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Abstract Recent years have seen debate regarding the ability of electromagnetic ion cyclotron (EMIC)
waves to drive EEP (energetic electron precipitation) into the Earth's atmosphere. Questions still remain
regarding the energies and rates at which these waves are able to interact with electrons. Many studies
have attempted to characterize these interactions using simulations; however, these are limited by a lack of
precise information regarding the spatial scale size of EMIC activity regions. In this study we examine
a fortuitous simultaneous observation of EMIC wave activity by the RBSP-B and Arase satellites in
conjunction with ground-based observations of EEP by a subionospheric VLF network. We describe a
simple method for determining the longitudinal extent of the EMIC source region based on these
observations, calculating a width of 0.75 hr MLT and a drift rate of 0.67 MLT/hr. We describe how this may
be applied to other similar EMIC wave events.

Plain Language Summary The Earth is surrounded by the Van Allen radiation belts, rings
of high-energy charged particles trapped by the Earth's magnetic field. These particle populations are
constantly changing, driven by forces from the Sun, Earth, and from the belts themselves. One of the most
important drivers of this dynamism is the interaction between particles and electromagnetic waves. One
such wave species, known as Electromagnetic Ion Cyclotron (EMIC) waves, has come under scrutiny
recently due to experimental results calling into question the theoretical energy limits of their interactions
with radiation belt electrons. Studying these waves and their interactions is hampered by our inability
to accurately determine the size of the source region of these waves. In this study, we investigate a single
EMIC wave event observed simultaneously by two separate satellites and use a network of ground-based
radio wave receivers to estimate the size of the EMIC region. We also explain how the method used in this
study may be generalized to other EMIC wave events. This method will allow us to carry out statistical
analysis of the size of EMIC wave regions in general, aiding future research into the impacts of these waves
on the radiation belts.

1. Introduction
Electromagnetic ion cyclotron (EMIC) waves, Pc1-2 (0.1–5 Hz) pulsations in the Earth's magnetosphere,
have long been known as drivers of relativistic electron scattering and loss within the Earth's radiation belts
(e.g., Thorne & Kennel, 1971). Despite decades of study, however, many basic elements of the interactions
between EMIC waves and radiation belt electrons remain unknown. Key among these are the precise details
of the process driving the electron scattering and the energy range across which this scattering can occur.

For many years, quasi-linear diffusion theory was the preferred approach to studying EMIC-driven electron
precipitation. Under this theory, electron scattering is expected to be restricted to energies above roughly
1–2 MeV, only reaching lower energies in extraordinary cases (Meredith et al., 2003). However, in recent
years a growing number of experimental studies have shown evidence of EMIC waves driving energetic
electron precipitation (EEP) at energies below 500 keV (e.g., Millan et al., 2007; Woodger et al., 2015;
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Clilverd et al., 2015; Rodger et al., 2015), with one study even suggesting that this lower-energy EEP may
be the dominant form of EMIC-driven electron precipitation (Hendry et al., 2017). These results are largely
incompatible with quasi-linear theory, and other possible explanations have been suggested, including non-
linear theory (e.g., Omura & Zhao, 2012, 2013), nonresonant theory (e.g., Chen et al., 2016), and resonant
scattering by low-amplitude waves (Denton et al., 2019), although none has emerged as the dominant theory
to date.

This uncertainty regarding the fundamental characteristics of EMIC waves is in part simply due to a lack of
observations. It was not until fairly recently that EMIC waves were able to be conclusively linked to electron
precipitation (Miyoshi et al., 2008; Rodger et al., 2008), and even now, we are limited to a handful of satellites
for in situ study of these waves. Such limited and sporadic coverage makes it difficult at times to properly
characterize the waves associated with a given precipitation event. The use of ground-based instrumentation
has proved useful for filling some of these gaps in coverage.

