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F. Darrouzet1, J. De Keyser1, P. M. E. Décréau2, F. El Lemdani-Mazouz2, and X. Vallières2

1Belgian Institute for Space Aeronomy (IASB-BIRA), 3 Avenue Circulaire, 1180 Brussels, Belgium
2Lab. de Physique et Chimie de l’Environnement (LPCE), 3A Avenue de la Recherche Scientifique, 45071 Orléans, France
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Abstract. Plasmaspheric plumes have been routinely ob-

served by the four Cluster spacecraft. This paper presents

a statistical analysis of plumes observed during five years

(from 1 February 2001 to 1 February 2006) based on four-

point measurements of the plasmasphere (outside 4 Earth

radii) as it is sampled by the spacecraft in a narrow local

time sector before and after perigee. Plasmaspheric plumes

can be identified from electron density profiles derived from

the electron plasma frequency determined by the WHISPER

wave sounder onboard Cluster. As the WHISPER instru-

ment has a limited frequency range (2–80 kHz) only plumes

with densities below 80 cm−3 can be identified in this way.

Their occurrence is studied as a function of several geomag-

netic indices (Kp, am and Dst ). Their transverse equatorial

size, magnetic local time distribution, L position and density

variation are discussed. Plasmaspheric plumes are observed

mostly for moderate Kp and never for small Dst . They are

found mainly in the afternoon and pre-midnight MLT sectors.

Comparisons are also made between the density profiles of

the plumes as they are crossed on the in- and outbound legs

of the orbit, before and after perigee crossing, respectively.

Keywords. Magnetospheric physics (Magnetospheric con-

figuration and dynamics; Plasmasphere; Instruments and

techniques)

1 Introduction

The plasmasphere is an upward extension of the Earth’s iono-

sphere. It is a torus-like region of dense and cool plasma

(density between 10 and 104 cm−3 and temperature of the

order of 104 K) surrounding the Earth (see the monograph by

Lemaire and Gringauz, 1998, and references cited therein).

This region extends out to several Earth radii (RE) to a
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boundary known as the plasmapause or the plasmasphere

boundary layer (Carpenter and Lemaire, 2004). The plasma-

sphere’s configuration and dynamics are highly sensitive to

disturbance activity in the solar-terrestrial environment. Pre-

vious studies have reported that the location of the plasma-

pause varies with the level of geomagnetic activity (e.g.

Chappell et al., 1970a). During extended quiet periods, the

plasmasphere can expand to beyond geosynchronous orbit

(e.g. Moldwin et al., 1994), whereas the plasmapause moves

earthward, down to L<3 RE , during high geomagnetic activ-

ity (e.g. Spasojević et al., 2003).

During such active periods after geomagnetic storms or

substorms, erosion of the plasmasphere can lead to the for-

mation of density structures called plasmaspheric plumes

(e.g. Elphic et al., 1996). Those structures are regions of

plasmaspheric plasma that are connected to the main body

of the plasmasphere and extend outward into the surround-

ing more tenuous magnetosphere. Plumes have been pre-

dicted on the basis of different theoretical models. When

geomagnetic activity increases, the convection electric field

becomes stronger as the electric potential across the mag-

netosphere increases, driven by the interaction between the

solar wind and the Earth’s magnetosphere. The outer layer

of the plasmasphere is stripped away, and the plasmasphere

shrinks (Grebowsky, 1970; Chen and Wolf, 1972; Chen and

Grebowsky, 1974). This process is known as plasmaspheric

erosion. At the same time it produces plasmaspheric plumes

which first extend sunward and then rotate around the Earth

into the nightside.

Numerical simulations using the Magnetospheric Speci-

fication and Forecast Model (MSFM) have clearly repro-

duced the formation and motion of plasmaspheric plumes

(Lambour et al., 1997; Weiss et al., 1997). The Rice Uni-

versity substorm simulation has also shown the formation

of plumes near dusk within hours of substorm onset (Spiro

et al., 1981). Goldstein et al. (2003a) discuss the impor-

tance of the evening convection enhancement associated with
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sub-auroral polarization stream (SAPS) in the formation of

plumes. The interchange instability mechanism also predicts

the formation of plumes (Lemaire, 1975, 2000; Pierrard and

Lemaire, 2004; Pierrard and Cabrera, 2005).

Plasmaspheric plumes have been commonly detected in

the past by in-situ satellites, such as OGO 4 and 5 (Chap-

pell et al., 1970b; Taylor et al., 1971), ISEE 1 (Carpenter and

Anderson, 1992), CRRES (Moldwin et al., 2004), or geosyn-

chronous satellites (Moldwin et al., 1995; Ober et al., 1997;

Borovsky et al., 1998), but also by ground-based instruments

(Carpenter et al., 1992, 1993; Su et al., 2001). More re-

cently, plumes have been routinely observed by the Extreme

UltraViolet (EUV) imager (Sandel et al., 2000) onboard the

IMAGE satellite (Garcia et al., 2003; Sandel et al., 2003;

Goldstein et al., 2004; Spasojević et al., 2004; Goldstein and

Sandel, 2005; Abe et al., 2006; Kim et al., 2007). Due to

the EUV detection limit, plumes with a density lower than

40±10 cm−3 (Goldstein et al., 2003b) are missed by this im-

ager. Plasmaspheric plumes have also been identified from

measurements made onboard the four spacecraft Cluster mis-

sion (Darrouzet et al., 2004, 2006a; Décréau et al., 2004,

2005; Dandouras et al., 2005). The combination between in-

situ instruments and global imaging is very useful (see for ex-

ample the Cluster-IMAGE study by Darrouzet et al., 2006a).

