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Abstract. Plasmaspheric plumes have been routinely ob-around the Earth, with their foot fully co-rotating, but with
served by CLUSTER and IMAGE. The CLUSTER mission their tip rotating slower and moving farther out.

provides high time resolution four-point measurements of theK . . .
: i . _Keywords. Magnetospheric physics (Magnetospheric con-
plasmasphere near perigee. Total electron density profile yw g P Phy (Mag P

have been derived from the electron plasma frequency idenfgcur:ﬁitézlsnd dynamics; Plasmasphere; Instruments and
tified by the WHISPER sounder supplemented, in-between
soundings, by relative variations of the spacecraft potential
measured by the electric field instrument EFW; ion veloc-
ity is also measured onboard these satellites. The EUV im- Introduction

ager onboard the IMAGE spacecraft provides global images

of the plasmasphere with a spatial resolution of®@glevery ~ The plasmasphere is a toroidal region located in the Earth’s
10 min; such images acquired near apogee from high aboveiagnetosphere. It is populated by cold and dense plasma of
the pole show the geometry of plasmaspheric plumes, theitonospheric origin. It has been investigated by satellites and
evolution and motion. We present coordinated observationground-based instruments (see the monograph by Lemaire
of three plume events and compare CLUSTER in-situ datsand Gringauz, 1998, the references cited therein, and the re-
with global images of the plasmasphere obtained by IMAGE.view by Ganguli et al., 2000). Large-scale density structures

In particular, we study the geometry and the orientation ofhave been observed close to the outer boundary of the plas-
plasmaspheric plumes by using four-point analysis methodsmasphere, which is called the “plasmapause” or the “Plas-

We compare several aspects of plume motion as determineghasphere Boundary Layer”, or PLS (Carpenter, 2004; Car-

by different methods: (i) inner and outer plume boundary penter and Lemaire, 2004). These structures are usually
velocity calculated from time delays of this boundary as ob-connected to the main body of the plasmasphere, and ex-
served by the wave experiment WHISPER on the four spacetend outward. They have been called in the past “plasmas-
craft, (ii) drift velocity measured by the electron drift instru- pheric tails” (Taylor et al., 1971), or, perhaps also, “detached

ment EDI onboard CLUSTER and (iii) global velocity deter- plasma elements” (Chappell, 1974), but are now known as
mined from successive EUV images. These different tech-plasmaspheric plumes” (e.g. Elphic et al., 1996; Ober et

niques consistently indicate that plasmaspheric plumes rotatal., 1997; Sandel et al., 2001). Such plumes have been
commonly detected by in-situ and ground-based instruments
Correspondence tdr. Darrouzet (e.g. Chappell et al., 1970; Carpenter et al., 1992; Foster
(fabien.darrouzet@oma.be) et al., 2002; Moldwin et al., 2004). More recently, plumes
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have been routinely observed in global plasmasphericimages The WHISPER instrument can unambiguously identify
made by the Extreme Ultraviolet (EUV) imager onboard the the electron plasma frequendy,. (related to the electron
NASA IMAGE spacecraft, sometimes compared with in-situ density N, by: F,.{kHz}~9 [N.{cm~3}]¥2). In active
observations (Sandel et al., 2001, 2003; Garcia et al., 2003node, the sounder analyses the pattern of resonances trig-
Goldstein et al., 2004; Goldstein and Sandel, 2005; Spasogered in the medium by a radio pulse. This allows the iden-
jevit et al., 2003, 2004). Plumes have also been identified irtification of F,,, (Trotignon et al., 2001, 2003). In passive
in-situ measurements of the ESA/NASA 4-spacecraft CLUS-mode, the receiver monitors the natural plasma emissions in
TER mission (Darrouzet et al., 2004,€B€au et al., 2004, the frequency band 2-80kHz. Various signatures lead to an
2005; Dandouras et al., 2005). independent estimation @f,. deduced from local wave cut-
The formation of these plumes has been predicted on theff properties (Canu et al., 2001).
basis of different theoretical models. Owing to the changes The EFW experiment measures the spacecraft potential
in the convection electric field, according to the geomagneticV;., which is the potential difference between the antenna
activity indexk ,, the plasmasphere is deformed, and parcelsprobes and the spacecraft body. Using a non-linear empir-
of plasmaspheric plasma move from the main plasmaspherial relation, which depends on the plasma regitvg can
towards its outer layers (Grebowsky, 1970; Chen and Wolf,be estimated fronV,,. (Pedersen, 1995; Laakso and Peder-
1972; Chen and Grebowsky, 1974). This has been confirmeden, 1998; Moullard et al., 2002). For a given CLUSTER
by numerical simulations (Weiss et al., 1997). Goldstein etperigee pass, the EFW measurements can be calibrated using
al. (2003a) show the importance of the evening convectiorthe WHISPER instruments, which give absolutely calibrated
enhancement associated with SAPS (Sub-Auroral Polarizavalues of the electron density (Pedersen et al., 2001). This
tion Stream). The interchange instability could also play acalibration works well in the plasmasphere. It is, however,
role in the formation of plumes (Lemaire, 2000, 2001; Pier- only possible in regions where the electron plasma frequency
rard and Lemaire, 2004; Pierrard and Cabrera, 2005). is below the WHISPER limit of 80 kHz, i.e, where the elec-
The purpose of this paper is to report plasmaspheric plumdron density is below 80 crr?.
observations by CLUSTER. These observations are com- In order to facilitate inter-comparison of the four CLUS-
pared with global images made by IMAGE and in-situ obser-TER density profiles and comparison with projected data
vations by the LANL geosynchronous satellites. After pre- from IMAGE, we choose to plot the density values as a func-
senting the instrumentation and the methods of analysis iriion of the equatorial distand@equat(in units of Earth radii):
Sect. 2, three case studies are discussed in Sect. 3. Sectiorihis is the geocentric distance of the magnetic field line on
contains a summary and conclusions. which the spacecraftis located, measured at the geomagnetic
equator, which is identified as the location along the field
line where the magnetic field strength reaches a minimum. A

