
Abstract Magnetospheric Extremely Low-Frequency/Very Low-Frequency (ELF/VLF) waves have an 
important role in the acceleration and loss of energetic electrons in the magnetosphere through wave-
particle interaction. It is necessary to understand the spatiotemporal development of magnetospheric 
ELF/VLF waves to quantitatively estimate this effect of wave-particle interaction, a global process not yet 
well understood. We investigated spatiotemporal development of magnetospheric ELF/VLF waves using 
6 PWING ground-based stations at subauroral latitudes, Exploration of energization and Radiation in 
Geospace and RBSP satellites, POES/MetOp satellites, and the RAM-SCB model, focusing on the March 
and November 2017 storms driven by corotating interaction regions in the solar wind. Our results show 
that the ELF/VLF waves are enhanced over a longitudinal extent from midnight to morning and dayside 
associated with substorm electron injections. In the main to early storm recovery phase, we observe 
continuous ELF/VLF waves from ∼0 to ∼12 MLT in the dawn sector. This wide extent seems to be caused 
by frequent occurrence of substorms. The wave region expands eastward in association with the drift 
of source electrons injected by substorms from the nightside. We also observed dayside ELF/VLF wave 
enhancement, possibly driven by magnetospheric compression by solar wind, over an MLT extent of at 
least 5 h. Ground observations tend not to observe ELF/VLF waves in the post-midnight sector, although 
other methods clearly show the existence of waves. This is possibly due to Landau damping of the waves, 
the absence of the plasma density duct structure, and/or enhanced auroral ionization of the ionosphere in 
the post-midnight sector.

Plain Language Summary Extremely Low-Frequency/Very Low-Frequency (ELF/VLF) 
waves from the Earth's magnetosphere play an important role in the acceleration and loss of energetic 
electrons in the radiation belts through wave-particle interactions. In order to understand, and possibly 
to predict, the development and decay of hazardous radiation belt particles, it is necessary to understand 
spatiotemporal development of magnetospheric ELF/VLF waves. In this paper, we investigated 
spatiotemporal development of magnetospheric ELF/VLF waves using six ground-based stations, which 
are longitudinally distributed at subauroral latitudes, three satellites in the inner magnetosphere, several 
satellites in the ionosphere, and global simulation modeling, focusing on the March and November 2017 
geomagnetic storms. Our results show that the ELF/VLF waves are enhanced over a longitudinal extent 
from midnight to morning and dayside associated with substorm electron injections. In the main to early 
storm recovery phase, we observe continuous ELF/VLF waves from ∼0 to ∼12 magnetic local time in the 
dawn sector. The wave region expands eastward in association with eastward drift of source electrons 
injected by substorms from the nightside. We also observed dayside wave enhancement, possibly driven by 
magnetospheric compression by solar wind, over a local time extent of at least 5 h.
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1. Introduction
Magnetospheric Extremely Low-Frequency/Very Low-Frequency (ELF/VLF) waves are radio waves with 
frequency ranges of 0.3–3 and 3–30 kHz that originate from the magnetosphere. These waves are excited 
from anisotropic electrons with energies of several to tens of keV at the equatorial plane of the magne-
tosphere. The ELF/VLF waves are categorized into several types (e.g. chorus, hiss, and QP) according to 
their time-frequency spectrum form (e.g., Helliwell, 1965). Chorus waves have a dynamic spectrum com-
posed of discrete emissions, which are characterized mainly as rising-tone structures, but falling-tone struc-
tures have also been reported. Chorus waves are often observed as two-banded spectrum in the magneto-
sphere, i.e., lower-band chorus (LBC) and upper-band chorus (UBC) being respectively below and above 
half the electron cyclotron frequency (1/2 fce) (e.g., Anderson & Maeda, 1977; Omura et al., 2009; Santolik 
et al., 2003; Tsurutni & Smith, 1974). Thus, LBC and UBC are often observed with frequencies from 0.1 fce 
up to 0.5 equatorial fce and from 0.5 local fce up to fce, respectively. It is known that the LBC can propagate to 
the low altitudes and to the ground (e.g., Smith et al., 1960) either by gradual refraction of waves generated 
at oblique wave vectors in a smooth magnetosphere (e.g., Santolik et al., 2006) or by propagation in plasma 
density ducts (e.g., Streltsov et al., 2006; Hanzelka & Santolik, 2019).

