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Abstract Electromagnetic ion cyclotron (EMIC) waves are a key driver of particle precipitation and energy
redistribution in the magnetosphere. While they have been extensively studied in the inner magnetosphere, their
behavior in the outer magnetosphere remains poorly understood. In this study, we utilize ground-based
measurements from the Autonomous Adaptive Low-Power Instrument Platform (A AL-PIP) chain to investigate
the occurrence and amplitude of H-band and He-band EMIC waves under varying AE, SYM-H, and solar wind
dynamic pressure (P;) in Earth's outer magnetosphere (L > 7). In the outer magnetosphere, both the occurrence
rate and amplitude of EMIC waves increase under high AE and enhanced P, conditions, similar to responses in
the inner magnetosphere. However, unlike the inner magnetosphere, where EMIC waves are generally confined
near noon, enhanced P, in the outer magnetosphere drives waves across a broader magnetic local time (MLT)
distribution, including the dawn and dusk sectors. Furthermore, during substorm periods, H-band EMIC waves
are absent in the dawn sector—a feature rarely observed in the inner region. SYM-H shows only a weak
correlation with wave amplitude and He-band wave occurrence, while a stronger correlation is found with
H-band wave activity in both dawn and dusk sectors. Additionally, the radial dependencies also differ: as L
increases, the wave occurrence rate decreases for both bands, but H-band amplitudes increase while He-band
amplitudes decrease. This likely reflects differences in ion composition and wave growth conditions at larger
radial distances. This study provides new insights into the global distribution and driving physics of EMIC wave
activity in the outer magnetosphere.

1. Introduction

Electromagnetic ion cyclotron (EMIC) waves are common electromagnetic emissions in the Earth's magneto-
sphere, typically occurring in the Pc1-Pc2 geomagnetic pulsation frequency range (Cornwall, 1965; Kennel &
Petschek, 1966). EMIC waves play a significant role in regulating magnetospheric dynamics, including the
precipitation of relativistic electrons (Blum et al., 2015; Drozdov et al., 2017; Gao et al., 2015; Ma et al., 2015;
Usanova et al., 2014; Wang et al., 2014), the heating of heavy ions (Li et al., 2023; Yuan et al., 2016), and the loss
of ring current ions ((Fuselier & Anderson, 1996; Thorne & Horne, 1994; Yuan et al., 2014). EMIC waves
predominantly propagate quasi-parallel to the background magnetic field near the magnetic equator, with the
wave normal angle increasing with magnetic latitude (Kang et al., 2021; Denton et al., 1992). Due to the presence
of multiple ion species in the magnetosphere, EMIC waves are observed in three distinct frequency bands:
H-band, He-band, and O-band, each occurring below the corresponding ion gyrofrequency (Denton, 2018;
Denton et al., 2014; Hu et al., 2010).

The source regions of EMIC waves are typically confined within £10° magnetic latitude around the magnetic
equator (Allen et al., 2015; Keika et al., 2013; Kim et al., 2016; Min et al., 2012), and the waves are mainly excited
by hot protons (10-100 keV) with temperature anisotropy (Huang et al., 2021; Kang et al., 2021; Yu &
Yuan, 2019). Theoretical and observational studies indicate two primary excitation mechanisms for EMIC waves
in Earth's magnetosphere: (a) ion injections from the plasma sheet during substorm activity, and (b) adiabatic
compression caused by enhancement of solar wind dynamic pressure (Chen et al., 2020; Cornwall &
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Schulz, 1971; Engebretson et al., 2018; McCollough et al., 2012; Wang et al., 2014; Xue et al., 2021, 2022).
Consequently, the occurrence and spatial distribution of EMIC waves are strongly modulated by both solar wind
dynamic pressure and geomagnetic indices. Based on THEMIS observations, Usanova et al. (2012) reported a
significant increase in the occurrence rate of EMIC waves (0.1-5 Hz) from the noon to dusk sector during periods
of enhanced AE index. Moreover, solar wind dynamic pressure enhancements can excite EMIC wave activity
across the entire dayside. Using Van Allen Probe data, Chen et al. (2020) investigated the individual effects of
solar wind pressure and substorm injections, concluding that AE index enhancements mainly intensity EMIC
wave occurrence and amplitude on the dusk side, while dynamic pressure increases exert a stronger influence on
the dayside. Furthermore, Jun et al. (2021), using coordinated observations from the RBSP and Arase satellites,
demonstrated that dusk-side He-band EMIC waves in the inner magnetosphere are predominantly driven by
substorm injections, whereas H-band waves near noon are primarily excited by solar wind dynamic pressure
enhancements.