2 Instrumentation and methods of analysis magnetic field model is used that combines the internal mag-
netic field model IGRF2000 and the external magnetic field
2.1 CLUSTER mission model Tsyganenko-96 depending on the solar wind pressure,

the Disturbance storm-time indeogt) and the Interplan-
The four CLUSTER spacecraft (C1, C2, C3 and C4) haveetary Magnetic Field (IMF) Y and Z components (Tsyga-
flown since summer 2000 in a tetrahedral configuration alongnenko and Stern, 1996). These models are computed with
similar polar orbits with a perigee of abouR4: (Escoubetet the UNILIB library (Library of routines for magnetospheric
al., 1997). This allows CLUSTER to cross the plasmaspherepplicationshttp://www.oma.be/NEEDLE/unilib.php/20x/
from the Southern to the Northern Hemisphere every 57 hWe prefer to useRequatinstead of the McllwainL param-
but the spacecraft are not penetrating deeply inside this reeter (Mcllwain, 1961) becausg varies along a magnetic
gion due to the high perigee altitude. Each CLUSTER satelield line, except for a pure dipole, where&gquatis con-
lite contains 11 identical instruments. Data obtained from 5stant along a field line by definition. Measurements made
of them will be used in this paper: the electron density deter-at the sameRequatand local time therefore refer to the same
mined by combining data from two experiments, the Wavesmagnetic flux tube.
of Hlgh frequency and Sounder for Probing Electron density The CIS experiment consists of two complementary spec-
by Relaxation, WHISPER (Ecteau et al., 1997, 2001) and trometers, the Hot lon Analyser (HIA) and the COmposition
the Electric Field and Wave experiment, EFW (Gustafssonand Distribution Function analyzer (CODIF). This last sen-
et al., 2001) (note that the electron spectrometer is usuallsor measures the complete 3-D distribution functions of the
not operating inside the plasmasphere); the ion density evalumajor ion species (H, Het, Het* and O") inside the plas-
ated by the Cluster lon Spectrometry experiment, CI&fB ~ masphere with a time resolution of one spacecraft spin period
et al., 2001); the drift velocity determined by the Electron (4s), from which partial densities and™Hvelocities can be
Drift Instrument, EDI (Paschmann et al., 2001); and the mag-computed. In addition CODIF contains in the aperture sys-
netic field measured by the FluxGate Magnetometer, FGMtem an additional Retarding Potential Analyser (RPA) device
(Balogh et al., 2001). with pre-acceleration for energies between 0.7 and 25eV/q,
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with respect to the spacecraft potential. CODIF works in thisthreshold of the EUV instrument has been estimated to be
RPA mode on C1, C3, and C4. 4-8He" ions cn 3, or 40+10 H electrons cm? if assum-

The EDI experiment measures the drift velocity of arti- ing a ratio H&/H™ around 0.1-0.2 (Goldstein et al., 2003b).
ficially injected electron beams. Two beams are emitted in  The EUV images have been reprocessed to filter away the
opposite directions perpendicular to the magnetic field, anchoise (apparent as high frequency spatial variations in the
return to their associated detectors after one or more gyraimage) based on the fact that small scale density distribution
tions. The drift velocity is derived from the directions of in the plasmasphere is not accessible to the instrument, due
the received beams and from the difference in their times-+o its intrinsic resolution and because emission intensities in
of-flight. This instrument works on C1, C2, and C3. The the EUV images are line-of-sight integration. To increase the
data used in this study have been cleaned and smoothed ggjnal/noise ratio, we have binned the imagesZins) and
described by Matsui et al. (2003, 2004). subsequently smoothed them (low band pass spatial filter).

The FGM instrument consists of two tri-axial fluxgate Finally, we have used histogram equalization and an appro-
magnetometers and an on-board data-processing unit. It pr@ariate colour scale to improve the contrast of the images.
vides high time resolution (22.4Hz in normal mode) mag-  The Magnetospheric Plasma Analyser (MPA) instruments

netic field measurements from all four spacecraft with an ac-gnpoard the Los Alamos National Laboratory (LANL)
curacy of at least 0.1 nT. The data have been time-averagegeosynchronous satellites measure the ion density in the

to aresolution of 4s. range 1-130eV/q (Bame et al., 1993). This energy range
o ) does not cover the coldest fraction of the plasmaspheric dis-
2.2 IMAGE mission and LANL satellites tribution, as for the CIS instrument onboard the CLUSTER

satellites. However, as the spacecraft potential is typically
The IMAGE (Imager for Magnetopause-to-Aurora Global slightly negative in the dense plasmaspheric plasma, the full

Exploration) spacecraft was launched in March 2000 into;, " gistrinution is slightly accelerated into the instrument.
a polar orbit with a perigee of 7400km and an apogee Ofrq, the energy resolution is not quite adequate to resolve

8.2R (Burch, 2000). The_ Extreme Qltraviolet (EUV) im- the distribution well, but nothing is hidden by the potential.
ager onboard IMAGE provides global images of the plasma-

sphere (Sandel et al., 2000). It is an imaging system com-
posed of three cameras, which detect the 30.4 nm sunligh%

resonantly scattered by the Héons in the plasmasphere. It ) ) ) N
provides a global image of the plasmasphere every 10 miryve compute the spatial gradient of different scalar quantities

with a spatial resolution of 0. . Thanks to IMAGE’s high along the trajectory of the centre_ of mass of the CLUSTER
apogee and EUV’s wide field of view, these images show theétrahedron. The method described by Harvey (1998) and
structure of the entire plasmasphere. Sequences of such 2arrouzet et al. (2006) is used. The gradient is determined
D images show the evolution and motion of plasmaspheridfom Simultaneous measurements of a given scalar quantity,
plumes over time. The azimuthal and radial velocity of dif- with the hypothesis that all four spacecraft are embedded in
ferent parts of a plume (the foot or the tip for example) canthe same structure at the same time. The three events pre-

be quantified from a comparison of the position of plume el-Sented in this paper are small spacecraft separation cases,
ements between successive images. prone to meet this constraint of quasi-homogeneity in space.

For better comparison with CLUSTER data, the EUV im- This tool can be appli.ed in particular to the electrqn density
ages have been projected onto the dipole magnetic equatoridf’d t0 the magnetic field components. However, it crucially
plane, by assigning to each pixel the minimum dipbishell d_epends on the inter-spacecraft separation, the time resolu-
along the line-of-sight (Roelof and Skinner, 2000; Goldstein 10N and the measurement accuracy on all four spacecraft.
et al., 2003b; Gallagher et al., 2009)-based mapping has The limitations of this technique are discussed by Darrouzet
been chosen as EUV images show the plasmasphere clo&t al- (2006).
to Earth, where the dipole magnetic field can be used (for
low to moderate geomagnetic activity). The mapped signal-4 Velocities
is then converted to column abundance using estimates for
the solar flux at 30.4 nm, based on the SOLAR2000 empir-To study the motion of plasmaspheric plumes with CLUS-
ical solar irradiance model (Tobiska et al., 2000). Finally, TER, we use velocities determined from different techniques.
the column abundance is converted to pseudo-density by diThe H" velocity V i can in principle be determined from the
viding by an estimate of the distance along the line-of-sightion distribution functions measured with the CIS/CODIF in-
that contributes most to the image intensity at each locastrument. The accuracy of the velocity measurements in the
tion in the field of view (for more details, see Gallagher et plumes is limited by low particle counts (due to the low den-
al., 2005). Therefore the EUV images shown in this papersity in the plumes) and is further influenced by spacecraft
give an equatorial distribution of Hepseudo-density versus charging (outside the main plasmasphere the spacecraft po-
L and Magnetic Local Time (MLT). The lower sensitivity tential can become strongly positive) and the finite energy

.3 Spatial gradient
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Fig. 1. (a) Projection along the magnetic field line of a veatodetermined at the centre of mass C of the four satellites, until the magnetic
field strength reaches a minimum/{Cu.,. (b) Definition of three velocity vectors in the equatorial plane: the normal boundary velocity
V N—eq, the azimuthal plasma veloci¥ p_., and the apparent radial boundary velodity ., (see text for more details).

