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Abstract On 11 October 2012, during the recovery phase of a moderate geomagnetic storm, an extended
interval (> 18 h) of continuous electromagnetic ion cyclotron (EMIC) waves was observed by Canadian Array
for Real-time Investigations of Magnetic Activity and Solar-Terrestrial Environment Program induction coil
magnetometers in North America. At around 14:15 UT, both Van Allen Probes B and A (65° magnetic longitude
apart) in conjunction with the ground array observed very narrow (ΔL ~ 0.1–0.4) left-hand polarized EMIC
emission conﬁned to regions of mass density gradients at the outer edge of the plasmasphere at L ~ 4. EMIC
waves were seen with complex polarization patterns on the ground, in good agreement with model results
from Woodroffe and Lysak (2012) and consistent with Earth’s rotation sweeping magnetometer stations across
multiple polarization reversals in the ﬁelds in the Earth-ionosphere duct. The narrow L-widths explain the
relative rarity of space-based EMIC occurrence, ground-based measurements providing better estimates of
global EMIC wave occurrence for input into radiation belt dynamical models.

1. Introduction
Electromagnetic ion cyclotron (EMIC) waves are excited in the magnetosphere by temperature anisotropic ions
(Tperp > Tpar). Such anisotropies can be generated through the drift dispersion of energetic ions [e.g., Anderson
et al., 1992] or as a result of magnetospheric compression [e.g., Usanova et al., 2008; Anderson and Hamilton,
1993]. Both theory and observations have shown that EMIC wave growth not only leads to the isotropization of
the initially unstable proton distribution but can also result in pitch angle scattering and loss of protons into the
ionosphere [e.g., Yahnin and Yahnina, 2007; Usanova et al., 2010, and references therein] and therefore plays
an important role in ring current dynamics [e.g., Jordanova et al., 2006]. EMIC waves can also interact with
relativistic Van Allen belt electrons (energies of > ~ 500 keV) through a Doppler-shifted cyclotron resonance
in the frame of the electrons [e.g., Jordanova et al., 2008; see also companion paper Usanova et al., 2014].
Consequently, understanding the nature and spatial structure of EMIC waves is essential in order to fully
assess their impacts on energetic particle dynamics in both the ring current and radiation belts in the
inner magnetosphere.
Little is known about the detailed latitudinal (L-shell) and longitudinal (magnetic local time (MLT)) spatial
structure of EMIC waves in the magnetosphere, despite the fact that the extent of their coverage in L and MLT
will have a signiﬁcant effect on the efﬁciency of EMIC wave interactions with energetic particle distributions
in the ring current and radiation belts. For example, modeling can predict the locations of EMIC wave excitation storm time ring current ions [e.g., Jordanova et al., 2006], with theory predicting a potential prevalence
of EMIC waves in locations such as the outer plasmasphere or plasmaspheric plumes where overlap between
unstable ion distributions and cold plasma increases EMIC wave growth rates [e.g., Summers and Thorne,
2003]. Similarly, ducting of EMIC waves along plasma density gradients [e.g., Chen et al., 2009] may also
contribute to the local development of large amplitude EMIC wave packets where signiﬁcant ampliﬁcation
may arise from raypaths returning repeatedly to regions supporting EMIC growth. Using multiple satellite
data from the THEMIS mission, Usanova et al. [2008, and references therein] presented a case study demonstrating the spatial localization of EMIC waves in packets with L-shell widths ~1.3 Re. Low-altitude satellite
observations from Magsat [e.g., Iyemori and Hayashi, 1989] and ST5 [Engebretson et al., 2008] have also observed
EMIC waves with narrow L-shell widths. However, in general, the nature of EMIC wave spatial structure is not
well known.

MANN ET AL.

©2014. American Geophysical Union. All Rights Reserved.

785

Geophysical Research Letters

10.1002/2013GL058581

In this paper, for the ﬁrst time, we use data from an extensive 2-D array of ground-based magnetometers
during a period where both of the NASA Van Allen Probe satellites, at high altitudes, see two longitudinally
separated local source regions of EMIC waves, both of which are in direct magnetic conjunction to two different longitudinally separated ground-based magnetometer stations at L = 4 within the array. This collective
data set presents clear evidence that EMIC wave elements in the inner magnetosphere are conﬁned to very
narrow L-shell regions; the relationship between the injected magnetospheric EMIC waves and the response
observed in the Earth-ionosphere waveguide is examined and compared to published simulation results. The
implications for EMIC wave-particle interactions in the inner magnetosphere are also discussed.

