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Abstract. In this event study, small-scale fluctuations in
plasmaspheric plumes with time scales of∼10 s to minutes
in the spacecraft frame are examined. In one event, plas-
maspheric plumes are observed by Cluster, while IMAGE
measured density enhancement at a similar location. Fluctu-
ations in density exist in plumes as detected by Cluster and
are accompanied by fluctuations in magnetic fields and elec-
tric fields. Magnetic fluctuations are transverse and along
the direction of the plumes. TheE/B ratio is smaller than
the Alfvén velocity. Another similar event is briefly pre-
sented. We then consider physical properties of the fluctu-
ations. Alfv́en mode modulated by the feedback instability
is one possibility, although non-local generation is likely. It
is hard to show that the fluctuations represent a fast mode. In-
terchange motion is possible due to the consistency between
measurements and expectations. The energy source could
be a pressure or density gradient in plasmaspheric plumes.
When more events are accumulated so that statistical anal-
ysis becomes feasible, this type of study will be useful to
understand the time evolution of plumes.
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1 Introduction

Plasmaspheric plumes are a salient feature of the near-Earth
magnetosphere and have their origin in the plasmasphere
(e.g., Lemaire and Gringauz, 1998; Goldstein, 2006; Dar-

rouzet et al., 2008, 2009a,b). Formation of the plasmasphere
itself was first explained byNishida(1966) andBrice(1967).
Basically, this is determined by an overlay of the convection
and corotation electric fields. Subsequently, a plasmaspheric
bulge is formed in the duskside (Carpenter, 1970). While
the corotation electric field is essentially constant in time,
the magnetospheric convection electric field changes contin-
uously, which gives rise to the formation of a plasmaspheric
tail (Taylor et al., 1968) or detached plasma elements (Chap-
pell, 1974). These are now termed plasmaspheric plumes
(Elphic et al., 1996; Goldstein et al., 2003). The plasmas-
pheric plume was successfully reproduced in previous simu-
lation studies (Grebowsky, 1970; Chen and Wolf, 1972; Pier-
rard and Lemaire, 2004).

Density fluctuations in this spatial area, namely the main
body of the plasmasphere and plumes, have been reported
in previous articles. Higel (1978) examined GEOS 1 ob-
servations of density fluctuations with time scales varying
between a few 10−1 s and 10 s (or spatial scales between a
few 102 m and 10 km). CRRES (Combined Release and Ra-
diation Effects Satellite) measured density fluctuations with
a spectral power-law index of−5/3 (LeDocq et al., 1994).
Density irregularities exist inside the plasmasphere measured
by Cluster (Darrouzet et al., 2004). The small-scale density
structures inside PBL (plasmasphere boundary layer) are one
of the research topics discussed byCarpenter and Lemaire
(2004). Goldstein et al.(2004) reported density fluctua-
tions detected by LANL (Los Alamos National Laboratory)
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geosynchronous satellites. Simultaneous observations of
plumes are made by EUV (Extreme UltraViolet) instru-
ment onboard IMAGE (Imager for Magnetopause-to-Aurora
Global Exploration) satellite. Field aligned density structures
have been reported byCarpenter et al.(2002). They used
plasmagram data from IMAGE RPI (Radio Plasma Imager).
McFadden et al.(2008) reported density fluctuations inside
plumes measured by THEMIS (Time History of Events and
their Macroscopic Interactions during Substorms) satellites.
Borovsky and Denton(2008) examined density fluctuations
and their relation to turbulence using LANL geosynchronous
data.

Electromagnetic fluctuations are also reported in the same
frequency range as the density fluctuations with periods rang-
ing from seconds to minutes (e.g.,McPherron, 2005). This
frequency range corresponds to where Pc 1–5 waves are de-
fined. Many of the fluctuations are identified as Alfvén waves
propagating along magnetic field lines. When these waves
propagate from the magnetosphere to the ionosphere, they
are subsequently reflected. In some cases, a nonlinear ef-
fect, known as the feedback instability, takes place (Lysak
and Song, 2002; Streltsov and Foster, 2004; Foster et al.,
2004). Some of these Alfv́en waves are mode-converted
from fast mode waves which have their origin in the solar
wind or at the magnetopause (Southwood, 1974; Chen and
Hasegawa, 1974; Kivelson et al., 1984). As another possibil-
ity, the observed electromagnetic fluctuations are not waves,
but the magnetospheric counterpart of static ionospheric cur-
rents (Gurnett et al., 1984; Dombeck et al., 2005) as stud-
ied in the auroral region. In this case, the ionospheric elec-
tric field is related to ionospheric currents through the Ped-
ersen conductivity. Such electric fields are mapped to the
magnetosphere in an electrostatic manner. Ionospheric cur-
rents would possibly be driven by the interchange motion of
magnetic field lines (Richmond, 1973; Lemaire, 1974; Wolf,
1983; Ferrìere et al., 1999). One energy source of the in-
terchange motion is the pressure gradient in the magneto-
sphere. More specifically, when dealing with the plasmas-
pheric density structure, this could be the density gradient.
The magnetospheric electric field mapped from the iono-
sphere could modify the shape of the locations with den-
sity gradient through theE ×B drift and, hence, the inter-
change motion will grow or decay (Wolf, 1983). In a more
rigorous treatment, the magnetohydrodynamic (MHD) wave
modes are modified by the gravitational force, the gradient
B/curvature drifts, etc. (Ferrìere et al., 1999; Ferrìere and
André, 2003; André and Lemaire, 2006). Such a modified
wave mode is called a quasi-interchange mode, although in-
vestigation on this mode is beyond the scope of this study.
Here we concentrate on the interchange motion.

Cluster was launched in 2000 (Escoubet et al., 2001) and
has various instruments with a capability to monitor plasmas-
pheric plumes. Four identical satellites with the same instru-
mentation could give spatio-temporal information. In addi-
tion, IMAGE was launched in the same year (Burch, 2000).

