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Abstract We present a ground observation of modulations of strong electromagnetic ion cyclotron
(EMIC) waves by short and long periodicities at Indian Antarctic station, Maitri. The signatures of these
waves were evident in the magnetic field variations recorded by an induction coil magnetometer during
the interval 4.7–7.2 UT on 17 September 2011, a moderately disturbed day. These waves were preceded by
a gradual increase in the solar wind dynamic pressure, which started at 3.88 UT. The discrete rising tone
EMIC waves were observed in the Pc1 frequency band (∼0.5–0.9 Hz). The investigation of the periodicities
of the observed wave spectrogram shows the presence of short (≈2.4 min) and long (≈39–69 min)
periodicities. Our analysis shows that the short periodicities are associated with the Pc5 Ultra Low
Frequency (ULF) waves generated by magnetic field line oscillations, while long periodicities might be
associated with the ring current drifting ions. A new method, based on the cross-correlation technique,
is adopted to determine sweep rates of the discrete rising tones. The average sweep rates estimated in the
range of 0.44–1.9 mHz/s are relatively low as compared to the past reports of sweep rates derived from the
satellite observations of EMIC waves. We found that the higher sweep rates are associated with the stronger
EMIC waves on the ground, which is in agreement with the theoretical studies. This suggests that the
theoretically proposed dependence of sweep rate on strength of EMIC wave in the generation region is
retained even during the propagation of these waves to the ground.

1. Introduction
In recent years, there have been considerable interest in studying electromagnetic ion cyclotron (EMIC)
waves in the inner and the outer magnetosphere through observations, theory, and simulations (Chen et al.,
2016; Fraser et al., 2010; Guo et al., 2016; Kubota et al., 2015; Omura & Zhao, 2012, 2013; Remya et al.,
2015, 2018; Shoji & Omura, 2011). EMIC waves are excited in the equatorial region of the inner magneto-
sphere by the ion cyclotron instability of energetic ions with an anisotropic energy distribution. The regimes
of the ion cyclotron instability differ at latitudes beyond and near the plasmapause projection. The outer
magnetosphere is often marginally unstable for the growth of EMIC waves; thus, even modest compression
of the magnetosphere can trigger the excitation of the EMIC waves over a range of L shells (Anderson &
Hamilton, 1993; Engebretson et al., 2002). At lower latitudes near the plasmapause, EMIC waves are gener-
ated by ring current protons in the late recovery phase of magnetic storms. In both cases, after generation, the
EMIC waves propagate along the magnetic field lines to the ionosphere. When the left-hand polarized Pc1
waves enter the high-latitude ionosphere, the interaction with the anisotropic ionospheric plasma results in
compressional mode generation. A part of the compressional wave can be trapped in the ionospheric duct
at the F-layer and propagate horizontally to lower or higher latitudes. Some of these waves can penetrate
into the atmosphere while propagating along magnetic field lines (Johnson & Cheng, 1999; Kim & Johnson,
2016), and they can be observed as Pc1 geomagnetic pulsations in the frequency range of 0.2–5.0 Hz on the
ground at high latitudes by induction coil magnetometers (ICMs).

The EMIC waves are mainly seen around both dusk and dawn sectors, with the prevalent occurrence of
hydrogen band EMIC waves in the vicinity of dawn sector (Min et al., 2012). Occasionally, these waves
are observed in the envelopes of structured rising tone emissions in the ground and the spacecraft ICM
data. The ground observations of Pc1/Pc2 waves with a highly structured appearance in the spectrogram
were attributed to the bouncing wave packets moving away from the equator and reflecting back from the
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ionosphere (Kangas et al., 1998). However, such possibility was challenged by many other observational
studies (Fraser et al., 2013; Mursula, 2007). It is believed that the process of structuring and formation of
the envelopes of EMIC emissions is linked with the modulation of EMIC waves by various geomagnetic
pulsations. The EMIC waves and their modulation by Pc3, Pc4, and Pc5 pulsations have been investigated
for a long time with both ground-based instruments and satellite experiments (Demekhov, 2007; Loto'Aniu
et al., 2009; Mursula et al., 2001; Rasinkangas & Mursula, 1998, Rasinkangas et al., 1994). The ULF pulsations
with the amplitudes of about 4–10 nT and a period of about 250 s correlated with Pc1 activity were detected by
CRRES at L ≃ 7 (Rasinkangas et al., 1994). The EMIC wave bursts modulated by magnetospheric Pc3 waves
of upstream origin was observed by the Viking satellite inside the magnetosphere (Rasinkangas & Mursula,
1998). The correlation between Pc1 wave packets and Pc3/Pc4 pulsations was seen in the Polar satellite data
by Mursula et al. (2001). Loto'Aniu et al. (2009) have reported the frequency/periodicity correlation between
Pc1 EMIC wave envelopes and simultaneously observed compressional Pc5 ULF waves using magnetic data
measured by the CRRES spacecraft. Although we have gathered sufficient understanding about Pc1/Pc2
EMIC waves, the significance of their source modulation by Pc4/Pc5 waves is yet to be understood well
(Menk, 2011).

In this paper, we report the observation of EMIC waves modulated by shorter and relatively longer peri-
odicities recorded at the Indian Antarctic station, Maitri. The Indian Antarctic station Maitri (geographic
coordinates, 70.7◦S, 11.8◦E, and geomagnetic coordinates, 63.1◦S, 53.6◦E) has been an important location
for ground-based observational studies of the geomagnetic processes. Maitri has a unique location; it is out-
side the auroral oval during geomagnetically quiet times and behaves as a midlatitude station, whereas it
lies in the auroral oval during geomagnetically disturbed conditions. The Indian Institute of Geomagnetism
conducts several experiments to investigate the geomagnetic processes at Maitri, including an ICM, which
has been in operation since 2011. However, so far, the ICM observations have not been examined for study-
ing the EMIC wave activity at Maitri except the recent study of EMIC wave subpacket structures by Kakad
et al. (2018). In the present paper, we report the observation of intense EMIC emissions in ground magnetic
records at Maitri, which are modulated by shorter and longer periodicities. We have examined the possible
mechanism for the observed modulation of EMIC waves.

This paper is organized as follows. In section 2, we describe the experimental setup and data used. Obser-
vation of EMIC waves and the interplanetary parameters are discussed in section 3. The periodicities of the
EMIC waves are studied in section 4. The method for calculation of the sweep rate is presented in section 5.
The present work is discussed in section 6 using the nonlinear theory proposed by Omura et al. (2010) for
EMIC waves. Finally, the present work is summarized and concluded in section 7.

