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Abstract We describe recent progress in physics-based models of the plasmasphere using
the fluid and the kinetic approaches. Global modeling of the dynamics and influence of the
plasmasphere is presented. Results from global plasmasphere simulations are used to under-
stand and quantify (i) the electric potential pattern and evolution during geomagnetic storms,
and (ii) the influence of the plasmasphere on the excitation of electromagnetic ion cyclotron
(EMIC) waves and precipitation of energetic ions in the inner magnetosphere. The interac-
tions of the plasmasphere with the ionosphere and the other regions of the magnetosphere
are pointed out. We show the results of simulations for the formation of the plasmapause
and discuss the influence of plasmaspheric wind and of ultra low frequency (ULF) waves
for transport of plasmaspheric material. Theoretical models used to describe the electric
field and plasma distribution in the plasmasphere are presented. Model predictions are com-
pared to recent CLUSTER and IMAGE observations, but also to results of earlier models and
satellite observations.

Keywords Plasmasphere - Models - Fluid - Kinetic - CLUSTER - IMAGE

1 Introduction

The satellites IMAGE (Imager for Magnetopause to Aurora Global Exploration) and CLUS-
TER have notably provided global views of the plasmasphere and electron density profiles
that are especially useful in the study of plasmapause formation (De Keyser et al. 2008,
this issue). Since the limit of the plasmasphere was discovered (Gringauz et al. 1960) and
named plasmapause by Carpenter (1966), different mechanisms have been suggested to ex-
plain this sharp boundary, as recalled in Pierrard and Stegen (2008). Dynamical simulations
of the plasmasphere have been developed beginning with simple simulations in a spatially
constant electric field (Grebowsky 1970) and have since become more sophisticated.

Recent progress in plasmasphere and plasmapause simulations is described using the
fluid and the kinetic approaches. This paper is divided in three main sections: The first
describes the recent improvements in fluid models related to CLUSTER and IMAGE observa-
tions, the second describes such improvements in kinetic models, and the third compares the
two approaches and show recent developments based on other satellite observations. Such
models concern also the density distributions along the magnetic field lines and refilling
processes.

In the fluid section, Sect. 2.1 describes the influence of the inner magnetospheric electric
potential on the plasmasphere. The couplings of the plasmasphere with the ionosphere and
the magnetosphere play important roles that are described in Sects. 2.2 and 2.3.

In the kinetic section, the mechanisms of plasmapause formation are described in
Sect. 3.1. The postulated existence of the plasmaspheric wind and its implications are dis-
cussed in Sect. 3.2. The global transport of plasmaspheric material by ULF waves is pre-
sented in Sect. 3.3. Models of electrostatic potential and field aligned distribution of the
plasma in an ion-exosphere are respectively described in Sects. 3.4 and 3.5. The refilling
processes are studied in Sect. 3.6, as well as the Coulomb collisions and implications of
Monte Carlo simulations.

Finally, Sect. 4 discusses the comparison between the kinetic and magnetohydrodynamic
(MHD) approaches for time-dependent models.

The empirical plasmasphere models directly based on satellite observations are presented
elsewhere in this issue (Reinisch et al. 2008). In the present paper, we focus mainly on
the physical processes implicated in the plasmaspheric models. The basic plasmaspheric

@ Springer



Recent Progress in Physics-Based Models of the Plasmasphere 195

theoretical concepts and ideas that flourished during the past forty years have been discussed
in research articles and review papers that are listed by Lemaire and Gringauz (1998) and
in more recent reviews like that by Kotova (2007). Some theoretical concepts are recalled
but we mainly emphasize in the present paper the progress obtained from the IMAGE and
CLUSTER missions.

2 The Fluid Approach
2.1 Inner Magnetospheric Electric Potential

Progress has been made recently in using plasmaspheric simulations (as well as simulations
of the ring current and its coupling to the ionosphere) to understand and quantify the electric
potential pattern and evolution during magnetic storms. This progress has been achieved
via a series of simulation studies, ranging from simple test particle simulations to full fluid
simulations, employing a variety of electric potentials, both parametric and self-consistent.
Comparison of simulation results with global images obtained by the IMAGE spacecraft
(Burch 2000) has played a key role alongside in-situ observations.

Decades of simulation work, beginning with simple test particle simulations in a spatially
constant electric field (Grebowsky 1970; Chen and Wolf 1972; Chen et al. 1975) and fol-
lowed by numerous more sophisticated fluid treatments (Spiro et al. 1981; Elphic et al. 1996;
Lambour et al. 1997; Weiss et al. 1997) all predicted that plasmaspheric plumes form and
evolve in response to enhanced convection. Plumes are described in detail elsewhere in this
issue (Darrouzet et al. 2008). Nonetheless, the predictions of models such as these were not
universally accepted (e.g., Chappell 1972; Lemaire and Gringauz 1998), and the existence
of plumes was not conclusively proven until the advent of global images by the IMAGE
Extreme UltraViolet (EUV) imager (Sandel et al. 2000) that clearly showed global plume
development in so-called “phases” in accord with the early models (Goldstein et al. 2003c;
Spasojevié et al. 2003; Goldstein and Sandel 2005). However, though the plumes recorded
by EUV images did follow the predicted phases in a global sense, on a sub-global scale
numerous storm-time behaviors and density features remained unexplained such as plasma-
pause “crenulations” (Spasojevié et al. 2003) and azimuthally-localized “notches” spanning
several L-shells (Gallagher et al. 2005). Most studies of these (and many other) density fea-
tures concluded that knowledge of the inner magnetospheric electric field, (especially on
sub-global scale sizes) remains inadequate, though a parallel line of investigation suggested
that plume formation is primarily driven by forces other than convection that in principle
can explain some of the novel density features (Lemaire 2000).

Inner magnetospheric shielding (Jaggi and Wolf 1973) was proposed long ago as a mech-
anism whereby the influence of solar-wind-driven convection would be lessened earthward
of the region 2 current system linking the ring current to the ionosphere; however, for
decades the influence of shielding was difficult to quantify. Using fluid simulations with
an empirical inner magnetospheric potential whose parameterization was based on earlier
self-consistent results of the Rice Convection Model (RCM), shielding was shown to have
a palpable effect on the recovery-phase plasmapause structure, producing shoulder-shaped
bulges 0.5 Earth radius (Rg) or larger (Goldstein et al. 2002, 2003d). That these models
agreed with EUV images was taken as proof of at least partial shielding of the inner mag-
netosphere, but self-consistent RCM runs also illustrated the almost complete breakdown of
shielding during the strongest storms (Sazykin et al. 2005).
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On the other hand, ring-current-ionosphere coupling via region 2 currents can also in-
tensify the radial electric field especially in the dusk-to-midnight local time (LT) sec-
tor, producing a radially-narrow, azimuthally-directed flow channel (Galperin et al. 1974;
Smiddy et al. 1977; Burke et al. 1998; Anderson et al. 2001) that in recent years has come to
be known as the sub-auroral polarization stream (SAPS) (Foster and Burke 2002). Used in
test particle simulations, empirical models of SAPS have achieved reasonable success at re-
producing the plasmapause and plume locations observed by IMAGE EUV and Los Alamos
National Laboratory (LANL) geostationary satellites (Goldstein et al. 2003a, 2005a, 2005b).
Nonetheless it is clear that only a self-consistent formulation with realistic ring current pres-
sure distributions, region 2 currents, and ionospheric conductivities can hope to truly capture
the dynamical development -both global and local- of SAPS or, for that matter, shielding.

Iustrating this point, Liemohn et al. (2004, 2005, 2006) conducted a series of studies
comparing plasmaspheric simulation results against observations, using a variety of electric
field descriptions and calculational formulations, in order to decipher the true electric field
dynamics during the storm events. The plasmaspheric model used in these studies is the Dy-
namic Global Core Plasma Model (DGCPM) of Ober et al. (1997). This code solves a conti-
nuity equation for the flux tube content of cold “thermal” ions, using second-order accurate
numerical schemes to convect the ions from one grid cell to another. The code is flexible and
modular, capable of using any magnetic or electric field specification and written in subrou-
tine format for easy coupling to other codes. For Liemohn et al. (2004, 2005, 2006) stud-
ies, the DGCPM was linked with the Ring current Atmosphere interaction Model (RAM)
(Jordanova et al. 1996a; Liemohn et al. 2001) along with the ionospheric electric potential
solver of Ridley and Liemohn (2002). The two-way coupling between these codes allows
for the ring current to alter the inner magnetospheric electric field, which in turn changes the
plasmaspheric morphology, which then collisionally interacts with the ring current. Field-
aligned currents (FACs) are calculated from the RAM hot plasma distribution, and these are
mapped along the magnetic field to 120 km altitude where they are used as current sources
and sinks for the ionosphere potential solver. The resulting potential then mapped back to
the magnetosphere for use in the next time step of RAM and DGCPM. To obtain a local den-
sity at a particular place within the magnetosphere from the total content values calculated
by DGCPM, a field-line density distribution must be assumed. This distribution is usually
taken to be n/B = constant where n is number density and B is magnetic field strength,
although any relationship could be chosen.

Liemohn et al. (2004) examined the electric potential structure and resulting plasmas-
pheric morphologies for three electric field descriptions: a simple two-cell convection pat-
tern (Mcllwain 1986; Liemohn et al. 2001), the Weimer empirical model (Weimer 1996),
and a self-consistent potential model (Ridley and Liemohn 2002) driven by field aligned
currents closing the partial ring current (as calculated by a simultaneously-running ring cur-
rent model). The storm on 17 April 2002 was chosen for this investigation because it is
a simple “single-dip” event caused by a shock-sheath passage ahead of a magnetic cloud
(which caused a subsequent storm on 18 April).