There have been a number of investigations into the size of EMIC source regions (e.g., Blum et al., 2017;
Engebretson et al., 2008, 2015; Lee et al., 2013; Mann et al., 2014). However, these studies have tended to
focus on either the L-shell extent of the wave regions, which is typically much easier to determine, or have
provided only very rough estimates of the longitudinal extent. Part of the reason for this is because it is gen-
erally not feasible to determine the longitudinal extent of an EMIC source region from in situ measurements
alone. The combination of moving observation platforms and a low density of satellites means that, gen-
erally speaking, the size simply cannot be accurately calculated. Ground-based EMIC wave measurements
do not fare much better—ionospheric ducting makes it all but impossible to determine precisely the source
location of EMIC observations from ground-based wave observations alone (Kim et al., 2010). This in turn
makes it very difficult to determine how large the source region is. Without precise knowledge of typical
source-region extents, simulations and studies of EMIC waves have to essentially guess how large the source
region is, or simply ignore this aspect entirely. This can lead to significant uncertainties regarding the effect
of EMIC waves on radiation belt particle populsations as a whole—larger source regions allow not only more
of the radiation belts to interact with the waves in question, but also for longer interaction times.

In this paper, we discuss a technique using subionospheric VLF wave observations for determining the lon-
gitudinal extent of a subset of EMIC waves, namely, those that are able to scatter energetic electrons into the
loss cone. While this limitation excludes a significant proportion of the total EMIC wave population, it has
the potential to provide much needed data on the wave characteristics of these EEP-driving waves.

2. Instrumentation
In this study we utilize in situ magnetic field observations from two sources: the RBSP Electric and Magnetic
Field Instrument Suite and Integrated Science (EMFISIS) triaxial fluxgate magnetometer (MAG) (Kletzing
et al., 2013) and the Arase Magnetic Field Experiment (MGF), which is also a triaxial fluxgate magnetometer
(Matsuoka et al., 2018). These instruments sample at 64 and 256 Hz, respectively, making them ideal for
investigating EMIC activity. We complement these observations with data from the 100 Hz ground-based
search-coil magnetometer (SCM) located in Eskdalemuir, Scotland (55.3◦ N, −3.2◦ E, L =∼ 2.8), run by
the British Geological Survey (Beggan & Musur, 2018). The ESK magnetometer consists of two coils: one
arranged north-south and the other east-west.

For ground-based observation of electron fluxes, we use data from the Antarctic-Arctic Radiation-belt
Dynamic Deposition VLF Atmospheric Research Konsortia (AARDDVARK) network. AARDDVARK is a
global network of very low frequency (VLF) radio receivers, used to monitor the height of the ionospheric D
region through the monitoring of powerful man-made VLF radio signals. VLF waves may propagate for very
long distances through the Earth-Ionosphere waveguide. Changes in the height of the D region, for instance
due to EEP into the ionosphere, change the properties of this waveguide, resulting in changes in the char-
acteristics (i.e., phase and amplitude) of the received wave. By monitoring and investigating these changes,
it is possible to derive information about electron precipitation into the ionosphere. More information on
the AARDDVARK network and the remote sensing of the ionosphere can be found in Clilverd et al. (2009),
and the sources within.
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3. Event Description
3.1. Wave Observations: In Situ
As shown in Figure 1a, on 25 August 2018 from 20:46–21:05 UT, the RBSP-B EMFISIS MAG instru-
ment observed a burst of EMIC wave activity between roughly 0.4–1.2 Hz, in the helium wave band
(ΩHe+ < 𝜔 < ΩH+ ). This activity consisted of two distinct wave bursts from 20:46–20:49 UT and 20:50–21:05
UT, with the peak wave amplitudes of 5.5 and 12.7 nT, respectively. A lower-amplitude burst of wave power
was also observed in the hydrogen band (ΩO+ < 𝜔 < ΩHe+ ) from roughly 1.2–1.6 Hz at around 21:04 UT;
however, this was comparatively much weaker than the helium band wave, peaking at roughly 1.8 nT. We
see evidence of rising-tone subpacket structures (sometimes called fine-structure elements; e.g., Matsuda et
al., 2018), particularly during the second wave burst. Over the duration of this wave observation, the RBSP-B
satellite traversed roughly L = 3.9–4.3, calculated using the 2002 Tsyganenko (T02) model (Tsyganenko,
2002a, 2002b) magnetic field model, at 20.7–21.2 MLT. RBSP-B was located close to the magnetic equator at
this time, at a magnetic latitude of roughly −7.2◦.

