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Abstract On 15 February 2018 a co‐rotating interaction region (CIR) from an equatorial coronal hole
reached the Earth. The CIR initiated a moderate and slowly intensifying geomagnetic storm, which began with a
large and strong substorm injection. The substorm injection was exceptionally well‐observed by an array of
spacecraft including LANL‐GEO satellites, Van Allen Probes (RBSP), Arase (ERG), and MetOp/POES, as well
as ground‐based instruments. These observations enable the unambiguous identification of several important
features that have been impossible to measure directly in other events. The substorm injection extended well
inside the geosynchronous orbit. A fortuitous conjunction of RBSP‐A (moving inbound) and Arase
(simultaneously moving outbound at the same magnetic local time) allows us to establish, very precisely, the
location of the inner edge of the injection region at L = 3.8− 3.9. In supporting observations, North American
riometers saw precipitation extending down to L ≈ 4 but not lower. Arase and RBSP‐A also observed whistler‐
mode hiss waves inside the plasmasphere. Analysis of the resonance conditions shows, conclusively, and for the
first time, that they were produced by the drifting injected electrons. RBSP‐A observations also show the
injection (or transport) of electrons into or through the slot region within hours of the substorm injection onset.
Previous studies were not able to clearly connect or separate substorm injections and slot‐filling processes.
These new observations clearly identify slot‐filling as a spatially and temporally separate process that is not a
direct result of substorm injection.

1. Introduction
On 15 February 2018, a strong auroral substorm (AE > 600 nT) marked the beginning of a moderate and slowly
developing geomagnetic storm initiated by a co‐rotating interaction region (CIR). CIRs (a.k.a., stream interaction
regions, SIRs) are produced when high‐speed solar wind streams (HSS) overtake the slower solar wind forming a
compression region where the slow and fast streams are separated by a stream interface (e.g., Gosling et al., 2012).
CIR/HSS‐driven storms (e.g., Smith & Wolfe, 2012) and radiation belt enhancement events (e.g., Reeves, 1998)
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often recur with a 27‐day period primarily in the declining phase of the solar cycle. Properties of CME‐driven and
CIR‐driven geomagnetic events are compared in an extended table in Borovsky and Denton (2006).

Geomagnetic storms typically (perhaps always) start with an auroral substorm and associated energetic particle
injections but show ongoing activity for longer than isolated substorms (Reeves & Henderson, 2001). Substorm
injections occur when energetic particles are transported, by dipolarizing magnetic flux tubes, from the plasma
sheet to the closed drift paths of the inner magnetosphere (e.g., Mauk, 1986; Quinn & Southwood, 1982).
Substorm injections are commonly observed at geosynchronous orbits where continuous measurements have
been available since the 1970s. Starting with the NASA/USAF Combined Release and Radiation Effects Satellite
and continuing through the NASA Van Allen Probes mission (a.k.a RBSP), studies have looked at the propa-
gation of the injection region to L‐shells inside geosynchronous orbit (Friedel et al., 1996; Motoba et al., 2020;
Nosé et al., 2010; Reeves, Friedel, et al., 1996; Sergeev et al., 1998) where propagation speeds reduce dramat-
ically from >100 km/s to tens of km/s (Malaspina et al., 2015; Reeves, Friedel, et al., 1996). It is widely assumed
that the injections continue to slow and eventually stop as the magnetic field intensifies with decreasing radial
distance. However, to date, no definitive measurements have been made of the minimum radial propagation
distance: that is where any particular injection stops. Throughout this paper “L‐shell” refers to the Roederer L*
parameter (Roederer, 1967) calculated in the Olsen‐Pfitzer quiet‐time magnetic field model (Olson & Pfit-
zer, 1974). In a dipole magnetic field, the parameter L*, also known as the third adiabatic magnetic invariant,
reduces to L, which is the radial distance (in Earth Radii) to the equator of any given field line.

“Injections” (or “transport”) of energetic particles are also known to penetrate through the slot region and into the
inner radiation belts. However, the physical mechanisms that produce these “slot‐filling” or “slot‐penetrating”
events are not yet well‐understood. In particular, to date, it has been impossible to determine if substorm in-
jections and slot‐filling transport occur simultaneously, together, or are spatially and/or temporally separated.

