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Abstract

The presence of di�erent ion species and components provides important insight into the processes that determine
the entry, transport and acceleration of plasma within the magnetosphere. Multi-¯uid simulations that include both

ionospheric H� and O� and solar wind H� are used to evaluate the ionospheric out¯ows in response to a range of
solar wind conditions. O� is particularly important as its provides a de®nitive means for determining the in¯uence
of ionospheric ions in the magnetosphere. While O� is gravitationally bound to the earth during quiet periods,

enhancements in the cross-polar cap potential during southward IMF can produce centrifugal acceleration of the
O� to produce enhanced out¯ows. However the same strong convective electric ®eld causes much of this O� to be
con®ned to the inner magnetosphere. During subsequent northward turning of the IMF, this ionospheric-rich

plasma is ejected down the length of the deep tail. The derived O� density for this combination of alternate
southward and northward IMF produces concentrations similar to those observed by Geotail. 7 2000 Elsevier
Science Ltd. All rights reserved.

1. Introduction

The magnetosphere is supported by plasmas from

two sources: (1) the ionosphere, and (2) the solar wind.
The presence of these populations in the magneto-
sphere can be inferred from the energy characteristics

of the particle populations or by the presence of
speci®c ion species. For example signi®cant com-
ponents of He� or O� would be suggestive of a strong
ionospheric source whereas a strong solar wind com-

ponent would be associated with signi®cant com-
ponents of He 2�: Understanding the presence of these
di�erent species provides important clues as to the pro-

cesses governing the entry of plasma into the magneto-
sphere and the heating and acceleration of this plasma
during disturbed periods.

Intense ionospheric out¯ows have been observed for
more than two decades by polar orbiting spacecraft.

Some of the earliest evidence for such strong out¯ows
was provided by Shelley et al. (1972) who showed that
during a magnetic storm the precipitating ¯ux of keV

O� ions could exceed that of H�: Ionospheric out¯ows
has since been documented by a variety of spacecraft,
including ISIS-1 and -2 (Klumpar, 1979), S3-3 (Sharp

et al., 1977; Ghielmetti et al., 1978; Gorney et al.,
1981), DE-1 (Waite, 1985; Yau et al., 1985, 1988;
Moore et al., 1986; Collin et al., 1987; Roberts et al.,
1987; Pollock et al., 1990) and Akebono (Yau et al.,

1993). Recent reviews of the importance of the iono-
spheric source are given by Yau and AndreÂ (1997) and
AndreÂ and Yau (1997).

The calculated ion out¯ow led Chappell et al. (1987)
to propose that the ionosphere was a su�cient source
to populate the plasma sheet. This hypothesis lead

Moore (1991) and Moore and Delcourt (1995) to pro-
pose that within the magnetosphere there was a
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boundary called the geopause, where the dynamics

within this boundary were dominated by ionospheric
plasma, and regions outside by plasma of solar wind
origin. The geopause was envisaged to extend into at

least the mid-tail region as suggested by single particle
tracking (Delcourt et al., 1989; Delcourt et al., 1993).

More recently, Geotail observations have shown the
presence of O� in both the mid-tail lobe/mantle
(Mukai et al., 1994) and in the distant tail (Hirahara et

al., 1996; Seki et al., 1996). A statistical study by Seki
et al. (1998) showed that the lobe/mantle O� beams
between 8 and 210 Re have an average density during

solar minimum of about 1� 10ÿ3 cmÿ3 which corre-
sponds to about 1.2% of the proton component. In

addition, the oxygen ions appear to have been strongly
energized attaining energies up to about 3.5 keV.
However, there is equally compelling evidence that

plasma of solar wind origin is also playing an import-
ant role in supplying plasma to the magnetosphere.
Lennartsson (1987; 1992), has shown from ISEE 1

data that the plasma sheet always has a signi®cant
population of He 2� ions (indicating a non-negligible

contribution from the solar wind source). This popu-
lation was observed to be the largest during periods of
extremely weak geomagnetic activity when the interpla-

netary magnetic ®eld (IMF) was persistently north-
ward. Recent Geotail observations also indicate the
presence of a cold-dense stagnant ion component that

is of magnetosheath origin and exists several RE inside
of the nominal position of the magnetopause (Fuji-

moto et al., 1998a, 1998b). Observations during a
Wind perigee pass also show the presence of this cold-
dense component in the plasma sheet and that mixing

of ionospheric and solar wind plasma occurs across a
wide section of the magnetotail (Li et al., 1999).