They compared the DGCPM results against plasmapause locations extracted from snap-
shots from the EUV instrument onboard the IMAGE spacecraft. Figure 1 shows the method
of data-model comparison. In the EUV image (Fig. 1a), a sharp intensity decrease can be
seen where the thermal plasma density suddenly drops. This is interpreted as the plasma-
pause and its location is manually recorded. In the DGCPM equatorial density results
(Fig. 1b) using a self-consistent electric field, it is often hard to distinctly identify such a
boundary, and therefore the density gradient is numerically calculated (Fig. 1c). This quan-
tity clearly shows the sharp drop in plasmaspheric density, and the peak gradient along any
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Fig. 1 Example data-model comparison (at 18:30 UT on 17 April 2002) between an IMAGE EUV snapshot
and a DGCPM plasmasphere result. Shown here is a an EUV image (count rates per pixel) on a linear
green-shade color scale, b DGCPM equatorial plane cold plasma densities on a logarithmic color scale, and
¢ the magnitude of the gradient of the logarithm of the density from DGCPM on a linear color scale. In the
EUYV image, the view is over the North Pole with the Sun off to the left and slightly downward, as indicated.
In the model results, the view is over the North Pole with the Sun directly to the left, and distances are given
in Rg. In the image, the plasmapause is the steep drop in intensity from light green to darker green. The
extracted plasmapause from this image is shown in the model results as circles. (Adapted from Liemohn et
al. 2005)

given radial slice is designated the plasmapause. These two radial distances can then be
directly compared (as a function of LT and universal time UT).

It was found that the selected two-cell convection model (Mcllwain 1986; Liemohn et
al. 2001) is good at predicting the nightside plasmapause location, particularly in the post-
midnight sector. However, the small electric fields on the dayside from this model yield
incorrect dayside morphologies for the stormtime plasmasphere, at least during the recovery
phase of the storm. The Weimer electric field model (Weimer 1996) yields a better day-
side description of the plasmapause, particularly regarding the shape of the plasmaspheric
plume relative to that produced by the modified Mcllwain description. The electric fields
are somewhat too strong in the inner magnetosphere, though, resulting in a systematically
smaller plasmasphere than those extracted from the observations. The self-consistent elec-
tric field model yielded the best comparison with the observed plasmaspheric plume loca-
tion. However, a too low imposed conductance in the post-midnight region led to a modeled
plasmapause that was inward of that observed in this magnetic local time (MLT) quadrant.

The second study in the series (Liemohn et al. 2005) was a systematic analysis of the
self-consistent electric field choice. In particular, the ionospheric conductance needs to be
specified in the model, and the settings for defining this parameter can be altered within rea-
sonable limits. This conductance model has sources from sunlight on the dayside, starlight
(applied everywhere), and a smooth auroral oval of high conductance. The first objective of
this study was to conduct a parametric examination of the response in the numerical sim-
ulation results to various settings for the nightside ionospheric conductance. The second
objective was to compare these results against observations to determine whether (and why)
these systematic changes in the conductance bring the simulation results closer to reality.
Like Liemohn et al. (2004), this study focused on the 17 April 2002 storm event.

There are five ways in which the conductance was changed between the simulations
performed for this study. The first was the amplitude of the oval conductance peak, which
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varies in time according to the relation used by Ridley et al. (2004). Because those formulas
were developed for region 1 current intensities, a scaling factor was included to account
for the known offset in magnitude between region 1 and region 2 currents (e.g., lijima and
Potemra 1976; Weimer 1999). Liemohn et al. (2005) found that a higher multiplier setting
(i.e., high conductance) resulted in a smaller plasmasphere.

A second parameter varied in the conductance model was the latitudinal location of the
oval peak relative to the RAM-generated FAC peak. The oval is a product of both region
1 and region 2 currents, and RAM is only calculated in the latter, so the oval peak should
be shifted poleward of the calculated FAC peak. The data-model comparisons revealed an
optimal oval shift of five degrees; too much or too little poleward resulted in a less intense
electric field across the dusk sector and a poor plume location in the plasmaspheric model
results.

A third parameter was the dawn-to-dusk tilt of the auroral oval. It is known that precip-
itating electrons are the major contributor to this conductance, and their drift paths bring
them closer to the Earth on the dawn side than on the dusk side of the inner magnetosphere.
It was found that a symmetric oval (with no tilt) best matched the observations, and moving
the dawnside oval equatorward made the plasmapause less distinct across that sector.

The fourth parameter was the choice of the potential description applied at the high-
latitude boundary of the Poisson equation. Two models are used for this boundary condition:
aring of potential values extracted from the Weimer model and a sine wave description using
only the cross polar cap potential difference from the Weimer model. Not surprisingly, it
was concluded that the former choice produced the better fit to the observed plasmapause
locations.

The final free parameter that was varied is the baseline conductance value, the so-called
starlight Pedersen conductance (Strobel et al. 1974). The baseline (that is, non-auroral)
ionospheric conductance at any given place on the nightside is not well known, but it is
a function of the illumination from stars and scattered sunlight, from the length of time that
part of the atmosphere has been in darkness, transport effects, plasmaspheric downflow, and
local heating influences. The influence was small, but increasing this background conduc-
tance value resulted in a slightly smaller plasmasphere (similar to the first parameter, the
peak conductance multiplier).

The third paper in the sequence (Liemohn et al. 2006) was a large data-model comparison
study for two storm intervals (22 April 2001, and 21-23 October 2001). The overall goal of
this effort was to determine the state of the inner magnetospheric electric field throughout
these two storms. The RAM-DGCPM model combination was run with four electric field
specifications, and these results were compared with numerous observations of the plasma-
sphere and ring current to determine which field selection performed best at which times
and places. The specific electric field choices were the Volland-Stern two-cell convection
pattern (Volland 1973; Stern 1975), the modified Mcllwain two-cell model (Mcllwain 1986;
Liemohn et al. 2001), and two versions of the self-consistent electric field (Liemohn et al.
2004), with two different peak conductance multiplier values.

In addition to the EUV-DGCPM comparisons conducted in the earlier studies, Liemohn
et al. (2006) also included comparisons against in-situ plasmaspheric observations. Specif-
ically, densities and velocities were calculated from the low-energy ion population as mea-
sured by the Magnetospheric Plasma Analyzer (MPA) instruments onboard the geosynchro-
nous LANL satellites.

At geosynchronous orbit (6.6 Rg geocentric distance), storm-time plasmaspheric obser-
vations are limited to the afternoon LT sector, when the satellites cross the plasmaspheric
plume. Figure 2 shows a comparison between the plasmaspheric densities recorded by the
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MPA-DGCPM Plume Comparisons for Satellite 1994-084
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Fig. 2 Four pairs of plots showing a comparison between the low-energy ion density from the MPA in-
strument on the geosynchronously-orbiting LANLO084 spacecraft to corresponding simulated plasmaspheric
density values from the runs with four different field descriptions of Liemohn et al. (2006). In each pair, the
upper panel (a and b) shows the density comparison while the lower panel (¢ and d) shows the ratio of the
modeled value to the data value. In the upper plot, the data is shown in black and the simulation results in
red. In the ratio plots, values are only shown when both the modeled and the observed density is greater than
3cm 3. This is an empirically-determined cut-off signifying plasmaspheric plume observations, and there-
fore trustworthy moment values. This cut-off is marked in the upper panels with a horizontal black dashed
line. The vertical black and yellow dashed lines indicate local midnight and noon, respectively

LANL 084 satellite with results from the four simulations of DGCPM during the 21-23 Oc-
tober 2001 storm. It is seen that the four numerical results have varying degrees of goodness
of fit against the data. In particular, there seems to be two components to the plume, with
a slight dip in density at 07:00 UT on 22 October 2001. The self-consistent electric field
results produce a similar feature, while the two simplistic two-cell models do not.

Liemohn et al. (2006) found that the self-consistent electric field descriptions did the
best at reproducing the data throughout these storm intervals. An interesting result is that
the shielded Volland-Stern electric field model, driven with the 3-hour K, index, also did
quite well in the data-model comparisons. In particular, this simple model was excellent at
reproducing the main phase plasmapause structure, including the plume location as seen
by two different data sets. However, the Volland-Stern model was irregular in its ability to
reproduce the observations, often being good against some data sets but off against others.

The two self-consistent field simulations were much more regular with respect to which
data sets they obtained excellent agreement, and they matched these data sets throughout
the interval (rather than just at certain times and places). The modified Mcllwain field con-
sistently produced the worst plasmaspheric data-model comparisons of the 4 field choices,
although there were times (particularly the main phase) when it also accurately matched the
observed plume characteristics.
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2.2 Plasmasphere-Ionosphere Coupling

Another aspect of global plasmaspheric dynamics is the essential mass-exchange interac-
tion between the plasmasphere and ionosphere. Outflow from the ionosphere can gradually
fill (or refill) plasmaspheric flux tubes with cold plasma, moving the plasmapause location
outward over the course of several hours or days; on the other hand, storm-time “dump-
ing” of plasmaspheric material into the ionosphere can deplete flux tubes well inside the
plasmapause. Though some fluid simulations have attempted to include ionospheric refill-
ing (Lambour et al. 1997; Weiss et al. 1997; Goldstein et al. 2002), these treatments have
been fairly simple empirical constraints on an otherwise decoupled plasmasphere model.
However, the availability of global plasmasphere images has encouraged progress in this
area as well.

As an example of this progress, in this section the temporal evolution of plasma density
in the equatorial plane of the magnetosphere is studied with a two-dimensional model of
the plasmasphere developed by Rasmussen et al. (1993). This model includes the supply
and loss of hydrogen ions due to ionosphere-magnetosphere coupling as well as the effects
of E x B convection. It utilizes a method for modeling the transport of thermal plasma in
the equatorial plane pioneered by Chen and Wolf (1972) that achieves considerable simpli-
fication and reduces computer costs. A conservation equation for the total content of a flux
tube is obtained by integrating the continuity equation along a flux tube from ionosphere
to conjugate ionosphere; the motion of individual flux tubes due to the E x B drift is then
followed. Changes of the total tube content due to fluxes of particles entering (or leaving)
the plasmasphere from conjugate ionospheres are described with a parametric model, which
utilizes the Mass-Spectrometer-Incoherent-Scatter (MSIS) model (Hedin 1987) of the neu-
tral atmosphere and the International Reference Ionosphere (IRI) model (Bilitza 1986). This
method is applicable for some types of plasmaspheric studies, including those considering
plasmapause formation and the detachment of plasmaspheric plumes, when complete in-
formation along a flux tube is not required. In many instances, the convection electric field
causes a more rapid variation in density than does any other process. Time scales for advec-
tive changes in density can be of the order of one hour or less. This compares to time scales
for refilling which are of the order of a few days or longer.

