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Abstract-Observational evidence is presented Indicating that beyond L = 1.7-2 plasma coro~ating in the 
plasmasphere expands continuously with a small outward directed bulk velocity perpendicular to geo- 
magnetic field lines. A numerical simulation of plasmaspheric flux tube drift motion is presented in support 
of such an outward plasma expansion. The maximum expansion velocity inside the plasmasphere is 
determined by the maximum value of the plasma interchange velocity. which is inversely proportional to 
the value of the integrated Pedersen conductivity. 

I. INTRODUCTION 

The plasmasphere is a toroidal shaped region sur- 
rounding the Earth that extends out to a distance of 
4-5 Earth radii in the equatorial plane of the mag- 
netosphere. This region is populated with a relatively 
high density. cold plasma of ionospheric origin. This 

plasma is basically trapped on closed geomagnetic 
field lines and corotates with the Earth. However, at 
low latitudes, wind-induced dynamo electric fields can 
cause an additional plasma drift across the geo- 
magnetic field. while at high latitudes magnetospheric 
electric fields can lead to non-corotational cross-B 
drifts. 

In the early 1960s. the plasmasphere was frequently 
observed to have a sharp outer edge, where the density 
can dccreasc by two orders of magnitude in a fraction 
of an Earth radius (CARPENTER, 1963; GRINC;AUZ, 
1963). This sharp ‘knee’ in the equatorial density 
distribution is associated with the plasmapause, 

which is the outer boundary of the plasmasphere. 
Subsequently. this boundary was found both to dis- 
play a marked longitudinal asymmetry. with a distinct 
bulge in the dusk sector (CARPEXTER, 1970). and to 
be a sensitive function of geomagnetic activity (CAR- 
PENTER and PARK. 1973 ; CHAPPELL, 1972). Because of 
its dependence on geomagnetic activity, the formation 
of the plasmapause was attributed to magnetospheric 
convection (NIs~I~A, 1966: BRICE. 1967). whereby 
substorm enhanced electric fields act to peel away 
the relatively dense outer plasmasphere in the post- 
midnight local time sector. However, LEMAIRE (1985) 
suggested that the sharp density gradients at the plas- 
mapausc could be caused by plasma drifts associated 
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with the interchange instability. Nevertheless, it is now 
well established that during prolonged periods of very 
quiet geomagnetic conditions, the equatorial plasma- 
pause can be smooth and can be at a geocentric 
distance beyond 6.6 Earth radii (R,). while during 
very active conditions it can have a sharp knee at a 
distance as close as 3 R,.. 

During the last 30 years, the dynamics and cner- 
getics of the plasmasphere have been extensively mod- 
elled. The studies that have been conducted cover a 
wide range of topics, including the diurnal variation 
of the plasmasphere (MAYR et rd.. 1972; BAILEY et 
czl., 1973), the plasmasphere’s ability to maintain the 
nocturnal ionosphere (MOFFETT and MURPHY, 1973 ; 
MURPHY et al.. 1976), the effects of clcctromagnctic 
drifts on the plasmasphere (MURPHY ct cd.. 1980; 
RASMUSSEN and SCHUNI(. 1990), the mechanisms 
responsible for the formation of the light ion trough 
(BAILEY et al., l978), the conditions leading to Hi 
O+ and H+-He + counterstreaming on plasmaspheric 
field lines (BAILEY et al.. 1977 ; YOUNG cr cl/.. 19X0 : 
RICHARDS et a/.. l983), the effect of the geomagnetic 
tilt on interhemispheric coupling (RICHARDS and 
TORR. 1986 ; GUI-PER 1'1 r/l., I99 I ). and the mechanisms 
leading to detached plasma elements (GRFHOWSICY 
and CHEN, 1976 ; LEMAIRE, 1985). Also, numerous 
studies have been conducted of plasmaspheric refilling 
characteristics after depletion induced by geomagnetic 
substorms. These studies considered the effect on the 
refilling rate due to Coulomb collisions, wave-particle 
interactions, shocks, and electromagnetic drifts (set 
BANKS et al.. 1971 ; SCHULZ and KOONS, 1972; KHAZ- 
ANOV et al., 1984 ; SINGH c’t cd., 1986 ; RASMUSSEN and 
SCHUNK, 1988 ; LEMAIRE. 1989a : WILSON c’f (~1.. 1990; 
and references therein) 

In this paper we discuss a mechanism that was 
originally proposed by LEMAIRIY (1985) for the con- 
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tinual loss of plasma from the plasmasphere. This loss 
mechanism, which has not been included in any of the 

above studies, corresponds to a subsonic outflow of 
cold plasma corotating in the geomagnetic field and 
contained in the gravitational potential well. This so- 
called ‘plasmaspheric wind’ results from a plasma 
interchange motion that is driven by an imbalance 
between gravitational, centrifugal, and pressure gradi- 
cnt forces. The maximum interchange velocity (wind 
velocity) is determined by the height-integrated 
Pedersen conductivity in the ionosphere. The wind 
should exist at all times, even during prolonged per- 
iods of quiet geomagnetic conditions when substorm 
disturbances are absent. In presenting arguments in 
support of this hypothesis, we first review the argu- 
ments presented by LEMAIRE (1985) and then provide 
additional supporting information. However, con- 
clusive proof of the existence of the plasmaspheric 
wind requires a co-ordinated effort involving multi- 
instrument in-situ measurements of plasmaspheric 
parameters like those envisaged during the future 
REGATTA mission. 