2. Experimental Setup and Data Usage
We used magnetic field data recorded by the ICM at Maitri. The ICM (LEMI-30i provided by Lviv Centre of
Institute for Space Research, Ukraine) comprises of three induction coils and a communication and mea-
suring unit. Two of the induction coils are aligned in geomagnetic north-south and geomagnetic east-west
direction, whereas the third induction coil is placed in the vertical direction (Manu et al., 2015). The ICM
typically measures variation in magnetic field (i.e., dB∕dt) at a considerably higher sampling rate (64 Hz)
and provides a higher signal-to-noise ratio in the upper ULF range, which includes the Pc1, Pc2, and Pc3
(0.2–45 s) pulsations and the more irregular Pi1 (1–40 s) pulsations. We know that the total magnetic field
is given by B2 = H2 + Z2, where H and Z are geomagnetic north-south and the vertical component of mag-
netic field. Thus, the variation in the total magnetic field can be obtained using ΔB = (HΔH + ZΔZ)∕B,
where ΔH and ΔZ are the variations recorded by ICM in geomagnetic north-south and vertical direction.
The values of H, Z, and B for a given day are obtained using IGRF model. Here we took H = 19,227 nT,
Z = −41,159 nT, and B = 45,429 nT. In addition, we used the 1-min resolution data of total magnetic field
recorded by proton precession magnetometer (PPM) at Maitri. We have also used the geomagnetic activ-
ity indices such as AU, AL, and SYM-H and the interplanetary solar wind parameters such as the magnetic
field, speed, density, pressure, and temperature to examine their link to the EMIC wave activity. The elec-
tron fluxes in different energy bands, recorded by GOES-13 and GOES-15, were used to explore the impact
of wave-particle interaction processes on the population of energetic particles in the inner magnetosphere.

It may be noted that sometimes local geology (crustal conductivity distribution) at the observation station
can influence the Z component through crustal currents. Such contributions can influence certain frequency
ranges depending on the nature of these crustal currents. We have checked the raw signals from the ICM
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Figure 1. (a) Variations in the total magnetic field recorded by the
induction coil magnetometer (ICM) at the Indian Antarctic station Maitri
(L = 5) on 17 September 2011. The sampling rate is 64 Hz. (b) The
corresponding spectrogram of these variations in the total magnetic field.
Strong electromagnetic ion cyclotron wave activity is observed during
4.7–7.2 UT with distinct electromagnetic ion cyclotron rising tone
emissions in the frequency band 0.5–0.9 Hz.

and their Fourier spectra for both Z and H components. They show a peak
around 0.5–0.9 Hz (i.e., PC1), which is associated with the EMIC waves.
Also, the amplitude of variations in the Z component is relatively small
compared with the H component. This suggests that the contribution due
to crust inhomogeneities in the Z component is less significant.

In the present study, we have performed the Fourier transform of different
signals used in the study. Generally, the signal characteristics and anal-
ysis methods both influences the estimates of frequency in the Fourier
spectrum (Di Matteo & Villante, 2018). Thus, it is important to test the
significance of the observed spectral peaks. Gilman et al. (1963) proposed
the method to get the red noise spectrum that can be used in construct-
ing the null hypotheses for statistical significance test. It is given by the
following equation:

Ph = S0
1 − 𝜌2

1 − 2𝜌 cos[hπ∕Msp] + 𝜌2 . (1)

Here 𝜌 is the one lag autocorrelation of original signal that is under
testing, and Msp = N∕2 is the number of samples available in the fre-
quency domain, where N is the length of signal used while performing
the Fourier transform. The parameter h is a counter used to incorporate
frequency information that varies from 0 to Msp. When 𝜌 = 0, we get a
white noise spectrum. The parameter S0 appears in the equation to make
the mean power in the original signal and the red noise spectrum the
same (Schulz & Mudelsee, 2002). Then we computed the red noise spec-

trum with 90% significance level by applying a standard chi-square test such that P90%
h = Ph × 𝜒2

90%∕do𝑓 .
Here the value of 𝜒2

90% can be obtained from its statistical table and the degree of freedom dof ≈ N∕Msp.
The power spectra shown in the present study are superimposed with their corresponding red-noise spectra
having 90% statistical significance.

3. EMIC Wave Activity and Interplanetary Parameters
In this section, we discuss the characteristics of EMIC emissions observed at Maitri on 17 September 2011.
The variations in total magnetic field recorded by the ground ICM are shown in Figure 1a. The Fourier
spectrogram of these variations in total magnetic field recorded by the ICM is shown in Figure 1b. A sliding
window of 80 s with an overlap of 90% is used to get the spectrogram. The spectrogram has a resolution of
0.0125 Hz and 8 s in frequency and time domains, respectively. Strong EMIC wave activity is clearly seen
around the time interval 4.7–7.2 UT over the frequency range of 0.5–0.9 Hz. It has distinct EMIC rising tone
emissions enveloped by the long time period wave. It is seen that the series of small bursts in the magnetic
field variations in Figure 1a are associated with the EMIC wave packets shown in Figure 1b. In order to
look into the triggering source and modulation for these EMIC waves, we examined the interplanetary solar
wind parameters.

It is a moderately disturbed day with midlatitude geomagnetic activity index Ap = 32. Figure 2 shows
the variation of the solar wind and interplanetary parameters, and the geomagnetic activity indices on 17
September 2011. One-minute resolution interplanetary magnetic field and the solar wind parameters were
obtained from the OMNIWEB website. These parameters are time shifted to the Earth's bow shock nose. At
around 3.88 UT (4.67 LT), an increase in the total interplanetary magnetic field, solar wind density, solar
wind dynamic pressure, solar wind speed, and solar wind temperature is observed (Figures 2a, 2b, 2c, 2e,
and 2f, respectively). This time is marked by vertical dashed (red color) lines in Figure 2. The corresponding
variations in the high-latitude auroral AU and AL indices are shown in Figures 2d and 2g, respectively. It
may be noted that the Maitri station falls in the dawn sector during the initiation of the moderate shock.
Although the increase in the above-mentioned parameters was relatively small, it resulted in an increase of
approximately 20 nT in SYM-H (Figure 2h). The small pressure pulse (an increase of 1 to 3 nPa at 3.88 UT)
was followed by strong EMIC wave activity after about 0.8 hr, and the strong activity lasted for about 2.5 hr
(4.7–7.2 UT). The interval of EMIC wave activity is marked by the yellow patch in Figure 2. The EMIC wave
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Figure 2. Variation of solar wind parameters and interplanetary magnetic field (IMF) on 17 September 2011 (Ap = 32)
at bow shock nose of Earth's magnetosphere. The time-shifted data were obtained from the OMNIWEB database. The
(a) IMF, (b) solar wind plasma density, (c) solar wind dynamic pressure, (d) AU index, (e) solar wind flow speed,
(f) solar wind plasma temperature, (g) AL index, and (h) SYM-H index are shown. A moderate interplanetary shock
was observed at 3.88 UT at the bow shock nose (shown by the vertical red dotted line). The electromagnetic ion
cyclotron wave activity is observed approximately 0.8 hr later. The interval 4.7–7.2 UT of electromagnetic ion cyclotron
wave activity is marked by the yellow patch.