While EMIC waves have been frequently observed in the inner magnetosphere, recent satellite observations
confirm their presence in the outer magnetosphere (Ni et al., 2015; Yu et al., 2017; Zhang et al., 2017). However,
earlier studies primarily concentrated on the inner region (L < ~8), leaving EMIC waves in the outer magne-
tosphere relatively unexplored. Ground-based stations at high-latitude polar regions provide broad L-shell
coverage and long-term continuous measurements, offering a valuable opportunity to study EMIC wave activity
in the outer magnetosphere.

In this study, we use the data from the Autonomous Adaptive Low-Power Instrument Platform (AAL-PIP) chain
on the Antarctic (Xu et al., 2019) during 2017-2022 to statistically analyze the global distribution of H-band and
He-band EMIC waves in the outer magnetosphere. We further investigate the influence of the solar wind dynamic
pressure, AE index, and SYM-H index on their global distributions. The paper is organized as follows: Section 2
describes the data sets and instrumentation; Section 3 outlines the wave selection methodology; Section 4 presents
the statistical results; and Section 5 provides a summary and discussion of the findings.

2. Instrumentations and Data

The primary data set for this study was obtained from the AAL-PIP chain on the East Antarctic Plateau. This chain
consists of six stations (PGO-PGS5), covering the geomagnetic latitudes from 69.5° to 78.6°. The locations of these
stations are shown in Figure 1. Each station is equipped with a search coil magnetometer that measures magnetic
field data at a sampling rate of 10 Hz, recording the magnetic field components in two orthogonal directions: along
the geomagnetic south (B,) and along the geomagnetic east (B,). To characterize the magnetic field topology, we
calculated the L-shell (L) values at the magnetic equator corresponding to each station's location using the TS04
model (Tsyganenko & Sitnov, 2005) during geomagnetically quiet conditions. Among the six stations, PGO and
PGI1 are frequently located beyond the magnetopause and thus lack consistent usable data. Consequently, our
analysis focuses on data from stations PG2 to PG5, covering the years 2017-2022. Each column of Table 1 lists the
geographic longitude, geographic latitude, magnetic longitude, magnetic latitude, and L value for stations PG2
to PGS.

In addition, we also incorporate the geomagnetic substorm index (AE), storm index (SYM-H), and solar wind
dynamic pressure (P;). These parameters are obtained from the OMNI database with 1-min resolution (https://o
mniweb.gsfc.nasa.gov).

3. Wave Selection

To identify and distinguish EMIC wave events in different frequency bands, we applied the following selection
criteria. (a) Wave events were classified based on their frequency range: H-band waves were identified between
the equatorial proton gyrofrequency (f;) and helium ion gyrofrequency (£;,), and He-band waves were identified
between £, and £F,,. O-band EMIC waves were excluded from this study due to strong influence of ULF waves.
(b) To eliminate background noise, we only considered wave power spectral densities exceeding 10™* nT*/Hz. (c)
A valid wave event was required to have a duration of at least 5 minutes. To minimize the influence of Earth's
rotation on the observations, EMIC wave activity within each five-minute segment was treated as a distinct event.
Due to the limitation of the AAL-PIP instruments, which record only two orthogonal components of the magnetic
field, wave polarization information is not accessible. The ion gyrofrequencies used for band classification are
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Table 1

.. ® AAL — PIP stations
* Magnetic South Pole

Figure 1. The locations of the AAL-PIP stations are marked with red dots.