Figure 1. (a) Wavelet spectrogram of the RBSP-B perpendicular wave power (field-aligned coordinates), with the helium and oxygen gyrofrequencies plotted in
white. (b) As in (a) but for the data from the Arase MGF instrument. (c) Map of the event region with the RBSP-B and Arase T02 footprints in red and blue,
respectively (with arrows indicating the direction of travel and white diamonds indicating the point of closest approach); the 3 AARDDVARK VLF paths in red;
and the Eskdalemuir SCM (red square). T02 L shells from 3–6 are shown as dashed black lines. (d and e) As in (a) and (b) but plotted against MLT and
normalized by the equatorial helium gyrofrequency.
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Figure 2. (a) Wavelet spectrogram of the ESK North-South component with the approximate temporal limits of the
wave shown in white. (b) The difference between the phase of the GQD-NYA VLF signal at the event time and the
QDC. (c) As in (b) for the GVT-NYA path. (d) As in (b) for the GQD-REY path. For panels (b)–(d), the dashed red lines
indicate the zero point (i.e., the QDC), and the solid red lines indicate the temporal limits of the EMIC wave as seen at
Eskdalemuir.

Figure 1a presents the wavelet spectrogram of the RBSP-B wave power perpendicular to the background
field, calculated during the event period using the generalized Morse wavelet (Olhede & Walden, 2002) with
symmetry parameter 𝛾 = 3. The equatorial helium and oxygen gyrofrequencies, ΩHe+ and ΩO+ , respectively,
are overplotted in white. The T02 footprint of the RBSP-B satellite during this period of wave observation,
taken as the geographic coordinates of the magnetic field line traced down from the satellite to an altitude
of 100 km, is shown in red in Figure 1c.

During this same time period, the Arase satellite was roughly in conjunction with RBSP-B. From roughly
20:49–20:59 UT, the Arase magnetometer observed strong wave power in the helium wave band. Like the
RBSP-B observations, Arase saw two distinct wave bursts from 20:49–20:51 UT and 20:51–20:59 UT, peaking
at 6.3 and 9.3 nT, respectively. During this wave observation, Arase traversed roughly L = 3.6–4.3 (T02) and
20.75–21.2 MLT. Arase was located much further down the field line than RBSP-B at a magnetic latitude of
roughly −30◦, likely outside the EMIC source region. The wavelet spectrogram of the Arase perpendicular
wave power is presented in the same format as the RBSP-B data in Figure 1b. The T02 footprint of the Arase
satellite during this period of wave observation is shown in blue in Figure 1c.

RBSP-B and Arase were not in perfect conjunction during this wave event, as is evident from examination
of the footprint traces presented in Figure 1c—at every point during the wave event, the satellites were
separated in either L shell or MLT. At closest approach, the satellites were separated by ∼800 km when
traced to the magnetic equator (using the T02 field model). Thus, a direct comparison between the wave
observations is not necessarily the best approach to investigating the wave data. Figures 1d and 1e show the
same data as Figures 1a and 1b, plotted against MLT instead of UT and with the frequency normalized by
the equatorial helium gyrofrequency for each satellite. When viewed in this fashion, it is clear that these
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observations are of the same wave event, with very strong similarities in the MLT locations of the wave
observations.

