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Abstract

The long-lasting, persistence electromagnetic ion cyclotron (EMIC) waves can have a profound effect on the dynamics of the relativis-
tic electrons in the Earth’s radiation belt. EMIC waves observed on the ground are the manifestation of their generation in the Earth’s
inner magnetosphere. With the spacecraft measurements, it is difficult to determine their spatio-temporal extent and sustainability. In this
context, in addition to the spacecraft observations the ground observations can give better insights into these features. We have identified
the long-duration EMIC wave events observed at the subauroal station Maitri during 2011-2017. We have found a total of 12 EMIC
wave events that are steadily observed for >10 h. The start times of these events are identified between 1.4-9.3 LT hours, and they lasted
for 10-18 h. All these events are dominantly seen during the recovery phase of the weak-moderate geomagnetic storm. Comparison with
spacecraft observations indicate the simultaneous EMIC waves in the magnetosphere within L—shell 4-6 with wider longitudinal cover-
age, and sufficiently long time presence in the magnetosphere. Simultaneous differential electron flux observations from Van Allen Probes
indicate that approximately 90% of these EMIC waves were accompanied by a decrease in relativistic (2.6-4.2 MeV) electrons in the
outer radiation belts.
© 2022 COSPAR. Published by Elsevier B.V. All rights reserved.

Keywords: EMIC wave occurrence; Inner magnetosphere; Pcl-Pc2 pulsations; Long-duration events; Radiation belts

1. Introduction

Numerous Earth-orbiting spacecraft have reported the
observations of electromagnetic ion cyclotron waves in
the Earth’s magnetosphere(Anderson and Hamilton,
1993; Brdysy et al., 1998; Erlandson and Ukhorskiy,
2001; Engebretson et al., 2002; Usanova et al., 2008;
Fraser et al., 2010; Halford et al., 2010; Pickett et al.,
2010; Min et al., 2012; Sakaguchi et al., 2013; Zhang
et al, 2014; Remya et al., 2015; Kim et al., 2016;
Matsuda et al., 2018; Vines et al., 2019; Wang et al.,
2019; Grison et al., 2021; Lee et al., 2021; Kim et al.,
2021; Jun et al., 2021). In the inner magnetosphere, they
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are excited through the free energy from hot ion tempera-
ture (=~ 1-100 keV) anisotropy (Kennel and Petschek,
1966; Thorne and Horne, 1997; Omura et al., 2010) and
emit power in separate frequency bands at the local ion
gyrofrequencies, namely, the proton band between the
H" and He" gyrofrequencies, the helium band between
the He™ and O" gyrofrequencies, and the oxygen band
below the O gyrofrequency(Saikin et al., 2015). The pro-
cesses such as substorm injections (Blum et al., 2015;
Remya et al, 2018), magnetospheric compressions
(Anderson and Hamilton, 1993; Usanova et al., 2008;
Jun et al., 2019), and the effects of Shabansky orbits
(McCollough et al., 2012) are known to be responsible to
create a population of hot anisotropic protons required
to excite these waves. Spacecraft observations have shown
that the EMIC waves are preferentially generated in the
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regions where the hot anisotropic ions of the ring current %2 g & ) a frogingee) & @ & -
spatially overlap with the cold dense plasma populations £g . T <
of the outer plasmasphere, plasmapause (Zhang et al., g% é LR R ER ol %
2014; Tetrick et al., 2017) and the “edges” of plasmaspheric A EERERAAAR g o~
2 & fEEE888e 388
plumes(Fraser and Nguyen, 2001; Usanova et al., 2013; S s © 00900000550
Halford et al., 2015) indicating that the overlapping region gg CEE: gegeggegdee %05 = é
is favourable for triggering the ion cyclotron instability. = § § 5SS ETTEE g g2
After their generation, these waves propagate along geo- E z g |# g g g g gﬂ 8 g g %ii g
. . . . . . S5 0 9 U VU YU O U U U P
magnetic field lines to the mid- and high-latitude iono- S §§ 22322222 3°¢ s &
sphere. A part of EMIC wave energy can get trapped § & 5 gaasaaaaaag sy
into the F-region ionospheric duct and propagate horizon- i@ E S55858558383%XE
tally to lower or higher latitudes, which can be detected on EE g s88888823 o
the ground. As a result, a long history of ground observa- % - PR R R
tions has provided a solid scientific understanding of g g TE‘ I
EMIC waves (Kakad et al., 2018; Mann et al., 2014; S ‘::) i 3R 2 20 ; = E ¢ g E
Engebretson et al., 2015; Kakad et al., 2019; Upadhyay S5 2 =1
et al., 2020; Upadhyay et al, 2022a; Upadhyay et al., ol 2 £
2022b) éé-g E’_‘OOOONOQ'O\\DI\NWN
The spacecraft observations and simulation studies have g3 E § ST ey 7YY
revealed that the EMIC waves play an important role in E 28 |8
particle dynamics and regulate the Earth’s inner magneto- é 3 g
spheric dynamics in several ways. For example, they can (1) 2 ) g “ E CRITR_9855=3
potentially cause loss of relativistic electrons from the outer sEE EIEEEEE MRS
radiation belt to the atmosphere through pitch angle scat- 2858
tering (Omura and Zhao, 2012; Kurita et al., 2018; Ni ig § sZl8¥82lg2x8natg]
et al, 2015, Yuan et al, 2018; Lee et al., 2020; 25 g |TE|EEE=Ze=x=sas
Capannolo et al., 2021), (2) interact with the ring current ?‘; g2
particles and scatter them to loss cone causing the ring cur- = é E o o o
rent decay during the recovery phase of the magnetic storm 5EE | 30| ungadagad
(Thorne and Horne, 1994; Shreedevi et al., 2021; Yahnin § £ S 27T T T T T
et al., 2021), (3) heat the heavy ions through resonant Egg
wave-particle interaction (Anderson and Fuselier, 1994; 2 § 2 2
. = T = o0 0 — " > O — O S~ v o
Horne and Thorne, 1997; Ma et al., 2019). The spatial S =5 I R R B “
and temporal distributions of the EMIC waves are key fac- 2 = § =
tors that determine their impact on the particle dynamics g é =
both in the ring current and radiation belt regions. There- 5y = 9
. . . . . O35 > —
fore, understanding the spatial and temporal distributions < g = §2 © oot —
of EMIC waves in the inner magnetosphere is crucial to %é’ R IR PR i s St e
assess their impacts. While these waves are often thought ot 2 z S
to be localized and of short durations, sometimes they per- § g3 =
sist for a long duration. The literature review shows that % g § §
few single event-based studies have focused on the long ;if é CRIITRRRREESIOT
duration EMIC waves (Mann et al., 2014; Paulson et al., TESE| cesssesseTeS
2014; Blum et al., 2020). Mann et al., 2014 have analyzed g 5 §
the event with continuous EMIC waves for about greater 2552 oF|8538252592858%
than 18 h observed by the Canadian array of induction coil : = é =l
magnetometers in North America. In conjunction with this 2S5 LE) _
ground observation, both Van Allen Probes A and B (65° 5 k= 5 K STledzzz : 32Z2eZzg
magnetic longitude apart) observed EMIC waves in a very s _E S S
narrow L-shell region (AL~0.1-0.4) with the duration of P oo e
about ~10-15 min. This event was further analyzed by % g é E .. |SSS885888s8s%s
. . . . . . o| & A N N N N N N N NN
Usanova et al., 2013 to 1nve.st.1ga.lte interactions between § 2 £ 5|8 §§ § §§ § = §§ 3 5 §
EMIC waves and ultrarelativistic electrons from both Z~E 3 CaSZggaosegg
observational and modeling perspectives. Their study % T ; iy
demonstrated that the EMIC waves trigger ultrarelativistic - 3<5 § =
(~2-8 MeV) electron loss, which is confined to pitch angles =l l 5 5 S Sl vwornoasDd
below 45°, and do not affect the core electron distribution. EEJ 28|
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A study by Paulson et al., 2014 has also reported the EMIC
wave event with the short time period in space, but simul-
taneous ground observations of this event imply long-
duration wave activity. By combining both in situ and
ground-based data, they found that the region satisfying
electromagnetic ion cyclotron wave generation conditions
is azimuthally large while radially narrow. Recently,
Blum et al., 2020 reported the long duration EMIC wave
event observed by Van Allen probes on 7 July 2013, which
persisted for over 10 h and spanned the entire nightside of
the Earth. They also reported local minima in electron
phase space density, which is consistent with EMIC wave
driven scattering and loss of MeV electrons from the outer
radiation belt. It demonstrates that such persistent,
extended EMIC waves have the potential to produce signif-
icant effects on the loss of energetic particle dynamics in the
inner magnetosphere. Thus, examining such long duration
EMIC wave events with ground and satellite observations
is essential to advance our knowledge about their charac-
teristics and generation source.

