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Abstract Electromagnetic ion cyclotron (EMIC) waves tend to occur during geomagnetic storms and
solar wind pressure pulses. However, they have also been regularly observed even in the absence of these
two drivers. These non-storm time and non-pressure pulse EMIC events are very well associated with
individual nightside injections (Remya et al., 2018, https://doi.org/10.1029/2018JA025354). Nevertheless,
not all substorm injections elicit wave activity. We examine the EMIC events excited during two substorm
injections on 4 September 2015 and 1 October 2015. We find that injections that are associated with EMIC
waves are also associated with enhanced ionospheric convection. The convective signatures occur at local
times similar to those of the observed wave activity.

Plain Language Summary Geomagnetic storms and magnetospheric compressions owing to
solar wind pressure pulses are considered to be the two major drivers for electromagnetic ion cyclotron
(EMIC) waves in the Earth's magnetosphere. However, it is found that substorms act as a major free energy
source for these waves in the absence of geomagnetic storms or solar wind pressure pulses. In this study,
we identify such non-storm time non-pressure pulse-driven EMIC waves and find that they are very well
associated with substorm injections. We find direct evidence of correspondence of these injection-driven
waves with enhanced ionospheric convection, which are manifestation of enhanced magnetospheric
electric fields.

1. Introduction
The interplanetary magnetic field (IMF) plays a crucial role in driving the dynamics of the terrestrial
magnetosphere. The solar wind magnetic field reconnects with the geomagnetic field enabling plasma,
momentum, and energy to enter the magnetosphere and inducing large-scale convection of magnetospheric
plasma (Dungey, 1961). This Dungey convection cycle comprises a general antisunward transport of open
flux from the subsolar magnetopause over the polar caps and a sunward return flow of closed flux in the mag-
netotail and inner magnetosphere due to nightside reconnection. Large-scale magnetospheric convection
generates convection electric fields that map along the geomagnetic field lines to the high-latitude iono-
sphere. In response to these electric fields of magnetospheric origin, the high-latitude ionospheric plasma
convects with a velocity v⃗ = E⃗×B⃗∕B2, where E⃗ is the ionospheric electric field and B⃗ is the geomagnetic field.

One of the phenomena that initiates this flux and energy transport is a substorm. Substorms occur, on an
average, four times a day (Borovsky et al., 1993). They are more frequent and more intense during geomag-
netic storms. The nightside injections during substorms transport energetic ions and electrons of energies
1–100 keVs from the plasma sheet in to the inner magnetosphere (Axford, 1969). Even in the absence of
substorms, such transport occurs during localized particle injections owing to plasma sheet flow bursts
resulting in sudden particle flux enhancements (Baker et al., 1978; Birn et al., 1997; Denton et al., 2016). All
these injections induce a temperature anisotropy by adiabatically heating the plasma (Cornwall & Schulz,
1971), thereby producing conditions unstable to electromagnetic cyclotron waves (Cornwall, 1965). While
injections drive chorus waves by resonance with electrons, in the dawn or post-midnight sector (Li et al.,
2009), electromagnetic ion cyclotron (EMIC) waves occur primarily in the dusk or pre-midnight sector
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(Anderson et al., 1992; Saikin et al., 2015). The dawn/dusk dominance of these waves is due to the charge
dependence of the particle drift in the Earth's gradient magnetic field.