3.2. Wave Observations: Ground Based
Evidence of EMIC wave activity was observed in the ESK SCM (Figure 1c, red square) at the same time
as the satellite observations, shown in Figure 2a. This magnetometer is located roughly 5◦ southward and
5◦ eastward of the satellite footprint region—that is, roughly the same MLT and well within the limits of
EMIC ducting (Kim et al., 2010). The wave seen in the ESK magnetometer was a clear IPDP-type (intervals
of pulsations with diminishing periods) wave, with the average frequency of the wave gradually increasing
over the observation period. We also see evidence of more rapid internal rising-tone subpacket structure. The
wave activity on the ground lasts longer than the satellite observations, occurring for roughly 40 min from
20:35 UT until 21:15 UT, suggesting again that the satellites were passing through an existing wave source
region, rather than observing the initial growth of the wave. In Figure 2a we have indicated the approximate
temporal extent of the wave with vertical solid white lines, estimated as the times where the instantaneous
sum of the wave power in the helium band returned to the background level.

3.3. EEP observations: Ground-based
There is growing experimental evidence to suggest that strong EMIC waves, particularly those with
rising-tone subpacket structures, are capable of driving significant electron scattering into the loss cone,
potentially through nonlinear interactions (e.g., Hendry et al., 2019; Kubota & Omura, 2017; Omura &
Zhao, 2013). Thus, we expect that this wave event, which is both strong and features rising-tone subpacket
structures, should drive electron precipitation into the upper atmosphere.

To get an idea of the electron precipitation being driven by this event, we can look at this event using
ground-based instrumentation. The footprint region of this wave event is crossed by 10–15 AARDDVARK
VLF paths, depending on the signals being observed at a given station. For this case study, a number of
these were unusable due to poor signal strength or lack of phase lock. There is also overlap between some
of the paths, providing essentially redundant data. We focus on the measurements from two AARDDVARK
receivers located in Reykjavik, Iceland (REY), and Ny-Ålesund, Norway (NYA). For each of these receivers,
we examine the signal from the British VLF transmitter located in Anthorn, UK (GQD). We also examine
the signal from another British VLF transmitter in Skelton, UK (GVT), using data from the Ny-Ålesund,
Norway (NYA), receiver. These paths are shown in Figure 1c; due to the scale of the map, the transmitter
and receiver locations are not shown.

To examine the AARDDVARK data properly, we must estimate the quiet-day curve (QDC); that is, the form
the signal would take in the absence of any atypical modification of the waveguide. For each of the paths
studied, we construct an approximate QDC phase curve through a combination of detrending and analysis
of quiet days prior to the event day. This QDC is then subtracted from the AARDDVARK signal, leaving
only the changes to the signal caused by the EEP-driven ionization of the D region. For this study, we focus
on the phase of the signal. The results of this are shown in Figures 2b, 2c, and 2d. The solid red lines indicate
the period of wave activity, as determined by the ESK magnetometer.

The timing of this event is such that the terminator crosses each of the VLF paths during the event period.
VLF phase and amplitude propagation are significantly complicated by the presence of the terminator,
which can make detailed analysis of the VLF signal difficult. Fortunately, for our purposes, we take a less
quantitative approach to this analysis, so precise knowledge of the phase and amplitude changes are not
necessary.

In Figures 2b, 2c, and 2d, it is clear that there is EEP occurring along each of the paths, with significant
changes in the measured phase of the signal in each case. We note that there are significant differences in
the timing and duration of these phase changes; in the next section, we will investigate these changes in
more detail, using the different locations of the paths to estimate the longitudinal extent of the EMIC source
region.

4. Source-Region Analysis
From a combination of our in situ and ground-based observations, we are able to investigate the size and
westward drift rate of the EMIC source region for this event. First, we investigate what the wave observations
tell us about the source region.
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From our ground-based EMIC wave observations, we know that this EMIC wave event began at roughly
20:35 UT, lasting for 40 min until 21:15 UT. Both the RBSP-B and Arase observations, from 20:46–21:05 UT
and 20:49–20:59 UT, respectively, occur entirely within this time period, meaning that the limits of these in
situ wave observations must represent spatial limits to the region occupied by the wave, rather than temporal
limits. In other words, the onset and disappearance of wave activity in the satellites are due to the satellites
entering the source region, rather than the source region forming and decaying around the satellites.