Table 1. Summary of the different types of velocity.

Measured Velocities:

Acronym (Instrument) Vp (EDI) Ve (EUV) Ve
Name Electron drift velocity | Global velocity | Co-rotation velocity
Computed Velocities:
Acronym VN Vp \ Vio
(Instrument) (WHISPER) (WHISPER) | (WHISPER) (WHISPER)
Name Normal boundary | Azimuthal Apparent Average radial
velocity plasma radial velocity between
velocity boundary inbound and outbound
velocity structure
Assumption Same structure Azimuthal Azimuthal Same MLT sector
crossed in the motion only | motion only | between both structure
same time by the crossings
four satellites

range of the instrument. We therefore have not used these From IMAGE data, we determine another velocity: the
velocities. azimuthal and radial motioirg of geometrically identified
The electron drift velocity p is measured by EDI and is  parts of the plume as determined from successive EUV im-
available from each spacecraft on which this instrument isages projected onto the dipole magnetic equatorial plane.
operating.
A four-point technique, called time-delay, is applied to the 2.5 Mapping onto magnetic equatorial plane
features (supposed to be locally planar boundaries) identified
in the WHISPER electron density profiles at the inner andyye project all the CLUSTER vector measurements (ve-
outer boundary of the plumes. Assuming a boundary to be gqcities, normals and spatial gradients) onto the mag-
planar surface t_ravelling at a constant velocity along itS NOrnetic equatorial plane by using the same magnetic field
mal, we determine the normal boundary velodity witha  model as in the WHISPER density analysis (IGRF2000 and
time delay method, i.e. from individual spacecraft positions Tsyganenko-96). If we have a vectardetermined at the
and times of the boundary crossings. _ centre of mass C of the four spacecraft, we consider a small
We compute also the co-rotation velocity at the gisplacement (of the order of a few kilometres) of this point
centre of mass of the four CLUSTER spacecraft: c to M with the velocityu. We determine the projection’ C
Vc=2t R[(24x60x60), where R is the distance from of C along the magnetic field line, until the magnetic field
the spacecraft to the Earth’s rotation axis. strength reaches a minimum. By doing the same with point
An average radial veloCity/; e, can be computed from e determine the velocity,,, in the magnetic equatorial
the displacement iRequatOf a structure between in-and out- plane. This technique is shown on Fig. 1a (for the simple case
bound passes, when the spacecraft remains approximately 5 a dipole field). We thus obtain the following velocities:
the same MLT sector. Vi—eqs VD—eqs VN—eq» VC—eq @ll without any component

Ann. Geophys., 24, 1737+58 2006 www.ann-geophys.net/24/1737/2006/
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Fig. 2. Frequency-time spectrograms measured on 7 May 2002 by the WHISPER instrument onboard the four CLUSTER spacecraft. The
entire plasmasphere crossing is shown, including a plume crossing during the inbound pass (IP) and the magnetic equator (Mag. Equat.
crossed at 09:35 UT. The upper hybrid frequertGy,, is indicated by the black arrows. The orbital parameters correspond to CA4.

in the magnetic field direction. Then we derive the azimuthal3 Observations

and radial components of all those velocities.

] o o 3.1 Firstevent: 7 May 2002
Let us assume that the plasma is rotating, i.e. moving in the

azimuthal direction only. Figure 1b shows how a boundary3.1.1 CLUSTER observations

frozen into the plasma moves as the plasma rotates, with an

azimuthal plasma velocity»_,,, from its position at time t ~ This plasmasphere crossing is located around 20:00 MLT on
to its position at time tst. If we define the angle between 7 May 2002 and with a maximum value &f, in the previous

the normal boundary velocity and the radial direction, this24 h equal to 3. The CLUSTER spacecraft separation dis-
motion implies thatVy_.,=Vp_., Sing, which is the nor-  tance is small (around 150 km). Figure 2 displays frequency-
mal boundary velocity we actually measure. The azimuthaltime spectrograms from the four WHISPER instruments dur-
plasma velocityVp_,, can then be deduced and compareding the entire plasmasphere crossing. The magnetic equa-
to the full co-rotation speedc_.,. The apparent radial tor is crossed by all four spacecraft at almost the same time,
boundary velocityVz_.,, corresponding to the apparent ra- around 09:35 UT, as indicated by the presence of intense
dial motion of the boundary when observed at fixed MLT, monochromatic electrostatic wave emissions. The upper hy-
iS: VR_eq=Vn_eq | COSPp (See panel (b) of Fig. 1). All those brid frequencyfF,, increases from 15 kHz to 50-60 kHz dur-
velocities are summarized in Table 1. ing the inbound part of the crossing and decreases down to

www.ann-geophys.net/24/1737/2006/ Ann. Geophys., 24, 1I7&8-2006
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Time (UT) locities of the plume boundaries and the method presented
08:39:35 08:38:10 08:36:50 08:35:35 08:34:20 08:33:10 08:32:10 . . . . . .
‘ ‘ ‘ ‘ e in Sect. 2.5 to determine their projection onto the magnetic
. V230K o equatorial plane. The outer boundary of the plume is moving
—c at Vy_.y =2.3:0.5km/s. The angle between the normal

of the outer boundary (determined from the spatial density
gradient direction and from the normal boundary velocity di-
rection) and the radial direction is around®1¥ the plasma
would move only azimuthally, this would imply an equato-
s rial azimuthal plasma velocity’r_.,=8.8+2.0km/s. This
is much higher than the co-rotation spelgl_.,=3.7 km/s.
The azimuthal speed could be smaller if there would also
be some outward plasma motion, e.g. for the outer edge,
Vp_eq=3.7 km/s and/g_.,=1.3 km/s would also be compat-
100 - 25 - : 3 o ible with Vy_.,=2.3km/s an@ ~ 15°. The inner boundary,
Roaua e) around 08:38 UT moves Wity _.,=3.60.5km/s. With
¢~30°, this givesVp_,,=7.2:1.0 km/s, which is also higher
than Ve_., (3.3km/s). This suggests that there are devia-

