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Abstract

Electromagnetic ion cyclotron (EMIC) waves play an important role in the energy transfer
among particles of different energies and species in the magnetosphere, whose drivers have been
commonly recognized as solar wind compressions and storm/substorm proton injections. However, how
the solar wind decompressions related to frequently occurring discontinuities compete with the proton
injections in the evolution of EMIC waves has been rarely investigated. Here we present a complete
end-to-end observation by Wind, THEMIS, and Van Allen Probes missions during the main phase of
the 23 February 2014 storm of a succession of solar wind rotational discontinuities decompressing the
magnetosphere within 200 s, adiabatically decelerating the freshly injected >10 keV protons, and thus
suppressing the EMIC waves in the inner magnetosphere. Our results highlight the importance of solar
wind conditions for the evolution of inner magnetospheric EMIC waves from a new perspective.

Plain Language Summary

Magnetospheric electromagnetic ion cyclotron (EMIC) waves are
ultralow-frequency (0.1–5.0 Hz) pulsations observable both on the ground and in space. They contribute
significantly to the magnetospheric particle dynamics and the magnetosphere-ionosphere coupling.
Previous studies have recognized two main drivers for EMIC waves: solar wind compressions and
magnetospheric storm/substorm proton injections. However, both compressive and decompressive
discontinuities, with dynamic pressure jumps on a timescale of seconds to minutes, can occur in the solar
wind upstream of Earth, and under the condition of the fresh proton injections, to what extent the solar
wind decompressive discontinuities can affect the EMIC waves in the inner magnetosphere remains to be
determined. On the basis of observations by three space missions in the solar wind and magnetosphere
during the main phase of a moderate storm, we show that the solar wind decompressive discontinuities
can cause a relaxation of the magnetosphere, deceleration of the freshly injected protons, and thus
quenching of the EMIC waves in the inner magnetosphere. These results illustrate the importance of solar
wind conditions for the evolution of inner magnetospheric EMIC waves from a new perspective.

1. Introduction
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All Rights Reserved.
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In the terrestrial magnetosphere, electromagnetic ion cyclotron (EMIC) waves contribute significantly to
the precipitation of energetic particles (Albert & Bortnik, 2009; Bortnik et al., 2006; Denton et al., 2019;
Jordanova et al., 2008; Li et al., 2007; Lyons & Thorne, 1972; Omura & Zhao, 2012; Shprits et al., 2016;
Summers & Thorne, 2003; Su et al., 2011; Thorne & Kennel, 1971; Usanova et al., 2014) and the heating of suprathermal particles (Bortnik et al., 2010; Thorne & Horne, 1992, 1994; Yuan et al., 2014; Zhou
et al., 2013). EMIC waves are ultralow-frequency Pc1–2 (0.1–5.0 Hz) pulsations observable both on the
ground (Harang, 1936; Sucksdorff, 1936) and in space (Erlandson et al., 1992; Fraser et al., 2010; Perraut,
1982). These waves are separated into hydrogen, helium, and oxygen bands by the corresponding ion
gyrofrequencies in the frequency-time spectrogram (Anderson et al., 1990; Bossen et al., 1976; Fraser &
McPherron, 1982; Pickett et al., 2010). They arise from the linear or nonlinear instabilities of hot protons
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with a sufficiently strong temperature anisotropy (Chen et al., 2010; Cornwall, 1965; Horne & Thorne, 1993;
Nakamura et al., 2016; Omura et al., 2010; Zhang et al., 2014). Their source regions are close to the equator in the inner magnetosphere (Anderson et al., 1992; Fraser et al., 2010; Halford et al., 2015; Loto'Aniu
et al., 2005; Wang et al., 2015) and could extend to midlatitudes in the outer magnetosphere (Jun et al., 2019;
Usanova et al., 2012).
There have been proposed two classes of drivers for EMIC waves: (1) magnetospheric storm and substorm
proton injections (Cornwall et al., 1970; Halford et al., 2016; Jordanova et al., 2001; Remya et al., 2018)
and (2) solar wind compressions (Engebretson et al., 2002; Hirasawa, 1981; Kangas et al., 1986; Troitskaya,
1967; Usanova et al., 2008). For the former, the freshly injected protons are expected to have a strong temperature anisotropy and provide abundant free energy not only on the nightside but also on the dayside
(Fraser et al., 2013; Remya et al., 2020; Zhang et al., 2016). For the latter, the compressed magnetosphere is
envisioned to favor the buildup of the temperature anisotropy of preexisting protons through adiabatic acceleration (Olson & Lee, 1983), drift shell splitting (Sibeck et al., 1987), or drift orbit bifurcation (McCollough
et al., 2012). In fact, the storm and substorm activities are often triggered by the coronal mass ejections
(CMEs) and corotating interaction regions (CIRs) in the solar wind. These solar wind structures consist of
numerous discontinuities with significant pressure jumps (Dalin et al., 2002; Neugebauer, 2006; Riazantseva
et al., 2007; Wu et al., 1993; Zuo et al., 2015). However, in contrast to the influence of solar wind compressions (Anderson & Hamilton, 1993; Cho et al., 2017; Engebretson et al., 2002; McCollough et al., 2009; Saikin
et al., 2016; Usanova et al., 2008), the competition between solar wind decompressions and fresh proton
injections in the evolution of EMIC waves has received much less attention.
In this letter, on the basis of observations from Wind (Ogilvie & Desch, 1997), Time History of Events and
Macroscale Interactions during Substorm (THEMIS) (Angelopoulos, 2008), and Van Allen Probes (Mauk
et al., 2013) missions, we show that the solar wind decompressions of rotational discontinuities can cause
betatron and Fermi decelerations of the freshly injected protons and then suppress EMIC waves in the
inner magnetosphere.

