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THE PLASMAPAUSE FORMATION
J. Lemaire
Institut d'Aéronomie Spatiale de Belgique

3, avenue Circulaire, B~1180 Bruxelles, Belgium

ABSTRACT

Convection velocities in the equatorial region of the magnetosphere
have a large dawn-dusk asymmetry as well as a significant day-night
asymmétry. The latter is the consequence of (i) day-night asymmetry of the
ionospheric integrated conductivities and (ii) enhanced solar wind induced
convection velocity in the midnight local time sector. The observations
indicate that the dynamics and the shape of the plasmasphere depend on
geomagnetic activity as for instance measured by the Kp index. At each
enhancement of Kp a new plasmapause density gradient is formed closer to
the Earth in the nightside local time sector ; this new density gradient
corotates subsequently into the dayside local sector. Experimental evidence
of peeling off of the nightside plasmasphere and of subsequent flux tube
refilling procésses is presented. It is described how plasma interchange
motion driven by the centrifugal force detaches plasma blocks from the
gravitationally bound central part of. the plasmasphere. At each new
enhancement of the magnetospheric convection velocity in the midnight
sector, the Zero Radial Force surface .(i.e. where the radial component of
tﬁe centrifugal force balances the gravitational force) penetrates deeper
into the plasmasphere. The portion of plasmasphere beyond this eritical
surface is Rayleigh-Taylor unstable ; this plasma shell is then detached
with a veloecity of interchange whose maximum value is determined by the
value of the integrated Pedersen conductivity, Zp. The kinetic theory for
plasma interchange motion in the gravitational field is presented. The
limiting effect of the ionospheric integrated Pedersen conductivity on
interchange velocity is discussed. Plasma interchange motion driven by
grad-B and curvature drift for plasma of non-zero temperature and anisotro-
pie pitch angle distribution is also considered as an additional faector
destabilizing the outer plasmasphere. A review and critical analysis of the

former 'ideal MHD theory' for the formation of the plasmapause has been

added at the end of this paper.
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Rééumé

Les vitesses de convection dans la région équatoriale de la magnéto-
sphéreA ont une imporpante asymétrie jour-nuit. Cette dernidre est 1la
conséquence (i) de 1l'asymétrie jour-nuit de la conductibilité &lectrique
intégrée et (i1) de 1' augmentation de la vitesse de convection dans le
secteur de minuit. Les obser?ations indiquent que la dynamique et la forme
de 1la plasmasphére dépendent - de 1'activité géomagnétique mesurée par
exemple par 1'indice Kp. A chaque augmentation de Kp un nouveau gradient de
densité est formé plus pré&s de la Terre dans le secteur de nuit ; ce
nouveau gradient de densité se déplace avec la vitesse de rotation de la
Terre vers le cdté jour. Les preuves expérimentales de 1'épluchage de 1la
plasmasphére du cdté nuit, et du remplissage des tubes de force sont
présentées ci-dessous. On décrit comment 1'échange de plasma entrainé par
la force centrifuge détache des blocs de plasma de la partie centrale de la
plasmasphdre piégée dans le puits de potentiel gravifique. A chaque
augmentation de la vitesse de convection magnétosphérique la surface de
Force-Radiale-Nulle (c¢.d d. ol la composante radiale de la force centrifuge
équilibre la force gravifique) pénétre plus profondément dans la plasma-
sphdre. La partie de la plasmasphére située au-deld de cette surface
critique est instable (instabilité de Rayleigh—Tayloh)-; cette gouche de
plasma est alors détachée avec une vitesse d'échange dont 1la valeu; ma x i mum
est déterminée par la valeur de la conductibilité intégrée de Pedersen. La
théorie cinétique de 1'instabilité d'échange dans le champ gravifique est
présentée. L'effet limitatif de la conductibilité ionosphérique intégrée de
Pedersen est &galement discutée. L'échange de plasma entrainé: par les
drifts magnétiques dls au grad-B et d la courbure des lignes de fprce dans
un plasma de température non-nulle et anisotrope a également été considéré
comme un facteur déstabilisant de la plasmasphire externe. La théorie
magnétohydrodynamique pour la formation de la plasmapause a également été

rappelée en fin d'article.
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Samenvatting