Understanding generation mechanisms for EMIC waves (0.1–5 Hz) has been of great research interest as
they act as an important loss process for both ring current ions and radiation belt electrons (Jordanova et al.,
2008; Thorne & Kennel, 1971, and references therein). It is well known that geomagnetic activity favors
EMIC wave growth. The occurrence of EMIC waves during different phases of geomagnetic storms has been
investigated by many, for example, Erlandson and Ukhorskiy (2001), Engebretson et al. (2008), Halford et al.
(2010), Wang et al. (2016), and the references therein. Non-storm time and quiet time EMIC events have
also been explored in detail (Anderson & Hamilton, 1993; Engebretson et al., 2015; Halford et al., 2016; Park
et al., 2016) and are mostly found to be associated with compressions of the dayside magnetosphere due
to solar wind pressure pulses (Olson & Lee, 1983). A third important source of free energy that nurtures
EMIC wave growth is substorm injections. These injections could be during storm time substorms, isolated
non-storm time substorms, or localized particle injections resulting from plasma sheet flow bursts. The
role of substorm injections in triggering EMIC waves has been dealt in detail by Remya et al. (2018) who
presented a case study of an isolated substorm on 9 August 2015. The arrival of hot ion injections along
with an associated decrease in the geomagnetic field strength and enhanced temperature anisotropy favor
the growth of EMIC waves. The present paper focuses on similar EMIC wave events that are triggered solely
due to substorm-injected ions, with no influence from geomagnetic storms or enhancements in solar wind
dynamic pressure, ensuring that the source for EMIC wave free energy during non-storm intervals is only
the anisotropic ion injections on the nightside. This paper seeks to determine which substorm injections
favor EMIC wave growth.

Hwang et al. (2007) showed that dawnside chorus waves are associated with enhanced convection. Their
statistical study suggests that it is the periods of enhanced convection that precede substorm expansions
and not the expansions themselves that lead to the enhanced dawnside chorus wave intensity. The present
study identifies a similar association for injection triggered EMIC waves in the Earth's magnetosphere. We
surveyed ion injection triggered EMIC waves from January 2013 to December 2015 during the Van Allen
Probes (VAP) era. Most events showed signatures of strong magnetospheric plasma convection associated
with the EMIC wave enhancements. We further validated the results by inspecting events with and with-
out EMIC waves during a 2-month period (September–October 2015) with a total of 134 injection events.
These 2 months were selected as spacecraft apogees were on the dusk side, the region where injection-driven
EMIC waves are most likely to occur. Injection events with associated EMIC waves are associated with sig-
natures of strong convection surges. In this letter, we report evidence for strong convection surges associated
with ion injection triggered EMIC waves. To put the observations into context, we show two clear injection
events, where waves occur on both probes, as representative cases demonstrating the association of strong
convection to ion injection triggered EMIC waves.

2. Observations
2.1. Ion Injections and EMIC Waves
Figures 1a– 1e show magnetic field, EMIC wave, and particle data during the interval 00:00–04:00 UT for the
first event on 4 September 2015 (satellite trajectories are shown in supporting information, Figure S1a). The
left-hand and right-hand side plots are for the twin VAP, VAP-A and VAP-B, respectively. These spacecraft
have highly elliptical orbits with an apogee of 5.8 RE and were in the dusk sector during this study interval.
Figures 1a1 and 1a2 show time variation of the magnetic field components in the GSE coordinate system. In
Figure 1a1, fluctuations in the Bx component are clearly seen for VAP-A with a small decrease around∼01:36
UT. As the spacecraft was approaching its perigee, the field values are quite high and the fluctuations are not
clearly visible in other components. At VAP-B (Figure 1a2), fluctuations in all magnetic field components are
noticeable starting approximately around ∼01:30 until 03:20 UT. Figures 1b1 and 1b2 show dynamic spectra
of the high-resolution (64 samples/s) magnetic field data from the EMFISIS triaxial fluxgate magnetometer
(Kletzing et al., 2013). The white lines are the cyclotron frequencies of proton (solid), helium (dashed), and
oxygen (dash-dotted line). VAP-A observes EMIC waves below the oxygen gyrofrequency at ∼01:36 UT, and
the frequencies spread to the helium branch shortly thereafter. Strong EMIC waves in the helium branch
occur after 02:00UT. At ∼02:30 UT, intense EMIC waves occur in the helium band and further spread in
frequencies to the hydrogen band. Strong fluctuations below the oxygen gyrofrequency overlay broadband
fluctuations before ∼01:30 UT. In Figure 1b2, strong helium band EMIC waves occur sporadically at VAP-B
with onsets at ∼01:33 UT, ∼01:44 UT, ∼03:24 UT, and ∼03:43 UT.
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Figure 1. Time variation of the magnetic field components in GSE coordinates from (a1) VAP-A and (a2) VAP-B during 00:00–04:00 UT on 4 September 2015.
(b1 and b2) Dynamic spectra of magnetic field Bx component. White lines indicate the gyrofrequencies for proton (solid), helium (dashed), and oxygen
(dash-dotted). (c1 and c2) Time variation of the spin averaged proton flux observed by RBSPICE (50–600 keV) and HOPE (10–51 keV) instruments. (d1 and d2)
LANL SOPA ion fluxes from 75 keV to 1.2 MeV from LANL-084 geosynchronous spacecraft and (e1 and e2) AE index. The black solid vertical lines indicate
approximate start times of injections in each probe. Grey dashed vertical lines indicate substorm onset times during the interval from Table S1.