2. Instrumentation
2.1. Magnetometer Arrays
The Canadian Array for Real-time Investigations of Magnetic Activity (CARISMA; www.carisma.ca) is the continuation and expansion of the former Canadian Auroral Network for the OPEN Program Uniﬁed Study magnetometer array deployed and operated by the University of Alberta [see Mann et al., 2008]. The expanded array
now consists of both ﬂuxgate and induction coil magnetometers. For this study, we used data only from
induction coil magnetometers with a measurement resolution of <0.2 pT/Hz1/2 at 1 Hz, which are more sensitive
than ﬂuxgate magnetometers for detecting EMIC activity and which span L-shells of L = 3.6–6 and cover ~4 h
of MLT. The Solar-Terrestrial Environment Program (STEP) Polar Network (http://www-space.eps.s.u-tokyo.ac.jp/
~hayashi) is also an array of ﬂuxgate and induction coil magnetometers. The STEP induction coil magnetometers
provide measurements with cadence of 10 samples/s and a resolution of ~3 pT. The Finnish pulsation magnetometer chain, operated by the Sodankylä Geophysical Observatory (http://www.sgo.ﬁ/Data/Pulsation/pulData.
php), also has induction coil magnetometer data available at 40 samples/s time resolution. We used this ground
magnetic ﬁeld data from the Scandinavian sector to also examine the global nature of the EMIC waves as seen on
the ground including the effects of injection into the Earth-ionosphere duct [e.g., Fraser, 1975].
2.2. The NASA Van Allen Probes
The two identical Van Allen Probes follow similar orbits encompassing both the inner and outer radiation
belts [Kessel et al., 2013]. They follow each other in highly elliptical orbits ranging from a minimum altitude
of ~600 km to a maximum altitude of ~37,000 km, and their slightly different orbital periods cause the
intersatellite separation to increase with time until they eventually lap one another. For this study, we used
64 samples/s magnetic ﬁeld measurements with an accuracy ~0.1 nT from the Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] to monitor both EMIC waves and
to determine local ion gyrofrequencies from the total magnetic ﬁeld magnitude. To obtain information
about background cold plasma densities, we used spacecraft potential measurements from four spin-plane
antennae of the Electric Field and Waves Instrument (EFW) [Wygant et al., 2013]. The spacecraft potential
provides reliable estimate of cold plasma densities in a range of 0.1–100 cm 3 at 1 s cadence.

3. Observations
The EMIC event studied here occurred on 11 October 2012 in the recovery phase of a moderate geomagnetic
storm (with minimum Dst = 111 nT occurring on 9 October 2012). Figures 1a and 1b show that EMIC wave
activity spanned an interval of at least 18 h UT as seen by the ground magnetometer stations in Canada (and
hence at least 18 h of MLT) being detected simultaneously at multiple CARISMA magnetometer stations from
Dawson City (L = 6.09) in the west of the CARISMA array (DAWS; geomagnetic latitude and longitude (65.9,
273.9)) to Pinawa (L = 4.06) at the eastern edge of the CARISMA array (PINA; geomagnetic latitude and longitude (60.0, 331.8)). Similar wave activity is seen on the ground right across the CARISMA and STEP induction
coil arrays in the North American sector, the location of the stations used for this study being shown in
Figure 1c. This is analyzed in more detail below. In the European sector, the Finnish pulsation magnetometer
chain spanning L-shells from L = 5.9 (Kilpisjarvi) to L = 3.3 (Nurmijarvi) (not shown) also showed structured
EMIC emissions spanning from at least 4 UT to 13 UT, the power being most intense at the lowest L station at
L = 3.3. This further demonstrates the very large and global extent of simultaneous EMIC wave activity. During
this period, the solar wind dynamic pressure, Pdyn, remained below around 1.4 nPa until after 22 UT when
Pdyn increased above 2 nPa approximately coincident with renewed EMIC wave activity. There is also a
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Figure 1. D-component induction coil dynamic power spectra from the (a) Canadian Array for Real-time Investigations of Magnetic Activity (CARISMA) Pinawa (PINA;
L = 4.06) and (b) Dawson City (DAWS; L = 6.09) stations. Figure 1c shows the locations of the selected CARISMA and Solar-Terrestrial Environment Program (STEP)
induction coil magnetometer stations in the North American sector used in this study; overplotted are the magnetic footprints of the Van Allen Probe satellites (B
outbound—red; A inbound—blue) traced with the Tsyganenko [1989] magnetic ﬁeld model from 13:30 to 14:30 UT.