(time indicated as reference). The magnitude of the normal boundponS from co-rotation, with the outer boundary moving faster

ary velocity vectorsV y_,, derived from the time delays at dif- thar'1 the inner edge. .
ferent times during the crossing and projected onto the magnetic Figure 4 presents energy-time spectrograms from the CIS
equatorial plane is indicated on the figure. instrument in RPA mode, which measures the ion distribution

in the energy band 0.7-25 eV/q with respect to the space-

craft potential (usually between 1 and 2 eV in the plasmas-
15kHz again during the outbound part. This quantity, as-phere). Panels (a), (b) and (c) are respectively for He™
sociated with the electron gyro-frequendy,. detected by and O, and panel (d) is the pitch-angle distribution of H
the sounder, allows the determination of the electron plasma&he plume IP is observed between 08:36 and 08:38 UT. It
frequency,F ., through the relationf,.=(F2,—F2)¥/2,and  is mainly composed of protons, which have isotropic flux,
therefore the electron density,. The spacecraft cross the traces of H&and no detectable Dions. The density val-
plasmasphere, but they are not going deeply inside this reues obtained from CIS in the inbound plume are smaller than
gion, as confirmed by the rather low maximum valueFp§ those from the WHISPER experiment, because the spectrom-
(the maximum of 60 kHz corresponds to an electron densityeter does not detect particles below 0.7 eV (with respect to
of only 45¢cn13). A density structure is observed in the in- the spacecraft potential), which is the major fraction of the
bound pass by all satellites around 08:35 UT. IMAGE datadistribution (Dandouras et al., 2005).
presented in the following section will confirm that this struc-  The projected electron drift velocity p_., from EDI is
ture is a plasmaspheric plume (labelled IP on the figure, fomplotted as a function of time on Fig. 5 for the satellites C1,
“inbound plume”). A small increase in the plasma frequency C2 and C3, during the inner plasmasphere crossing. The az-
is also seen during the outbound crossing around 10:45 UT.imuthal and radial velocity components, plotted respectively

The electron density profiles as a function of time look on panels (a) and (b), have a wavy structure during almost

very similar, thus the assumption of a locally planar surfaceall the inner plasmasphere crossing, with a period of about
used in four-point methods is justified in this case. How- 100s. Such oscillations are not seen in the density profiles;
ever, on the profiles shown as a functionRyyatfor the in- these non-compressional oscillations could be &dfwaves.
bound plume crossing in Fig. 3, C1 observes the outer regiotWhen the spacecraft are inside the plasmasphere, between
of the plume a bit further outward. The differences could 09:00 and 10:10 UT (i.eRequat below 6Rg), the average
come from the different latitudes of the spacecraft (whichdrift velocity magnitude i9/p_.,=2.1+0.2 km/s, close to the
could explain systematic difference in density) and the out-co-rotation velocityVc_.,=2.2+0.2 km/s, and its direction
ward motion of the density structure during the time interval is also essentially azimuthal. Between this region and the
(C1 crosses the plume about 1 min ahead of the 3 other spacglume (08:40-09:00 UT), the plasma is moving in the anti
craft). Moreover, the satellites do not cross this structureco-rotation direction, which is not surprising at such distance
in exactly the same MLT sector, which can explain such afrom the Earth (6—Rg), where the co-rotation electric field
shift if the orientation of the density interface is not perfectly has less influence. These results confirm that the inner plas-
parallel to a magnetic shell. Finally, the order of the plume masphere is mainly in co-rotation around the Earth.
crossing-times by the four spacecraft is the same in the inner Figure 6 shows a zoom on the plume crossing time in-
edge and in the outer edge (Fig. 6d). This is consistent withterval, with EDI drift velocities on panels (a), (b), (c) and
the structure moving gradually with respect to the spacecraftWHISPER electron density displayed on panel (d). For the
We use the time delay method to determine the normal veouter part of the plume (between 08:32 UT and 08:37 UT),

VNreq= 2.9km/s

Fig. 3. Electron density profiles for the four CLUSTER satellites
as a function ofRequatacross the plume observed on 7 May 2002

Ann. Geophys., 24, 1737+58 2006 www.ann-geophys.net/24/1737/2006/
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Fig. 4. Energy-time spectrograms from the CIS instrument in RPA mode on 7 May 2002 during the inbound crossing by C1 (IP means
“Inbound Plume”; PLS means “Plasmasphere”). Paf@)s(b) and(c) are for H", Het and O" ions respectively, and pang) is the
pitch-angle distribution of Ff.
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Fig. 5. Electron drift velocityV p_., measured by EDI and projected onto the magnetic equatorial plane plotted in azitaythedial (b)
and magnitudéc) coordinates as a function of time for C1, C2 and C3 during the plasmasphere crossing of 7 May 2002, with the co-rotation

velocity V¢, also projected onto the same plane (blue lines).

Vp—_eq is azimuthal and radial~2.5km/s) with an av- is closer to the co-rotation velocity, in terms of direction and
erage magnitude much higher than the co-rotation speedagnitude.

(VD-eq=8.5£1.0km/s wherea¥c ., =3.8-3.4 km/s). How- By looking at the magnetic fiel# measured by the FGM
ever, in the density gradient of the plume closest t_o the pl?‘séxperiment (shown on panels (e)-(h) of Fig. 6), we observe
masphere (between 08:37 and 08:39 UT), the drift velocityyariations in magnetic field orientation during the plume
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Fig. 6. Different quantities plotted as a function of time during the inbound plume crossing of 7 May g98%c) electron drift velocity
measured by EDI and projected onto the magnetic equatorial plane (similar as Fit).€3¢ctron density determined by WHISPHR)—(h)
magnetic field components and magnitude in the GSE coordinate system measured by FGM (in solid lines) and determined from IGRF2000

and Tsyganenko-96 models (in dotted lines).
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crossing, but no variation in magnitude. There is a gradual 18
rotation of B of about 3 up to the time of the maximum den-
sity of the plume (08:34-08:37 UT), and th&nturns back
rapidly to its original orientation (08:37-08:39 UT).

3.1.2 IMAGE and LANL observations

Figure 7 shows an EUV image of the plasmasphere at
08:31 UT on 7 May 2002 (around the time of the inbound -
crossing of the plume by CLUSTER). This image is a full 4
frame image, reduced to the region of interest, and projected2 N
onto the dipole magnetic equatorial plane using the method
described in Sect. 2.2. The Sun is toward the right in this
picture and the size and location of the Earth are indicated by
the white disk in the centre of the image; the Earth’s shadow
extends through the plasmasphere in the anti-sunward direc-
tion. The CLUSTER spacecraft are located at 20:00 MLT, in
the top-left corner of the image. The two white lines corre-
spond to the limit between the three EUV cameras, where the
density level could be decreased or increased by this artefact. 06
A thin but extended plume is observed on this EUV image,
from the evening sector (20:00 MLT) to the post-midnight

12

Fig. 7. Projection of a full-frame EUV image onto the equatorial

. . plane at 08:31 UT on 7 May 2002. The white disk in the centre of
sector (01:00 MLT). The plume is not very clearly seen ONthe image corresponds to the size and position of the Earth, with

the f|gure,3 because of its level of density (maximum Valueits shadow extending away from the Sun. The three large circles

of 40cnT> from WHISPER) close to the EUV threshold ¢ respond tRequaE3, 5 and 7Rg. The two white lines corre-

(40+10 electrons cm?), but by looking at image sequences, spond to the limits between the three EUV cameras. The position

we can clearly see the global shape of the plume. Thenfthe CLUSTER satellites is indicated on the EUV image, as well

EUV image shows that the centre of the plume extends fromas the positions of three geosynchronous satellites: LANL 1990-

5.5Rg at its foot to 7.7Rg at its tip, and that its transverse 095, LANL 1991-080 and LANL 1994-084.