The very strong entry of solar wind plasma has been
further documented in recent statistical studies between
solar wind density observations and tail density

measurements by Geotail (Terasawa et al., 1997) and
by ISEE (Borovsky et al., 1997). In these studies, the
density of the plasma sheet was shown to be pro-

portional to that in the solar wind, particularly for
northward IMF. This result is surprising in the sense

that the magnetosphere is expected to be closed for
northward IMF and open for southward IMF.
In order to understand the origins of the di�erent

plasma populations within the magnetosphere, a multi-
¯uid treatment of the magnetosphere was developed by
Winglee (1998a, 1998b). Unlike MHD which is a single

¯uid treatment, the new method is able to distinguish
the ionospheric populations from the solar wind popu-

lations, and provides the ®rst 3D visualization of the
geopause as a function of the solar wind conditions.
These simulations allowed the concept of the geopause

to be re®ned to include both the density and pressure
geopauses where the contributions from the ionosphere

and solar wind sources make equal contributions to

the plasma density and pressure, respectively. Di�er-
ences in the position of the density and pressure geo-
pauses can provide important insight for example into

the structure of the magnetotail including the merging
of the low latitude boundary layer (LLBL) with the
hotter plasma sheet.

These initial multi-¯uid simulations were limited to
treating only a plasma in which all the ions were H�

and the identi®cation of the di�erent sources relied on
the di�erent energy characteristics of the particle distri-
butions. In this paper the multi-¯uid simulations are

extended to include both H� and O� components so
that the role of the ionospheric source can be directly

identi®ed through ion species measurements. In being
able to account for the O�, we are also then able to in-
directly con®rm the size of the geopause and the rela-

tive importance of the ionosphere in producing mass
loading of the magnetosphere.
The simulation model is augmented with respect to

previous models in that it not only includes di�erent
ion species but also includes gravity. This feature is im-

portant because much of the O� is expected to be
gravitationally bound to the earth during quiet periods
and some additional process is needed to accelerate the

oxygen into the magnetosphere.
The model assumes a ®xed oxygen concentration at

the lower boundary of the simulations in order to
evaluate changes in the ionospheric out¯ow driven
solely by the solar wind conditions. In this limit the

oxygen out¯ows are controlled by primarily two pro-
cesses. The ®rst is centrifugal acceleration (Cladis,
1986; Horwitz, 1987) where fast convection of mag-

netic ®eld lines across the polar cap can produce su�-
cient velocities in the O� ions to overcome the

gravitational force. The second process is through the
buildup of large pressure gradients. This process is
also convection related since enhancements in the

cross-polar cap potential convect and compress the
plasma to produce increased temperatures and den-
sities in the inner magnetosphere. Such pressure

excesses are seen in global models when there is a sub-
sequent reduction in the cross-polar cap potential as-

sociated with changes in the solar wind conditions.
These pressure excesses can drive plasma out¯ows into
the deep tail.