2. Instrument and Data
We use the Wind, THEMIS, and Van Allen Probes missions to understand the interplanetary and magnetospheric processes regarding the evolution of EMIC waves. The Wind spacecraft was operating in a halo orbit
around the Lagrange point L1 (over 200 RE away from Earth). We use the solar wind data from the Magnetic Field Investigation (MFI Koval & Szabo, 2013), the Solar Wind Experiment (SWE Ogilvie et al., 1995),
and the 3-D Plasma and Particle Investigation (3DP Lin et al., 1995) onboard WIND satellite. The THEMIS
mission consisted of five satellites, and three (TH-A, TH-D, and TH-E) of them were operating in highly
elliptical orbits with apogees around 10 RE away from Earth. We use only the data from the Electrostatic
Analyzer (ESA McFadden et al., 2008), the Solid State Telescope (SST Angelopoulos, 2008), the Electric Field
Instrument (EFI Bonnell et al., 2008), and the Fluxgate Magnetometer (FGM Auster et al., 2008) onboard
the TH-D satellite. The Van Allen Probes mission contains two identically instrumented probes operating in
highly elliptical orbits with apogees about 6 RE . We use the data from the Electric and Magnetic Field Instrument and Integrated Science suite (EMFISIS Kletzing et al., 2013), the Electric Field and Wave instrument
(EFW Wygant et al., 2013), and the Helium Oxygen Proton Electron Mass Spectrometer (HOPE Funsten
et al., 2013) of the Energetic particle, Composition and the Thermal plasma suite (ECT Spence et al., 2013),
and the Radiation Belt Storm Probes Ion Composition Experiment (RBSPICE Mitchell et al., 2013) onboard
the Van Allen Probes mission. Using the Fourier transform of the local electromagnetic fields from the
TH-D satellite and the Van Allen Probes, we obtain the electromagnetic spectral matrices of magnetospheric
EMIC waves. Utilizing the singular value decomposition technique to the obtained spectral matrices, we
can estimate the propagation and polarization characteristics of waves (Santolík et al., 2002, 2003). From
the cross-power spectra between components of the electric and magnetic fields, we can determine the
wave Poynting fluxes (Santolík et al., 2010). We infer the local electron densities from the potential (Li
et al., 2010) of the TH-D satellite and from the upper hybrid frequency (Kurth et al., 2014) measured by the
Van Allen Probes.