In recent studies, it is revealed that magnetospheric ELF/VLF waves contribute to the plasma dynamics in 
the magnetosphere through wave-particle interactions. Chorus waves and energetic electrons traveling in 
the opposite direction can interact with each other when the Doppler-shifted wave frequency and electron 
cyclotron frequency are the same. As a result, energy can be transported from electrons to waves or from 
waves to electrons, i.e., cross-energy coupling takes place between plasma/particle distributions (e.g., Mi-
yoshi et al., 2015a). Some energetic electrons are scattered by magnetospheric ELF/VLF waves into smaller 
pitch angles, and then precipitate into the upper atmosphere and are lost from the magnetosphere (e.g., 
Jordanova et al., 2016; Ozaki et al., 2018a; Ozaki et al., 2019). The energy of electrons scattered by ELF/
VLF waves depends on the magnetic latitude at which the resonance occurs, and these waves can scatter 
tens of keV electrons at near the equator and relativistic electrons at high latitudes (Horne & Thorne, 2003, 
Miyoshi et al., 2015a, 2015b). On the other hand, it is also known that magnetospheric ELF/VLF waves can 
accelerate electrons and then generate relativistic electrons in the radiation belts (e.g., Summers et al., 1998, 
2002; Miyoshi et al., 2003, 2013; Meredith et al., 2003a).

The magnetospheric ELF/VLF wave distribution has been investigated to estimate the effect of magneto-
spheric ELF/VLF waves on energetic electron loss and generation. Using Combined Release and Radia-
tion Effects Satellite (CRRES) and Time History of Events and Macroscale Interactions during Substorms 
(THEMIS) satellites, Meredith et al. (2003b, 2012) and Li et al. (2009), respectively, investigated the distri-
bution of magnetospheric ELF/VLF wave amplitude statistically as a function of MLT and L-value. Mar-
tinez-Calderon et al. (2015) have shown local time variation of magnetospheric ELF/VLF waves based on 
one-year observation at one station in Canada at subauroral latitudes. Takeshita et al. (2019) investigated in-
stantaneous longitudinal extent of magnetospheric ELF/VLF waves using 6 multipoint ground stations, and 
estimated a typical wave extent to be ∼76° in longitude. They used ground-based stations constructed by the 
PWING (study of dynamical variation of Particles and Waves in the INner magnetosphere using Ground-
based network observations) Project (Shiokawa et al., 2017). These studies are useful for understanding av-
erage distribution of wave generation region. However, since the magnetospheric ELF/VLF waves resonate 
with electrons which are dynamically varying and drifting eastward in the magnetosphere, it is important 
to know the spatiotemporal development of ELF/VLF waves in the magnetosphere. The spatiotemporal 
development of ELF/VLF waves during magnetic storms has not well been understood.

In this study, we investigate the spatiotemporal development of the global distribution of ELF/VLF waves 
for the first time, focusing on March and November 2017 storms. Both storms were driven by corotating 
interaction region (CIR) in the solar wind and subsequent coronal hole streams. Typical variations of the 
inner magnetosphere associated with the high-speed streams (e.g., Miyoshi et al., 2013, 2016) are seen in the 
plasmasphere, hot electrons, chorus waves, and radiation belts. Several evidences of chorus-wave particle 
interactions have been reported by the Exploration of energization and Radiation in Geospace (ERG, also 
called Arase) satellite (e.g., Kurita et al., 2018, Kasahara et al., 2018a; Ozaki et al., 2018a; Hosokawa et al., 
2020). In this study, we use multiple observations and simulation data: (1) PWING ground-based simulta-
neous observations (e.g., Shiokawa et al., 2014; Yonezu et al., 2017; Takeshita et al., 2019); (2) simultaneous 
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observations by the ERG (Miyoshi et  al.,  2015a) and Radiation Belt 
Storm Probes (RBSP, also called as Van Allen Probes) satellites (Mauk 
et al., 2013); (3) scattered electron observations by the NOAA Polar Op-
erational Environment Satellites (POES) and European Organization for 
the Exploitation of Meteorological Satellites (EUMETSAT) MetOp satel-
lites (e.g., Li et al., 2013; Chen et al., 2014); and (4) linear growth rate 
of chorus wave calculated by the Ring current Atmosphere interactions 
Model with Self Consistent magnetic field (RAM-SCB) simulations (e.g., 
Jordanova et al., 2010; 2012).