The evolution of the plasmaspheric electron density during 17-19 June, 2001 obtained
with the model of Rasmussen et al. (1993) is shown in Fig. 3. During this period there was
a moderate geomagnetic storm with minimum Ds7 = —61 nT and maximum K, = 5". The
plasmasphere model of Rasmussen et al. (1993) was coupled with the RAM (Jordanova et
al. 1996a, 2007) and was driven by a high time resolution convection electric field model and
a dipole model of the Earth’s magnetic field. For these simulations Jordanova et al. (2007)
used the tabulated value of the auroral boundary index (ABI) to control the strength of the
convection, by first converting it to an effective K, (Gussenhoven et al. 1981) and then using
a Volland-Stern type electric field with a shielding parameter of 2 (Volland 1973; Maynard
and Chen 1975; Stern 1975). During periods of increased convection (larger K, index) the
plasmasphere was eroded on the nightside, and at larger L-shells enhanced densities were
confined to the postnoon plasmaspheric plumes.

As the activity level decreased, the plasmasphere corotated and expanded, refilling from
the ionosphere. The diamond symbols in Fig. 3 indicate the model plasmapause, i.e., the
location of a steep gradient in electron density, identified in the model as the region where
the density drops by a factor of 5 or more over a radial distance of 0.25 Rg. The solid line
in Fig. 3 shows the plasmapause identified from IMAGE EUV data as a density drop be-
low the sensitivity threshold of the instrument, estimated to be roughly 40 + 10 electrons
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Fig. 3 (Top) The 3-hour index K (solid) and the effective K, determined from the auroral boundary index

(dashed-dotted line). a—f Equatorial plasmaspheric electron densities (cm_3) at selected hours after 00:00 UT
on 17 June 2001 indicated with stars on the K, plot. The diamonds indicate the model plasmapause (Jor-
danova et al. 2007) while the solid line indicates the plasmapause location determined from IMAGE EUV
data. (Adapted from Jordanova et al. 2007)

cm™ (Goldstein et al. 2003b). These authors showed that the He* edge coincides with
the plasmapause by comparing the L-shell of steep electron density gradients, extracted
from passive mode dynamic spectrograms recorded by the IMAGE Radio Plasma Imager
(RPI) with the L-shell of EUV He™ edges obtained when the satellite is outside the plas-
masphere near apogee. The model reproduced well the duskside plasmapause location de-
termined from EUV data on 18 June 2001. However, the model predicted larger densities
near 13:00-15:00 MLT than observed by the EUV imager at hour ~40 (Fig. 3e). Compar-
ing simulations of the 21 October 2001 large geomagnetic storm using various electric field
models, Jordanova et al. (2006) found that the Volland-Stern model produced a plasmapause
location closer to that identified from IMAGE EUV data than the model of Weimer (2001).
The K ,-dependent version of the Volland-Stern model used by Jordanova et al. (2006) was
derived using plasmapause observations to determine the strength of the convection (May-
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nard and Chen 1975) and showed indeed very good agreement with IMAGE plasmapause
observations.

2.3 Plasmasphere-Magnetosphere Coupling

In this section we discuss the influence of the plasmasphere on the excitation of electro-
magnetic ion cyclotron (EMIC) waves and precipitation of energetic ions in the inner mag-
netosphere. In the inner magnetosphere the cold plasmaspheric populations overlap spa-
tially with high-energy plasma forming the ring current and the radiation belts. This is an
environment suitable for the amplification of EMIC waves as first predicted by Cornwall
et al. (1970) and subsequently investigated by many others (e.g., Anderson et al. 1992;
Gary et al. 1995). Scattering by EMIC waves will lead to the precipitation of ring current
ions and the excitation of subauroral arcs (Spasojevié et al. 2004; Burch et al. 2005). De-
tached dayside proton arcs have been recently observed with the IMAGE Far UltraViolet
(FUV) instrument as subauroral arcs separated from the main oval and extending over sev-
eral hours of LT in the afternoon sector (e.g., Immel et al. 2002). To study the interplay of
hot ring current ions with cold plasmaspheric material during the 23 January 2001 proton
arc event, Jordanova et al. (2007) used their kinetic RAM coupled with the plasmasphere
model of Rasmussen et al. (1993). The RAM solves numerically the bounce-averaged ki-
netic equation for the distribution functions of H™, O and He™ ring current ions (from
~100eV to 400keV) in the equatorial plane for radial distances from 2 to 6.5 Rp and all
MLT. Losses due to charge exchange, Coulomb collisions, atmospheric collisions at low
altitudes, and drift through the dayside magnetopause are included (Jordanova et al. 1997).
The growth rate of EMIC waves is calculated self-consistently by solving the hot plasma
dispersion relation with ring current parameters and plasmaspheric densities obtained simul-
taneously from the coupled models; the wave amplitudes are calculated with an analytical
expression derived on the basis of statistical studies. A plasmaspheric ion composition of
77% HT , 20% Het , and 3% O™ is assumed for these calculations (Young et al. 1977;
Horwitz et al. 1981). Quasi-linear diffusion coefficients from Jordanova et al. (1996b) are
used to calculate the pitch angle scattering of ring current ions into the loss cone due to
resonant interactions with EMIC waves.

The evolution of equatorial plasmaspheric density, EMIC wave growth, and proton pre-
cipitation during 23-24 January 2001 is shown in Fig. 4. Wave-particle interactions are neg-
ligible if the integrated wave gain is below 20 dB (the wave amplitudes are below 0.1 nT).
Geoeffective plasma waves are thus preferentially excited along the plasmapause or at larger
L-shells in regions of enhanced plasmaspheric densities occurring within dayside drainage
plumes. The EMIC wave excitation increased after fresh ion injections from the magnetotail
and westward ion drift through the duskside magnetosphere. On 23 January 2001 the wave
gain reached a maximum in the postnoon MLT sector at L & 6 between hours 47 and 48
(Fig. 4a), and vanished by hour 49 due to the wave scattering feedback and isotropization of
the proton ring current. This indicates that enhanced plasmaspheric density (Fig. 4b) is only
one of the factors needed for the excitation of EMIC waves, ring current proton anisotropy is
another important factor. The RAM predicted weak proton precipitation from EMIC wave
scattering beginning around hour 47 (Fig. 4c); its position matched the observed by IM-
AGE FUV equatorward edge of the auroral oval. By hour 48 the observed proton arc was
well developed, and its projection onto the equatorial plane corresponded to the region of
strong proton precipitation from EMIC wave scattering predicted with RAM. Note that in
agreement with FAST (Fast Auroral SnapshoT) satellite data (Immel et al. 2002) the 10—40
keV precipitating fluxes were the strongest in the model (Jordanova et al. 2007), indicating
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Fig. 4 a Calculated wave gain (dB) of He™ band (between Ot and He™ gyrofrequencies) EMIC waves as
a function of radial distance in the equatorial plane and MLT at selected hours after 00:00 UT on 22 January
2001. b Equatorial plasmaspheric electron densities (em™3). ¢ Precipitating 10—40keV proton number flux
¢ cem 25! ); the diamond line indicates the low-latitude boundary of IMAGE FUV (Far UltraViolet) images
of proton precipitation mapped to the solar magnetic (SM) equatorial plane using the Tsyganenko and Stern
(1996) magnetic field model

that the proton arc emission was caused mainly by precipitating ions in this energy range.
After hour 48 the observed proton arc receded to higher magnetic latitudes and the emis-
sion started to fade. There was no significant precipitation predicted by RAM at hour 49, in
very good agreement with these observations. The study of Jordanova et al. (2007) showed
the first comparisons of modeled proton precipitation with IMAGE FUV observations and
demonstrated that scattering by EMIC waves is a viable mechanism for the generation of
detached subauroral proton arcs.
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3 The Kinetic Approach
3.1 Plasmapause Formation

The kinetic approach was also used to study the formation of the plasmapause by the mech-
anism of quasi-interchange instability (Lemaire 1985, 2001). This mechanism causes the
peeling off of the plasmasphere as a result of sudden enhancements of the convection veloc-
ity associated with substorms in the night side. This enhanced azimuthal convection velocity
leads to increased centrifugal acceleration in the outermost layers of the plasmasphere and
a reduction of the total field-aligned potential barrier that ions have to overcome to reach
the equatorial plane. This prompts the uplift of ions out of the underlying ionosphere. The
enhancement of the field-aligned expansion velocity reduces the plasma density at high alti-
tudes along all geomagnetic field lines traversing the zero-parallel force (ZPF) surface. This
surface is the locus of points where the components of the gravitational and centrifugal ac-
celeration balance each other in the direction parallel to the geomagnetic field lines. As a
consequence of the plasma density diminution at high altitude along the field lines travers-
ing the ZPF surface, a steep density gradient is formed into the plasmaspheric equatorial
density profile. This steep plasma density gradient corresponds to a new plasmapause. It is
formed where and when the azimuthal component of magnetospheric convection velocity
is occasionally raised to values larger than the corotation velocity in the unperturbed core
of the plasmasphere. This is how outer layers of the plasmasphere are peeled off and how
plasma elements are detached according to the interchange theory for the formation of the
plasmapause (Lemaire 2001).

The increased upward ionization flux which is prompted by the lowering of the field-
aligned potential barrier depletes the mid-latitude ionosphere in the nightside MLT sec-
tor, where and when the eastward component of the convection electric field is suddenly
enhanced. This leads to the formation of F-layer ionization troughs in the mid-latitude
ionosphere as observed by Muldrew (1965) from ALOUETTE data. As an additional result of
the upward H* and He™ ions fluxes along all geomagnetic field lines beyond those which are
tangent to the ZPF surface, the concentrations of these light ions are depleted, in both con-
jugate ionospheric regions. This is how light ion troughs (LIT) are developing beyond the
projections of the ZPF surface at low altitudes in the ionosphere (Taylor and Walsh 1972).
All these well documented events and features are observed following substorm events. Ac-
cording to Lemaire’s theory for the formation of the plasmapause, they are consequences of
the field aligned plasma distribution driven unstable by enhanced centrifugal effects at the
innermost edge of substorm injection clouds (Lemaire 1974, 1985).