These two missions are complementary because the Cluster
satellites measure in situ quantities, while IMAGE satellite
provides a global view. The objective of this study is to ex-
amine small-scale density fluctuations as well as accompa-
nying electromagnetic fluctuations in plasmaspheric plumes
using the Cluster unique dataset. We try to derive, from ob-
servations, a selection of possible physical properties of fluc-
tuations. This type of study could advance our understanding
of the spatio-temporal evolution of plumes.

The paper is organised as follows. We describe the dataset
used in this study in Sect.2. Then, we present one plume
event with small-scale fluctuations in Sect.3. The global
context is provided by interplanetary and IMAGE data. Prop-
erties of fluctuations are examined in detail using multi-
spacecraft, multi-instrument measurements made by Cluster.
Another event is also briefly presented. We will discuss pos-
sible physical properties of fluctuations in Sect.4. Here we
consider Alfv́en mode, fast mode and interchange motion.
Future prospects are then described. Finally, the results are
summarized in Sect.5.

2 Dataset

We use mainly data from Cluster (Escoubet et al., 1997,
2001). The Cluster mission consists of four identical satel-
lites (C1–C4). From its launch until 2006, each satellite fol-
lows a polar orbit with a perigee of 4RE and an apogee of
20RE. We pick events to analyse from this period. Cluster is
equipped with various in situ instruments as described below.
First we use number density data derived from the WHIS-
PER (Waves of HIgh frequency and Sounders for Probing of
Electron density by Relaxation) experiment (Décŕeau et al.,
2001). The frequency range to detect electric field fluctu-
ations is between 2 and 80 kHz. The electron plasma fre-
quency in this range corresponds to density values lying be-
tween 0.05 and 80 cm−3. Sounder data from which density is
reliably determined are available every 52 s or 104 s. Passive
data are used to derive additional density values. The sam-
pling interval then decreases to 2 s at best. Here we use data
with running averages of 10 s in order to reduce the effect
of unrealistic density identification, which can occasionally
happen. We also use spacecraft potential data measured by
the double probes on EFW (Electric Field and Wave) instru-
ment (Gustafsson et al., 2001). Good quality data at 4 s res-
olution are retrieved from Cluster Active Archive (Lindqvist
et al., 2006; Khotyaintsev et al., 2010). This quantity is used
as a proxy to number density. Three components of magnetic
field data are recorded by FGM (FluxGate Magnetometer)
(Balogh et al., 2001). 4 s spin period data are used in this
study. There are two instruments measuring electric field on-
board Cluster: the double probe instrument and electron drift
instrument, both of which are used in this study. Two com-
ponents of the electric field in the spacecraft spin plane are
obtained by EFW double probes (Gustafsson et al., 2001).
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The third component is calculated assuming no electric field
parallel to the magnetic field when the magnetic field direc-
tion is more than 5 degrees from the spin plane. Good quality
data at 4 s resolution are taken from Cluster Active Archive.
We also sort out unrealistic data found by visual inspection.
EFW data are suitable to investigate wave components as
well as DC components. Here we analyse the AC compo-
nents. In addition, two components of electric fields perpen-
dicular to the ambient magnetic field are measured by EDI
(Electron Drift Instrument) (Paschmann et al., 2001). The
sampling interval is 1–4 s, although there are data gaps. We
pick good quality data as in a previous study (Matsui et al.,
2008). EDI data are suitable to investigate DC components.
Electron count data with an energy of 1 keV with a pitch an-
gle of 90 degrees are measured by EDI (Paschmann et al.,
2001). These data are useful to identify the electron plas-
masheet (Quinn et al., 2001). The sampling interval is 1 s.
Density ratio of O+/H+ is estimated using data from RPA
(Retarding Potential Analyzer) of CIS/CODIF (Cluster Ion
Spectrometry/Composition Distribution Function Analyzer)
(Rème et al., 2001).

We also use data from the IMAGE spacecraft (Burch,
2000). IMAGE has a polar orbit between 1000 and
45 600 km altitudes. There are various imaging instruments
onboard. Here we analyse EUV images (Sandel et al., 2000).
The EUV instrument takes images of resonant scatter of He+

ions in EUV wavelength so that global views of the plumes
are available. Data with a cadence of∼10 min are made open
to public.

Interplanetary data have been compiled as an OMNI
database (King and Papitashvili, 2005). This database cor-
rects nominal time lags of solar wind propagation between
spacecraft locations, at which original data are measured, and
the Earth’s bow shock. We use 1 min resolution data for mag-
netic fields and plasmas. Concerning geomagnetic data, we
introduce Dst and SYM-H indices in order to check for the
occurrence of geomagnetic storms. The Dst index has a time
resolution of 1 h, while SYM-H index has a higher resolution
of 1 min. AU and AL indices with a resolution of 1 min are
used to investigate substorm activities.

3 Small-scale fluctuations in plumes

3.1 An event on 12 June 2002

Here we analyse one event of small-scale fluctuations in plas-
maspheric plumes on 12 June 2002. Before showing the
plume data, we first comment on interplanetary and geomag-
netic conditions. Figure1 shows interplanetary and geomag-
netic parameters from 04:00 UT on 10 June 2002 to 04:00 UT
on 12 June 2002. The two vertical guidelines bracket the in-
tervals where Cluster observed plumes. IMF (interplanetary
magnetic field)BZ component in panel (a) is variable. It is
often negative during the period with Cluster measurements

Fig. 1. Interplanetary and geomagnetic parameters from 04:00 UT
on 10 June 2002 to 04:00 UT on 12 June 2002. From top to bot-
tom: (a) The three components of IMF (interplanetary magnetic
field) in GSM (geocentric solar-magnetospheric) coordinates from
OMNI database,(b) the solar wind dynamic pressure from OMNI
database,(c) Dst and SYM-H indices, and(d) AU and AL indices.
Two vertical lines bracket the interval within which Cluster ob-
served plumes.

