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[1] In this paper, we present characteristics of precipitating energetic ions/electrons
associated with the wave-particle interaction in the plasmaspheric plume during the
geomagnetic storm on July 18, 2005 with observations of the NOAA15 NOAA16, IMAGE
satellites and Finnish network of search coil magnetometers. Conjugate observations of the
NOAA15 satellite and the Finnish network of search coil magnetometers have
demonstrated that a sharp enhancement of the precipitating ion flux is a result of ring
current (RC) ions scattered into the loss cone by EMIC waves. Those precipitating RC ions
lead to a detached subauroral proton arc observed by the IMAGE FUV. In addition,
with observations of NOAA15 and NOAA16, the peak of precipitating electron flux was
equatorward to that of precipitating proton flux, which is in agreement with the region
separation of ELF hiss and EMIC waves observed by the Cluster C1 in the Yuan et al.
(2012) companion paper. In combination with the result of the companion paper, we
demonstrate the link between the wave activities (ELF hiss, EMIC waves) in plasmaspheric
plumes and energetic ion/electron precipitation at ionospheric altitudes. Therefore, it is an
important characteristic of the plasmaspheric plumes-RC-ionosphere interaction during a
geomagnetic storm that the precipitation of energetic protons is latitudinally separated from
that of energetic electrons.
Citation: Yuan, Z., Y. Xiong, D. Wang, M. Li, X. Deng, A. G. Yahnin, T. Raita, and J. Wang (2012), Characteristics of
precipitating energetic ions/electrons associated with the wave-particle interaction in the plasmaspheric plume, J. Geophys.
Res., 117, A08324, doi:10.1029/2012JA017783.

1. Introduction
[2] It is well known that a plasmaspheric drainage plume
can be formed and extend from the main plasmasphere in the
dusk sector to dayside magnetopause during geomagnetic
storms [Elphic et al., 1997; Darrouzet et al., 2009]. The
shape and location in magnetic local time of a given plume
can be described in terms of phases that follow the rise and
fall of convection strength [Goldstein and Sandel, 2005].
[3] Electromagnetic ion cyclotron (EMIC) waves are
generated by a resonant interaction with ring current
(RC) ions [e.g., Cornwall, 1965; Horne and Thorne, 1993;
Fraser and Nguyen, 2001; Gamayunov and Khazanov, 2008].
The major source of free energy driving this instability is
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considered to be provided by energetic and anisotropic ring
current protons [Anderson et al., 1992; Erlandson and
Ukhorskiy, 2001; Sakaguchi et al., 2008]. The anisotropic
proton distributions can become unstable to the amplification
of EMIC waves. In presence of cold dense ions, the instability
threshold is so low that EMIC waves are easily generated
[Gary et al., 1995]. Not only the plasmapause but also plasmaspheric plumes with steep density gradients are the preferred sites for the generation of EMIC waves [Anderson et al.,
1992; Fraser and Nguyen, 2001; Morley et al., 2009].
Observations of the CRRES spacecraft have shown that
occurrence of EMIC waves predominates in the afternoon
sector [Fraser and Nguyen, 2001]. As a consequence of the
EMIC waves-RC interaction, ring current protons can be
scattered into the loss cone and cause subauroral arcs
[Jordanova et al., 2007; Yahnin et al., 2009; Spasojević and
Fuselier, 2009]. 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; Spasojević et al., 2004; Yuan et al., 2010].
[4] As a broadband, structureless, extremely low frequency
(ELF) electromagnetic emission with whistler mode, plasmaspheric hiss have been observed in higher density regions
associated with the Earth’s plasmasphere [Russell et al.,
1969; Thorne et al., 1973; Cornilleau-Wehrlin et al., 1993;
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Bortnik et al., 2008] or detached plasma regions [Chan and
Holzer, 1976; Cornilleau-Wehrlin et al., 1978; Parrot and
Lefeuvre, 1986]. One of the consequences of the ELF hissRC interaction is the precipitation of energetic electrons into
the atmosphere due to pitch angle diffusion [Titova et al.,
1998; Summers et al., 2008; Yuan et al., 2011]. Energetic
ion/electron precipitations associated with plasmaspheric
plumes have been observed by the NOAA satellites at ionospheric altitudes [Yahnin et al., 2006; Yahnin and Yahnina,
2007]. To our knowledge, few conjugate observations have
been shown that both ELF hiss and EMIC waves in plasmaspheric plumes and energetic ion/electron precipitation
observed by low-altitude satellites at ionospheric altitudes,
which is very important to reveal the coupling process in the
system of RC-plasmasphere-ionosphere through the waveparticle interactions.
[5] In the previous paper [Yuan et al., 2012], we present
wave and particle observations made by Cluster C1 satellite
in a plasmaspheric plume in the recovery phase of the geomagnetic storm on July 18, 2005. Cluster C1 simultaneously
observed EMIC waves and ELF hiss in the plasmaspheric
plume. In the outer boundary of the plasmaspheric plume,
Cluster C1 observed RC ions scattered into the loss cone by
EMIC waves. The ELF hiss and EMIC waves are spatially
separated: the ELF hiss is located in the vicinity of the
electron density peak within the plume while the EMIC
waves are detected in the outer boundary of the plume. This
separation is likely a consequence of different characteristics
of the electron and ion cyclotron wave-particle interaction
and wave propagation (see, for example, results of modeling
by Pasmanik et al. [1998], Morley et al. [2009], and Chen
et al. [2010]). Since ELF hiss and EMIC waves are spatially
separated, it is expected that the precipitation of energetic
protons is latitudinally separated from that of energetic electrons due to wave-particle interaction. In order to better
demonstrate the relationship between the wave activities (ELF
hiss, EMIC waves) and energetic ion/electron precipitation in
plasmaspheric plumes, conjugate observations of the Cluster
satellite in the plasmasphere and low-altitude satellites (such
as NOAA POES) at ionospheric altitudes are necessary. In
this paper, we refer to our previous paper [Yuan et al., 2012]
as paper 1. We show the conjugate observations of the
NOAA and IMAGE satellites associated with observations of
Cluster C1 in paper 1.
[6] In this paper, we focus on characteristics of precipitating
energetic ions/electrons associated with the wave-particle
interaction in the plasmaspheric plume during the geomagnetic
storm on July 18, 2005. In section 2, we briefly describe the
instrumentation, including the NOAA SEM-2, IMAGE FUV
instrument and Finnish network of search coil magnetometers. In section 3, we present observations of the NOAA
16 NOAA 15 and three selected stations of Finnish network
on July 18, 2005. In section 4, these results are discussed and
a summary is given.