2. QUIET TIME PLASMASPHERE REFILLING 

CHARACTERISTICS 

Our emphasis is on the dynamics of the plasma- 
sphere during a prolonged quiet period following 
a depletion induced by a substorm. We discuss a range 
of topics, including the drift paths of flux tubes during 
quiet times, the evolution of equatorial densities dur- 
ing refilling, refilling times, the diurnal variation of 
nearly full flux tubes, and the variation of the equa- 
torial density with L during quiet times. The cal- 
culations associated with these topics support our 
hypothesis that a plasmaspheric wind exists. Measure- 
ments are also presented which support this hypoth- 
esis 

1.1. Equutorial dr$ puths of’plasmuspheric,pux tubes 

The calculation of the motion of plasma elements in 
the plasmasphere requires a knowledge of the electric 
and magnetic field distributions. For steady and low 
geomagnetic activity (that is, K,, variations between I 
and 2), MCILWAIN (1974) constructed an empirical 
electric field model from ATS 5 satellite data that 
includes both magnetospheric and corotational elec- 
tric field components. Using this so-called E3H model 
for the electric field (E) and the associated M2 model 
for the magnetic field (B), Fig. I shows the equatorial 
drift paths of three plasma elements initially located 
at 8, 6, and 3 R, (Earth radii) in the dusk sector. Since 
plasma interchange motion resulting from gravi- 

Fig. I. Drift paths of three plasma elements in MCILWAIN’S 
(1974) electric and magnetic field distributions E3H and M2. 
respectively. The symbols indicate their successive positions 
each 30 min interval of time. The size of the symbols changes 
along the drift path to indicate the variation of the equatorial 
cross-section. The type of symbol representmg a given 
plasma element changes when it traverses the midnight mcr- 
idional plane (0000 LT). The radial distance for the three 
drift paths is maximum in the dusk local time sector, at 8. 6 
and 3 R,. Note the large dawn-dusk asymmetry of the two 

outer trajectories (after LFMAIKE. 1985). 

tational, centrifugal, and inertial forces is not 

included. the drift velocity of these cold plasma 
elements is given by E x B/B’. Also, since the E and 

B fields do not depend on time, the drift paths of 
these elements are closed curves that coincide with the 
equipotentials of the background (external) E-field 
distribution. The successive positions of the plasma 
elements are given every 30min of Universal Time 
(UT) along the paths. The positions are indicated by 
dots for the innermost path and by the symbols 
(0. +) for both of the other two paths. Note that 
for the two outer paths, the symbol changes after 
midnight. Since the distance between successive 
30min positions is inversely proportional to the con- 
vection speed, an inspection of the two outer tra- 
jectories indicates that these plasma elements slow 
down in the dusk sector and accelerate after midnight. 

If the MHD approximation is valid, as assumed in 
the case shown in Fig. I. plasma elements with an 
excess density (as well as those with a depressed 
density, or bubbles) are forced to follow the same 
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drift path as the background plasma elements. Indeed, 
because of the infinite conductivity assumed in ideal 
MHD theory, the electric field inside a plasma density 
enhancement (or bubble) cannot be different from the 
background E-field outside this element. Therefore, 
conservation of magnetic flux indicates that the equa- 
torial cross-section (S,,,) of a flux tube of plasma varies 
inversely with the equatorial magnetic field intensity 

(B,,), 

S,,, ( L ) K B,, ’ (1) 

To show the change in equatorial cross-section as the 
plasma flux tubes follow their convection paths, the 
sizes of the symbols in Fig. 1 are drawn in proportion 

to s,.,. 
As a consequence of the dawn-dusk asymmetry of 

the drift paths. the cross-section of a given plasma 
element shrinks when it drifts into a region of higher 
magnetic field strength, that is, when it drifts closer 
to the Earth. During this adiabatic contraction, the 
plasma density and temperature increase. Conversely, 
when the plasma element drifts away from the Earth 
toward regions of lower magnetic field, the plasma 
density and temperature decrease. The variation in 
the plasma density is given by 

n,.,(L) 3c V ‘(L) (2) 

where V(L) is the volume of the plasma element. 
When K,, is less than 2, corotation prevails at least 

up to L = 2. Therefore, the inner plasma element 
drifts around the Earth along an almost circular tra- 
jectory at L = 3 in a period of 24 h. The second plasma 
clement orbiting at intermediate radial distances 
(I!. = 4.556) circulates around the Earth in a 32-h 
period, while the outer plasma element (L = 5-8) 
takes 34 h to complete a revolution. Note that the 
inner trajectory is nearly circular and that the dawn- 
dusk asymmetry in the drift paths increases further 
from the Earth. The consequences of this dawndusk 
asymmetry have been discussed by LEMAIRE (1985) in 
connection with the equatorial density (n,,,), the flux 
tube content (No, the average ion temperature, and 
the ion temperature anisotropy (TJT,,). 