A De convectiesnelheden in het equatoriaal gebied van de magnetosfeer
worden gekenmerkt foor een belangrijke dageraad- avondschemering asymmetrie
alsook een dag-nacht asymmetrie. Deze laatste is het gevolg (i) van de
dag-nacht asymmetrie van de ionosferische geintegreerde elektrische
galeidbaarheid en (ii) van de verhoging van de convectiesnelheid in de
middernachtsector. De waarnemingen tonen dat de dynamica en de vorm van de
plasmasfeer afhankelijk zijn van de geomagnetische activiteit die b.o. door
de index Kp gemeten wordt. Bij elke stijging van Kp wordt een. ﬁieuwe
" dichtheidsgradiént dichter bij de Aardé gevormd in het nachtgebied ; deze
'nieuwe dichtheidsgradiént verplaatst zich met de rotatiesnelheid van de
Aarde naar de dagzijde. De experimentele bewijzen van het ledigen van de
plasmasfeer langs de nachtzijde en het vullen van de kracht-tubes worden
hieronder vvoorgesteld. Men beschrijft hoe de uitwisseling van plasma,
meegevoerd door de éentrifugaalkracht, plasmablokken losmaakt van het
centrale gedeelte van de plasmasfeer dat in de zwartekrachtpoténtiaalkuil
gevangen zit. Bij elke stijging van de magnetosferische convectiesnelheid
dringt het 'radiale kracht nul' oppervlkak (i.e. waar de radiale component
van de centrifugaal kracht de zwaartekracht in evenwicht brengt) dieper in
de plasmasfeer binnen. Het verder dan dit kritiek oppervlak gesitueerde
: gedeelte van de plasmasfeer is onstabiel (Réyleigh—onstabiliteit). Deze
plasmalaag wordt dan losgemaakt met een uitwisselingssnelheid waarvan de
maximumwaarde bepaald wordt door de waarde van de geintegreerde geleidbaar-
heid van Pedersen. Ke kinetische theorie van de uitwisselingsonstabiliteit
"in het zwaartekfachtveld wordt voorgesteld. Het beperkend effect van de
ionosfefische geintegreerde geleidbaarheid Avan Pedersen .wordt eveneens’
besprokén. De uitwisseling van plasma meegevoerd .door de magnetische
driften (te wijten aan grad-B) en aan de kromming van de veldlijnen), voor
plasma met een 'niet-nul' temperatuur en anisotroop, werd eveneens in
beschouwing genomen als zijnde een destabiliserende factor van de externe
plasmasfeer. De magnetohydrodynamische theorie ~voor de vorming van . de

plasmapauze werd hier eveneens toegevoegd.
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Zusammenfassung

Die Konvektiongeschwindigkeiten im Kquatorialgebiet der Magneto-
sphire werden gekennzeichnet durch eine wichtige Morgen- und Abenddémmerung
Schiefe wie auch eine Tag-Nacht Schiefe, Diese letzte ist die Folge (i) der
Tag-Nacht Schiefe der ionosphdrischen integrierten elektrischen Léitfdhig-
keit und (ii) der Erhdhung der Konvektionsgeschwindigkeit des Mitternacht-
sektores. Die Beobachtungen zeigen dass die Dynamik und die Form der
Plasmasphﬁre abhidngig sind der geomagnetischen Aktivitidt die 2B durch den
Index Kp gemessen wird. . Bei jeder Steigung voﬁ Kp wird ein neuer Dichte-
gradient ndher zu der Erde gebildet in Nachtgebiet ; dieser neue Dichtesra-
dient versetzt sich'mit der Umdrehungsgeschwindigkeit der Erde nach der
Tagseite. Die experimentalle Ergebhissen von das leeren der Plasmasphire
lings der Nachtseite und das anfiillen der Kraftrdhren werden hierunter
prdsentiert. Man beschreibt wie der Austausch von Plasma, mitgefiihrt durch
die Zentrifﬁgalkraft, Plasmabldcke losmacht des Zentralteiles der Plasma-
éphére der gefangen sitzt in. Bei jeder Steigung der magnetosphdrischen
Konvektiongeschwindigkeit dringt die 'Radialkraft Null' Oberfléche (i.e.
die Radialkomponente der Zentrifugalkraft die Gravitation abgleicht) tiefef
in der Plasmasphidre ein. Der 'weiter dann diese britische Oberfliche
situlerte Teil der Plasmasphﬁre ist unstabil (Rayleigh-Tayldr Unstabili-

" tdt). Diese Plasmaschicht wird dann losgemacht mit einer Austauschgeschwin-
digkeit wovon der Maximumwert bestimmt wird durch den Wert der integrierten
heitfihigkeit von Pedersen. Die kinetische Theorie der Austauschunstabili-
tdt im Schwerefeld wird prdsentiert. Der beschrinkende Effekt der iono-
sphidrischen integrierten Leitféhigkeii von Pedersen'wirdAauch besprochen.
Der Austausch von Plasma mitgefiihrt durch die magnetischen Driftbewegungen
(iuzuschreiben an Grad-B und die Kriimmung der Feldlinien), fir Plasma mit
einer 'nicht-null' Temperatur une anisotrop, wird auch betrachtet wie ein
Destabilisierungsfaktor der externen Plasmasphire. Die magneto-hydrodyna-

mische Theorie fiir die Bildung der Plasmapause wird hier auch beigefiigt.
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1. Introduction