signiﬁcant enhancement in EMIC power between ~12 and 16 UT coincident with a rise and then fall in Pdyn
from around ~1.1 nPa to 1.3 nPa (not shown), and we examine this interval further below.
During this interval, the Van Allen Probes A and B were magnetically conjugate to the Canadian sector and the
region of EMIC wave activity on the ground. EMIC wave spectrograms of the Bx GSM magnetic component on
the Van Allen Probes are shown in Figure 2a (Probe B) and Figure 2b (Probe A), and those from the D-component
from DAWS and PINA stations are shown in Figures 2c and 2d, respectively. Both spacecraft observed bandlimited EMIC waves conﬁned to only a narrow range of L-shells: spanning invariant dipole L = 4.2–4.3 at probe
B from 14:10 to 14:15 UT where discrete emissions are seen below the local He + gyrofrequency between ~0.7
and 1.1 Hz, and below the local He + gyrofrequency at probe A spanning invariant dipole L = 3.8–4.2 from 14:15
to 14:30 UT. Probe A also saw evidence of emission above the local He + gyrofrequency at ~1.7 Hz from ~ 13:35 to
13:50 UT at L ~ 4.6–4.9.
The EMIC emission seen at probe B (Figure 2a) on its outbound pass is clearly conﬁned close to a strong
gradient in the electron density, as inferred from spacecraft potential, at the outer edge of the plasmasphere

Figure 2. Spectrogram of the (a) Bx GSM magnetic ﬁeld component power and the (b) perpendicular magnetic ellipticity from Van Allen probe B, as well as the Dcomponent induction coil magnetometer spectrogram from DAWS (L = 6.09) from 13 to 16 UT on 11 October 2012. Figures 2d and 2e show data in the same format
as Figures 2a and 2b for Van Allen Probe A, whose orbit is slightly east of PINA. The PINA D-component magnetic spectrogram is shown in Figure 2f. The black lines on
Figures 2a and 2d show the local helium gyrofrequency, and the red line shows the electron plasma density derived from spacecraft potential measurements, and in
Figures 2b and 2e, left (right) -hand circularly polarized waves have an ellipticity of 1 (+1).
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L=10

L=4

Figure 3. Top row: Map showing the locations of CARISMA and STEP magnetometer stations observing electromagnetic ion cyclotron (EMIC) wave activity, same format
at Figure 1, but with DAWS station removed (left panel), and model results of the amplitude and polarization of EMIC waves ducted in the Earth-ionosphere waveguide
adapted from Woodroffe and Lysak [2012; their Figure 7] (right panel). Bottom two rows: Wave ellipticity hodograms, band-pass ﬁltered between 0.83 and 1.25 Hz, from
the ground-based magnetometer stations on the map in the top row observed at three universal times: during the maximum EMIC wave amplitude at low L
(14:00:15–14:00:25 UT), during the EMIC wave event at Van Allen Probe B (14:10:15–14:10:25 UT), and during the EMIC emission below the local He + gyrofrequency at
Van Allen Probe A (14:20:35–14:20:45 UT). Left-hand polarization is shown in blue, right-hand polarization in red, and mixed or indeterminate polarization in black.