2. Data Analysis
2.1. Ground-Based PWING Observations

As shown in Figure 1, the PWING ground-based stations used in the pres-
ent analysis are located at Kapuskasing (KAP; maglat: 58.7°N, maglon: 
354.0°E) and Athabasca (ATH; maglat: 61.3°N, maglon: 309.0°E) in Can-
ada, Gakona (GAK; maglat: 63.0°N, maglon: 271.8°E) in USA, Maimaga 
(MAM; maglat: 58.0°N, maglon: 202.6°E) and Istok (IST; maglat: 66.1°N, 
maglon: 162.7°E) in Russia, and Kannuslehto (KAN; maglat 64.5°N; 
maglon: 106.0°E) in Finland. These stations are located at an L-val-
ue range from 3.5 to 6.5 (calculated by the IGRF-12 model (Thebault 
et al., 2015)) and distributed around the North Pole. These stations have 
the same type of loop antennas (Ozaki et al., 2008) with a 10-loop del-
ta-type antenna and a sampling frequency of 40 kHz to observe ELF/VLF 

waves except for KAN (10-loop mast-type antennas, sampling frequency: 78.125 kHz). During the March 
2017 storm, the GAK, MAM, and IST were not in operation, thus we use data from ATH, KAP, and KAN. 
During the November 2017 storm, we use data from all six stations.

Figure 2 shows the dynamic spectra of ELF/VLF waves observed on November 21, 2017 at these stations. 
The red arrows indicate local midnight. Power-line/broadcast noise and sferics from the lightning were 
removed from these spectra using a signal processing technique (Manninen et al., 2016). We can see long 
lasting (∼4 h) ELF/VLF waves at frequencies of 1–5 kHz at 7–10 UT and 15–19 UT at ATH, 16–20 UT at 
GAK, 20–24 UT at MAM, 1–4 UT at IST, and 4–9 UT at KAN, as indicated by red horizontal bars at the top 
of these panels. Other structures seen in these spectra are probably from sferics which could not be removed 
by the sferics filtering.

To compare these wave activities with other data, we defined the period of wave existence every 1 min 
through visual inspection of dynamic spectra. We also defined the power of ELF/VLF waves from the wave 
power at frequencies from 2 to 4 kHz. These wave powers are divided by quiet-day curves of the wave power 
per each station. This is to normalize the difference of wave power at different ground stations due to differ-
ent gain and sferics filter (for KAN). The quiet day curve was obtained by fitting a sinusoidal function with a 
period of one day to the wave-power data obtained at one day before the storm (March 26, 2017 and Novem-
ber 19, 2017). Figure 3 shows the quiet-day curves of November 19, 2017 for the 6 stations with fitting of a 
sinusoidal curve (yellow line) with a period of 24 h. The wave power shows daily variations which basically 
follow this 24-h sinusoidal function, because the variation of sferics noise follows the local time variations 
of lightning sources at equatorial latitudes. Sometimes the signal goes significantly below this quiet-day 
curve, because sferics intensity varies due to local weather condition at equatorial latitudes.

2.2. ERG and RBSP Satellite Observations

The ERG and RBSP satellites are used for exploration of the ELF/VLF waves in the inner magnetosphere. 
They are operated in elliptical orbits with perigees of ∼440 km and ∼620 km and apogees of ∼32,000 km 
and 30,500 km, respectively (Miyoshi et al., 2015a; Mauk et al., 2013). During the March 2017 storm, the 
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Figure 1. The MLAT and MLT map of PWING stations.
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apogees of ERG and RBSP were located post-midnight (∼3 MLT) and dusk (∼19 MLT) sectors, respectively, 
and their orbits were located near the equatorial plane of the magnetosphere, as shown in Figures 4a and 
4b. The orbits near the equatorial plane were suitable for measurement of the chorus waves near the gener-
ation region. In contrast, during the November 2017 storm, the apogees of ERG and RBSP were located in 
the dusk (∼17 MLT) and pre-noon (∼10 MLT) sectors, respectively, and the ERG orbits were located at high 
latitudes, as shown in Figures 4c and 4d. This orbital configuration was suitable for measurement of the 
chorus waves that propagate to high latitudes.

For the ERG satellite, the Onboard Frequency Analyzer (OFA) of the Plasma Wave Experiment (PWE; Kasa-
hara et al., 2018a) provides dynamic power spectra of magnetic field component of plasma waves observed 
by the Magnetic Search Coil (MSC; Ozaki et al., 2018b). For the RBSP satellite, the Electric and Magnetic 
Field Instrument Suite and Integrated Science (EMFISIS; Kletzing et al., 2013) provides wave measurement 
data. The Waveform Receiver (WFR), which is a component of EMFISIS, provides dynamic power spectral 
density of magnetic field measured by the triaxial AC magnetic search coil magnetometer (MSC).

