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5.1. INTRODUCTION

Electromagnetic ion cyclotron (EMIC) waves are 
 transverse plasma waves generated in the inner magneto
sphere by ring current ions with perpendicular tempera
ture  anisotropy (Tperp > Tpar) and are typically registered 
on the ground in the Pc1‐2 (0.1–5 Hz) frequency range. 
Both theory and observations have shown that during the 
 evolution of EMIC instability and EMIC wave growth, 
waves and ions exchange energy and momentum, which 
can lead to decreases in ion pitch angle, ion loss into the 
atmosphere, and isotropization of the initially unstable 
ion distribution [e.g., Cornwall, 1965; Søraas, et al., 1980; 
Usanova et al., 2010]. Interaction with EMIC waves is also 
believed to be a potentially important loss mechanism 
for radiation belt electrons, which can undergo cyclotron 
 resonance with EMIC waves if  the Doppler shifted wave 
frequency matches the electron gyrofrequency.

In a cold magnetospheric plasma typically consisting of 
H+, He+, and O+ ion species, there are forbidden band 
gaps for EMIC wave generation and propagation around 
heavy ion gyrofrequencies that split the wave spectrum 
into multiple branches [e.g., see Fraser, 1985]. The disper
sion relation (normalized frequency as a function of the 
wave number) for an EMIC wave propagating parallel to 
the magnetic field in a plasma consisting of H+, He+, and 
O+ species is shown in Figure 5.1 [adapted from Thorne 
et al., 2006]. The growth rates on each branch are typically 

controlled by proton temperature anisotropy, ion compo
sition, and cold plasma density [e.g., Kozyra et al., 1984; 
Horne and Thorne, 1997]. The energy of relativistic elec
trons that can interact with EMIC waves is very sensitive 
to the ratio of local plasma density and magnetic field 
strength and to the proximity of the wave frequency to ion 
gyrofrequencies [e.g., Summers and Thorne, 2003]. Also 
the ability of EMIC waves to scatter relativistic electrons 
depends on wave and plasma properties (e.g., on the wave 
normal angle or polarization).

Ukhorskiy et al. [2010] showed that in a cold plasma 
approximation, the minimum electron kinetic energy 
required for cyclotron resonance with EMIC waves has a 
singularity at the ion gyrofrequency. They demonstrated 
that EMIC waves could interact with the bulk of electron 
energy distribution (<2 MeV) only in regions of relatively 
high plasma density, and only if  the wave frequency is 
sufficiently close to heavy ion gyrofrequency. Note, how
ever, that the regions where EMIC waves are excited are 
not necessarily well characterized as cold plasma. In the 
case of a warm plasma, the characteristics of the EMIC 
waves, not least their frequency and wavenumber spectra, 
are changed significantly from that developed in a cold 
plasma, and consequently, this can change the energies 
of  radiation belt electron that might be resonant with 
the EMIC waves [e.g., see Silin et al., 2011]. Nonetheless, 
regions such as the duskside plasmapause and its exten
sion onto the plasmaspheric plume are hypothesized as 
potentially important regions for EMIC wave–MeV elec
tron interactions (these regions are shown schematically 
in Figure 5.2). In this schematic (taken from Reeves et al. 
[2007], as adapted from Summers et al. [1998]), preferen
tial excitation of EMIC waves along the duskside 
 plasmapause is suggested as a possible explanation for 
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the rapid radiation belt flux dropout that can occur 
 during the main phase of geomagnetic storms. In this 
paradigm, ions injected due to enhanced storm‐time 
magnetospheric convection from the tail adiabatically 

develop temperature anisotropy while they are being 
transported inward, drift  in clockwise (westward) direc
tion around the Earth, intersect the cold plasmapause 
and give rise to EMIC waves. At the same time, radiation 
belt electrons drifting in the counterclockwise (eastward) 
direction penetrate the region of EMIC activity from the 
opposite side and may get pitch angle scattered by the 
EMIC waves into the atmosphere.