Based on the analysis of the satellite traces in Figure 1c, it is clear that the if the onset of wave activity on the
satellites cannot be explained by temporal changes in the source region, then it must be due to the satellites
passing through the western-most edge of the wave region; thus, by examining the satellite locations at these
times, we can determine the MLT (or longitude) location of the western edge of the slowly westward drifting
source region. By similar reasoning, it is clear that the disappearance of wave activity on the satellites is due
to them reaching the upper L-shell extent of the EEP and EMIC source region.

The solid red and blue lines in Figure 1c trace T02 footprint RBSP-B and Arase satellites for the periods
when each sees EMIC wave activity, that is, 20:45–21:04 UT for RBSP-B and 20:49–20:59 UT for Arase. From
the endpoints of the interval, we can define a rough upper limit on the L-shell extent of the event region at
L = 4.3. From the limits of the Arase observations, we know that the wave region must extend down to at
least L = 3.6; however, we cannot rule out the possibility of the wave region extending lower. Other studies
have used observations from the Polar-orbiting Operational Environmental Satellites (POES) constellation
to estimate the L-shell extent of EMIC waves (e.g., Engebretson et al., 2015); however, due to extensive proton
contamination of the POES electron data, this is not possible for this case.

Using the RBSP-B and Arase data, we can also estimate the drift rate of the source region relative to the
Earth, from the slight differences in the satellite footprint locations at the onset of wave activity in each.
The RBSP-B satellite first detected wave activity at 20:45:41, at which point the (T02) footprint of the satel-
lite was located at a longitude of −11.69◦E (21.14 MLT). The Arase satellite detected wave activity slightly
later in time, starting at 20:49:23, at which point the (T02) footprint was located at a longitude of −12.15◦E
(21.14 MLT). This suggests that the westward boundary of the source region had drifted 0.46◦ westward in
longitude over a period of roughly 5 min, giving a westward drift rate relative to the Earth of roughly 6◦/hr.
We cannot determine the extent of the source region purely from this; to complete the picture, we turn to
the ground-based observations from AARDDVARK.

Starting with the REY path, shown in Figure 2c, we compare the change in phase to the ESK spectrogram
plotted in Figure 2a. We can see that the phase change starts and ends roughly in sync with the wave seen
at ESK, with the peak of the change in phase coinciding roughly with the peak wave intensity seen in the
magnetometer. This suggests that the REY path overlaps with the EMIC source region for the entirety of the
event period and that electron precipitation was occurring for the entire event period.

We turn now to the two NYA paths, from the GQD and GVT transmitters. For each of these paths, we note
a phase change that starts in sync with the onset of the wave power in the ESK magnetometer, suggesting
that the paths start the event period within the source region. Unlike the REY path, however, the phase
changes on both of these paths return to zero before the wave power does. This return to zero indicates that
no more electron precipitation is occurring along with path, which we attribute to the westward drift of the
eastern boundary of the EMIC and EEP source regions, resulting in the eastern-most edge of the source
region passing over these paths. Importantly, there is a slight difference in the times at which each path
returns to zero, with roughly 6 min separating the them. Using this time offset together with the distance
between the two paths, we can calculate the drift rate of the source region, relative to the Earth. Over the
L-shell region for which we see waves in the satellite data, these two paths are separated by roughly 0.4◦

longitude, suggesting a westward drift rate of roughly 4◦/hr. We note that this is almost identical to that
calculated from the satellite footprints.

To determine the extent of the source region, we first assume that the point in time at which the phase
change in the AARDDVARK paths returns to zero occurs when the eastern-most edge of the source region
is directly over the path. We then use the calculated drift rates to extrapolate back in time, allowing us to
determine the location of the eastern-most edge of the source region at the time of wave onset in the satellite
data—the difference in this eastern edge and the western edge calculated from the satellite data gives us
the extent of the wave source region. The GQD-NYA path returns to zero roughly 8 min after wave onset
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in the RBSP-B satellite—if we average our two drift estimates and assume a 5◦/hr westward drift rate, this
suggests that the source region drifts west by roughly 0.67◦ longitude in this time. The mean longitude of
the GQD-NYA path over the L-shell range of the satellite observations is −1.4◦E. Thus, at the time of wave
onset in the RBSP satellite, the eastern-most edge of the source region was located at a longitude of roughly
−0.75◦E. This gives us a total source region longitudinal extent of approximately 11◦.