The plasmasphere 1is a ring-shaped region deep inside the
magnetosphere, encircling the-Earth around the Equator like a doughnut. It
is filled with plasma of ionospheric origin. It contains therefore very low
energy particles whose energies range between 0 and 1 eV. But more
recently,(s?prathermal ions with an energy exceeding 10 eV have also been

1

observed . Unlike the very low energy plasma, the suprathermal particles

have often an anisotropic pitch angle distribution.

2. Magnetospheric electric fields in the inner magnetosphere

As a result of field-aligned coupling the corotation electric field
in the low altitude iohosphere maps up into the magnetosphere and forces
the cold plasma trapped in the plasmasphere to corotate with the angular
velocity of the Earth. Corotation is observed along all field lines whose
McIlwain parameter (L) is smaller than 3 or 4, at least when the geomagne-
tic activity index Kp is smaller than 2. However, significant departure
from corotation exists in the outer magnetosphere beyond L = 4 and
especially when Kp > 2. The most characteristic departure from ideal
~corotation is consistently observed in the post-midnight sector where large
azimuthal convection velocities in the eastward direction are constantly
reported (2,3,40,41,42) ; as a consequence, in this local time sector, the
angular convection' velocity is larger than the angular velocity of the
Earth, as illustrated in Figs. la and 1b.

Figure 1a shows the velocity vectors with which zero-energy'plasma
is convected around the Earth in the equatorial plane of the magnetospheré.
In Figure 1b, the corotation velocity has been substracted. It can be seen
that in the post-midnight local time sector, a large eastward electric
drift gives super-rotation of the magnetospheric plasma, while in the
dayside part of the magnetosphere the local angular velocity 1is slightiy
smaller than‘the angular velocity of the Earth. These velocities vectors
have been determined by using McIlwain's (3) non—akié;ly symmetric magnetic
field distribution (M2) and his electric field model distribution (E3H).

These empirical magnetic and electric field distributions have been
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determined from observations at geosynchronous orbit made with the space-
craft ATS 5. For relatively low geomagnetic activity conditions (i.e. for
K between 1 and 2) this model is satisfactorily supported by independent
observations from ATS 6 (27) and from other spacecraft like GEQOS2.

However, when K increases, the geoelectric field becomes increa-
singly disturbed and non-stationary so that it is difficult to determine,
‘under disturbed conditions, a standard electric field distribution in terms
of stationary equipotential surfaces (4 28)

In addition to the earthward drifts consistently observed in the
'midnight local time sector at the onset of substorm activity the eastward
super-rotation convection velocity is then generally drastically enhanced
and penetrates deeper into the plasmasphere. The dawn-dusk component of the
electric field is then also significantly enhanced. All these features are,

at least qualitatively, built in the E3H electric fleld(3) as well in the

empirical model ES5D recently presented by McIlwain(ua).

3. The noon-midnight and dawn-dusk asymmetries

The enhancement of the dawn-dusk component of E, at the onset of
substorms gives rise to sunward motion of the plasma trapped along all.
geomagnetic' field lines in the plasmasphere.‘ As'_a consequence, in the
nightside region, the plasmasphere is pushed toward the Earth and com-
pressed.'This gives rise to a general enhancement of the ambient\plasma
density. On the contrary, in the dayside local time sector, the equatorial
plasma density decreases as a result of the sunward expansion of the
plasmesphere, in response to. a sudden enhaneement of the dawn-dusk compo-
nent of the geoelectric field distribution.

Another consistent feature, well represented in the electric field
model E3H, is the observed noon-midnight asymmetry of the equipotential
surfaces. This noon-midnight asymmetry also shown in Figs.la and 1b has not
only been deduced from the ATS 5 observations (3) but also from those of
PROGNOZ(S) Whistler observations by Carpenter and Seely(6)eshown in Fig.2

also clearly indicate that under quiet geomagnetic conditions there is
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Fig. 1 : Equatorial convection velocities corresponding to the electric
: and magnetic  field models E3H and M2 (a) in the magnetospheric -
frame of reference, (b) in a corotation frame of reference. Note
the change in the azimuthal velocity component, respectively, at

2230 LT and 0830 LT. (after ref. 23) ) '
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- definitely a well developed noon-midnight asymmetry in the drift path of
whistler ducts at all L-values in the plasmasphere. This noon-midnight
asymmetry is also modelled in the low and mid-latitude electric field model

(7)

deduced by Richmond . from radar observations.