and during the past 24 h. The dynamic pressure in panel (b)
has a generally declining trend throughout the period from
∼3 nPa to∼1 nPa. The Dst index in panel (c) shows a min-
imum at−38 nT at 16:00–17:00 UT on 10 June 2002, while
SYM-H index in the same panel shows a similar trend. Then
the values recover gradually. Therefore, the Cluster measure-
ments are being performed during the recovery phase of a
small geomagnetic storm. AU and AL indices in panel (d)
show a persistent activity with a peak value reached around
the same time of minimum Dst. The origin of the dynamical
feature of the plume is considered a result of the IMF activ-
ity, especially the variability during the past 24 h. Continu-
ously negative IMFBZ lasting for hours would cause large
magnetotail activity, which further enhances the ring current.
The active geomagnetic conditions shown in this figure are
favourable for plume occurrence (Burch et al., 2001).
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Fig. 2. Plasmaspheric images captured by IMAGE EUV and mapped to the magnetic equator on 12 June 2002 at(a) 00:18 UT and
(b) 02:00 UT. Cluster (C1) orbital elements between 00:13 UT and 02:14 UT mapped to the equator along dipolar magnetic field lines are
drawn by solid or dotted lines in red. The solid lines indicate Cluster orbital elements which correspond to plume crossings (00:13–00:35 UT
and 01:57–02:14 UT) during when each image was taken, while the dotted lines indicate the rest of Cluster orbital elements. The view is
from the northern pole. Leftside corresponds to noon MLT (magnetic local time). Selected L-values (1–7) and MLTs (06:00–24:00 MLT)
are noted in the figure. Density is enhanced in the duskside as indicated by arrows.

Next we show plasmaspheric images captured by IMAGE
EUV. Figure2a and b shows those on 12 June 2002 at 00:18
and 02:00 UT, respectively. Images are mapped to the mag-
netic equator along dipole magnetic field lines assuming that
the brightest points are located at innermost L-shells on the
line-of-sight of each pixel (Roelof and Skinner, 2000). The
view is from the northern pole. The leftside is toward the
Sun. Cluster data are available when these images are taken.
Cluster (C1) orbital elements during inbound and outbound
plume crossings are indicated by red lines in panels (a) and
(b), respectively. The solid lines indicate Cluster orbital ele-
ments which correspond to plume crossings during the time
when each image was taken, while the dotted lines indicate
the rest of Cluster orbital elements. These orbital elements
are mapped to the equator along the dipole magnetic field
lines. In both panels, the plasmasphere, which is consid-
ered as the origin of the plume, is observed. When we look
at sequential images (figure not shown), the main motion is
due to corotation. The plasmasphere does not have a tear-
drop shape, but includes density structures, one of which is a
notch (Gallagher et al., 2005) located atL ∼ 3 and∼15:30–
17:30 MLT (magnetic local time) in panel (a). This struc-
ture corotates to∼17:00–18:00 MLT in panel (b). Density
is enhanced in the duskside as indicated by an arrow in both
panels. This is connected with the main body of the plasmas-
phere atL ∼ 4 and∼19:00 MLT and elongates towardL ∼ 6
and∼17:00 MLT. Cluster’s orbits with plume measurements
are close to the locations of this enhanced density in IMAGE
data. Since the inner structure in the plasmaspheric images
is not homogeneous, we expect irregularity in Cluster data,
although the direct correspondence may not be clear due to
the limited sensitivity of the EUV instrument,∼40 cm−3 for

protons (Goldstein et al., 2004), and the accuracy of the map-
ping procedure.

Figure 3 shows an overview of measurements made by
C1 between 23:30 UT on 11 June 2002 and 02:50 UT on
12 June 2002. The spacecraft locations are noted in the bot-
tom of the figure. The spacecraft was passing through the
duskside perigee of 4.4RE at 01:38 UT. Density determined
by WHISPER is shown in panel (a). The data gaps indi-
cated by arrows are where the density lies above 80 cm−3,
which is the upper threshold of the instrument. Spacecraft
potential measured by EFW in panel (b) is a proxy to den-
sity when there are gaps in density data (Pedersen et al.,
2008). A larger spacecraft potential corresponds to larger
density. There are two plume crossings. The first part is
00:13–00:35 UT, corresponding to the inbound plume cross-
ing in the Southern Hemisphere. The second part is 01:57–
02:14 UT, corresponding to the outbound plume crossing in
the Northern Hemisphere. Plume intervals are indicated by
pairs of vertical lines in Fig.3. The spacecraft stayed in the
inner plasmasphere between 00:35–01:06 UT and the plasma
troughs during the rest of the time periods. Electron counts
at an energy of 1 keV and a pitch angle of 90 degrees mea-
sured by EDI are shown in panel (c). Natural electron counts
identified by the onboard calculation are selected from total
counts which include both natural ones and artificial ones.
The latter is used to determine the electric field. In addition,
the counts are averages over 16 samples so that they could
be less than 1. The large number of counts with a maxi-
mum of ∼100 counts in the beginning and the end of the
plotted interval indicates that the spacecraft encountered the
electron plasmasheet during those periods. The inner edge of
the electron plasmasheet is measured at 23:50 and 02:33 UT.
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Fig. 3. C1 data including inbound and outbound plume crossings
from 23:30 UT on 11 June 2002 to 02:50 UT on 12 June 2002.
The figure shows(a) the number density,(b) spacecraft potential,
(c) electron counts at 1 keV with a pitch angle of 90 degrees, and
(d) radial and(e) azimuthal components of convection velocity to-
gether with corotation velocity. Spacecraft locations are noted in
the bottom of the figure. Each plume crossing is indicated by pairs
of vertical lines. Two arrows in panel(a) indicate data gaps caused
by density values above 80 cm−3, which is the upper threshold of
the WHISPER instrument.