2. Instrumentation
[7] The NOAA spacecraft have a polar orbit at 800–
850 km altitude. Each orbit takes about 103 min. Beginning
with the NOAA 15 satellite, an upgraded version of the Space
Environment Monitor (SEM-2) is being flown. The SEM-2
instrument package onboard the NOAA spacecraft, includes
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the Medium Energy Proton and Electron Detector (MEPED)
and the Total Energy Detector (TED). Since the MEPED
instrument has two detectors oriented approximately one
along and another perpendicularly to the magnetic field at
high geomagnetic latitudes (>50 ), it can measure both
trapped (at the satellite’s altitude) and precipitating particles
[Sandanger et al., 2007]. The MEPED instrument measures
the energetic electron in three channels (>30 keV (e1),
>100 keV (e2), and >300 keV (e3)) and energetic proton in
six channels (30–80 keV (P1), 80–240 keV (P2), 240–
800 keV (P3), 800–2500 keV (P4), 2500–6900 keV (P5),
>6900 keV (P6)). Raben et al. [1995] describe the spacecraft and instrumentation. All NOAA data are available
from http://NOAA.ngdc.noaa.gov/data/. The full resolution
data has 2 s time resolution, which we use in this paper.
[8] The ground observations of geomagnetic pulsations at
the Kilpisjarvi (KIL) Ivalo (IVA) and Sodankylä (SOD)
observatories were performed by the Finnish network of
search coil magnetometers located at MLT = UT + 2. Data
sampling frequency is 40 Hz. The magnetometers of the
Finnish chain have over the same frequency range a linear
frequency response of 1.4 V/(nT*Hz) with an instrumental
noise figure of 1 pT/Hz1/2 at 1 Hz. The magnetometers of
the Finnish network are identical and can be used for comparison of intensity of the pulsation at those three stations.
[9] 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.