2.2. Equatorial dmsities in drifting and rclfilling jlux 

tubes 

The dawndusk asymmetry in the drift paths of 
convecting plasmaspheric flux tubes has an important 
effect on the diurnal variation of ney during flux tube 
refilling conditions. To show this, it is necessary to 
adopt a numerical model to describe the refilling pro- 
cess. In this regard, it should be noted that ‘plasma- 
sphere refilling’ following geomagnetic substorms 

is still a controversial subject. Numerous models have 
been used over the years, including diffusion (sub- 
sonic) models, single-fluid hydrodynamic (supersonic) 

models, multi-fluid hydrodynamic models, general- 
ized transport models and kinetic models (cf. BANKS 

et al., 1971 ; BAILEY rt cd., 1978; KHAZANOV et cd.. 
1984; GUITER et a/., 1991 : RASMUSSEN and SCHIJNK. 

1990 ; WILSON rt a/., 1990 ; and references therein). 
Different results have been obtained, depending on 
what model was adopted, what physical processes 
were included, and what boundary conditions 
were assumed. 

For our purposes it is sufficient to consider a simple 
refilling scenario for the flux tubes following the three 
drift paths in Fig. I. Initially (t = 0), the flux tubes 
are located in the dusk local time sector (ci, = I800 LT) 
at L = 86 and 3 for flux tubes (I, h and c, respectively. 
The initial plasma density on these flux tubes is low 
(nearly empty flux tubes). Subsequently (t > 0). the 
flux tubes begin to drift and refill via an upward ion- 
ization flux (F) from the ionosphere during a pro- 
longed period of quiet magnetic conditions. The 
adopted ionization flux varies with time as n,.,, 
increases and is given by 

F = F,,,,,, [n,.,“‘, - 4,1:4q (3) 

where neqn’- (L, 4) is th e saturation equatorial density 
for diffusive equilibrium (DE) at an equatorial dis- 
tance L and local time 4. and n,,,, (L, 4, t) is the actual 
equatorial density in the flux tube at the same I, and 
Q, at time t. The factor F,,,,, in equation (3) is the 
maximum or limiting polar wind flux (LEMAIRII, lY72), 

F - N,,(kT,,i2nM)’ ’ II,<, , - (4) 

where k is Boltzmann’s constant, M is the H+ 
mass, and N,, and r,, are the H+ density and tem- 
perature at the ion-exobase altitude (z 1000 km), 
respectively. For N,, = IO’ cm ’ and T,, = 3000 K. 
F #,ll, \ = 2 x IO’ cm- ’ s ‘_ This value is used in our cal- 

culations and is in agreement with the observed rate 
of increase in daytime tube content, as determined 
from whistler observations (PARK, 1970). 

Figure 2a-c shows, respectively, the variations of 
n,,[L(t), 4(t)] for the three refilling flux tubes con- 
vecting along the three drift paths illustrated in Fig. 
1. The abscissa gives the local time 4(t) of the flux 
tube at Universal Time t. At the initial time (t = 0). 
the flux tubes are all located at 4,, = 1800 LT. but at 
different equatorial distances (L,, = 8, 6 and 3). Their 
initial equatorial densities are, respectively, equal to 
0.8cm ’ for the outer flux tube (a), 2.5cm ’ for the 
intermediate flux tube (h), and 41 cm ml for the inner 
flux tube (c). 
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I:tg. 2. Equatorial densities for three plasma elements drifting 
in the (E3H ; M2) electric and magnetic field distributions 
along the trajectories illustrated in Fig. I. The series of 
different symbols indicate the successive values of w,,~ as a 
function of local time (4) at 30 min intervals. The size of the 
symbols changes along the drift path to indicate the variation 
of the equatorial cross-section of the plasma element. The 
type of symbols changes when the plasma element traverses 
the meridional plane (d, = 0000. 2400, 4800 LT.. .). The 
jolid line marked ‘DE’ gives the equatorial density in a 
magnetic flux tube when Diffusive Equilibrium (DE) is 
achieved. The panels show the refilling rate that is super- 
imposed on a large amplitude diurnal variation of w,.~ for a 
plasma element whose initial (t = 0) equatorial density is (a) 
II,,,! = 0.8cm ‘at L = 8 and 4 = 1800LT: (b) n,,, = 2.5cm~~’ 
at L = 6 and (ii = 1800 LT: and (c) nt,, = 41 cm-’ at L = 3 

and 4 = IX00 LT (after LEMAIRF.. 1985). 

When the plasma flux tubes move along the drift 
paths shown in Fig. 1. the local time angle 4(t) 
increases continuously with time. The equatorial den- 
sity n,,[$(t)] increases exponentially both with Uni- 
versal Time and with local time 4(t), as shown in Fig. 
2a-c. Note that the different curves shown in each 
panel illustrate the build-up of the equatorial density 
during successive revolutions around the Earth ; that 
is. after each successive 24 h local time period. As in 

Fig. I, the variable size of the symbols indicates the 
variation of the equatorial cross-section of the plasma 
flux tube, assuming that magnetic flux is conserved. 