Figures 5a–5c show the 1-day dynamic spectrum of total wave power in the magnetic field observed by RB-
SP-A, RBSP-B, and ERG, respectively, on November 21, 2017. The white lines in these spectra indicate 1, 1/2, 
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Figure 2. One-day dynamic spectra of ELF/VLF waves observed by ground PWING stations (KAP: Kapuskasing, ATH: Athabasca, GAK: Gakona, MAM: 
Maimaga, IST: Istok, KAN: Kannuslehto) on November 21, 2017. These spectra had noise removed using signal processing. The red arrows in these panels 
indicate the local midnight. ELF/VLF, Extremely Low-Frequency/Very Low-Frequency.
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Figure 3. ELV/VLF wave intensities at frequencies from 2 to 4 kHz on November 19, 2017 before the storm. The yellow lines indicate sinusoidal fits which are 
used as the quiet-day curves. ELF/VLF, Extremely Low-Frequency/Very Low-Frequency.
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1/10 electron cyclotron frequencies (fce) at the equatorial plane of the magnetosphere calculated by the Tsy-
ganenko-04 (T04) model with parameters of solar wind dynamic pressure, Dst, IMF-By and -Bz, and others 
(Tsyganenko and Sitnov., 2005). Magnetospheric ELF/VLF waves are observed at frequencies between 0.1fce 
and 1.0fce for most of the plotted intervals by the RBSP satellites in Figures 5a and 5b in the dawn-pre-noon 
sector, while such waves were not observed by ERG in Figure 5c in the dusk sector. Low-frequency waves 
below 0.1fce observed near the perigee are whistler-mode waves which are out of interest in the present 
study. ERG often observed electrostatic-like chorus emission that does not have a significant magnetic field 
component. These electrostatic waves were not included in this analysis.

In order to investigate the time dependent global distribution of magnetospheric ELF/VLF waves, we binned 
these spectra every 0.25 Re (L) × 0.5 h (MLT) × 10 min (UT), for which L value and MLT are obtained by 
mapping the orbit of the satellites to the equatorial plane using the T04 model (Tsyganenko & Sitnov, 2005). 
Then we calculated magnetic field amplitude of lower-band ELF/VLF waves by integrating power spectra 
over the lower-band frequency range (0.1–0.5 fce) (Santolik et al., 2005). Figure 6a shows the global distri-
bution of the obtained wave amplitudes of the ELF/VLF waves for 8 h of 03–11 UT on November 21, 2017.
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Figure 4. Orbits of ERG and RBSP satellites on March 26, 2017 (a and b) and on November 19, 2017 (c and (d) in the 
SM coordinates. ERG, Exploration of energization and Radiation in Geospace; SM, Solar Magnetospheric.

(a) (b)

(d)(c)
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2.3. POES/MetOp Satellite Observations

POES and MetOp satellites are polar orbiting satellite series which consist of several satellites with an al-
titude of ∼800 km and an orbital period of ∼100 min. The Space Environment Monitor (SEM-2; (Evans & 
Greer., 2004) on board POES/MetOp provides measurement of the electron flux with energies from 30 keV to 
2.5 MeV observed by the Medium Energy Proton and Electron Detector (MEPED; e.g, Miyoshi et al., 2013). 
The energy ranges of the three electron channels are 30–2,500 keV, 100–2,500 keV, and 300–2,500 keV. The 
MEPED have two telescopes of 0° and 90° with 30° field of view. The 0° telescope and the 90° telescope can 
measure mainly the precipitating and trapped particles, respectively, at the subauroral and auroral zones.

Li et al. (2013) and Chen et al. (2014) proposed a method to estimate amplitude of magnetospheric chorus 
waves from the precipitating electrons measured by the MEPED. In this study, we estimate wave amplitude 
using the empirical model by Chen et al. (2014) for >30 keV electron flux observed by the 0○ telescope. The 
estimated amplitude of waves was binned every 0.25 Re (L) × 0.5 h (MLT) × 30 min (UT). Figure 6b shows 
the global distribution of the estimated amplitudes of magnetospheric chorus waves obtained for 06–08 UT 
on November 21, 2017.
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Figure 5. One-day dynamic spectra of ELF/VLF waves observed by (a) ERG satellite, (b) RBSP-A satellite, and (c) RBSP-B satellite on November 21, 2017. 
The white lines indicate, from top to bottom, 1, 0.5, and 0.1 times the electron gyro frequencies at the equatorial plane derived from the T04 model. ELF/VLF, 
Extremely Low-Frequency/Very Low-Frequency; ERG, Exploration of energization and Radiation in Geospace.
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2.4. RAM-SCB Simulations

The RAM-SCB model solves the bounce-averaged kinetic equation for electrons and H+, O+, and He+ ions, 
using a magnetic field calculated with the two-way coupled 3D Euler-potential-based equilibrium code (e.g., 
Jordanova et al., 2010; 2012). It calculates the distribution function of electrons and H+, O+, and He+ ions in 
the equatorial plane as a function of magnetic local times (MLTs) in steps of 1 h, radial distances R from 2 
to 6.5 RE in steps of 0.25 RE, kinetic energies from 100 eV to 400 keV, and pitch angles from 0° to 90°. It uses 
plasma sheet flux measured from the Magnetospheric Plasma Analyzer (MPA) and the Synchronous Orbit 
Particle Analyzer (SOPA) on the Los Alamos National Laboratory (LANL) spacecraft, as a boundary condition.