However, there are important potential problems and 
inconsistencies between the paradigm represented in the 
schematic in Figure  5.2 and EMIC wave observations. 
For example, there has been very limited direct experi
mental evidence supporting the hypothesis that EMIC 
waves scatter the core population of radiation belt elec
trons into the loss cone [e.g., Miyoshi et al., 2008], and in 
very recent work it has been shown that this scattering 
may only be significant for low‐pitch angle part of the 
electron distribution, even at ultra‐relativistic energies 
where such EMIC wave interactions most easily occur 
[Usanova et al., 2014; Kersten et al., 2014]. Based in such 
observations, it seems unlikely that EMIC waves alone 
can scatter the core of the electron distribution into the 
loss cone; rather, more likely EMIC waves are not typi
cally responsible for the radiation belt electron dropouts 
observed during the main phase of magnetic storms 
[Usanova et al., 2014].

The relationship between EMIC wave occurrence and 
enhanced plasma densities, as well as EMIC wave pre
valence during a storm’s main phase, still remains contro
versial. For example, statistical storm‐time observations 
of EMIC waves at geosynchronous orbit presented by 
Fraser et al. [2010] showed that only 29% of their EMIC 
events were observed during a storm’s main phase. Simi
larly, ground‐based observations often show a pronounced 
lack of EMIC activity in the main phase of magnetic 
storms. For example, statistical studies by Engebretson 
et al. [2008a, b] using both ground‐based and in situ obser
vations did not support the hypothesis that EMIC waves 
were dominant during storm main phase. An illustration 
of this behavior is presented in Figure 5.3, which shows 
ground‐based EMIC wave observations in the inner 
magnetosphere (from a station at L = 4.23) through the 
progression of a magnetic storm. During the main phase in 
the period of  minimum Dst there is a broadband wave 
activity in the Pc1 band, which is typical for disturbed 
conditions; however, there is no evidence for EMIC wave 
emissions. EMIC waves only start later in the storm, dur
ing the period of  rising Dst. In contrast, an increased 
occurrence of  waves that was observed by the CRRES 
satellite in situ at L < 7 during disturbed conditions in 
the local time sector from pre‐noon to dusk (10 h  ≤  MLT  
<  19 h) was discussed by Keika et al. [2013], for example, 
as likely related to enhanced cold plasma densities in this 
local time sector.
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Figure 5.1 EMIC wave dispersion relation for parallel propa
gation in a plasma composed of 70% H+, 20% He+, and 10% 
O+ ion species. The solid curves show the three left‐hand polar
ized modes below the H+, He+, and O+ cyclotron frequencies, 
respectively. The dashed curve denotes the right‐hand polar
ized mode, which becomes important for oblique propagation. 
Adapted from Thorne et al. [2006].
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Figure 5.2 Different mode plasma waves that can interact with 
radiation belt electrons [schematic diagram taken from Reeves 
et al., 2007]. EMIC waves preferentially excited along the 
duskside plasmapause and scattering relativistic electrons into 
the loss cone have been proposed as a candidate for outer 
radiation belt electron depletion during the main storm phase 
[e.g., Summers and Thorne, 2003].
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In relation to the spatial localization of EMIC wave 
activity, there have been several statistical studies, in par
ticular, by Anderson et al. [1992], Usanova et al. [2012], 
and Keika et al. [2013], demonstrating that EMIC wave 
occurrence in the inner magnetosphere is low, and that 
the waves have a much higher occurrence rate at higher 
L‐shells, closer to the magnetopause. Consistent with 
these studies, Usanova et al. [2013] found that the occur
rence rate of EMIC waves inside plasmaspheric plumes 
observed by the Cluster satellite is also small (~10%) and 
increases with L‐shell, with EMIC wave occurrence being 
more strongly controlled by solar wind dynamic pressure 
than enhanced plasma density inside plasmaspheric 
plumes. In this chapter, we will further investigate EMIC 
wave occurrence and extend the analysis of Usanova et al. 
[2013] to include a Cluster survey of plasmapause cross
ings in a similar manner. We also found rather low EMIC 
wave occurrence rates even in the vicinity of the plasma
pause (about 8%).

Nevertheless, despite low EMIC wave occurrence in the 
inner magnetosphere, some works such those by Turner 
et al. [2013] and Sakaguchi et al. [2013] continue to sug
gest that EMIC waves might be responsible for radiation 

belt losses. Therefore, the relative importance of EMIC 
waves in the dynamics of the radiation belts remains an 
unresolved problem, and their properties, especially in 
the inner magnetosphere, need further experimental and 
 theoretical examination.