3. Event Overview
Figures 1a–1c display the solar wind parameters observed by Wind during 21–26 February 2014. The interaction between fast (580 km s−1 ) and slow (430 km s−1 ) streams formed a CIR with remarkable enhancements
LIU ET AL.
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Figure 1. Solar wind properties observed by Wind and geomagnetic activities: (a, e) solar wind magnetic components
(BX , BY , BZ ) and strength B in the GSE coordinate system; (b, f) solar wind velocity V SW ; (c, h) solar wind proton
density N p and dynamic pressure PSW ; (d) geomagnetic indices SYM-H and AE; (g) parallel T p|| and perpendicular T p⟂
temperatures of solar wind protons; and (i, j) solar wind magnetic normal BN , intermediately varying BI , and
maximally varying BM components in the minimum variance coordinate systems during three time periods.
Figures 1a–1d provide a large-scale view from 21 February 2014 to 26 February 2014, with the dashed line marking the
solar wind decompression on 23 February 2014. Figures 1e–1h give a zoom-in view of the solar wind decompression,
with the three dashed lines marking the rotational discontinuities. Figures 1i and 1j plot the magnetic fields adjacent to
the three discontinuities in the minimum variance coordinate systems.

in both density and magnetic field magnitude (Gosling & Pizzo, 1999; Smith & Wolfe, 1976). As illustrated
in Figure 1d, the CIR had triggered a moderate storm (with the SYM-H minimum of −50 nT) and the prolonged substorms (with the AE maximum of 1,500 nT) in the magnetosphere. Engebretson et al. (2015) have
analyzed the EMIC waves associated with the solar wind compression during the initial phase of this storm.
We here focus on the competition between the solar wind decompression and the proton injection in the
generation of EMIC waves around 15:03 UT on 23 February 2014 during the main phase. The corresponding
solar wind was sampled by Wind at approximately 1 hr earlier (Figures 1e–1h). From 13:58 to 14:18 UT, there
were a series of discontinuities roughly conserving velocity and magnetic field magnitude but accompanied
LIU ET AL.
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Figure 2. Magnetospheric protons and waves observed by TH-D and Van Allen Probe A during the initial and main
phases of the 23 February 2014 storm: (a) geomagnetic indices SYM-H and AE; (b, c) hot proton flux j and background
electron density N e ; (d, h) magnetic power PB ; (e, i) normal angle 𝜓 B ; (f, j) elipticity EB (negative for left-handed
polarizations and positive for right-handed ones); and (g, k) field-aligned Poynting flux sign SB (positive for parallel
flowing and negative for antiparallel flowing) for EMIC waves. The vertical dashed lines mark the arrival of the solar
wind decompressive discontinuities. In Figure 2b, the values of L, MLT, and MLAT are not listed for TH-D outside the
magnetopause approximately before 10:50 UT. In Figure 2c, the >50 keV proton fluxes measured by RBSPICE have
been reduced by a factor of 3 to match the HOPE data. In Figures 2d–2k, EMIC waves are separated by the ion
gyrofrequencies f H , f He , and f O (dashed lines).

LIU ET AL.