In reality, the out¯ow of ionospheric ions is also
controlled by a variety of processes that lead to the
parallel acceleration of ionospheric ions out of the

auroral zone (e.g., see the review by AndreÂ and
Yau, 1997). For example, various wave-particle in-

teractions can produce large enhancements in the
O� out¯ow at low altitudes. Some of these inter-
actions appear to depend on auroral and solar ac-

tivity. These interactions include heating by
electrostatic and electromagnetic ion-cyclotron waves
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(e.g., Singh and Schunk, 1985; Chang et al., 1986),

and ion-ion two stream instability (e.g., Winglee et

al., 1989). In addition, changes in the photoelectrons

in the polar wind can produce changes in O� out-

¯ow of the order of 2±5 between solar minimum

and solar maximum (Su et al., 1998). Thus, the

model results presented here describe only the

changes in ionospheric out¯ow driven by changes in

the solar wind conditions and additional multipliers

for the out¯ow need to be applied if the feedback

on ionospheric conditions at low altitudes is to be

included. The actual inclusion of these multipliers is

beyond the scope of the present work since they

are not well known at this time.

The model results show that for northward IMF

only weak O� out¯ows are present and they are

con®ned to primarily the lobe and plasmasphere.

Because of the relatively weak convective electric

®eld very little of the O� reaches the plasma sheet

in the mid-tail region. As the average IMF is made

increasingly more southward stronger O� out¯ows

into the magnetosphere are driven by the enhanced

centrifugal acceleration that accompanies the

increase in convection of ®eld lines over the polar

cap, i.e. with increases in the cross-polar cap poten-

tial (see Section 3).

However, because the convective electric ®eld is

increasing in the tail at the same time, most of this O�

is con®ned to the inner magnetosphere. Thus even for

sustained southward IMF conditions, O� is not able to

easily populate the mid- to deep-tail plasma sheet, and

it appears that the strongest O� loading occurs for

weak average IMF assuming steady-state solar wind

conditions.

However, transients such as those that drive sub-

storms can produce enhanced O� out¯ows into the

deep tail well beyond those seen in the steady-state

examples (see Section 4). The stronger ¯ows arise from

a two-step process. In the ®rst step, there is enhanced

storage of O� in the inner magnetosphere in associ-

ation with growth phrase processes driven by sustained

southward IMF which produces enhanced centrifugal

acceleration over the polar cap and auroral regions. In

the second step, with the turning of the IMF north-

ward and the accompanying substorm onset, the cross-

polar cap potential decreases and the plasma in the

inner magnetosphere can no longer be con®ned and is

instead ejected down the tail. O� out¯ows produced

through this sequence lead to O� concentrations simi-

lar to the observations of Seki et al. (1996, 1998).

One consequence of this pumping action is that O�

might not have a strong role in the initiation of onset

of an isolated substorm, except possibly in the inner

magnetosphere. However, during disturbed periods O�

could possibly be a signi®cant fraction of the plasma

and thereby modify subsequent activity, including
magnetic reconnection.

2. Multi-¯uid simulations

An understanding of the in¯uence of the di�erent
plasma components in the dynamics of the magneto-

sphere can be attained through the use of global multi-
¯uid simulations that track separately the interaction
of the di�erent ¯uids. The model used here is that

same as used by Winglee (1998a, 1998b) used to ident-
ify the position of the geopause, except that it includes
gravity and the model has been expanded to include
three ion species (solar wind H�, ionospheric H� and

O�, with one electron species which provides quasi-
neutrality, and gravity. The dynamics of each com-
ponent is given by

@ra
@ t
� r�raVa � � 0 �1�

ra
dVa

dt
� qana

�
E� Va � B

c

�
ÿ rPa ÿ GMEra

R 2
r �2�

@Pa

@ t
� ÿgr�PaVa � � �gÿ 1�VarPa �3�

where g is the polytropic index, a denotes the di�erent

species, R is the radial distance, r is the unit vector in
the radial direction, G is the gravitational constant and
ME is the mass of the earth.
These equations have to be simpli®ed in order to

attain a computationally feasible solution for global
scale lengths. For the electrons, it is assumed that
they have high mobility along the ®eld lines and

that the gravitational term for the electrons is much
smaller than the other terms in the force equation.
For these assumptions, the electrons can be assumed

to be approximately in steady state or drift motion
�dV=dt � 0), so that the electron momentum
equation reduces to

