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[1] Recently, electromagnetic ion cyclotron (EMIC) wave generation in plasmaspheric

plumes has been the subject of extensive discussion. Theory predicts that regions of
detached cold, dense plasma immersed in relatively low background magnetic ﬁeld should
aid EMIC wave growth and may provide conditions for interaction between the EMIC
waves and relativistic (MeV) electrons, leading to energetic particle loss into the
atmosphere. Since plasmaspheric plumes are speciﬁc to disturbed geomagnetic conditions,
the link between EMIC waves and plumes may be especially important for radiation belt
dynamics during magnetic storms. In this work, we present an in situ survey of EMIC waves
in plasmaspheric plumes using data from the Cluster satellites and will address the question
of whether plumes are important for EMIC wave generation from a statistical perspective.
We used a survey of plasmaspheric plumes between 2001 and 2006 identiﬁed from the
Waves of High frequency and Sounder for Probing of Electron density by Relaxation
(WHISPER) sounder measurements. We further identiﬁed EMIC waves from simultaneous
(with WHISPER) magnetic ﬁeld measurements by the ﬂuxgate magnetometer instruments
and investigated the relationship between these two data sets. Only 10% of the time when
Cluster-observed plumes along its orbit did we also observe EMIC waves. The wave
occurrence outside plumes is further signiﬁcantly reduced and is ~20 times lower in
immediately adjacent regions than inside plumes. We found that cold plasma density was
not a good predictor of EMIC occurrence inside the plumes and that the absolute density
does not affect the EMIC probability. On the other hand, enhanced solar wind dynamic
pressure signiﬁcantly increases EMIC wave occurrence rate inside the plumes.
Citation: Usanova, M. E., F. Darrouzet, I. R. Mann, and J. Bortnik (2013), Statistical analysis of EMIC waves in
plasmaspheric plumes from Cluster observations, J. Geophys. Res. Space Physics, 118, 4946–4951, doi:10.1002/jgra.50464.

1.