The larger the size of these symbols, the larger is the 
cross-section of the flux tube. 

The equatorial densities corresponding to Diffusive 
Equilibrium (n,,“‘) are given by the solid curves near 

450 cm I. This is the equatorial density when the flux 
tubes become saturated; that is, when all trapped 
particles arc in thermal equilibrium with those cmerg- 
ing from the ionosphere. When rz_, cxcccds H,.~,‘)‘. 
the field-aligned flux given by equation (3) becomes 
negative; plasma stored in the plasmasphere is then 
dumped into the ionosphere. This is precisely what 
happens between 0000 and 1200 LT for the outer flux 
tube ((1) after several days of refilling (four revolutions 
around the Earth). The same happens even carlier to 

the intermediate flux tube (h). 

2.3. Refilling rinm 

Figure 2ac shows that the outer Rux tube ((I). 
which drifts out to 8 R,. takes 7 days to reach diffusive 
equilibrium (i.e.. 5 revolutions around the Earth). 
The flux tube circulating around the Earth between 
L = 4.5 and 6 takes 5 days to refill (or 4 revolutions). 
while the inner flux tube drifting at 1, = 3 takes only 
24 h (i.e., I revolution) to reach diffusive equilibrium. 
Therefore. a flux tube at L = 4 would take only 2.5 
days to completely refill and reach a state of diffusive 

equilibrium. 
The refilling times deduced by PARK ( 1970. 1974) 

from whistler observations arc, however, generally 
longer than these calculated times. For instance, 
according to Park’s observations ‘an ‘empty’ tube 
of force at I!, = 4 requires about 5 days to reach the 

monthly median value, and even after 8 days of quiet 
conditions it continues to fill’ (PARK. 1970). In other 
words. the observations show that after X days a flux 
tube at L = 4 is not yet saturated. and that after 5 
days its equatorial density (N,.,,) only reaches 
the monthly median value, which is significantly 
smaller than n,,(“‘,. On the other hand. our numeri- 
cal simulations indicate that in about 2.5 days a 
flux tube at L = 4 should already bc saturated (that 

is. n,., = nc,o”“). 
There could be several reasons why our calculated 

refilling time for an L = 4 flux tube differs from that 
deduced by PARK (1970. 1974). First, substorms could 
deplete the flux tube while it is refilling, but since we 
are considering a prolonged period of quiet magnetic 
conditions this is not possible. Next. the limiting polar 
wind flux (F?;,,,,) from the ionosphere exhibits a diurnal 
variation owing to its dependence on N,, and T,,. which 



Plasmaspheric wind 471 

was not included in our calculations. However, this 
diurnal variation would increase the refilling time by 
about a factor of two (5 days), which is still too short 
compared with the measurements (LEMAIRE, 1985). 
Finally, it is possible that some mechanism (electro- 
static waves, counterstreaming flows, etc.) not in- 
cluded in our calculations acts to slow down the refill- 
ing process. Unfortunately, as noted earlier, plasma- 
sphere refilling is still a controversial subject and 
the available measurements are not sufficient to elim- 
inate any of the proposed mechanisms. 

The discrepancy between our simulation results and 
the observations of Park can be resolved if it is 

assumed that in addition to corotation-convection 
around the Earth all plasma elements also have a 
small outward expansion velocity. In other words, 
instead of circulating along closed streamlines (as 
illustrated in Fig. 1) all plasma elements spiral away 
from the Earth along open drift paths. In this case. 
all drift paths would be open, and the volume of the 
plasma elements would continuously expand as would 
their equatorial cross-section. It definitely takes more 
time to refill a flux tube whose volume continuously 
expands than to refill one which always circulates 
along the same closed drift path, as in Fig. 1. There- 
fore, a slow radial expansion of the thermal plasma 
both inside and outside the plasmasphere could 
explain the longer refilling times observed by PARK 

(I 970). In a steady-state situation, this slow (subsonic) 
expansion or ‘plasmaspheric wind’ would yield a 
plasma loss rate that is equal to the imbalance between 
what flows up into the plasmasphere from the dayside 
ionosphere and what flows back down into the night- 
side ionosphere. 

As a result of the flux tube contraction in the post- 

dusk sector, npy can eventually exceed nc,,,D”. For 

instance, Fig. 2a shows that after 5 successive rev- 
olutions an equatorial density larger than 930 cm ’ is 
obtained at L = 4.8 when the plasma element is in the 
midnight local time sector. On the contrary, at dusk 
(1800 LT), where the trajectory has its maximum 
extent, the minimum equatorial density does not drop 
below 134cm ’ at L = 8. Both the value of the 

post-midnight maximum (930cm ’ at L = 4.8) and 
the value of the dusk minimum (134cm ’ at I, = 8) 

are generally larger than the observed values by a 
factor of 3 or 4 (CHAPPELL et ~1.. 1970x b; PARK c’t 
czl., 1978). 