This article is organized as follows. Section 2 presents the event and the available multi‐platform observations.
Section 3 discusses the drifting electron injection signatures that reveal the minimum radial extent of the injection.
Section 4 adds supporting observations of the electron precipitation measured on the ground and of the generation
of hiss waves during the injection. Section 5 presents the electron transport in the slot region following the in-
jection. Section 6 offers a summary of the results and the conclusions.

2. Event Description and Multi‐Platform Observations
Figure 1 shows the period of interest on 15 February 2018, shaded in red. Moderate southward interplanetary
magnetic field (IMF, Bz ≈ − 8 nT) produced a weak storm response (Sym‐H > − 20 nT) and moderate AE activity
(≈600 nT) (Auroral observations are presented in Section S1 in Supporting Information S1). The event was
embedded in a CIR (shaded in blue) generated from a high speed stream from a large equatorial coronal hole. The
entire storm also included subsequent moderately fast high speed streams and Alfvénic solar wind fluctuations
(shaded in green).

2.1. Satellite Locations and Foot Points

Satellites used in this study include geosynchronous satellites (LANL‐GEO), the two Van Allen Probes satellites
(RBSP A and B), the JAXA Arase satellite (a.k.a. ERG which is in an inclined geosynchronous transfer orbit,
GTO), and several low‐Earth Orbit (LEO) satellites (MetOp/POES and Proba V). Figure 2 shows the orbits in the
equatorial and meridian planes of all satellites at GEO and GTO orbits used in this study: the LANL geostationary
orbit satellites (01A, 02A, 04A, 97A) (e.g., Belian et al., 1996; Reeves, Belian, et al., 1996), RBSP A and B (Mauk
et al., 2012), and Arase (Miyoshi, Hori, et al., 2018, Miyoshi, Shinohara, et al., 2018). Satellite positions are
marked at 17:00 UT, just before the main injection was observed in geosynchronous orbit (Section 2.2). As shown
in Figure 2, RBSP‐A was inbound and Arase was outbound with both satellites located near L≈ 4.5 and MLT ≈ 9.

The main period of interest for this study is from 16:30 UT to 18:00 UT. Figure 3 shows the magnetic foot points
(3a), the MLT (3b) and L‐shells (3c) of RBSP A and B, Arase, and MetOp 2. Figure 3a also shows the location of
the ground riometers of the Geospace Observatory Riometer Network (GO‐RIO). Ground observations will be
discussed further in Section 4.1.
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2.2. Geosynchronous Observations

Substorm injection activity was well‐observed in geosynchronous orbit with four satellites distributed across the
night side. Figure 4 shows 2 days of data from all four satellites. A sustained growth phase dropout was observed
associated with a southward turning of the IMF Bz starting around 12:00 UT on February 15. Figure 5 shows a
blow‐up of the period from 15:00 to 18:00 for satellites LANL‐04A and LANL‐02A, which were located pre‐ and
post‐midnight respectively. Injection activity during this period was complex with multiple dispersed and dis-
persionless injections, which is typical of storm‐time substorm activity (e.g., He et al., 2023; Reeves et al., 2003).
(When fluxes at multiple energies simultaneously increase, the injection is referred to as “dispersionless” and
indicates that the satellite is within the initial injection region. Following the dispersionless injection energetic
particles gradient‐curvature drift East (electrons) or West (ions) away from the injection region and are observed
as an energy‐dispersed signature.)

Several weak injections during the ongoing growth phase are observed and may be indicative of the so‐called
pseudo‐breakup activity (e.g., Nakamura et al., 1994; Pulkkinen, 1996). Starting at ∼16:44 UT there are a se-
ries of injections that gradually increase the fluxes at LANL‐02A located in the night sector at 2 MLT. The
injection activity is similar at LANL‐04A located in the dusk‐night sector at 21 MLT but occurs with different
timings. The main injection is seen simultaneously by both satellites at 16:59:40 UT. Since the satellites were
separated by 5 hr of MLT, we know that the azimuthal extent of the dispersionless injection region for this event is
at least that wide, which again is fairly common for storm‐time substorms (e.g., Henderson et al., 2006). While
few substorms inject electrons with energies greater than ∼300 keV (e.g., Friedel et al., 1996) this injection
extended up to 800 keV as seen in the gold (bottom) curve in Figure 5a.