size has a maximum extent of about ®7. At 08:31 UT

and 20:00 MLT, it is located between 7.0 and R4 in the

line-of-sight integrated images, which is consistent with therotating, but with its tip rotating more slowly and moving

plume observed by WHISPER between 08:32 and 08:40 UTfarther away from the Earth. This is consistent with the re-

at 20:00 MLT with Requatbetween 7.3 and 8 2. Between sults obtained with the CLUSTER velocities described in the

18:00 and 20:00 MLT, the plasmapause is located betweerevious section, and with earlier studies of plasmaspheric

4 and 3.7Rg on the EUV image. From CLUSTER data, it plumes (Spasojediet al., 2003; Darrouzet et al., 2004).

is difficult to distinguish the plasmapause, as the spacecraft The geosynchronous satellites LANL 1991-080 and

does not completely enter the plasmasphere, but we couldANL 1994-084 observe an increase of ion density in the

at least say that around 20:00 MLT the plasmapause is at aame region as CLUSTER and IMAGE: LANL 1991-080

distance less than 4R records up to 35 cm? around 09:00-09:30 UT at 22:00 MLT
The plume is observed on EUV images for the first time and LANL 1994-084 up to 35 cr® around 11:00-11:15 UT

around 04:00 UT, with its foot attached to the plasmasphereat 21:00 MLT. LANL 1990-095, located around 06:00 MLT

around 20:00 MLT. It is visible until 10:00 UT, at which time at 08:30 UT, does not observe any density structure (the po-

the foot is located around 01:30 MLT. Before and after this sitions of the three spacecraft are indicated on Fig. 7). These

time interval, EUV images are not of sufficient quality, or observations confirm the presence of a narrow plume with

IMAGE is too close to the Earth to view the entire plasmas-a low density maximum, aroundR, in the pre-midnight

phere. These values give an approximate motion of the fooMLT sector.

of the plume (at &) of the order of the co-rotation velocity

Vc—eq=1.9 km/s there. However, with the same kind of anal- 3.2 Second event: 2 June 2002

ysis near the tip of the plume, between 07:20 and 09:20 UT,

we find a velocity of the order of half the co-rotation velocity, 3.2.1 CLUSTER observations

with a slight increase in radial distance of the order ofRg3

over this period of time (i.e. outward speed-©0.3km/s).  This second event is observed with small spacecraft separa-

This means that the plume is rotating around the Earth, withtion (around 150 km), in the dusk sector (18:00 MLT), and

its foot attached to the main plasmasphere where it is cowhen the geomagnetic activity had a peak valuekgF4
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Fig. 8. Frequency-time spectrograms measured by the four CLUSTER/WHISPER instruments on 2 June 2002, showing the entire plasma-
sphere crossing, including plume traversals in the inbound (IP) and outbound passes (OP) and the magnetic equator (Mag. Equat.) crosse
around 13:20 UT. The orbital parameters correspond to C4.

in the previous 24 h. Figure 8 displays WHISPER spectro-locities Vv _., derived from the time profiles and shown on
grams. The magnetic equator is crossed around 13:20 UTFig. 9. These velocities are quite small for the inbound plume
A very wide plume is seen in the inbound (IP) and outboundcrossing (larger at the outer edge than at the inner one). The
passes (OP) on all four spacecraft; the IP lasts more thaangle¢ between the normal of the outer boundary of the in-
30 min. The plume crossings are almost identical on the foubound crossing and the radial direction (determined from the
satellites (see for example, the small structure inside IP atpatial density gradient direction and from the normal bound-
12:20 UT, and an OP structure at 14:10 UT). This plume hasary velocity direction) is around 20Vy_.,=1.2+0.7 km/s,
a high maximum# ., slightly above 80 kHz. and thenVp_,,=6.9:1.2km/s with the assumption that
the velocity is azimuthal without any radial component.
The electron density profiles of the plume as determinedThis is much higher than the co-rotation velocity_.,,
from WHISPER and EFW (for the part above 80tihare  which is between 3.6 and 2.8km/s at these spacecraft po-
shown in Fig. 9. Both structures have the same overall shapssitions. This could be also compatible with a lower az-
This indicates that these are crossings of the same plume @huthal speed if there is an outward plasma motion as well.
Southern and Northern latitudes of the plasmasphere. That the inner edgeg~10°, Viy_.,=0.7 & 0.2km/s, and thus
similarity of the profiles between IP and OP suggests thatv,_,,=4.0+1.2km/s, also higher thavic_,,. For the out-
the plume has not moved much over the 2 h between IP andound crossing, the boundary velocities are very different
OP. This is confirmed by the equatorial normal boundary ve-
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Fig. 9. Electron density profiles as a function Béquatfor the two plume crossings on 2 June 2002 (time indicated as reference). The lower
four curves correspond to the inbound pass and the upper four curves (shifted by a factor 10) to the outbound pass by the four CLUSTER
satellites. The magnitude of the normal boundary velotity ., derived from the time delays of different features during both plume
crossings and projected onto the magnetic equatorial plane is indicated on the figure.
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Fig. 10. Data from the CIS instrument in RPA mode on 2 June 2002 during the plasmasphere crossing of C1 and C38a)Reamk]|s)
show the distribution of Ff and He" for C1, whereas the same data for C3 are shown on pé&jeiad(d). Panel(e) shows H™ density for
C1 (black) and C3 (red).

between both edges of the plume: for the outer edge, Comparing both passes, the inner edge of the plume shifts

VN—eq=4.2:0.8 km/s, $~30°, then Vp_,,=8.4+1.6 km/s,
whereas for the inner edgezV,.,=1.1+0.3 km/s,¢ ~ 30°,
thenVp_.,=2.2:0.6 km/s. As in the preceding event, ther
are deviations from co-rotation.

www.ann-geophys.net/24/1737/2006/

0.5Rg in 75 min, corresponding t&;0_.,=0.740.1 km/s.

This is comparable to the projected radial boundary veloc-
e ity, Vgr_q, Which is 0.20.2km/s for the inbound pass and

1.3+0.2km/s for the outbound pass. For the outer edge
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Fig. 11. Different quantities plotted as a function of time during the inbound plume crossing of 2 June(2pd2) electron drift velocity
V p_eq measured by EDI onboard C1, C2 and C3 and projected onto the magnetic equatoria{d)lafegtron density determined from
WHISPER onboard the four CLUSTER spacecraft (similar as panels (a)—(d) of Fig. 6).