When we inspect the electron energy-time spectrogram from
a particle instrument, the inner edges are inferred to be at
23:52 and 02:28 UT, similar to the EDI measurement, al-
though there are data gaps for∼2 h in between (figure not
shown). The spacecraft was located in the sub-auroral re-
gion during the time interval inside the inner edges, which
includes periods of both plume crossings. Panels (d) and
(e) show the radial and azimuthal components of convection
velocity measured by EDI, respectively. Positive values for
each component indicate outward and eastward convection,
respectively. The convection velocity is shown by black lines
in the inertial frame, while the corotation velocity derived
assuming a dipole field configuration is shown by red lines.
The radial velocity is generally smaller than the azimuthal

Fig. 4. Spacecraft constellations mapped to the X-Y and the X-
Z planes in SM coordinates. The left and right part correspond
to constellations during inbound and outbound plume crossings on
12 June 2002 at 00:24 UT and 02:05 UT, respectively. C1–4 are
shown by black, red, green and blue, respectively.

velocity. The azimuthal velocity is close to the corotation
velocity around the geomagnetic equator, while the negative
value or westward component shows up away from the equa-
tor. Average westward velocity during the inbound and out-
bound plume crossings are 2.0 and 2.3 km s−1, respectively,
in the corotating frame. If we take into account the fact that
each plume is located inside the sub-auroral region, the west-
ward convection is considered as the sub-auroral polarization
stream (SAPS) (e.g.,Foster and Vo, 2002). There are small-
scale fluctuations in density in plumes, which are examined
more in detail below.

Figure4 shows spacecraft constellations projected on the
SM X-Y plane and the X-Z plane. The selected times at
00:24 and 02:05 UT are within the inbound and outbound
plume crossings, respectively. The spacecraft separation is
less than a few hundred km and elongated in the Z-direction.

Next we show fluctuations in density and electromag-
netic fields measured by C1 from 00:00 to 02:20 UT on
12 June 2002 (Fig.5). The density and spacecraft poten-
tial in panels (a) and (b), respectively, have already been in-
troduced. Fluctuations in the density profile are shown in
panel (c). These values are low-pass filtered twice by the sec-
ond order Butterworth filter. There is no phase-shift between
the original time-series and the filtered time-series. The cor-
ner period is set as 600 s. This type of filter was also adopted
by Matsui et al.(2007). It should be noted that the filtered
data are not plotted within 600 s from the data gap because
the filter does not work so well during this interval. Fluctu-
ations in density have a time scale of∼10 s to minutes and
the time-series are irregular. Fluctuations in magnetic fields
from FGM and electric fields from EFW are shown in pan-
els (d) and (e), respectively. Each quantity is plotted in field-
aligned coordinates: parallel and two perpendicular compo-
nents. The perpendicular components consist of radial and
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Fig. 5. C1 data including inbound and outbound plume crossings
from 00:00 to 02:20 UT on 12 June 2002. The figure shows(a) the
number density,(b) spacecraft potential,(c) density fluctuations,
(d) magnetic fluctuations,(e) electric fluctuations,(f) E/B ratio
together with the Alfv́en velocity, and(g) Poynting flux. Spacecraft
locations are noted in the bottom of the figure. Each plume crossing
is indicated by pairs of vertical lines. Two arrows in panel(a) have
the same meaning as those in Fig.3.

azimuthal components. These values are low-pass filtered in
the same manner as the density values. When we inspect
panels (d) and (e), we notice that fluctuations in magnetic
fields and electric fields coexist when there are fluctuations
in density. The density fluctuation is in the order of 10 cm−3,
while the magnetic fluctuation is∼1 nT. The electric fluctu-
ation is several tenths mV m−1 when the density fluctuation
is seen. It should be noted that there is a data gap in the elec-
tric fluctuation especially during the inbound plume crossing.
Magnetic fluctuations are mainly transverse to the magnetic
field. Azimuthal components tend to be larger than radial
ones. Taking into account the IMAGE observations, the ori-
entation of main component is rather parallel to the direction
in which the plume elongates, that is estimated to be outward
and westward. Panel (f) shows theE/B ratio compared with
the Alfvén velocityVA . In order to get this ratio, we first
calculate the sum of the three components of squared elec-

Fig. 6. Data from all Cluster spacecraft during the outbound plume
crossing from 01:55 to 02:15 UT on 12 June 2002. The figure shows
(a) the number density,(b) its fluctuations,(c)–(e) three compo-
nents of magnetic fluctuations,(f)–(g) two perpendicular compo-
nents of electric fluctuations, and(h) Poynting flux along the mag-
netic field. Spacecraft locations are noted in the bottom of the
figure.

tric field fluctuations and those of the squared magnetic field
fluctuations. Running averages of these two quantities are
calculated with a sliding window of 600 s, and then theE/B

ratio is derived. The wave components at various periods do
not interfere with each other by averaging or integration be-
cause of the orthogonality of sinusoidal functions, if the in-
tegration period is long enough compared to the fluctuation
period. In our case, the fluctuation period is between∼10 s
and several minutes. This averaging is useful to reduce fluc-
tuations ofE/B ratio shorter than the corner period, 600 s.
Otherwise, the original ratio may take any values. As a sim-
ple example, if there are sinusoidal Alfvén waves, the aver-
aging does not affect the estimate of theE/B ratio and even
remove the singularity when the wave component changes
its polarity. The Alfv́en velocity is calculated using running
averages of the magnetic field strength and density. We have
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Fig. 7. Density profile during the outbound plume crossing between
01:55 and 02:15 UT on 12 June 2002. C2–4 data are shifted by−52,
−72 and−36 s relative to C1 data, respectively. Meaning of each
colour is the same as Fig.4.

introduced a density ratio of O+/H+ of 3 % as the largest
limit deduced from the CODIF instrument. Here we notice
that theE/B ratio is less than the Alfv́en velocity during
the outbound plume crossing. Poynting flux in the parallel
direction shown in panel (g) tends to be positive during the
outbound plume crossing, indicating the energy flow toward
the northern ionosphere in the same hemisphere. It is pos-
sible that the energy source is located in the magnetosphere,
although we cannot deny the possibility that the energy prop-
agates from the ionosphere in the Southern Hemisphere.