Any theoretical electric field distributidn like for instance the
uniform dawn-dusk model (32,33,34) or the Volland-Stern (44, 45) model,
which does nét have this noon- midnight asymmetry cannot be considered as a
very realistic representation of the global geoelectric field distribution
in the magnetosphere. Indeed, the integrated Pedersen and- Hall éonducti—
vities in the ionosphere are always strongly asymmetric with respect to the
da&n-dusk meridian plane; as a consequence of this persistent day-night
asymmetry of the ionospheric electric conductivity, the magnetospheric
electric field must necessarily have a similar persistent day-night
asymmetry.

When Kp decreases corotation extends to larger radial distances in
the magnetosphere ; the dawn-dusk asymmetry of the magnetospheric convec~-

tion flow pattern is then significantly reduced (N,6,7).

4, Plasma density distribution in the plasmasphere

The thermal plasma within the plasmasphere is trapped along geoma-
gnetic field lines, and confined close to the Earth by the gravitational
field. In the topside ionosphere, the plasma density decreases exponential-
ly as a function of altitude with a characteristic scale height which is
inversely proportional to the gravitational force (mg). At an altitude of
1000 km the plasma density is a few thousand particles/cm3. Since the
gravitational force decreases as r_2, the density scale height increases,
and, the slope of the equatorial density distribution slowly decreases as
altitude increases. At an equatorial distance of 4 Earth radii (L = 4) the
equatorial plasma density is reduced to a value of the order of 300 cm—3 or
500 cm“3 (see Fig.3).

Carpenter (8) discovered from whistler observations in 1963 that
this monotonic decrease of the plasma densipy in the gravitational field is
generally interrupted by a sharp 'knee' at a radial distance varying
between 4 and 6 Earth radii. At this distance the equatorial electron

density decreases sometimes very abruptly by two orders of magnitude over a
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rather short radial distance (0.15 RE)’ The region where this sharp density

gradient was observed from ground based whistler observations (8) and from

(9) (10)

in-situ satellite measurements » is called the plasmapause ; the

plasmapause 'knee' forms the outer edge of the plasmasphere.

5. Plasmapause positions in the nightside sector

(1)

In 1966, Carpenter investigated the local time dependence of
the plasmapause surface. The solid line in Fig.4 gives the average shape of
the equatorial cross section of the plasmasphere under steady, moderate
activity conditions (Kp = 2-4), The dawn-dusk asymmetry of the plasmasphere
is clearly identified by the existence of a bulge near 1800 Local Time.

The dotted line in Fig.4 gives the positions of the plasmapause
'knee' during a period of increasing geomagnetic activity. On the contrary,
the dashed line correponds to the observed plasmapause positions for a
period of decreasing geomagnetic activity. These observations indicate that
the shape of the plasmasphere and of its outer boundary depend strongly on
K and on the evolution of this geomagnetic index during the 24 hours
preceding the observation.

This is also illustrated in Fig,S where the dots represent the
observed position of the plasmapause in the nightside'sector as a function
of the maximum value of K _ during the 24 hours preceding the observation
(31). This scatter diagram clearly indicates a negative correlation between
the plasmapause position (Lpp) and the geomagnetic activity index. The
dashed 1line in Fig.5 is a regression line between the post-midnight

plasmapause position and the maximum value of the K_ index during the 12

(12)

hours preceding the whistler observations . For instance, when Kp = 0,
Lpp =5,7 ; for K? =5, Lpp = 3.35. Similar results have been reported in
refs. (35) and,(36 .

A1l available observations coﬁfirm that the position of the plasma
density knee (i.e. the plasmapause) in ﬁhe post-midnight local time sector
responds almost immediately to a rapid enhancement of Kp (12'30). At each
such enhancement of geomagnetic activity a new density gradient is formed
closer to the Earth as a direct response to the enhanced convection

velocity in the midnight sector. This 1is clear evidence that the
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plasmapause is generally'formed in the nightside local time sector where

the convection velocity is largest.