of the plume, we foundV;o_.,=0.5+0.1km/s, whereas seen in the Fi populations in the inbound crossing (IP) be-
the timing analysis gives a value of #0.2km/s for the tween 12:20 and 12:45 UT, and also in the outbound pass
inbound crossing; for the outbound crossing, we obtain(OP) between 14:00 and 14:20 UT. The outbound plume
VR—eq=4.80.5km/s, which is much higher. These results seems to be divided in two parts, with lower ion densities in
suggest that the plume is thinner in the outbound crossindetween. This density depletion corresponds to the decrease
in the Northern Hemisphere than in the inbound one in theof electron density observed by WHISPER around 14:10 UT
Southern Hemisphere and that its inner edge is at a largefRequar~ 7.2Rg). The plume crossings seem to be shorter
equatorial distance. They show also that the instantaneouis the He™ spectrograms, because of the low densities in
measurementsd/fy) are in agreement with long term motion the outer part of the plumes. The density values obtained
of the plume ¥;0—cq)- from CIS/CODIF in the RPA mode are lower than those de-
Data from the CIS instrument in RPA mode (0.7—25 eV/q) termined from WHISPER because the limited energy range
are shown in Fig. 10 for C1 and C3. Panels (a)—(b) andof the instrument does not cover the whole energy range of
(c)—(d) show the energy distribution oftHand He" for C1 the ions (as can be seen in Fig. 10a and c¢) and because of
and C3, respectively. Panel (e) plots the ion density for C1spacecraft charging.
and C3. The CLUSTER spacecraft enter the main plasma- The drift velocity components determined by EDI are
sphere at 12:45 UT and exit it at 13:55 UT, as indicated byshown on Figs. 11la—c and 12a—c for C1, C2, C3, for the
higher proton density (PLS region). The plumes are clearlytwo plume crossings. Around the location of the maximum

Ann. Geophys., 24, 1737+58 2006 www.ann-geophys.net/24/1737/2006/
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Fig. 12. Similar as Fig. 11 during the outbound plume crossing of 2 June 2002.

density (12:25 to 12:35 UT, and 14:07 to 14:13 UT), 3.2.2 IMAGE and LANL observations

the velocity components have a wavy structure, but not

as quasi-monochromatic as in the first plume event diS-Figure 13 presents an EUV image taken at 12:33 UT on
cussed in Sect. 3.1; the data again suggest that thesgjune 2002 (around the time of the inbound crossing of the
non-compressional oscillations could be Adfv waves. plume by the CLUSTER satellites) and projected onto the
During the inbound plume crossing (see Fig. 11), thedipole magnetic equatorial plane. A very large plume is ob-
average equatorially projected electron drift velocity is served in the post-dusk sector, with its foot attached to the
Vp—eg=3.5£1.0km/s, mainly in the azimuthal direction plasmasphere between 17:30 and 22:00 MLT. At 17:30 MLT,
but with also a radial expansion of the plume (0.9km/s).it is located between 6.0 and 7%, which is consistent
This magnitude is of the order of the co-rotation veloc- with WHISPER, which observes the plumes between 5.5
ity (3.6-2.4km/s). Concerning the outbound crossing ofand 8.5r (but with an electron density above the estimated
the plume (see Fig. 12)Vp_.,=5.5:1.0km/s on aver-  EUV threshold only between 5.7 and ®@).

age, globally in the co-rotation direction, with larger val- 114 plume is observed on EUV images from 10:10 UT un-

ues at the outer edge. This is consistent with the valj 14.30 UT. These successive images enable us to determine
ues of the velocity determined from WHISPER in the out- \1,o motion of the plume. The foot of the plume (at B;7)

bound_ plume. Inside thf plasmasphere (12:50-13:50 UTpqyes af;=1.6+0.1 km/s, close to the co-rotation velocity
Requat4.4-5.3RE), Vp-q=2.0:0.2 km/s, in the co-rotation Vc—eq=1.7km/s. Itis hard to make the same calculation with

direction and close to the co-rotation velocityc{-«g=2.0-  the tip of the plume, as it is difficult to identify the plume tip

2.3 km/s_). . . ) unambiguously. However, the tip is clearly moving slower
For this event, there is no noticeable change in the Maghan, the foot. The images show that the tip is moving away

netic field. from the Earth. The CLUSTER measurements also showed
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the size and shape of this plume change considerably be-
tween both passes.

The electron density profiles given by Darrouzet et
al. (2004, Fig. 4) allow the calculation of normal boundary
velocities V. After projection onto the equatorial plane,
we find Vy_,,=2.1+£0.3km/s and 1F0.3km/s for the
outer and inner edge of the inbound crossing respectively,
and Vy_.,=1.4+0.3km/s and 140.3km/s for the outer
and inner edge of the outbound pass respectively. With
¢~15-20 for the outer and inner edges of both cross-
ings, the corresponding equatorial azimuthal velocities are
Vp_eq=8.1£1.2km/s and 5.80.8km/s for the inbound
crossing, andVp_.,=4.1+£0.9km/s and 6.21.1km/s for
the outbound one (if the convection velocity would only
be azimuthal). The co-rotation speéd_., ranges from
3.3 to 2.8km/s during the inbound crossing, and from 3.1
to 3.6km/s during the outbound one. This result could
be also compatible with a lower azimuthal speed if there
is an outward plasma motion as well. The calculation
of Vio_eq from the displacement of a structure between

the inbound and outbound passes confirms the previous

Fig. 13. Projection of a full-frame EU\_/ image on_to the e_:quatorial calculations: for the inner edge\/10_6q=0.7:|:0.1 km/s,
plarp at 12:33 UT on 2 June 2002 (similar as Fig. 7, with also thewhereas VR_eq:1.7j:0.2 km/s, and for the outer edge,
position of LANL 97A). Vi0—eq=0.4:0.1km/s, wherea¥r_.,=1.8+0.2km/s. All
these results show that the plume is moving outwards.
. The CIS data in RPA mode are shown on Fig. 15 for C1
how the inner edg_e of the plume moves fratgquaS5.6 to and C3. The format of this figure is the same as in Fig. 10.
6 R between the inbound and outbound passes. The plume is clearly detected on both spacecraft in the in-

For this event, there is only one geosynchronous sateltound pass around 04:30 UT (IP), and around 06:20 UT in
lite (LANL 97A) that observes an increase of the ion den- the outbound one (OP). The ion composition differs in the
sity (up to 100cm®) at 19:00 MLT and around 12:30 UT;  plume and in the plasmaspheric core (PLS): there is fewer
the three others are outside this MLT sector (see the positiofy+ (panels a and c) and fewer Hépanels b and d) inside the
of LANL 1990-095, LANL 1991-080, LANL 1994-084 and  pjume than inside the inner plasmasphere, as in the two pre-
LANL 97A on Fig. 13). The spacecraft observes this large yious plume events. The extent of the plume along the space-
density structure during 10 h as it orbits Earth from 12:00 tocaft orbits is similar to that observed with WHISPER. In
22:00 MLT. This is consistent with the plume seen by IM- particular, there are two density peaks in the inbound plume
AGE between 17:30 and 22:00 MLT, also with the high den- ¢rossing, consistent with the WHISPER spectrograms. The
sity value determined from CLUSTER (maximum electron c|s density is again lower than that deduced from WHISPER
density at about 100 cnf), and with the equatorial distance (panel e), because of the spacecraft potential and the energy
where CLUSTER observes the plume at 12:30 UT:/6:5 range limitations of the CIS instrument in RPA mode (a few