Figure 6 shows data from all four Cluster satellites
during the outbound plume crossing at 01:55–02:15 UT,
12 June 2002. Quantities plotted are (a) density, (b) den-
sity fluctuations, (c)–(e) magnetic fluctuations, (f)–(g) elec-
tric fluctuations, and (h) Poynting flux in the parallel direc-
tion. Fluctuations are detected in all perpendicular compo-
nents and by all spacecraft. Fluctuations between different
spacecraft are similar but are not overlaid because of time
lags within a few min. The similar density profiles between
the four spacecraft have been confirmed by shifting the data
by proper time lags (Fig.7). Here the lags are determined
so that the time-series between two spacecraft are best corre-
lated. A time window to calculate each correlation is taken
as 10 min and we have chosen median values of lags between
01:55 and 02:15 UT. In the original time series in Fig.6, vari-
ations in time profiles in each quantity are first observed by
C1, and then C4, C2 and C3 in this order. Taking into account
the spacecraft constellation plotted in Fig.4 and Fig.8b, the
variations are propagating toward the−Z direction in the
spacecraft frame. This inference can be confirmed by the
following calculation. Combining the estimated time lags
with spacecraft separations (Décŕeau et al., 2005), we cal-
culate the direction of the density gradient as (0.22,−0.18,
−0.96) in SM coordinates or (0.07,−0.97,−0.24) in field-
aligned coordinates. In the latter system, quantities shown
are the parallel and the two perpendicular, radial and az-
imuthal, components in this order. The moving speed of the
density structure along the normal is 3.3 km s−1 in the iner-
tial frame. One component of the spacecraft motion in the
same direction is estimated as−3.4 km s−1, which is mostly
the same in size, but in the opposite direction. Therefore, the

Fig. 8. Cluster data during the outbound plume crossing from 01:55
to 02:15 UT on 12 June 2002. The figure shows(a) magnetic fluc-
tuations measured by C1 for two perpendicular components (radial
and azimuthal components) in the top and magnetic fluctuations for
perpendicular and parallel components in the bottom,(b) space-
craft constellation projected to the X-Y and the X-Z planes, and
(c) spacecraft constellation mapped to the geomagnetic equator. In
panel(a), every one of two data points is plotted in order to increase
visibility. In panels(b) and(c), meaning of each colour is the same
as Fig.4. Spacecraft locations are noted in the bottom of the figure.

propagation velocity of this fluctuation is consistent with or-
bital motion of the spacecraft. The fluctuation is considered
as a static structure at the presented time-scales.

The orientation of the magnetic fluctuations is investigated
in more detail in Fig.8a. The result is shown in field-aligned
coordinates for C1. Every one of two data points is plot-
ted in order to increase visibility. As already explained, az-
imuthal components tend to be larger than radial compo-
nents. There are actually 180 data points with azimuthal
components larger than radial components, while there are
120 data points where the reverse is true. The ratio of average
power of azimuthal components to that of radial components
is calculated as 2.2. Parallel components are smaller than
perpendicular components. Panel (b) shows the spacecraft
constellation at the in situ spacecraft locations, which does
not change much during the plotted interval. Panel (c) shows
the same quantity mapped to the geomagnetic equator. Tak-
ing into account the spacecraft location in the evening sector,
C1 and C3 are located at the largest and smallest L-values,
respectively. Since the spacecraft is moving toward a larger
L-shell, the constellation is consistent with the above infer-
ence that the spacecraft is observing a static structure.

The detailed feature of the fluctuations can be seen in
frequency-time spectra of magnetic fields and electric fields
(Fig. 9). The fluctuation is wideband in frequency between
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Fig. 9. Frequency-time spectra calculated using C1 data between
01:55 and 02:15 UT on 12 June 2002. Each panel shows(a)–
(c) magnetic field spectra for three components,(d)–(e) electric
field spectra for two perpendicular components and(f) phase lag
between radial magnetic fluctuations and azimuthal electric fluctu-
ations. Spacecraft locations are noted in the bottom of the figure.

several mHz and several tens mHz. The radial components
tend to be smaller than the azimuthal components for the
magnetic fluctuations, while the reverse is true for the electric
fluctuations. The parallel components are smaller than per-
pendicular components for magnetic fluctuations. The bot-
tom panel shows the phase lag between azimuthal compo-
nents of the magnetic fluctuations and the radial components
of electric fluctuations, both of which are the main compo-
nents of the fluctuations. The phase lag is often close to 0 or
360 degrees at the lowest frequency end between 01:58 and
02:07 UT, where the wave power tends to increase. There-
fore, we measure the total Poynting flux in the parallel direc-
tion in the same interval in Fig.6h.

3.2 An event on 9 June 2002

We discuss briefly another event which occurred between
16:50–17:15 UT on 9 June 2002 (Fig.10). This event has
features similar to those of the previous event (figures not
shown). Thus, there is IMF variability in the past 24 h. This
event was again measured during the recovery of the Dst
index with moderate AU/AL activity. IMAGE and Cluster
measurements are consistent with each other. The Cluster
spacecraft was located inside the inner edge of the electron
plasmasheet. In Fig.10 there are density enhancements cor-

Fig. 10. Cluster data from all spacecraft during a plume crossing
from 16:50 to 17:15 UT on 9 June 2002. Each panel shows the
same quantity as Fig.6.

responding to a plume. Small-scale fluctuations in density
with a period of minutes or shorter are accompanied by fluc-
tuations in the magnetic and electric fields. Fluctuations are
similar to each other at all spacecraft which is confirmed by
properly shifting the time-series (Fig.11). Variations in time-
series are first measured by C1 and then C4, C2, and C3 in
this order. Taking into account the spacecraft constellation
shown in Fig.12b, the fluctuations seem to propagate toward
the −Z direction. In this case the normal direction of the
density gradient is estimated as (0.74,−0.11,−0.66) in SM
coordinates and (−0.06,−0.67,−0.74) in field-aligned co-
ordinates. The density structure is moving at 3.5 km s−1 in
this direction. The component of the spacecraft motion in
the same direction is−3.8 km s−1, similar to the above value
but of opposite sign. The time-series from multiple space-
craft are again consistent with the spacecraft traversal of a
static structure.

Figure12a shows the orientation of the magnetic fluctua-
tions for C1. Azimuthal components again tend to be larger
than radial components. There are 249 such data points
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Fig. 11.Density profile during a plume crossing between 16:50 and
17:15 UT on 9 June 2002. C2–4 data are shifted by−48,−64 and
−28 s relative to C1 data, respectively. The colour scheme is the
same as in Fig.4.