Although the above-mentioned studies of long-duration
EMIC wave events have been reported, this problem is still
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insufficiently explored as all such studies were based on a
single event. Encouraged by this, we explore the ICM data
for the period of 2012 to 2017 at the Indian Antarctic sta-
tion Maitri to investigate the long-duration EMIC wave
events. The possible triggers for these long-duration EMIC
wave events are also examined. We explore the possibility
of the simultaneous signature of EMIC waves and the
dynamics of the relativistic electron population in the inner
magnetosphere by using observations from the Van Allen
Probes. The remaining paper is organized as follows: we
describe the data and the methodologies used for selecting
the long-duration EMIC wave events in Section 2. The
results are discussed in Section 3. In this section, the gen-
eral characteristics of the long duration events are dis-
cussed in SubSection 3.1. The possible triggers for these
long-duration events are examined in SubSection 3.2. The
simultaneous signatures of EMIC waves in the outer radi-
ation belt on these 12 event-days are discussed in 3.3. In
SubSection 3.4, we have investigated the variation in rela-
tivistic electrons in the outer magnetosphere during these
long-duration events. The present study is summarized
and concluded in Section 4.
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Fig. 1. (a) Shows spectrogram of the horizontal component of magnetic field variation recorded by ICM at Maitri on 12 April 2015. The resolution of the
spectrogram is 0.011 Hz and 18 s. The start time (#y,,) and end time (z,,,) of the EMIC wave activity are shown with dashed-dotted lines. The time
duration for which the EMIC wave activity observed by RBSP-A (magenta color) and RBSP-B (blue color) in the H* band is marked by dashed-dotted
lines. (b) The EMIC wave power in the spectrogram is averaged in time from #,, to f.,, and plotted as a function of frequency. The lower frequency f,=
0.23 Hz, upper frequency f,=1.01 Hz are marked. The centered frequency f,=0.41 Hz, where the maximum power localized is shown by the horizontal
dashed line. (c) The averaged spectrogram power from frequency f, to f, as a function of UT time. The level of —55 dB power is shown by the horizontal

dashed line as a reference.
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2. Data information