6. Plasmapause positions in the dayside local time sector

-In the dayside local time sector, the plasmapause position is cloeer
to the éarth only later on, i.e. with a time delay corresponding to the
time needed‘for the new density'gradient formed in the night sector to
'corotate into the dayside sector (13,14); It appears therefore that the
night local time sector is the region where the plasmapause is formed i.e.
where sharp density gradlents are formed at each new enhancement of

geomagnetic activity (Flg,6) (13,14, 15, Ib)

7. A characteristic sequence of events

A Figure 7 illustrates a seqnenoe of cold ion density profiles as
determined along a series of 0GO 5 orbits at . different epochs during the
development of an extended series of substorm (16). At some arbitrary
choosen time t preceeding the large'Kp enhancement the equatorlal plasmal

_den51ty in the post- midnlghty 1ocal time sector (MLT = 01-05), was assumed
to be given by the L - curve extending up to L- values larger than 8. At
time t1,‘just after the large Kb enhancement, a very sharp density gradient

has appeared along the field line L = 3 where it is expected for.Kp = 6

(12)

according to Carpenter and Parks' relationship (given by the dashed -

line in Fig.S).‘At'time tz;-it can be seen that flux tube refilling has
already taken place and increases the ambient plasma density beyond L = 3.
Note that the equatorial density has. increased morekrapidly at lower
L-values than at‘larger L-values. This differential flux tube refilling is
a consequence’ of the increasing-volume.of‘flux tubes as a function of L.
"Indeed it . takeé more time to refill a large flux tube than to.refill é'
~smaller one at lower L-yalues. ‘ . ‘ '
‘ At time t3,.when geomagnetlc act1v1ty has been reduoed to a rather

low value, magnetic flux tubes beyond L = 3 are still in the process of

refilling, but the equatorial density has increased by almost two orders of
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Fig. 7

: The evolution of the Qquator'lal plasma dons1ty distributlon in

the 0100-0500 MLT sector during a period of time of several days
in september 1968. These distributions have been obtained from
0C05 observations at different times t,,...t, indicated on the
Bartels - diagram giving the geomagnetié 1nd°x K during this
extended period of time when significant subé&orm aétivity
started on 12th September (after ref.16). ‘ ‘
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magnitude at L = 4, At time tu, immediately after a series of short

duration and lowef amplitude Kp-enhancement, a new plasmapause is formed at
L =4 ; it can also be seen that there are a series of steps (multiple
knees) in the equatorial density beyond the innermost density gradient.

At time t5 refilling has taken place and a much smoother density
profile is observed. A small gradient remains at L = 4.5. Finally, at t6 in
the middle of a new Kp-enhancement, a new density gradient has formed at

= 3.4 again with the formation of different plateaus resulting from a
series of successive Kp-enhahcements of decreasing amplitudes.

Note that all the density profiles shown in Fig.7 have been obtained
in the post—mldnlght local time sector between 0100 LT and 0500 LT. It is
also worthwile to point out in the density proflle correspondlng to time
t2, the presence of a detached plasma element beyond L = 4,2 a few hours
after an enhancement of Kp ; this plasma density enhancement 1is found
beyond the location where the formation of a new plasmapause is expected
when-Kp = 3 according to Carpenter and Parks' relationship illustrated'by

the dashed line in Fig.5.

8. Local time distribution of detached plasma elements

A large number of well detached plasma elements have been found in
the after-noon local time sector using 0GO 5 density profiles (17). These
detached plasma elements or plasma tails correspond to large density
enhancements exceeding the arbitrary I.,_LI threshold'(ns) shown in Fig.B.HIt
is not absolutely clear, however; from ref. an whether the.lérger number
of detached plasma elements reported in the afternoon is ihdeed a true

enhancement in Lhe actual frequency distribution of detached plasma

elements in the afternoon sector. Indeed a non uniform LT distribution of
0G0 5 sample Orbiﬂs combined with the arbitrary density threshold adopted,
can lead to such a result as well,

Instead of using an arbitrary threshold (nS = 25600 L_u, see Fig.8)
" to identify the preseéence of detached plasma elements beyond the plasmapause
Kowalkowsky and Lemaire (18) in a latter statistical study of the same
0G0 5 measurements used a morphological criterium to. identify the detached
elements, For instance, the density enhancement at L = M.lA(indicated by a
vertical arrow in Fig.8) has not been considered as a true plasma detach-

(17)

ment and was not taken into account in the former study , Since it does
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Fig.A8 : Equatorial density df thermal ions observed in the magnetosphere
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(Courtesy NSSDC). . The solid line (n_) corresponds to a threshold
density used. in ref.(17) to iden@ify large amplitude density:
‘peaks corresponding to detached plasma elements (after ref.18).
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it does not cross the arbitrary den51ty threshold curve (straight line in
Fig.8). On the contrary in the latter study (1 8), such.a density enhance-
ment has been considered as a detached piasma element; and it has been
included in the frequency distribution deduced from the same 0GO 543
equatorial plasma density'measurements.. ' |