activity is observed even after 7.2 UT in the same frequency range. Furthermore, the second enhancement
in the solar wind dynamic pressure was initiated at 7.8 UT with 7.8 nPa and reached up to ∼30 nPa at 8 UT.
Around 7.9 UT, the frequencies of the EMIC waves were also found to be extended to higher frequencies (i.e.,
0.5–1.7 Hz) for a short duration. This is an indication that the EMIC wave activity was stimulated for a short
interval over a wider range of L shells than was the case for the preceding wave activity (Engebretson et al.,
2015). Increase in higher cutoff frequency of the EMIC wave activity suggests that the generation of EMIC
waves might have been extended preferably to lower L-shells. Earlier studies have reported that EMIC wave
occurrence rates in both dawn and dusk sectors peak during geomagnetic storms and substorms and periods
of enhanced solar wind dynamic pressure (Erlandson & Ukhorskiy, 2001; Halford et al., 2010; Usanova et al.,
2012). Thus, the observed moderate increase in solar wind dynamic pressure can be the source for EMIC
wave activity on 17 September 2011.

Another obvious question is related to the EMIC wave band. In the generation region, one can identify
the EMIC bands based on the knowledge of local particle gyro-frequencies (qsB∕ms, here s = H+, He+).
However, identification of the EMIC wave bands from the ground observations is not straightforward as the
information of L shell is not known because of their propagation through the ionospheric duct. Theoretical
studies of EMIC waves have demonstrated that the frequency extent of the proton band EMIC emissions is
larger than the helium band EMIC emissions (Shoji et al., 2011). In our study, the EMIC wave activity is seen
between 0.5 and 0.9 Hz, and the wave has fairly wider frequency extent (∼0.4 Hz). Thus, we can speculate
that the EMIC wave activity observed on 17 September 2011 is associated with the proton band.

4. Periodicities of the EMIC Rising Tone Emissions
We examined the periodicities of these structured waves in the observed EMIC frequency band. The EMIC
wave spectrogram shows a lower and upper frequency cutoff at approximately fl = 0.5 Hz and fu = 0.9 Hz,
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Figure 3. (a) The average power in the electromagnetic ion cyclotron (EMIC) wave spectrogram ⟨ΔB⟩ superimposed
with its smoothed variations ⟨ΔB⟩smooth is shown as a function of time. This average power is linked with the EMIC
wave spectrogram at frequency 0.5–0.9 Hz. (b) The power spectral density (PSD) obtained by applying Fourier
transform to ⟨ΔB⟩ and ⟨ΔB⟩smooth is shown as function of frequency. Both short (≈2.4 min) and relatively long
periodicities (≈39–68 min) are observed in the EMIC rising tones during 4.7 to 7.2 UT. (c) The time variations of SYM-H
(a measure of ring current) superimposed with its smoothed signal during 4.7–7.2 UT (d) shows the Fourier transform
of the SYM-H and smoothed SYM-H as a function of frequency. The peaks identified in the spectrums are marked with
the arrows. The dotted lines in the lower panels represent the red noise spectrum with 90% statistical significance.

respectively. We selected these two frequencies to estimate the average power in the EMIC wave spectro-
gram. At a given time, the average power is obtained by averaging the power spectral densities associated
with EMIC waves from fl to fu. The time variation of the estimated averaged power ⟨ΔB⟩ is shown in Figure 3a
(red color), and it has a time resolution of 8 s. It may be noted that apart from short-period fluctuations, the
long-period oscillations (four-peak type structure) are evident in variation of ⟨ΔB⟩. To get the clear signa-
tures of the long-period variations, we smoothed the ⟨ΔB⟩, which is also shown in Figure 3a (blue color).
The smoothing is carried out with centered window of approximately 2.8 min. Both these signals are Fourier
transformed to determine the dominant periodicities linked with the EMIC waves. We have plotted the
Fourier transformed spectrum of both ⟨ΔB⟩ and ⟨ΔB⟩smooth in Figure 3b as a function of frequency. The dot-
ted lines in Figure 3b represent the red noise spectrum with 90% significance. It may be noted that both
Fourier spectra (red and blue) are similar at the lower frequencies (i.e., longer period) and they are differ-
ent in the higher frequency regime (i.e., shorter period), which is due to the smoothing of the signal. In
the EMIC wave, two periodicities are clearly evident with approximate periods of 39–68 and 2.4 min, and
they are above 90% of significance level. The short periodicities of few minutes are linked with the repetitive
behavior of discrete EMIC rising tones and correspond to Pc5 pulsation periods. Wave observations in the
magnetosphere often show simultaneous presence of EMIC waves and longer-period ULF pulsations (Fraser
et al., 1992; Mursula et al., 2001). Studies have also suggested a linkage between ULF wave periods and repe-
tition periods of pearl EMIC waves (Mursula et al., 2001). However, the physical mechanism responsible for
the modulation of EMIC waves by Pc5 still remains unclear. The long time periods (39–68 min) observed in
the current study are longer than those reported earlier (1.7–16.6 min) on the basis of ground and satellite
observations (Fraser et al., 1992; Mursula et al., 2001).

First, we made an attempt to identify the mechanism responsible for the observed long-period oscillations
in the EMIC event. Singh et al. (2012) determined the approximate drift frequency of ring current ions to
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lie in the range of approximately 0.01 to 1.0 mHz. The drift frequency is given by the following equation
(Baumjohann & Treumann, 1997):

𝑓d =
3WL [0.35 + 0.15 sin(𝛼eq)]

πqBeqL3R2
E

, (2)