Dynamical simulations have been developed to determine the position of the plasma-
pause due to the erosion of the plasmasphere by the combined influence of the interchange
instability and K ,-dependent electric field distributions (Pierrard and Lemaire 2004). The
results predicted by models that include interchange have been compared with success to
different IMAGE EUV observations during various periods of time including quiet periods,
substorms and storms (Pierrard and Cabrera 2005, 2006; Pierrard 2006). The models predict
an extended equatorial plasmasphere during prolonged quiet periods and plumes formation
in the afternoon sector when the level of geomagnetic activity suddenly increases. Beside the
sunward shift of the dusk-side plasmasphere during episodes of enhancement of the dawn-
dusk component of magnetospheric convection electric field, an alternate mechanism of
formation of such attached plasmatails or plumes was proposed by Lemaire (2000). Results
of the interchange-included simulations have also been compared successfully with CIS
(Cluster Ion Spectrometer) (Reme et al. 2001) and WHISPER (Waves of Hlgh frequency
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and Sounder for Probing Electron density by Relaxation) (Décréau et al. 2001) observa-
tions onboard CLUSTER by Dandouras et al. (2005), Darrouzet (2006) and Schifer et al.
(2007). Moreover, Schifer et al. (2008) studied the spatio-temporal structure of a poloidal
Alfvén wave near the dayside plasmapause based on CLUSTER observations of magnetic
and electric fields.

The results of the dynamical simulations based on the inclusion of the interchange mech-
anism have been compared to the traditional MHD-based convection-only mechanism, in
which the plasmapause location is determined dynamically under the influence of a time-
dependent potential electric field. The axioms and assumptions of both mechanisms have
been recalled in detail in a recent article by Lemaire and Pierrard (2008). The plasmapause
positions predicted by these two alternative theories (i.e., convection only and convection
plus interchange) have been determined numerically. They have been compared for differ-
ent empirical electric field models described in this issue by Reinisch et al. (2008): Volland-
Stern-Maynard-Chen (VSMC) model, Mcllwain’s ESD model, and Weimer’s model. The
predicted positions and overall shape of the equatorial plasmapause cross-section have been
compared for these three different electric field models (Pierrard et al. 2008).

The predictions of both alternative kinds of simulations have been compared to whistler-
derived densities and global images obtained by EUV, during several storm and substorm
events. These simulations confirmed that the presumed plasmapause positions and shapes
depend on the variation of the geomagnetic activity level during the preceding days and also
on the magnetospheric convection electric field model. When the modeled plasmapause is
determined by the combined influence of instability and convection, it is formed slightly
closer to the Earth than with the convection only scenario. Plumes are formed in both scenar-
ios and for all electric field models considered in Pierrard et al. (2008) study. Nevertheless,
different features are obtained for the plasmasphere structure depending on the simulation
scenario and electric field models which had been adopted.

Figure 5 illustrates the differences obtained for the equatorial position of the plasmapause
with the different mechanisms (ideal MHD in upper panels, interchange in the bottom left
panel) and with for all three electric field models at 21:00 UT, after the magnetic storm of
17 April 2002. The E5D, VSMC and Weimer are used in the three upper panels; only ESD
is used in the bottom left panel. The IMAGE EUV observation of the equatorial plasmapause
position at 21:07 UT is illustrated in the bottom right panel. VSMC and Weimer models
produce a plasmapause closer to the Earth than ESD. In the midnight sector, VSMC and
Weimer electric field models lead to a plasmapause position too close to the Earth compared
to the EUV observations, while the plasmapause position obtained with ESD corresponds
to the EUV observations in this midnight sector. In the noon sector, ESD reproduces EUV
observations when the interchange is taken into account.

3.2 Plasmaspheric Wind

The distribution of cold plasma in the Earth’s inner magnetosphere depends on the interplay
between the corotation electric field, the convection electric field, and plasma instabilities.
The corotation electric field is fairly stable but the convection electric field is unsteady and,
therefore, the plasma distribution may vary substantially both in space and time during ac-
tive periods. When there are disturbances in the solar wind, flux tubes outside the corotation
region drain their plasma toward the magnetopause under the effect of the duskward con-
vection electric field and a well-defined and sharp density gradient, the plasmapause, is
observed. On the contrary, when magnetospheric convection is very weak for a prolonged
period, the effect of the plasmasphere corotation with the Earth dominates up to large radial
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Fig. 5 The equatorial cross section of the plasmasphere after the magnetic storm of 17 April 2002 at
21:00 UT. (Upper panels) MHD simulations with E5D (left), VSMC (middle), Weimer (right) electric field
models. The Z component of the interplanetary magnetic field (IMF) (By), the disturbance storm-time index
(Dst) and the geomagnetic activity index K, from 16 April 2002 0:00 UT up to 18 April 2002 24:00 UT
are illustrated below the upper left panel. (Bottom panels) Interchange simulations with ESD (left) and obser-
vations of IMAGE EUV at 21:07 UT (right). The white circles correspond respectively to L =2, 4, 6 and 8.
(Adapted from Pierrard et al. 2008)

distances (<7 Rg). The magnetic flux tubes inside the corotation region are supplied with
plasma continually flowing up out of the ionosphere, and building up a smooth electron den-
sity transition from plasmasphere to the outer subauroral regions as observed RPI onboard
the IMAGE spacecraft (Tu et al. 2007). Therefore, the plasmasphere is not always bounded
by a steep density gradient as commonly believed.

Noting the systematic differences between theoretical hydrostatic models and the ob-
served density distribution in the plasmasphere, Lemaire and Schunk (1992, 1994) suggested
the conceptual existence of continual losses of plasma from the plasmasphere, a plasmas-
pheric wind, driven by interchange motions. They postulate the existence of a slow and
permanent transport of plasma across the magnetic field from the inner to the outer regions
of the plasmasphere, even during prolonged periods of quiet geomagnetic conditions when
substorm disturbances are absent. This plasmaspheric wind is rather similar to that of the
subsonic expansion of the equatorial solar corona. Such a radial plasma transport implies in-
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deed that plasma streamlines are not closed, and, therefore, that cold plasma elements slowly
drift outward from the inner plasmasphere to the plasmapause along winding up spiral drift
paths.

3.2.1 The Role of Quasi-Interchange Modes

From a theoretical point of view, the presence of a plasmaspheric wind has been considered
to result from a plasma interchange motion driven by an imbalance between gravitational,
centrifugal and pressure gradient forces.

Gold (1959) was the first to introduce the concept of interchange of magnetic flux tubes
in the magnetospheric context. His so-called strict interchange assumes a one-to-one in-
terchange between magnetic flux tubes enclosing the same magnetic flux and thus leaving
the shape of the magnetic field lines unchanged as well as the magnetic energy of the sys-
tem unperturbed. Cheng (1989) pointed out that this model is at odds with the requirement
of total pressure balance, and that a realistic flux tube interchange must be accompanied
by a change in field magnitude. The so-called generalized interchange model of South-
wood and Kivelson (1987) still assumes that the interchanging flux tubes preserve every-
where the direction of the local magnetic field, but they relax the condition that the energy
density of the magnetic field is unperturbed by the interchange. Both models are in fact
unphysical, insofar as true interchange motions of plasma elements generally also entail
distortions of the magnetic field that preserves the total pressure (plasma plus magnetic
pressure). The presence of stratification of the plasmaspheric pressure distribution and of
non-electromagnetic forces leads in fact to the destabilizing of a broader category of modes
driven by buoyancy forces, known as quasi-interchange modes that trigger transverse as
well as translational plasma motions (Newcomb 1961; Ferriere et al. 1999; André 2003;
Ferriere and André 2003).

These modes can become unstable in the limit of small parallel wave vector, and fall
into two types in the limit of zero parallel wave vector. The type 1 quasi-interchange mode
or transverse interchange mode corresponds to plasma motions which are predominantly
perpendicular to magnetic field lines and results in the exchange of plasma elements across
magnetic field lines. The type 2 quasi-interchange mode or translational mode corresponds
to motions of the plasma predominantly along flux tubes.

3.2.2 Testing the Instability Criteria of Quasi-Interchange Modes in the Plasmasphere

André and Lemaire (2006) tested the local stability of quasi-interchange modes for vari-
ous diffusive and exospheric hydrostatic field-aligned density distributions expected to be
representative of the equatorial regions of a saturated plasmasphere under very quiet geo-
magnetic conditions. When the only effect of the centrifugal force due to corotation of the
plasma with the angular velocity of the Earth is taken into account, the corotating plasma
appears convectively stable inside geosynchronous orbit. However, when the magnetic cur-
vature of the magnetic field lines is properly taken into account, the conclusions obtained
in the case of straight field lines are significantly altered since the magnetic curvature is
found to have a much larger influence than the effective gravity (including the effect of the
centrifugal force) in the Earth magnetosphere. The thermal plasma confined in the Earth’s
dipole magnetic field cannot remain in magnetostatic equilibrium but becomes convectively
unstable much deeper inside the equatorial plasmasphere, at R = 2 Ry and beyond. The
type 2 quasi-interchange or translational mode appears to play a more important role than
the type 1 quasi-interchange or transverse mode. The type 2 mode appears unstable inside
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the geosynchronous orbit for R < 6.6 Rg both in the case of a diffusive equilibrium (DE)
model (Lemaire 1999) and in the case of Pierrard and Lemaire (2001) exospheric model
for R > 2.3 Rg. Since the latter model fits the empirical equatorial density distribution of
Carpenter and Anderson (1992), the later conclusion holds also in that case. Similar con-
clusions are obtained with other empirical models characterized by larger density gradients
(e.g., Reinisch et al. 2004). The existence of a static equatorial plasmasphere seems therefore
to be questionable, even in a saturated stage following a long period of quiet geomagnetic
conditions.

3.2.3 Implications of a Plasmaspheric Wind and Future Refinements

Although the type 2 quasi-interchange or translational mode is considered primarily to lead
to plasma motions parallel to the magnetic field line, it should be pointed out that it does
not imply strictly parallel motions: The motion necessarily acquires also a transverse com-
ponent (Ferriere et al. 1999). In that sense, this would be compatible with the concept of
plasmaspheric wind introduced by Lemaire and Schunk (1992), consisting of a slow and
permanent cross-B transport of plasma from the inner to the outer equatorial regions of the
plasmasphere accompanied by a field-aligned upward ionization flow.

Both the diffusive and exospheric models used by André and Lemaire (2006) are over-
simplified models, since they assume the plasma distribution to be stationary, i.e., time-
independent and with no net mass flow along magnetic field lines, whereas for example
asymmetries in the geomagnetic field line geometry and in the boundary conditions at the
feet of the flux tube are expected to lead to dynamic inter-hemispheric plasma flows. Their
application suffers from large uncertainties due to the use of various simplifying assump-
tions but interesting conclusions can be drawn from their simplified formulation. Further re-
finements of their application will have to include, in particular, the coupling of low-energy
and high-energy plasma in the plasmasphere, the ionospheric effects arising at the foot of
the flux tubes, as well as the observed plasma corotation lag (Burch et al. 2004).