3. Observations
[10] Locations of the selected Finnish network of search coil
magnetometers and the magnetic footprints of Cluster C1 and
NOAA 15 NOAA 16 mapped to the ground (Cluster 1
between 14:45 and 15:00 UT, NOAA 15 between 14:51 and
14:55 UT, NOAA 16 between 14:45 and 14:57 UT) are
shown in Figure 1. Figure 1 shows that the footprint of the
NOAA 15 and three stations with search coil magnetometers
almost belong to the same meridional plane during the
interval, which enables the conjugate observations of the
NOAA15 satellite and three ground-based stations. On the
other hand, the footprint of Cluster C1 in longitudes (in
MLT of Table 1) is located between that of NOAA 15 and
that of NOAA 16.
[11] It is necessary to compare intensities of precipitating
fluxes with those of trapped fluxes in order to characterize
the anisotropy of the particle pitch angle distribution [Titova
et al., 1998]. In Figure 2, blue and red lines show the
trapped and precipitating flux intensities observed by the
MEPED instrument of the NOAA 15, respectively. The black
vertical solid line denotes the poleward boundary of the proton
anisotropic zone, which is also the equatorial boundary of the
proton isotropic zone at higher (auroral) latitudes. The energetic proton flux isotropization in the proton isotropic zone at
higher latitudes is due to the particle scattering into the loss
cone in the magnetospheric equatorial plane where the magnetic field is weak and the particle gyroradius is comparable
with the field line curvature radius [Sergeev et al., 1983].
Within the anisotropic zone, a sharp enhancement of the
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Figure 1. Locations of three stations (KIL IVA SOD MLT = UT + 2) with search coil magnetometers
and footprints of the Cluster C1, NOAA 15 and NOAA 16 mapped to the ground. Blue stars indicate three
sites with search coil magnetometers. The blue square and green diamond denote the location of peak flux
for precipitating protons and electrons observed by the NOAA 15 and NOAA 16, respectively. The red
circle and plus denote the location of peak amplitude for EMIC and ELF hiss waves observed by the Cluster
C1, respectively.

precipitating ion flux, together with the prominent variation of
the trapped flux intensity, is seen at 14:53:45 UT. As denoted
by the yellow vertical solid line in Figure 2, the peak of precipitating proton flux was located at 68.15 geographical latitude (64.43 geomagnetic latitude). In this case, we can see
that the precipitating flux in the first channel (Figure 2, first
panel) is almost as intense as the mirroring flux, which serves
as an indication of strong pitch angle scattering for ions with
energies between 30 keV and 80 keV, while for the higher
energies pitch angle diffusion is weaker.
[12] As noted Evans and Greer [2004], the SEM-2 e1, e2,
and e3 telescopes suffer from contamination by rather low
energy protons, with one proton in the correct energy range
leading to one count in the electron detector. In order to
quantify the level of contamination in the e1, e2, and e3
telescopes, and estimate where the counts from the “electron”
telescopes are most likely to be dominated by electrons, the
condition is required that the counts reported by the electron
telescope be at least twice as large as the counts from the
“contaminating” proton telescope because one “contaminating”
proton will produce one incorrect electron count [Rodger
et al., 2010].
[13] Under these conditions, the electron observations are
taken to be “good” when the following hold [Rodger et al.,
2010]: e1 > 2  P2, e2 > 2  P3 and e3 > 2  P3.
[14] On the other hand, a sharp enhancement of the
precipitating electron flux at energies >30 keV is seen at
14:53:27 UT, indicating a “good” quality electron counts
under the above criterion. The phenomenon was simultaneously observed at energies >100 keV and >300 keV, but at

these energies it was less pronounced. As denoted by the
green vertical solid line in Figure 2, the peak of precipitating
electron flux was located at 67.20 geographical latitude
(63.39 geomagnetic latitude). It has been found that the
precipitation of energetic protons is latitudinally separated
from that of energetic electrons. As shown in Figure 2, the
peak of precipitating electron flux is equatorward to that of
precipitating proton flux.
[15] Figure 3 shows the power spectrum density of the
geomagnetic pulsation measured by the KIL, IVA and SOD
stations. Between 14:42 UT and 15:00 UT, the increase of
the pulsation intensity with frequencies of 0.2–0.4 Hz i.e.,
the band of Pc1, was detected by the three stations. Between
14:48 UT and 14:50 UT, the maximal intensity of Pc1 waves
was observed at the IVA among those three stations.