Fig. 12. Cluster data during a plume crossing from 16:50 to
17:15 UT on 9 June 2002. Each panel shows the same quantity as
Fig. 8.

during the analysed interval, while there are 126 data points
with azimuthal components smaller than radial components.
The ratio of the average power of the azimuthal components
to that of radial components is calculated as 1.8. Parallel
fluctuations are generally smaller than perpendicular fluctu-
ations. The spacecraft constellation at the in situ spacecraft
location is shown in panel (b), which does not change much
during the plotted interval. Panel (c) shows the spacecraft
constellation mapped to the geomagnetic equator. C1 and
C3 are again located at outermost and innermost L-shells,
respectively. Taking into account spacecraft motion toward
larger L-values, the temporal order of measured time-series is
consistent with a static structure being sampled by the space-
craft.

Details of the fluctuations can be seen in frequency-time
spectra (Fig.13). Azimuthal fluctuations tend to be larger
than radial fluctuations for magnetic fields, while the reverse
is true for electric fields. Parallel components are smaller
than perpendicular components for magnetic fluctuations.

Fig. 13. Frequency-time spectra calculated using C1 data between
16:50 and 17:15 UT on 9 June 2002. Each panel shows the same
quantity as Fig.9.

Phase lag is shown between azimuthal magnetic fluctuations
and radial electric fluctuations, which are the main compo-
nent of fluctuations. The phase lag is close to 0 or 360 de-
grees around the lowest frequency end where the wave power
increases. Therefore, the wave energy propagates along the
magnetic field, as is also shown in Fig.10h.

4 Discussion

We have analysed in detail one event of a plasmaspheric
plume observed during the recovery of the Dst index. SAPS
was measured during the plume crossings. We have observed
fluctuations in density, magnetic field and electric field. A
similar observation was made on another orbit. Here we try
to discuss the physical properties of the fluctuations. We also
discuss at the end future prospects of this study.

4.1 Possible physical properties of the fluctuations

There are various possible origins for these fluctuations:
Alfv én mode, fast mode and interchange motion. Each pos-
sibility has the following characteristics. The Alfvén mode is
commonly measured in the inner magnetosphere. The source
of the fast mode is often regarded as the solar-wind magne-
tosphere coupling. Interchange motion is caused by plasma
drift in the magnetosphere. M-I (Magnetosphere-ionosphere)
coupling is essential. Below we consider each possibility
more in detail.
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4.1.1 Alfvén mode

Concerning the Alfv́en mode, density fluctuations are usually
not expected. However, these could exist when the feedback
instability takes place at the ionospheric heights (e.g.,Lysak
and Song, 2002; Streltsov and Foster, 2004; Foster et al.,
2004). Streltsov and Foster(2004) andFoster et al.(2004)
reported this instability inside the SAPS region, which were
also present in our events. Incoming Alfvén waves from
the magnetosphere together with electron precipitation mod-
ify the ionospheric density. This instability is effective with
low ionospheric conductivity, namely, at the nightside local
times, and with large amplitude of incoming fluctuations.
The latter condition is effective in becoming nonlinear and
could be satisfied in our case depending on the mapping fac-
tor of the amplitude of fluctuations between the magneto-
sphere and the ionosphere and, hence, depending on den-
sity structure along the magnetic field line. Although our
measurement is not really performed on the nightside, it is
still possible that this instability takes place non-locally. The
waves generated by this instability might convect from the
nightside to the eveningside, where the spacecraft were lo-
cated. The density structure generated by this mechanism
could then become a seed for the interchange motion exam-
ined below. It should be noted, however, that this instability
does not modify magnetospheric density directly. It is not
clear to what degree or how quickly the magnetospheric den-
sity follows ionospheric one. As another possibility, density
fluctuations might coincidentally exist with magnetic fluc-
tuations, for example, because of spatial inhomogeneity of
refilling.

In our observations, theE/B ratio is lower than the Alfv́en
speed, which seems inconsistent with this mode. However, if
the waves are standing or reflected at the ionosphere, the ratio
may take any values. Nonetheless, this idea is not so well
supported when there is Poynting flux along the magnetic
field lines as in our example because the pure standing mode
implies that there is 90 degree phase shift between electric
fluctuations and magnetic fluctuations.

4.1.2 Fast mode

The fast mode is considered unlikely for the following two
reasons. (1) There are time lags of∼10 s to min between
magnetic fluctuations measured by different spacecraft. Re-
ferring to the spacecraft separations and the Alfvén velocity,
such a lag for the fast mode is<0.5 s which is smaller than
the time resolution of the present data analysis (4 s). Here
we assume that the spatial scale of the fluctuations is longer
than the spacecraft separation. We do not expect coherent
time-series between different spacecraft if the spatial scale
of the fluctuations is smaller than the spacecraft separation.
(2) If we specify an amplitude of density fluctuations, that
of the magnetic fluctuations can be estimated. The measured
value is too small compared to the estimated value, if the

temperature combining plasmaspheric and ring current ma-
terials is less than∼10 keV or, in other words, the sound
speed is smaller than the Alfvén speed. An example of such
calculations is performed as follows referring to solutions
of the MHD wave equations (e.g.,McPherron, 2005). We
choose the following parameters: background magnetic field
of 500 nT, density of 60 cm−3, amplitude of density fluctua-
tion of 20 cm−3. As long as the above condition for tempera-
ture<∼10 keV is satisfied, the magnetic fluctuations are get-
ting larger than 170 nT, which is much larger than the mea-
sured value of a few nT at most.

4.1.3 Interchange motion

Finally, we consider the possibility of interchange motion.
If the fluctuation measured is related to a static ionospheric
current, theE/B ratio mapped from the spacecraft location
to the ionospheric height coincides with 1/µ06p, whereµ0
is the magnetic permeability in vacuum and6p is the height-
integrated Pedersen conductivity in the ionosphere (e.g.,Gur-
nett et al., 1984). Here the magnetic fluctuation is assumed to
be caused by field-aligned currents. If the fluctuation is in the
Alfv én mode and is propagating as an alternative possibility,
theE/B ratio coincides with the Alfv́en velocity. Since the
E/B ratio is smaller than the Alfv́en velocity, it is possible
that the fluctuation is caused by the ionospheric current.

