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[1] In this paper, we report observations from a Cluster satellite showing that ULF wave occurred in the outer boundary of a plasmaspheric plume on September 4, 2005. The
band of observed ULF waves is between the He+ ion gyrofrequency and O+ ion gyrofrequency at the equatorial plane,
implying that those ULF waves can be identified as EMIC
waves generated by ring current ions in the equatorial plane
and strongly affected by rich cold He+ ions in plasmaspheric
plumes. During the interval of observed EMIC waves, the
footprint of Cluster SC3 lies in a subauroral proton arc
observed by the IMAGE FUV instrument, demonstrating
that the subauroral proton arc was caused by energetic ring
current protons scattered into the loss cone under the Ring
Current (RC)‐EMIC interaction in the plasmaspheric plume.
Therefore, the paper provides a direct proof that EMIC waves
can be generated in the plasmaspheric plume and scatter RC
ions to cause subauroral proton arcs. Citation: Yuan, Z.,
X. Deng, X. Lin, Y. Pang, M. Zhou, P. M. E. Décréau, J. G.
Trotignon, E. Lucek, H. U. Frey, and J. Wang (2010), Link between
EMIC waves in a plasmaspheric plume and a detached sub‐auroral
proton arc with observations of Cluster and IMAGE satellites, Geophys. Res. Lett., 37, L07108, doi:10.1029/2010GL042711.

1. Introduction
[2] Satellite observations and computer simulations have
shown that electromagnetic ion cyclotron (EMIC) waves
can be generated by a resonant interaction with ring current
(RC) ions [e.g., Horne and Thorne, 1993; Fraser et al.,
2005; Gamayunov and Khazanov, 2008]. During disturbed
periods, the sunward transport of ring current ions produces
anisotropic (T? > T//) particle distributions [Sibeck et al.,
1987]. In addition, the ion anisotropy can also be increased through the solar wind compression of the magnetosphere [Anderson and Hamilton, 1993]. Those energetic
and anisotropic ring current protons are considered to provide the major source of free energy driving this instability
and causing the amplification of EMIC waves [Anderson et
al., 1992a; Erlandson and Ukhorskiy, 2001; Engebretson et
al., 2007]. Since the instability threshold is so low that
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EMIC waves are easily generated in the presence of cold
dense ions [Gary et al., 1995], strong enhancements of the
EMIC wave power occur at the plasmapause [Anderson et
al., 1992a; Fraser and Nguyen, 2001; Masson et al., 2009].
In fact, since cold He+ ions have a strong influence on the
proton cyclotron electromagnetic instability [Gomberoff and
Cuperman, 1982; Kozyra et al., 1984], most observed EMIC
waves in the frequency range of Pc1‐2 have spectra whose
characteristic frequencies are organized in the vicinity of the
He+ gyrofrequency at the equatorial plane [Young et al., 1981;
Sakaguchi et al., 2008].
[3] Observations of the CRRES spacecraft have presented
that the occurrence of EMIC waves predominates in the
afternoon [Fraser and Nguyen, 2001]. Due to the RC‐EMIC
interaction, ring current protons can be scattered into the
loss cone and cause subauroral arcs [Burch et al., 2002;
Fuselier et al., 2004; Jordanova et al., 2007; Yahnina et al.,
2008]. The tendency for subauroral arcs is demonstrated to
be located in the mid‐afternoon sector during disturbed
periods, where plasmaspheric plumes can extend sunward
from the main plasmasphere [Immel et al., 2002; Burch et
al., 2002; Darrouzet et al., 2009]. Therefore, anisotropic
yet stable energetic proton distributions drifting westward
from dusk are expected to become more unstable when encountering cold dense ions within a plasmaspheric plume. As a
result, EMIC waves would be further amplified and scatter
ring current protons into the loss cone and cause subauroral
arcs. With observations of the IMAGE satellite, the link of a
plasmaspheric plume and subauroral arcs implies that EMIC
waves may be preferentially generated within the plume
[Spasojević et al., 2004]. However, in their paper, the direct
observation of EMIC waves was not presented in the plasmaspheric plume. In addition, a direct link between EMIC
wave observations and ion precipitation into an isolated proton
aurora was also presented [Miyoshi et al., 2008]. In their paper,
the isolated proton aurora is associated with EMIC waves not
in the plasmaspheric plume but at the plasmaspause.