Table 1. List of the Universal Time (UT), Magnetic Local Time
(MLT), Geomagnetic Latitude (Mlat) and L-Value (L) for the Peak
Flux for Precipitating Protons and Electrons Observed by the
NOAA 15 and NOAA 16, as Well as for the Peak Amplitude for
EMIC and ELF Hiss Waves Observed by the Cluster C1

Fluxpmax NOAA16
Fluxemax NOAA16
AMEMICmax SC1
AMhissmax SC1
Fluxpmax NOAA15
Fluxemax NOAA15
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UT

MLT

Mlat

L

14:50:00
14:49:46
14:51:42
14:53:48
14:53:45
14:53:27

14:06
14:07
15:46
15:47
17:11
17:12

73.56
72.78
70.85
70.63
64.43
63.39

8.59
7.92
7.61
7.50
5.59
5.21
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Figure 2. Particle data from the NOAA 15 on 18 July 2005. From the top is shown 30–80 keV protons,
80–240 keV protons, 240–800 keV protons, >30 keV electrons, >100 keV electrons and >300 keV
electrons from both the 0 (red line) and 90 (blue line) MEPED detectors. The green and yellow vertical
solid lines denote the location of peak flux for precipitating electrons and protons respectively. The black
vertical solid line denotes the location of poleward boundary of anisotropic proton zone.

Thereafter, Pc1 wave intensity measured by the IVA was
comparable to that of the SOD but larger than that of the
KIL, implying that the source of such Pc1 waves firstly was
located near the IVA and then moved toward the SOD. Since
such a Pc1 wave is considered as a signature of an EMIC
wave propagating off the equatorial plane to low altitudes
[Young et al., 1981; Sakaguchi et al., 2008; Morley et al.,
2009], a sharp enhancement of the precipitating ion flux
observed by NOAA15 at 14:53:45 UT is a result of RC ions
scattered into the loss cone by EMIC waves.
[16] In Figure 4, blue and red lines show the trapped and
precipitating flux intensities observed by the MEPED
instrument of the NOAA 16, respectively. The black vertical
solid line denotes the poleward boundary of the proton
anisotropic zone, which is also the equatorial boundary of
the proton isotropic zone at higher (auroral) latitudes. Within

the anisotropic zone, a sharp enhancement of the precipitating ion flux, together with the prominent variation of the
trapped flux intensity, is seen at 14:50:00 UT. As denoted by
the yellow vertical solid line in Figure 4, the peak of precipitating proton flux was located at 68.57 geographical
latitude (73.56 geomagnetic latitude). In this case, we can
see that the precipitating flux in the first channel (Figure 4,
first panel) is almost as intense as the mirroring flux, which
serves as an indication of strong pitch angle scattering for
ions with energies between 30 keV and 80 keV, while for the
higher energies pitch angle diffusion is weaker. On the other
hand, a sharp enhancement of the precipitating electron flux
at energies >30 keV is seen at 14:49:46 UT, indicating a
“good” quality electron counts under the above criterion.
The phenomenon was simultaneously observed at energies
>100 keV and >300 keV, but at these energies it was less
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Figure 3. Power spectrum density of the D component (geomagnetic east–west) of geomagnetic pulsation
measured by the KIL, IVA and SOD stations.

pronounced. As denoted by the green vertical solid line in
Figure 4, the peak of precipitating electron flux was located
at 67.87 geographical latitude (72.78 geomagnetic latitude). It has been found that the precipitation of energetic
protons is latitudinally separated from that of energetic electrons. As shown in Figure 4, the peak of precipitating electron
flux is equatorward to that of precipitating proton flux.