calculated at the magnetic equator mapping to each ground station using the TS04 model. Since EMIC waves are

typically generated near the magnetic equator and propagate to the ground stations, a time delay exists between

wave generation and observation. In this study, we compute the propagation time by employing the cold plasma
dispersion relation under the assumptions of a dipole magnetic field and parallel propagation along the field line.
The number density along the path is specified using the model of Denton et al. (2002). At each spatial step ds, the

group velocity v, is calculated and the corresponding time step is obtained as dt = ds/v,. Integrating dt from the

magnetic equator to the ionospheric footprint along the field line yields the total propagation time. The results
obtained using this method are consistent with those reported by Loto'aniu et al. (2005) when identical parameters
are used. Additionally, time delays exist between the observations of EMIC waves and of the geomagnetic indices

The Coordinates of the AAL-PIP Stations

Station code

GeoLon

GeoLAT

MagL.ON

MagL AT

L,

PG2
PG3
PG4
PG5

57.96
37.63
12.25

5.71

—84.42
—84.81
—83.34
—81.96

38.15
37.09
36.43
37.12

74.82
73.54
70.93
69.49

14.5
12.5
9.4
8.1

and solar wind conditions. We followed the estimation methods used by
Usanova et al. (2012), Chen et al. (2020), and Jun et al. (2021) to determine
the associated solar wind and geomagnetic parameters for each EMIC wave
event. Specifically, the maximum solar wind dynamic pressure (P;), the AE
index and the SYM-H index were selected within the interval
[to — lhour,#), — Sminutes] for H-band waves, and within the interval
[to — lhour,#, — 2minutes] for He-band waves, where the different time
intervals are chosen to account for the differing propagation times of H-band
and He-band EMIC waves. Here, t, denotes the central time of the observed
EMIC wave event.
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4. Statistical Results

Figure 2 presents a representative set of EMIC wave events observed by multiple ground-based stations.
Figures 2a—2c show the temporal variations of the solar wind dynamic pressure (P;), AE index, and SYM-H
index, respectively. In Figures 2a—2c, the black solid lines represent the time-shifted solar wind dynamic pres-
sure and geomagnetic indices, while the orange dotted lines indicate the original OMNI measurements. As shown
in Figures 2b and 2c, the AE index remains persistently below 100 nT, and the SYM-H index remains stable
around zero, indicating the absence of intense substorm or storm activity. However, the solar wind dynamic
pressure remains at a relatively high level around P, = 3 nPa (Figure 2a), which contributes to the excitation of
EMIC waves in the outer magnetosphere (Figures 2d-2g). Figures 2d—2g display the power spectral density
(PSD) of magnetic field perturbations observed from station PG2 to PG5 derived via fast Fourier transform (FFT)
at a frequency resolution of 0.025 Hz and a temporal resolution of 5 s. In these panels, the white solid, dashed, and
dotted lines denote the equatorial proton, helium, and oxygen ion gyrofrequencies, respectively, calculated at the
magnetic equator using the TS04 magnetic field model. Both H-band and He-band EMIC waves are observed
across the stations, exhibiting distinct temporal and spatial characteristics. Specifically, H-band EMIC waves are
first detected at the outermost station, PG2, followed sequentially by PG3 and PG4, suggesting a spatial response
pattern to solar wind pressure enhancements. Figures 2h—2k illustrate the corresponding wave amplitudes. Here,
black lines represent the amplitude of H-band EMIC waves, and blue lines represent the amplitude of He-band
EMIC waves. The L-shell and magnetic local time (MLT) values listed at the bottom correspond to the station
PG3, which moves from the dawn sector (MLT = 3) to the dusk sector (MLT = 21). Its L-shell variation is derived
from mapping PG3 to the magnetospheric equatorial plane, which decreases from ~16 in the dawn sector to a
minimum of ~10 near the noon sector, and then increases to ~16 in the dusk side due to its longitudinal motion.
Other stations follow similar L-shell and MLT evolution trends. Overall, the H-band wave amplitude decreases
with decreasing L, from a peak value of ~0.1 nT at PG2 to ~0.06 nT at the inner stations. In contrast, the He-band
EMIC waves do not show significant time lags across the different stations. Notably, their peak amplitudes exhibit
the opposite L dependence: the wave amplitude increases with decreasing L. This behavior may indicate that it is
more favorable for the growth of He-band EMIC waves in the inner magnetosphere with stronger magnetic fields
and higher He™ densities (Kim et al., 2016).