[4] In this paper, we present results of a case study on
September 4, 2005 during which a direct link has been found
between EMIC waves in a plasmaspheric plume observed by
the Cluster satellite and a subauroral proton arc observed by
the IMAGE satellite. In section 2, we present the observation
of the Cluster satellite on September 4, 2005. In section 3,
these results are discussed and compared with observations of
the IMAGE satellite. Finally, a summary is given.

2. Observations of Cluster Satellite
[5] The Cluster WHISPER instrument allows one to
identify the electron plasma frequency in the range of
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Figure 1. Overview of data from Cluster SC3 in the GSE coordinates and between 08:00 and 09:50 UT on September 4,
2005. (a) Electron density derived from the electron plasma frequency detected by the WHISPER instrument. (b–d) CODIF
omnidirectional energy‐time spectrograms in particle flux units separately for H+, He+ and O+ ions. (e) Negative of the
spacecraft potential measured by the EFW experiment. (f) Averaged magnetic fields and (g) disturbed magnetic fields measured by FGM with a time resolution of 0.1 s derived by using a 25.6 s running window. The x, y, z component in the GSE
coordinates and total magnetic field are denoted by blue, red, green and black solid lines, respectively. (h) Power spectrum
density (PSD) of the z component of disturbed magnetic fields.
2–80 kHz [Décréau et al., 2001]. These data can be used to
analyze the density structure of plasmaspheric plumes when
corresponding plasma frequencies lie in this range
[Darrouzet et al., 2006]. Electron densities presented in this
paper are provided by the Cluster WHISPER instrument at a
time resolution of about 2 s [Décréau et al., 2001]. The
magnetic field is obtained from the Fluxgate Magnetometer
(FGM) with a 22 Hz sampling frequency [Balogh et al.,
2001]. The Composition and Distribution Function Analyzer (CODIF) of the Cluster Ion Spectrometry (CIS)
instrument provides the three‐dimensional ion distribution
functions (about 5–40 keV/q) with one spacecraft spin (4 s)
time resolution [Rème et al., 2001]. Furthermore, the mass‐
resolving spectrometer CODIF provides the ionic composition of the plasma separately for the major magnetospheric
species (H+, He++, He+, and O+), from the thermal energy to
about 40 keV/q, covering thus a substantial part of the ring
current energy range [Williams, 1987]. The spacecraft
potential data come from the Electric Field and Wave (EFW)
experiment on board Cluster [Gustafsson et al., 2001].

[6] A plume crossing, identified in density versus time
profiles at Cluster perigee, can be characterized by means of
several parameters [Darrouzet et al., 2008]. A plume is
identified as a significant and localized density increase
followed by a density decrease from the background value,
in a region adjacent to the main plasmasphere. The L‐width
of the structure, where L is the McIlwain parameter
[McIlwain, 1961], should be enough for the structure to be
considered as a plasmaspheric plume. Darrouzet et al.
[2008] fixed the minimum value of L width to 0.2 Re. To
calculate the L‐shell value of the McIlwain parameter at
Cluster’s location, we use a model that combines the internal
magnetic field model IGRF2000 and the external magnetic
field model TSK‐05 depending on the solar wind pressure,
the Dst index, and the interplanetary magnetic field (IMF)
Y and Z components [Tsyganenko and Sitnov, 2005]. In
addition, we projected Cluster trajectories along the magnetic field of this model onto the equatorial plane in order to
derive the He+ gyrofrequency (fHe+eq) at the equatorial
plane.
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Figure 2. Wavelet power spectrum for the time interval of 09:27–09:36 UT selected from data of Figure 1. (top) Power
spectrum of LHCP, (middle) RHCP components and (bottom) ellipticity of the transverse waves in the field‐aligned
coordinates are plotted. Dashed elliptical lines denote the enhanced EMIC waves.