Introduction

[2] Electromagnetic ion cyclotron (EMIC) waves are transverse plasma waves generated in the magnetosphere by ring
current protons with a temperature anisotropy (Tperp > Tpar)
and are typically registered in space and on the ground in
the frequency range of 0.1–5 Hz. Early theoretical studies,
further supported by observations, have shown that the
EMIC wave growth leads to both the isotropization of the
initially unstable proton distribution and the consequent pitch
angle scattering and loss of particles into the dense upper
atmosphere [see, e.g., Cornwall, 1965; Søraas et al., 1980;
Yahnin and Yahnina, 2007].
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[3] More recent theoretical studies [e.g., Summers and
Thorne, 2003] have shown that in the inner magnetosphere,
a resonant interaction with EMIC waves may also be important for MeV electron loss from the radiation belts, especially
in regions of high plasma density and low magnetic ﬁeld,
such as plasmaspheric plumes and outer regions of the quiet
time plasmasphere. So far, there has been limited direct
experimental evidence supporting this hypothesis [see, e.g.,
Miyoshi et al., 2008], although there is some evidence from
high-altitude stratospheric balloons measuring bremsstrahlung
X-rays from precipitating electrons [Foat et al., 1998; Millan
et al., 2002, 2011]. Nevertheless, EMIC waves may be potentially important not only for ring current loss but also for
radiation belt dynamics.
[4] Early studies identiﬁed the plasmapause as a preferred
region for EMIC wave generation, since increased plasma density lowers the EMIC instability threshold [e.g., Gary and Lee,
1994] and leads to a drastic enhancement in the convective
EMIC wave growth rate [e.g., Gendrin, 1975]. However, later,
it was found that the plasmapause is not a preferred region for
EMIC wave generation [Fraser and Nguyen, 2001] and that
EMIC waves are most frequently observed in the subsolar
magnetosphere, close to the magnetopause where energetic
ion distributions may become unstable to EMIC wave growth
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Figure 1. Spectrograms of the perpendicular component of magnetic ﬁeld showing the EMIC wave location with respect to the plume: (a) inside, (b) spanning both inside and outside, and (c) outside. White vertical lines show the plume boundaries. The black and the purple dots deﬁne the EMIC bandwidth and the
maximum power, respectively. The WHISPER electron density is plotted on top of the spectrograms by the
red lines (where available).
during magnetospheric compressions [Olson and Lee,
1983; Anderson et al., 1992; Anderson and Hamilton, 1993].
A number of statistical studies have shown that the probability
of EMIC wave observation increases with L-shell [Anderson
et al., 1992; Denton et al., 2002], especially during intervals
of enhanced solar wind dynamic pressure [Usanova et al.,
2008; McCollough et al., 2010; Usanova et al., 2012].
[5] EMIC waves have also been observed in plasmaspheric
plumes—regions of the outer plasmasphere transported
sunward during magnetically disturbed times (see, e.g., case
studies by Fraser et al. [2005], Morley et al. [2009], and
Yuan et al. [2010]). However, from a statistical perspective,
a link between EMIC waves and plasmaspheric plumes has
not been deﬁnitively established. For example, Posch et al.
[2010] compared EMIC wave occurrence on the ground
at Antarctic high-latitude (L = 6.28–8.07) magnetometer
stations and conjugate geosynchronous cold plasma densities
between 1996 and 2003 and found a weak correspondence
between EMIC waves and either plasmaspheric plumes or
intervals when dense plasmaspheric plasma extended to
geosynchronous orbit. They concluded that even though at
times EMIC waves did coincide with intervals of plume
occurrence, plumes were not necessary for EMIC wave
generation around geosynchronous orbit, even during storm
times. Their events were observed most often in association
with increases in solar wind dynamic pressure.
[6] In this work, we investigate the relative importance of
enhancements in plasma density and solar wind dynamic
pressure (magnetospheric compression) in EMIC wave excitation by studying EMIC wave occurrence in plasmaspheric
plumes. To the best of our knowledge, this is the ﬁrst in situ
statistical study examining the relationship between EMIC
waves and plasmaspheric plumes globally, in a wide range
of L-shells and at all magnetic local time (MLT) sectors.

2.

Cluster Instrumentation and Survey Parameters

[7] For this study, we used data from four Cluster satellites
carrying identical instrumentation [Escoubet et al., 1997].
They are positioned in a tetrahedral conﬁguration with a
separation distance that typically varies with time across the
mission, from 100 km to a few Earth radii (RE). The spacecraft
follow similar polar orbits, with a period of approximately
57 h, an apogee of ~19.6 RE, and a perigee of about 4 RE.
As the Cluster orbit precesses, all magnetic local times are
covered by the spacecraft in the course of the year.