5.2. EMIC WAVE GENERATION AND 
PROPAGATION TO THE GROUND

In the inner magnetosphere, EMIC waves are thought 
to be preferentially excited in the equatorial region [Mauk, 
1982] where the background magnetic field reaches its 
minimum, and where the anisotropy and phase space den
sity of energetic ion distributions that provide the energy 
source for EMIC instability are usually maximim. Using 
wave Poynting vector measurements onboard the CRRES 
satellite, Loto’aniu et al. [2005] showed that the source 
region is typically confined within ±11o of the magnetic 
equator. At higher Lshells in the dayside magnetosphere, 
the region of minimum magnetic field and hence, the wave 
source can move away from the magnetic equator [e.g., 
McCollough et al., 2010; Liu et al., 2012]. In the  generation 
region, EMIC waves are typically elliptically  polarized in 
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a left‐handed sense, which corresponds to the direction of 
ion gyration around the magnetic field, and propagate 
almost parallel to the background magnetic field. 
Consistent with the observations of Loto’aniu et al. [2005], 
an example of an EMIC wave observed in the equatorial 
inner magnetosphere (L~4) from October 11, 2012, on 
Van Allen Probe B is shown in Figure  5.4. This figure 
shows an EMIC wave emission in the helium band (spec
tral power below the local helium gyrofrequency, 
Figure 5.4a), with left‐handed polarization (negative ellip
ticity, Figure  5.4b), propagating obliquely to the back
ground magnetic field (as shown in the wave normal 
angle in Figure  5.4c). Following their generation in the 

equatorial region, EMIC waves can propagate along the 
 magnetic field line all the way to the ionosphere and then 
also be detected by magnetometers on the ground. EMIC 
growth typically maximizes for wave propagation parallel 
to the background magnetic field, but although the waves 
remain field guided, they can become oblique, especially 
as the waves propagate toward the ionosphere (e.g., [de 
Soria‐Santacruz et al., 2013], and references therein). 
Similarly, ducting of ray paths can result in the guiding of 
waves along the direction of the background magnetic 
field, and the ducting can occur in density structures 
close to the plasmapause or in plasmaspheric plumes (e.g., 
Figure  2a of de Soria‐Santacruz et al. [2013], and 
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Figure 5.4 EMIC wave properties observed by Van Allen Probe B on October 11, 2012. (a) wavelet‐transformed 
magnetic field power spectral density with the background electron density derived from the spacecraft potential 
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 references therein). During this propagation, the wave can 
exhibit changes in its properties, for example, changes in 
polarization from left‐ to right‐handed due to interaction 
with the nonuniform ambient plasma between the magne
tosphere and ionosphere. As mentioned in Section  5.1, 
minor ions (helium and oxygen) can split the wave spec
trum into three bands, which can be observed simulta
neously or separately. Sometimes the oxygen band waves 
have frequencies that overlap with other broadband low‐
frequency waves in the same band, and this can make the 
oxygen band emissions hard to identify. In the equatorial 
plane, both hydrogen band and helium band waves can be 
observed, and as shown in the statistics presented by Keika 
et al. [2013], the hydrogen band emissions can occur in the 
local afternoon during all geomagnetic conditions, and 
also be seen in the local morning when active. In contrast, 
the helium band waves are dominant near noon and in the 
afternoon, can be seen on lower L‐shells during active 
times. Consequently, as might be expected based on the 
Keika et al. [2013] statistics, the hydrogen band can often 
be seen in situ in combination with emissions in the helium 
band. For example, the spectrograms in Figures 5.5b and 
5.5d from the geosynchronous GOES satellite magnetic 
field measurements show clear emissions both above and 
below the local helium gyrofrequency.