Plasmaspheric plume signatures have also been detected in

the ionosphere with measurements of the total electron con-

tent measured by global positioning system (GPS) satellites

(Foster et al., 2002; Yizengaw et al., 2006).

Before the Cluster and IMAGE missions, the actual topol-

ogy of plume structures was not understood because of the

lack of a global view. Some statistical analysis of plas-

maspheric density structures had been done in the past.

Chappell (1974) analysed “detached plasma regions” using

more than a year of data from the ion mass spectrome-

ter onboard OGO 5. He concluded that those structures

are found throughout the dayside magnetosphere, in par-

ticular in the afternoon-dusk local time sector. Using the

same dataset, but a less restrictive criterion to identify such

regions, Kowalkowski and Lemaire (1979) identified other

events in the post-midnight and dawn local time sectors.

With 10 months of data from the satellite LANL1989-046,

Ober et al. (1997) found that these density structures occur

at geosynchronous orbit only after extended periods of low

magnetospheric activity, identified by the geomagnetic ac-

tivity index Kp and the midnight boundary index. CRRES

plasma wave receiver density data have been used by Mold-

win et al. (2004) to study the distribution and properties of

plasmaspheric plumes from August 1990 to October 1991.

They showed that most of the plumes are observed in the

noon-to-dusk local time sector after an enhancement of ge-

omagnetic activity identified by the index Kp and the distur-

bance storm-time index Dst.

The purpose of this paper is to use a very large database of

data from Cluster to make a global statistical analysis of plas-

maspheric plumes. After presenting the instrumentation and

introducing the key parameters used in the analysis in Sect. 2,

the statistical results are discussed in Sect. 3. In Sect. 4 we

draw some conclusions.

2 Plasmaspheric plume seen by Cluster/WHISPER

2.1 Data sources

The Cluster mission consists of four identical spacecraft (C1,

C2, C3 and C4) launched in 2000. They are positioned in

a tetrahedral configuration with a separation distance that

varies with time, from 100 km to a few RE . The space-

craft fly along similar polar orbits, with a period of approx-

imately 57 h, an apogee of about 19.6 RE and a perigee of

about 4 RE (Escoubet et al., 1997). This allows Cluster to

cross the plasmasphere around perigee as the spacecraft fly

from the Southern to the Northern Hemisphere. As the Clus-

ter orbit precesses, all magnetic local times (MLT) are cov-

ered in the course of the year. The spacecraft only sample

the outer plasmasphere due to their high perigee. Each Clus-

ter satellite carries 11 identical instruments. In this study

we use data obtained from one of them: the Waves of HIgh

frequency and Sounder for Probing Electron density by Re-

laxation, or WHISPER (Décréau et al., 1997, 2001). This

instrument measures the electric field in the frequency range

2–80 kHz, with a frequency resolution of 0.163 kHz and a

time resolution of 2.1 s in normal mode. It can unambigu-

ously identify the electron plasma frequency Fpe, which is

related to the electron density Ne by

Fpe[kHz] = 9(Ne[cm−3])1/2. (1)

In active mode, the sounder analyses the pattern of reso-

nances triggered in the medium by a radio pulse, thus allow-

ing the identification of Fpe (Trotignon et al., 2001, 2003). In

passive mode, the receiver monitors the natural plasma emis-

sions; an independent estimation of Fpe can be deduced from

local wave cut-off properties (Canu et al., 2001).

2.2 WHISPER observations of a plasmaspheric plume

We introduce our statistical analysis of plasmaspheric

plumes with an example of a typical plume crossing by the

Cluster satellites. This crossing on 18 July 2005, between

13:00 and 20:00 UT, is located around 15:00–16:00 MLT.

The maximum value of Kp in the previous 24 h is equal to

5+. The Cluster spacecraft separation distance is very large

(10 000 km). Figure 1 displays frequency-time electric field

spectrograms from the four WHISPER instruments for the

entire plasmasphere pass. The white line on each spectro-

gram represents the electron plasma frequency Fpe derived

from WHISPER. It shows the global profile of the density

during this plasmasphere pass. The density variations de-

pend on the existence of both field-aligned and perpendicular

density gradients (Darrouzet et al., 2006b; De Keyser et al.,

2007).
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Fig. 1. Frequency-time electric field spectrograms measured on 18 July 2005 by the WHISPER instruments onboard the four Cluster

spacecraft. The entire plasmasphere pass is shown, including a plume during the inbound and outbound parts of the pass. The white lines

trace the electron plasma frequency Fpe. The orbital parameters correspond to C4. The colored lines delimit the plume crossings for each

satellite, with full lines for the Southern Hemisphere one and dotted lines for the Northern Hemisphere one.