eV).
3.3 Third event: 11 April 2002 The drift velocities measured by EDI onboard C1, C2 and
C3 during this plasmasphere crossing and projected onto
3.3.1 CLUSTER observations the equatorial plane are displayed in Fig. 16. Inside the

plasmasphere, the averaged drift sp¥gd,,=2.4+0.2 km/s
The third event on 11 April 2002 is located in the pre- is close to the co-rotation speedc_.,=2.0-2.5km/s in
midnight sector, between 21:45 and 21:10 MLT, and with athis region (4.3-4.%g). This velocity departs fronvc_,,
maximum value oK, in the previous 24 h equal toc3The  when the spacecraft move away from the magnetic equator
CLUSTER spacecraft separation is around 150 km. As thiscrossed at 05:20 UT, which is expected when the spacecraft
case has already been discussed by Darrouzet et al. (2004re in the outermost shells of the plasmasphere. The be-
we will summarize their results and complete them with in- haviour is different between both plume crossings: in the
put from other CLUSTER instruments and full-frame EUV inbound pass, the drift velocity is again in the co-rotation
images. Figure 14 displays WHISPER frequency-time specdirection with Vp_,,=4.4+1.0km/s, higher than the co-
trograms for the entire plasmasphere crossing. A plume igotation speed at this positiow¢_.,=2.8-3.3 km/s). How-
observed in the inbound (IP) and outbound (OP) passes, budver, the drift velocity during the outbound crossing has a
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Fig. 14. Frequency-time spectrograms measured by the four CLUSTER/WHISPER instruments on 11 April 2002, showing the entire
plasmasphere crossing, including plume traversals in the inbound (IP) and outbound passes (OP) and the magnetic equator (Mag. Equat
crossed at 05:20 UT. The orbital parameters correspond to C4.

higher radial component (1km/s) and a lower magnitude3.3.2 IMAGE and LANL observations
(Vp—eq=2.0£1.0km/s on average), except near the location

of the maximum density inside the plume (as measured b=y, gpservations around the time of CLUSTER plume
WHISPER,). There, the drift velocity’p_, is in the co- ¢ qqqings are shown on Fig. 19. These full-frame EUV im-

ro_tation direction. This i§ consist_ent With velocities deter- ages, projected onto the dipole magnetic equatorial plane
mined from WHISPER (higher during the inbound pass thansuggest that we deal here with a plume extending from the

during the outbound one): it indicates again a slight OUtwardpost—midnight towards the pre-midnight sector. As already

radial motion of the plume.. _shown by Darrouzet et al. (2004), the EUV results are con-
_Durlng both pIume_chSS|ng§, we _do not observe any Vallgistent with WHISPER observations. For example, con-
ations in the magnetic field orientation (see FGM and mOd'cerning the plasmapause position, the comparison between

elled magnetic field on panels (b)—(€) of Figs. 16 and 17).\yjSpER and EUV gives a quite good correspondence. In-
However, there are significant variations just outside the in-yaeq in the pre-midnight sector (18:00-21:00 MLT), the

bound and outbound plume crossings delimited by the denblasmapause is around &% from EUV and 5Rj from

sity profiles plotted as a function of time on panel (a) of \ySPER. Moreover, the plume observed at 04:31 UT and

Figs. 16 and 17. 21:40 MLT extends from 6.4 to 7R according to EUV,
and from 6.2 to 7.R g according to WHISPER (a bit broader
as WHISPER is sensitive to lower densities). At 06:14 UT

www.ann-geophys.net/24/1737/2006/ Ann. Geophys., 24, 1I7&8-2006
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Fig. 15. Data from the CIS instrument in RPA mode on 11 April 2002 during the plasmasphere crossing of C1 and C3 (similar as Fig. 10).
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Fig. 16. Electron drift velocityV p_,, measured by EDI and projected onto the magnetic equatorial plane during the plasmasphere crossing
of 11 April 2002 (similar as Fig. 5), with the inbound plume crossing (IP) and the outbound one (OP).

and 21:10 MLT, EUV gives a transverse size of aboutf:5 around 00:00 MLT, but itis in the shadow of the Earth, soitis
and at 06:24 UT, WHISPER gives a value of ®7. The  quite difficult to locate precisely. It is visible until 08:00 UT,

plume is observed in the EUV images for the first time with its foot located around 06:00 MLT. This gives an ap-
around 01:30 UT, with its foot attached to the plasmasphergroximate value for the motion of the foot of the plume (at
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Fig. 17. Different quantities plotted as a function of time during the inbound plume crossing of 11 April 2002 (similar as panels (d)-(h) of
Fig. 6).

5.5Rg) of Vg=2.3+0.1 km/s, slightly below the co-rotation CLUSTER and IMAGE satellites. The CLUSTER and IM-
speedVc_.,=2.5km/s. Although the tip of the plume is al- AGE missions are complementary, due to their different mea-
most outside the field of view of the EUV imager, successivesurement techniques (global imaging with IMAGE and in-
images show that the tip of the plume moves at about halfitu high spatial resolution measurements with CLUSTER).
the co-rotation angular speed. There is also a small outward’hey provide a more complete picture of the plasmasphere
radial displacement of 0.2z between 04:30 and 06:15 UT, and in particular of plumes than any of them taken separately.
but this radial motion seems to stop afterwards. The LANL geosynchronous satellites can complete this view
During this plasmasphere crossing, the LANL geosyn-of the plasmasphere at a fixed distance from the Earth.
chronous satellites available are not located in the MLT sec- The motion of the inner plasmasphere has been analysed
tors where CLUSTER and IMAGE observe a plume, i.e. thewith different tools and datasets. The inner shells of the plas-
pre-midnight sector (see the position of LANL 1990-095, masphere are generally co-rotating with the angular velocity
LANL 1991-080 and LANL 1994-084 on Fig. 19). A ofthe Earth. The drift velocity measured onboard CLUSTER
slight ion density increase up to 20crhis observed by  departs from the co-rotation when the spacecraft move away
LANL 1994-084 around 20:00 MLT a few hours after the from the magnetic equator. Some wavy structures with a pe-
CLUSTER crossings, between 09:00 and 10:00 UT, whichriod of 100 s have been sometimes observed. These oscilla-
could be the tip of the plume. tions could be Alfen waves, but they need further study to
be fully identified.
The three events exhibit different characteristics of plas-
4 Summary and conclusions maspheric plumes, and the comparison between the global
view from IMAGE and the in-situ measurements from
Three plasmasphere crossings have been presented in d8LUSTER gives consistent results concerning the radial po-
der to compare observations of plasmaspheric plumes by thsition and MLT extend of the plumes (see a summary in
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as Fig. 7).
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Table 2. Comparison between WHISPER and EUV for the three events about the radial distance of the plume and its MLT position.