E� Ve � B

c
� rPe

ene

� 0 �4�

Eq. (4) is equivalent to the modi®ed Ohm's law
with Hall and grad P corrections included. The rest
of the electron dynamics are given by assuming

quasi-neutrality, and applying the de®nitions for cur-
rent, and electron pressure, i.e.,

ne �
X
i

ni, Ve �
X
i

ni
ne

Vi ÿ J

ene

, J � c
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r � B �5�
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The ion dynamics in the absence of gravity are

attained by substituting the modi®ed Ohm's law Eq.
(4) for the electric ®eld in the ion momentum
equation, which gives
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where the k and ? subscripts indicate components
parallel and perpendicular to the magnetic ®eld, re-
spectively. To remove high-frequency cyclotron oscil-
lations, the di�erent ion species are assumed to

have the same drifts across the ®eld line, i.e.,

V? �

X
i

riVi, ?X
i

ri
: �9�

This approximation is the same as assumed in

MHD, and is equivalent to assuming that the con-
vective drifts are much larger than the gradient B
drifts. For the calculated bulk temperatures (<10

keV), this assumption is true for the majority of
the plasma, but the particles in the tail of the dis-
tribution can have signi®cant gradient B drifts par-
ticularly in the inner magnetosphere. Such drifts are

not included in the present model. Assuming (9) the
velocity of the perpendicular ion ¯ow is given by

X
a
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The above equations are solved using a two-step
Lax-Wendro� di�erencing scheme (Richtmyer and

Morton, 1967) with Lapidus smoothing on plasma
properties only (Sod, 1978). The latter is required
to remove unphysical grid point oscillations across

sharp discontinuities such as the bow shock. The

equations are solved on a structured cartesian grid
The grid spacing then increases as one moves out-
ward, from 0.4 RE in the dayside and mid-tail

regions, to about 3 RE in the distant tail at x '
ÿ200RE (GSM) and at the ¯anks at 260RE: The solar
wind boundary is at x =35 RE.

The inner radius of the simulations is set to 3
RE which is typical of global simulation models. How-

ever, at 3 RE the e�ective gravitational force on oxy-
gen would be negligible. Therefore in order to ensure
that the oxygen ions experience essentially the same

average gravitational force within 1 to 2 RE of the
inner boundary, the gravity term g � GME=R

2
E in the

above equations is set at 30 m/s2 as opposed to its
actual value of 10 m/s2. At higher altitudes convective
or centrifugal processes dominate any e�ects that the

enhanced gravitation ®eld might have on the out¯ow-
ing ions. Test runs with this value show that the out-
¯ow of oxygen is inhibited relative to the H� out¯ow

when there is only weak forcing by the solar wind.
A dipole magnetic ®eld is imposed on the grid

with its ®eld strength equivalent to the terrestrial
magnetic ®eld. A plasma with a density of 400
cmÿ3 is placed around the inner radius. This high den-

sity plasma represents the plasmaspheric/ionospheric
source and is similar to observed densities (e.g., Harris
et al., 1970; Parks, 1991). The initial pro®le is assumed

to decrease as Rÿ6. When ionospheric oxygen is
assumed to be present it is given the same density pro-

®le with a relative concentration of 10%. Due to the
interaction with the solar wind the plasma and mag-
netic ®eld pro®le can and is strongly distorted from

this initial pro®le. For simplicity the boundary density
is held ®xed.