Figure 1. OMNI data from 14 February 2018 to 21 February 2018. From top to bottom: z‐component of the Earth magnetic field (Bz), solar wind speed (flow, solar wind
proton density (P)), solar wind temperature (T ), the AE geomagnetic index, the Sym‐H index, and the Kp index. All data except Kp have 1‐min resolution (Papitashvili
& King, 2020).
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3. Drifting Electron Injection Signatures
After the dispersionless injection near midnight MLT, the electron gradient‐curvature drifts eastward (toward
dawn) with drift velocities that increase linearly with energy. Figure 6 compares the energy‐dispersed drifting
electron populations observed by Arase and the two RBSP satellites in both spectrogram and line‐plot format.

Arase data are from the high‐energy particle and medium‐energy particle experiments; HEP (∼200–1,000 keV)
and MEP‐e (∼10–200 keV) (Kasahara et al., 2018; Mitani et al., 2018) and the Van Allen Probes data are from the
Magnetic Ion‐Electron (MagIES) spectrometer (Blake et al., 2013). The MagIES instrument is capable of direct
measurement and subtraction of background from penetrating radiation such as inner belt protons, Brems-
strahlung, and galactic cosmic rays (Claudepierre et al., 2015). This background‐subtracted data product is what is
plotted in Figure 6. At L > 4 and energies below ∼200 keV (where backgrounds are low compared to electron
fluxes), MagIES uses a high‐data‐rate mode instead, so the background‐corrected data in Figure 6c appear to have
a gap. Continuous, non‐background‐corrected MagIES data are shown in Figure 11.

All three satellites were inside geosynchronous orbit (c.f. Figures 2 and 3). RBSP‐B, near 5 MLT, observed the
drifting electrons before RBSP‐A and Arase and observed electrons both from the 16:59:40 UT injection and the
weaker activity that preceded it. The main electron injection arrived at both Arase and RBSP‐A satellites around
17:10 UT as seen in the highest energy channels with lower energies arriving later, as expected. As Arase moved
outward from L ∼ 4.5 to L ∼ 5.2 (at ∼18:00 UT), it continued to measure the injection, which was stronger at
higher L‐shells. RBSP‐A, moving inbound, saw only a weak “wisp” at high energies, from ∼200 to ∼600 keV,
which ended at ∼17:30 UT when RBSP‐A was at L = 3.8− 3.9.

The combination of Arase and RBSP‐A observations of the same injection is key to identifying L= 3.8− 3.9 as the
inner edge of the injection region for this event. If injected electrons had been present below L < 3.8, RBSP‐A
would have observed the continuation of the “wisp,” that is electrons with energies less than ∼200 keV arriving
later–which is exactly what Arase observes at slightly higher L‐shells. It is important to note that inside L = 4
background‐corrected data is available at all energies measured by the MagEIS instrument. It is also important to
note that the intense fluxes at the bottom of the spectrogram are not injected electrons but rather the normal fluxes
of medium‐energy electrons that are always observed in the slot region and inner radiation belt, as will be dis-
cussed in Section 5.

Figure 2. Multi‐point satellite observations taken on 15 February 2018 at 17:00 UT in (a) the equatorial plane, (b) the meridional plane (perpendicular to the Sun‐Earth
axis), and (c) the meridional plane (on the Sun‐Earth axis). Orbits of the LANL geosynchronous orbit satellites (01A, 02A, 04A, 97A), Van Allen Probes (red) A and
(blue) B (noted RBSP A and B), and (white) Arase (noted ERG) are shown.
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We can further investigate the source of the dispersed injection seen by RBSP‐A using a simple drift tracing
model with no inner boundary to the injection region. To do this we start with an assumed pie‐shaped injection
region that is 5 hr wide in MLT regardless of L‐shell. I.e. 5‐hourswide at geosynchronous orbit and 5‐hourswide at
all L‐shells inside geosynchronous orbit down to L = 1. We then propagate electrons at different energies from
both the eastern and western edges of that wedge. The result, shown in Figure 7, defines the energy‐ and time‐
dependent region where injected fluxes could be observed from this hypothetical source. It is clear from this
analysis that if electrons had been injected below L < 3.8 they would have been observed by RBSP‐A but
were not.