We have utilized ground Induction Coil Magnetometer
(ICM) data recorded at the Indian Antarctic station, Mai-
tri (geographic lat. 70.7° S, geographic long. 11.8° E, L~5)
from 2011 to 2017 to identify the long duration EMIC
wave events. The sampling frequency of the data is either
64 Hz or 256 Hz. For each day, the Fourier spectrogram
of the variation in the horizontal component of the mag-
netic field is obtained. The power spectral density in the
spectrogram is estimated from B(f,¢) = P,(f,t) + P,(f,1).
Here, P.(f,t),P,(f,t) are the power spectral densities of
individual magnetic field components B,, and B,, respec-
tively. The resolution of the spectrogram is 0.011 Hz and
18 s. These spectrograms are carefully examined to identify
the long duration EMIC wave events. In this study, a long
duration event means the EMIC waves with sufficient
power continuously seen in the spectrogram for approxi-
mately 10 h or more in the Pcl-Pc2 frequency range (0.1-
5 Hz). This way, we could identify 12 such EMIC wave
events during the specified period of seven years. These
EMIC wave events are listed in Table 1, and they are ter-
med as event-1, event-2 up to event-12. In order to under-
stand the possible triggers for these long duration EMIC
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wave events, we have examined the interplanetary solar
wind conditions at the magnetopause and geomagnetic
activity indices like SYMH and AE-index. The SYMH
index is the proxy to measure the strength of ring current
during geomagnetic storms, and the 4FE-index is used to
identify the substorm activity. In general, it is believed that
the particle injection during substorm activity and solar
wind pressure impulse are the possible sources to trigger
the generation of EMIC waves in the Earth’s magneto-
sphere (Remya et al., 2018, Upadhyay et al., 2022a). The
interplanetary solar wind parameters like dynamic pressure
(P), solar wind velocity (V,,), interplanetary magnetic field
Bz-component (IMF-Bz), interplanetary electric field Ey-
component (dawn-to-dusk) are obtained from OMNIWeb
(https://omniweb.gsfc.nasa.gov/), and the geomagnetic
activity indices like SYMH and AE are obtained from
World Data Center (WDC) Kyoto (http://wdc.kugi.ky-
oto-u.ac.jp).

It may be noted that such long duration EMIC wave
events with steady power in the Pcl-Pc2 range for a longer
time are observed sparsely on the ground. After scrutiny of
seven years of dataset, we could get only 12 events. We
have examined the variation in relativistic electron flux
and simultaneous EMIC wave signatures in the outer radi-
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Fig. 2. (a) Shows the spectrogram of the horizontal component of magnetic field variation observed at Maitri on 14 August 2015. The start time (¢,,) and
end time (¢.,4) of the EMIC wave activity are shown with dashed-dotted lines. The time duration for which the EMIC wave activity observed by RBSP-B
(blue color) in the H* band is marked by dashed-dotted lines. (b) The EMIC wave power in the spectrogram is averaged in time from fg, to t,y and
plotted as a function of frequency. The lower frequency f,= 0.14 Hz, upper frequency f,=0.68 Hz are marked. The centered frequency f,=0.33 Hz, where
the maximum power is localized is shown by the horizontal dashed line. (c) The averaged spectrogram power from frequency f, to 1, as a function of UT
time. The level of —55 dB power is shown by the horizontal dashed line as a reference.
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ation belt using dual-spacecraft Van Allen Probes A and B.
The Van Allen Probes were earlier known as Radiation
Belt Storm Probes (RBSP). The orbits of these spacecraft
lie in the Earth’s equatorial plane below the geosyn-
chronous orbit in such a way that it spans L-shell in the
range of 1.1-6.5. Here, we utilized the data from two
instruments, namely, (i) Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) mag-
netometer instrument and (ii) Energetic Particle Composi-
tion and Thermal Plasma (ECT) suite. The EMFISIS
magnetometer has a sensitivity of 0.01nT?/Hz and it pro-
vides three components of ambient magnetic field sampled
at 64 Hz (Kletzing et al., 2013). We utilized level-3 mag-
netic field data available at the SPDF OMNIWeb portal.
In the ECT suite, there are different instruments (like
HOPE, MagkEIS, and REPT) and their details are provided
in Boyd et al. (2019). The highest-energy instrument in the
ECT suite is the REPT (Relativistic Electron Proton Tele-
scope) and it provides the measurement of high-energy
electrons in 12-energy channels ranging from 1.8-20 MeV

Advances in Space Research 71 (2023) 80-96

(Baker et al., 2013b). The spin averaged differential elec-
tron flux level-2 data of 2-s resolution is obtained from
the SPDF OMNIWeb portal and have been used in the
present study. In next Section 3, we have discussed the
results.

3. Results and discussion
3.1. General characteristics

In this section, we present the general characteristics of
all 12 EMIC wave events that are considered in this study.
For these events, sufficient power is observed continuously
in the Pc1-Pc2 frequency range at Maitri. In Fig. 1, we pre-
sent one illustrative example of long duration EMIC wave
event observed at ground station Maitri on 12 April 2015
(event-2). Fig. 1(a) depicts the spectrogram of magnetic
field variation for 24 h. The start (¢,,,) and end times
(tena) of this event are shown with dashed-dotted lines.
On this day, both RBSP A and B have also observed EMIC

40 -30 -20

-70  -60 -50
15 (a) 6Ap|r 2012 ‘.
N 1 i I
5 1
- 0.5 w WM 4
o o |
0
b) 1 Aug 2016
1.5 (* ) L ! i
N 1 : :
5 1 1
- 0.5 e «m: |
0 " 1 " { L
(c) 23 Sep 2016
1.5 ] 1
N 1 I i
5 1 |
« 0.5 il @ gt
0 ;
15 _(d)3ApIr2017
~N 1
= i
w 0.5 ;
0
1.5 (€) 13 Nov 2017 .
|$;;""-"‘ . 1
Ve % 1
~N 1] @ﬁ'&ﬁ" - l
5 | L %) ‘< e,
= 0.5 (I %q
I e
5 10 15 20
UT (hours)