The presence of  helium ions in the magnetosphere is 
thought to prevent EMIC waves in the hydrogen band 
from propagating to the ground [Rauch et al., 1982] due 
to H+‐He+ bi‐ion resonance, which they can encounter 

when their frequency equals ( )
( . )
1 3
1 0 75

FHe , where η is the 

fraction of  He+ ions [Roux et al., 1992]. Consistent with 
this theory, the conjugate ground‐satellite EMIC wave 
study by Usanova et al. [2008] showed that while waves 
in both the helium and the hydrogen bands were 
observed in situ, only the helium band propagated to the 
ground. However, if  the fraction of  He+ ions is less than 
a few percent, hydrogen band waves are believed to be 
able to tunnel through this resonance frequency and 
reach the ionosphere [Perraut et al., 1984; Anderson 
et  al., 1996; Johnson and Cheng, 1999]. Conjugate 
ground‐satellite observations have shown that, on aver
age, the hydrogen band is observed on the ground in 
~50% cases, with the wave transmission coefficient being 
strongly depen dent on the wave frequency for a given 
fraction of  He+ ions [Perraut et al., 1984]. In the  example 
shown in Figure 5.5, GOES 13 equatorial EMIC wave 
observations from L = 6.8 clearly demonstrate coinci
dental EMIC wave emissions in both bands (Figure 5.5b). 
However, although not precisely conjugate, the ground 
observations from the CARISMA array of fluxgate mag
netometers [Mann et  al., 2008], in particular, from the 
Rabbit Lake station (RABB) at the foot print of an L = 
6.6 field line west of  GOES13, show EMIC activity 

predominately in the helium band (Figure 5.5e). Further 
west, the observations from GOES 15 are approximately 
conjugate to the Fort Smith (FSMI station; see the map 
in Figure 5.5c). Although the GOES15 data are mostly 
characterized as emissions below the local helium gyro
frequency, the emission at around 03:30 UT, which is 
clearly in the hydrogen band, has no counterpart on the 
ground at FSMI. Even this  single example demonstrates 
the complexity and structure of  EMIC wave observa
tions both on the ground and in space, even when such 
conjugate observations are made on the same L‐shell 
and in the same magnetic local time (MLT) sector.

Multiband structures that are commonly observed 
in EMIC emissions seen on the ground [e.g., Fukinishi 
et al., 1981] also need not necessarily be related to a sin
gle multiband generation region in the magnetospheric 
source region. Such multiple‐band ground observations 
may also result from waves with different frequen cies 
being ducted from multiple sources at different L‐shells 
and local times in the magnetosphere to the station 
location on the ground [e.g., Greifinger and Greifinger, 
1968], with selective transmission of  incident wave fre
quencies through the ionospheric Alfvén resonator 
(IAR) also probably playing an important role [Kerttula 
et al., 2001; Prikner et al., 2004]. Wave ducting in the 
ionospheric waveguide will be addressed in more detail 
in Section 5.4.

Theoretical studies [e.g., Horne and Thorne, 1993] have 
identified the plasmapause as a preferred location for 
EMIC wave excitation. This preference is explained by 
the fact that the convective wave growth, which is inversely 
proportional to the Alfvén speed, maximizes just inside 
the plasmapause, in the region where cold plasma density 
is relatively high and the background magnetic field is 
relatively low. Also the steep plasma density gradient at 
the plasmapause can guide waves by keeping the wave 
normal angle small and hence aid wave growth over 
 consecutive passages as they propagate through the 
 equatorial source region. More recent EMIC wave growth 
and propagation analysis by Chen et al. [2009], who used 
a ray tracing technique, showed that the maximum wave 
gain should be observed just inside the plasmapause, in 
the plasmaspheric plumes, as well as in the low‐density 
trough at high L‐shells.

Observational case studies [e.g., Usanova et al., 2008, 
2014; Liu et al., 2013] have provided evidence in support of 
the hypothesis that the plasmapause can generate condi
tions favorable for wave trapping in radially narrow ducts. 
Figure  5.4 shows observations of EMIC waves in the 
equatorial magnetosphere by the Van Allen Probes as 
were generated in a radially narrow region, just inside 
the plasmapause, and propagated at wave normal angles 
~10–20° with respect to the background magnetic field and 
with left‐handed polarization rotation (negative ellipticity).