4 of 13

Geophysical Research Letters

10.1029/2020GL090296

by notable changes in density and magnetic field direction. For the three discontinuities with the most outstanding density jumps in the minimum variance coordinate systems (Sonnerup & Cahill, 1967), the normal
magnetic field component was in dominance (70–85% of the total magnetic field strength), and the other
components exhibited a rotation of polarity (Figures 1i and 1j). These results imply that a cluster of rotational discontinuities (Smith, 1973) collectively produced a considerable decompression of the solar wind
and then a relaxation of the magnetosphere (characterized as a sudden decrease in the SYM-H index from −2
to −20 nT). In an isotropic plasma medium, the density and dynamic pressure should be continuous across
the rotational discontinuity. However, the temperature anisotropic solar wind (Figure 1g) allowed changes
in density and dynamic pressure across the rotational discontinuity (Dalin et al., 2002; Hudson, 1970, 1971,
1973; Neugebauer, 2006).
Figure 2 shows the observations of proton fluxes and EMIC waves during the initial and main phases of the
23 February 2014 storm. Around 10:00 UT, the decrease of SYM-H index and the increase of AE index manifested the onset of the main phase. In general, the hot protons originate from the nightside plasmasheet and
under the action of both magnetic and electric fields, drift to the dayside on a timescale of hours (e.g., Fok
et al., 1999). TH-D and Van Allen Probe A collectively sampled the afternoon and prenoon sectors, providing
a global picture of dayside EMIC waves driven by the proton injection. Because of the energy dependence
of drift velocity, the dayside injection appeared as an energy-dispersive enhancement in the energy-time
spectrogram for both TH-D (after 11:20 UT in Figures 2b and S1c in the supporting information) and Van
Allen Probe A (after 13:00 UT in Figures 2c and S1d). Specifically, as indicated by the comparison between
the prenoon data during the main phase (14:00–15:00 UT) with those during the initial phase (04:00–05:00
UT) in Figure S1e, the injection had caused the 20.7 keV proton fluxes to increase by 5–10 times (dependent on the pitch angle and the L shell). Probably caused by drift-shell splitting, magnetopause shadowing
or outward diffusive loss (Sibeck et al., 1987; Takahashi et al., 1997; Yue et al., 2017), the injected protons
appeared as butterfly pitch-angle distributions at outer L shells (Figures S1e). In the afternoon sector (TH-D),
there were hydrogen-band EMIC waves from just inside the magnetopause (L = 8.3) down to L = 5.8. In
the prenoon sector (Van Allen Probe A), the corresponding hydrogen-band EMIC waves occurred in the
frequency range of 0.9–1.5 Hz with an average wave amplitude of ∼0.5 nT, accompanied by some intermittent and weak helium-band EMIC waves. All these dayside EMIC waves were mainly left-handed polarized
(EB < −0.2) and propagated bidirectionally (SB = ±1) with small normal angles (𝜓 B < 20◦ ), consistent with
the theoretical prediction of the near-equatorially generated guided-mode waves (Rauch & Roux, 1982).
Particularly for Van Allen Probe A, the EMIC wave Poynting fluxes changed directions alternately, similar to those equatorial EMIC waves reported by Loto'Aniu et al. (2005). The initial- and main-phase EMIC
waves observed by Van Allen Probe A (Figures S1a and S1g) were quite different in solar-wind condition,
occurrence location, and spectral characteristics. During the initial phase, the intense EMIC waves with
rising tone structures (Figure 5 of Engebretson et al., 2015) occurred primarily outside L = 5.7 and were
quenched when the solar wind dynamic pressure decreased from 12 to 6 nPa at 08:00 UT. In contrast, during
the main phase with the solar wind dynamic pressure of about 5 nPa, the unstructured (Figure 2h) EMIC
waves emerged inside L = 5.67. The proton injection was likely the dominant driver of these main-phase
EMIC waves even though the solar wind dynamic pressure was not at an extremely low level. In response
to the solar wind decompression at 15:03 UT, the hot proton fluxes decreased obviously, and the EMIC
waves became quite weak or unobservable. These observations suggest that, even with the fresh injection of
hot protons in the inner magnetosphere, the solar wind decompressive discontinuities could suppress the
EMIC waves.

4. Physical Mechanisms
Figures 3a–3d give a zoom-in view of the wave evolution conditions around the solar wind decompression on 23 February 2014. Across the decompression, the cold electron density changed little, the magnetic
magnitude decreased by 30 nT, and the proton fluxes particularly near 𝛼 = 90◦ decreased by up to 30%.
The decrease of hot proton fluxes was unfavorable to the growth of waves. On the contrary, the decrease of
magnetic magnitude might promote the wave growth by reducing the minimum resonance energy Emin for
protons (Summers et al., 2007). Here Emin is defined as
Emin =

LIU ET AL.
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Figure 3. EMIC wave instabilities around the solar wind decompression: (a) background magnetic field B, density N e ,
and minimum resonant energy Emin for EMIC wave at 0.4f H ≈ 1 Hz (central frequency of the observed EMIC waves);
(b–d) proton differential flux j at 15.2, 24.1, and 28.1 keV; (e) linear spatial growth rate K i of parallel propagating EMIC
waves, with the overplotted lines for ion gyrofrequencies f He and f O ; (f) resonant proton anisotropy AR (black solid
line), anisotropy threshold AC (black horizontal dashed line), and resonant proton density N R (blue solid line) for
EMIC wave at 0.4f H . The two vertical dashed lines denote the time period of the magnetic field relaxation.
𝜔−Ω

with the resonant parallel velocity vR = k H , angular gyrofrequency ΩH = 2𝜋𝑓H and rest mass mH of
protons, and the wave vector k and angular frequency 𝜔. The protons with energies >Emin can contribute to
the growth of waves.
To determine the combined effect of different factors on the EMIC instabilities, we calculate the linear
growth rates of parallel-propagating waves using our previously developed code (Liu et al., 2018a, 2018b;
Su et al., 2018). The expressions for the spatial K i and temporal 𝛾 growth rates can be written as (Chen
et al., 2010; Kennel, 1966; Kennel & Petschek, 1966)
Ki = 𝛾∕|vg |,
𝛾=