4. Discussion and Conclusion
[17] As mentioned above, the conjugate observations of the
NOAA15 satellite and the Finnish network of search coil
magnetometers have demonstrated that a sharp enhancement
of the precipitating ion flux is a result of ring current ions
scattered into the loss cone by EMIC waves. Within the
anisotropic zone, a sharp enhancement of the precipitating
ion flux leads to a detached proton arc [Spasojević et al.,
2004; Yahnin et al., 2009; Yuan et al., 2010]. The first
global images of the Earth’s proton aurora have been provided by the Far Ultraviolet (FUV) Spectrographic Imager
(SI) [Mende et al., 2000] onboard the IMAGE satellite
[Burch, 2000]. On a number of occasions, arcs of precipitating protons have been observed at latitudes equatorward of
and separated from the main proton oval [Immel et al., 2002;
Burch et al., 2002]. As listed in Table 1, observations of the
peak flux for precipitating protons and electrons by the
NOAA 15 and NOAA 16, as well as the peak amplitude for
EMIC and ELF hiss waves by the Cluster C1, focus on the
interval of 14:49 UT–14:55 UT. In order to show the
detached proton aurora during the interval, we check the data
of the FUV SI12 instrument onboard the IMAGE spacecraft.
Figure 5 shows two proton aurora images from FUV SI12
instrument onboard the IMAGE spacecraft at 14:49:27 UT
and 14:55:42 UT on 18 July 2005. The pointing calculation