Solar wind dynamic pressure (P,) is a key driver of EMIC wave excitation in the magnetosphere. Figure 3
presents the L-MLT distribution of occurrence rates for H-band (a—d) and He-band (e-h) EMIC waves under four
categories of solar wind dynamic pressure: P, < 1nPa, 1nPa < P; < 2nPa, 2nPa < P; <3nPa,and P; > 3nPa. The
magenta dashed contour denotes the average magnetopause positions for each pressure level (Shue et al., 1998).
In this article, the colorbars for both occurrence rate and amplitude are plotted on a logarithmic scale. Under low
pressure conditions (P, < 1nPa), H-band EMIC waves exhibit the low occurrence rate (<10%), primarily
distributed between 7 and 17 MLT. As P, increases beyond 2 nPa, the occurrence rate significantly increases,
especially in the dawn (3-7 MLT) and dusk (15-21 MLT) sectors, reaching up to ~30%. A similar trend is
observed for He-band EMIC waves, whose occurrence expands from the noon sector (9—15 MLT) to a broader
sector (6-18 MLT) as P, > 3nPa, with occurrence rates exceeding 20%. Noticeably, the absence of data in the
night sector (MLT ~21-3) is due to the difficulties in mapping L-shell values in that region.

Figure 4 presents the corresponding average amplitudes. For H-band EMIC waves (a—d), amplitudes are minimal
(~0.01 nT) during quiet solar wind conditions but increase markedly with higher P,, peaking near the noon sector
at L ~ 11, reaching up to ~0.1 nT. He-band waves (e-h) also exhibit amplification with increasing P,, reaching
peak values at L = 67 within 6-18 MLT. To study the L-shell dependence in detail, Figure 5 shows the noon
sector (9—15 MLT) variation in occurrence rates (a—d) and amplitudes (e-h). H-band waves are most frequently
observed at L = 7-8 under elevated dynamic pressure, while their amplitudes continue to increase toward higher
L, peaking at L > 10 for P; > 3nPa. In contrast, He-band wave amplitudes decrease with L, with the strongest
wave activity confined to L = 6-7. Nevertheless, under high dynamic pressure, significant amplitudes also
emerge at L = 11, potentially associated with wave generation near the magnetic field minima at higher latitudes.
He-band waves have a distribution of occurrence similar to H-band waves.

The AE index serves as an indicator of substorm-induced ion injections, representing another important driver of
EMIC wave activity. Figure 6 illustrates the L-MLT distribution of occurrence rates for H-band (a—c) and He-
band (d—f) waves under three AE levels: AE <100nT, 100nT < AE <300nT, and AE > 300nT. Magnetopause
locations corresponding to each AE level are shown in magenta dashed lines. Under quiet geomagnetic conditions
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Figure 2. Observations on 14 November 2021. (a) Solar wind dynamic pressure. (b) AE Index. (c) SYM-H Index. (d—g) The
temporal evolution of power spectrum density (PSD) of the total wave power of the magnetic field from search-coil
magnetometer of ground sites PG2—PGS. (h—k) The amplitude of EMIC waves calculated from (d—g), where black lines
represent the amplitude of H-band EMIC waves, and blue lines represent the amplitude of He-band EMIC waves.
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Figure 3. The distribution of wave occurrence rate in L-MLT planes of (a—d) H-band and (e-h) He-band EMIC waves for
multiple intervals of solar wind dynamic pressure: (a, e) P4 < 1nPa, (b, f) lnPa <Py <2nPa, (c, g) 2nPa <Py <3nPa, and
(d, h) Py >3nPa.

(AE £100nT), H-band EMIC waves occur across 3—20 MLT with moderate rates (~10%). As AE increases,
enhanced wave occurrence is predominantly observed in the dusk sectors (17-21 MLT), with the occurrence rates
rising from ~15% to ~30%. In contrast, the dawn sector (4-9 MLT) shows a decline in occurrence with increasing
AE, dropping below 10% during active periods. Besides, occurrence rates in the post-midnight sector are
consistently higher than those in the pre-midnight sector. He-band EMIC waves display a more confined MLT
range but follow a similar AE dependent pattern: occurrence rates exceed 30% in the dayside region (L < 10)
during weak substorms, while expanding toward the dusk sector (up to 20 MLT) under high AE.