where W is the particle energy in Joules, RE is the radius of the Earth in meters, 𝛼eq is the equatorial pitch
angle, and fd is the drift frequency expressed in Hertz. For 𝛼eq = 0◦ and 𝛼eq = 90◦ this expression reduces
to 8.2343W∕[BeqL2] and 11.7633W∕[BeqL2], respectively, where W and Beq are expressed in MeV and nT,
respectively. Here Beq is the ambient equatorial magnetic field at L-shell. We used the Tsyganenko model to
estimate the ambient magnetic field (Beq) in the vicinity of the equatorial crossing of the magnetic field lines
having L = 5, 6, and 7. For the interplanetary conditions at 3.88 UT on 17 September 2011, the model gives the
magnetic field Beq as 274, 171, and 122 nT, respectively, at these L shells. In the equatorial region, the pitch
angle of ions is larger, and it shows peak close to 90◦ (Chen et al., 1999). By taking 𝛼eq = 90◦, if we substitute
these values of L-shell and corresponding ambient magnetic fields in equation (2), we obtain the drift period
𝜏d in minutes as 10.8/W , 9.7/W , and 9.4/W , respectively, for L = 5, 6, and 7. Here we speculate that the long
period (39–68 min) modulation of EMIC waves are associated with the ring current particles. The hot proton
density plays a key role in the generation of EMIC waves, and drifting ring current particles can significantly
influence the hot proton density in the source region. By assuming this possibility to be true, we need protons
of energies 123–248 keV to produce these long-period oscillations of 39–69 minutes. Now the question arises
whether we have protons of these energies in the ring current region to support this argument. We do not
have any direct observation of proton flux in the ring current region for this event. Based on the earlier
and recent studies, however, we argue that the presence of 123–248 keV cannot be completely dismissed. In
the ring current region, the dominance of different ions in various energy regimes depends on the level of
geomagnetic activity. Tetrick et al. (2017) examined the proton flux during different magnetic storms and
found that the ring current proton flux is mainly associated with 5–70 keV. Daglis et al. (1999) have shown
that the ion energies are relatively higher during the quiet time as compared to magnetically disturbed
periods. Their study suggests the presence of 100- to 200-keV protons. A statistical study by Zhao et al. (2015)
suggests the difference in the proton energies during prestorm, storm, and poststorm periods. The EMIC
wave event in Figure 1 is observed during the sudden commencement phase of the moderate geomagnetic
storm. Therefore, we may consider relatively higher energies (>70 keV) for the resonant protons. A recent
study using Van Allen Probes reported that the ring current proton flux with energies ranging from 50 keV
up to several hundred keV is the dominant component of plasma pressure during both quiet and active
periods (Yue et al., 2018). The energy of ring current protons needed to produce the speculated long-period
modulation of EMIC waves is marginally higher (123–248 keV) than the energies reported in recent studies
(70 to several hundred keV). Thus, we speculate that long period oscillations enveloping the EMIC emissions
might be associated with the drifting ring current particles.

Second, we explore the possible source for the short periodicity seen in the EMIC waves (≈2.4 min). A sud-
den change in solar wind dynamic pressure causes oscillations in surface currents at the magnetopause
boundary for nullifying the imbalance in the pressure. These oscillations in the current cause compressional
oscillations in the magnetic field in the magnetosphere, which can locally excite field line oscillations at
selected L values (Baumjohann et al., 1984). The field line resonance in the magnetosphere is almost simul-
taneously excited with the passing of the wave front of the initial impulse (Fujita et al., 2001). The field
line response to the oscillating currents at the magnetopause boundary caused by sudden change in solar
wind dynamic pressure is most dominant in the dawn and dusk sector (Sinha & Rajaram, 2003). A statistical
study by Zhang et al. (2010) suggests that the poloidal and toroidal ULF waves excited by positive and nega-
tive pressure pulses are stronger around local noon than those in the dawn and dusk sectors. The field line
oscillation can be a likely source for these short (Pc5) periodicities because such oscillations can modify the
gradient of the magnetic field in the generation region of EMIC waves. Generally, the field line oscillations
can be seen along the magnetic field line and even at its footprint on the ground, that is, at Maitri.

So far, we have only discussed the mechanisms as possible sources for the short (≈2.4 min) and long
(≈39–68 min) periods seen in the EMIC wave event. However, to support this hypothesis, one has to demon-
strate the presence of these periods in the SYM-H, a measure of the ring current and total magnetic field
recorded at Maitri during the EMIC wave period (4.7–7.2 UT). For this purpose, we took SYM-H data from
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Figure 4. Time variation of (a) total magnetic field recorded by proton precession magnetometer at Maitri. The
sampling rate is 1 min. The vertical black dotted line indicates the time of initiation of the moderate shock at 3.88 UT,
and the yellow patch represents the duration of electromagnetic ion cyclotron wave activity. The green patch shows the
time interval between initiation of the moderate shock and the start of electromagnetic ion cyclotron wave activity.
(b) The power spectral density (PSD) is shown as a function of frequency obtained from the Fourier transform of the
magnetic field variations at Maitri during the interval marked by the yellow patch. The dotted lines in the right-side
panel represent the red noise spectrum with 90% statistical significance. The signature of field line oscillations having
periods close to 2.2 min (Pc5) is clearly evident in the power spectrum.

WDC Kyoto, and total magnetic field data recorded by PPM at Maitri. These data sets are of 1-min resolu-
tion. We are interested in gathering information of short periodicities in PPM data and long periodicities in
SYM-H data. While using Fourier analysis on these observations, we applied 3-point smoothing to SYM-H
data to remove short periods. On the other hand, while using PPM data we removed 3-point smoothed signal
from the observation to obtain the short-period variations. This is nothing but the low-pass and high-pass
filtering of the original signals. In Figure 3c we have shown both SYM-H and smoothed SYM-H index,
and their respective Fourier spectrums are presented in Figure 3d. The dotted lines indicate the red noise
spectrum with 90% significance. It is noted that the behavior of original and smoothed SYM-H spectrum
are the same. But there is a difference in the spectrum in the higher frequency regime, which is expected
because of the smoothing. It suggests that the 3-point smoothing applied to the SYM-H signal does not mod-
ify/suppress the frequency information in the lower frequency domain. The spectral power shows the peak
corresponding to 64 min, and it is above 90% significance level. This period is close to the long periodicities
observed during the EMIC wave activity. It suggests that the relatively long period (39–68 min) modulation
observed in the EMIC waves can be related to the ring current particle drift motions. In earlier study it is
shown that the signature of the westward modes associated with the westward drift of ring current proton
can be seen on global scale (Singh et al., 2012) and these modes can be identified using the ground-based
magnetometer data.

The observations of total magnetic field recorded at Maitri are shown in Figure 4a. Here green patch
(3.8–4.7 UT) indicates the interval after the enhancement in kinetic pressure, whereas the yellow patch
indicates the EMIC wave activity (4.7–7.2). The vertical dashed line indicates the start time for the mod-
erate shock, and the green patch shows the time difference between initiation of the moderate shock and
the EMIC wave activity. The Fourier spectrum of the total magnetic field recorded by PPM is carried out
for the interval marked by the yellow patch, which is shown in Figure 4b. Additionally, the red noise spec-
trum with 90% significance is plotted with the dotted line in the Figure 4b. It clearly shows the presence of
periodicity close to 2.2 min, and it is above the 90% significance. The signature of field line oscillations with
few minutes periodicity is found to be present in the ground magnetic field observations. Both mechanisms
proposed here could be the possible source for the short- and the long-period modulations observed
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Figure 5. (a) Example of a sweep rate computation for a 12-min period
between 4.9 and 5.1 UT in the observed electromagnetic ion cyclotron
frequency band. Horizontal dashed-dotted line represents the average
frequency f1 = 0.625 Hz and f2 = 0.725 Hz. The average power in the
electromagnetic ion cyclotron wave spectrogram associated with these
frequencies are subjected to cross-correlation technique to estimate the
time lag. Points A, B, and C for frequency f1 and P, Q, and R for frequency
f2 are marked with reference to the cross-correlation technique (refer
Figure 6). A slanted line drawn in the plot indicate the average sweep rate
(Srate = 0.9615 mHz/s) for this 12-min interval.

in the EMIC wave activity on 17 September 2011. This aspect is further
discussed in the section 7 using the nonlinear theory of EMIC emissions.