A way to explain the lower equatorial densities that 

have been measured in the outer plasmasphere is again 
to assume that the plasmasphere continuously expands 
and that this continuous radial expansion forms a 
subsonic ‘plasmaspheric wind’ similar to the coronal 

expansion. A consequence of such a plasmaspheric 
wind is that during quiet magnetic conditions the 
equatorial density would decrease faster with I, than 
that corresponding to diffusive equilibrium. 

2.5. Equatorial deensit~~ gradient 

When the flux tube refilling rate is assumed to be 

zero or relatively small and the plasmaspheric wind 
velocity (v,,) is assumed to be uniform (i.e., inde- 
pendent of L), the equatorial density distribution, 
n,,(L), in such an expanding plasmasphere varies as 
Lm4 (i.e., as the inverse of the flux tube volume) 

The above arguments show how the existence of a 
plasmaspheric wind, which to some extent is similar 
to the solar corona subsonic expansion, can explain 
the relatively long refilling times observed by PARK 
(1970). 

2.4. A4axirm.m equatorid densities 

n,.,(L) z D/La. (5) 

This results from the continuity equation and corrc- 
sponds to the conservation of total particle flux in 
a dipole magnetic field distribution when z’,., is a con- 
stant and independent of L (see GREBOWSKY, 1970). 
Such a characteristic L~m4 equatorial density profile is 
often observed in the outer plasmaspherc (CARIXNTER, 
1963 ; CHAPPF.LL et ~1.. 1970a. b: KOWAI.KOWSI(I and 
LEMAIRE, 1979 ; ANDERSON. 1990). 

From Fig. 2 it can be seen that the equatorial den- Figure 3 shows a clear example of an L ’ density 
sity in the drifting flux tubes is generally smaller in variation taken from OGO-5 observations available 
the afternoon and dusk sectors than in the pre-noon at NSSDC. The L 4 equatorial density distribution 
sector. The amplitude of this diurnal variation super- exists inside the plasmasphere for L < 4.5. The data 
imposed on the slow refilling of the plasma flux tubes were taken on 5 January 1969 after a series of very 
is much larger along the outer (L = 8) drift path than quiet days. The daily averages of K,, and A,, on that 
along the inner (L = 3) drift path. This is a conse- day and on the four preceding days are given in 
quence of the large dawn-dusk asymmetry of the con- Table 1. The data shown in Fig. 3 were taken in 
vection streamlines in the outer plasmasphere. There- the pre-midnight local time sector (21-23 LT) 
fore. the largest diurnal variations of equatorial when K,, was equal to 2 -. The constant (D) in equa- 
densities are expected in the outer regions of the tion (5) can be determined empirically from the ob- 
plasmasphere. servations, which show that the background plasma 
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geomagnetic conditions (see Table I). This figure dis- 
plays a plasmaspheric density slope that is smaller 

than that corresponding to the L 4 profile. The dis- 
tribution of n,,(L) is between the L- 4 profile and the 
barometric (or diffusive equilibrium) profile, which 
correspond to large and small expansion rates. respec- 
tively. 

22 :35 21:Sl 21:lO LT 
104 I 

I I I 
ll:lt3 1137 11:32 UT 

2 c? 102- 
OGO 5 inbound E 5 Jan. 69 “.,,_ 

‘-\,_ 

10" 
I I I I 

3 L 5 6 7 
Equat. dist. : L (Earth radii) 

Fig. 3. Equatorial ion densities /z,,(L) deduced from OGO-5 
observations along the inbound part of its trajectory on 5 
January 1969. These observations were made in the 21- 
23 LT sector after a prolonged period of quiet geomagnetic 
conditions. The solid line shows the slope corresponding to 

an I, 4 density profile. 

density at L = 4 is often equal to 500 ions/cm’. With 
this value for the plasma density, equation (5) yields 
D = 1.28 x I O5 ions/cm’. 

Equation (5) was derived from the steady-state con- 
tinuity equation assuming that the refilling rate was 
zero or small compared with the expansion rate. When 
this condition is not satisfied, the equatorial density 
decreases more slowly with L than the L 4 dependence 
in equation (5). In this case the equatorial density 
profile tends to approach. in an asymptotic manner, 
the diffusive equilibrium density profile, which is 
much flatter (LEMAIRE, 1989a). 