-10 )
T ——r———— 10|0910[p3d(nT /HZ)]
1.57% 10 Apr 2017

o.; \ %#m

0

data loss

17 Jul 2013
159

3 v
1 _adii>
'

0.5
0

abod

1.5 (1) 21 Aug 2016

1
0.5
0

et

1.5(0) 21 Apr 2017

1
0.5

0 b=t "

i) 2 Aug 2016
1502 Aug

|
1 I

1
1
1
1
| 1
ol m K iy
1 1

0.5

0
5

10
UT (hours)

15 20

Fig. 3. (a-j) Shows spectrogram of the horizontal component of magnetic field variation observed at Maitri for events 1 and 4-12, respectively. The start
time (4, ) and end time (z,,,) of the EMIC wave activity for each of these events are shown with dashed-dotted lines. The data loss can be seen in deep blue

color in panels (c) and (f).
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Fig. 4. (a-f) Shows the time variation of SYMH (a proxy to measure ring current), solar wind pressure, solar wind speed, interplanetary magnetic field Bz-
component (IMF-Bz), AE index and interplanetary electric field Ey component (IEF-Ey, i.e., dawn to dusk component) on 12 April 2015 (event-2). These
parameters are shown from 9-13 April 2015 to visualize magnetospheric conditions on the preceding days of the event-2. The start and end times of the
EMIC wave activity on 12 April 2015 are marked with red rectangles. The time of minimum in SYMH is marked with magenta dashed line upper panel.

waves in the H" band. The duration of the EMIC waves
observed by RBSP A and B are marked by magenta and
blue dashed-dotted lines, respectively. The EMIC waves
observed by RBSP A and B are discussed in later subsec-
tions. The EMIC wave power in the spectrogram is aver-
aged in time from ¢, to t.,; and plotted as a function of
frequency in Fig. 1(b). It can be seen that the EMIC wave
has a frequency range of 0.23-1.01 Hz with maximum
power around centered frequency, f. = 0.41 Hz. The upper
and lower frequencies associated with the EMIC wave are
marked in Fig. 1(b), and the centered frequency is depicted
by the dashed lines. Further, we have averaged spectro-
gram power from frequency f, to f, and it is plotted as a
function of time in Fig. 1 (c). It is seen that the observed
EMIC wave event has sufficient power, consistently from
taar O Lona, 1.€. fOr about a duration of 17.5 h.

In Fig. 2 we have shown another long duration EMIC
wave event observed on 14 August 2015 (event-3). This
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event is seen approximately from 3.5-21.15 UT hours with
a duration of 17.6 h. As seen in Fig. 2b, the wave power for
this event is centered around a frequency f, = 0.33 Hz with
an upper and lower frequency bound of 0.68 Hz and
0.14 Hz, respectively. On 14 August 2015, RBSP-B
observed EMIC wave activity in the H* band. The dura-
tion of this event is marked by the blue vertical dashed-
dotted lines in Fig. 2a. As mentioned earlier, overall, we
have a total of 12 long duration EMIC wave events. For
a clearer description of these events, we have labeled them
as events 1-12. The spectrograms of the magnetic field vari-
ation for remaining events (i.e., event-1 and event 4-12) are
shown in Fig. 3a-j, a-j, respectively. The details of these
events viz. start time, end time, duration, frequency range,
centered frequency, maximum power etc. are provided in
Table 1. We noticed that the start times of these events
are between 1.4-9.3 LT hours and they occurred for about
10-18 h. The centered frequencies corresponding to these
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Fig. 5. (a-f) Shows the time variation of SYMH (a proxy to measure of ring current), solar wind pressure, solar wind speed, interplanetary magnetic field
Bz-component (IMF-Bz), AF index, and interplanetary electric field Ey component (IEF-Ey, i.e., dawn to dusk component) on 14 August 2015 (event-3).
These parameters are shown from 11-17 August 2015 to visualize magnetospheric conditions on the preceding days of the event-3. The start and end time
of the EMIC wave activity on 14 August 2015 is marked with a red rectangle. The time of minimum in SYMH is marked with a magenta dashed line upper

panel.

events vary between 0.33-0.66 Hz and their frequency
extent (defined as Af = f, — f,) varies in the range of
0.47-1 Hz. After exploring the general characteristics of
EMIC waves, in the next subsection, we have looked into
possible triggers for such long duration EMIC waves.

3.2. Possible triggers for long duration EMIC waves

In order to understand the possible triggers for these
long duration EMIC waves we have examined the variation
in interplanetary parameters like solar wind pressure (P),
solar wind speed (V,), interplanetary magnetic field Bz—
component (IMF-Bz), interplanetary electric field Ey—
component (IEF-Ey), auroral activity index AF, and low
latitude geomagnetic activity index SYMH for the event
days and their preceding days. The variation of SYMH,
solar wind pressure, solar wind speed, IMF-Bz, AE index,
and IEF-Ey (i.e., dawn to dusk component) are respec-
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tively shown in Fig. 4a-f for 12 April 2015 (event-2). These
parameters are shown from 9-14 April 2015 to visualize
magnetospheric conditions on the preceding days of the
event-2. The start and end time of the EMIC wave activity
observed on 12 April 2015 is marked with the red rectangle
in Fig. 4. We can see that the long duration EMIC waves
have occurred in the recovery phase of the moderate geo-
magnetic storm. The time of minimum in SYMH is marked
with the magenta dashed line in Fig. 4a. It may be noted
that during the period of EMIC wave occurrence no drastic
changes in the solar wind pressure, solar wind speed, IMF-
Bz, AE and IEF-Ey are noticed. For 12 April 2015, the
time lag T = tyqu — tymi—min €Stimated to be 15.2 h. Further-
more, we have checked the interplanetary parameters and
geomagnetic activity indices for EMIC wave activity
observed on 14 August 2015 (event-3). The variation of
SYMH, P,V,,, IMF-Bz, AE index and IEF-Ey are respec-
tively shown in Fig. 5a-f for 11-16 August 2015. The start
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Fig. 6. (a-j) Shows the variation of SYMH as a function of UT for events 1 and 4-12, respectively. The start and end time of the EMIC wave activity for
each event is shown in respective panels by vertical dashed black lines. Also, the time of minimum in SYMH for each event is marked with magenta in

respective panels.