5. Computation of Sweep Rate of the EMIC wave
Rising Tone Emissions
We computed the sweep rates of the discrete EMIC rising tones in the
observed EMIC band. For a given EMIC discrete emission, a sweep rate
is defined as the rate of change of frequency in a given time interval.
Generally, one can select two frequencies and their corresponding time
in the EMIC wave spectrogram to estimate the sweep rate. However,
it is a manual way for the computation of sweep rates. Here we have
adopted a new method to compute the sweep rate, which is based on the
cross-correlation technique. The cross-correlation between two signals,
namely, x(t) and h(t), is given by

𝑓 (𝜏) = ∫
+∞

−∞
x(t) ∗ h(t + 𝜏)dt, (3)

where 𝜏 is time lag. Using cross-correlation technique, one can find
the similarities between two signals at a delayed time, and it is widely
used in various studies to obtain time lags between two signals (Briggs,
1984; Engavale et al., 2005). For this, we divided the EMIC wave period
4.7–7.2 UT into 12-min intervals. For each interval, the spectral power
corresponding to two frequencies, namely, f1 and f2, was obtained by aver-
aging the EMIC wave spectrogram power from fj − 0.05 to fj + 0.05 Hz,
where j = 1 and 2. We get two signals corresponding to f1 and f2. As an
example, a spectrogram over the 12-min window, starting from 4.90 to
5.10 UT, is shown in Figure 5. The horizontal dashed-dotted lines indicate

the two frequencies, f1 = 0.625, and f2 = 0.725, considered for this computation. The corresponding vari-
ations of signals at these frequencies are shown in Figures 6a and 6b, respectively. We have marked points
A, B, and C for f1 and P, Q, and R for f2 in Figures 5, 6a, and 6b. The points A, B, and C lie on three dis-
crete EMIC emissions at frequency f1, and if we trace these EMIC rising tones at higher frequency f2, then
they will be located at points P, Q, and R, respectively. Now these two-time varying signals are subjected
to the cross-correlation analysis to compute the time lag (𝜏) between the signals. The autocorrelation and
cross-correlation functions are depicted in Figure 6c as a function of time lag. The autocorrelation function
peaks at a time lag 𝜏 = 0 as expected, whereas the cross-correlation function has a maximum correla-
tion of 0.75 at time lag 𝜏m1 = 104 s. After estimating the time lag, the sweep rate can be estimated using
S1 = (f2 − f1)∕𝜏m1. The estimated sweep rate (S1) comes out to be is 0.9615 mHz/s. The slanted lines marked
in Figure 5 indicate the sweep rates computed in this 12-min window.

For this 12-min window, we have performed the same analysis by taking two other frequencies, namely, f3
and f4. The corresponding variations of signals at these frequencies are shown in Figures 6d and 6e, respec-
tively, and their autocorrelation and cross-correlation functions are depicted in Figure 6f. When we used
these two frequencies, the cross-correlation attains the peak of 0.65 at a time lag of 𝜏m2 = 96 s, which gives
a sweep rate of S2 = 1.04 mHz/s. By choosing two different pairs of frequencies, that is, (f1, f2) and (f3,
f4), for computation of the sweep rate, one can reduce the uncertainty in the estimated average sweep rate
defined as Srate = (S1 + S2)∕2. The calculated sweep rates of the EMIC rising tones in our case are in the
range of 0.44–1.9 mHz/s, which are smaller than those previously reported (0.1 Hz/s) in the radiation belts
(Sakaguchi et al., 2013). By using ground observation of EMIC waves from Athabasca, Canada (magnetic
latitude 61.7◦N), the sweep rates of few tens mHz/s were reported (Nomura et al., 2016). The cluster satellite
observed the EMIC wave with sweep rate 25 mHz/s in the inner magnetosphere (Omura et al., 2010; Pickett
et al., 2010).

In this way, for each 12-min interval, we estimated the (i) sweep rate and (ii) integrated power associated
with the EMIC wave for the frequency band 0.5–0.9 Hz. In Figure 7a, the variation of the average sweep
rate Srate (blue filled circles), sweep rate S1 (blue asterisk) estimated using (f1, f2), sweep rate S2 (blue dots)
estimated using (f3, f4), and integrated spectral power (red) of the rising tone emissions is shown as a function
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Figure 6. The average power in the electromagnetic ion cyclotron (EMIC) wave spectrogram associated with
frequencies (a)f1 = 0.625 Hz and (b)f2 = 0.725 Hz. Points A, B, and C are associated with f1 for three distinct EMIC
rising tone emissions, which can be seen at points P, Q, and R at later time corresponding to frequency f2, and (c) their
autocorrelation (blue) and cross-correlation (magenta) as functions of time lag 𝜏. The maximum cross-correlation is
0.75 at a time lag of 104 s. The average power in the EMIC wave spectrogram associated with frequencies (d)f3 = 0.6 Hz
and (e)f4 = 0.7 Hz, and (f) their auto-correlation (blue dotted) and cross-correlation (magenta dotted) as functions of
time lag 𝜏. The maximum cross-correlation is 0.65 at a time lag of 96 s.

of time. In Figure 7b average sweep rates are plotted as a function of integrated spectral power (
∑

ΔB). It
is evident that the sweep rate varies with time and the higher sweep rates are associated with the stronger
EMIC emissions. However, there is 1 point with larger

∑
ΔB (separated by a vertical dotted line in Figure 7b),

which does not follow this tendency. Based on other 14 points, we obtained a correlation coefficient of 0.71,
and it is statistically within the 99% significance level. If we include all the points while estimating the
correlation, then it comes out to be 0.48, which is within the 90% of significance level.

Figure 7. For each 12-min interval (a) the average power of the rising tone emissions for the electromagnetic ion
cyclotron band (red curve) and the corresponding sweep rate (blue filled circles) are shown as a function of time. The
sweep rate S1 (S2) obtained from frequencies f1 and f2 (f3 and f4) is depicted using blue dots (blue asterisk); (b) the
estimated average sweep rates (Srate = 0.5(S1 + S2)) are plotted as a function of integrated power (ΣB) associated with
the EMIC wave. Srate has tendency to increase with ΣB, and correlation coefficient between them is found to be
r = 0.71 with an outlier ΣB > 0.2 nT. By including this outlier point the correlation coefficient decreases to 0.48.
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Figure 8. Electron flux and integral electron flux observations from GOES-13 (74.8◦E) and GOES-15 (89.6◦E) at
L = 6.6. Panels (a) and (b) show the electron flux in the range of 40–475 keV, and panels (c) and (d) show the integral
electron flux in the range of 0.8–2 MeV. The yellow patch in the figure marks the electromagnetic ion cyclotron wave
activity interval. In each panel points A and B, respectively, represent the time intervals before and during the
electromagnetic ion cyclotron wave activity. The vertical dotted line indicates the time of start of moderate shock. The
absolute rate of decrease in integral electron flux during interval B is found to be higher as compared with interval A.