In a recent comparison of measured radial abundance profiles from EUV observations
with predicted profiles from the Sheffield University Plasmasphere Ionosphere Model,
SUPIM (Bailey et al. 1997) during a period of quiet geomagnetic activity, Sandel and Den-
ton (2007) noted some disagreement between this model and the EUV observations beyond
R =4 Rp that are possibly a signature of physical processes not accounted for in the model.
A plasmaspheric wind is one possible process whose inclusion in future magnetospheric
convection models might resolve the model-observation disagreement. Recent analysis of
cold ion measurements obtained in the plasmasphere by CIS onboard CLUSTER may have
provided the first experimental confirmation of such a plasmaspheric wind (Dandouras 2008;
Darrouzet et al. 2008, this issue).

3.3 Transport of Plasmaspheric Material Caused by Ultra Low Frequency Waves

The study of transport of plasmaspheric material in plumes is not only important to under-
stand the plasmasphere dynamics but also to understand the physics of the magnetic recon-
nection at the magnetopause (Borovsky and Hesse 2007). The presence of dense plasma
modifies the local reconnection rate by lowering the Alfvén velocity. Some escaping parti-
cles could subsequently move toward the magnetotail and subsequently be recirculated into
the inner magnetosphere during substorms. Thus the formation of plumes is of vital impor-
tance if we are to understand the mass budget in near-Earth space (Chappell et al. 1987).
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The formation of a plasmaspheric plume is often discussed in terms of global plasma
transport during times of large geomagnetic activity such as substorms and/or storms (Gre-
bowsky 1970; Elphic et al. 1996) including cases with IMF directed southward (nega-
tive Bz) (Goldstein et al. 2002; Chen and Moore 2006). However, observations during quiet
and moderate periods of cold plasma in the afternoon sector, well outside the nominal plas-
masphere have remained puzzling (Chappell 1974; Carpenter et al. 1993; Matsui et al. 1999;
Yoshikawa et al. 2003). Are these cold plasma regions residual density features that linger
long after the recovery after storms and substorms? An alternate explanation involves ULF
waves, which are often excited by the variation of the solar wind dynamic pressure (e.g.,
Farrugia et al. 1989) and/or by the velocity shear at the magnetopause (e.g., Engebretson
et al. 1995). All current electric field models include a flow stagnation point somewhere on
the duskside, where E x B drifts are weak. At this stagnation point (and possibly in a large
area on the duskside during quiet conditions), the wave field might exceed the background
field, and thus could dominate cold plasma transport. This idea, suggested by Carpenter and
Lemaire (2004) as part of the proposed plasmasphere boundary layer (PBL) concept, could
help explain the prevalence of cold plasma at large L values in the afternoon sector even
during extended quiet conditions. Chen and Wolf (1972) considered time variable electric
fields but with longer time scale (8 hours) than ULF waves. Grebowsky and Chen (1976)
considered a case applying spatially variable electric fields to examine transport of plasmas.
Recently, Adrian et al. (2004) simulated ULF waves related to the formation of radially
bifurcated plasmaspheric features.

Matsui et al. (2000) considered this problem with temporally variable electric fields. In
this study, a test particle simulation was performed in an idealized mathematical model to
examine whether ULF wave fields could cause cold plasma to be transported to the magne-
topause. The background electric potential @ in the inertial frame is given by Volland-Stern
model (Volland 1973; Stern 1975) without ionospheric shielding:

@:Q—Cstinqb, (1)
L
where C; is a constant to specify the size of the corotation potential, L is the value of
Mcllwain’s parameter, C; is a variable to specify the intensity of the dawn-dusk electric field
component, and ¢ is the MLT expressed in radians. In addition, the wave electric potential
A® defined by the following equation is added:

oy . [ 2wt
A® =a -exp(—br?) -sin - ) 2)

where a is the wave amplitude, b is the spatial size of the wave potential taken as 1.0 x
10* Rg 2, r is the distance from the stagnation point, ¢ is time, and 7T is the wave period,
taken as 300 s. It is assumed that there is no magnetic field perturbation, which is true for
the fundamental mode of standing Pc 5 waves. These waves have a typical period of ~300 s.
The location of the stagnation point is set at L = 6 and 18:00 MLT. The particle orbit without
perturbation is traced from 15:00 MLT, which leads to the location L = 5.99 at 18:00 MLT.
The orbit is traced by a Runge-Kutta method with a time step of 0.5 s.

The orbit around the stagnation point is shown in Fig. 6a. This orbit is inside the last
closed equipotential (LCE) and rotating around the Earth, although the period is 55.9 hours,
longer than 1 day due to a finite convection electric field in the vicinity of the stagnation
point. It should be noted that this model is not based on physical processes but mathematical
because the calculation relies on the existence of a singular mathematical point. Moreover,
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(a) a=0.00 kV (b) a=0.25 kV (c) a=0.50 kV
6.03 T T T T T 6.03 T T T T T 6.03 T T T T T
6.02F E| 6.02F E 6.02F
6.01F E| 6.01F E 6.01F
° ° m
< [ S
S 6.00F 1 S 600 S 6.00f
(%2} %] %]
> > >
5.99F E 5.99 5.99F
5.08 /\ 5.0 508l
5.97 L L L L L 5.97 L L L L L 5.97 L L L L L
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
X SM (Re) X SM (Re) X SM (Re)

Fig. 6 Particle orbits around the stagnation point (X, Y)sys = (0.00, 6.00) R with amplitudes of wave
potential: a a = 0.00kV, b a =0.25kV, and ¢ a = 0.50kV

the wave field essentially assumes coherent waves, which is not necessarily a good descrip-
tion of the turbulence that exists. When a perturbed potential A® with a = 0.25kV is added,
the particle orbit starts to deviate at a distance ~0.02 Ry from the stagnation point (Fig. 6b).
In this case, the perturbation is not large enough to shift the particle orbit from a closed to
an open one. After passing near the stagnation point under the influence of waves, the orbit
returns to the same as that without perturbation. The orbit is further modified when a larger
wave potential a = 0.50kV (Fig. 6¢) than the previous case (Fig. 6b) is specified. In this
case, the particle orbit is transferred from the original closed orbit to the open orbit and is
subsequently transported toward the magnetopause.

The above simple simulation demonstrates that the behaviour of plasmaspheric particles,
in particular whether they remain on closed drift paths or are carried toward the magne-
topause, can depend on the wave amplitude at the stagnation point. It is often reported that
the wave amplitude is comparable to or larger than the background field from various ob-
servations such as Equator-S (Quinn et al. 1999), Geotail (Matsui et al. 2000), CLUSTER
(Matsui et al. 2003), and LANL geosynchronous satellites (Goldstein et al. 2004). At the
stagnation point itself (where the DC electric field is, by definition, zero), the wave compo-
nent dominates.

In reality, the wave amplitude will not be constant as assumed in the above simulation.
LeDocq et al. (1994) reported turbulent behaviour of the density variation, one behaviour
expected in the PBL. If this is the case for the electric field variation, the particles at times
may be transported to the magnetopause under the dominating influence of ULF waves,
and at other times may not. Another open question is the relative importance of this ULF-
related mechanism relative to other known mechanisms such as SAPS (Foster et al. 2004),
the interchange instability mechanism (Pierrard and Lemaire 2004), or global fields from
storms or substorms. Under various conditions, duskside plasma transport could result from
various different combinations of the above-mentioned mechanisms.

Finally, it is worth pointing out that the above simulation ignores inductive electric fields
created by magnetic variation, and assumes that (barring wave fields) the dominant influence
is E x B drift. This latter assumption rules out the possible dominance of the interchange
instability or curvature drift (André and Lemaire 2006), which might especially be true near
the stagnation point in the E x B field. Ideally, future simulations that include realistic,
self-consistent electromagnetic fields (with treatments of all possible mechanisms) would
be best suited for comparing the relative importance of the various mechanisms.
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3.4 Electric Field in Equilibrium Theory

The first studies of the field aligned plasma distribution in an ion-exosphere considered
the case of diffusive equilibrium (DE), in which the plasma velocity distribution function
(VDF) is Maxwellian and isotropic (Bauer 1962). The latter studies envisaged the case of
exospheric equilibrium (EE), in which the velocity distribution is anisotropic, but without
any net inter-hemispheric flow.

Due to the large mean free path compared to the gyroradius of charged particles, they
can move longer distances along magnetic field lines than in the direction perpendicular to
the magnetic field B. This implies that the motion of charged particles is determined in a
co-moving frame of reference where the E x B convection velocity is null. Except during
transient flow regimes where electrostatic shocks may be able to propagate downwards or
upwards, the plasma density is distributed in a smooth manner along plasmaspheric flux
tubes.

When the distribution of plasma is in hydrostatic equilibrium, its field aligned density
distribution is determined by the gravitational potential. But besides the gravitational forces,
which are proportional to the ion or electron masses, there is always an additional internal
force due to a polarization electric field: the Pannekoek-Rosseland electric field (Lemaire
and Gringauz 1998). This electric field has non-zero components both perpendicular and
parallel to the magnetic field lines. This polarization field exists in all geophysical and as-
trophysical plasmas as a result of the charge separation created by the difference between
the gravitational forces acting on the electrons and on the heavier ions.

Note that when the plasma is not in hydrostatic equilibrium but has a bulk motion upward
or downward (across or along magnetic field lines), the inertial force produces another polar-
ization electric field in addition to the Pannekoek-Rosseland component. Sheared convection
velocity distributions, like that existing along magnetic flux tubes in the plasmaspheric wind,
creates an additional electric field component, which also has a non-zero parallel component
such that E - B # 0. The existence of parallel electric field components in sheared convec-
tion velocity distributions has been discussed and modeled by Echim and Lemaire (2005)
in the context of plasma elements impulsively injected across the magnetopause. The par-
allel components of polarization electric fields play also a basic role in interchange motion
(Gold 1959) and quasi-interchange motion in magnetospheric plasmas (Newcomb 1961;
André 2003; André and Ferriere 2004).