Figure 4 shows an equatorial density profile taken 
in the pre-noon local time sector after prolonged quiet 

Table I. Geomagnetic activity conditions 

Ddy Of 

I969 fC K,, .4,, 

01 3- If It 3- 2+ 20 I+ 20 1.96 8 
02 0+2+0+I-I+1+0+00 0.83 4 
03 00 00 00 o+ lo 00 Of o+ 0.25 I 
04 00 o+ On I ~ 2- o+ I+ lo 0.66 3 
05 lo 2- o+ I - I - ot 00 I ~ 6.66 3 

Day of 
1968 
294 2+ l+3-3-2-2- l-O+ 1.66 7 
295 00 00 o+ I- o+ lo o+ o+ 0.37 2 
296 00 00 00 00 I - o+ o+ Of 0.21 1 
297 01, 00 o+ o+ l- 1+ 2- lo 0.66 3 
298 lo lo o+ lo 1+ 3- 4- I+ I.54 7 

Equation (5) was also derived from the continuity 
equation assuming that the expansion velocity. c,.,,(L) 
was independent of L. However, this is not necessarily 

the case. When P,.,(L) increases with L in both the 
plasmapause region and outside the plasmasphere, 
conservation of mass implies that the equatorial den- 
sity n,,(L) decreases more rapidly with I, than L 4. 
This is, for example, the case in Fig. 3 for L > 4.5. 
where the density gradient is steeper than at lower L- 

x/alues. 
It should be noted here that a sharp ‘knee’ is not 

present in the equatorial density profiles shown in 
Figs 3 and 4. It is generally after substorm associated 
enhancements of geomagnetic activity. during which 
the convection electric field is enhanced, that a sharp 
‘knee’ forms in n,,,(L) at the plasmapause. 

Note that the absence of steep density gradients 
after prolonged quiet conditions. as in Figs 3 and 4, 
is contrary to the predictions of ideal MHD theory 
for the formation of the plasmapause. Indeed, during 
prolonged ideally quiet conditions. a well-devclopcd 
and stationary density ‘knee’ should exist along the 
‘Last Closed Equipotential’ (LCE) of the magneto- 
spheric convection electric field. Also. under quiet 
conditions the position of the LCE should bc almost 
independent of time according to MHD theory. 

The absence of sharp density ‘knees’ in Figs 3 and 
4, leads, therefore, to the conclusion that not cvcn 
during quiet conditions. when the magnetospheric 
convection electric field is time independent. can the 
plasmapause be considered to be coincident with the 
‘Last Closed Equipotential’ of a postulated E-field 
distribution. It should be noted here that there is no 
compelling observational reason to assume that the 
equipotential lines arc closed curves inside the plas- 
masphere, not even for a stationary model. Indeed, 
when the plasmasphere has a slow outward drift vel- 
ocity in addition to the much larger corotation drift, 
as is the case for the inner solar corona plasma, all 
equipotential lines would be ‘open’ spirals instead of 
closed curves. Of course. in this case there is no ‘stag- 
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IO:15 10 A7 11:13 11:37 LT 

104 
I I I I 

&F 'E 16:46 16:54 17:Ol 17:08 UT 

3 4 5 6 7 0 
Equat. dist. : L (Earth radii) 

Fig. 4. Equatorial ion densities B,,(L) deduced from OGO-5 observations along the outbound part ctf its 
trajectory on 24 October 1968. These observations were made in the 10 11 LT sector after a prolonged 
period of quiet geomagnetic conditions. The solid line shows the slope corresponding to an L. A density 

profile. 

nation point’ as postulated in all magnetospheric E- 
field distributions considered since 1966-1967. 

Evidence for a continuous outward plasma expan- 

sion has been presented by TITHERIDGE (1976b). Fig- 
ure 5 shows the latitude region over which an upward 
ionization flux was deduced to exist by examining 
topside plasma scale heights. In the shaded region 
above geomagnetic latitudes labelled A, the 0+/W+ 
transition altitude h, (where the H’ density is larger 
than the 0+ densityj is higher than the altitudes where 
chemical equilibrium prevails at all local times. Since 
this implies an upward ionization flow, it can be con- 
cluded that along all field lines in the plasmasphere 
for i. > 1.7-Z the light ion flux is upward at all local 
times. A continuous and extensive upflow of this 
nature must be balanced by a plasma flow across 
geomagnetic field lines via a plasmaspheric wind and/ 
or a substorm induced peeling off of the plasma- 
sphere. Although the latter mechanism does oper- 
ate, the substorms had to be frequent and the effects 
had to penetrate down to L z I .7--Z in order to explain 
the observations in Fig. 5. Therefore, we conclude 
that the observations support our hypothesis of a 
plasmaspheric wind that is similar to the subsonic 
expansion of the inner corona of the Sun. 

PARK (1970) has also shown from whistter obser- 
vations that under quiet geomagnetic conditions the 
observed rate of increase in daytime flux tube content 
yields an upward flux of 3 x lo* electrons cme2s ’ at 
1000 km altitude. This value is larger than the down- 
ward flux necessary to maintain the nocturnal iono- 

sphere (that is. 1.5 x IO” electrons cm ‘s I). Since 
there are more ions flowing upward into the plasma- 
sphere during the day than returning to the iono- 
sphere during the night, we again conclude that there 
should be a continuous plasmaspheric wind carrying 
light ions across closed magnetic field lines from the 
inner plasmasphere to the outer regions of the mag- 
netosphere. In addition to this slow subsonic expan- 
sion, the plasmasphere is peeled off, from time to 
time, in a more catastrophic manner via magneto- 
spheric substorms (i.c., when geomagnetic activity is 
enhanced). Under disturbed conditions, large pieces 
of the slowly expanding plasmasphere break away 
from the main cold plasma body (LEMAIRI:, 1983. 