Figure 7 shows corresponding amplitude variations. Under quiet conditions, H-band amplitudes (a—c) remained
moderate (~0.02 nT on average). As AE increases, they roughly double in the noon to dusk sectors (10-21 MLT),
and noticeable enhancements are also observed in the post-midnight region. He-band wave amplitudes (d—f) also
intensity with AE, peaking at L = 67 within 9—17 MLT. Notably, both bands exhibit amplitude enhancements by
a factor of ~4 in the dawn sector (3—7 MLT) under active conditions.

Figure 8 further quantifies the L-shell dependence within the 10-17 MLT range. H-band wave occurrence rates
(a—c) peak at L = 6-7 and decrease with increasing L. Under strong AE conditions, amplitudes notably increase at

Py =1.0nPa 1.0nPa <Py =2.0nPa 2.0nPa < P4y = 3.0nPa Py > 3.0nPa
06

06 06

Bw/(nT)
10-t

Hband 4p[1- 400 12 100 12

10-125

10-15

10-175

00 12F

Figure 4. The distribution of wave amplitude in L-MLT planes of (a—d) H-band and (e-h) He-band EMIC waves for multiple
intervals of solar wind dynamic pressure: (a, e) Py < 1nPa, (b, f) 1nPa <Py <2nPa, (c, g) 2nPa <Py <3nPa, and (d, h)
Py > 3nPa.
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Figure 5. The distribution of wave (a—d) occurrence rate and (e—h) amplitude as a function of L for H-band (blue bar) and He-
band (red bar) EMIC waves for multiple intervals of solar wind dynamic pressure: (a, €) P; < lnPa, (b, f) InPa < P; <2nPa,
(c, g) 2nPa < P; <3nPa, and (d, h) P, >3 nPa.

L = 11-12. He-band waves (e—g) exhibit similar occurrence distributions, but their amplitudes consistently
decline with increasing L, with a maximum at L = 6 regardless of AE intensity.

The SYM-H index, indicative of the geomagnetic storm activity, also influences the spatial distribution of EMIC
waves. Figure 9 presents the L-MLT occurrence rates of H-band (a—d) and He-band (e-h) EMIC waves in four
SYM-H categories: SYM — H< — 20nT, —20nT<SYM — H< — 10nT, —10nT <SYM — H<10nT, and
SYM — H> 10nT. When SYM — H< — 20nT, H-band EMIC waves are concentrated between 9 and 19 MLT,
with occurrence rate exceeding 20%. As SYM-H increases, wave occurrence shifts toward the dawn sector (4-8
MLT), increasing from ~10% to ~30%, while occurrence in the dusk and noon sectors remains relatively stable.
Under compressed magnetospheric conditions (SYM — H> 10nT), H-band EMIC waves span 3-21 MLT, with
the dayside occurrence consistently exceeding 30%. He-band EMIC waves maintain a stable distribution between
9 and 17 MLT for SYM — H < 10nT but exhibit enhanced occurrence near the dawn (~6 MLT) and dusk (~18
MLT) sector at L ~ 67 under SYM — H > 10nT.

AE <100nT 100nT < AE <300nT AE >300nT
06 06

Occurrence rate
1

H band 12[—

10705
107t
10-15

He band 12

1072

Figure 6. The distribution of wave occurrence rate in L-MLT planes of (a—c) H-band and (d—f) He-band EMIC waves for
multiple intervals of AE: (a, d) AE <100nT, (b, e) 100nT < AE <300nT, (c, f) and AE >300nT.
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Figure 7. The distribution of wave amplitude in L-MLT planes of (a—c) H-band and (d—f) He-band EMIC waves for multiple
intervals of AE: (a, d) AE <100nT, (b, e) 100nT < AE <300nT, (c, f) and AE > 300nT.