Figures 1c1 and 1c2 show spin averaged proton fluxes from RBSPICE (Mitchell et al., 2013) and ECT/HOPE
(Funsten et al., 2013; Spence et al., 2013) instruments. Figures 1d1 and 1d2 show SOPA ion fluxes from a sin-
gle LANL (Reeves et al., 1996) spacecraft, which was located westward of midnight during respective events
so that the ion flux enhancements at geosynchronous orbits, if any, are clearly visible. The vertical solid black
lines in both the left- and right-hand panels indicate the times of ion flux increases at ∼00:04 UT, ∼01:33 UT,
∼02:29 UT, and ∼03:40 UT, respectively, observed at any of RBSPICE/HOPE/LANL spacecraft. Sudden flux
increases observed at LANL, RBSPICE, and/or HOPE at ∼01:33 UT and ∼02:29 UT at VAP-A and at ∼01:33
UT and ∼03:40 UT at VAP-B are well associated with EMIC wave enhancements at the respective spacecraft.
The flux increases in the higher energy channels are clearly visible in the pitch angle (PA) resolved plots
from RBSPICE and HOPE (Figure S2). The substorm list from the SuperMAG database (Newell & Gjerloev,
2011a, 2011b) shows substorm onsets corresponding to the events of study. Table S1 tabulates list of sub-
storms for the two study intervals. The grey dashed vertical line in Figure 1 indicates an official substorm
onset time at 03:30 UT on 4 September 2015 as obtained from SuperMAG database. Another onset time from
the list is at 23:05 UT on the previous day, 3 September 2015 (not shown on the plot), which is probably the
substorm associated with flux enhancements at earlier time intervals. Figures 1e1 and 1e2 show variations
in AE index during the event. The AE index is >350 nT throughout the interval, increases to 643 nT just
before the flux enhancement at ∼01:33 UT, and later on peaks at 915 nT at 04:00 UT.

Figure 2 displays plots similar to those in Figure 1 for two EMIC events observed by VAP- A during the
interval 14:00–18:00 UT (left-hand panels) and VAP-B during 21:00–24:00 UT (right-hand panels) on 1 Octo-
ber 2015 (refer to Figure S1b for satellite orbits). We will discuss the events one by one. In Figure 2a1, the
magnetic field fluctuations are clearly seen starting at ∼15:43 UT. Figure 2b1 shows strong helium band
EMIC waves starting at ∼15:43 UT, which extends for more than 1 hr until 17:00 UT. The flux variations
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Figure 2. Time variation of the magnetic field components in GSE coordinates during (a1) 14:00–18:00 UT from VAP-A and (a2) 21:00–24:00 UT from VAP-B
on 1 October 2015. (b1 and b2) Respective dynamic spectra of magnetic field Bx component. (c1 and c2) Time variation of the spin averaged proton flux
observed by RBSPICE (50–600 keV) and HOPE (10–51 keV) instruments. LANL SOPA ion fluxes from 75 keV to 1.2 MeV from (d1) LANL-02A and (d2)
LANL-04A geosynchronous spacecraft and (e1 and e2) AE index. The black solid vertical lines indicate approximate start times of injections in each probe. Grey
dashed vertical lines indicate substorm onset times during the interval from Table S1.

from VAP-A and LANL-02A (located close to midnight) shown in Figures 2c1 and 2d1, respectively, indi-
cate sudden rise in ion fluxes at ∼15:43 UT (black solid vertical line) corresponding to the EMIC wave onset
at VAP-A. The flux rise is discernible in LANL, HOPE energy channels, and lower energy channels from
RBSPICE. For a more pronounced picture, the reader may refer to PA resolved plots in Figure S3. The other
probe VAP-B was in its inbound trajectory at L ≃ 3 during this interval and only sees a weak patch of EMIC
wave at ∼15:05 UT (not shown). Figure 2e1 shows disturbed geomagnetic conditions during the event with
AE index increasing to 885 nT at ∼15:55 UT. Substorm onset times from Table S1 marked as grey dashed
vertical lines show onsets at ∼15:37 UT, ∼16:51 UT, and ∼17:20 UT on 1 October 2015. The onset at ∼15:37
UT well corresponds to the injection and EMIC onset at ∼15:43 UT.