70 LoW-FrEquEnCy WavEs In spaCE pLasMas

5.3. EMIC WAVES CLOSE  
TO THE PLASMAPAUSE: STATISTICS

Interestingly, despite the results from numerous case 
studies that show an association of EMIC waves with the 
plasmapause, in statistical studies the plasmapause has not 
been found to be an especially preferred location for EMIC 
wave generation [Fraser and Nguyen, 2001]. Surveys of the 

wave occurrence from multiple satellite missions show that 
EMIC wave probability peaks in the duskside magneto
sphere and increases with radial distance [e.g., Anderson 
et al., 1992; Usanova et al., 2012; Keika et al., 2013]. In this 
section, we examine the relationship between EMIC wave 
occurrence and plasmapause location using a statistical 
survey of 148 inbound plasmasphere transits by the 
Cluster spacecraft [Darrouzet et al., 2013]. This dataset is 
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Figure 5.5 Ground and space observations of the helium and hydrogen band EMIC waves on January 17, 2013. 
(a) EMIC waves are observed on the ground at Fort Smith (FSMI) and closely magnetically conjugate in the equa
torial plane at the geosynchronous GOES 15 satellite (d), as well as further east at the geosynchronous GOES 13 
satellite (b) and at a longitude in between on the ground, at Rabbit Lake (RABB) (e). White lines in (b, d) denote 
the local He+ and O+ gyrofrequencies. The map in (c) shows the magnetic ground footprints of GOES 13, GOES 
15, and the locations of the Fort Smith (L = 6.8) and Rabbit Lake (L = 6.6) stations.
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 particularly important as Darrouzet et al. [2013] also looked 
at the location of the electron radiation belt boundaries 
with respect to the plasmapause, and there they found that 
 during prolonged quiet conditions the plasmapause was co‐
located with the outer boundary of the outer radiation belt 
and moved closer to the inner boundary during disturbed 
 conditions. This observation could be especially interesting 
in relation to EMIC wave interactions with radiation belt 
electrons if EMIC waves were observed in the vicinity of the 
plasmapause during disturbed conditions. Conse quently in 
this section we examine the relationship between EMIC 
wave occurrence and these plasmapause crossings from the 
Darrouzet et al. [2013] database.

Darrouzet et al. [2013] identified the plasmapause 
crossings by Cluster 3 between 2007 and 2009 (an interval 
of predominately quiet geomagnetic conditions) when 
Cluster perigee was close to 2 RE. They used the WHISPER 
(Waves of  HIgh frequency and Sounder for Probing of 
Electron density by Relaxation) instrument that measures 
high‐frequency electric fields and thus derived electron 
plasma density from electron plasma frequency [ Decreau 
et al., 2001; Darrouzet et al., 2009]. The plasmapause was 
identified based on a density increase of  at least a factor 
of  3 over an L‐distance of  0.5 RE or less, with an increase 
up to a density larger than 20 cm–3. Plasmapause cross
ings covered all MLT sectors uniformly, except the early 
morning, where the probability of  plasmapause detec
tion was close to zero.

Using an automated Pc1 detection algorithm [Bortnik 
et  al., 2007], we further identified EMIC waves from 

 magnetic field measurements by the Cluster fluxgate mag
netometer (FGM) in the vicinity of the plasmapause 
and  investigated the relationship between EMIC wave 
occur rence and the plasmapause location—similar to 
the approach of Usanova et al. [2013] who analyzed EMIC 
wave occurrence in plasmaspheric plumes. We used mag
netic field data in a field‐aligned coordinate system within 
an hour window centered on a plasmapause crossing. To 
these data, we applied the Bortnik et al. [2007] automated 
wave detection algorithm that Fast Fourier Transform 
(FFT) time series into frequency‐time spectral matrices 
and selects spectral peaks that stand out (at least one 
magnitude greater in spectral power) above the back
ground noise. The algorithm returns three recorded fre
quencies: a bottom frequency, a  top frequency, and a 
frequency of maximum power, as are shown in Figure 5.6 
superposed over  spectrograms of the perpendicular mag
netic field component in the field‐aligned coordinate sys
tem. The black and the purple dots in this figure define the 
EMIC bandwidth and the maximum power, respectively, 
determined by the algorithm. Figure  5.6 also shows the 
EMIC wave location with respect to the plasmapause: 
Figure 5.6a shows an example of emissions from just inside 
the plasmapause, and Figure 5.6b, an example with EMIC 
waves both inside and outside and the plasmapause and 
separated by a radial gap. In each figure, the white vertical 
bars denote the plasmapause.