1985). 

3. FACTORS CONTROLLING THE ~l,AS~lASP~~~RiC 

WIND 

As in the case of the solar corona, the contin- 
uous expansion of the plasma results from an im- 
balance between the total plasma pressure gradient 
(Vb+ B2/2p,]) and the gravitational force @g). The 
larger the difference between these two vectors. the 
larger is the inertial force (p?v/?tfp(v-WV). This 

force per unit volume, resulting from a non-steady 
state and/or a non-uniform distribution of the expan- 
sion velocity v, vanishes when diffusive equilibrium is 
obtained in the plasmasphere (v = 0) or when v is 
constant and independent of L (uniform translation). 
However, large plasma pressure gradients will drive a 
continuous outward flow of plasma (i.c., a plasma- 
spheric wind). 
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Fig. 5. Geomagnetic latitudes where upward H+ fluxes exist. The dashed line shows the local time 
dependence of the equatorial plasmapause position as determined from whistler observations. The Ps 
correspond to the low altitude projection of the plasmapause, as identified by the peak in the plasma 
temperature distribution as a function of geomagnetic latitude. The shaded zone between the As and Ps 
corresponds to a region of upward ionization flow, with a field-aligned flux that increases between latitudes 
A and B. B 1s the lowest latitude where the observed 0.’ ,IH’ transition heights (h,) indicate that the upward 
ionization flux equals the limiting polar wind flux. In the hatched zones between latitudes B and P. a 
limiting upward polar wind flux of H+ ions is inferred from the high altitude of h, (after TITH~RIIIW.. 

1976b). 

At large radial distances, where the gravitational 

acceleration becomes small and where it is dominated 
by the pseudo-centrifugal force, diffusive equilibrium 
can only be achieved when the plasma pressure gradi- 
cnt is zero or positive. A positive pressure gradient 
implies a pressure that increases indefinitely with rad- 
ial distance (a non-zero pressure at infinity). However, 
observations consistently indicate that n,,(L) gen- 
erally decreases as a function of L. Also, the plasma 
pressure decreases more steeply with L than in the 
case corresponding to diffusive equilibrium. The 
observations, therefore. indicate that the kinetic 
plasma pressure is zero or small at infinity. Hence, 
one is led to conclude, like PARKER (1958) did to 
infer the existence of the solar wind, that the plasma 
pressure at large distances in the magnetosphere is not 
high enough to maintain the plasmasphere in hydro- 

static (magnetostatic) equilibrium, and hence. that 
there is a plasmasphcric wind. 

It has been emphasized by LEMAIRE (1976. 1985) 
that the bulk velocity of a magnetospheric plasma 
element is not only determined by local plnsmu con- 
ditions (i.e., gravitational, pressure gradient and cen- 
trifugal forces), but by non-local conditions as well. 
Examples are the electrical conductivity in the distant 
ionospheric layers in the case of plasma elements mov- 
ing in or into the magnetosphere and the walls of a 
vacuum tank in the case of plasmoids moving across 
laboratory magnetic fields (see LEMAIRE, 1989b). 

Although these non-local conditions (for example, 
the value of the ionospheric Pedersen conductivity 
along the magnetic field lines across which the plasma 
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is drifting) are ignored in ideal (as well as non-ideal) 
MHD models of magnetospheric convection, they 
must be taken into account in future realistic descrip- 
tions and models. This is also true for the plasma- 
spheric wind discussed in this paper. In other 
words, the outward expansion rate of the plasma both 
inside the plasmasphere and in the plasmapause 
region is not only determined by the external driving 
forces (gravitational, centrifugal, inertial forces, etc.), 
which appear in the momentum equation, but the 
maximum value of the expansion velocity in the mag- 
netosphere is eventually controlled by the value of the 
integrated Pedersen conductivity (X,,). More specifi- 

tally , r,,,(L) is inversely proportional to C,, (see 
WAIJ~NXX 1967 : LEMAIRE, 1985 ; SOUTHWOOD and 
KIVELSON. 1987, 1989). 

In the sunlit hemisphere, where the ionosphere 
is a good electrical conductor and C, is large, the 
maximum plasma interchange velocity I‘,,,,,, is reduced 
compared with its value in the nightside ionosphere, 
whcrc C,, is relatively small. This means that in regions 
of the plasmasphere linked to the dayside ionosphere 
the magnetospheric convection electric field imposed 
by the local magnetospheric plasma distribution 
[E = -(Vp?)/n,~] is short-circuited by the low res- 
istivity in the ionospheric E-region. This implies that 
the ionospheric conductivity regulates the electric 
field and convection velocity in the dayside inner 
magnetosphere. Consequently, the magnetospheric 
plasma density (N,.) and pressure be,) distributions 
have to adjust to the conditions imposed from below 
by the highly conducting ionosphere. 