The temporal linear growth rate of whistler mode waves was calculated using the dispersion relation of 
whistler mode waves. Specifically, we have used the temperature anisotropy, hot electron density, and am-
bient magnetic field and density, provided from the RAM-SCB model for the linear growth rate calculation 
using the analytical expressions of Kennel and Petschek (1966). We used this linear growth rate as a proxy 
of the wave generation. The linear growth rate was normalized by electron cyclotron frequency (fce) in the 
equator plane.

In the RAM-SCB model, the normalized linear growth rates of chorus wave were binned every 0.25 RE (L) 
× 0.5 h (MLT) × 0.01 fce × 1 h in UT. In this study, we used the maximum linear growth rate within the 
lower-band frequency range (0–0.5 fce) and we do not consider the convective growth rate. Figure 6c shows 
the global distribution of normalized linear growth rate on 07 UT, 21 November 2017 calculated by the 
RAM-SCB simulation.

We should note that the chorus generation process contains linear and nonlinear growth, which are both 
important. The nonlinear growth is important because whistler-mode waves ultimately grow nonlinearly to 
a saturation level (Omura & Summers, 2004). Investigating non-linear growth rate and convective growth 
rate (e.g., Horne, 1989) with ray-tracing, however, requires high-performance computing power and can-
not be applied to the global and storm-time scale simulations. The linear growth is important because it 
provides the initial amplification that raises the weak signals to levels at which nonlinear trapping of elec-
trons takes place [Nunn et al., 2003] and is suitable for implementation in large-scale models (Jordanova 
et al., 2010) to investigate the chorus dynamics on a global scale as is the main objective of this paper.

3. Comparison of Observations and the RAM-SCB Modeling
To investigate spatiotemporal distribution of magnetospheric ELF/VLF waves, we investigated time-MLT 
development of the waves measured by the PWING ground stations and the ERG and RBSP satellites and 
estimated from POES/MetOp electron fluxes, and the development of the linear growth rate of chorus 
waves calculated by the RAM-SCB model. For the comparison, we used two storm events in March and 
November 2017.
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Figure 6. Spatial distribution of (a) magnetospheric ELF/VLF wave amplitude observed by the ERG and RBSP satellites for 8-h, (b) magnetospheric ELF/VLF 
wave amplitude estimated from scattered precipitating electrons observed by the POES/MetOp satellites for 2 h, and (c) linear growth rate of ELF/VLF waves 
calculated from the RAM-SCB simulation for 1 h, centered at 07 UT on November 21, 2017. ELF/VLF, Extremely Low-Frequency/Very Low-Frequency; ERG, 
Exploration of energization and Radiation in Geospace.

(a) (b) (c)
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The top panels of Figures 7–9 are time-MLT plots of wave existence periods observed by the PWING stations 
(described in Section 2.1). The dashed black line indicates MLT locations of the PWING stations for each 
time. The thick red lines indicate wave existence period defined by visual inspection. The second panels of 
Figures 7–9 show time-MLT plot of wave power within a frequency range from 2 to 4 kHz (described in 
Section 2.1). The colored line indicates the median wave power taken every 1 min for a frequency range 
from 2 kHz to 4 kHz and is plotted on MLT of PWING stations. The black solid line indicates the baseline 
(quiet-day curve of wave power) and the separation of dashed lines indicate one order. For example, the sig-
nal that reaches the third line has the wave power 1,000 times higher than the quiet-day curve. The period 
when the wave power exceeds the baseline indicates excitation of the waves.

The third, fourth, and fifth panels of Figures  7–9 are time-MLT plots of wave amplitudes measured by 
ERG and RBSP (described in Section  2.2), wave amplitudes estimated from POES/MetOp electron flux-
es (described in Section  2.3), and linear growth rate of chorus waves calculated by the RAM-SCB code 
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Figure 7. Spatiotemporal distribution of magnetospheric ELF/VLF waves for the storm from March 26, 2017 to April 1, 2017, observed by (a) and (b) PWING, 
(c) ERG and RBSP satellites, and (d) POES/MetOp and estimated by (e) RAM-SCB simulation. Panels (f), (g), (h), (i), and (j) show the time variation of AE 
index, SYM-H index, solar wind dynamic plessure, solar wind speed and IMF-Bz, respectively. AE, Auroral Electrojet; ELF/VLF, Extremely Low-Frequency/
Very Low-Frequency; ERG, Exploration of energization and Radiation in Geospace.
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(described in Section 2.4), respectively. These plots are created by averaging the global distributions of these 
data shown in Figure 6 for an L-value range from L = 3.5 to L = 6.5 calculated by Tsyganenko 04 model. The 
sixth, seventh, eighth, ninth, and tenth panels of Figures 7–9 are time variation of Auroral Electrojet (AE) 
and SYM-H indices, solar wind dynamic pressure, solar wind speed, and the interplanetary magnetic field 
(IMF) Bz, respectively.