EMIC waves were observed during 26 (18%) out of 148 
plasmapause crossings (see the diagram in Figure 5.7): 15 
(10%) outside at high L‐shells, 6 (4%) just inside, 3 (2%) 
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at the plasmapause, 1 (<1%) just outside, and 1 (<1%) 
where two regions of  EMIC emissions were observed 
inside and outside the plasmapause and separated by 
a  radial gap (Figure 5.6b). Overall, EMIC waves were 
observed during 8% of the Cluster satellite crossings in 
the vicinity of the plasmapause, and their occurrence 
probability increased with L‐shell, consistent with earlier 
observations on AMPTE/CCE [Anderson et al., 1992; 
Keika et al., 2013], THEMIS [Usanova et al., 2012], and 
Cluster [Usanova et  al., 2013]. When observed in the 
vicinity of the plasmapause, EMIC waves tend to appear 
more often just inside the plasmapause and in the dusk
side MLT sector, the radial confinement of these wave 
emission regions being less than 1 RE. However, none of 
these 26 events was observed in the storm main phase and 
only four during the recovery phase, in agreement with, 
for example, Bortnik et al. [2008] and Fraser et al. [2010], 
who found that EMIC waves are more typical in the 
storm recovery phase.

Observations of  two localized EMIC wave emission 
regions, separated by a gap, such as shown in 
Figure  5.6b, have been seen before, for example, as 
reported by Anderson et al. [1992]. Anderson et al. [1992] 
noted that such events statistically were most often 
observed between L = 5–6, explaining this feature by a 
combined effect of  cold background plasma density 
and magnetic field in producing two regions of  EMIC 
wave amplification. Enhanced cold plasma density 
increases EMIC wave growth, while enhanced back
ground magnetic field suppresses it, which makes the 
growth rate increase with radial distance from the 
Earth. At the steep plasmapause the growth rate can 
reach a local minimum, which results in an absence of 
waves just outside the plasmapause. However, this effect 
will not be observed if  the plasmapause is broad and 
highly structured, as is more usually the case—consist
ent with only one event from our survey being detected 
just outside the plasmapause.

5.4. EMIC WAVE DUCTING  
IN THE IONOSPHERE

When EMIC waves reach low altitudes, some of their 
energy is transmitted to the ionosphere, undergoes mode 
conversion, and propagates further in the ionospheric duct 
in the form of right‐hand polarized compressional waves 
[e.g., Fraser, 1975; Kim et al., 2011], similar to seismic waves 
propagating from the epicenter. Due to this secondary 
compressional wave propagation, EMIC signatures may 
be detected on the ground thousands of kilometers away 
from the wave incident region. According to different stud
ies, the estimate of the wave attenuation in the ionosphere 
varies by two orders of magnitude from 1 to 8 dB/1000 km 
[Manchester et al., 1970] to 100 dB/1000 km [Hayashi et al., 
1981]. Kim et al. [2011] showed that the wave power atten
uation increases with increasing frequency. In addition to 
wave power, wave polarization can provide information 
about the wave source location. A number of early studies 
[e.g., Fraser, 1975; Hayashi et al., 1981] demonstrated that 
EMIC wave polarization changes gradually from left‐hand 
polarized close to the ionospheric footprint of the source 
region to right‐hand polarized as the wave propagates away 
from the injection region.

Mann et al. [2014], using data from induction coil mag
netometers in the North American sector in conjunc
tion with the Van Allen Probes, examined the relationship 
between the injected magnetospheric EMIC waves and the 
response observed in the Earth‐ionosphere waveguide. They 
compared EMIC wave observations to simulation of wave 
propagation in the ionospheric duct by Woodroffe and Lysak 
[2012] and presented evidence that EMIC waves in the inner 
magnetosphere are confined to very narrow L‐shell regions 
that are observed both in space and on the ground.