Figure 3. (a) The magnetic footpoints of RBSP‐A (red), RBSP‐B (blue), MetOp 2 (magenta) and Arase (green) orbits
between 1,630 and 18:00 UT. Riometers used in the study are indicated by the black dots. (b) Corresponding magnetic local
times and (c) L‐shells for all spacecraft between 1,630 and 18:00 UT are shown.
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By trial and error, we find that the onset time that best matches the data is 17:07 UT, about 7 min after the
dispersionless injection at geosynchronous orbit. This delay is consistent with known, relatively slow, inward
propagation of the injection front from the geosynchronous orbit to lower L‐shells. A delay of 7 min corresponds
to a radial propagation speed of approximately 30–40 km/s, which is roughly consistent with previous studies
(Malaspina et al., 2015; Reeves, Friedel, et al., 1996).

Additional justification for the location of the hypothetical injection “wedge” is given in Supporting Informa-
tion S1 (Section S2) that backward traces the drift of the electrons from the time and location they were observed.
Where the drift paths, in UT and MLT, converge indicates the location and time of the dispersionless onset (see e.
g. Reeves et al., 1991; Turner et al., 2017).

4. Supporting Observations
4.1. Observations of Electron Precipitation

Ground‐based riometers at multiple stations in the Canadian GO‐RIO (Spanswick et al., 2025) measure
precipitating electrons with energies ≳30 keV. The GO‐RIO riometer signals are shown in Figure 8. (The location
of the riometer stations and the magnetic foot points of the satellites are shown in Figure 3.) Multiple stations at
different L‐shells can be used to pinpoint the radial (L‐shell) extent of the precipitation. Five stations were located
at L > 6, with the other four stations at L = 5.35, L = 4.40, L = 4.06, and L = 3.70. Clear absorption signatures
were observed down to L = 4.4 but not at lower L‐shells.

Figure 8b zooms in on precipitation signatures from 5 stations in the time range 17:00–20:00 UT. Furthermore,
we convert the riometer voltage into absorption in dB by subtracting riometer voltages from station‐specific
geomagnetically quiet days. By computing the time lag differences between pairs of stations in the East‐West
chain of riometers using cross‐correlation analysis (Figure 8c), we observe that the precipitation events occur

Figure 4. Spin averaged electron flux observed by LANL‐GEO satellites. The energies plotted are logarithmically spaced spanning approximately 60–570 keV.
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within ±4 min across these stations. These stations span a sector equivalent to approximately 4 hr in MLT. This
allows more precise temporal assessment. For comparison, the theoretical time for a 100 keV electron to drift
around the Earth is 2 hr at L= 4 and 1.5 hr at L= 5. At 300 keV, the drift periods are 45 min at L= 4 and 36 min at
L = 5. This means that the electron injection is covering a wide range of MLT. From this analysis, it appears that
the observed synchronization with such short time lags suggests that the spatial extent of the precipitation patch is
at least 4 hr in MLT and the energy of the precipitating particles extends to at least 300 keV.

Observations from Medium Energy Proton and Electron Detector instrument on the MetOp 2/POES satellite
confirm the precipitation of electrons over the Canadian sector for this time period. Figure 9 shows trapped
(black) and precipitating (red) electron fluxes at several energies. The nearly equal flux levels for energies up to
several hundred keV are indicative of enhanced electron precipitation, which was likely caused by wave‐induced
pitch angle scattering as discussed in the next section.

Figure 5. An expanded set of times from Figure 4 from 15:00 to 18:00 UT for LANL‐04A (top) and LANL‐02A (bottom).
The energies plotted are logarithmically spaced spanning approximately 60–570 keV.
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4.2. Electromagnetic Waves Produced by the Injection

RBSP‐A was in the plasmasphere from 16:00 to 18:00 as indicated by cold plasma densities greater than 250 #/cc
(Figure 10a) when it observed whistler‐mode hiss waves (Figures 10b and 10c). On the contrary, RBSP‐B was
located in the plasmapause transition region (Ripoll et al., 2022) with density close to 100 #/cc from 16:00 and
16:30 UT and in the plasma trough between 16:30 and 18:00 UT where clear whistler‐mode chorus wave activity
was observed (not shown).