)
(
1 4𝜋e2 P(R − L)
NR · AR − AC ,
2
𝜀0 m H
𝜔

𝜕D
𝜕𝜔

NR = 2𝜋
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)
∞
v⟂
𝜕F
𝜕F
∫0 v⟂ dv⟂ v|| 𝜕v
− v⟂ 𝜕v
v
⟂

||

∞

2 ∫0 v⟂ dv⟂ F
1
,
AC = (
)
ΩH ∕𝜔 − 1

||

|v|| =vR ,

(5)

(6)

where F is the proton phase space density as a function of perpendicular v⟂ and parallel v|| velocities; N R
and AR can be interpreted as some measures of number density and anisotropy of resonant protons; AC is
the anisotropy threshold for the wave growth; D is the cold-plasma dispersion relation function; n is the
refractive index; vg is the wave group velocity; L, R, and P are the standard Stix coefficients (Stix, 1962); and
e and 𝜀0 are the elementary charge and vacuum permittivity.
The calculation of linear growth rates in our code requires the inputs of magnetic field magnitude, cold electron density, proton phase space density, and ion composition. The former two inputs are directly available
from the observations. Using the smooth cubic spline approximation method, we have well modeled the
observed evolution of the proton phase space density (Figure S2). The background cold (∼ <1 eV) ions are
normally hidden to the detector because of the repelling effect of the spacecraft potential in the magnetosphere (André & Cully, 2012; Sarno-Smith et al., 2016). Figures S3 and S4 show the ion densities estimated
from the HOPE omnidirectional differential flux data (Equation A4, Goldstein et al., 2014) in different
energy ranges. For this specific event, the spacecraft was charged to ∼7 V (Figure S3), and the measurable ions were about 4% or less of the total ions (Figures 3a and S4a–S4c). Clearly, the abundance ratio of
heavy ions tended to decrease with the energy decreasing (Figures S4d–S4f), and the available measurements were insufficient to determine the background cold ion compositions. Nevertheless, the available
measurements of 7–100 eV implied the ion composition of >80% hydrogen, ∼10% oxygen, and very limited
helium. Considering the dominance of hydrogen-band EMIC waves (Figure 2h), we expediently set the cold
ion compositions 𝜂 H :𝜂 He :𝜂 O = 0.90:0.01:0.09.
The obtained linear growth rates (Figure 3e) qualitatively explain the temporal evolution of EMIC waves
observed by Van Allen Probe A. Before the decompression, the modeled hydrogen-band waves occur in the
roughly same frequency range of 0.9–1.5 Hz as the observations, with a peak growth rate Ki ∼ 3.5×10−7 m−1 .
Because the growth of the helium- and oxygen-band waves is of a relatively low rate and limited to a very
narrow frequency range, they seem to be difficult to cumulatively grow to the observable level. After the
decompression, the modeled instability frequency range essentially narrows to 0.7–0.8 Hz, and the modeled growth rates mostly decrease to 1.0 × 10−7 m−1 . As demonstrated in Figure 3f, the decompression has
reduced the anisotropy AR to a value quite close to or even below the threshold Ac , in contrast to a slight
(∼6%) increase in the number density of resonant protons N R . For this specific event, the decrease of proton
anisotropy is largely responsible for the quenching of EMIC waves. In addition, the change of the background magnetic field configuration might contribute, more or less, to the weakening of EMIC waves. The
solar wind decompression can cause a relaxation of the magnetosphere and increase the background magnetic field inhomogeneity. In a more inhomogeneous magnetic field, the waves become easier to propagate
obliquely and then have a lower integrated gain (Khazanov et al., 2006). The enhanced inhomogeneity
enlarges the magnetic mirror force on resonant protons and then reduces the nonlinear growth rates of
EMIC waves (Nakamura et al., 2016; Omura et al., 2010), analogous to the situation of whistler mode chorus
waves (Liu et al., 2017).
In response to the solar wind decompression, the geomagnetic field changed within a time period of ∼200 s
(Figure 3a). For the resonant protons >10 keV (Figure 3a), their cyclotron, bounce, and drift periods were on
the order of seconds, minutes, and hours, respectively. Hence, during the relaxation of the magnetosphere,
the resonant protons conserved the first and second adiabatic invariants and experienced betatron and Fermi
decelerations. The Liouville's theorem states that the adiabatic process does not change the phase space
density in the adiabatic invariant space. Ignoring the drift process, we can estimate the adiabatic changes
in the pitch angles, energies, and fluxes of hot protons (Figure 4). In the TA15 geomagnetic field model
(Tsyganenko & Andreeva, 2015), Van Allen Probe A is around a magnetic field line with the foot point
of 𝜆fp = 66.8 magnetic latitude at the predecompression time (14:55 UT). After the decompression, Van
Allen Probe A passes the magnetic field line with nearly the same 𝜆fp at 15:10 UT. The most significant
adiabatic deceleration occurs near 𝛼 = 90◦ (Figure 4b), consistent with the observations (Figures 3b–3d).
LIU ET AL.
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Figure 4. Adiabatic evolution of hot protons: (a) geomagnetic field lines with the same foot points at two different
times in the meridian plane of the geomagnetic coordinate system, with two dots marking the corresponding locations
of Van Allen Probe A; (b) adiabatic changes in energy 𝛥Ek and pitch angle 𝛥𝛼 for the 21.8 keV protons; (c, e) proton
differential flux j observed by Van Allen Probe A at 14:55 and 15:10 UT; and (d) proton differential flux j mapped
adiabatically from 14:55 to 15:10 UT.