2.1. Plume Identiﬁcation
[8] We based our EMIC study on a plasmaspheric plume
survey by Darrouzet et al. [2008]. These authors routinely
identiﬁed 782 plume crossings by the Cluster satellites from
February 2001 through February 2006 using the Waves of
High frequency and Sounder for Probing of Electron density
by Relaxation (WHISPER) instrument [Décréau et al.,
1997]. We further extended the original data set until the
end of 2006, which resulted in a total of 993 plume crossings.
[9] WHISPER measures high-frequency electric ﬁelds in a
range between 2 and 80 kHz and allows the estimation
of electron plasma density ne from the electron
plasmaﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
frequency fpe using the equation f pe ðkHzÞ ¼ 9 ne ðcm3 Þ:
Due to the upper frequency limit, the maximum electron
density that can be resolved by WHISPER is ~80 cm3.
Therefore, higher-density plumes cannot be accurately
pinpointed with this instrumentation.
[10] Plasmaspheric plumes were identiﬁed by Darrouzet
et al. [2008] based on a localized density increase (of
≥10 cm3) followed by a density decrease from the background value, adjacent to the main plasmasphere crossing.
They also put a restriction on a minimum L-width of the
increased density region, which should be at least 0.2 RE
wide to be considered as a plume.
[11] This data set contains events mostly for low and moderate geomagnetic activity (Kp ≤ 7 and Dst > 110 nT). During
highly disturbed geomagnetic conditions, the plasmasphere
becomes eroded, and the plasmapause moves close to the
Earth, below the Cluster perigee (4 RE), and therefore, identiﬁcation of a plume based on the above deﬁnition becomes
more complicated.
[12] Darrouzet et al. [2008] outlined the following plume
characteristics from their database. Plasmaspheric plumes
were observed mainly in the afternoon and premidnight
MLT sectors. The plumes had all possible density variations
(below ~80 cm3 being the WHISPER limit) and had no
preferred density value. Most plumes had a width below
1.5 RE, and on average, Cluster spent ~15 min crossing them.
Lower-L (and also denser) plumes were seen in all MLT
sectors, while less dense plumes extending farther out were
observed only in the 10–18 MLT sector.
2.2. EMIC Wave Detection
[13] EMIC waves were identiﬁed from Cluster ﬂuxgate
magnetometer (FGM) [see Balogh et al., 2001] measurements.
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Figure 2. Distribution of EMIC wave location with respect
to the plume. Note the logarithmic scale on the y axis.
The Cluster FGM provides measurements of the magnetic
ﬁeld in the frequency range from DC to ~10 Hz (32 Hz in burst
mode) and sensitivity of at least 0.1 nT.
[14] We analyzed magnetic ﬁeld data for each plume crossing from our survey, focusing on the interval [tin  30 min;
tout + 30 min], where tin and tout are the times of inward and
outward plume crossings, respectively. First, we transformed
the FGM data from GSM into local ﬁeld-aligned coordinates
(FAC), following the method described in Rae et al. [2005].
In FAC, the azimuthal direction is perpendicular to both the
direction of the background magnetic ﬁeld and the radial
direction, which is deﬁned by the vector from the center of
the Earth to the satellite. Second, we used the sliding window
fast Fourier transform to obtain spectral power of the perpendicular (azimuthal) magnetic ﬁeld component and applied an
automated wave detection algorithm [Bortnik et al., 2007],
which selects spectral peaks that stand out (at least one
magnitude greater in spectral power) above the background
noise. In our case, we have chosen the window to be 2048
samples (93 s) long, with an overlap of ~30% (31 s), resulting
in a ~60 s spacing between neighboring data blocks. The
algorithm returns three recorded frequencies for detected

Analysis

3.1. EMIC Wave Occurrence in Plasmaspheric Plumes
[15] EMIC waves were observed during 106 (11%) out of
993 plume crossings: 68 (7%) inside and 38 (4%) spanning
both inside and outside (as shown in Figures 1a and 1b,
respectively). During 29 (3%) of the plume crossings,
EMIC waves were observed outside of the plume within
30 min intervals preceding or following the plume encounter
(Figure 1c). This occurrence distribution of EMIC wave event
location with respect to the plume is shown in Figure 2 on a
logarithmic scale.
[16] To investigate the occurrence rates of EMIC waves
inside and outside plumes, we normalized the intervals of
detected EMIC waves by the Cluster dwell time inside and
immediately (±30 min) outside the plumes. We considered
only the intervals when Cluster was at geocentric distances
between 5 and 10 RE and excluded the midnight-to-earlymorning sector since EMIC probability has been shown to
be very low there. We found that the EMIC wave occurrence
inside the plumes was ~20 times higher than that immediately outside the plumes (during a 30 min interval adjacent
to the plume crossing).
[17] We examined whether EMIC waves are preferentially
generated on (or closer to) the duskside plume boundary,
consistent with westward ion drift in the magnetosphere
and theoretical predictions. We identiﬁed the MLT of the
midpoint of EMIC wave activity region and examined its
proximity to the westward and eastward plume boundaries.
Though, in some cases, EMIC waves were indeed seen closer
to the duskside plume crossing, on average, the EMIC wave
region center was located at the plume center (not shown).