The parallel component of polarization electric fields is of the order of yV m~!, which
is much smaller than the perpendicular component of magnetospheric convection or of the
corotation electric fields (mV m™!), in a fixed inertial frame of reference. The convection
and corotation electric fields can be reduced to zero, by changing the frame of reference in
which it is measured (by a Lorenz transformation), while this is never the case for the (small)
parallel component of E. The relative “smallness” of the parallel electric fields (when com-
pared with the convection electric field intensity) should not be considered as a reason to
ignore its effect, nor to justify the postulate that E - B = 0 everywhere along geomagnetic
field lines (Parks 2004).

3.5 Stationary Density Distribution in the Plasmasphere
The centrifugal effects also influence the field-aligned distributions of ions at high altitudes.
The centrifugal effect tends to increase the DE densities of ions and electrons at highest

altitudes. For L > 5.78, the increase of the equatorial number density is very significant
when the corotation of the plasmasphere is taken into account. A significant amount of cold
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ionospheric plasma can then accumulate in the equatorial potential well beyond the ZPF
surface, i.e., the surface where the field aligned components of the gravitational force and
pseudo-centrifugal force balance each other.

This accumulation is illustrated in Fig. 7 where the DE equatorial density has a minimum
at geostationary orbit: R = 6.6 Rg. Beyond this radial distance, the DE density distribution
tends to infinity. Since this situation is physically untenable, it must be concluded that the
theoretical DE distribution of corotating plasma is convectively unstable. A theoretical accu-
mulation of plasma in the equatorial region can be held off by the continuous radial outward
flow of the plasmaspheric wind already discussed above and evacuating the plasma in ex-
cess. This excess of plasma is transported away by quasi-interchange plasma motion of type
2 driven unstable not only by the centrifugal effect but mostly by the effect of magnetic
tension resulting from the curvature of geomagnetic field lines (André and Lemaire 2006).
This sheared convection velocity, the plasmaspheric wind, is illustrated in Fig. 7 showing
the displacements of plasma elements (the blue x symbols) from their initial positions (the
black dots initially aligned along the dipole magnetic field lines which are represented by
the solid lines in Fig. 7).

The amplitude of these unstable type 2 quasi-interchange displacements is largest close to
equatorial plane, while the upward field aligned ionization flow out of the ionosphere maxi-
mizes at low altitude along the geomagnetic field lines. This plasmaspheric flow is illustrated
in an animation available on the Internet,' together with other animations of plasmaspheric
wind and plasmapause formation.

Although various other field-aligned electron density distributions have been proposed
in the analysis of whistler frequency-time spectrograms, DE models were usually adopted
for field lines located inside the plasmasphere. In such DE models, the slope of equatorial

1 http://www.aeronomie.be/plasmasphere/plasmaspherewindsimulation.htm.

@ Springer


http://www.aeronomie.be/plasmasphere/plasmaspherewindsimulation.htm

Recent Progress in Physics-Based Models of the Plasmasphere 213

density distributions gradually decreases with radial distances and tends to zero at 6.6 Rp.
However, the slopes of the equatorial ion density profiles measured by OGO-5 are con-
sistently steeper than the theoretical prediction of the DE models. This led Lemaire and
Schunk (1992, 1994) to suggest the existence of the plasmaspheric wind. The inadequacy of
DE models to describe the plasma distribution inside the plasmasphere is not only demon-
strated by the theoretical evidence, but also from an experimental stand point by WHISPER
observations onboard CLUSTER (Darrouzet et al. 2008, this issue), as well as by IMAGE RPI
observations (Tu et al. 2004).

3.5.1 The Exospheric Equilibrium Density Distributions

Outside the plasmasphere, the density is more than one order of magnitude smaller than
inside the plasmasphere itself, i.e., less than 50 electrons and ions per cm™ at L = 4 in the
equatorial plane. The free flight time needed for a 0.2 eV proton to move along an L =4
field line from one hemisphere to the conjugate one is 2 hours, if it has not been deflected
by Coulomb collisions or wave-particle interactions along its spiraling trajectory (Lemaire
1989). The cumulative number of collisions during their flight from one hemisphere to the
other is almost the same for the thermal electrons and H* ions (Lemaire 1985, 1989). There-
fore, the thermal plasma can be considered as nearly collisionless in the plasmatrough above
an altitude of 1000 km, as well as in plasmaspheric flux tubes during the early stages of re-
filling phases.

Let’s assume that the background plasma density has been reduced to low values in the
plasmatrough, after a peeling off event and the formation of a new plasmapause closer to
the Earth. Under these transient conditions, the thermal protons and electrons of ionospheric
origin can move rather long distances along magnetic field lines without being significantly
deflected. Their orbits can be organized into various classes (Lemaire 1976, 1985). These
classes are: (e) “escaping” particles, which have enough kinetic energy to go over the total
potential barrier; (b) “ballistic” particles, which do not have enough energy to do so; they
fall back into the ionosphere. There are also four subclasses of trapped particles (¢, t3, 3, t4)
which have mirror points either in the same hemisphere or in both hemispheres, and those
which are trapped in the equatorial potential well for field lines with L > L, where L, =
5.78. The latter 3, t4 classes do not exist for L < L..

When all these orbits are populated by ions and electrons whose velocity distributions
functions are, for instance, Maxwellian and isotropic, the field-aligned density distribution
corresponds to the DE model discussed above. Such an ideal state of equilibrium, corre-
sponding to detailed balance between the particles of all these different classes, was as-
sumed to be maintained by Coulomb collisions inside the plasmasphere. However, when
one of these classes of orbits is un-saturated (i.e., when for instance the #s, t, trapped par-
ticles are missing or under-populated) Coulomb pitch angle scattering will tend to deflect
escaping particles as well as trapped particles to fill up the un-saturated classes of orbits.
The pitch angle scattering process by Coulomb collisions could be enhanced by the effect
of wave-particle interactions, provided that the spectrum of waves and their polarization are
adequate and continuously regenerated to feed these additional pitch angle scattering mech-
anisms; there is not yet definite experimental evidence that this is indeed the case in the
plasmasphere and plasmatrough.

The first collisionless (exospheric) models for the plasmasphere were developed by Evi-
atar et al. (1964). Lemaire (1976, 1985) worked out the effect of corotation on the field
aligned distribution of thermal ions and electrons, assuming a Maxwellian VDF and empty
classes of trapped particles. These kinetic models are labeled EE models.
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A further extension of EE models has been developed by Pierrard and Lemaire (1996)
for Lorentzian VDF instead of Maxwellian ones. The tails of the Lorentzian VDF are con-
trolled by a parameter kappa: When kappa is small, there are a large number of suprathermal
particles in the tail of the distribution. Conversely, the Lorentzian VDF becomes indenti-
cally Maxwellian when the kappa index tends to infinity. Figure 8 (left panel) illustrates
equatorial plasmaspheric density profiles for a Lorentzian VDF with a high value of the
kappa index. The upper dashed-dotted line in Fig. 8 (left panel) corresponds to the equa-
torial number density profile in case of DE. The VDFs of the electrons and protons are
assumed to be Lorentzian with x = 10 and isotropic (Pierrard and Lemaire 2001). Con-
trary to the DE models with Maxwellian VDFs for which the temperatures of the electrons
and ions are uniform, DE models with Lorentzian VDFs have temperatures increasing with
altitudes. Positive temperature gradients were first observed in the plasmasphere by Com-
fort (1986, 1996) and confirmed by the observations in Kotova et al. (2002) and Bezrukikh
et al. (2003).

The lower dashed line in Fig. 8 represents the equatorial density corresponding to EE.
In this case, the proton density is formed only of ballistic (b) and escaping (e) particles
emerging from below the exobase level. In this model, no trapped particles with mirror
points above the exobase are assumed to be present in the ion-exosphere.

The EE distribution can ideally be considered as a sort of minimum density model. In-
deed, densities below the values predicted by EE models cannot be maintained much longer
than one free flight time of ionospheric ions moving from one hemisphere to the other.
Along field lines L = 4, this flight time is 2 hours for a proton of 0.2eV while at L = 6 it
is four hours (Lemaire 1985, 1989). For example, starting with a hypothetically void mag-
netospheric flux tube, after four hours the proton density distribution would have recovered
to values equal or larger than those corresponding to the EE model. Therefore, EE mod-
els or the corresponding distribution obtained for a Lorentzian VDF (Pierrard and Lemaire
1996) are minimum models. They should be considered as initial boundary conditions in
dynamical plasmaspheric refilling models like those proposed by Krall et al. (2008) and
others. At any time between peeling off event and the long term saturation time, the field-
aligned density distributions should be somewhere in between the two extreme EE and DE
models.
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Fig. 9 Kinetic model of the plasmasphere in three dimensions obtained by assuming a fraction of trapped
particles so that the geomagnetic equatorial profile corresponds to ISEE observations. The electron density
is given in em™3, (Adapted from Pierrard and Stegen 2008)

3.5.2 Physics Model Constrained by Empirical Data

Pierrard and Lemaire (2001) constructed an intermediate stationary kinetic model of the
plasmasphere, where 7, the relative abundance of trapped protons and electron populations,
was neither equal to 1 as in the DE model, nor null as in the EE model. In this interme-
diate kinetic model, 5 is assumed to be a function of L, or of the invariant latitude of the
dipole field lines. The values of n(L) have been adjusted to recover the statistical equa-
torial electron density distribution obtained by Carpenter and Anderson (1992) from ISEE
observations after prolonged quiet conditions. This observed equatorial density profile is
represented by the thick straight line on the left panel of Fig. 8. The right panel of Fig. 8 il-
lustrates how the relative abundance of trapped particles decreases with L in order to recover
the Carpenter and Anderson (1992) plasmaspheric density profile in the equatorial region.

It can be seen from the right hand side panel that the required relative fraction of trapped
particles, n(L), is smaller along the outermost field lines of the plasmasphere, than along
the inner region flux tubes, where the average density is larger and consequently where pitch
angle scattering of ballistic and escaping particle onto trapped orbits is most efficient.