The nonlinear theory proposed by Omura et al. (2010) indicates that the sweep rate of EMIC rising tone
emission is dependent on the wave amplitude (refer equation (3) in section 7). When an EMIC wave prop-
agates from generation region to high latitude along magnetic field lines, one expects the changes in their
characteristics. However, in the frequency domain, the wave information is less altered. In such scenario,
the EMIC waves seen on the ground shall follow the same dependence as in the source region. Here we
have examined this possibility by estimating the sweep rates and integrated spectral power for an interval of
12 min. We find that the integrated wave power of EMIC emissions is relatively higher when the sweep rates
are higher. This association is consistent with the theory of EMIC waves (Omura et al., 2010) in the gen-
eration region. It may be noted that the theoretically proposed interrelation of sweep rate and EMIC wave
strength is less significantly affected during propagation of EMIC waves to the ground.

When EMIC rising tone emissions are recorded in the ground ICM, it means that the EMIC wave activity
has been triggered at some L-shell in the generation region (±10◦ magnetic latitude). Such EMIC rising tone
emissions are generated through the highly nonlinear mechanism in the generation region. What we see on
the ground is the manifestation of the nonlinear process occurring in the source region, which is often seen
as the triggered emissions in the satellite observation. The triggering process needs a constant frequency
ion-cyclotron wave with a sufficient amplitude called as threshold amplitude (Omura et al., 2010). After their
generation, they propagate along the magnetic field line toward higher latitudes (Kim & Johnson, 2016).
When these waves arrive at the footprint in the ionosphere, their signatures can be captured by ground
ICMs. An example of simultaneous observation by satellite (showing triggered EMIC waves) and ground
ICM (showing pearl type rising tone emission) is reported by Nakamura et al. (2014). In general, the theory
discussed in the section 7 is applicable to EMIC rising tone emissions occurring in both proton and helium
bands.
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Table 1
Absolute Decrease in the Integral Electron Flux Prior to (i.e., Interval A) and During (i.e., Interval B) the EMIC
Wave Activity for Two Different Energy Ranges

Satellite Integral electron flux >0.8 MeV Integral electron flux >2 MeV
A (0–3 UT) B (3.88–7.2 UT) A (0–3 UT) B (3.88–7.2 UT)

GOES 13 −3,080 −4,219 −520 −793
GOES 15 −4,152 −4,801 −584 −702

Note. The integral electron flux are expressed in unit of e/(cm2.s.sr).

6. Particle Loss During EMIC Wave Activity
It is known that the EMIC waves can scatter electrons (Lorentzen et al., 2000; Meredith et al., 2003;
Summers & Ma, 2000; Summers & Thorne, 2003) and protons (Sakaguchi et al., 2007; Sandanger et al., 2007;
Usanova et al., 2010; Yahnina & Yahnin, 2014; Yahnin et al., 2009) into the atmospheric loss cone. Espe-
cially, coherent EMIC rising tone emissions can cause efficient precipitation of relativistic electrons (Kubota
et al., 2015; Omura & Zhao, 2012, 2013). To obtain a comprehensive picture of the role of EMIC emissions in
particle precipitation, we examined the ground observations at Maitri in conjunction with the energetic elec-
tron observations from GOES-13 (74.8◦E) and GOES-15 (89.6◦E). Observations of 0.8- to 2-MeV electrons
are taken from the Energetic Proton Electron and Alpha Detector instrument on GOES-13 and GOES-15,
which gives the integral electron flux, and they are expressed in the units of e/(cm2.s.sr). On the other hand,
observations of 40- to 475-keV electrons are obtained from the Energetic Particle Sensor-Magnetospheric
Electron Detector instrument on GOES-13 and GOES-15, which gives the electron flux and they are mea-
sured in the units of e/(cm2.s.sr.kev). Figures 8a and 8b show the variation of the electron flux in five energy
bands in the energy range 40–475 keV, observed by GOES-13 and GOES-15 on 17 September 2011, respec-
tively. These five energy bands, respectively, correspond to electrons having energies in the range 30–50,
50–100, 100–200, 200–250, and 350–600 keV (Boynton et al., 2016). In addition, the integral electron fluxes
with energies greater than 0.8 and 2 MeV (observed by GOES-13 and GOES-15, respectively) are shown
in Figures 8c and 8d, respectively. The start time of moderate shock is marked by vertical dotted lines in
Figure 8. The yellow patch represents the EMIC wave activity period (i.e., 4.7–7.2 UT), and it is marked by
letter “B” in Figure 8, whereas interval prior to the initiation of moderate shock (i.e., 0–3.88 UT) is marked
by letter “A.” It is noticed that the integral electron flux in the MeV range decreased during the period of
EMIC wave activity. In order to quantify the change in integral electron flux, we estimated their rate of
decrease during EMIC wave activity (interval B) and prior to the EMIC wave activity (interval A) for the
integral energy fluxes greater than 0.8 and 2 MeV. These rates are summarized in Table 1. It is found that
the absolute decrease of integral electron flux prior to the EMIC wave activity is smaller as compared to that
during the EMIC wave activity.

Notably, GOES-13 and GOES-15 are located in the longitudinal belt between 74.8◦ and 89.6◦ at the geosta-
tionary orbit (L ∼ 6.6). For a given energy and pitch angle, electrons and ions orbit the Earth with approxi-
mately the same velocity. As MeV electrons travel faster in the longitudinal direction (∼12–13.8 min/rotation
at L = 5–7), the decrease in their number due to EMIC wave activity can manifest promptly at any longitudi-
nal belt. Further, such a decrease is not seen for electron fluxes in the energy range of 40–475 keV (Figures 8a
and 8b). It is believed that the keV-range electrons are generally precipitated by very low frequency (VLF)
waves or chorus emissions (Behera et al., 2016, 2017). A large decrease in the flux of these electrons between
8.5 and 10 UT was seen by both GOES-13 and GOES-15, and this decrease might be linked to VLF/chorus
wave activity. We have not investigated this possibility because of the unavailability of VLF observations
for Maitri.

