conditions. Therefore, magnetopause shadowing and outward ra-

dial  diffusion  are  more  likely  to  dominate  at  higher L-shells,

whereas  pitch  angle  scattering  by  EMIC  waves  may  be  the  main

loss  mechanism  at  lower L-shells  during  the  main  phase  of  a

storm.

5.  Conclusions
In  this  study,  high-quality  measurements  from  Van  Allen  Probes

were used to investigate the loss  mechanisms of  a  radiation belt

electron  dropout  event  during  a  moderate  geomagnetic  storm.

Electron  flux  losses  occurred  during  both  the  initial  and  main

phases of the storm under different orientations of the interplan-

etary magnetic field.

The main conclusions can be summarized as follows:

(1)  During  the  initial  phase  of  the  storm,  the  electron  flux  decay

was  independent  of  electron  energy  at L >  4.5,  accompanied  by

butterfly PADs.  This  result  suggests  that  magnetopause  shadow-

ing may be the dominant loss mechanism at L > 4.5 during the ini-

tial phase of the storm.

(2) During the main phase of the storm, electron fluxes decreased
dramatically  at L >  4  over  a  wide  energy  range  because  of  the
effect  of  magnetopause  shadowing,  whereas  at  lower L-shells,
dropouts were observed only for >1 MeV electrons. Moreover, the
electrons exhibited 90°-peaked PADs for >1 MeV electrons at L <
4.  These  features  and  EMIC  wave  observations  support  the  view
that  EMIC  wave-induced  electron  scattering  plays  an  important
role in dropouts during the main phase of a storm at L < 4.

(3) By evaluating the (μ, K) dependence of electron PSD drops and
calculating  the  minimum  electron  resonant  energies  of  H+-band
EMIC waves, we found that almost all  the PSD drops around L* =
3.9  occurred  above  the  minimum  electron  resonant  energies  of
H+-band EMIC waves. This may be due mainly to the scattering of
EMIC  waves,  whereas  the  drops  around L* =  4.6  could  be  ob-
served both above and below the minimum electron resonant en-
ergies of H+-band EMIC waves,  which could have resulted from a
combination of  EMIC  wave  scattering  and  outward  radial  diffu-
sion.

In  this  study,  the  electron  loss  event  was  investigated  primarily
from  an  observational  perspective.  Recently,  various  diffusion  or
convection–diffusion  models  have  been  developed  to  simulate
the wave–particle interactions and magnetopause shadowing loss
in the outer radiation belt (e.g., Fok et al., 2008; Tu WC et al., 2014;
Drozdov et al., 2015; Kang et al., 2016; Xiang Z et al., 2020). There-
fore,  to  deepen  our  physical  understanding  of  the  electron  loss
mechanisms  underlying  the  radiation  belt  dropout  event  during
the  12  September  2014  storm,  it  would  be  valuable  to  perform
numerical  simulations  based  on  these  models  to  reproduce  the
electron  flux  variations  for  detailed  data-model  comparisons,
which is left for future study.
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