These;additional plasma_elements are not always fully detached nor
do they always hsve a density peak exceeding the threshold value like the
detached element illustrated in Fig.8 ; these plasma density enhancements
are generally observed after disturbed periods when Kb has been higher.
during the 3 or 6 hours preceding the passage of the spacecraft in the
post- midnight local time sector. |

The statistiecal sfudy (18) including plasma elements in process of
detachment, like~that-one shown in Fig.8, has that indicated the relative
number of plasma detachments in the post-midnight sector for -shifted
Kp < 2, is much smaller than when Kp > 2. This statlstlcal study confirms
then the conclusion illustrated in Fig.6 :'i.e. plasma detachmedt occurs
elso, if not exelusively, in the nightside sector and that a new %knee" in
the equatorial density distribution is formed there each time geomagnetic
activity level is suddenly enhanced, i.e. each time the eastward cdnvection

velocity is increased in-the midnight sector.

Although, the observational results reported in the refs. 517) and

(18) are consistent with the physical theory reviewed in the following part
of this article, a word of caution is needed, however, concerhing'the'
reliability of the OGO 5 measurements used in both studies. Indeed, because
of spacecraft charging _the 'densities of cold plasma'deduoed from 0G0 5
light ion-mass sbectnometer are now suspected to be in error by undetermi-
ned factors (Chappell, 1974, private communication, and Horwitz, 1986,
private communication) Therefore, the conclusions drawn from OGb 5 cold
plasma density measurements must be considered as questionable. |
However, in the statistical study by Kowalkowskl and Lemaire(17)
precise absolute values for these density ‘measurements were not-required,
only changes in the density grad1ents (slopes) were needed in ref. (17)
identify the ‘plasmapause and detached plasma elements. Therefore,_assuming
that the undetermined correction factors do not change drastically from one

measurement to the next, there are good reasons to believe that most of the.
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nknees" identified in OGO 5 density measurements (like in Figs. 7 or 8) are
indeed real structures in the cold plasma density distributions.
Of course, an independent verification of the conclusions of refs.

(18)

an and , based on other spacecraft measurements devoid of such

instrumental uncertainties would be required to .clarify this issue.

(37) has identified similar density knees and detached plasma

Andersén
elements at all local times (even in the midnight sector) using ISEE-1 wave

experiment. But final results from this study are not yet available.

9. A physical mechanism for detaching.plasma elements

The detachment of plasma elements from the plasmasphere is schemati-
cally illustrated in Fig.9, as well as the physical mechanism leading to
peeling of the plasmasphefe. To comprehend this mechanism, it is useful to
recall that the gravitational force determines the density_scale height, in
the whole ionosphere ; i.e. that the negative density gradient characteri-
zing the altitude distribution of cold plasma in the topside ionosphere and
in the ion-exosphere is actually determined by the gravitational potential,

Any positive (reversed) plasma density gradient in the upper
ionosphere would immediately trigger Rayleigh-Taylor insﬁability ; sponta-
neous plasma motions driven by this instability tend to restore a density
distribution with a negative gradient at all altitudes - at least where the
gravitational force dominates. Indeed, one cannot maintain in mechanical
equilibrium a layer with an excess density (or a plasma irregularity) on
top of a layer of lower density. Plasma interchange motion driven by the
gravitational force moves the denser plasma cloud in the direction of the
external force toward a place where the background plasma density is equal
to the density of the plasma cloud itself. Therefore, all positive plasma
density gradients in the upper ionosphere and in the inner magnetosphere,
where the gravitational force is. dominant, are unstable and lead to
interchange motion. A detailed kinetic description of plasma interchange
motion in the gravitational field has been presented in refs.(23).u

Since the blasmasphere corotates and even super-rotates in the night
local time sector (see Fig.la and b), there is always a limit beyond which

the gravitational force is balanced by the centrifugal force. Beyond that
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Fig. 9 : Three-dimensional 1illustration of the plasmasphere and of its
outer boundary : the plasmapause. Under enhanced magnetospheric
convection events, blocks of plasma can detach in the night local
time sector as a consequence of enhanced centrifugal effects. The
electric resistivity of the lower ionosphere limits the growth
rate of plasma interchange instability responsible for the plasma
detachment and peeling off of the nightside plasmasphere.
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limit called the Zero Radial Force surface (ZRF), the external force acting‘
" on any cold plasma dloud (plasma density enhancement) is directed away from
the Eafth. Any such cloud of plasma 1ocatgd beyond the ZRF Surface is
forced by interchange to move away from the Earth toward the magnetopause.
In other words, any negative density gradient beyond the ZRF surface is
Rayleigh-%aylor,unstable and tends to detach from the innermost part of the
plasmasphere which 1s located inside this surface. A different way to
describe this physiéal mechanism is illustrated in Fig.10.