Our next question concerns the origin of this current. If
the energy source is located in the magnetosphere, the origin
could be spontaneously induced diamagnetic currents flow-
ing perpendicular to the pressure gradient, which is seen
as the density gradient in our plots. Such spontaneously
induced currents may be related to the interchange motion
(e.g.,Southwood and Kivelson, 1989). The possibility of the
interchange motion around the plasmasphere has been sug-
gested in several articles (Lemaire, 1974; Southwood et al.,
2001; Carpenter et al., 2002; McFadden et al., 2008). The
interchange motion has also been reported at outer planets
(e.g.,Kivelson et al., 1997; André et al., 2007).

The pressure gradient current could form a current system
connected between the magnetosphere and the ionosphere.
Figure 14 shows one possibility of such a current system.
If there is pressure gradient perpendicular to the gradient of
magnetic flux tube volume, field-aligned currents are gen-
erated (Vasyliūnas, 1970; Southwood and Kivelson, 1989).
Since the gradient of the flux tube volume of the geomag-
netic field is mainly in the radial direction, the azimuthal
component of the pressure gradient is related to the field-
aligned current. In our case, the direction of the pressure
gradient or the density gradient is partly in the azimuthal
direction even though the main component is radial for the
event on 12 June 2002. Field-aligned currents thus gener-
ated are closed by an ionospheric current, which is related to
the ionospheric electric field through the Pedersen conduc-
tivity. This electric field is mapped to the magnetosphere in
an electrostatic manner. This scenario is consistent with the
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Fig. 14. One possible configuration of current system connecting
the magnetosphere to the ionosphere. The current source is assumed
to be a pressure gradient in the magnetosphere.

observation that density, magnetic and electric fluctuations
are often concurrent.

Next we consider a simplified configuration where the ra-
dial component of the pressure gradient current is connected
with the Pedersen current in the same radial or latitudinal
direction, but with an opposite sign as depicted in the fig-
ure. The azimuthal magnetic fluctuation is expected when
the field-aligned current is elongating or fairly homogeneous
in the same direction and is connected to the ionospheric cur-
rent in the radial direction (Smiddy et al., 1980). This sit-
uation tends to be consistent with the measured fluctuation
with azimuthal components larger than radial components.
It should be noted that the magnetic fluctuations have some
radial components. This could be due partly to the simpli-
fication from the actual situation of the current closure and
partly to the fact that the gradient of the magnetic flux vol-
ume of the geomagnetic field is not really radial.

We can roughly compare measured amplitudes of electro-
magnetic fluctuations with those expected in the above con-
figuration. We adopt the following values for each parame-
ter. Azimuthal component of the density gradient is approx-
imated as 20 cm−3/0.05RE at L = 6 in agreement with our
measurement. The following are assumptions. The temper-
ature of plume material is taken asT = 1 eV. The width of
magnetospheric current in the latitudinal dimension is 5RE.
Pedersen conductance6p is set equal to 3 mho. We also
assume that the field-aligned current is closed with the ra-
dial component of the diamagnetic current. Physical quan-
tities are considered as homogeneous in the azimuthal di-
rection. The geomagnetic field is approximated by a dipole
field when physical quantities are mapped between the mag-
netosphere and the ionosphere. One reference concerning
the mapping of the electric field isMozer (1970). From his
derivation, we can infer mapping factors of the velocity and
the magnetic deflection caused by the field-aligned current
as well. Using the above quantities, the density of the dia-

magnetic current∇p/B = T ∇n/B in the radial direction is
estimated as 7.2× 10−11 A m−2. After multiplying by the
thickness of the current sheet in the latitudinal direction, the
current density per unit equatorial azimuthal length is cal-
culated as 2.3×10−3 A m−1. We assume the same amount
of ionospheric current is flowing in both hemispheres. The
mapped ionospheric current in the radial direction in one
hemisphere is 1.7×10−2 A m−1. The magnetic field deflec-
tion in the ionosphere caused by the field-aligned current is
estimated bySmiddy et al.(1980). Such deflection in the
azimuthal direction is calculated as 21 nT. Since Ohm’s law
in the ionosphere isJ = 6pE, the ionospheric electric field
in the radial direction is derived as 5.6 mV m−1. The space-
craft is located around 30 degrees of magnetic latitude. The
electric and magnetic field fluctuations mapped to the space-
craft location are estimated as 0.4 mV m−1 and 2.2 nT, re-
spectively. These values are not inconsistent with our mea-
surement (Fig.5). Here we only consider the effect of the
pressure gradient drift. We also calculated contributions of
gradient B/curvature drift, gravitational drift and drift due to
centrifugal force. They are smaller than that of the pressure
gradient drift.

Again it should be noted that the above calculation is sim-
plified with many assumptions. For example, there may be
gradient of the ionospheric conductivity or spatial inhomo-
geneity in the actual situation. More rigorous treatment of
this problem is beyond the scope of this study.

The electric fluctuations of order 0.1 mV m−1 correspond
to the velocity fluctuation with 1 km s−1 or 0.5RE h−1. Mul-
tiple Cluster spacecraft measure time profiles retaining sim-
ilar features at least for a few min, which is a time lag
of measurement between different spacecraft. IMAGE ob-
servations show that the density structures evolve relatively
slowly. These indications for slow time evolution of struc-
tures are consistent with the expectation that the time-scale
of electrostatic M-I coupling should be longer than the tran-
sit time of Alfvén waves between the magnetosphere and the
ionosphere (e.g.,Vasyliūnas, 2008), which has the same or-
der as the period of Pc 5 waves.

The following points should be noted concerning this
mode identification. In our example, the presence of ring
current particles with tens or hundreds keV might not affect
the current closure generated by plasmaspheric particles sug-
gested above. This is because drift directions of ring current
particles are different from those of plasmaspheric particles.
The field structure would hardly be modified by quick traver-
sal of ring current particles compared to plasmaspheric par-
ticles. In addition, the variations of energetic particle counts
and those of density or fields do not seem to be so clearly
related, although we cannot completely rule out a possible
relation because of various time profiles of energetic parti-
cle counts. A careful investigation is required for this topic,
which is left as future work.