As seen in Figures 10b and 10c, hiss waves observed by RBSP‐A are split into two populations, one at lower
frequency and the other at higher frequency. The two‐band hiss structure observed during this interval has
morphology consistent with recent studies of banded hiss (e.g., Ni et al., 2023). The lower‐frequency limit of the
lower‐band hiss is plotted in Figures 10b and 10c with a black dashed line. The spectrograms show a minimum in
power spectral density between the upper and lower bands, which we call the “split frequency” (plotted with a

Figure 6. (a) Spin averaged flux (cm2‐s‐sr‐keV)− 1 measured by Arase versus time and energy on 2018‐02‐15 from 16:30 to 18:00 UT (b) The same Arase data shown as
stacked line plots at selected energy channels. Energy versus time and stacked line plots for (c and d) RBSP‐A and (e and f) RBSP‐B. The Energy‐Time plots show the
full spectral information, while the line plots more clearly illustrate the time evolution of fluxes at particular energies.
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magenta dashed line). The split frequency was determined manually at each time step and is essentially the upper
frequency limit of the lower‐frequency population of waves. Lower band hiss waves between 30 and 300 Hz
occur from 16:30 to 18:00 (Figures 10b and 10c). They intensified from 16:45 to 17:45 UT between L = 4.8
and L = 3.5.

The information in Figure 10 can be used to determine if the locally observed population of injected electrons
(Figure 7) might be the source of the locally observed hiss waves. Figure 10d shows the resonance energy of

Figure 7. Spin averaged flux (cm2‐s‐sr‐keV)− 1 measured by RBSP‐A as in Figure 6 (With a change of color bar.). The two black curves show the expected arrival times
of electrons from the Eastern (earlier times) and Western (later times) of a hypothetical injection “wedge,” 5 hr wide in magnetic local time in the midnight sector
starting at 17:07 UT.

Figure 8. (a) Absorption data from riometers in the Geospace Observatory Riometer Network array. Figure 3 shows a map of the station locations and their L‐shells are
labeled in each panel. (b) Absorption in dB by the (from top to bottom) GILL, RABB, FSMI, FSIM, and DAWS riometers. (c) Time lag, in minutes, of the precipitation
observed by the riometers sorted by their respective distances between pairs of them.
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electrons that can efficiently interact with the low frequency hiss waves observed by RBSP‐A between the lower
frequency limit (black) and the split frequency (magenta). The resonance energy is given by

Eres = mec2 ( γres − 1) with γres =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + p2
res

√

(1)

The resonant electron momentum is obtained through Equation 8 of Mourenas and Ripoll (2012) for the n = − 1
cyclotron resonance

pres = (ωce/ωpe) ∗ (ωce/ωres cos(θ))1/2 (2)

Here, me is the mass of an electron, c is the speed of light, ωce is the local electron cyclotron frequency, ωpe is the
local electron plasma frequency, and ωres is the resonant wave frequency (i.e., the observed wave frequency). The
observed wave normal angle, θ, is close to zero during this interval (See Kletzing et al., 2023). By evaluating ωres
at both the split frequency (magenta dashed line Figures 10b and 10c) and the lower frequency bound (black
dashed line in Figures 10b and 10c), we are able to plot the range of resonant energies as a function of time as
RBSP‐A enters deeper into the plasmasphere. In this way, we seek to determine whether the local generation of
hiss waves can be attributed to a resonant process with the injected electrons.

The first notable result is the absence of lower band hiss waves when the resonant energy is around 10 keV (from
16:00 to 16:30) and RBSP‐A is located between L = 5.5 and L = 5. The appearance of lower band hiss waves
coincides with a shift in resonant energies above 20–30 keV. Note that the cold plasma electron density observed
by RBSP‐A remains consistently high from 16:00 to 17:30 at about 250 #/cc.

The arrival times of injected electrons are plotted in panel d as red dots (see Figure 7 for the complete data). The
dotted box delimits ∼17:05–17:30 UT for reference. Examining the energy of the injected electrons, we see that
the minimum frequency for the hiss waves also decreases as lower‐energy electrons arrive (panels b and c). The
peak hiss wave intensity occurs at about 17:20 UT when the resonant energy is in the 100–200 keV range, which is
the energy at which the highest injected fluxes are observed. The hiss intensity then falls as RBSP‐A enters deeper
into the plasmasphere The diminishing of hiss amplitude coincides with higher resonant energies, ∼500 keV,
where the flux of injected electrons is much lower.