3.1. March 26–April 1, 2017 Event

Figure 7 shows the spatiotemporal distribution of magnetospheric ELF/VLF waves during the storm of 
March 26–April 1, 2017. The magnetic storm with SYM-H reaching -70 nT started on March 27, 2017 at ∼00 
UT. According to the PWING data in Figures 7a and 7b, the waves present with an MLT extent of ∼6–12 
MLT from ∼04 UT on March 27 in the main phase of the magnetic storm to ∼12 UT on March 29 in the 
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Figure 8. Spatiotemporal distribution of magnetospheric ELF/VLF waves from November 19, 2017 to November 26, 2017, including the storm starting from 
November 20, observed by (a) and (b) PWING, (c) ERG and RBSP satellites, and (d) POES/MetOp and estimated by (e) RAM-SCB simulation. Panels (f), (g), (h), 
(i) and (j) show the time variation of AE index, SYM-H index, solar wind dynamic pressure, solar wind speed, and IMF-Bz, respectively. AE, Auroral Electrojet; 
ELF/VLF, Extremely Low-Frequency/Very Low-Frequency; ERG, Exploration of energization and Radiation in Geospace.
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recovery phase. In the initial phase from ∼18 UT to ∼24 UT on March 26, the waves were observed at the 
noon to the dusk sector from 12MLT to 16 MLT. In Figure 6b there are enhancements of signal intensity 
at 20–24 MLT particularly at KAN. We consider them as enhancement of sferics, because they were not 
identified in the visual inspection in Figure 6a. The ERG satellite data in Figure 7c show the continuous 
appearance of the ELF/VLF waves with an MLT extent of ∼0–8 MLT from ∼04 UT on March 27 in the main 
phase of the storm to ∼12 UT on March 29 in the recovery phase. The Alfvenic fluctuation are observed 
associated with the high-speed solar wind during the recovery phase, which cause the continuous substorm 
activities and enhanced convections (Miyoshi & Kataoka, 2005; Miyoshi et al., 2013). In the initial phase of 
the storm on March 26, the RBSP satellites also observed the waves in the dusk sector. The POES/MetOp 
observation shows the wave existence with an MLT extent of ∼20-12 MLT from ∼04 UT on March 27 in the 
main phase of magnetic storm to ∼16 UT on March 28 in the recovery phase. In the initial phase on March 
26, the POES/MetOp did not show any wave existence, contrast to the wave measurements of PWING, 
ERG, and RBSP. The spatiotemporal distribution of linear growth rate obtained from the RAM-SCB code in 
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Figure 9. The 1-day spatiotemporal distribution of magnetospheric ELF/VLF waves on November 23 observed by (a) and (b) PWING, (c) ERG and RBSP 
satellites, and (d) POES/MetOp and estimated by (e) RAM-SCB simulation. Panels (f), (g), (h), (i), and (j) show the time variation of AE index, SYM-H index, 
solar wind dynamic pressure, solar wind speed and IMF-Bz, respectively. AE, Auroral Electrojet; ELF/VLF, Extremely Low-Frequency/Very Low-Frequency; 
ERG, Exploration of energization and Radiation in Geospace.
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Figure 7e shows intermittent enhancements of wave growth rate with an extent of 00–12 MLT during the 
main and the recovery phase of the storm after March 27.

3.2. November 19–26, 2017 Event

Figure 8 shows the spatiotemporal distribution of magnetospheric ELF/VLF waves on November 19–26, 
2017. This was a small storm with a minimum SYM-H index of -50 nT, which started at ∼08 UT on Novem-
ber 20. In this period, the PWING ground stations were in full operation. Thus, we can observe spatiotem-
poral distribution in high local-time resolution. The spatiotemporal distribution obtained by the PWING 
ground stations in Figures 8a and 8b shows continuous wave existence with an extent of ∼6–12 MLT from 
∼20 UT on November 20 to ∼00 UT on November 22. In the post-midnight sector (0–6 MLT), the waves 
were not observed. The ERG and RBSP satellite data in Figure 8c also show continuous wave existence with 
an extent of ∼8–12 MLT from ∼00 UT on November 21 to ∼00 UT on November 22. The POES/MetOp data 
and RAM-SCB data in Figures 8d and 8e also show the continuous wave existence and enhancement of 
wave growth rate with an extent of ∼0–12 MLT from ∼20 UT on November 20 to ∼00 UT on November 22. 
In the storm recovery phase starting from November 23, intermittent chorus waves were observed nearly 
at the same time by the PWING stations and in the POES/MetOp data in Figures 8b and 8d. Large linear 
growth rates (Figure 8e) are found concurrently in the RAM-SCB simulation.