At times it may be more useful to determine the source region extent in terms of MLT, rather than geographic
longitude, although we note that the drift calculations are typically simpler using longitude due to the inher-
ent time dependence of MLT. Redoing the above calculation in terms of MLT, we determine a source region
extent of roughly 0.83 hr MLT and an approximately negligible MLT drift rate—in other words, the source
region is in fact stationary in MLT.

5. Discussion and Conclusions
We have demonstrated a method for determining the approximate longitudinal extent and drift rate of an
EMIC source region using a combination of in situ spacecraft and ground-based measurements and the
AARDDVARK network. The general process for an arbitrary event is as follows:

1. Determine the presence and footprint location of EMIC waves using in situ magnetometer observations.
In situ wave observations for this step are not strictly necessary; however, we note that due to the ability of
waves to duct significant distances upon reaching the Earth's ionosphere, the ground-based observation
of waves is not sufficient to determine the presence of EMIC waves across a given AARDDVARK path. It
may be possible to use a proxy instead of direct wave measurements, for instance the precipitation trigger
described in Carson et al. (2013), for this purpose.

2. Determine the temporal extent of the wave using ground-based magnetometers. This step is important to
provide context for the AARDDVARK measurements, to ensure that timing of the observed VLF signal
changes match with the timing of the wave.

3. Determine the drift rate of the source region by comparing the times at which the source region bound-
aries cross the AARDDVARK paths. In this study, we used the time at which the phase change of the
VLF signals (relative to the QDC calculated in section 3.3) returned to zero; however, the time of onset of
phase changes is equally valid, provided that this onset is due to the source region drifting over the path.

4. Determine the eastern and western boundaries of the event by extrapolating from the path crossing times
using the calculated drift rate. In this study, we were able to use the satellite data to determine the western
edge of the source region; however, this may not always be possible. In theory this step can be performed
with only two AARDDVARK paths (a minimum of two are required to calculate the drift speed rela-
tive to the Earth); however, in general, more paths will allow for a more accurate determination of the
source-region size. From these measurements, calculating the size of the source region is fairly trivial, as
we have shown.

We note that the above method will not be possible in all cases, as AARDDVARK coverage will not always
be sufficient to calculate the require parameters.

We can draw comparisons between our method and that of Sakaguchi et al. (2015), who investigated the
spatial scale size of EMIC-associated isolated proton aurora (IPA). The authors showed that individual IPA
patches were typically less than 12◦ longitude wide, which places our event at the upper limit of this scale.
However, we note that the size reported by Sakaguchi et al., 2015 is the size of individual IPA patches rather
than the EMIC regions themselves, which may contain several distinct IPA patches.

A study by Zhang et al. (2016) used in situ and ground-based wave measurements to estimate the source
region extent of a single EMIC wave event, estimating an extent of 2 hr for the H+ band and 4 hr for the
He+ band. These are significantly larger than our own estimates; however, it must be noted that the use of
ground-based wave measurements for determining source region extent is unreliable, due to the ducting
issues mentioned previously. This could lead to a significant overestimation of the source region size. We
also note that the Zhang et al. (2016) event occurred on the dayside, whereas our own event was well into
the duskside—we cannot rule out an MLT dependence of the source region extent. Clearly, further study is
required to determine if this is the case.