It should also be noted that the physical property is es-
sentially the same between the interchange motion and the
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Alfv én mode. For example, both phenomena are related to
field-aligned currents. However, other characteristics such
as generation mechanisms and time scales are not necessar-
ily the same. Interchange motion evolves slowly so that M-I
coupling is electrostatic, while M-I coupling of the Alfvén
mode is generally electromagnetic. Therefore, we tried to
make distinction between these two phenomena.

We can discuss further the time scales of fluctuations by
continuing the analysis. When we compare the velocity of
the density structure in the inertial frame and the drift ve-
locity from EDI, the difference is within 0.2 km s−1 in the
direction of the density gradient. When we refer to the stan-
dard deviation of the drift velocity inside the plume events
(>1.0 km s−1), the difference between both measurements is
smaller than this quantity. Therefore, the density structures
are consistent with their being frozen in a reference frame
moving with the drift velocity. Time lags estimated from the
transverse components of the magnetic fluctuations tend to
match those estimated from density fluctuations. In particu-
lar, the difference between time lags for azimuthal magnetic
fluctuations and those for density fluctuations are within 4 s,
which is the time resolution of the present analysis. Concern-
ing the event on 9 June 2002, differences between time lags
for radial magnetic fluctuations and those for density fluctu-
ations are within 4 s as well. Therefore, the velocity of the
magnetic structure tends to match that of density structure.
Concerning electric fluctuation, the time lags often disagree
with those of density and magnetic fluctuations possibly be-
cause electric fluctuations are more irregular than density and
magnetic fluctuations as seen in Figs.6 and10. Correlation
coefficients between lagged time series of electric fluctua-
tions are generally smaller than those of magnetic and den-
sity fluctuations.

It is known that the interchange motion is accompanied by
anticorrelation between density and magnetic field strength
(e.g.,Southwood et al., 2001). In our case, fluctuations in
magnetic field strength caused by the pressure balance with
fluctuations in density is∼0.01 nT, which is too small to
be detected. Here we have used typical parameters as fol-
lows: magnetic field strength of 500 nT, plasma temperature
of 1 eV, and amplitude of density fluctuation of 20 cm−3.

The measured Poynting flux is directed toward the iono-
sphere. This looks consistent with the expectation that the
energy source of this instability is located in the magneto-
sphere. However, this inference is not so conclusive because
the wave energy might propagate from the ionosphere in an-
other hemisphere. In addition, the direction of Poynting flux
is variable when we checked another event.

4.2 Future prospects

Here we have presented case studies of fluctuations in plas-
maspheric plumes. If, in future, we proceed to statistical
analyses, we may obtain more constraints on the physical
properties of the fluctuations. For example, the spatial distri-

bution of the amplitudes of the fluctuations could give insight
on the dependence of the fluctuations on the ionospheric con-
ductivity because this quantity depends on local time. If
magnetic fluctuations are often in the radial direction, our
discussion on this quantity noted above becomes less am-
biguous. In addition, frequency and wavelength provide fur-
ther information to specify characteristics of fluctuations.

Theoretical work byLemaire (1974) and Pierrard and
Lemaire(2004) suggested that plume formation is caused by
the interchange instability. If the fluctuations reported here
are measured where plumes are actually generated, this may
be relevant to their suggestions. Another aspect is the tur-
bulent nature of plumes, examined byBorovsky and Denton
(2008). Although our study does not focus on this feature,
further study on this topic would advance our understanding
of the time evolution of plumes.

5 Summary

In this work, we have studied fluctuations in plasmaspheric
plumes through case studies. We have first examined one
event on 12 June 2002, during which plumes are observed
by Cluster. IMAGE data show density enhancements at a
similar location. Fluctuations in plumes do not only exist in
density but also in magnetic and electric fields. The magnetic
fluctuation is mainly transverse and oriented along the plume
direction. TheE/B ratio is smaller than the Alfv́en velocity.
The time lag between multi-spacecraft time-series is consis-
tent with spacecraft motion. We also have examined another
event on 9 June 2002. Cluster and IMAGE observed similar
features as the first event.

Based on the above observations, we have estimated pos-
sible physical properties of the fluctuations. One possibility
is the Alfvén mode. If the waves are standing, theE/B ratio
may take any values. Nonetheless, the Poynting flux along
the magnetic field is measured, which is not expected for a
pure standing mode. The standing mode implies that there
is a 90 degree phase shift between electric fluctuations and
magnetic fluctuations. There is a possibility that the density
could be modulated by the feedback instability on the night-
side and that the fluctuations are subsequently convected to
the duskside. These waves might originally propagate from
the magnetopause as the fast mode and then convert their
mode to the Alfv́en mode. The possibility of observing the
fast mode itself is less likely. Another possibility is that the
measured fluctuations are due to the interchange motion be-
cause of the following signatures: concurrent measurement
of fluctuations in density, magnetic field and electric field; an
estimated field variation consistent with the measurement; a
E/B ratio lower than the Alfv́en velocity; and relatively slow
time evolution. The interchange motion is caused by the den-
sity gradient in plumes.

This type of study would be useful to understand the
spatio-temporal evolution of fluctuations in plumes if we

Ann. Geophys., 30, 623–637, 2012 www.ann-geophys.net/30/623/2012/



H. Matsui et al.: Small-scale fluctuations in plasmaspheric plumes 635

identify more events in future. A larger database could be
constructed using data from Cluster as well as coming RBSP
(Radiation Belt Storm Probe).
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Darrouzet, F., Lemaire, J., Harvey, C. C., Travnicek, P., and
Whisper experimenters: Early results from the Whisper instru-
ment on Cluster: an overview, Ann. Geophys., 19, 1241–1258,
doi:10.5194/angeo-19-1241-2001, 2001.
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Pedersen, A., Lybekk, B., André, M., Eriksson, A., Masson, A.,
Mozer, F. S., Lindqvist, P.-A., D́ecŕeau, P. M. E., Dandouras,
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