depends on valid data from the star tracker. During the socalled “summer vacation” when the star tracker was not
working, only interpolated spin axis data are used that are at
times still inaccurate. Unfortunately, the “summer vacation”
covers the time interval of interest in the paper. Therefore, we
cannot obtain the mapping of proton aurora images into the
southern/northern hemisphere. However, as shown in
Figure 5 (top), a well-structured main proton oval with most
strong intensity of proton aurora near the midnight can be
easily recognized, which is caused by precipitating energetic
protons from the magnetospheric plasma sheet within the
isotropic region in Figure 2 or Figure 4. To be noted, a
detached subauroral proton arc denoted by red fan-shaped
lines can also easily be seen in Figure 5 (top), which should
be in the afternoon or morning sector. The detached subauroral proton arc denoted by red fan-shaped lines kept wellstructured between 14:49:27 UT and 14:55:42 UT. As shown
in Figures 2 and 4, the NOAA 15 and NOAA 16 observed the
peak flux for precipitating protons within the anisotropic
zone at 17:11 MLT and 14:06 MLT in the afternoon sector,
respectively. On the other hand, during the interval the
NOAA 17 and NOAA 18 satellites did not observe obvious
precipitating protons within the anisotropic zone in the
morning sector (not shown here). Although we cannot project
the footprint of the NOAA 15 or NOAA 16 satellite on the
proton aurora image, it is reasonable that the subauroral
proton arc is caused by the precipitating energetic ring current
protons observed by the NOAA 15 or NOAA 16 satellite in
the afternoon sector.
[18] On the other hand, between 14:48 UT and 14:55 UT
in the region where the EMIC waves were observed by
Cluster C1 in the plasmaspheric plume, Figure 4 of paper 1
has shown that the pitch angle distribution of ions became
more isotropic due to the pitch angle scattering by the EMIC
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Figure 4. Particle data from the NOAA 16 on 18 July 2005. From the top is shown 30–80 keV protons,
80–240 keV protons, 240–800 keV protons, >30 keV electrons, >100 keV electrons and >300 keV electrons
from both the 0 (red line) and 90 (blue line) MEPED detectors. The green and yellow vertical solid lines
denote the location of peak flux for precipitating electrons and protons respectively. The black vertical solid
line denotes the location of poleward boundary of anisotropic proton zone.
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Figure 5. Proton aurora images from FUV SI12 instrument
onboard the IMAGE spacecraft at 14:49:27 UT and 14:55:42
UT on 18 July 2005. Red fan-shaped line denotes a detached
subauroral proton arc.
waves, which was discussed in detail in paper 1. As a result,
RC ions scattered into the loss cone can cause subauroral
arcs. As listed in Table 1, the Cluster C1 observed the peak
amplitude for EMIC waves at 14:51:42 (15:46 MLT in the
afternoon sector). Therefore, it is reasonable that the subauroral proton arc in Figure 5 is also caused by RC ions
scattered into the loss cone in the plasmaspheric plume
observed by Cluster C1. As shown in Figures 2 and 4,
between 14:48 UT and 14:55 UT the NOAA 15 and the
NOAA 16 observed precipitating energetic ions/electrons
within the anisotropic zone at about 17:10–17:15 MLT and
14:05–14:15 MLT, respectively. As shown in Figure 4 of
paper 1, during the same interval Cluster C1 simultaneously
observed the EMIC waves and ELF hiss at about 15:40–
15:50 MLT, between the location of precipitating energetic
ions observed by the NOAA 15 and that of the NOAA16.
Since the EMIC waves are detected in the outer boundary of
the plasmaspheric plume [Yuan et al., 2010, 2012], we may
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trace the location of the outer boundary of the plasmaspheric
plume with RC ions scattered into the loss cone. As listed in
Table 1, the Cluster C1 observed the peak amplitude for
EMIC waves at 15:46 MLT (L = 7.61). The NOAA 15 and
NOAA 16 observed the peak flux for precipitating protons
within the anisotropic zone at 17:11 MLT (L = 5.59) and
14:06 MLT (L = 8.59) in the afternoon sector, respectively.
The result is in agreement with the structure of the plasmaspheric plume from pre-midnight through post-noon local
times, i.e., the outer boundary at earlier MLT is located at
larger L-value [Goldstein and Sandel, 2005]. As listed in
Table 1, at the same MLT with observations of NOAA15 or
NOAA16 the peak of precipitating proton flux was located
at higher L-value than that of precipitating electron flux,
which is in agreement with the region separation of ELF hiss
and EMIC waves observed by Cluster C1, i.e., the location
of peak amplitude for EMIC waves was located at higher
L-value than that for ELF hiss waves. Since the footprints
of Cluster C1 and the NOAA15 or NOAA 16 were in the
afternoon sector with separation of about 1:30 in MLT and
EMIC-wave particle interactions are sometimes localized
[Nomura et al., 2012], the observation of Cluster C1 and
the NOAA15 or NOAA 16 is not a good point-to-point
conjugate experiment. For the plasmaspheric plume mentioned
in this paper, Darrouzet et al. [2008] have demonstrated the
plasmaspheric plume extending from pre-midnight through
post-noon local times by plotting electron densities along the
trajectories of four Cluster spacecrafts projected along the
magnetic fields lines onto the GSM frame. As denoted by
red fan-shaped lines in Figure 5, an obvious detached subauroral proton arc denoted by red fan-shaped lines kept wellstructured between 14:49:27 UT and 14:55:42 UT. It is
important that it is not a midday subauroral patch, subauroral
proton flash or 1500 MLT auroral hot spot but a detached
subauroral proton arc [Frey, 2007]. The detached subauroral
proton arc is considered as a consequence of the EMIC wavesRC interaction in the plasmaspheric plumes [Immel et al.,
2002; Burch et al., 2002; Spasojević et al., 2004; Yuan et al.,
2010]. Therefore, it is reasonable to conclude that those
wave activities (ELF hiss, EMIC waves) in plasmaspheric
plumes observed by Cluster C1 and energetic ion/electron
precipitation observed by the NOAA15 and NOAA 16 at
ionospheric altitudes should be associated with the same
plasmaspheric plume from pre-midnight through post-noon
local times.
[19] In summary, conjugate observations of the NOAA 15
satellite and the Finnish network of search coil magnetometers have demonstrated that a sharp enhancement of the
precipitating ion flux is a result of RC ions scattered into the
loss cone by EMIC waves. Those precipitating RC ions lead
to a detached subauroral proton arc. In addition, with observations of NOAA 15 and NOAA 16, the peak of precipitating
electron flux was equatorward to that of precipitating proton
flux, which is in agreement with the region separation of ELF
hiss and EMIC waves observed by Cluster C1 shown in
paper 1. In combination with the result of the paper 1, we
demonstrate the link between the wave activities (ELF hiss,
EMIC waves) in plasmaspheric plumes and energetic ion/
electron precipitation at ionospheric altitudes. Therefore, it
is an important characteristic of the plasmaspheric plumesRC-ionosphere interaction during a geomagnetic storm that
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the precipitation of energetic protons is latitudinally separated from that of energetic electrons.
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