The use of the AARDDVARK network for determining the spatial extent of EMIC wave source regions
has benefits over alternative methods. One of the greatest benefits is that of coverage. The AARDDVARK
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network has the ability to remotely sense changes to the ionosphere in regions impossible for other
ground-based instruments to be installed, including oceanic regions and the majority of the Southern Hemi-
sphere. We note, however, that this range is a double-edged sword; care must be taken to ensure that
precipitation observed by the AARDDVARK network is indeed due to the EMIC wave in question, and not
due to some other precipitation source occurring elsewhere along the same VLF path. Care must also be
taken to ensure a valid QDC is used to remove diurnal and other background variations in the signal—in
this paper we used a simple method manually comparing the active period to quiet periods on surrounding
days, a well-established method in the literature (e.g., Clilverd et al., 2006); however, we note that attempts
have been made to automate this process (e.g., Neal et al., 2015).

In theory, a similar method should be possible with riometers; however, these are limited by their sensitivity
and scope. Riometers are most sensitive to electron precipitation with energies of hundreds of keV and do
not response strongly to relativistic electron precipitation. They can also only detect electron precipitation
that occurs directly overhead the instrument, which limits their utility in such a study. With a dense enough
riometer network, however, for instance the Canadian GO-RIO network, similar results should be possible.

The presented method is based on the assumption that the extent of the EMIC source region is the same as
the extent of the EEP region. To justify this, we need only look to the AARDDVARK data presented earlier
in this paper. In Figure 2d, we showed that the onset of the phase change in each of the paths lined up
almost perfectly with the onset of EMIC wave power in the ESK magnetometer, suggesting that EMIC-driven
electron scattering begins almost immediately after wave generation. This is supported by the literature as
well; Omura and Zhao (2013) and Kubota and Omura (2017) both showed that electron precipitation occurs
within seconds of interaction with rising-tone EMIC waves, such as the wave in this case study. We also note
that the REY path, shown in Figure 2d, passes very close to the western edge of the event region, as defined
by the RBSP-B and Arase satellites. This suggests that any longitudinal lag between the wave region and the
precipitation region is likely very small.

Being able to determine the extent of EMIC source regions has important implications for the study of EMIC
waves. When investigating the impact that EMIC waves have on radiation belt electron and ion popula-
tions, knowledge of the longitudinal extent of the EMIC wave region is essential—clearly, larger regions
will have a greater effect on radiation belt populations. Being able to quantify this size will allow for more
accurate simulations of EMIC wave-particle interactions, leading to better understanding of the scattering
processes involved. Knowledge of the boundaries of the wave source region is also important for investigat-
ing EMIC wave generation, for instance determining how the scale of these regions varies across different
wave observations, and whether this variation ties into other wave properties.

The clear downside of this technique is that it only works on EMIC waves that are actually capable of
scattering electrons into the loss cone. In their study of EMIC-driven electron precipitation, Hendry et al.
(2016) showed that there was a distinct difference between the spatial distribution of EEP-producing EMIC
waves and EMIC waves as a whole, with EEP-producing EMIC waves typically occurring around magnetic
midnight, well away from the typical peak in EMIC occurrence (e.g., Saikin et al., 2015). Thus, while this
technique provides an invaluable insight into these EEP-producing waves, we must devise other techniques
for determining the extent of other active EMIC waves.

There is an interesting aspect of the EMIC source region examined in this study that bears further investiga-
tion. One of the prevailing theories of IPDP-type wave generation suggests that the wave growth is driven by
substorm-related ion injections at magnetic midnight, which drift clockwise (i.e., in a negative MLT direc-
tion) around the Earth (e.g., Yahnin et al., 2009). However, in section 4, we observed that the source region
was in fact static with respect to MLT. This suggests that for this particular case study, ion injections are not
the driving process of the wave generation. This is not without precedent; other studies of EMIC waves have
seen source regions that do not drift in MLT (e.g., Hendry et al., 2016). At present, it is unclear what the true
driving process might be; we hope to answer this in a future study.

As a proof of concept, this study shows that it is not only feasible, but is a relatively simple process to calculate
the extent of an EEP-driving EMIC source region from the EEP signature in ground-based VLF measure-
ments. We hope to expand this method into a broader study of EEP-driving EMIC waves, to derive statistics
on the size of these wave regions. We hope that this will lead to a better understanding of the generation of
EEP-driving EMIC waves, as well as the wave-particle interaction processes themselves.
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