Figure  5.8a (adapted from Figure  3 in Mann et al. 
[2014]) shows the results from a polarization analysis 
applied to the magnetometer data (filtered between 0.83 
and 1.25 Hz) in Canada and Alaska at 14:00:15–14:00:25 
UT on October 11, 2012. Ten minutes after the selected 
interval, Van Allen Probe B saw a clear EMIC wave emis
sion (considered above and shown in Figure 5.4) at L ~ 4 in 
the magnetosphere, conjugate to the westernmost  stations. 
The overall structure of  wave polarization and hodogram 
orientation remained quite stable during a ~20 min inter
val centered on the observation on the Van Allen Probe B. 
For comparison, Figure  5.8b shows the output from 
a  simulation of the ducting of an incident EMIC wave 
into the ionosphere adapted from Woodroffe and Lysak 
[2012] as a function of  L‐shell and MLT. Figure  5.9 
shows dynamic spectrograms of the D‐component power 
(Figure  5.9a) and ellipticity in the horizontal plane 
(Figure 5.9b) on the ground, the individual spectrograms 
being ordered in the plot based on their relative geomag
netic latitude and longitude. Comparison between both 
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Figure 5.7 EMIC wave event occurrence in the plasmapause 
vicinity based on the Cluster plasmapause crossing survey 
completed by Darrouzet et al. [2013].
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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 Fort St. John (FSJ) 
and the other close to Pinawa (PINA), Canada. Indeed, 
as  seen in the Woodroffe and Lysak [2012] modeling 
(Figure 5.8b), there can be sharp changes in both polari
zation (from left‐handed to right‐handed, and vice versa) 
at the edges of EMIC waves injection regions. This is also 
consistent with earlier modeling suggesting that under the 
source region, the waves on the ground may adopt polari
zation indicative of that in the magnetospheric source, 
while further away the polarization can rotate due to the 
effects of propagation in the ionospheric waveguide.

5.5. COMPARISON OF GROUND AND SPACE 
OCCURRENCE RATES

In order to look at how the wave propagation and its 
transmission through the ionosphere affect ground obser
vations, we compared EMIC wave occurrence distributions 
on the ground and in situ. Our analysis was performed 
for the interval from 2007 to 2011 that is characterized by 
predominately quiet geomagnetic conditions. We used 
CARISMA FGM data along the Churchill meridional 
line (between L = 3.58 and 7.44) and identified EMIC 
waves using the same automated algorithm by Bortnik 
et al. [2007] as in Section 5.3. This auto‐detection algorithm 
was also implemented on the THEMIS FGM data for 
the same five‐year interval such that the occurrence rates 
of EMIC waves observed on the ground and in space 
could be compared (for more details see Usanova et al. 
[2012], and references therein). Normalized (by the total 

measurement time) EMIC wave occurrence as a function 
of L and MLT from both data sets is shown in Figures 5.10 
and 5.11. THEMIS distributions (Figure  5.10a adapted 
from Usanova et al. [2012]) show that quiet‐time EMIC 
activity is typically a dayside outer magnetosphere phe
nomenon, and that the EMIC occurrence rate increases 
toward the magnetopause, which is consistent with earlier 
observations by Anderson et al. [1992], Fraser and Nguyen 
[2001], and Denton et al. [2002]. Overall, the midnight sec
tor, as seen from both the ground and space, has the low
est occurrence independent of L. At the same time, there 
are  some differences in the ground and space occur
rence   pattern. In particular, the ground‐based survey 
(Figure 5.10b) shows that EMIC wave occurrence increases 
with L between L = 3.58 and 6.15, and the station at high
est L (FCHU; L = 7.44) has lower occurrence rates at 
nearly all local times. This can be due to the fact that 
strong auroral precipitation tends to mask EMIC waves at 
auroral zone stations, and during active times ducting 
from lower L‐shells can be disrupted. At highest L‐shell, 
the occurrence peaks in the post‐noon sector, both in space 
and on the ground, consistent with Posch et al. [2010]. 
Interestingly, the mid‐latitude ground stations (mapped 
to L ~ 4–6) demonstrate that there is a significant pre‐
noon population present, while the THEMIS occur
rence generally peaks in the post‐noon sector. Detailed 
comparison between the THEMIS and CARISMA 
EMIC occurrence rate for the Churchill line stations 
(same as in Figure  5.10) and corresponding L‐shell on 
THEMIS as a function of MLT is shown in Figure 5.11. 
Overall, the ground probability of EMIC wave observa
tion is low, less than 1% and by ~4 times lower than in in 
situ observations. This low ground EMIC wave  occurrence 
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could be explained by relatively low fluxgate magnetom
eter sensitivity in relation to the size of  the EMIC wave 
signal that reaches the ground, perhaps meaning that 
only high‐amplitude waves will be detected, and this 