and end time of the EMIC wave activity observed on this
day at Maitri is marked with the red rectangle in Fig. 5.
It is evident from Fig. 5 that the observed long duration
EMIC wave activity has also occurred in the recovery
phase of the weak geomagnetic storm. The minimum in
SYMH and its time of occurrence (fsymi—min) is shown with
a magenta dashed line in Fig. 5a. The time lag (t) between
the time of occurrence of minimum in SYMH and the start
time of the EMIC wave is found to be 25.9 h for 14 August
2015.

In this way, we have carefully examined the interplane-
tary parameters and geomagnetic activity indices for other
events as well (i.e., 1, and 4-12). For a better understanding
and a clear visualization, we have plotted variation of
SYMH for events 1 and 4-12 in Fig. 6a-j, a-j, respectively.
For all EMIC events, the minimum in SYMH, its time of
occurrence, time lag T and observations related to variation
in interplanetary parameters during the time of occurrence
of EMIC waves are summarized in Table 1. In this figure,
the start and end time of the EMIC wave observed at Mai-
tri for each event are marked with the vertical dashed lines.
Similarly, the time of minimum in SYMH prior to the start
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time of the EMIC wave activity for each event is marked
with the magenta dashed line. We have noticed that all
these long duration EMIC wave events are observed during
the recovery phase of the weak-moderate geomagnetic
storm. These events were preceded by either weak or mod-
erate geomagnetic storm. Overall, for 9 events, no drastic
change is observed in the interplanctary parameters and
geomagnetic activity indices during the occurrence of the
long duration EMIC wave activity. However, we have
noticed an increase in solar wind pressure for event-10
(21 August 2016) and event-11 (21 April 2017), and an
increase in both solar wind pressure and the AF index for
event-12 (2 August 2016) during the occurrence time of
EMIC wave activity. In Fig. 6 h-j, where SYMH variation
is respectively shown for event-10, event-11 and event 12,
the rapid increase in SYMH caused due to enhanced solar
wind pressure is clearly visible. Although events 10-12 were
preceded by the weak geomagnetic storm, the occurrence
of EMIC waves on these days can not be attributed com-
pletely to the recovery phase of the geomagnetic storm.
Thus, we conclude that out of 12 long duration EMIC
wave events, 9 events (75% events) occurred clearly during
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Fig. 7. Shows the spectrogram of magnetic field recorded by RBSP-A (left panels) and RBSP-B (right panels) for events 2-4 and 6-7, respectively starting
from upper panel. The magenta, black and blue dashed-dotted lines respectively represent the local gyro frequencies of proton, helium and oxygen ions.

Color bar represents power spectral density (PSD) of B, component.

the recovery phase of the weak-moderate geomagnetic
storm. For 12 events, the SYMH ,,;, and time lag t are pro-
vided in Table 1. The minimum SYM H varies between —32
to —89 nT and the time lag between occurrence of mini-
mum SYMH and start time of EMIC wave is in the range
of 15-156 h for events 1-12.

There are several studies using ground and spacecraft
observations reporting the occurrence of EMIC waves dur-
ing different phases of the geomagnetic storm. Using DE-1
satellite data Erlandson and Ukhorskiy (2001) reported
that the EMIC wave occurrence rate enhances by a factor
of five during the main and recovery phase of the geomag-
netic storm as compared to a quiet day. In general, using
satellite data, it is seen that the EMIC wave occurrence is
also relatively higher during the main phase as compared
to the recovery phase(Fraser et al., 2010). But on the
ground, the EMIC wave observations indicate that they
are generally not seen in the early phase of geomagnetic
storm and it is more frequently observed during the late
recovery phase (Engebretson et al., 2008a). It is attributed
to the possible attenuation happening in the ionospheric
heights (Kerttula et al., 2001). Obviously, in our study,
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we have not compared the occurrence of EMIC waves in
different phases of the storm but we do notice that the long
duration EMIC waves observed on the ground has a link to
the recovery phase of the geomagnetic storm. The
enhanced Pcl-Pc2 wave activity in 3-7 days following the
storm main phase has been reported by other ground-
based studies (Bortnik et al., 2008; Engebretson et al.,
2008b). In all the above studies, the authors did not discuss
the duration of EMIC waves. Here, the question is, "what
could be the reason for the generation of such long dura-
tion EMIC wave activity in the late recovery phase of the
geomagnetic storm?”. Halford et al. (2010) have studied
the occurrence of EMIC waves in different phases of the
storm using CRRES satellite and found that in general,
the occurrence rate of EMIC waves in the main phase is rel-
atively higher as compared to the recovery phase (defined
as 80% of minimum Sym-H value). These authors redefined
the definition of the recovery phase and found that in the
extended recovery phase (i.e., 4-6 days after the minimum
in SYMH) the occurrence rate of EMIC waves was more.
These authors proposed that the occurrences in the recov-
ery phase of the storm could be associated with the expan-
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Fig. 8. Shows the spectrogram of magnetic field recorded by RBSP-A (leftside panels) and RBSP-B (rightside panels) for events 9-12 respectively starting
from upper panel. The magenta, black and blue dashed-dotted lines respectively represent the local gyro frequencies of proton, helium and oxygen ions.