These results suggest that substorm‐injected electrons of energy up to several hundred keV are the source of local
low frequency hiss waves. Prior studies have shown that >100 keV electrons can drive lower band hiss waves in

Figure 9. Medium Energy Proton and Electron Detector Integral Flux (e/cm2.s.str) of (red) precipitating and (black) trapped electrons observed by MetOp 2.
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the plasmasphere (e.g., Li et al., 2013), this is the first time to the authors' knowledge that a coincident observation
of a localized electron injection and corresponding hiss wave power has been shown.

5. Electron Transport in the Slot Region
In some geomagnetic storms, energetic particles have been seen to penetrate through the slot region and into the
inner radiation belt and have been referred to as “slot‐filling events” or “slot‐filling injections” (e.g.., Baker
et al., 2004; Reeves et al., 2016; Turner et al., 2015). Several important observations help to establish the

Figure 10. (a) Cold plasma density, (b) electric field and (c) magnetic field power spectral density measured by RBSP‐A in
the plasmasphere on 2018‐02‐15 from 16:00 to 18:00 UT. In (b) and (c), the black dashed line indicates the lower frequency
bound of the hiss waves. The magenta dashed line indicates a frequency that splits lower and upper hiss frequencies. (d) The
wave‐resonant energies, in keV, of hiss waves between the lower bound hiss frequency and the hiss split frequency
(computed for cyclotron N = − 1 resonance). The energy of the observed injected electrons (cf. Figure 7) is indicated by red
dots.
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differences between slot‐filling events and the more commonly observed substorm injections. In slot‐filling
events, only electrons, not ions, are transported to low L‐shells. Additionally, in slot‐filling events, lower‐
energy electrons penetrate lower L‐shells than the higher‐energy electrons (Reeves et al., 2016; Turner
et al., 2015). In contrast, for substorms, electrons and ions across the full range of energies are injected simul-
taneously and in the same region of space (commonly referred to as the “dispersionless” injection region).
Therefore, as Turner et al. (2015) conclude “it is evident that these low L injections may result from a very
different mechanism than injections at higher L shells.”

Nevertheless, previous studies have not ruled out substorm‐associated processes as responsible for both dis-
persionless injections and slot‐penetrating events. For example, Turner et al. (2015) consider the electric field
associated with dipolarizing magnetic fields (Nosé et al., 2010; Ohtani et al., 2007) and/or low‐entropy plasma
bubbles (e.g., Sorathia et al., 2021; Wolf et al., 2006, 2009) but conclude those are unlikely causes for the events
considered. Sergeev et al. (1998) suggested that fast magnetosonic waves could be launched as the substorm
injection comes to a stop in the inner magnetosphere and hence further transport electrons across dipole‐like field
lines. Turner et al. (2015) also proposed that slot‐filling events could “result from localized drift resonance with
fast magnetosonic cavity mode waves in the Pi2 frequency range that are generated by dipolarization fronts
braking at higher L shells.” In contrast, Lejosne et al. (2018) propose that slot‐filling events result from the electric
field structures inside Sub‐Auroral Polarization Streams (SAPS) (Anderson et al., 2001; Foster et al., 2007, 2014;
Goldstein et al., 2003). SAPS are known to be long‐lasting, occur equator‐ward of the auroral zone, and do not
overlap spatially or temporally with dispersionless substorm injections. Understanding the spatial and temporal
co‐occurrence (or absence thereof) provides important information for further exploration of these events.

The event of 15 February 2018 and subsequent days provides a unique opportunity to examine the relationship of
slot‐filling events to substorm injections. We have already established that the substorm injection on February. 15
did not inject electrons below L = 3.8− 3.9 and therefore did not fill the slot at that time. Figure 11, however,
shows RBSP‐A data for two complete orbits (∼18 hr) extending into Feb. 16, which does show electrons with
energies >100 keV completely filling the slot region down to at least L < 3.