The same should also be true for the nightside 
plasmasphere, which is linked to ionospheric regions 
where the maximum ionospheric Pedersen con- 
ductivity is relatively small (see BKEKKE and HALL. 

lY88). However, in this case, the relaxation time for 
the magnetospheric plasma to adjust to the iono- 
spheric conditions is significantly longer (pro- 
portional to CI, ‘) and. hence, the maximum con- 
vcction velocity (or plasma interchange velocity, I-~,~~,,) 
is significantly larger. Therefore, one expects that the 
plasmaspheric expansion velocity (i.c., the maximum 
plasma interchange velocity) is lower in the dayside 
local time sector than in the night-time sector. 

This conclusion is supported by the observations 
displayed in Figs 3 and 4. In Fig. 3, which corresponds 
to night-time conditions, C,(L) must be small (O.l- 
I mho depending on the latitude; that is, on L) and 
c,.,,(L) must be relatively large. The expansion rate 
might then be more important than the refilling rate 
of flux tubes by evaporation from the nightside iono- 
sphere. Under these conditions, we argued above that 
the I. ‘equatorial density profile [equation (5)] would 

be applicable, at least when c,,(L) is uniform (indc- 

pendent of L). Since Q(L) is nearly independent of 
L at low and mid-latitudes, it may be inferred that 
D,,(L) is also approximately independent of L and that 
n,,(L) varies as Lm4 for L < 4.5. 

Above, we attributed the larger density slope 
beyond L = 4.5 in Fig. 3 to an increase of the expan- 
sion velocity D,,(L) as a function of L. This increase 
of the interchange velocity with L may be accounted 
for by the decrease of C, as a function of invariant 
latitude. 

On the contrary. in Fig. 4 the density slope is smaller 
than that of the L- 4 profile. We explained this by 
noting that in this case the expansion rate of the plas- 

masphere (the plasmaspheric wind interchange vel- 
ocity) is relatively small compared with the refilling 
rate via evaporation from the ionosphere. This expla- 
nation is well supported by the fact that the obscr- 
vations reported in Fig. 4 were obtained in the dayside 
local time sector (IO I 1 LT), which is where the plas- 
maspheric refilling rate is large because of the large 
ionospheric plasma density and where the maximum 
outward plasmaspheric wind velocity is small bccausc 
of the enhanced value of the integrated Pedcrsen con- 
ductivity in the sunlit ionosphere. Under these slow 
expansion rate conditions, the L ’ density profile will 
be offset by the process of refilling which tends to 
saturate flux tubes in a state of diffusive equilibrium. 
The density slope then tends to become smaller than 
that corresponding to the I, ’ profile. 

In conclusion, WC interpret the relatively small dcn- 
sity slope shown in Fig. 4 to be a direct consequence 
of the large plasma density in the dayside ionosphere. 
which yields a large plasmaspheric refilling flux and a 
large integrated Pederscn conductivity. These, in turn, 
yield a reduced plasmaspheric wind velocity in the 
daysidc plasmasphere. 

4. CONCLUSIONS 

The plasmasphere is usually considcrcd to be a res- 
ervoir of cold plasma that corotates with the iono- 
sphere at low latitudes and that follows closed E x B 
drift paths at the latitudes where magnetospheric 
electric fields dominate. However, we have presented 
physical arguments and observational evidence that 
suggest the existence of a plasmaspheric wind. This 
slow (subsonic) expansion of the plasma away from 
the Earth implies that even during quiet geomagnetic 
conditions the streamlines are not ‘closed’. The cold 
plasma elements slowly drift outwards from the inner 
plasmasphere to the plasmapause along open spiral 
curves. This large-scale and continuous expansion of 
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the plasmasphere is somewhat similar to the subsonic that the plasmaspheric interchange velocity must be 

expansion of the inner solar corona. In this latter well- larger in the outer plasmasphere than in the inner 
known case, there are no mathematical singularities plasmasphere, where U,,(L) is nearly independent oi 
in the equipotential distribution where E = 0, that is, L. Furthermore, it should be noted that plasma inter- 
no stagnation points where v = 0. change motion is ignored in MHD convection models 

The slow plasmasphere expansion rate, which is where non-local boundary conditions in the iono- 
governed by plasma interchange motion, is driven sphere are not taken into account. 
by an imbalance between pressure gradient, gravi- Our overall conclusions are well supported by a 
tational, centrifugal, and inertial forces. The expan- series of whistler observations by PARK ( 1970, 1974). 

sion velocity is also controlled by the height-integrated PARK ct ai. (1978), and CARPENTER (1963) as well as 

Pedersen conductivity (C,) of the ionosphere. The by satellite observations by CHAPPEI.I. (‘I (11. ( 1970a. b). 

expansion rate and outward drift velocity arc inversely TITHERIDG~- (1976a. b) and AYIIIXSOK ( 1990). 
proportional to C,,. From the local time dependence of 
‘21,, we deduced that the plasmaspheric wind velocity 
should be reduced in the focal noon sector and A~knol~l~lljqen?c~.~-This work has hcen supported in part 
enhanced throug~~out the night. We also concluded by NASA grant NAGS-1484 to Citah State University. 
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