Color bar represents power spectral density (PSD) of B, component.

sion of the plasmasphere as the storm has recovered. In our
study, we found that the start time of these long-duration
EMIC waves lies in the range of 1.4-9.3 LT hours (i.e.,
early morning sector). In a recent study, Wang et al.
(2021) found that during the recovery phase of a storm
the EMIC waves occur preferably in the 00-12 MLT sec-
tor. This shift in local time of EMIC wave occurrence is
related to the eastward rotation of the plasmaspheric bulge
toward morning during the late storm recovery phase and
it overlaps with the ring current. It is in agreement with our
study.

3.3. Simultaneous signature of the EMIC waves in space

The EMIC waves seen on the ground are the manifesta-
tion of EMIC waves generated in the inner magnetosphere.
Thus, it is also important to understand the distribution of
EMIC waves in the outer radiation belt on these 12 event-
days. For this purpose, we used the EMFESIS magnetic
field data from RBSP-A and B. We used two perpendicular
components of the magnetic field sampled at 64 Hz to
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obtain the spectrogram of magnetic field variation. These
magnetic field components are initially filtered in the
0.05-4 Hz frequency band and then used in the analysis.
This is carried out using both RBSP-A and B observations.
We checked these spectrograms for the simultaneous
occurrence of EMIC waves in space for these 12 events.
It should be noted that the event-1 is prior to the launch
of Van Allen probes. Also, we have not observed any
EMIC wave activity either in RBSP-A or RBSP-B for
events 5 and 8. For the remaining events, the spectrograms
of magnetic field recorded by RBSP-A and B are depicted
in Figs. 7 and 8. The magenta, black and blue dashed-
dotted lines respectively represent the local gyro frequen-
cies of proton, helium and oxygen ions. The occurrence
time of EMIC waves, their durations and associate stop
bands (H" or He") are provided in Table 2. For the major-
ity of events, we have observed the presence of EMIC
waves either by RBSP A or RBSP B during the time period
when long duration EMIC waves were observed at Maitri.
The durations of EMIC waves observed by RBSP-A and B
are in the range of 0.2-2 h. It may be noted that EMIC
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Table 2

The decrease in the differential electron flux in the seven energy channels, namely, el-e7 corresponding to 1.8-6.3 MeV observed by RBSP-A and RBSP-B on twelve long duration EMIC wave event-

days is noted in the 3rd and 4th column of this table. Similarly, the details of EMIC wave activity, viz., durations and bands observed by RBSP-A and B are given in the last four columns.

RBSP-B

RBSP-A

EMIC wave

Day Electron flux decrease
Yes/No [Energies]

Event

No.

He+

H+

He+

H+

Yes/No [RBSP-A/B]
Data not available

Data not available

Yes

06/04/2012

No

6.87-7.56
16.18-17.03

No

very faint
12.35-13.9

6.8-7.64

Yes [RBSP-A and -B]
Yes [RBSP-B]

el, €2, e3,e4,e5,e6]
e2, e3, e4,e5]

e3, e4,e5]
e3, ed,e5]

No

5.6-6

No

No

No
No

Yes [RBSP-A and -B]

No

No

No

7.9-8.1

No

No No
5.1-5.4,8.5-9.2, 12.9-13.65

8.1-8.3
11.63-12.14

Yes [RBSP-A and -B]

ed,e5,e6,e7]
ed,e5,e6,e7]

e4,e5,e6]

2.14.1

No

Yes [RBSP-A and -B]

No

No

No

No

11.34-11.81

No
No

[ e e R e R e R et et}

12/04/2015

Yes

14/08/2015

Yes

01/08/2016
23/09/2016

Yes

Yes

03/04/2017

Yes

13/11/2017
10/04/2017

Yes

No

No

5.3-6.7
Very faint

Yes [RBSP-A]

No

17/07/2013

No

5.6-6.4
16.44-16.73

No
17.2-17.4, 15.26-15.63
11.74-12.88, 13.43-13.96

Yes [RBSP-A and -B]

Yes,[e3, e4, e4, e5]

Yes,[e3, e4,e5]
Yes [e3, ed]

21/08/2016
21/04/2017

10

11

No

12.47-12.63

Yes [RBSP-A and -B]

No

No

Yes [RBSP-A and -B]

02/08/2016

12
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wave duration as captured by spacecraft is governed by the
trajectories of the satellite. If the satellite is not passing
through the source region at the right time, it will miss
the chance to detect that particular event. However, we
are particularly exercising the long duration EMIC wave
events and hence it is likely that we may find some simul-
taneous signatures of EMIC waves in space as well.