More EMIC wave events occur sporadically later on the day at VAP-B (Figure 2b2) with onsets at ∼21:08 UT,
∼21:34 UT, ∼22:04 UT, ∼23:06 UT, and ∼23:22 UT. The magnetic field fluctuations are seen in Figure 2a2.
The flux plots in Figures 2c2 and 2d2 show flux increases at ∼21:43 UT on VAP-B and at ∼21:57 UT on
LANL-04A. These signatures are closely associated with EMIC wave onset at ∼22:04 UT. No clear flux rise is
observed corresponding to other EMIC wave patches. The flux increases do not seem to be very intense in the
PA resolved plots (Figure S3) either. Figure 2e2 indicates disturbed conditions with AE gradually increasing
during the event and peaks to 669 nT at ∼22:25 UT. The substorm list in Table S1 shows substorm onset
times at 21:34 UT and 22:02 UT, which are well associated with the flux rise and corresponding EMIC wave
onset times at ∼21:34 UT and ∼22:04 UT, respectively.

In order to demonstrate that substorm ion injections provided favorable ion and the magnetic field con-
ditions to cause the observed EMIC growth, EMIC wave convective growth rate is calculated using the
observed parameters at VAP following the linear theory calculations from Kozyra et al. (1984) and Remya
et al. (2018). Figures S4a and S4b show the calculated linear convective growth rates for the two events,
respectively. The maximum theoretical growth rates calculated using the observed field and plasma param-
eters match spectacularly with the frequency where we observe the maximum EMIC wave power.
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Figure 3. (a) IMF Bz, (b) solar wind speed, (c) solar wind dynamic pressure, (d) AE, and (e) SYM-H during (i) 4
September 2015 and (ii) 1 October 2015. The black vertical lines are the start time of the injections (same as in
Figures 1 and 2, respectively).

2.2. Solar Wind and Geomagnetic Conditions
Our study addresses substorm ion injection triggered EMIC waves in the absence of a geomagnetic storm
or solar wind pressure pulses. Figure 3 gives the solar wind parameters and geomagnetic indices during
these two events to confirm this. The solar wind parameters and geomagnetic indices are obtained from the
NASA/GSFC's OMNI database. The solar wind observations are time shifted to the nose of Earth's bowshock.
The left- and right-hand panels are for days (i) 4 September 2015 and (ii) 1 October 2015, respectively. The
panels from top to bottom are (a) IMF Bz, (b) solar wind speed, (c) solar wind dynamic pressure, (d) AE, and
(e) SYM-H. The vertical black solid lines mark the start time of the injections or flux rises from corresponding
Figures 1 and 2.

For the first event on 4 September 2015, the IMF Bz stays southward (approximately −10 nT) for >2 hr
before the EMIC wave onset and turns northward later. Lee et al. (2006) showed that a northward turning of
Alfvénic IMF fluctuations preceded by a moderately southward IMF Bz leads to a significant fraction of sub-
storm onsets, which is also what we see here. The AE index is enhanced (643 nT at EMIC wave onset ∼01:33
UT) and peaks later near 915 nT at 04:00 UT. The SYM-H index corresponds to a non-storm time interval
(minimum of −39 nT). The second event on 1 October 2015 has similar geomagnetic and solar wind condi-
tions with increased AE activity (∼883 nT), minimum SYM-H index of approximately −31 nT (non-storm
time), and prolonged southward IMF Bz interval since ∼2 hr before the start of EMIC waves. The solar wind
dynamic pressure (≃4 nPa) does not show any drastic changes during either of the events. The flow veloc-
ities gradually increase during the wave activity periods in both events. The injection events in the present
study are hence considered to be purely substorm related with no effects from geomagnetic storms or solar
wind pressure pulses. The substorm list from the SuperMAG database (Table S1) also confirms substorm
onsets corresponding to the events of study. The inference is further confirmed by auroral outburst obser-
vations from timely flux enhancements at geosynchronous spacecraft LANL and THEMIS All Sky Imager
(ASI; not shown due to space constraints).