Plume Radial Distance at the Equator (Rg):

Date Time MLT WHISPER EUV
7 May 2002 08:30 UT 20:00 MLT | 73582 | 7.0 > 7.7
2June 2002 12:30UT 17:45MLT | 55585 | 6.0 > 7.5
11 April 2002 04:30 UT 21:40 MLT | 62572 | 64—>7.1
11 April 2002 06:20 UT 21:10MLT | 69576 | 6.6 > 7.1

Plume Position (MLT):

Date Time WHISPER EUV
7 May 2002 08:30 UT 20:00 20:00 - 01:00
2 June 2002 12:30 UT 17:45 17:30 — 22:00
11 April 2002 04:30 UT 21:40 20:00 - 03:00
11 April 2002 06:20 UT 21:10 21:00 - 04:00

Table 3. Comparison between WHISPER and EUV for the three events about the plasmapause position.

Plasmapause Position (Rg):
Date Time MLT WHISPER EUV
7 May 2002 08:30 UT  18:00-20:00 MLT <42 3.7-4.0
2June 2002  12:30 UT 08:00-10:00 MLT | NoData | 4.0-45
11 April 2002 06:30 UT  18:00-21:00 MLT 5.0 4.5

Table 4. Normal directions computed from the two different methods (density gradient and time delay), and projected normal boundary
velocities for the three events.

Normal Direction (°) and Normal Boundary Velocity (km/s) from WHISPER Data:

Date MLT Normal Normal Normal Boundary

Direction Direction Velocity Vi.eq

(Density Gradient) | (Time Delay) (Time-Delay)
7 May 2002  20:00 MLT | Outer Edge: 180 | 08:35 UT: 15 23105
Inbound Plume Inner Edge: 330 08:38 UT: 30 36+05
2 June 2002 17:45 MLT Outer Edge: 190 12:25 UT: 10 1.2+07
Inbound Plume Inner Edge: 340 12:32 UT: 10 0.7+0.2
2 June 2002 18:30 MLT Outer Edge: 190 14:15 UT: 30 42+0.8
Outbound Plume Inner Edge: 40 14:02 UT: 30 1.1+03
11 April 2002 21:40 MLT | Outer Edge: 190 04:21 UT: 15 21+0.3
Inbound Plume Inner Edge: 10 04:33 UT: 20 1.7+03
11 April 2002 21:10 MLT | Outer Edge: 190 | 06:26 UT: 20 14+03
Outbound Plume Inner Edge: 10 06:22 UT: 15 1.6+0.3

Table 2). Some plumes are very long and extend across ELUSTER’s perigee, the satellites penetrate into the plas-
large MLT sector, up to 04:30 h MLT; their transverse size masphere only for moderate to ok, (as indicated in an
ranges from 0.5 to 1.Bg, and their radial position varies earlier study by Darrouzet et al., 2004). In any event, due to
from 5.5 to 8.5R. The plasmapause positions determinedthe upper frequency limitation of WHISPER (80 kHz, corre-
from WHISPER and EUV are also consistent (see Table 3)sponding to 80 cm?), the observed plumes should not have
The normal directions of the plume boundaries, as computedoo high density to be completely resolved (otherwise, densi-
using the density gradient tool and the time delay methodties can be inferred from the EFW spacecraft potential, which
are generally consistent with each other (see a summary irs, however, difficult to calibrate).
Table 4), as well as with the EUV observations. The ion composition is quite similar in all plume events,
It is sometimes difficult to clearly detect the plume on With @large amount of H, some traces of Hg and no O in
EUV images because of its rather high instrumental den-th_e first event (no data for events 2 and 3). This is consistent
sity threshold (4@10 electrons cmd): plumes usually have with the results of the study by Dandouras et al. (2005).
lower densities near the tip. Due to the high altitude of
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Table 5. Comparison between the velocities determined from EDI projected onto the equatorial plane and the projected co-rotation velocity
for the three events.

Projected Velocity (km/s):

Date MLT Vb.eq (EDI) Ve-eq
7 May 2002 20:00 MLT Azimuthal + Radial | Azimuthal
Inbound Plume Outer Edge: 85+1.0 | 3.8-34

Inner Edge: 6.8 +1.0 | 34-32
2June 2002 17:45 MLT Azimuthal + Radial Azimuthal

Inbound Plume Outer Edge: 43+1.0 | 3.6-28
Inner Edge: 2.8+1.0 | 2.8-24

2 June 2002 18:30 MLT Azimuthal Azimuthal
Outbound Plume Outer Edge: 7.8+1.0 | 29-3.6
Inner Edge: 3.0+1.0 | 2.7-2.9

11 April 2002 21:40 MLT Azimuthal Azimuthal
Inbound Plume Outer Edge: 44+1.0 | 3.3-3.0

Inner Edge: 44+1.0 | 3.0-28
11 April 2002 21:10 MLT Azimuthal + Radial Azimuthal

Outbound Plume Outer Edge: 24+1.0 | 3.3-3.6
Inner Edge: 1.7+1.0 | 3.1-33

The velocity analysis of the plumes gives consistent resultSCLUSTER/PRODEX-8 project (contract 13127/98/NL/VJ (IC)).
with various techniques and different datasets. The result®. L. Gallagher acknowledges support from the NASA IMAGE
are summarized in Tables 4 and 5. The main conclusion ignission. V. Pierrard acknowledges the support by BELSPO through
that the plume is rotating around the Earth, with its foot at- the Action 1 grant MO/35/010. B. R. Sandel acknowledges support
tached to the main plasmasphere fully co-rotating, but withunder NASA contract NAS5-96020. H. Matsui acknowledges the
its tip often rotating more slowly and moving outward, away SUPPOTt by NASA through grant NNGO4GA46G.
from the Earth. This result is consistent with the topology th .TOp'Ca.l Editor I. A' Daghs thanks M. Thomsen and J. Burch for

. . eir help in evaluating this paper.
of a plume, extending farther out at earlier MLT, as shown
in earlier studies on plasmaspheric plumes (Spasoghal.,
2003; Darrouzet et al., 2004). As expected, closer to Earth
the plasma velocities are closer to co-rotation.

To conclude, this study allowed us to have a global ideagalogh, A., Carr, C. M., Acia, M. H., Dunlop, M. W., Beek, T.
about the formation, evolution and motion of plasmaspheric  J., Brown, P., Fornacon, K.-H., Georgescu, E., Glassmeier, K.-
plumes from observations on various spacecraft, showing H., Harris, J., Musmann, G., Oddy, T., and Schwingenschuh, K.:
common features but also different aspects of these plumes. The Cluster Magnetic Field Investigation: overview of in-flight
This study has been based on small spacecraft separation dis-performance and initial results, Ann. Geophys., 19, 1207-1217,
tance between the four CLUSTER satellites, but the large 2001.
separation distances planned for the future will give anothe8ame, S.J., McComas, D. J., Thomsen, M. F., Barraclough, B. L.,

perspective on plumes, in particular on their evolution on EPNiC, R. C., Glore, J. P, Gosling, J. T., Chavez, J. C., Evans, E,
longer time-scales P., and Wymer, F. J.: Magnetospheric plasma analyzer for space-

craft with constrained resources, Rev. Sci. Instrum., 64(4), 1026—
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