We have also examined the L-shell, latitude, longitude,
and MLT spans during the time when EMIC waves are
observed by RBSP-A and B. The average MLT, L-shell,
longitude and latitude of the RBSP-A and B corresponding
to the time of EMIC wave activity are shown in Fig. 9a-d,
respectively. In this Figure, the red and blue colors repre-
sent the corresponding information from RBSP-A and B,
respectively. It is clearly seen that all simultancously
observed EMIC waves are seen within L-shell span of 4—
6. These EMIC waves had wider MLT coverage, which is
expected because on the ground EMIC wave signatures
were seen more than 10 h for all events considered here.
The important feature is that the simultaneous occurrence
of EMIC waves as detected in RBSP-A and B are mostly
located 0-150 degree west from the longitude of Maitri
(longitude of Maitri is marked with the dashed horizontal
line in Fig. 9¢). This indicates that the EMIC waves gener-
ated on these days had a wider longitudinal span and these
waves persisted for a sufficiently long time to manifest their
signatures in RBSP-A and B at the later time. It implies
that when EMIC wave activity initiated in the inner magne-
tosphere (L = 4 — 6), their signatures were seen at Maitri at
taare, Which continued with time as the source of EMIC
wave was located in the wider longitudinal zone. At later
time, when the RBSP spacecraft encountered the source
region west side of Maitri, it could capture the EMIC wave
activity. This confirms that the long duration EMIC waves
had a wider longitudinal zone and they persisted for a suf-
ficiently long time. A recent study by Blum et al. (2020)
using multi-spacecraft observations reported the EMIC
wave activity on 7 July 2013 that was limited to a narrow
radial extent but persisting approximately more than 10 h
and spanned 12 h in the local time. This event has also
occurred in the recovery phase of the moderate geomag-
netic storm with SYMH,,,, ~ —80nT. The simultaneous
EMIC wave activity was also observed on the ground sta-
tion Maitri for about 7.9 h, which is not shown here as it
does not fall under the long duration events considered in
the present study. Next, we have examined the outer radi-
ation belt MeV range electron decrease during these long
duration EMIC waves, which is discussed in the next
subsection.

3.4. Observations of relativistic electrons by Van Allen
probes

The EMIC waves can cause a rapid loss of high-energy
electrons in the Earth’s radiation belt (Usanova et al., 2014;
Shprits et al., 2017; Kurita et al., 2018). These waves in the
Earth’s radiation belt can affect the loss process in all lon-
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Fig. 9. The average (a) MLT, (b) L-shell, (c) longitude and (d) latitude for each single EMIC wave occurrence observed by RBSP-A and B either in H+
(shown by circle) or He + band (shown by asterisk) during the period of long duration EMIC wave events are shown with standard deviation as error bar
for events 2—-12. The L-shell and geographic longitude of Maitri is marked with dashed-dotted magenta lines in panel (b) and (c), respectively.

gitudes irrespective of their source location. This is because
the MeV range electrons take few minutes to drift around
the Earth in the outer radiation belt region. As a result,
these electrons can interact with the EMIC waves present
in any longitudinal zone several times, and eventually, they
can get lost to the upper atmosphere. In order to under-
stand the effect of the long duration EMIC waves on the
MeV range electron flux, we have used the spin-averaged
differential electron flux data from the REPT instruments
aboard the Van Allen Probes. we have examined the elec-
tron flux in seven energy channels corresponding to (i)el
=1.8 MeV, (ii)e2=2.1 MeV, (iii)) e3 = 2.6 MeV, (iv)ed
=3.4 MeV (v)e5=4.2 MeV, (vi) e6 = 5.2 MeV, (iv)e7
=6.3 MeV. The remaining channels correspond to 7.7—
20 MeV and are not considered in this study as the counts
therein were low. Furthermore, we have not shown the rel-
ativistic electron observations for event-1 (6 April 2012), as
this event observed on the ground is prior to the launch of
RBSP.
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In Fig. 10, we have shown the average differential elec-
tron flux as observed by RBSP-A and B as a function of
time and L-shell for four energy channels e2,¢e3,e4, and
e5. In this figure, panels (a-d) are for the day of event-2
(12 April 2015), whereas panels (e-h) show the flux
observed on 26 April 2015, a geomagnetic quiet day on
which no EMIC waves are seen. This quiet day is shown
for the comparison purpose. The start time and end time
of the EMIC waves observed on 12 April 2015 (event-2)
at Maitri are marked by the white dashed-dotted lines. It
is clearly evident from Fig. 10a-d that the electron flux in
all four energy ranges (2.1-4.2 MeV) experienced a consid-
erable decrease in the outer L-shells (L = 5-6) on the day of
event-2. This noticeable decrease in electron flux is indi-
cated with an arrow in Fig. 10a-d. Such a decrease in elec-
tron flux is not observed on the geomagnetic quiet day, 26
April 2015, with no EMIC wave activity (see Fig. 10e-h). In
this way, we checked the electron flux variation for all
events and the observations related to the decrease in elec-
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Fig. 10. (a-d) Shows average differential electron flux as observed by RBSP-A and RBSP-B as a function of time (UT) and L-shell for four energy channels
€2, e3, e4, e5 for 12 April 2015 (event-2). Here, energy channels (i) e2=2.1 MeV, (ii) e3= 2.6 MeV, (iii) e4=3.4 MeV and (iv) e5=4.2 MeV. The differential
electron flux is expressed in the units of cm2s~'sr~'MeV~!. The start time and end time of the EMIC wave activity seen at Maitri are marked by the white
dashed-dotted lines. Panels (e-h) are similar to (a-d) but they represents observations for a quiet day, 26 April 2015.

tron flux are documented in Table 2. The day correspond-
ing to event-9 did not show any significant decrease in ener-
gies 1.8-6.3 MeV. Similar to Fig. 10, we plotted variation
of electron flux for energy channels e2-¢5 for events 3-7
in Fig. 11, and events 8-12 in Fig. 12. For all these long
duration events noticeable decrease in MeV range electron
flux is seen in the outer L-shells. Overall, we found that out
of 11 events, 10 events (i.e., 90%) were associated with the
decrease in 2.6-4.2 MeV electron flux during the occur-
rence of EMIC waves as seen at Maitri. Particularly, for
events 6-8, the decrease in MeV range electron flux was
found to be more in the higher energies (3.4-6.3 MeV).
For these three events, the EMIC waves had a larger fre-
quency extent(Af > 1 Hz) as compared to other EMIC
wave events under study.