To understand the events at low L‐shells it is important to first look at the quiet‐time structure of the medium
energy inner radiation belt electrons (e.g., Reeves et al., 2016; Ripoll et al., 2016, 2019). At the beginning of these
two orbits (∼10:00 UT on 15 February), RBSP is moving outward from the perigee seeing first high fluxes, then a
deep minimum (slot), followed by increasing fluxes out to apogee at L ≈ 5.8. While these are not, strictly, ra-
diation belt electrons, the medium energy (10–100 s keV) flux profiles still show the inner zone–slot–outer zone
structure of their more energetic counterparts. In the “inner zone,” lower‐energy electrons extend to higher L‐
shells than higher energy electrons appearing as a “wedge” in Energy‐L‐shell format (see Reeves et al., 2016).
(Here, unlike Figure 6, we plot uncorrected RBSP‐A/MagEIS fluxes so that the flux profiles are continuous with

Figure 11. MagEIS data from RBSP‐A for two full orbits showing electrons filling the nominal slot region. In the top plot MagEIS data is shown for energies from 33 to
184 keV and the bottom plot shows the L‐shell. Yellow highlighted areas show when RBSP‐A is between L = 3 and L = 4.
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no gaps. While this results in a higher “noise” floor–see, for instance the 33 keV minimum fluxes–the background
contamination for this period is orders of magnitude lower than the fluxes of interest.)

From ∼15:30 to ∼16:00 UT we see the substorm activity that was also observed at geosynchronous orbit (cf.
Figures 4 and 5). Shortly after 17:00 we see the “wisp” of drifting, dispersed electrons from Figures 6 and 7. We
see here, more clearly, that substorm‐injected electrons with energies <54 keV were not observed below
L = 3.8− 3.9 and did not fill the slot. Note, also, that in slot‐penetrating events lower‐energy electrons are always
transported to lower L‐shells than higher‐energy electrons (e.g., Reeves et al., 2016; Turner et al., 2015).

Following the injection, RBSP‐A again moves into and back out of the perigee. On the inbound leg, the electron
flux gradients remain unchanged except for magnetic latitude‐related orbital effects. However, on the subsequent
outbound pass, there is a considerable change in fluxes in the slot region as electrons are transported through the
slot, up against the steep radial gradients of the inner zone. By the subsequent pass (02:00–04:00 UT on 16
February), the 33 keV electrons have completely filled the slot and the peak of 54 keV electron fluxes in the slot
are comparable to or greater than the peak in the inner zone. The slot remains full or elevated for days until
whistler‐mode hiss scatters those electrons into the atmosphere over the next ∼5–10 days (e.g., Shprits
et al., 2005; Ripoll., 2016).

Thus, the different signatures of the substorm injection and the slot‐filling events are seen to be spatially and
temporally separated but do they have distinctly different causes? Part of the answer lies in close examination of
Figures 1, 4 and 5. At geosynchronous orbit, all of the substorm‐related injection activity is over before 17:30 UT.
The only significant signatures between ∼17:15 UT and ∼22:30 UT are the “drift echos”, which are observed
when the electrons of a given energy have circled the Earth to be observed again at the same location. Drift echos
are only clearly observed when the post‐injection magnetosphere is quiet. The lack of substorm activity in this
period is consistent with the AE index (Figure 1), which dropped below, and stayed below 400 nT starting at
∼18:10 UT on 15 February.

We conclude that the substorm injection and slot‐filling events (at least in this case) result from spatially and
temporally distinct processes. However, it is very possible, and perhaps likely that substorm injections are a
necessary and required precursor–producing an enhanced population of energetic electrons just outside the slot
region that are then available for subsequent further transport into and through the slot region.

6. Summary and Conclusions
We examined several features of an injection event observed by a large number of fortuitously located satellites
and ground stations. The event was identified through coordinated analysis over several workshops at the In-
ternational Space Science Institute (ISSI) in Bern dedicated to joint analysis of multi‐platform observations. The
events in question were embedded within a CIR which initiated a moderate geomagnetic storm. The energetic
particle injection at the beginning of that storm and subsequent observations at low L‐shells show several
interesting features that the authors believe have not been previously reported.