Due to the large spacecraft separation distance, all satel-

lites cross at different times the magnetic equator, which

is indicated on WHISPER spectrograms by intense electro-

static emissions (El-Lemdani Mazouz et al., 2006, 2008): C1

crosses the magnetic equator around 16:00 UT, C2 around

15:00 UT, C3 around 17:45 UT and C4 around 18:00 UT.

This relative order is similar for the plasmasphere crossing

by the four spacecraft: C2 enters the plasmasphere first at

13:15 UT, then C1 at 14:10 UT, followed by C3 at 16:00 UT

and finally C4 at 16:15 UT. This explains why C3 and C4

display very similar plasmasphere passes, with larger differ-

ences as compared to C1 and C2. The differences between

the satellites are due to space variability of the plasmasphere,

but also time variability. The spectrograms exhibit plume

crossings during the inbound pass in the Southern Hemi-

sphere (SH), and also during the outbound pass in the North-

ern Hemisphere (NH), with differences in the density profiles

between the four spacecraft. For example, C1 and C2 show

two peaks across the inbound plume, structures not seen by

C4, which crosses the plasmasphere about 2 h later.

We characterize each plume crossing by means of several

parameters. A plume is identified as a significant and lo-

calized density increase (10 cm−3 minimum) followed by a

density decrease from the background value, adjacent to the

www.ann-geophys.net/26/2403/2008/ Ann. Geophys., 26, 2403–2417, 2008
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Fig. 2. Frequency-time spectrogram measured on 18 July 2005 by

the WHISPER instrument onboard C1. The inbound plume cross-

ing is shown. Time and plasma frequency of the outer and inner

boundaries of the plume are shown, as well as the time and plasma

frequency of the maximum recorded during the plume crossing.

main plasmasphere crossing. The L-width of the structure

should be large enough to be considered as a plume, 0.2 RE

minimum. Figure 2 is a zoom on the plume crossed by C1

during the inbound plasmasphere pass on 18 July 2005. We

define the times of the outer and inner boundaries of the

plume, T outer and T inner respectively, and also the time T max

of the electron plasma frequency maximum. We also record

the frequency value at each of those times: F outer
pe , F inner

pe and

F max
pe . A double plume, as in the present case, is considered

as a single structure, and the maximum plasma frequency is

then the maximum of both sub-plumes. At each of the three

times defined for each plume crossing, we determine all the

parameters needed for the statisical study: the orbital param-

eters L and MLT, the geomagnetic indices Kp, am and Dst,

and the values of the electron density Ne derived from the

corresponding Fpe (by the use of Eq. 1). Those parameters

characterize the plasmaspheric plumes in terms of their oc-

currence as a function of geomagnetic activity, but also in

term of their properties and geometry.

Since Cluster’s plasmasphere passes occur in a fairly nar-

row local time sector, only the “tips” of plumes can be de-

tected. We can identify a plume when a satellite successively

traverses a density peak, a density decrease and the main

plasmasphere, as shown by the green curve on Fig. 3. For this

sketch, we have chosen the common orientation of a plume:

a plume observed from above in the equatorial plane in a co-

rotating frame has a spiral shape oriented clockwise. If the

satellite crosses the “foot” of the plume, as shown for the in-

bound pass on Fig. 3 with the blue curve, it is impossible to

distinguish between the plume and the main plasma-sphere.
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Fig. 3. Sketch of the crossing of a plasmaspheric plume by a Cluster

satellite, projected onto the equatorial plane in a co-rotating frame.

The green and blue lines represent two different trajectories and the

red shape sketches the plasmasphere with a plume.

The characteristics of the plume crossings on 18 July 2005

are summarized in Table 1, for each inbound and outbound

crossing by the four Cluster satellites. We can note on the

spectrograms of Fig. 1 that the maximum plasma frequency

in the plumes is different for each spacecraft. For the out-

bound plume of C2 F max
pe is around 50 kHz (or Ne around

31 cm−3), whereas it is 42 kHz (22 cm−3) for C1 and 32 kHz

(13 cm−3) for C3 and C4. The inner part of this plasmasphere

pass also differs between the four satellites, with a “plateau”

structure for C3 and C4 (Fpe between 20 and 30 kHz, or Ne

between 5 and 11 cm−3), whereas Fpe has a maximum value

at the magnetic equator around 42 kHz (22 cm−3) for C2 and

40 kHz (20 cm−3) for C1.

In order to understand such differences, we need to anal-

yse the trajectories of the four spacecraft. Figure 4 shows the

electron density plotted along the trajectories of C1, C2 and

C3 in solar magnetic (SM) coordinates (C4 nearly coincides

with C3 during this time interval and is therefore not shown).

The dashed lines are dipole magnetic field lines. The closer

the satellites are to the Earth, the higher the density is: C2

records higher density than C1 than C3, as seen on the spec-

trograms. The plume is clearly divided into 2 sub-plumes

during the SH pass of C1 and C2. The same feature is not as

clearly observed on C3. This can be due to the time differ-

ence between the crossings, and also to the differences in lo-

cal time. Note that the plume crossings in both hemispheres

map essentially onto the same magnetic field line (given that

the dipole approximation is rather rough).