[7] An overview of the Cluster SC3 data including the
electron number density, the H+ He+ O+ energy‐time spectrogram in the particle energy flux units, the magnetic field
in GSE coordinates, and power spectrum density during the
time from 08:00 UT to 09:50 UT is shown in Figure 1.
Figure 1a presents a plume crossed by the Cluster SC3
during the outbound plasmasphere pass on Sep. 4, 2005.
Between 08:00 UT and 08:48 UT, Figure 1a presents a more
dense plasma population, implying that the Cluster SC3
passed through the main plasmasphere. During the interval,
as shown in Figures 1b–1d, the increased ion fluxes
observed by Cluster SC3 are just background due to penetrating particles from the outer radiation belt. Thereafter,
Figure 1a presents that the electron density starts to increase
at 08:52 UT, meaning that Cluster SC3 entered into the
inner boundary of a plume. Since the high flux of ambient
electrons in the plasmasphere brings the spacecraft potential
to only a few volts positive relative to the plasma, spacecraft
potential is a very good proxy of the total electron density
[Pedersen et al., 2001]. The outer boundary of the plume is
well identified with a sharp decrease of the spacecraft
potential value shown in Figure 1e at 09:36 UT. We estimate the equatorially mapped locations of these two crossings of plume boundary, the inner density increase at
∼08:52 UT and the outer density decrease ∼09:36 UT, to be
L = 5.67, MLT = 13.27 and L = 7.53 and MLT = 13.72,
respectively. The extent of the plasmaspheric plume is about
1.86 in L‐shell value, which meets the criterion mentioned
above. These locations are consistent with the general shape
of plasmaspheric plume structures in the afternoon sector. In
the plasmaspheric plume, as shown in Figure 1b, the ring
current is revealed by the presence of strong fluxes of high‐
energy (>10 keV) trapped ions, typically observed by CODIF and identified as part of the ring current population
[Vallat et al., 2004].
[8] In order to eliminate waves with frequencies above
10 Hz, the high‐resolution original data of the magnetic field
have been averaged in the interval of 0.1 s so that the

resampling frequency becomes 10 Hz. Thereafter, the average magnetic field is calculated by a 25.6 s running average
with the resampled magnetic fields data. Perturbation magnetic fields are calculated by subtracting average magnetic
fields from resampled magnetic fields. The average magnetic
field is considered as the ambient or static magnetic field at
the place where the Cluster SC3 is located. As shown in
Figures 1f and 1g, the amplitude of perturbation magnetic
fields increases and reaches about 2.5 nT in the outer
boundary of the plasmaspheric plume, especially during the
interval denoted by vertical dashed lines, i.e., from 09:30 UT
to 09:36 UT. During the interval, as the strongest component
of perturbation magnetic fields, DBZ is used to obtain the
power spectrum density through Fast Fourier transforms
(FFTs) with 25.6 s data intervals. As shown in Figure 1h,
during two intervals denoted by vertical dashed lines, the
pulsation frequencies of ULF waves lie in the vicinity of
0.1Hz.

3. Discussion and Conclusion
[9] To better study characteristics of ULF waves observed
by the Cluster SC3, it is necessary to transform perturbation
magnetic fields in the GSE coordinates into those in the
field‐aligned coordinates, in which the two transverse
components (Bt1 and Bt2) are combined into left‐ and right‐
hand polarized components (Br = Bt1 + iBt2 and Bl = Bt1 − iBt2)
[Volwerk et al., 2008]. In order to better present the wave
power for lower frequency bands, a wavelet transform with
Morlet mother wavelet [Mallat, 1998] is used to study the
wave power for two polarized components (Br and Bl). The
Morlet wavelet is used as this wavelet can process complex
data [Baumjohann et al., 1999]. Figure 2 presents the
wavelet spectrograms for Cluster SC3 during the interval of
09:27–09:36 UT, corresponding to the interval denoted
by dashed lines in Figure 1. Those local O+ ion gyrofrequencies (fO+Loc) are derived from the ambient magnetic
field observed by the Cluster SC3 satellite. On the other
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Figure 3. A proton aurora image from FUV SI12 instrument onboard the IMAGE spacecraft at 09:30:57 UT on
September 4, 2005 mapped onto magnetic latitude and
MLT coordinates. White fan‐shaped line denotes a detached
subauroral proton arc. Black rectangular line marks the footprint of SC3 satellite.