[cf. Usanova et al., 2008; Liu et al., 2013]. Figure 2b shows that these EMIC waves are left-hand polarized, as
expected for observations near the equatorial plane and close to the source region. Similarly, the EMIC waves
seen below the He + gyrofrequency on Probe A (further east) also appear to be closely associated with gradients in electron density (Figure 2d). This suggests that ducting in a plasma density gradient region explains
the localization of the waves. Modeling, for example by Chen et al. [2009], shows gradient regions to be
preferential regions for growth via magnetospheric ducting of EMIC raypaths along magnetic ﬁeld lines due to
the perpendicular Alfven speed gradients; repeated passes of reﬂected waves through the equatorial growth
and/or ampliﬁcation region may be important [e.g., Thorne and Horne, 1997]. For comparison, the O’Brien and
Moldwin [2003] model for Lpp and the Carpenter and Anderson [1992] model place the plasmapause at L = 4.5
and 4.1, respectively, close to the observed plasmapause location seen by Van Allen Probes A and B shown in
Figures 2a and 2b.
Signiﬁcantly, despite the very long-lasting EMIC activity as seen by the ground arrays, both of the Van Allen
Probes only saw strong EMIC activity below the local He + gyrofrequency lasting for ~5–15 min during a
period while the satellites spanned a narrow range of L-values of width ~0.1–0.4 Re. This is much smaller than
the previous multipoint estimates of the L-shell width of EMIC waves in the magnetosphere published by
Usanova et al. [2008], although these authors also identiﬁed the emissions with regions characterized by mass
density gradients. Signiﬁcantly, although the ground-based data indicate that EMIC waves are present for
long periods, their very narrow L-shell extent means that the temporal extent of EMIC wave intervals is not
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easily estimated using in situ data from satellites on high apogee elliptical orbits. The satellites traverse the
ﬁeld lines supporting EMIC waves very quickly, especially as compared to the overall intervals of strong EMIC
wave activity, such that in situ satellite data are of limited value for estimating the duration of wave activity.
Conversely, data from ground arrays provide a much better global indicator of the temporal extent of EMIC
wave activity.
Figure 3 shows the results from a polarization analysis applied to the data from the induction coils in the North
American sector. The left-hand panel in the top row shows the geographical location of the stations used to
produce the three hodogram maps shown in the second and third rows, these latter hodogram maps being
derived from horizontal ground-based induction coil magnetometer data (ﬁltered between 0.83 and 1.25 Hz
(0.8 to 1.2 s)). Three times are chosen to construct the hodogram maps: 14:00:15–14:00:25 UT during the interval
of maximum EMIC power, 14:10:15–14:10:25 UT when Van Allen Probe B sees a clear EMIC wave emission, and
14:20:35–14:20:45 UT when Van Allen Probe A sees a clear emission below the local He + gyrofrequency in the
0.7–1.2 Hz band. Each hodogram map, with hodograms plotted with orientations in local magnetic coordinates,
was constructed from the H- and D-component ground-based induction coil data and normalized by total
amplitude to produce hodograms of identical size in the plot. Throughout the 20 min interval spanned by the
three hodogram maps, the overall structure of wave polarization and hodogram orientation at the stations
across the array remains quite stable—which is perhaps remarkable given the number of 1 s EMIC wave periods
(1 Hz frequency) spanned by this 20 min interval.
For comparison, the right-hand panel in the top row of Figure 3 shows the output from a simulation of
the ducting of an incident EMIC wave into the ionosphere adapted from Woodroffe and Lysak [2012; their
Figure 7] as a function of L-shell and MLT. Note that in this panel the model hodograms of the ducted EMIC
waves are scaled proportional to amplitude, the EMIC source region in the model is conﬁned inside the dashed
oval, and the simulation domain shown from the model spans only around 40° of longitude, much smaller than
the 6 h of MLT shown in the data panels. Also, note that the Woodroffe and Lysak simulation assumes that the
incident EMIC waves can be described by a single potential function, which Woodroffe and Lysak describe as
manifestly linearly polarized comprising an Earthward propagating wave with a downward ﬁeld-aligned current
in the center and an upward FAC on the outside, rather than imposing a deﬁnitive left-hand polarized source.
Finally, Figure 4 shows dynamic spectrograms of the D-component power (panel a) and the polarization
ellipticity in the horizontal plane (panel b) for the array of ground-based induction coil magnetometers used
in this study—the individual spectrograms being ordered in the plot based on their relative geomagnetic
latitude and longitude (these coordinates being listed for each station in parentheses in each panel). In panel
(b), circularly polarized left (right) -hand polarizations have values of ellipticity of 1 (+1), with linearly polarized
waves having ellipticity of zero. Consistent with the DAWS D-component power, as well as Bx GSM component
power seen on Van Allen Probe B at around 14:10 UT, there is evidence of a single-frequency band of EMIC
emission, albeit with a relatively broad spectral width, in the westernmost stations. This emission has a frequency width spanning ~0.7–1 Hz, which gradually increases over the 13–16 UT interval shown in Figure 4. The
more easterly ground-based stations all see very clear evidence of two discrete and band-limited EMIC emissions on the ground (e.g., one centered around 0.4 Hz and the other around 1 Hz in THRF—similar features in
other stations). As shown in Figure 2, Van Allen Probe B, sees evidence for some emission in the upper band
around 1.7 Hz, ~ 13:35–13:50 UT at L ~ 4.6–4.9. However, this is not seen on the ground at either higher (FCHU)
or lower (e.g., PINA) L-shell stations in this meridian on the ground (note that there is no induction coil coverage
at L-shells immediately under the footprint of Van Allen Probe A at this time).
The stations at intermediate longitudes, i.e., between the DAWS and PINA meridians, see some evidence of a
transition from a single-frequency band of emission to two distinct and separated emissions; this is suggestive of a local time separation of the EMIC emissions. Regions characterized by two distinct EMIC bands lie
closer to local noon and are seen most clearly by the easternmost stations. Stations further west in the earlier
local morning sector see only a single band of EMIC emission. This longitudinal organization of the frequency
band characteristics appears to be validated for example (from west to east) along the line of stations at
constant latitude from Fort St. John (FSJ), to Lucky Lake (LCL), to Thief River Falls (THRF), and Pinawa (PINA),
where the data are clearly organized such that more westerly stations observe the transition from a single to
a double band of EMIC emission at later UT. This is consistent with the Earth’s rotation bringing the more
westerly stations onto ﬁeld lines which support dual-band EMIC emissions (at ﬁxed local times closer to noon)
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Figure 4. Spectrograms of the D-component (geomagnetic east-west) (a) magnetic ﬁeld power and (b) ellipticity, from selected CARISMA and STEP induction coil
magnetometer stations between 13:00 and 16:00 UT on 11 October 2012. Plots are organized approximately by MLT and magnetic latitude for ease of comparison with the hodogram maps in Figure 3. Each station’s magnetic latitude and longitude are provided in parenthesis in a legend. Note that no H-component data are
available for DAWS, such that a polarization spectrogram cannot be computed for that station during this interval.