2.3. SuperDARN Measurements
The SuperDARN network is an international chain of radars proving coverage across the polar-latitude,
high-latitude, and midlatitude regions in both Northern and Southern Hemispheres (Chisham et al.,
2007; Greenwald et al., 1985; Nishitani et al., 2019). These radars observe coherent backscatter from
decameter-scale irregularities aligned along the geomagnetic field, and the Doppler shift of the backscat-
tered signal is proportional to the line-of-sight (L-o-S) component of the ExB plasma drift in the scattering
region (Ruohoniemi et al., 1987). The measurements from several SuperDARN radars can be combined
with a background statistical model using the fitting procedure described in Ruohoniemi and Baker (1998)
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Figure 4. Gridded L-o-S velocity magnitude for the duration (a) 00:00–04:00 UT on 4 September 2015 and (b) 14:00–24:00 UT on 1 October 2015. Each panel
shows combined measurements from radars (shown in the legend) whose field of view scans the 4◦ MLAT and 3-hr MLT bin as shown on top right corner in
each panel.
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to derive large-scale ionospheric convection patterns. In this study, we work with the LOS velocity mea-
surements from the individual radars after mapping into the equal-area, 1◦ in latitude grid cells defined
by Ruohoniemi and Baker (1998), which is a preliminary step for carrying out the fitting procedure. We
examine these gridded LOS velocity measurements for direct evidence of convection velocity surges. This
approach is preferable to working with fitted global velocity data as the spatial filtering associated with the
fitting is likely to suppress the occurrence of localized velocity features. These plasma flows measured in the
ionosphere are a good measure of the magnetospheric electric fields assuming that field-aligned potential
drops are negligible.

Figure 4 presents scatter plots of the gridded L-o-S velocity measurements (Ruohoniemi & Baker, 1998) from
various radars in the Northern Hemisphere SuperDARN array for different magnetic latitudes (MLATs) and
magnetic local times (MLTs). Each panel combines radar measurements within different fields of view that
span a 4◦ MLAT and 3-hr MLT bins with a total latitudinal coverage of 64–76◦ MLAT and local time sectors
from 15 to 24 MLT. The MLAT and MLT bins are noted in each panel, and the legends indicate the radars
that contribute to the data points in each panel.

Figure 4a shows the gridded L-o-S velocity magnitude measured in m/s for the event interval 00:00–04:00
UT on 4 September 2015. Enhanced magnetospheric convection associated with substorm injections is man-
ifested as plasma convection in the ionosphere. The peak L-o-S velocity increases beyond 1,250 m/s after
∼00:30 UT in the post-noon 15–18 MLT bin between 64◦ and 72◦ MLAT. At this time, both VAP spacecraft
were located in this MLT sector during which they observed injection signatures as well as associated EMIC
waves around∼01:33 UT. On a convection map (Figure S5 and Movie S1), these velocities are seen as a strong
sunward drift of plasma, which indicates return flow of the magnetic flux closed by nightside reconnection to
the dayside during substorms. Figure S5 also shows the footpoints of both VAP for easy identification of their
locations with respect to the related convection pattern. The peak L-o-S velocities remain close to 1,000 m/s
in this MLT-MLAT bin until 02:20 UT and wanes below 750 m/s later. Peak L-o-S velocities of <750 m/s are
seen at 18–21 MLT sector for 64–72◦ MLAT. No or weak convection surges are observed at higher latitudes
(72–76◦ MLAT) and for 21–24 MLT regions. Velocity measurements were further checked for later hours
and for the same hours on days prior and after the event (±1 day). There were no strong plasma convection
signatures measured during corresponding time intervals on days prior to and after this event (not shown).