This stationary kinetic model of plasmaspheric density distribution has recently been
extended in three dimensions by Pierrard and Stegen (2008) to also simulate the density dis-
tribution outside plasmasphere and in the PBL. This more recent model of the plasmaspheric
density distribution is also a function of the level of geomagnetic activity as determined by
the K, index and is illustrated in Fig. 9. This model is in good agreement with satellite
measurements, and especially with recent observations of IMAGE and CLUSTER (Pierrard
and Stegen 2008).
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3.6 Kinetic Process of Plasmaspheric Refilling

In a qualitative refilling scenario proposed by Lemaire (1985, 1989), ballistic and escaping
particles from the ionosphere enter empty flux tubes. In less than 4 hours a field-aligned
density distribution exceeding that of the EE model is set up along all refilling flux tubes.
These ionospheric particles build up a dynamical field-aligned density distribution like that
studied in the dynamical refilling model of Krall et al. (2008). The pitch angle distribution
of the ions is expected to be initially strongly anisotropic and peaked in the field-aligned
direction, i.e., confined to the source and loss cones. For larger pitch angles, corresponding
to trapped particles, reduced phase space density are expected during the early phase of the
refilling process. However, since Coulomb collision rate is never equal to zero and since
it increases rapidly when the total flux tube content increases, the density in the flux tubes
is expected to increase rapidly due to the continual accumulation of trapped particles by
Coulomb pitch angle scattering and wave-particle interactions.

As time passes, more and more ballistic and escaping particles are scattered onto trapped
orbits at larger pitch angles. The particles of lowest energies (subthermal) will be scattered
more quickly than the suprathermal ones. Indeed, the Coulomb collision cross section is a
rapidly decreasing function of the relative speed between colliding charged particles. There-
fore, it is expected that the pitch angle distribution of particles with the lowest energies will
become isotropic first. Later on, the pitch angles distribution of suprathermal particles also
become more isotropic (Lemaire 1989). The evolution of the pitch angle distribution from a
cigar-shaped one to a more isotropic one should take place over a much shorter time scale
for the electrons than for the protons of comparable energies.

3.6.1 Coulomb Collisions

Fundamental progress has been done to describe the changes of the particle velocity distrib-
ution of the ions in the transition region between the collision dominated ionosphere and the
collisionless ion-exosphere. This effort was led by Barakat et al. (1990, 1995), Wilson et al.
(1992, 1993) and Barghouthi et al. (1993, 2001). These basic advances in the kinetic theory
of the polar wind and post-exospheric models for plasmaspheric refilling are based on Direct
Monte-Carlo Simulation method (DMCS); hybrid/semi-kinetic models, fluid/hydrodynamic
models and particle-in-cell methods; numerical solutions of the kinetic Fokker-Planck equa-
tion have been proposed by Lie-Svendsen and Rees (1996), Pierrard (1996), Pierrard and
Lemaire (1996, 1998), Pierrard et al. (1999) and Lemaire and Pierrard (2001). Tam et al.
(2007) have recently reviewed the kinetic models of the polar wind.

Monte Carlo simulations of the effect of Coulomb interactions on the velocity distrib-
ution function of ionospheric ions streaming in an empty ion-exosphere have been inves-
tigated by Barakat et al. (1990) and by Barghouthi et al. (1993). These simulations have
demonstrated that, at the exobase, where the mean free paths of H* ions become equal to
the plasma density scale height, their velocity distribution function changes drastically from
a nearly isotropic Maxwellian (in the collision dominated region) to one that is anisotropic
and resembles a “kidney bean embedded in a Maxwellian”. Barghouthi et al. (2001) gener-
alized their Monte Carlo simulations to Lorentzian VDFs.

The quantitative DMCS results were confirmed and expanded by Wilson et al. (1992)
using a hybrid particle-in-cell model to describe the gradual plasmaspheric refilling process.
The plasma accumulation at high altitudes occurs through collisional thermalization and
pitch angle scattering controlled by the rate of velocity dependent Coulomb collisions.

Just like Barghouthi et al. (1993), Wilson et al. (1992, 1993) determined the velocity
space distribution, f(v, v,t) for the ions beams. Although different numerical methods
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were used in both independent studies, they reached basically the same physical conclu-
sions. Within a few hours after the refilling has started, a significant number of ions from
the northern hemisphere return after reflection in the southern hemisphere and vice versa.
The gap in phase space between the two counter streaming beams gradually fills from the
ionosphere toward the equator. This is due to particles, which are scattered onto trapped tra-
jectories by collisions, with the result that their mirror points has a 50% chance to jump up
to higher altitudes getting further removed from the topside ionosphere. Most of these colli-
sions occur at lower altitudes. When the gap is completely filled, the pitch angle distribution
has a maximum at 90°. This occurs after about 34 hours for L =4.5.

During the refilling process, the density decreases smoothly toward the equator where
the plasma density is minimum, and there is no sign of propagating shock waves. There-
fore, according to the kinetic and semi-kinetic or hybrid scenarios proposed, plasmaspheric
refilling occurs from the base of the flux tube, and not from top to bottom.

Miller et al. (1993) have modeled field-aligned plasma flows in the plasmasphere us-
ing a one-dimensional hybrid particle code to study the interactions between upflowing
thermal ions from conjugate ionospheres. They point out that self-consistent modeling of
ionosphere-plasmasphere coupling is important and requires information down to an alti-
tude of 200 km. Their kinetic simulations demonstrated that magnetospheric convection and
particle injection can change the initial conditions for plasmaspheric refilling on timescales
shorter than one hour. But over long timescales (days), this short timescale information is
lost.

3.6.2 Monte Carlo Simulations

The effects of magnetic field line divergence and of the external body forces were simulated
separately in the study of Barghouthi et al. (1993). In subsequent Monte Carlo simulations,
Barakat and Barghouthi (1994) examined the effect of wave-particle interactions on the
velocity distribution of polar wind H* and O" ions flowing out of the ionosphere along
magnetic field lines (Barakat et al. 1995). Effects of wave-particle interactions on Lorentzian
VDFs were analyzed in Pierrard and Barghouthi (2006). More recently, Barghouthi et al.
(2007) analyzed also the effect of finite electromagnetic turbulence wavelength on the high-
altitude and high latitude O" and H* outflows. Barghouthi et al. (2008) showed that altitude
and velocity dependent wave-particle interactions lead to the formation of toroids at high
altitude for the ion VDFs.

Monte-Carlo simulations have also been employed by Yasseen et al. (1989) and Tam et
al. (1995) to determine the velocity distribution of photoelectrons (treated as test particles)
moving through a background of Ht, O, and the bulk of thermal electrons, which all par-
ticipate in a current-free polar wind type ionization flow. In their latest hybrid simulation,
the evolution of velocity distributions of the O" and H' are also determined by the Monte-
Carlo method, while the bulk of thermal electrons is treated as a fluid. Their results agree
with observations in various aspects. They demonstrate that a temperature anisotropy devel-
ops between upwardly and downwardly moving electrons. They find that upward moving
photoelectrons produce an upward heat flux for the total electron population.

Although these Monte-Carlo simulations demand large amounts of CPU-time, they are
rather illuminating and useful to test numerical models, which were developed by Lie-
Svendsen and Rees (1996) and Pierrard and Lemaire (1998). Both obtain numerical so-
lutions of the Fokker-Planck equation for the H* ion velocity distribution moving along
diverging magnetic field lines in a background of O™ ions. Both teams of investigators ob-
tained independently solutions of the Fokker-Planck equations, which are similar to those
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of the Monte Carlo simulations, although they employ different boundary conditions at the
bottom of the transition layer, as well as different mathematical methods: Lie-Svendsen and
Rees (1996) use the finite difference method, while Pierrard and Lemaire (1998) employ a
generalized spectral method.

These numerical tools will enable the development of future post-exospheric approxi-
mations for ion velocity distributions, which are especially needed in the transition layers
between the collision dominated ionosphere and collisionless magnetosphere. Novel numer-
ical methods of this kind, including the Monte Carlo simulation and particle-in-cell method,
have opened the door to modern plasma kinetic treatment of plasmaspheric, polar wind and
magnetospheric modeling. They are nicely complementing the fluid, moments, and MHD
approximations used for decades in space plasma transport theories (see the review by Fahr
and Shizgal 1983).

4 Comparison Between MHD and Kinetic Approaches

Numerous theoretical models describing the outflow of ionospheric plasma at polar and mid-
latitudes have been based on numerical integration of hydrodynamical transport equations
or moment equations. Unlike the case of kinetic models, where plasma is described by the
velocity distribution functions of its different particle species, in hydrodynamical models
the plasma is described in terms of the total number density or of the partial density of the
electrons and different ion species, of their bulk speeds, parallel and perpendicular temper-
atures, parallel and perpendicular heat flow tensor components or in terms of moments of
higher order of the velocity distribution function.

In fluid models, the spatial distributions of these macroscopic quantities (n;, v;, T; .. .) are
obtained by solving the moment equations for each particle species. These moment equa-
tions are obtained by multiplying the Boltzmann equation by various velocity moments and
integrating over velocity space. The result is a hierarchy of coupled differential equations—
the transport or fluid equations—which describe the spatio-temporal variation of the mo-
ments of the velocity distribution functions of the electrons and ions species. In doing so the
detailed features of the microscopic VDF are lost (i.e., the existence of non-Maxwellian fea-
tures in the energy spectrum of particles or asymmetries in their pitch angle distributions).
Indeed, there is an infinite variety of VDFs, which share the same values for their lowest
order moments (Schunk and Watkins 1979).

The hydrodynamical transport models of varying degrees of sophistication which have
been promoted for decades to describe ionospheric and interplanetary space plasmas appear
to be easier to integrate than kinetic equations in the case of time dependent situations.
By combining the moment equations for the electrons with those for the ions (often all
species are assumed to have a common bulk velocity, v = E x B/B? as well as the same
temperatures), one gets the standard MHD approximation of classical physics.

Furthermore, in the restrictive case of ideal MHD, it is postulated that E - B =0, i.e.,
that the electric field E has no component parallel to the magnetic field B. To justify this
ideal MHD approximation, the electrical conductivity of (almost) collisionless space plas-
mas should be (almost) infinitely large, so that, according to Ohm’s law any small parallel
electric field would imply an almost infinitely large value for the field-aligned current (i.e.,
Birkeland currents). This is based on the postulate that the traditional form of Ohm’s law re-
mains applicable even in collisionless plasmas. However, this is not quite the case in nearly
collisionless magnetospheric plasma, where a generalized form of Ohm’s law has to be used
instead of its simplified form, which is only applicable in highly collision dominated plas-
mas. Wave-particle interactions produce a linear, ohmic type of anomalous resistivity, but
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convincing experimental evidence remains to be found to assess their importance in scatter-
ing and heating the bulk of cold plasma in the ionosphere and plasmasphere.