at successively later UT. Note that the dawn terminator also crosses these stations during this interval, potentially introducing additional effects related to density gradients in the ionospheric duct [e.g., Fraser, 1975,
and references therein].
The largest power (Figure 4a) is seen on the ground at FSJ, with the surrounding lowest latitude stations at
Gakona (GKN) and Lucky Lake (LCL) also seeing large amplitudes (note the logarithmic color bar in Figures 1,
2, and 4). Although there is a complex mixture of left- and right-hand polarized waves across the continent on
the ground as seen in the three hodogram maps in Figure 3 and the ellipticity shown in Figure 4b, this is also
expected from models which include the effects of ducting of EMIC waves incident from the magnetosphere
into the Earth-ionosphere waveguide [e.g., Arnoldy et al., 1979; Fraser and Nguyen, 2001; cf. also the top row,
right panel of Figure 3 taken from Woodroffe and Lysak, 2012]. The comparison between the in situ Van Allen
Probe observations and those from the extensive 2-D array of induction coil magnetometer stations in North
America is discussed further below.

4. Discussion and Conclusions
We have presented data from an extended interval of EMIC wave activity in the magnetosphere, which is
observed by both Van Allen Probes A and B in the equatorial inner magnetosphere at L ~ 4 to be characterized by emissions conﬁned to a very narrow L-shell range ~0.1–0.4 Re, to be left-hand polarized (as expected
near a source in the equatorial plane), with the L-shell conﬁnement being closely associated with perpendicular electron (and hence assumed mass) density gradients which could generate conditions favorable
for wave trapping in narrow L-shell magnetospheric ducts. Despite the fact that the waves are seen for many
(18+) h on the ground, the Van Allen Probe orbits traverse the L-shells supporting EMIC emission regions in
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only ~10–15 min. This suggests that some of the apparent relative rarity of observations of EMIC emissions on
low inclination, high apogee elliptically orbiting satellites [cf. the THEMIS study by Usanova et al., 2012] may not
necessarily be reﬂective of low global occurrence rates at any one time but perhaps more indicative of the
extremely narrow and limited L-shell extent of EMIC wave emissions. Moreover, consequently high-altitude
satellites are not necessarily a good monitor of the global occurrence rates of EMIC waves at a speciﬁc time.
Despite the complexity introduced by ducting in the ionospheric waveguide and the effects of plasma
density gradients especially at dawn/dusk, the observations presented here clearly show that arrays of
ground-based magnetometers are typically much better placed for studies of the global occurrence rates
of EMIC waves. However, as shown in Figures 3 and 4, the power and especially the polarization of the EMIC
waves are signiﬁcantly modiﬁed once they enter the duct producing complex polarization patterns as seen in
the ground array data presented here. While it is possible that magnetospheric EMIC waves can be screened
from the ground, for example through absorption at local heavy ion gyrofrequencies as they propagate down
the ﬁeld line from the equatorial plane [e.g., Thorne and Horne, 1997], and/or change their polarization
through, for example, interaction with the bi-ion frequency [e.g., Perraut et al., 1984], the similarity of the
frequency structuring of the space- and ground-based EMIC waves [cf. Figures 2 and 4] shows that we have
clearly identiﬁed the L-shell localized source in space of the EMIC waves which are injected into the Earthionosphere duct.
In their recent paper, Kim et al. [2010] showed evidence using Antarctic data along a single meridian (from
geomagnetic latitudes 62° to 87°) for the poleward ducting of EMIC waves in the Earth-ionosphere duct
from CHAMP observations of linearly polarized waves, assumed to be the source, at lower latitudes ( 53° to
61° ILAT). Kim et al. showed that even along a single ground meridian, the polarization properties and wave
rotation sense (left or right hand) can change signiﬁcantly both with latitude and frequency even within a