Ann. Geophys., 26, 2403–2417, 2008 www.ann-geophys.net/26/2403/2008/
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Table 1. Characteristics of the plume crossings by Cluster on 18 July 2005. The times of the outer and inner boundaries of each plume

crossing are given, as well as the time of the maximum electron plasma frequency value. The plasma frequencies are given for each of those

times. The L and MLT for the inner and outer boundaries are also given.

T (UT) Fpe (kHz) L (RE) MLT

T outer T max T inner F outer
pe F max

pe F inner
pe Louter Linner MLT outer MLT inner

C1 IN 14:17 14:54 14:56 10 49 28 10.2 7.0 14:58 15:12

C1 OUT 17:14 16:58 16:54 14 42 27 9.7 7.1 15:58 15:50

C2 IN 13:24 13:54 13:56 10 40 31 10.9 7.5 14:22 14:38

C2 OUT 16:17 16:01 15:59 15 47 27 9.2 6.9 15:48 15:36

C3 IN 16:04 16:32 16:36 13 42 20 10.8 8.2 14:48 15:02

C3 OUT 19:22 18:53 18:48 13 32 24 10.1 8.7 15:39 15:37

C4 IN 16:10 16:43 16:44 13 35 19 11.0 8.3 14:48 15:02

C4 OUT 19:29 19:05 19:02 12 31 26 9.8 8.4 15:38 15:37
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Fig. 4. Electron density plotted along the trajectories of C1, C2

and C3 projected in the R-Z solar magnetic (SM) coordinate sys-

tem during the plasmasphere pass on 18 July 2005. The density is

plotted with the color scale on the right. The brown lines are dipole

magnetic field lines for L between 3 and 8 RE , plotted here to guide

the eye. The crosses show the times of the plume crossings T inner

and T outer indicated in Table 1.

More information can be deduced if we project the Clus-

ter trajectories along the magnetic field lines onto the equa-

torial plane. We use here a model that combines the inter-

nal magnetic field model IGRF2000 and the external mag-

netic field model Tsyganenko-96, which depends on the solar

wind pressure, the Dst index and the interplanetary magnetic

field (IMF) Y and Z components (Tsyganenko and Stern,

1996). These models are computed with the UNILIB li-

brary (Library of routines for magnetospheric applications:

http://www.oma.be/NEEDLE/unilib.php/). As the separation
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Fig. 5. Electron density plotted along the trajectories of C1, C2,

C3 and C4 projected along the magnetic field lines onto the equato-

rial plane in a co-rotating geocentric solar magnetospheric (GSM)

frame of reference (chosen such that C4 was at 15:30 MLT at

18:00 UT), during the plasmasphere pass on 18 July 2005. The den-

sity is plotted with the color scale on the right. The crosses show the

times of the plume crossings T inner and T outer indicated in Table 1.

distance between the satellites is quite large, and in order to

be able to compare the four trajectories and the eight cross-

ings, we assume that the plasmasphere and its sub-structures

are in co-rotation with the Earth. Figure 5 presents such a

projection for C1, C2, C3 and C4 in a co-rotating geocen-

tric solar magnetospheric (GSM) frame of reference (chosen

such that C4 was at 15:30 MLT at 18:00 UT). The plasmas-

phere passes start at the label of each satellite (on the left),

and end on the right side. The plasmapause is clearly seen

www.ann-geophys.net/26/2403/2008/ Ann. Geophys., 26, 2403–2417, 2008
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Fig. 6. Electric field spectrograms measured on 18 July 2005 by the WHISPER instruments as a function of the McIlwain L parameter

onboard the four Cluster spacecraft. The figure is divided into a Northern Hemisphere (NH) panel and a Southern Hemisphere (SH) panel

for each satellite. Colored lines delimit the plume crossings for each satellite, with full lines for SH and dotted lines for NH.

on the trajectories of C1 and C2 at a radial distance of 5 RE ,

where the color coded density changes from green to yellow.

A clear plasmapause is not crossed by C3 and C4, which

do not show an enhanced density around the actual perigee

crossing. This could be because the plasmasphere could be

located closer to Earth at this different local time position,

and at this later point in time. The plume crossings are clearly

observed on all four satellites and indicated on the figure with

crosses, which represent the crossing times deduced from the

spectrograms. We can see that the inbound crossings by the

four satellites, and the outbound crossings by C1 and C2,

are clearly crossings of the same plume, which co-rotates as

Ann. Geophys., 26, 2403–2417, 2008 www.ann-geophys.net/26/2403/2008/
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time elapses between successive spacecraft crossings. The

outbound crossing by C3 and C4 (bottom right of Fig. 5) is

probably another density structure.

Figure 6 gives the electric field spectrograms from WHIS-

PER as a function of the McIlwain L parameter (McIlwain,

1961) for each inbound and outbound plasmasphere pass.

This figure is divided into 4 pairs of panels, one pair for each

satellite, with each time first the NH pass and then the SH

pass. L varies for this event between 4.5 to 12.5 RE , and the

data are plotted with a frequency range 2–50 kHz in order to

zoom on the plume structures. There are lots of differences in

terms of the L position of the plume between the four space-

craft. This is logical, as some of the satellites cross the den-

sity structure a few hours after the first one; during this time

period, the plume has rotated around the Earth, but has also

moved to higher L values. The inner boundary of the SH

plume is seen around L=7.0 RE by C1, whereas this bound-

ary is crossed 2 h later by C3 and C4 around L=8.3 RE .