Figure 9 shows an enlarged view of the spatiotemporal distribution of magnetospheric ELF/VLF waves for 
the one day of November 23, during which the most-prominently observed feature was intermittent chorus 
waves. The chorus waves are observed on the ground in the order of KAP, KAN, and IST after the substorm 
that occurred at ∼08:30 UT with a maximum AE index reaching ∼500 nT. POES/MetOp observation and 
RAM-SCB simulation also show the wave enhancement after the substorm. Further, the wave enhancement 
region expands to the morning sector in the PWING and POES/MetOp observations and RAM-SCB simula-
tion. Similar chorus wave enhancements and dynamics can be seen after the substorms starting from ∼1630 
UT and ∼2130 UT.

4. Discussion
4.1. MLT Extent of Magnetospheric ELF/VLF Wave Caused by Substorm Injections

We observed ELF/VLF waves associated with substorms in Figure 9 during the recovery phase of the No-
vember storm. These ELF/VLF waves associated with substorms were observed by ground and POES/Me-
tOp observations and the RAM-SCB simulation. These waves often start from the night sector and expand 
to the dawn and dayside beyond ∼12 MLT. They have a drifting structure from nightside to the morning and 
dayside sectors, where its drifting speed seems to be ∼6–8 MLT/hour, as seen at 0240–0540 UT (Figure 9a), 
1300–1530 UT (Figures 9a and 9b), and 2130-2230 UT (Figures 9a and 9b). This drift speed is in the same 
order to the drift speed of tens of keV electrons at L ∼ 6–8. Thus, the observed azimuthal drift of waves is 
possibly caused by hot electrons injected from nightside and drifting eastward associated with magneto-
spheric substorms (e.g., Lam et al., 2010; Li et al., 2010; Meredith et al., 2001, 2012; Miyoshi et al., 2013). 
The discrepancy of L-values (PWING stations are at L ∼ 4) may be due to inward expansion of the ELF/VLF 
waves to lower L-shells during their propagation from the magnetosphere to the ionosphere.

In the main to early recovery phase of the storm, substorms frequently occurred, and created continuous 
magnetospheric ELF/VLF waves for about a day with an extent from 0 MLT to ∼12 MLT. The waves ob-
served around ∼20 MLT may be caused by direct injection of electrons to the dusk sector by substorms.

4.2. Lack of Waves in Ground-Based Observations in the Post-midnight Sector

According to Figures 7b and 8b, the ELF/VLF wave power observed on the ground tends to be enhanced 
after ∼4 MLT, and there was little enhancement on the post-midnight sector at ∼00–04 MLT. On the other 
hand, the ERG satellite observation in Figure 7c shows the wave existence before ∼4 MLT. The POES/Me-
tOp observation and the RAM-SCB simulation also imply wave existence before ∼4 MLT.
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Li et al. (2009) investigated average ELF/VLF wave amplitude using the THEMIS satellite. They showed 
that the wave amplitude in the post-midnight sector attenuated more rapidly than that in the noon sector, 
as the wave propagated from the equatorial plane to middle latitudes. The night-side ELF/VLF waves tend 
to be confined in the equator plane, probably due to Landau damping during oblique propagation in the 
tailward-extended night-side field lines, or due to the absence of the plasma density duct structure. This 
can be the reason why the ELF/VLF waves were not observed in the PWING ground observation in the 
post-midnight sector. In addition, the enhanced ionization of the nightside ionosphere due to precipitating 
electrons possibly causes radio wave absorption in the post-midnight sector.