single-frequency contiguous EMIC emission. Figures 3 and 4 show, for the ﬁrst time, the results using a 2-D
array—which has especially extensive longitudinal coverage. The ground-based wave power appears to peak
in two longitudinal regions, close to Fort Saint John (FSJ; L = 4.55) in the west and close to Pinawa (PINA;
L = 4.06) in the east. Fortuitously, these stations are also close to the L-shells upon which both probe B (FSJ)
and probe A (PINA) observed conﬁned regions of L-shell emission on invariant L-dipole L-shells from L = 4.2–4.3
from 14:10 to 14:15 UT, and from L = 3.8–4.2 from 14:15 to 14:30 UT, respectively. As seen in Figure 1, there is also
more power which is seen much more continuously at L = 4 (PINA) than L = 6 (DAWS).
Both Van Allen Probes, although separated by 62° of magnetic longitude (at 14:15 UT) saw nearly contemporaneous EMIC emissions, albeit conﬁned to a narrow range of L-shells at L ~ 4. The magnetic footprints
of the two probes span the longitudinal extent of the combined CARISMA and STEP arrays, whose stations
especially around L = 4 show intense emissions lasting many hours—suggesting that EMIC waves likely
existed at L ~ 4 throughout this interval. However, comparing both the frequency content and structuring of
the EMIC waves and the polarization patterns seen on the ground suggests that there might be two strong
longitudinally localized sources of EMIC waves—one close to FSJ and the other close to PINA. Indeed, as seen
in the Woodroffe and Lysak [2012] modeling (see right panel of top row in Figure 3), there can be sharp
changes in both polarization sense (from left handed (LH) to right handed (RH), and vice versa) at the edges
of EMIC waves injection regions. For example, the change in polarization from LH to RH between GKN and
FTN (at higher L) to WHS and FSJ (slightly lower L) is suggestive of a region at the edge of the injection region
in the southwest quadrant of the Woodroffe and Lysak model. Similar structure is seen between PINA and
THRF, with PINA having larger amplitude (e.g., Figure 3, and Figure 4b, panels vii and xi). This is also consistent
with earlier modeling suggesting that under the source region, the waves on the ground may adopt polarization indicative of that in the magnetospheric source, while further away the polarization can rotate due to
the effects of propagation in the ionospheric waveguide [e.g., Arnoldy et al., 1979; Fraser and Nguyen, 2001].
Interestingly, between these two meridians where signals are in general of lower amplitude, Figure 3 shows
that the polarizations are seen to have somewhat mixed hodogram polarization sense. Similarly, Figure 4
shows that there are repeated reversals in polarization sense at these meridians in more central Canada.
Again, comparing to the Woodroffe and Lysak model, this may also be consistent with the Earth’s rotation
moving stations at ﬁxed ground locations across the polarization boundaries seen in the Woodroffe and Lysak
model results reproduced in Figure 3. As the Earth rotates, stations may cross boundaries of EMIC emission
(which may be relatively static in local time in space) along a constant latitude close to the source region (e.g.,
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compare FTN and FSJ, and MTSK, LRG, and LCL). Note that although the EMIC waves in the Woodroffe and
Lysak model in Figure 3 are chosen to span only +/ 1 h of local time, the ground-based array spans a much
larger MLT extent ~ 5 h. Nonetheless, once this scale is accounted for, there seems to be a good qualitative
agreement between the Woodruffe and Lysak model and the power and polarizations observation from the
EMIC waves seen in the Earth-ionosphere duct by the array of ground induction coil magnetometers.
Overall, our results further illustrate that in general a combination of ground-based and space-based data
is needed to examine and fully determine the role of EMIC waves in inﬂuencing energetic particle
dynamics in the ring current and radiation belts in the inner magnetosphere. An example of such analysis of
the impact of EMIC waves on radiation belt electrons is provided for this event in the companion paper
[Usanova et al., 2014].
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