Knowing that the MLT position of the plume crossing is quite

similar for those 3 satellites, we can then calculate an aver-

age radial velocity of the plume at fixed MLT of the order of

1.2 km s−1, which is consistent with the results by Darrouzet

et al. (2006a). Figure 6 shows also that the plume is crossed

by C1 around similar L values in both hemispheres, but with

small differences in the small-scale density structures. Note

that the SH inbound crossing of the plume by C2 (4th panel

of Fig. 6 from the top) is at much higher L value than the

NH crossing by the same satellite (3rd panel of Fig. 6 from

the top) and than both crossings from C1, whereas the time

delay between C1 and C2 is not very important. As seen in

Fig. 5, the SH trajectory of C2 is quite different from that of

C1. Moreover, the MLT sector of the SH crossing by C2 is

also quite different from C1 (around 14:30 MLT for C2 and

around 15:05 MLT for C1). Those orbit differences clearly

explain why the L position of the outbound plume crossing

is larger for C2 than for C1.

Concerning the L-widths of the plumes 1L, there are

many differences between the spacecraft, and also between

the inbound and outbound crossings for some satellites. For

C1, 1L=3.2 RE during SH, and 2.6 RE during NH. This

means that the outbound crossing, taking place a few hours

after the inbound one, detects a narrower plume. We obtain

a similar trend for the other satellites. Another character-

istic of those plume crossings is the evolution of the maxi-

mum value of the electron plasma frequency and the electron

density inside the plume. For C1, Nmax
e =30 cm−3 in SH,

whereas Nmax
e =22 cm−3 in NH. For C3, Nmax

e varies from

22 to 12 cm−3 from SH to NH. Except for C2, the maximum

electron density inside the plume is always higher in the in-

bound pass than in the outbound one. All those characteris-

tics can be explained by the fact that during the plasmasphere

pass, the plume has rotated so that the outbound crossings

occur closer to the tip of the plume, which is narrower and

has lower density (see sketch of a typical plume crossing in

Fig. 3). Note that, contrary to plasmasphere passes with a

small spacecraft separation distance, it is not possible here to

analyse the plume crossings by the four spacecraft with mul-

tipoint analysis tools such as the spatial gradient (Darrouzet

et al., 2006a).

3 Statistical analysis

After having introduced the key parameters useful for our

study in a typical plasmaspheric plume crossing, we now

present a statistical analysis of plumes with five years of

Cluster data.

3.1 Data selection

This statistical study is based on data from the four Cluster

spacecraft during exactly five years, from 1 February 2001 to

1 February 2006, to ensure equal coverage of all MLT sec-

tors. Note that our set of events is not a completely random

sample, as some events are seen by all four satellites, es-

pecially in the case of small spacecraft separation distance.

Note also that due to the polar orbit of Cluster, the spacecraft

usually cross only the tips of the plumes. During the first

year and a half, the data of some plasmasphere passes were

not available (no 100% coverage), but after July 2002, the

mission started to have full data coverage of the orbit. With a

period of 57 h and four spacecraft making inbound and out-

bound passes, there are 6150 plasmasphere passes. We have

in fact 5222 passes with data available, which corresponds

to 85%. Of these missing 15%, around 50% comes from in-

complete data coverage (before July 2002), around 10% from

data not available during satellite manoeuvres, and around

40% from WHISPER instrument not working properly on

one or several satellites. Figure 7 shows the probability of

having a plasmasphere pass in each L−MLT bin, based on

the 5222 plasmasphere passes in our study. We have used

orbital parameters (L, MLT) with a time resolution of 1 min.

There is a global coverage of all MLT sectors and of all L

values above 4 RE (perigee of Cluster).

We use WHISPER time-frequency electric field spectro-

grams as well as L-frequency spectrograms to select the in-

tervals with a plume crossing. When needed, in case of very

complicated events, we check data from other instruments,

for example the ion density from the Cluster Ion Spectrom-

etry experiment, CIS (Rème et al., 2001), and also EUV

images (Sandel et al., 2000) onboard the IMAGE satellite

(Burch, 2000). Following the plume identification intro-

duced in Sect. 2.2, the plasmasphere passes are classified into

three types: with plumes, without plumes, and questionable

conclusion. This last type corresponds to very complicated

events (like crossings where we suspect strong time variabil-

ity). We have 34 cases of this type, which is only around 1%

of the total number of passes, so that this does not distort our

statistics. Note that clear double plumes are considered as a

www.ann-geophys.net/26/2403/2008/ Ann. Geophys., 26, 2403–2417, 2008
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Fig. 7. Probability of having plasmasphere observations in each

L−MLT bin, based on the 5222 plasmasphere passes in our study.

L varies between 4 and 11 RE .

single structure and are processed similar to the first type of

crossings.