Figure 4b displays the L-o-S velocity scatter plot measurements for the second event on 1 October 2015 from
14:00–24:00 UT. It is very interesting to note that peak L-o-S velocities significantly rise to ∼1,500 m/s dur-
ing the period when injection-associated EMIC waves are observed at ∼15:40 UT. This enhanced convection
is observed at latitudes from 64◦ to 76◦ and in the post-noon 15–18 MLT sector where the spacecraft were
located during the event (see Figure S6 and Movie S2). It can be noted from Figure S6 that the footpoints of
the spacecraft L shells trace to the same local times where the convection is observed. During 15:00–16:00
UT, peak L-o-S velocities of ∼1,000 m/s were also observed at 9–15 MLT region (Figure S7) by radars at
higher (68–76◦) latitudes. Later on the day, between 19:00 and 21:30 UT, enhanced L-o-S velocities of about
>1,250 m/s is measured by radars at higher latitudes (68–76◦) in 9–12 and 15–21 MLT regions. During
this interval, both spacecraft were orbiting very close to the Earth (perigee) near morning side and hence
did not observe any EMIC wave or injection signatures. Further, after 21:20 UT, as both probes advance to
their apogees in the dusk sector, VAP-A following VAP-B, wave activities are observed on both probes. No
significant (> 750 m/s) plasma convection signatures were observed during this later (>21:30 UT) intervals.

In this study, SuperDARN measurements are used to identify the convection instead of VAP electric field
measurements. This is because the spacecraft will only give in situ local electric field values rather than the
global convection measurement, which are required for the present study. However, electric field measure-
ments from VAP EFW instrument (Wygant et al., 2013) were also examined, which show enhanced in situ
electric fields and consequently enhanced magnetospheric convection during the EMIC event intervals (not
shown).

3. Summary and Conclusions
Enhanced convection during substorms has been reported by several studies in the past, for example,
Freeman et al. (1992), Förster et al. (2006), Lester et al. (1996), Pellinen (1993), Milan et al. (2019), Tanaka
(2007), and the references therein. The present study reports observations indicating an association between
EMIC wave enhancements and enhanced convection periods during substorm injections. We presented
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examples of EMIC wave events triggered by ion injections during two substorms. The two substorm events
are identified using injection signatures observed at geosynchronous orbit as well as at the VAP. The Super-
MAG list of substorms also identifies substorm onset times, which are found to match well with the observed
injection signatures in the events. Not all the official substorm onset times correspond to ion flux increases at
VAP, perhaps because the spacecraft were not in the appropriate locations to see some injections. Every flux
increase observed at geosynchronous orbits or at VAP during both events corresponded very closely to EMIC
wave activity enhancements. During these events, we observed enhanced ionospheric plasma flow veloci-
ties that indicate strong magnetospheric convection. Our observations are similar to the statistical results by
Hwang et al. (2007) who found an association of enhanced convection periods with dawnside chorus wave
activity excited by the substorm-injected electrons. A statistical study is now warranted.

Our preliminary survey suggests that injections associated with strong EMIC waves are associated with
clear enhanced convection. The enhanced convection during substorm injections can push more ions, more
quickly and to deeper locations in the magnetosphere, leading to higher fluxes and greater anisotropies,
which in turn lead to wave excitation. The association of injection triggered EMIC waves to enhanced
convection can hence be due to either all or some of the few possible physical mechanisms: (i) injections
associated with strong convections are stronger with higher ion fluxes, (ii) enhanced convection pushes
the anisotropic ions faster and deeper in to the magnetosphere, and/or (iii) stronger convection increases
temperature anisotropy leading to conditions that favor wave growth. Here, the initial look suggests that
stronger convection leads to stronger or higher flux injections and the EMIC wave onsets match with the
arrival times of the increased hot ion flux. Our initial survey also suggests that injections without EMIC
waves are associated with little or no convection. However, more work is needed in this direction. We fur-
ther need to test the statistical significance of our results using more number of events. Note that the present
study deals with substorms during non-storm time periods and in the absence of solar wind pressure pulses.
It will be an interesting future work to look at the nature of the correlation between magnetospheric waves
and ionospheric convections for various geomagnetic conditions.
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