We examined the Fourier spectra of filtered GOES integral electron fluxes in two different energy ranges,
(i) >0.8 MeV and (ii) >2 MeV. As discussed earlier, to obtain the filtered signal, we removed the 3-point
smoothed variation of integral electron flux from their corresponding original observation, which is similar
to applying the high pass filter. The power spectral densities obtained from the Fourier transform of this
filtered Integral electron flux are presented in Figure 9. The dotted lines in each subplot of Figure 9 indicate
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Figure 9. The Fourier spectrum of integral electron flux (a) >0.8 MeV, GOES-13 (b) >0.8 MeV, GOES-15 (c) >2 MeV,
GOES-13 (d) >2 MeV, and GOES-15 observed on 17 September 2011 during 4.7–7.2 UT is plotted as a function of
frequency. The dotted lines in each subplot represent the red noise spectrum with 90% statistical significance.

the red noise spectrum with 90% significance. The period of 3.2–3.5 min is clearly visible for higher energy
integral electron flux (>2 MeV), whereas for lower energy integral electron flux (>0.8 MeV), these periods
are found to be suppressed. Apart from this, additional 6.5-min periodicity is also evident in the integral
electron flux spectra for both integral electron fluxes recorded by GOES-13 and GOES-15. The periodicities
of 3.2–3.5 min observed in the integral electron fluxes (>0.8 MeV) could be linked with the EMIC wave
activity.

7. Discussion
We have noticed two dominant periodicities in the EMIC waves, (i) short period ≈2.4 min, which corre-
sponds to ultra low frequency (6.9 mHz) Pc5 pulsations and (ii) long-period oscillations encompassing the
EMIC emissions in the range of 39–68 min (i.e., frequency <0.4 mHz). In order to reconfirm the presence of
these short and long time scale periods, we have computed the spectral coherence c(f), which is a measure
of correlation between two signals in the frequency domain. The spectral coherence is defined as the ratio of
magnitude square of cross-spectral density between two signals x(t) and y(t), that is, |Gxy(f)|2 to the product
of autospectral density of individual signals, that is, Gxx(f) × Gyy(f). We used widely adopted Welch method
(Welch, 1967) to get c(f). In this method the original signal is divided into ns segments of length T, with over-
lapping. For each segment G̃x𝑦, G̃xx, and G̃𝑦𝑦 are estimated, and then spectral coherence is calculated using
the following equation:

c(𝑓 ) = |⟨G̃x𝑦⟩|2∕[⟨G̃xx⟩ × ⟨G̃𝑦x⟩]. (4)

Here ⟨⟩ indicates the ensemble average of the parameter for ns segments. If we consider a single segment,
then the coherence will be always one for all frequencies. It may be noted that the error in the estimated
coherence is inversely proportional to the

√
ns. Thus, we need larger ns for the reliable estimates of coher-

ence. At the same time, we also require larger T to have good spectral resolution. In such situation, the
frequency information in the lower frequency domain can get affected due to chopping of the original sig-
nal into a smaller segments of length T. In this way, we estimated the spectral coherence, which is shown as
a function of frequency in Figure 10 for (a) ICM total variation in B and GOES integral electron flux (>0.8
and >2 MeV), (b) ICM total variation in B and PPM total magnetic field F, and (c) ICM total variation in B
and SYM-H. The 90% statistical significance level for c(f) is shown by horizontal dotted line in each panel.
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Figure 10. The spectral coherence C(f) is shown as a function of frequency for (a) induction coil magnetometer (ICM)
and GOES-13 integral electron flux (0.8 > MeV, 2 > MeV), (b) ICM and proton precession magnetometer (PPM) total
magnetic field F, and (c) ICM and SYM-H. The horizontal dotted line in each subplot represents the 90% significance
for the spectral coherence, which comes out to be 0.28.

In the spectral coherence the periods of approximately 64–128 and 2.1–3.4 min are clearly evident. It may be
noted that in Figure 10c a broad peak is seen at lower frequencies rather than a peak at any particular fre-
quency. But sufficient coherence exists for the periods of 64–256 min. The presence of long and short periods
in different data sets during EMIC wave activity is confirmed through the spectral coherence analysis.

Another feature is that the sweep rate and strength of the EMIC wave are positively correlated on the ground.
This dependence can be understood using the nonlinear theory of EMIC waves given by Omura et al. (2010).
In this theory, the Earth's dipolar magnetic field is approximated by the parabolic equation described as
ΩH = ΩH0(1 + ah2), where, ΩH = qB∕mH is the proton gyrofrequency at position h along the magnetic
field line and ΩH0 is the proton gyrofrequency at the magnetic equator (i.e., h = 0). Here a = a0 corresponds
to a dipole magnetic field, a > a0 indicate a magnetic field stretched from the dipole field, and a < a0 gives
a compressed magnetic field, where, a0 = 4.5∕(LRE)2 (Shoji & Omura, 2014).

Equation (40) of Omura et al. (2010) suggests that the inhomogeneity factor S plays an important role in the
dynamics of self-sustaining rising tone EMIC emissions. It is a dimensionless quantity. The inhomogeneity
factor is crucial, as it determines whether the second-order resonance condition for the nonlinear trapping of
a proton (i.e., v|| = VR) is satisfied or not. Here v|| is the parallel velocity of the proton, and VR = (𝜔 − ΩH)∕k
is the resonance velocity.

It may be noted that frequency sweep rate 𝜕𝜔

𝜕t
, magnetic field gradient 𝜕ΩH

𝜕h
, and wave amplitude Bw contribute

to the factor S, which is generally considered in the range of 0.4–0.5 as the maximum resonant current
is realized for these values. In the equatorial region, the magnetic field gradient is zero, which yields the
following relation (Omura et al., 2010):

𝜕𝜔

𝜕t
=

0.4𝜔s0

s1
[

qBw0

mH
], (5)

The above equation gives the relation between the frequency sweep rate and the wave amplitude in the
generation region. Here Bw0 is the initial wave amplitude of the EMIC wave. It may be noted that in the
generation region, 𝜕𝜔∕𝜕t is proportional to the initial wave amplitude Bw0. We find that this dependence
is observed even in the ground observations of EMIC waves. It indicates that this characteristic is retained
during their propagation to the ground.

We have noted two periodicities, short (≈2.4 min) and long (≈39–68 min), which are responsible for the
modulation of EMIC wave activity at Maitri on 17 September 2011. The mechanism responsible for these
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modulations should imprint their signatures in the source/generation region. Here we propose that the
field line oscillations and ring current drifting ions as possible sources, respectively, for the short and long
periodicities that are seen in the EMIC waves. The nonlinear growth rate equation of EMIC wave is as follows
(Omura et al., 2010):

ΓNL = 𝜔2
ph

Q
2
(

VP

cΩw𝜔
)1∕2

Vg

Vt||
(

V⟂0

cπ
)3∕2 exp[−

V 2
R

2V 2
t||
]. (6)

In the equation above, one can see that the nonlinear growth rate (ΓNL) of the EMIC wave is controlled by
the hot proton density nH and hot proton temperature anisotropy, that is, v⟂∕v||. The thermal velocity of the
proton in the perpendicular direction is assumed to be equal to their drift velocity, that is, v⟂ = V⟂0. In
order to have self-sustaining rising tone emission (i.e., 𝜕Bw∕𝜕t), the following condition must be satisfied by
the wave propagating in a positive direction (Vg > 0).