We obtain 782 plume crossings, which correspond to 15%

of the plasmasphere passes with data (5222 passes). This is

smaller as compared to other studies: Moldwin et al. (2004)

found a proportion of 30% of clear plasmasphere passes

with plume structures. There are three possible explana-

tions. First, the frequency range of the WHISPER instrument

has an upper limit of 80 kHz, which corresponds roughly to

80 cm−3, which is a quite low value for density inside the

plasmasphere. Therefore, if a plasmasphere has a plume with

higher density value, the WHISPER instrument can not iden-

tify it clearly. Moreover, if the density between the plume

and the main plasmasphere is above 80 cm−3, it will not be

possible to distinguish the plume. Second, due to the high

perigee of Cluster, the satellites do not enter deeply into the

plasmasphere during high geomagnetic activity time periods,

so that they could miss an eventual plume. Third, due to

the polar orbit of Cluster, usually only the tips of plumes

can be identified. The probabilities of finding a plume at a

given L−MLT location (normalized by the spacecraft cov-

erage) are presented in Fig. 8. It shows clearly that we ob-

serve most of the plumes in the afternoon and pre-midnight

MLT sectors. There are no data below the perigee of Clus-

ter (L<4 RE). Some plumes are observed at high L, espe-

cially in the afternoon MLT sector. Magnetic mapping may

be a little questionable at high L, especially on the dayside,

but that does not affect the conclusions. There are very few

plumes in the post-midnight and morning MLT sectors. If

there is a plume at L=6 RE and 21:00 MLT, the foot of the
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Fig. 8. Probability of being inside a plume structure for each

L−MLT bin, normalized by the distribution of all the trajectories.

L varies between 4 and 11 RE .

plume should be at lower L in the post-midnight sector, as

shown in a study using Cluster and IMAGE by Darrouzet

et al. (2006a), but Cluster will not be able to detect it, as dis-

cussed earlier.

3.2 Geomagnetic indices: Kp, am, Dst

As in most previous studies of plasmaspheric plumes, we

use the Kp index to study their occurrence as a function of

geomagnetic activity. The plasmapause is assumed to be

formed in the midnight sector following the theory that in-

terchange motion is driven unstable along the Roche Limit

surface (Lemaire, 1975, 2001). To try to compensate for

plasmasphere rotation, a time delayed Kp value is chosen that

corresponds to the time elapsed since the observed structure

passed the midnight meridian (assuming full co-rotation).

The instantaneous value of Kp is used when the spacecraft

are between 21:00 and 03:00 MLT, the maximum value of Kp

in the preceding 6 h is used between 03:00 and 09:00 MLT,

the maximum value in the previous 12 h between 09:00 and

15:00 MLT, and the maximum value in the previous 18 h be-

tween 15:00 and 21:00 MLT. In the remainder of the paper,

Kp will denote this time delayed value. We use also the am

index, which is calculated as the Kp index but with a larger

network (especially with ground-based stations at higher lat-

itudes), and also the Dst index. The am indices are chosen

following the same outline as Kp, and the Dst values used in

the statistical study are the minimum values in the previous

24 h.

Figure 9a–c presents, respectively, the distributions of

the Kp, am and Dst values for all the plasmasphere passes
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Fig. 9. Occurrence of plasmasphere passes (top panels) and plasmaspheric plumes (bottom panels) as a function of the indices Kp, am and

Dst during the five years of Cluster data analysed. (a) Distribution of the Kp values for the plasmasphere passes. (b) Distribution of the

am values for the plasmasphere passes. (c) Distribution of the Dst values for the plasmasphere passes. (d) Kp distribution of the plumes,

weighted by the Kp occurrence probability. (e) am distribution of the plumes, weighted by the am occurrence probability. (f) Dst distribution

of the plumes, weighted by the Dst occurrence probability. A blue cross means that there are no plasmasphere passes with such values.

analysed in this study. It shows that the dataset contains

passes for almost all Kp values and a large range of am (up to

510) and Dst (down to −230), but mostly for low to moder-

ate geomagnetic activity. There are only a few plasmasphere

passes with high Kp and am, and very low Dst, mainly be-

cause the plasmasphere is closer to the Earth in this case, and

therefore not crossed by the Cluster satellites. Figure 9d–

f shows the Kp, am and Dst distributions of the plumes,

weighted by the occurrence probabilities of those parame-

ters. No plumes are observed for the highest Kp (>7), the

highest am (>180) and the lowest Dst (<–110). In this case,

the plasmasphere is moving closer to the Earth, sometimes

below the perigee of Cluster (4 RE), and if there would be

a plume, it could stand below the Cluster orbit. That could

explain why we do not observe any plasmaspheric plumes

in case of high geomagnetic activity. We note that there are

more events for moderate activity (Kp between 3+ and 6, am

between 30 and 90). The high number of events with a posi-

tive Dst (right column on panel f) is based on a small number

of plasmasphere passes with such Dst level (right column on

panel c), and should therefore be interpreted with caution.

3.3 Characteristics of the plasmaspheric plumes

Let us study the typical properties of the plasmaspheric

plumes in our database, as shown in Fig. 10. The plumes

show all possible density variations (panel a) in the range ac-

cessible to WHISPER (up to 80 kHz), but with more events

with small density variations (<30 cm−3). The plumes have

no preferred maximum density value (see panel b). Logi-

cally, we have also more plume crossings with a short time

duration (panel c); the characteristic time duration is 15 min.