Figure 3. (left) L/MLT distribution of plasmaspheric plumes. (right) L/MLT EMIC wave occurrence
rate in plumes. The black rectangle shows the region with maximum plume number. Bins with less than
10 plume crossings are not colored.
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Figure 4. (left) Number of events (red) and nonevents (blue) and (right) EMIC wave occurrence rate in
plumes as a function of L-shell.
[18] This observation is consistent with the hypothesis that
small-scale cold plasma structures within a plume [see, e.g.,
Moldwin et al., 1995] might be important for EMIC wave
generation. Chen et al. [2009, 2010] modeled the EMIC
wave excitation in the presence of plumes. They found that
in the case of a wide unstructured plume, the maximal wave
gain is expected at the outer edge of the plume. However,
for narrow plumes, the modeling predicts wave generation
within the plume. Generation of cyclotron waves on smallscale cold plasma structures within the plume has also
been discussed by Yahnin et al. [2006] and Yuan et al.
[2012] on the basis of observations of the energetic proton
and electron precipitation.
[19] Further, we investigated the L/MLT dependence
of EMIC wave occurrence in plumes. We binned our
data at 1 RE in L and 2 h resolution in MLT and plotted the
number of plume crossings as a function of L and MLT
(Figure 3, left). The number of plume crossings in each
bin is shown in the color bar (where the white color denotes
less than 10 plume crossings). For each bin, we also
computed the occurrence rate of EMIC waves in plumes
by calculating the ratio of plume crossings during which
EMIC waves were observed (either inside or inside and
outside of the plume; here and after, we will refer to this as
an EMIC plume “event”) to the total number of plume

crossings observed in this bin (Figure 3, right). A nonzero
EMIC probability is seen at 8–22 MLT and L = 5–6 and
narrows in MLT toward high L-shells. EMIC occurrence in
plumes generally increases with L-shell; however, in most
bins, it does not exceed 10%.
[20] The majority of plumes are observed in the duskside
sector between L = 5–7 and MLT = 16–22, where the average
number of plume crossings in each bin exceeds 40 (Figure 3,
outlined box in the right and left panels). Even though the
sample size is sufﬁciently large so as to be statistically significant, increased EMIC occurrence is not seen in this sector
where the plume occurrence dominates.
[21] The left and right panels in Figure 4 show the number
of EMIC events and nonevents and the EMIC wave event
occurrence rate in plumes, respectively, as a function of L,
averaged over all MLT sectors. Consistent with conclusions
by Usanova et al. [2012], this ﬁgure demonstrates that
EMIC occurrence at low L-shells (below geosynchronous
orbit) is diminished. EMIC waves are not observed at L < 5
despite the fact that many plumes are observed at these
L-shells. The probability of EMIC wave occurrence
in plumes increases toward the magnetopause, where it
reaches ~20%, also consistent with the observations on
Active Magnetospheric Particle Tracer Explorers/Charge
Composition Explorer [Anderson et al., 1992].