Superimposed on the equatorial density profiles shown in Fig.10;
there are a series of plasma density holes‘(density depletions). The plasma
density holes located inside the ZRF surface move upwards like bubbles in
.thc gravitational field. On the other hand, the plasma holes whioh are
located beyond the ZRF surface move toward the Earth until they reach the
ZRF surface where all such plasma holes'cohverge. This forms a trough at
. the location of the ZRF surface where,the gravitational and the radial
component of centrifugal force balance each other. The plasma with a.
negative density gradient extending beyond the ZRF surface is Rayleigh-
Taylor unstable ; this block of plasma is therefore forced to move outwards
under the action of the pseudo-centrifugal force ; this finite shell of
dense plasma géts-then detached from.the piasmasphere-like an iceberg from

the icebank.

10. The growth rate of interchange instability

In the framework of infinitely conducting fluids (i.e. ideal MHD)
such a detacﬁment would not be possible ; indeed, the'plasmaiinterchange
velocity becomes vanishingly small when the pebpendicular'conductivity has
an infinitely large value somewhere along.the magnetic field lines.

But the magnetosphere’ and 1ohosphere is not an ideal MHD system. The
integrated Pedersen conductivity along geomagnetic field lines 1s not
infinitely la?ge nor is it equal to zero. As a consequence the maximum
plasma interchange = velocity which is inversely  proportional to the
integratéd Pedersen conductivity (23), is not equal to'Zero, nor is it
arbitrarily  large as implicitly assumed in earlier studies of interchange

instabilities \19722,38) -
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Fig. 10 :

N . plasmapause
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Equatorial density distribution with two plasma holes drifting
toward a common asymptotic trajectory determined by the balance
between the.- mean gravitational force and the radial componeht of
the centrifugal force. All plasma holes collect along this
trajectory. As a consequence a trough is developing along the
Zero Radial Force (ZRF) surface. The large plasma density
enhancement formed beyond this trough drifts away from the main
plasmasphere by interchange motion. Indeed, beyond the. dashed

"line corresponding to the ZRF surface the centrifugal force

exceeds the gravitational force. A sharp "knee" in the equatorial
density remains when the block of plasma has separated from the
central part of plasmasphere which is trapped within the gravita-
tional potential well. This figure illustrates how a new plasma-
pause density gradient is formed by. peeling off a shell of the

~plasmasphere via interchange motion (after r‘ef%23).
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- It 1is the value of the 'integrated' Pedersen conductivity which
determines the rate -at which the gravitational or centrifugal potential
_energy can be dissipated by Joule heating in the E-region of the
ionosphere. A value of 1 Siemens for the integrated Pedersen cohduqtivity
leads to a maximum.plasma inﬁerchange velocity of the order of aboﬁ£.10% of
the lérge scalé magnetospheric convection velocity illustfated in Fig.11.
Although this interchange velocity is a relatively small fraction of.the
overall corotation~convection velocity, it is however a key‘element'in thel
process of detachment of plasmaAelements. _

It is in the night sector that the integrated Pedersen conductivity
is smallest, and, consequently it is there that the interchange velocity
can obtain the highest maximum values.

It 'is also in the nightside that the convection Velocity is largest
and where the ZRF surface penetrates deepest into the magnetosphere (see
ref. 23). Consequently it is there that interchange motion driven by the

centrifugal force is most effective in peeling off the plasmasphere.

11. Formation of new density knees at each new enhancement in

magnetospheric con?ection

New plasma detachment and plasma density gradients are fonmed closer
to the Earth each time when.Kp is suddenly enhanced. Indeed, when Kplis
.enhanced, we have seen before that the magnetospheric convegtion velocity
is also drastically enhanced. As a result of this enhancement of the
eastward azimuthal velocity, the ZRF surface penetrates closer to the Earth
in the whole nightside sector. The negative density gradient beyond the new
position of .tﬁis critical surface becomes unstable. The larger the Kp
enhancement, the larger is the fraction of the plasmasphere which is peeled
off. '

Note that the ZRF extends in the pre-midnight sector. Consequently, -
one expects the formation of density gradients by interchange motion, even
in the pre-midnight sector. The minimum radial distance of the ZRF surface
when calculated using the E3H and M2 models, is located between 0100 and
0200 LT ; but for other E-field models it may well be located in the

pre-midnight local time sector.
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Fig. 11 .: Description of plasma interchange motion illustrating a cold
plasma element falling across geomagnetic field lines with a
maximum interchange velocity V_ in the gravitational field. The
gravitational drifts of the 18ns and electrons give rise to a
polarization electric field E_. The resulting electric drift V
is parallel to the gravitationgl force (after ref.23). P
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12. Diamagnetic and finite temperature effects

The diamagnetic signatures expected at the surface of these cold
plasma elements or at the plasmapause itself are small as a consequence of
the small value of B8, the ratio between the kinetic plasma pressure and
magnetic pressure.