Note that this characteristic time depends on the orbit of the

Cluster satellites, on their speed, and on the latitude at which

the plumes are crossed. A physically more useful charac-

teristic is the width 1L of the plume. It varies up to 6 RE

(panel d), with more events with a small 1L (65% of the

plumes have a width below 1.5 RE). The characteristic value

of 1L is 1.2 RE .
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Fig. 10. Typical characteristics of the plasmaspheric plumes observed by WHISPER during the five years of Cluster data analysed. (a) Prob-

ability of the density variation 1N inside the plumes. (b) Probability of the maximum density Nmax
e inside the plumes. (c) Probability of

the time duration 1t of the plume crossings. (d) Probability of the width 1L of the plumes. A blue cross means no data in this range. The

red curves are exponential least-square fitting curves.
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Fig. 11. Distribution of plasmaspheric plumes observed by WHIS-

PER onboard Cluster during the five years of data analysed. The

L position of the plume is shown as a function of MLT. The color

code gives the number of events in each bin. The solid magenta

curve gives the mean L value inside each MLT range, and the two

dashed magenta curves the standard deviation of this value.

3.4 Distribution of plasmaspheric plumes

3.4.1 Position L as a function of MLT

Each plume crossing has been analysed in terms of its L po-

sition as a function of MLT. The results are shown in Fig. 11,

where the color code gives the number of plume crossings

in the L−MLT bins. Plumes are observed especially in the

afternoon MLT sector, for all L values, while very few are

observed in the overall morning MLT sector (the mean value

of the number of events is around 2–3). This is due also to

the fact that Cluster can observe only the tips of the plumes.

Plumes at lower L are seen in all MLT sectors, whereas

plumes farther out are observed only in the afternoon MLT

sector (10:00–18:00 MLT).

3.4.2 Width 1L as a function of MLT and L

Each plume crossing has been analysed in terms of its width

1L as a function of L and MLT. The results are shown in

Fig. 12, where the color code gives the number of plume

crossings in the 1L−MLT bins (top panel) and in the 1L−L

bins (bottom panel). The broadest plumes are observed in

the afternoon MLT sector and at high L, while the narrow-

est ones are seen at small L (below 7 RE) and in all MLT

sectors, but mostly in the afternoon and pre-midnight MLT
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Fig. 12. Distribution of plasmaspheric plumes observed by WHIS-

PER onboard Cluster during the five years of data analysed. The

width 1L of the plume is shown as a function of MLT in the top

panel, and as a function of L in the bottom panel. The color code

gives the number of events in each bin. The solid magenta curves

give the mean 1L value inside each MLT range in the top panel,

and inside each L range in the bottom panel, and the two dashed

magenta curves the standard deviations of those values.

sectors. Note that, by definition, no plumes with large 1L

are observed at small L.

3.4.3 Density variation 1N as a function of MLT and L

Figure 13 presents the distribution of the density variation

1N inside the plasmaspheric plumes, as a function of MLT

(top panel) and L (bottom panel). Globally, there are more

plumes at lower and middle L values (5–8 RE), and in the af-

ternoon and pre-midnight MLT sectors (12:00–22:00 MLT).

The less dense plumes are observed at all L distances (but

mostly at L>7 RE), and mainly in the afternoon MLT sec-

tor (12:00–18:00 MLT). Denser plumes (>40 cm−3) are ob-

served especially at small L (5–7 RE) and in all MLT sectors

(except morning), mostly afternoon and pre-midnight MLT

sectors (14:00–22:00 MLT).

3.4.4 Density variation 1N as a function of width 1L

To have an idea of the structure of a plasmaspheric plume,

it is important to study the density variation as a function

of width. This is presented in Fig. 14. Most of the plumes

are narrow (1L<1.5 RE), but with all possible density vari-

ations (on the range available with WHISPER: 10–80 cm−3).

There is no preferred density variation for the narrowest

plumes. The plumes with small density variation can have

all possible widths.
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Fig. 13. Distribution of plasmaspheric plumes observed by WHIS-

PER onboard Cluster during the five years of data analysed. The

density variation 1N is shown as a function of MLT in the top

panel, and as a function of L in the bottom panel. The color code

gives the number of events in each bin. The solid magenta curves

give the mean 1N value inside each MLT range in the top panel,

and inside each L range in the bottom panel, and the two dashed

magenta curves the standard deviations of those values.

3.5 Comparison between inbound and outbound crossings

of the same plumes

As the Cluster satellites usually cross the same plume during

subsequent inbound and outbound plasmasphere passes, it is

interesting to make a comparison between such crossings.