4.3. Lack of Waves in POES/MetOp Observation and the RAM-SCB Simulation at Storm Initial 
Phase in the Dusk Sector

In the initial phase of the March 2017 storm at 20–24 UT on March 26 in Figure 7, the ground station (ATH) 
and RBSP satellites observed the ELF/VLF waves in the dusk sector with a comparable magnitudes to that 
in the dawn sector during the storm. No waves were observed at KAP, though KAP was in the same local 
time as that of RBSP. This is probably because signal-to-noise ratio of KAP was worse than that at other 
stations. In this period, the dayside magnetopause was compressed by the increasing solar wind dynamic 
pressure, while the IMF Bz was still continuously positive. Thus, the ELF/VLF waves observed at ATH and 
RBSP were probably caused by the compression of the dayside magnetosphere, as reported by Shiokawa 
et al. (2014) and Zhou et al. (2015). The compression can cause enhancement of perpendicular electron 
temperature to generate ELF/VLF waves through betatron acceleration. The observed compression-driven 
ELF/VLF waves has a longitudinal extent of at least about 5 h in MLT. This longitudinal extent may express 
the size of the dayside compression region.

On the other hand, the POES/MetOp did not observe wave-associated precipitation in this dayside interval. 
This absence of POES/MetOp precipitation may be because of a lack of electrons scattered by the ELF/VLF 
waves before the start of the storm. Actually we identified the lack of trapped electrons in the POES/MetOp 
electron flux data in this dayside interval, probably because of a prolonged magnetically quiet condition 
(∼3 days) before the storm.

At ∼12 UT on November 20, 2017 in Figure 8, which is before the start of the November storm, IST and 
KAN observed the ELF/VLF waves in the afternoon (∼12–20 MLT). Enhancements of solar wind dynamic 
pressure were not observed at this time. Thus magnetospheric compression is probably not the cause of 
these waves. At this time, the RAM-SCB simulation also did not show large linear growth rate and POES/
MetOp did not observe electron precipitation. No substorm activity is seen in the AE index. There must be 
some localized wave sources in the noon-dusk sector, though we could not identify them in the present data.

5. Conclusions
We have investigated the spatiotemporal development of magnetospheric ELF/VLF waves using PWING 
ground-based stations, ERG and RBSP satellites, POES/MetOp electron detector, and RAM-SCB simula-
tions, with focusing on the March and November 2017 CIR-driven storms. The PWING six multi-point 
ground stations successfully observed local time development of magnetospheric ELF/VLF waves for the 
first time. The results of this study are summarized as follows:

1.  The substorm-driven ELF/VLF waves were observed during the main and recovery phase of both storms. 
The waves were identified by the ground and POES/MetOp observations and the RAM-SCB simulations. 
They were observed from midnight to morning and dayside with eastward-drifting features. The drift 
speed identified from ground observation (about 6–8 MLT/hour) is comparable to that of tens keV elec-
trons at L ∼ 6–8

2.  In the main to early recovery phase of the storms, we observe continuous ELF/VLF waves at local times 
from 0 MLT to ∼12 MLT. This wide extent seems to be caused by frequent occurrence of substorms

3.  The magnetospheric compression-driven ELF/VLF waves were observed before the start of the March 
2017 storm. They were observed only by ground and ERG and RBSP satellites in the noon sector with an 
MLT extent of at least 5 h
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4.  The ground stations tend not to observe the ELF/VLF waves in the post-midnight sector, although other 
methods clearly show the wave existence. This is possibly due to Landau damping by oblique propa-
gation along the extended night-side field lines, as suggested by Li et al. (2009), due to the absence of 
the plasma density duct structure in this local time sector, or due to enhanced auroral ionization of the 
ionosphere

These results show the global spatiotemporal development of magnetospheric ELF/VLF waves during 
storms for the first time. These results are important to create the ELF/VLF wave distribution model to 
predict the generation of relativistic electrons quantitatively.

Data Availability Statement
The PWING observation data are distributed by the Inter-University Upper atmosphere Global Observation 
Network (IUGONET) project of the Ministry of Education, Culture, Sports, Science and Technology of Ja-
pan. Science data of the ERG (Arase) satellite were obtained from the ERG Science Center. In the present 
analysis, the authors use Arase satellite data of PWE/OFA Level2 v02.01 (Kasahara et al., 2018b), ORB L2 
v02 (Miyoshi et al., 2018b), and ORB_L3 (TS04) V02 (Miyoshi et al., 2018c). The ORB Level 3 v02 contains 
minor errors of L* (less than 0.05 for both events) compared with ORB Level 3 v01. The authors used 
the Van Allen Probes data of RBSP-A (-B)_WFR-SPECTRAL-MATRIX_EMFISIS-L2 and RBSP-A (-B)-RB-
SPICE_LEV-3_ESRHELT. All the data of Van Allen Probes, NOAA/METOP POES satellites and solar wind 
parameters used in this paper are taken from and publicly available at NASA CDAWeb (http://cdaweb.gsfc.
nasa.gov/istp_public/ http://cdaweb.gsfc.nasa.gov/istp_public/). The RAM-SCB model is available from 
https://github.com/lanl/RAM-SCB.
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