A more detailed discussion of the diamagnetic effect of plasma
density irregularity 1is presented in ref.(23) ; it indicates that any
excess kinetic pressure inside such detached plasma density irregularitiés,
would immediately force the volume of this element to increase until the-
internal density and temperature are reduced by the appropriate factors to
restore mechanical equilibrium : i.e. until total pressure is balanced
across its surface (25),

Interchange motion resulting from gradient-B and from the
centrifugal force on non-zero energy particles spiraling along curved
magnetic field lines has also been considered in ref.(23).

It is worthwile to mention that the presence of a suprathermal
component in the outer plasmasphere does not necessarily enhance or inhibit
the interchange motion of cold plasma cloud or irregularities. Indeed, it
is not the temperature difference but well the density difference between
the inside and outside which determines the buoyancy force of a hot air
balloon and also of a hot plasma cloud.

Non-zero temperature effects becéme important for the interchange of
hot plasma clouds when B is large and when the parallel and perpendicular
kinetic pressures inside the plasma element are very different from those
outside, i.e. when Ap” and AQL are of the order of P, and QL respectively
(23939).

A positive plasma temperature gradient like that observed in the
plasmasphere increases the convective stability of the plasma gravita;
tionally trapped below the Zero Radial Force surface ; on the contrary this

same temperature slope destabilizes the layers beyond the ZRF surface where

_o (39

Berr :
Consequently, the positive temperature gradient observed in the

outer part of the plasmasphere and beyond the plasmapause accentuates the
key role of the ZRF surface and of plasma interchange motion in the theory

of formation of the plasmapause.'The observed temperature slope enhances
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the growth rate of the Rayleigh-Taylor instability without changing

significantly the location where it is triggered (i.e. at the ZRF surface).

13. The ideal MHD theory for the formation of the Plasmapause
(29f32) for the formation of the

In the former ideal MHD theory
Plasmapause, it was considered that a sharp density gradient continuously
forms at dusk, where the convection velocity 1is small (i.e. equal to
zero) ; in other words the peeling off of the plasmasphere is expected to
take place at the stagnation point where E and E x E/B2 are both equal to
zero (i.e. not in the midnight sector where these quantities have their
largest values). A

In this case, one would expect the sharpest density gradients to be
farmed in the dusk local time sector, immediately after each substorm
onset. However, this does not seem to be the case, since the sharpest
density knees are observed in the midnight 1local time sector, and
occasionally at premidnight hours. |

Furthermore, the observed positions of the plasmapause in the dusk
sector are much less well correlated with Kp than the plasmapause positions
observed in the post-midnight local time sector. Consequently, it must be
admitted that the dusk sector is not the most frequent nor the most likely
site for the formation of sharp density gradients which are identified with
the equatorial plasmapause.

Furthermore, the ideal MHD theory originally proposed for stationary
models of the magnetic and electric field distributions, fails to give
uniquely defined plasmapause positions for time dependent E and B-models.
This is illustrated in Fig;12 where it is shown that plasmapause positions
are not independent of the initial boundary conditions at t = to : i.e, at
the initial time of numerical MHD model integration. There is obviously a
conceptual problem when the finai answer (e.g. the plasmapause positiops at
a fixed time t1) depends on to’ the time arbitrarily choosen to start time
dependent numerical simulations. This is .one additional reason to question
ideal MHD theory for the formation of a plasmapause when electric and
magnetic field distributions are not time independent.

The alternative physical mechanism reviewed above does not suffer of

these conceptuai difficulties ; it is not based on the existence of any



Fig. :

12

The evolution of plasmapause positions’identifiéd with the last
closed equipotential surfaces at three different initial times
t ", t " and t ". The positions of the plasmapause at the time t
dgpend on the “arbitrary choice of t the initial time for the
numerical integration. For instance-%hen to is choosen at t ',
when K the geomagnetic index is equal to zero, the last closed
?Bg}pot!)ential drifts to the magnetopause in less than 36 hours
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mathematical singularity (i,e; a stagnation point where E = 0) in the large
scale magnetospheric electric field distribution ; nevertheless this
physical mechanism applies as well whether or not one or more stagnatioﬁ

points exists in the E-field models assumed.
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