Such a comparison shows the transformation of a plume on

a time scale of a few hours and the corresponding change in

local time. We have restricted our study to a global com-

parison between all four satellites, and not one by one, to be

sure that we are analysing the same plume. We have 212

events for this comparative study, as some plumes are some-

times seen only during the inbound or outbound crossing,

or not by all four spacecraft. Figure 15 presents the appar-

ent radial velocity V inner
out−in of the inner boundary of a plume

crossed in both hemispheres. This velocity is plotted as a

function of the average L at which the inner plume bound-

ary is observed in the inbound and outbound crossings. It

is computed for all four satellites from the displacement in

L position of the boundary and from the time difference be-

tween both crossings, assuming that both crossings are ob-

served approximately at the same MLT. The magenta curve

gives a linear least-square fit of this apparent radial veloc-

ity. V inner
out−in ranges between −1.5 and +1.5 km s−1. This is

due to the large diversity in the plume database, with very

different orbital configurations and plume structures. How-

ever, the values are mostly positive, which shows an apparent
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Fig. 14. Distribution of plasmaspheric plumes observed by WHIS-

PER onboard Cluster during the five years of data analysed. The

density variation 1N is shown as a function of the width 1L. The

color code gives the number of events in each bin. The solid ma-

genta curve gives the mean 1N value inside each 1L range, and

the two dashed magenta curves the standard deviation of this value.

outward motion of the plume towards higher L values. The

linear fit shows that the velocity is smaller for nearby plumes

than for far-away plumes. The mean apparent radial velocity

is around 0.25 km s−1, in agreement with a previous study by

Darrouzet et al. (2006a). From this apparent radial velocity

V inner
out−in and assuming full co-rotation of the plume at V corot

out−in,

we can compute an average winding angle α of the plume

boundary with

sin(α) =
V inner

out−in

V corot
out−in

. (2)

For an average position of the plume around L=5.7 RE , and

a corresponding co-rotation velocity of 2.6 km s−1, we find a

typical winding angle of 5.5◦ for the inner plume boundary,

if we describe it as an Archimedean spiral.

4 Conclusions

A statistical analysis of plasmaspheric plumes has been done

with five years of Cluster data, despite the fact that the or-

bit of Cluster is not optimal for a statistical study of this re-

gion due to its relatively high perigee, and despite the limita-

tions of the WHISPER instrument (maximum electron den-

sity around 80 cm−3). In fact, our analysis is only able to

detect plumes in the outer plasmasphere. Plumes seem to be

a quite common feature observed in the outer region of the

plasmasphere (15% of the time). A small increase of geo-

magnetic activity is sufficient to produce plumes. They are
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Fig. 15. Characteristics of the plumes observed by the same satellite

in the inbound and outbound plasmasphere passes: apparent radial

velocity V inner
out−in

of the inner boundary of a plume crossed in both

hemispheres. This velocity is plotted as a function of the average L

at which the inner plume boundary is observed in the inbound and

outbound crossings. The magenta curve gives a linear least-square

fit of this velocity.

observed mostly for moderate Kp (3–6) and am (40–90) and

not for smallest Dst.

Plasmaspheric plumes are observed mainly in the after-

noon and pre-midnight MLT sectors, and sometimes in the

morning MLT sector. Denser plumes are observed especially

at small L (around 5–7 RE) and in all MLT sectors (except

morning), mostly pre-midnight. There is a large number of

narrow plumes at small L (below 7 RE) in all MLT sectors.

Broad plumes, by definition occurring at large L only, have

low densities. Such results are in agreement with previous

studies, especially with the CRRES study by Moldwin et al.

(2004) concerning the L−MLT distribution and geomagnetic

indices results. An early OGO 5 study also found that “de-

tached plasma regions”, now understood to be plumes, are

mostly observed in the afternoon sector (Chappell, 1974).

The Cluster orbits allow to make a comparative study be-

tween an inbound plume crossing and the corresponding out-

bound one. Usually both crossings are separated by a few

hours. From such comparisons between inbound and out-

bound crossings of the same plume seen by the same satellite,

we conclude that during the plasmasphere pass, the plume

has rotated and moved to higher L values. The mean ap-

parent radial velocity is around 0.25 km s−1. Imagining the

inner boundary of a plume to have typically the form of an

Archimedean spiral, we find a typical winding angle of 5.5◦,

although there is much case-to-case variation.

In the future, we plan to extend the statistical analysis with

plasmasphere passes in 2006 and especially in 2007, because

Ann. Geophys., 26, 2403–2417, 2008 www.ann-geophys.net/26/2403/2008/
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then the spacecraft separation distance is larger, which gives

a more independent dataset. We would also like to study the

influence of the IMF.
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riec, E., Alleyne, H., and Yearby, K.: Identification of natu-

ral plasma emissions observed close to the plasmapause by the

Cluster-Whisper relaxation sounder, Ann. Geophys., 19, 1697–

1709, 2001,

http://www.ann-geophys.net/19/1697/2001/.

Carpenter, D. L. and Anderson, R. R.: An ISEE/Whistler Model of

Equatorial Electron Density in the Magnetosphere, J. Geophys.

Res., 97, 1097–1108, 1992.

Carpenter, D. L. and Lemaire, J.: The Plasmasphere Boundary

Layer, Ann. Geophys., 22, 4291–4298, 2004,

http://www.ann-geophys.net/22/4291/2004/.

Carpenter, D. L., Smith, A. J., Giles, B. L., Chappell, C. R., and
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Least-squares gradient calculation from multi-point observations

of scalar and vector fields: Methodology and applications with

Cluster in the plasmasphere, Ann. Geophys., 25, 971–987, 2007,

http://www.ann-geophys.net/25/971/2007/.
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