Slightly below 30 keV, because of the strong negative gradient of the predecompression phase space density
with respect to energy, the adiabatic dropout of proton fluxes is the most prominent (Figures 3c and 3d).
On the contrary, the weak gradient leads to a minor variation of proton fluxes near 15 keV (Figure 3b).
These calculations support that the adiabatic betatron and Fermi deceleration processes over several bounce
periods were largely responsible for the observed evolution of hot protons.

5. Summary
Previous studies have recognized two main drivers for EMIC waves: solar wind compressions and proton injections. Along with proton injections during storms and substorms, both solar wind compressions
and decompressions related to the discontinuities on a timescale of seconds to minutes are likely to occur
upstream of Earth. In contrast to previous studies, we focus on a rarely investigated aspect of the evolution
of EMIC waves, that is, the competition between the solar wind decompressions and the proton injections.
The new findings are summarized as follows:
1. The solar wind decompression can prevail over the proton injection in the evolution of magnetospheric
EMIC waves during the storm main phase. In contrast to previous studies by observations or modeling
LIU ET AL.
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alone regarding the solar wind condition for the EMIC waves (e.g., Chen et al., 2014; Cho et al., 2017;
Engebretson et al., 2015; Li et al., 2016; McCollough et al., 2009; Usanova et al., 2008), we present here
both the multispacecraft observations and the data-driven modeling to demonstrate the complete physical chain for the competition between the solar wind decompression and the proton injection on 23
February 2014. Specifically, a 60% reduction of the solar wind dynamic pressure caused the relaxation of
the magnetosphere within 200 s, diminished the anisotropy of the freshly injected protons by betatron
and Fermi decelerations, and eventually resulted in the quenching of EMIC waves.
2. The rotational discontinuities in the temperature anisotropic solar wind can become effective in affecting
the magnetospheric EMIC waves. Except for interplanetary shocks (e.g., Cattell et al., 2017; Engebretson
et al., 2015; Lee, 2017; Zhang et al., 2008), other solar wind discontinuous structures including rotational, tangential, and contact discontinuities (Artemyev et al., 2019; Landau & Lifshitz, 1984) were
rarely identified as the cause of variation in magnetospheric EMIC waves in previous studies. The contact discontinuities would rapidly decay into smooth transitions in the interplanetary space (Colburn
& Sonett, 1966). The shocks and tangential discontinuities normally allow the abrupt variations in the
dynamic pressure. For the rotational discontinuities, the dynamic pressure is continuous in an isotropic
medium but could be discontinuous in a temperature anisotropic medium (Hudson, 1970). We present
here the first report linking the magnetospheric EMIC wave quenching to the solar-wind rotational
discontinuities.

Data Availability Statement
Van Allen Probes data were obtained online (from the websites: http://emfisis.physics.uiowa. edu/Flight/
for EMFSIS, http://www.space.umn.edu/rbspefw-data/ for EFW, http://www.rbsp-ect.lanl.gov/data_pub/
for ECT, and http://rbspice.ftecs.com/Data.html for RBSPICE. THEMIS data were obtained from an index
online (website: http://themis.ssl.berkeley.edu/data/themis/). WIND data were obtained from the NASA
website (https://wind.nasa.gov/data.php). Geomagnetic indices are obtained online (from the website:
http://wdc.kugi.kyoto-u.ac.jp).
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