𝜕Ωw

𝜕h
<

ΓNL

Vg
Ωw (7)

When the wave is propagating away from the generation region, the gradient in the magnetic field con-
tributes substantially to the factor S as compared to the frequency sweep rate. By rearranging the terms in
the expression of the factor S, one can obtain the partial spatial derivative of Ωw. Substitution of this values
in the above equation (5), we obtain the following condition for the threshold amplitude of the EMIC wave
required for generation of the self-sustaining rising tone emission.

Ωw > Ωthreshold =
5VPas2ΩH0Vg

s0𝜔ΓNL
(8)

Equation (6) gives theoretical estimate of the threshold wave amplitude required for the nonlinear wave
growth. It may be noted that this threshold wave amplitude is smaller for smaller magnetic field gradient.
For the nonlinear growth of EMIC rising tone emission we need, (i) positive growth rate ΓNL > 0 and (ii)
wave amplitude greater than the threshold amplitude. The oscillating field lines can change the thresh-
old amplitude by influencing the magnetic field gradient through parameter a (refer equation (6)) and the
drifting ion species in the ring current can affect the growth rate (refer equation (4)) by modulating hot pro-
ton densities. The magnetic field line oscillations of few tens of nanotesla associated with the ULF waves
(Motoba et al., 2013) indicate the 4-8% variations in the ambient magnetic field in the source region lying
between L-shells 5-6. Moreover, the wavelength of ULF waves is very large (∼ thousands kilometers), and
these variations in the magnetic field exist over the larger spatial scales along the field line. These oscilla-
tions (i.e., moving back and forth with the ULF wave frequency) can change the curvature of magnetic field
lines over larger spatial extent and can modify the value of a, thereby significantly modifying the thresh-
old amplitude (see equation 8). Under such conditions the threshold amplitude required for the nonlinear
growth of EMIC wave can be modulated considerably with the periods of the ULF waves. Thus, mecha-
nisms proposed for the modulation of EMIC waves in the present work can affect the process of generation
of EMIC rising tone emission in the source/generation region, and it is expected to see the modulation of
EMIC rising tone emissions with the short and long periodicities as observed on 17 September 2011.

8. Summary and Conclusions
In this paper, we report the observation of EMIC waves in the ground magnetic records from the Indian
Antarctic station Maitri. The EMIC wave event occurred on 17 September 2011, and its signatures were well
recorded by the ICM operational at this station. The observed EMIC wave is characterized by the distinct
appearance of rising tone emissions. We examined this event using the simultaneous ground PPM mag-
netic field, interplanetary solar wind parameters, and the GOES particle flux observations. The examination
revealed many interesting features of EMIC rising tone emissions. On this day, the moderate increase in
solar wind dynamic pressure (around 3.88 UT) was seen prior to the initiation of EMIC wave activity at the
ground station Maitri around 4.7 UT (5.49 LT). The observation station Maitri was in dawn sector when
the magnetosphere encountered this moderate shock. This moderate pressure pulse (or shock) could be
the source for the observed EMIC wave activity. Earlier studies have reported that the dayside EMIC struc-
tured emissions are related to magnetospheric compression caused by an increase in the density or solar
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wind pressure (Erlandson & Ukhorskiy, 2001; Halford et al., 2010; Usanova et al., 2008, 2012), which is in
agreement with the present study.

The long periodicities reported here are relatively longer than the previously reported periodicities of
Pc5 (1–10 mHz) waves (Fraser et al., 1992; Mursula et al., 2001). Our study indicates the modulation of
high-frequency EMIC waves (Pc1) by low-frequency Pc5 geomagnetic pulsations, which is put forth using
the spectral analysis of ICM data and PPM data from Indian Antarctic station Maitri. A similar mechanism
was envisaged by Coroniti and Kennel (1970). It may be noted that both types of oscillations (toroidal and
poloidal) can be excited due to the pressure imbalance at the magnetopause boundary (Sinha & Rajaram,
2003). Both of these oscillations can be the candidates for the low-frequency modulation of ion-cyclotron
instability growth rate. However, the Pc5 pulsation analysis in this study does not differentiate whether the
pulsations are toroidal or poloidal.

In the present study, we have proposed possible mechanism with a plausible theoretical explanation for both
short- and long-period modulation of EMIC wave observed on 17 September 2011. The ring current parti-
cle drift frequency can provide a source for the observed modulation of EMIC waves through long-period
oscillations. This is verified by the periodicity present in the SYM-H index, a measure of the ring current.
When the solar wind pressure pulse (or shock) hits the Earth's magnetosphere the magnetospheric cavity
oscillates due to sudden compression, which acts as a source for the field line oscillations at the L shell cor-
responding to the generation region of EMIC waves. These field line oscillations can be a likely source for
the observed short (Pc5) periodicity because such oscillations can modify the magnetic field gradient in the
generation region of EMIC waves. Thus, changes in the hot ion density due to drifting ring current ions and
the changes in the gradient of the magnetic field due to oscillating field line both can modify the growth rate
and the threshold amplitude of wave required for the growth of self-sustaining EMIC rising tone emission.
Hence, both these processes can be likely sources for the modulation of EMIC waves seen at Maitri on 17
September 2011. Earlier studies have reported that the periodicities for the field line oscillations at L = 6.6
lie in the range of 1–3 min for fundamental modes (Cummings et al., 1969).

We have incorporated a new method, based on the cross-correlation technique to determine the sweep rates
of the observed discrete EMIC rising tones. The sweep rates of these emissions are found to be in the range of
0.44–1.9 mHz/s. These sweep rates are relatively low as compared to the past reports of sweep rates derived
from the satellite observations of the EMIC wave (tens-hundreds mHz/s), which is attributed to the prop-
agational effect. Our analysis reveals that the higher sweep rates are associated with the stronger EMIC
emissions on the ground at subauroral latitudes, which is in agreement with the theoretical studies (Omura
et al., 2010). It suggests that the theoretically proposed dependence of sweep rate on strength of EMIC wave
in the generation region is retained even during the propagation of these waves to the ground.

We have also investigated the effect of the EMIC waves on the energetic electrons in the geosynchronous
orbit. The observations of relativistic integral electron flux from GOES satellites suggest that the EMIC waves
can cause precipitation of energetic electrons (0.8–2 MeV). In view of the potential role of EMIC rising
tone emissions in the loss of MeV electrons from the radiation belts, the ICM observations from the Indian
Antarctic station Maitri are crucial for deciphering inner magnetospheric dynamics.
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