Figure 10 presents average wave amplitudes under the same SYM-H intervals. H-band wave amplitudes (a—d)
show minor enhancement in the noon to afternoon sectors during SYM — H< — 20nT, but remain low
(~0.01 nT) during quiet periods. Under compressed conditions (SYM — H > 10nT), amplitudes increase within
10-16 MLT, reaching up to ~0.03 nT. He-band wave amplitudes (e—h) are generally weak under quiet conditions
but increase significantly under storm and compressed magnetospheric conditions, particularly within 618 MLT.
Figure 11 further highlights the L-shell dependence within 9—17 MLT. The occurrence of H-band EMIC waves
(a—d) peaks at L = 6-7 and declines with increasing L. During periods of SYM — H< — 20nT and
SYM — H > 10nT, their amplitudes increase with L, suggesting enhanced wave growth in the outer magneto-
sphere. Similar to the H-band, the occurrence rate of He-band also declines with increasing L. In contrast, am-
plitudes of He-band waves (e-h) decrease monotonically with L, peaking consistently at L. ~ 6 across all SYM-H
conditions.
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Figure 8. The distribution of wave (a—c) occurrence rate and (d—f) amplitude as a function of L for H-band (blue bar) and
He-band (red bar) EMIC waves for multiple intervals of AE: (a, d) AE < 100nT, (b, e) 100nT < AE <300nT, (c, f) and
AE > 300nT.
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Figure 9. The distribution of wave occurrence rate in L-MLT planes of (a—d) H-band and (e-h) He-band EMIC waves
for multiple intervals of SYM-H: (a, e) SYMH < — 20nT, (b, f) —20nT<SYM — H< — 10nT, (c, g) —10nT <SYM —
H < 10nT, and (d, h) SYM — H> 10nT.

5. Discussion and Conclusions

In this paper, we use observations from ground-based stations in the AAL-PIP chain to investigate the dependence
of EMIC waves on AE, SYM-H and solar wind dynamic pressure in the Earth's outer magnetosphere. Our
principal findings are summarized as follows:

1. With increasing dynamic pressure, both the occurrence rate and amplitude of EMIC waves increase, and their
MLT coverage broadens, particularly at the dawn and dusk sectors.

2. As AE increases, the occurrence rate and amplitude of EMIC waves enhance from noon to the afternoon
sector, while H-band EMIC waves diminish in the dawn sector.

3. The SYM-H index exerts minimal influence on the occurrence rate of EMIC waves overall; however, H-band
EMIC waves occur more frequently in the dawn sector during periods of negative SYM-H.

4. EMIC wave occurrence decreases with increasing L in the outer-magnetosphere. The amplitude of He-band
EMIC waves decreased with increasing L, while H-band waves exhibited a broader L-shell distribution.

Our results provide several new insights into the properties of EMIC waves in the outer magnetosphere. First, the
strong dependence on solar wind dynamic pressure highlights the importance of magnetospheric compression in

SYMH = —20nT —20nT <SYMH = —10nT —10nT <SYMH =<10nT SYMH > 10nT
06 06

H band 4, 100 12

10-125

10-15

10-175
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18

Figure 10. The distribution of wave amplitude in L-MLT planes of (a—d) H-band and (e~h) He-band EMIC waves for multiple
intervals of SYM-H: (a, e) SYMH < — 20nT, (b, f) —20nT <SYM — H< — 10nT, (c, g) —10nT <SYM — H<10nT,
and (d, h) SYM — H> 10nT.
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Figure 11. The relevant to this study. distribution of wave (a—d) occurrence rate and (e-h) amplitude as a function of L for H-
band (blue bar) and He-band (red bar) EMIC waves for multiple intervals of SYM-H: (a, e) SYM — H< — 20nT, (b, f)
—20nT<SYM — H< — 1017, (¢, g) —10nT <SYM — H<10nT, and (d, h) SYM — H> 10nT.

wave excitation. While earlier studies have shown that dynamic pressure primarily enhances EMIC waves in the
noon sector within the inner magnetosphere (e.g., Meredith et al., 2014; Usanova et al., 2012), we find that the
enhanced MLT coverage extends from 3 to 21 MLT under high P, in the outer magnetosphere. This indicates that
solar wind compression has a more global impact in the outer regions, possibly due to the proximity of the
magnetopause and stronger field-line stretching at large L.