A series of storm‐time substorm injections were observed at geosynchronous orbit both as local, dispersionless
injections and as energy dispersed (drifting) injected electrons. The main dispersionless injection at geosyn-
chronous orbit showed similar temporal features observed simultaneously at 21 and 02 MLT and therefore
spanned ∼5 hr in MLT around magnetic midnight.

As seen in previous studies, the injected population was also observed well inside the geosynchronous orbit. The
radial and azimuthal shape of the “injection boundary” was first proposed by McIlwain (1974) and Mauk and
Mcilwain (1974). The injections propagate Earthward with velocities of 10s km/s, which is consistent with the
velocities estimated for this event (cf. Section 2.2). It has generally been assumed that they slow and eventually
stop as they encounter strong dipole‐like field lines. They should, therefore have a minimum radial boundary,
which probably varies from event to event. In this event, we were able to, for the first time, precisely specify the
location of that inner radial injection boundary. For this event, it was at L= 3.8− 3.9, well inside the plasmasphere.

All satellites and ground stations outside the midnight sector observed the injection as drifting energy‐dispersed
signatures. At the time of the injection, RBSP‐A was on the inbound leg of its orbit and Arase was outbound in the
same local time sector ∼9 MLT (Figure 2). The main injection arrived at both satellites around 17:10 UT. As
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Arase moved outward from L ∼ 4.5 to L ∼ 5.2 it continued to measure the injection down to energies of ≲30 keV.
In contrast, RBSP‐A, moving inbound, saw only a weak “wisp” of injected electrons at high energies, from ∼200
to ∼600 keV, which ended at ∼17:30 UT when RBSP‐A was at L = 3.8− 3.9. The combination of Arase and
RBSP‐A observations of the same injection near the same point in space is key to identifying L = 3.8− 3.9 as the
inner edge of the injection region for this event. If injected electrons had been present below L < 3.8, RBSP‐A
would have observed the continuation of the “wisp,” that is, electrons with energies less than ∼200 keV arriving
later—but it did not.

More evidence supporting this conclusion comes from ground observations and satellite observations of whistler
mode hiss. Ground riometer stations in excellent magnetic conjunction with Arase and RBSP‐A showed sig-
natures of strong energetic electron precipitation from L > 6 down to at least L= 4.4. Observations from the LEO
satellite MetOP 2 confirm the presence of electron precipitation in that region at the same time.

Throughout most of its inbound orbit, from 16:00 to 18:00 UT, RBSP‐A observed whistler mode hiss inside the
plasmasphere. The hiss was clearly divided into an upper and lower frequency band. We present an analysis of the
wave‐particle resonance condition for determining the minimum‐frequency lower band hiss and the frequency
that splits the lower and upper band emissions. The resonant energies correspond very well with the energies of
the injected electrons observed at the same location, suggesting that the substorm‐injected electrons are the source
of the local low frequency hiss waves. Prior studies have shown that 100 s keV electrons can drive lower band hiss
waves (e.g., Li et al., 2013), this is the first time to the authors' knowledge that a coincident observation of a
localized electron injection and corresponding hiss wave power is shown.

Finally, to further investigate the relationship between substorm injections and “slot‐filling” events, we examined
the energetic electron dynamics following the injection (i.e., 17:30 UT on Feb. 15 to 04:00 UT on 16 February).
We compared two orbits (∼18 hr) of data from RBSP‐A as it passed through the inner zone, slot region, and outer
zone, highlighting times when the satellite passed through L = 3–4. Comparing the inbound pass after the 17 UT
injection with the subsequent outbound and inbound passes shows considerable changes in the electron fluxes
observed in the slot region. Electrons with energies up to at least 130 keV completely penetrated the slot region
merging into the pre‐existing, relatively stable populations trapped at low L‐shell. Notably, no new substorm
injection activity was observed between ∼17:15 UT and ∼22:30 UT so we rule out the possibility that the slot‐
filling was caused by additional substorm injections. These observations show that the earlier substorm injection
and the later slot‐filling event were both temporally and spatially distinct processes. It is still likely, however, that
substorm injections are a necessary and required precursor ‐ producing an enhanced population of energetic
electrons outside the slot region that are available for subsequent further transport into and through the slot region.

Further observational and model‐based studies of this event, both the injection and subsequent slot‐filling are
underway.
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