Figure 5. (left) Number of events (red) and nonevents (blue) and (right) EMIC wave occurrence rate in
plumes as a function of solar wind dynamic pressure.
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Figure 6. (left) Solar wind dynamic pressure and (right) electron density and as a function of L-shell and
linear regression lines for EMIC events (red) and nonevents (blue).
[22] Since previous studies [e.g., Usanova et al., 2012, and
references therein] outlined the importance of high solar
wind dynamic pressure for the generation of ion temperature
anisotropy and the consequent excitation of EMIC waves, we
also examined the effect of solar wind pressure on EMIC
wave occurrence in plumes. Similar to Figure 4, the left and
right panels in Figure 5 show the number of events (red bars)
and nonevents (blue bars) and the EMIC wave event occurrence in plumes, respectively, as a function of Pdyn. It is clear
that the ratio between events and nonevents (Figure 5, left)
and the probability of EMIC waves in plumes (Figure 5,
right) drastically increases during intervals of enhanced solar
wind dynamic pressure.
3.2. Difference Between Events and Nonevents
[23] For each individual plume crossing, we plotted the
maximum value of electron density observed along one
plume transit (Figure 6, right) and the value of solar wind
dynamic pressure (Figure 6, left) at the time when the
maximum electron density was observed, as a function of
L-shell. Similar to the previous plots, we considered these
dependencies for nonevents (blue) and events (red). For each
set, we calculated a linear regression line, which is plotted on
top. As shown in Figure 6 (right), despite the large statistical
dispersion, in general, the difference in electron density
between events and nonevents is insigniﬁcant, being
54 ± 31 and 63 ± 29 cm3, respectively. Both events and
nonevents have peak plume densities which decrease with
L, but show little dependence on electron density. At the
same time, the average dynamic pressure during events is
1.7 times higher than during nonevents, being 3.7 ± 2.2 and
2.2 ± 1.3 nPa, respectively. This difference in dynamic
pressure is more pronounced for the events observed at low
L-shells and becomes smaller toward the magnetopause
(at high L-shells), where plasma is often marginally stable
and even small enhancements in solar wind dynamic pressure
may lead to generation of EMIC waves [e.g., Anderson and
Hamilton, 1993].
[24] We also examined the Dst and Kp indices during the
events and nonevents and did not ﬁnd a signiﬁcant difference
between them. Also, we did not ﬁnd evidence that low-L
events occurred during more disturbed geomagnetic conditions (higher Kp) than high-L events.

4.

Summary and Conclusions

[25] We analyzed 993 plasmaspheric plume crossings
by Cluster between 2001 and 2006 identiﬁed from
WHISPER electron density measurements by Darrouzet
et al. [2008]. We identiﬁed EMIC waves within and
close to the plumes from simultaneous magnetic ﬁeld
measurements by Cluster FGM. Overall, EMIC waves
were observed during 135 out of 993 plume crossings
(14%)—either outside within a 30 min interval adjacent
to the plume, inside, or spanning both outside and inside
the plume. During 10% of plume crossings, EMIC waves
were observed either inside the plume or at the plume
boundary (inside and outside).
[26] We normalized the EMIC wave occurrence times
inside and outside the plumes by Cluster dwell time in these
regions to get the EMIC occurrence rate and found that
EMIC waves are seen ~20 times more often inside the
plumes than immediately outside the plumes, as deﬁned by
examining the 30 min intervals of Cluster orbit adjacent to
the plume.
[27] The L/MLT distribution of EMIC events in plumes
has a maximum at MLT = 12–16 beyond the geosynchronous orbit, which is consistent with earlier studies
of EMIC wave occurrence [see Anderson et al., 1992;
Usanova et al., 2012]. However, the L = 5–7/MLT = 16–22
region where the majority of plumes were observed did
not exhibit enhanced EMIC occurrence. Also, we did
not ﬁnd evidence that EMIC waves were preferentially
excited on the westward plume edge. On average, they
were located equidistant from the duskside and dawnside
plume boundaries.
[28] Finally, we examined the difference between plumes
that produced EMIC waves (events) and plumes that
did not (nonevents). The difference in electron plasma
density between events and nonevents was not signiﬁcant.
Meanwhile, the average solar wind dynamic pressure
during the events was 1.7 times as high as during the
nonevents. Together with the enhanced EMIC wave probability at high L-shells in the dayside magnetosphere, this
led us to conclude that solar wind dynamic pressure
controls EMIC occurrence and that enhanced plasma
density by itself is not sufﬁcient for EMIC wave generation
inside the plumes.
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