Second, the AE dependence reveals that substorm-related ion injections also play a key role in wave growth. The
enhanced occurrence in the dusk-to-afternoon sectors during active periods suggests a close link with substorm
injection regions, consistent with results reported by Chen et al. (2020) in the inner magnetosphere. However, we
also observe a decrease in dawnside occurrence for H-band waves when AE > 300 nT, which contrasts with the
stronger dawnside activity sometimes found at lower L. This difference likely reflects a different source region of
free energy for those EMIC waves. Jun et al. (2021) proposed that one possible candidate for a free energy source
is the temperature anisotropy by low-energy protons in the warm plasma cloak (<1 keV) via E X B drift.

Third, the SYM-H index also modulates EMIC wave occurrence and amplitude. As SYM-H increases from
negative to positive, the occurrence shifts toward the dawn sector, suggesting that cold plasma refilling and
plasmaspheric plume formation may provide favorable conditions for dawnside H-band wave generation. Under
conditions SYM-H > 10 nT, we found broad MLT coverage (3-21 MLT) with persistently high dayside
occurrence (>30%). This is likely related to magnetopause compression. Thus, while SYM-H has only a modest
effect on overall occurrence rates compared with dynamic pressure or AE, it controls the spatial redistribution of
EMIC activity between the dawn and noon sectors and highlights the importance of magnetospheric compression
in the outer regions.

Besides, compared with the inner magnetosphere with a strong inertial magnetic field, the enhanced occurrence of
EMIC waves in the outer magnetosphere highlights their important role in the overall magnetospheric dynamics.
In this region, the weaker background magnetic field and lower plasma density allow even modest solar wind
compressions to significantly alter the local plasma environment, facilitating EMIC wave growth. The increased
wave activity at higher L-shells suggests that these regions are particularly effective for resonant interactions with
ring current and radiation belt particles. Such interactions can lead to efficient pitch-angle scattering and sub-
sequent precipitation into the atmosphere, contributing to the loss of energetic particles during geomagnetic
disturbances.

In addition, although H-band and He-band EMIC waves generally exhibit similar occurrence rate dependences,
their amplitude dependences on L differ. He-band amplitudes decrease rapidly with L, remaining strongest at
L = 6-7, whereas H-band waves extend to larger L and are enhanced near the magnetopause. This difference
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likely reflects the decreasing He* concentration at larger L-Shells. With increasing L, the total ion number density
decreases, thereby reducing the growth rate of He-band EMIC waves. The enhancements of H-band EMIC waves
near the magnetopause may be associated with the wave generation at the magnetic field local minimum.

In our statistical analysis, since there are only two orthogonal directions of magnetic field perturbations, other
wave modes, such as fast magnetosonic waves, could in principle contribute to the observed perturbations;
however, our wave selection is based primarily on the frequency range of the fluctuations. The events analyzed
here fall neatly between the proton and heavy ion gyrofrequencies, which is consistent with the typical frequency
domain of EMIC waves. Additionally, given that the ground-based data only provides two components of the
magnetic field and wave damping during propagation, the resulting amplitude is lower than the actual value.
O-band EMIC waves are excluded owing to significant modulation by ULF waves. Previous studies have shown
that the occurrence rate and amplitude of O-band EMIC waves (Saikin et al., 2015) are much lower than H-band
and He-band EMIC waves. Although the TS04 model is widely used to estimate L-shells, uncertainties remain in
the L-shells of EMIC waves observed on the ground for two reasons: First, the projection of L-Shell values
introduces inherent uncertainties due to the uncertain source region. Second, horizontal propagation of EMIC
waves after reaching the ionosphere can further affect the observed locations. Moreover, the TS04 model has
limitations on the nightside, particularly near midnight, which may lead to an underestimation of EMIC wave
activity in this region. This limitation likely contributes to the lack of coverage in the night sector observed in the
plots (e.g., Figures 3, 4, 6, 7, 9, and 10). Finally, ground-based observations do not provide direct measurements
of plasma number density or magnetic latitude (MLAT), both of which are essential for fully understanding wave
generation and propagation. Future studies incorporating both ground-based and satellite observations will be
critical to address these limitations.

Compared with the inner magnetosphere, EMIC waves in the outer magnetosphere exhibit both similarities and
notable differences in the spatial distribution and driving conditions. These findings suggest that integrating
statistical results from both regions could enable the development of a more comprehensive wave model. Such a
model would improve the accuracy of the whole magnetosphere forecasts by better capturing wave-particle in-
teractions across a wider spatial domain.
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