Ideal MHD transport equations have been applied with mixed success in the study of a
wide variety of space plasma physics problems. The more comprehensive multi-fluid mo-
ment equations and hydrodynamic transport equations consist of coupled sets of continuity,
momentum and energy equations for each individual particle species separately. Reviews
of different approximations for the multi-fluids transport equations used to study the solar
wind, the polar wind and the refilling of empty plasmaspheric flux tubes can be found in the
papers by Schunk (1988), Gombosi and Rasmussen (1991), Singh and Horwitz (1992) and
Guiter et al. (1995).

Comparisons of transport models and kinetic or hybrid (semi-kinetic) models can be
found in Holzer et al. (1971), Schunk and Watkins (1981), Demars and Schunk (1986) and
Demars and Schunk (1991). These two complementary approaches were also used to model
the solar wind and the polar wind (Lemaire and Echim 2008). In the following, we briefly
overview how these models have been applied in the past to describe the refilling of plasma-
spheric flux tubes that have been emptied or almost during a substorm (Horwitz and Singh
1991; Krall et al. 2008, and references therein).

4.1 Time Dependent Models for Field-Aligned Plasma Density Distribution

Time dependent and three dimensional models of the middle and high latitude ionosphere
have been available for several decades (Schunk 1988). The more recent of these models take
into account photochemistry, recombination processes and production of various ions due to
reactions with the neutral atmosphere. They are based on the transport equations for mass,
momentum and energy for the various ions (Singh et al. 1986; Rasmussen and Schunk 1988).
Ion flows across magnetic field lines have been taken into account in several time dependent
models and simulations for various given convection electric field models. The effects of
counter-streaming of H™ and He™ along plasmaspheric tubes have been comprehensively
studied by Rasmussen and Schunk (1988) and Krall et al. (2008).

The main constituents of the neutral atmosphere at great heights are helium and hydro-
gen. Hydrogen ions are formed by the charge exchange reaction O™ + H < O + H*. This
reaction is accidentally resonant and proceeds at almost the same rate in both directions.
Therefore, the main sink for H ions is the reverse reaction. Throughout the F-region, there
are sufficient collisions to maintain H* in chemical equilibrium. However, in the topside
ionosphere where the O density falls below approximately 5 x 10* cm™3, H* ions are able
to diffuse along magnetic field lines. The direction of the H diffusion velocity depends
mainly on the relative densities of the species involved in the charge exchange reaction.

When the plasmasphere is depleted, more H* ions are produced by the forward reaction
than are removed by the reverse process. This leads to a net upward flow of H* into the
plasmasphere. However, there is a limit to the rate at which the plasmasphere can be replen-
ished by the upward H™ flux (Hanson and Patterson 1963). Geisler (1967) indicated that the
most important factor limiting the magnitude of the upward H* flux is the neutral hydrogen
density.

4.2 Time Dependent Refilling Model
The first time dependent plasmaspheric flux tube refilling model was proposed by Banks

et al. (1971). It is known as the “two-stage refilling scenario” and has been expanded until
in the late 1980s within the framework of various hydrodynamical approximations (Singh
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1988). According to this scenario a polar wind like supersonic flow is driven out of the
ionosphere by a large pressure gradient parallel to the magnetic field lines. These flows
from the conjugate hemispheres collide at the equator. A pair of shocks is formed as a
consequence of this collision in the equatorial region. The shocks propagate downward, one
in each hemisphere. Between the shocks the plasma is dense and warm, while below the
shocks the upward flows are supersonic. This corresponds to the well-known scenario of
refilling from “top to bottom”.

Furthermore, it was proposed that when the shocks reach the ionosphere, a second phase
of refilling process should follow, with upward subsonic flows lasting for several days. In
such single-stream hydrodynamic models, the flux tube refills from top to bottom. So far,
however, there is no evidence in CLUSTER and IMAGE observations for this early refilling
scenario. As soon as the density becomes high enough, Coulomb collisions are an important
factor in thermalizing the plasma flow (Grebowsky 1972; Khazanov et al. 1984; Guiter and
Gombosi 1990).

Lemaire (2001) has suggested that the deceleration and deflection of the upwelling
plasma streams generate intense electrostatic emissions detected outside the plasmasphere,
where geomagnetic flux tubes are refilling. Strong electrostatic emissions sharply con-
fined between +2° of latitude (very close to the geomagnetic equatorial surface) have
been observed by WHISPER onboard CLUSTER, on partially depleted flux tubes beyond
the plasmapause (El-Lemdani Mazouz et al. 2006). Similarly confined intense electrosta-
tic noise had already been observed in the equatorial region with wave antennae on earlier
magnetospheric missions.

No definite picture has yet emerged describing how, when and where the downward or
upward propagating shocks would form, if they do so at all. From IMAGE RPI measurements
there does not seem to be any evidence for such propagating shocks in the observed field
aligned plasma distribution. This supports then the kinetic refilling scenarios of Lemaire
(1989), as well as those of obtained with the Monte Carlo simulations described above (Lin
et al. 1992; Wilson et al. 1992). No such shocks are formed in the refilling plasmaspheric
flux tubes. Moreover, using CLUSTER data Darrouzet et al. (2006) found that there is no
evidence for sharp density gradients along field lines, such as would be expected in refilling
shock fronts propagating along field lines.

Liemohn et al. (1999) have developed a time-dependent kinetic model to investigate the
effects of self-consistency and hot plasma influences on plasmaspheric refilling. The model
employs a direct solution of the kinetic equation with a Fokker-Planck Coulomb collision
operator to obtain the phase space distribution function of the thermal protons along a field
line. Investigations of the effects of anisotropic hot plasma populations on the refilling rates
shows that, after a slight initial decrease in equatorial density from clearing out the initial
distribution, there is a 10 to 30% increase after 4 hours due to these populations. This in-
crease is due primarily to a slowing of the refilling streams near the equator from the reversed
electric field.

4.3 Other Models of the Plasmasphere

Finally, let us mention some other plasmaspheric models. An excellent review of the major
advances in plasmaspheric research made just before the launch of CLUSTER and IMAGE
spacecraft was presented in Ganguli et al. (2000).

The FLIP (Field Line Interhemispheric Plasma) model (Richards and Torr 1986) is a
fluid model that solves the equations of continuity, momentum and energy conservation of
the particles in both hemispheres. It has been used to analyze the RPI IMAGE observations
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of electron density along field lines (Tu et al. 2003). The calculated densities in the regions
far from the equator were much lower than observed values, while good agreement was
obtained in the equator.

Another physics-based model of the plasmasphere has been developed by Webb and
Essex (2004). Their three-dimensional Global Plasmasphere Ionosphere Density (GPID)
model uses a dynamic diffusive equilibrium approach within each magnetic flux tube. This
theoretical model constitutes an improvement compared to the purely empirical models of
the plasmasphere.

A Multi Species Kinetic Plasmaspheric Model (MSKPM) has been developed by
Reynolds et al. (2001). This kinetic model is coupled to a parameterization of a fluid model
of the ionosphere at the ion exobase. The hydrogen ion and helium ion density in the equa-
torial plane are found to exhibit local-time variations that are sensitive to the details of the
exobase conditions and the diurnal convection. The theoretical predictions of the kinetic
model were also compared with the quiet-time structure of the plasmaspheric density inves-
tigated using observations of the LANL geosynchronous satellites (Reynolds et al. 2003).

Note also Maruyama et al. (2005) who have modeled the response to a geomagnetic
storm using the Rice Convection Model (RCM) and the Coupled Thermosphere-Ionosphere-
Plasmasphere-electrodynamics (CTIPe) model. CTIPe is a global, three-dimensional, time-
dependent, non-linear code including three physical components: a code for the neutral ther-
mosphere, an ionospheric convection model and plasmaspheric model (Milward et al. 1996).
Maruyama et al. (2005) show that during daytime, and at the early stage of the storm, the
penetration electric field is dominant, while at night, the penetration and disturbance dynamo
effects are comparable.

SAMI2 is Another low-latitude Model of the Ionosphere developed at the Naval Research
Laboratory (Huba et al. 2000). SAMI2 treats the dynamic plasma and chemical evolution
of seven ion species in the altitude range of 100 km to several thousand kilometers. The ion
continuity and momentum equations are solved for all seven species. It models the plasma
along the Earth’s dipole field from hemisphere to hemisphere, includes the E x B drift of a
flux tube (both in altitude and in longitude), and includes ion inertia in the ion momentum
equation for motion along the dipole field line.

A physics-based data assimilation model of the ionosphere and neutral atmosphere called
the Global Assimilation of Ionospheric Measurements (GAIM) has been developed by
Schunk et al. (2004). GAIM uses a physics-based ionosphere-plasmasphere model and a
Kalman filter for assimilating near real-time measurements including in situ density mea-
surements from satellites, ionosonde electron density profiles, occultation data, measure-
ments of the total electron contents (TECs) by Global Positioning System (GPS) satellites,
two-dimensional ionospheric density distributions from tomography chains, and line-of-
sight UV emissions from selected satellites.

5 Conclusions

The plasmasphere is an active part of a coupled global system. In the decades since the
discovery of the plasmasphere and prior to the IMAGE and CLUSTER mission, the prevailing
view of the plasmasphere was of a placid, passive component in the larger magnetospheric
system. One of the main insights gleaned from plasmaspheric modeling in the era of global
imaging observations is that, contrary to the previously prevailing view, the plasmasphere
plays a very active role in the dynamics of the rest of the magnetosphere.

The plasmasphere-magnetosphere interaction is two-way. Convection terms, such as
shielding and SAPS, produced by the interactions among non-plasmaspheric populations,
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such as the ring current and ionosphere, certainly exert a profound and controlling influence
upon the dynamics of the plasmasphere. In turn, plasmaspheric dynamics then influence the
dynamics of other populations, such as the ring current and radiation belts.

This system-level perspective extends to other populations as well, as illustrated by the
need for a self-consistent determination of the inner magnetospheric electric field produced
by ring-current-ionosphere coupling. In the post-IMAGE era, we have a deeper understand-
ing of how all the various components of the magnetosphere mesh together into a single
system of intimately-coupled plasmas and fields. Moreover, the four CLUSTER satellites
provided for the first time highly precise and three-dimensional measurements allowing to
better understand the physical mechanisms implicated in the dynamics of the plasmasphere,
the formation of the plasmapause and the development of plumes.
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