hand, those ion gyrofrequencies at the equatorial plane
(fO+eq, fHe+eq), which is the projection of Cluster trajectories
along the magnetic field, can be calculated with the above
mentioned model of magnetospheric magnetic fields.
[10] As shown in Figures 2 (top) and 2 (middle), the
frequency band of ULF waves denoted by the dashed
elliptical line lies below the local O+ ion gyrofrequency
(fO+Loc). To be noted, the band of ULF waves is between the
O+ ion gyrofrequency (fO+eq) and the He+ ion gyrofrequency
(fHe+eq) at the equatorial plane, in agreement with the theory
of EMIC waves generated in the equatorial plane [Young et
al., 1981]. The frequency band below the fHe+eq means that
cold He+ ions in the plasmaspheric plume have a strong
influence on the generation of EMIC waves in the equatorial
plane. As shown in Figure 2 (bottom), the ellipticity of the
transverse waves (defined such that −1 denoted left hand
circular polarization (LHCP), 0 linear polarization, and +1
denoted right hand circular polarization (RHCP)) demonstrate that most of the wave packets show linear‐LH
polarization, as expected for EMIC waves [Anderson et al.,
1992b]. In addition, as shown in Figures 1a, 1b, and 1h,
ULF waves occurred in the region of overlap between
plasmaspheric plumes and ring currents. Therefore,
observed ULF waves can be explained as EMIC waves
generated in the equatorial plane, which is attributed to the
EMIC instability caused by RC ions and enhanced by cold
dense ions in plasmaspheric plumes.
[11] Since the SI12 channel of the IMAGE FUV instrument was designed to select the Doppler shifted Lyman
H‐alpha line at 121.82 nm and to reject the non‐Doppler
shifted Lyman H‐alpha from the geocorona at 121.567 nm
[Mende et al., 2000], the observed emissions mainly come
from charge‐exchanging precipitating protons. A proton
aurora image from FUV SI12 instrument at 09:30:57 UT
on September 4, 2005 (the time in the middle of the
interval between 09:30 UT and 09:36 UT in Figure 2) is
shown in Figure 3. A detached subauroral proton arc
denoted by fan‐shaped lines can be seen in the afternoon
sector. To be noted, the footprint of Cluster SC3 denoted
by the black rectangular line just lies in the subauroral
proton arc. Therefore, it is reasonable that the subauroral
proton arc is caused by the energetic ring current protons
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scattered into the loss cone under the RC‐EMIC interaction
in the plasmaspheric plume.
[12] In summary, based on the discussion of ULF waves
observed by the Cluster satellite, we find that ULF waves
occur in the plasmaspheric plume. The band of observed
ULF waves is between the He+ ion gyrofrequency and O+
ion gyrofrequency at the equatorial plane, implying that
those ULF waves can be explained as EMIC waves generated by ring current ions in the equatorial plane and strongly
affected by rich cold He+ ions in plasmaspheric plumes.
During the interval of observed EMIC waves, the footprint
of Cluster SC3 lies in a subauroral proton arc with
observations of the IMAGE FUV instrument, meaning that
the subauroral proton arc is caused by energetic ring current
protons scattered into the loss cone under the RC‐EMIC
interaction in the plasmaspheric plume. Therefore, the paper
reveals the direct link between plasmaspheric plumes, EMIC
waves and subauroral proton arcs.
[ 13 ] Acknowledgments. We thank the Cluster teams (FGM,
WHISPER, EFW, CIS) and CAA for the high‐quality data and successful
operation. This research is supported by the National Natural Science Foundation of China (40604021, 40974088), the Keygrant Project of Chinese
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