The energetic electron environment in the outer radia-
tion belt is most dynamic and it is governed by various
physical processes (like acceleration, transport, and loss)
active therein at a given time (Turner et al., 2012; Baker
et al., 2013a; Turner and Ukhorskiy, 2020). Due to such
complexities, it is not straightforward to separate the dom-
inant process responsible for the radiation belt electron flux
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variability. Many times these processes can cancel each
other’s effect and bring the electron flux in balance. The
radiation belt dropout is the phenomenon where electron
flux drops by several order in few hours. In general, the
radiation belt higher energy electron dropouts can be
attributed to two main mechanisms (i) magnetopause shad-
owing and (ii) scattering of electrons by EMIC waves
(Medeiros et al., 2019). In the present study, events 10-12
are associated with increased solar wind pressure during
the occurrence of EMIC waves and for remaining events,
no drastic change is observed in interplanetary parameters.
Thus, for events 10-12, the magnetopause shadowing pro-
cess may have also contributed to the MeV range electron
decrease. However, Xiang et al. (2017) reported that MeV
range depletions at L <4 is mainly associated with magne-
topause shadowing, whereas at L >4 it is associated with
the EMIC waves. In our study, the electron decrease
observed during the EMIC wave activity is mainly seen
in the higher L-shells (i.e., L = 4-6). Thus, we can attribute
it to the presence of long duration EMIC wave activity in
the magnetosphere, whose signatures are manifested at
ground station Maitri.
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Fig. 11. Shows average differential electron flux as observed by RBSP-A and RBSP-B as a function of UT time and L-shell for four energy channels
€2, e3, e4, e5 for events 3-7. Here, energy channels (i) e2=2.1 MeV, (ii) €3 = 2.6 MeV, (iii) e4 =3.4 MeV and (iv) e5 =4.2 MeV. The differential electron
flux is expressed in the units of cm~2s~'sr~'MeV~!. The start time and end time of the EMIC waves seen at Maitri are marked by the white dashed-dotted
lines. The considerable decrease in differential electron flux is marked with magenta arrows in each panel.
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Fig. 12. Shows average differential electron flux as observed by RBSP-A and RBSP-B as a function of UT time and L-shell for four energy channels
€2, e3, e4, e5 for event-8 and 10-12. Here, energy channels (i) e2=2.1 MeV, (ii) e3 = 2.6 MeV, (iii) e4 = 3.4 MeV and (iv) e5 = 4.2 MeV. The differential
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dotted lines. The considerable decrease in differential electron flux is marked with magenta arrows in each panel.
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4. Summary and conclusions

In the present study, we have identified the long dura-
tion EMIC wave events observed at the Indian Antarctic
station Maitri by examining the spectrograms of the mag-
netic field variations recorded by ICM during the period of
2011-2017. The location of this station is such that it falls
in the subauroral zone with its L-shell (~5) close to the
plasmapause location. Here, the long duration EMIC wave
means the days when sufficient power in the Pcl-Pc2 fre-
quency range is continuously detected for more than
10 h. The occurrence of such long duration EMIC wave
events is less as we could get only 12 events over the period
of seven years. Nevertheless, these long duration EMIC
wave events can significantly affect the radiation belt
dynamics. We have also used simultaneous particle and
magnetic field data from RBSP satellites to get better
insights about the relativistic electron decrease and the
EMIC wave source location in the outer radiation belt.
The characteristics of EMIC waves observed on the ground
and by RBSP satellites are summarized in Table 1 and 2
along with corresponding remarks about the variations in
interplanetary solar wind parameters, 4 E-index, and solar
wind pressure. The main outcomes of the present study are
listed below.

1. The long duration EMIC waves of duration 10-18 h as
observed on the ground started in the post-midnight and
early morning hours approximately 1.4-9.3 LT hours.

2. The centered frequency corresponding to these events is
in the range of 0.33-0.66 Hz and their frequency extent
defined as Af = f,, — f, varies in the range of 0.47-1 Hz.

3. Most of the long duration EMIC wave events (~73%)
occurred in the late recovery phase of the weak-
moderate geomagnetic storm (-32 to —89 nT). It could
be caused due to the expansion of the plasmasphere
and the eastward rotation (i.e., toward the morning sec-
tor) of the plasmaspheric bulge during the late storm
recovery phase (Halford et al., 2010; Wang et al., 2021).

4. The time lag (t) between the occurrence of minimum
SYMH and the start time of EMIC wave activity at
Maitri is in the range of 15-156 h with an average 7 to
be 65445 h (~2.7 days).

5. Simultaneous EMIC wave occurrence in the inner mag-
netosphere was noticed in the L-shell~4-6. These long-
duration EMIC waves were persistent and had a wider
longitudinal extent.

6. These long-duration EMIC waves were accompanied by
a decrease in 2.6-4.2 MeV electrons in the outer radia-
tion belts. Furthermore, it is noticed that for the EMIC
waves with a larger frequency extent (Af > 1 Hz), the
decrease in MeV range electron flux shifted towards
the higher energies 3.4-6.3 MeV.

To conclude, apart from the characteristics of the long-
duration EMIC waves, the present study using simultane-
ous ground and spacecraft observations of EMIC waves
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provides information about the possible longitudinal extent
of the EMIC wave source region and its persistence in the
outer radiation belt (L = 4-6). The present study clearly
indicates that during the recovery phase of the weak-
moderate geomagnetic storm, the conditions for the gener-
ation of EMIC waves are favorable in the wider longitudi-
nal zone in the inner magnetosphere, which causes EMIC
wave generation and their persistence for the longer time.
Overall, the combination of ground-based and space-
based data can be used efficiently to determine the spatio-
temporal extent of the EMIC waves in the Earth’s inner
magnetosphere.
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