could be compounded by the potential for broadband 
magnetic noise on the ground (e.g., generated by 
 ionospheric currents) acting to partially mask EMIC wave 
detection on the ground. However, the MLT shift in 
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 maximum wave occurrence between the ground and space 
is not likely to be explained by a difference between the 
wave amplitude on the ground and in space, as most high‐
amplitude EMIC waves are observed in the duskside mag
netosphere [Meredith et al., 2014]. Note, however, that the 
CRRES data used by Meredith et al. [2014] had little 
orbital coverage 09 and 13 MLT. In fact, the ground MLT 
distribution shown here in Figures 5.10 and 5.11 is rather 
consistent with earlier studies [e.g., see Kerttula et al., 2001 
and references therein] showing that the maximum of 

EMIC activity on the ground is centered on the late morn
ing/noon sector with smaller occurrence in the afternoon. 
Kerttula et al. [2001] explained this MLT dependence, as 
well as the low wave incidence at high L‐shells on the 
ground, by varying ionospheric transmission properties 
due to interaction with the IAR. Since ground EMIC 
waves and discrete signatures of the wave emissions struc
tured by the natural harmonic frequencies of the IAR are 
only sometimes observed simultaneously, with the IAR 
usually only seen most often in the dusk–midnight local 
time sector on the ground, it is difficult to establish if  this 
mechanism actually operates, and further analysis is 
 certainly warranted. Also interestingly, some bins in 
Figure 5.11 show higher occurrence on the ground than 
in space, which can be due to wave ducting from other 
L‐MLT sectors to the station location.

5.6. SUMMARY AND CONCLUSIONS

In this chapter, we considered the characteristics of 
EMIC waves that may be important for understanding 
their impacts on ring current and radiation belt dynamics. 
We examined wave characteristics in the source region, and 
considered the effect of plasma composition on the wave 
spectrum and propagation to the ground. We also outlined 
the potential importance of the plasmapause for wave 
growth and ducting. We showed that EMIC wave activity is 
often observed to be generated in radially narrow regions, 
just inside the plasmapause, which we confirmed using 
both in situ and ground‐based observations. Interestingly, 
analysis of satellite plasmapause crossings demonstrated 
that, from a statistical perspective, EMIC waves observed in 
the vicinity of the plasmapause have relatively low occur
rence rates and are observed in lower than 10% of cases.

Ground magnetometer arrays provide continuous tempo
ral measurements of EMIC activity and are perfect for 
identifying the MLT extent of wave activity in the inner 
magnetosphere. However, mode conversion of EMIC 
waves in the ionosphere and their further propagation in the 
ionospheric duct significantly changes EMIC wave proper
ties, and makes it challenging to identify the EMIC wave 
source location from the ground. Since ground polari zation 
from a single station exhibits variations that can be a super
position of changes in the magnetospheric source and in the 
ionosphere due to wave propagation and ducting, measure
ments from multiple stations in a magnetometer array are 
critical for identifying the location of the wave source from 
the ground. Comparison between ground and satellite 
statistics shows significant differences in wave distributions 
in space and on the ground—in particular, the shift in the 
wave maximum occurrence from the duskside to the morn
ing side, as well as the relatively low occurrence of ground 
EMIC wave activity beyond about the GEO orbit. The dif
ferences in the spatial distributions, and absolute values, of 
the rates of occurrence on the ground and in space, as well 
as their variations with level of geomagnetic activity and 
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storm phase are obvious, yet a detailed explanation for these 
differences remains elusive and is worthy of further study.

Overall, in the recent few decades, there has been sig
nificant progress in understanding the characteristics and 
 generation mechanism of EMIC waves. However, there are 
still many open questions related to their interaction with 
energetic particles in the inner magnetosphere. Specifically, 
their importance for outer radiation belt electron loss 
 processes is yet to be fully understood.
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