The initial plasma temperature in the equatorial
region is assumed to decrease as Rÿ3. The initial press-
ure along each ¯ux tube is assumed constant (i.e., set

by mapping the simulation grid point along the dipole
®eld line to the equator). The equatorial bulk tempera-
ture is set to about 60 eV and in the polar cap it is less

that 0.3 eV. The high temperature at the equator
allows for the presence of some ring current/plasma

sheet population (e.g., 400 cmÿ3 and 3 eV plasma-
spheric plasma mixed with a 0.5 cmÿ3 and 40 keV ring
current/plasma sheet population) for an energy density

of 20 keV/cm3 (cf. Parks, 1991). The latter population
may be fractionally on the high side, but certainly
within the observed range. The low temperature in the

polar cap region is also within the observed range and
limits thermal out¯ow of ionospheric plasma. The

total ion out¯ow seen in the simulations is about 6 �
1026 ions/s for the northward IMF case increasing to 2
� 1027 ions/s for the southward IMF. These numbers

are of the order of those estimated by Chappell et al.
(1987) and more recent updates by Yau and AndreÂ
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Fig. 1. The position of the density and pressure geopauses as viewed from the dawnside (left-hand side) and from the tail cut at

x � ÿ15RE (right-hand side). Contours of the plasma pressure in the noon±midnight meridian and equatorial planes are given on

the left-hand side to provide an indication of the relative position of the magnetopause. The density geopause is seen to expand as

IMF Bz becomes increasingly more southward. The pressure geopause is larger than the density geopause, which indicates that

ionosphere is providing signi®cant amounts of hot plasma to the central plasma sheet.
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(1997). The introduction of gravity reduces this out-
¯ow only fractionally (see Section 3) for the H� ions

but does limit the oxygen out¯ow as noted earlier.
Decreasing (increasing) the out¯ow by reducing the
temperature or density at the inner boundary will

decrease (increase) the size of the geopause seen in the
following results.
The system is initially driven by a solar wind with a

constant density of 6 cmÿ3 and a speed of 400 km/s
for a solar wind dynamic pressure of about 2 nPa. The
simulations are ®rst run for 2-h real time to attain an

approximate equilibrium for the magnetosphere. The
IMF during this initialization period is set at B =
(ÿ1.25, 0, 1.25) nT. The inclusion of IMF Bx is not
important in the present case, but does allow the leak-

age of magnetospheric plasma in the upstream regions
when the normal component of the IMF vanishes.
After this initialization, IMF Bz is ramped down over

a period of one hour to ÿ1.25 nT. Since the average
Bz is zero for this period these results will be referred
to as the weak average IMF case. The IMF Bz is then

made very southward at ÿ5 nT for one hour and the
results are then compared with those attained when
the IMF is instead made northward to 5 nT for 1 h

(see Section 3). The one-hour period has been chosen
because at least up the midtail region it is su�cient for
the magnetosphere to reach an approximate equili-
brium that is approximately independent of the IMF

history. A one hour time scale is also typical of IMF
conditions seen in the solar wind. In the distant tail,
the time period is not su�cient and its con®guration is

dependent on the IMF history. In order to illustrate
some of these transients and their e�ects on the mag-
netosphere, particularly for substorm conditions,

results are presented in Section 4 when the northward
IMF occurs directly after a period of sustained south-
ward IMF.

3. Steady state response

The concept of the geopause as proposed by Moore

(1991) is important as it provides a ready means to
visualize the di�erent areas of magnetosphere and the
supplying of plasma from either the ionosphere or
solar wind. Within the density geopause, the iono-

sphere primarily provides the plasma while outside the
geopause solar wind is the dominant source of plasma.
However, as noted by Winglee (1998a, 1998b), there is

a second physically important geopause called the
pressure geopause which is useful in identifying the
pressure sources needed to support key structures such

as the tail current sheet and the low latitude boundary
layer (LLBL). Di�erences in the location between the
density and pressure geopauses can provide insight

into which of the two sources is providing the hot

plasma and which is providing the cold plasma.
As an example, the left-hand side of Fig. 1 shows

the positions of the density and pressure geopauses in

relation to magnetopause for simulations without oxy-
gen or gravity included. The magnetosheath can be

identi®ed from the pressure contours shown as cuts in
the noon±midnight meridian and equatorial plane and
is seen as a region of high pressure (indicated by the

red and orange contours). The magnetopause is just
inside the high-pressure region and it is in general
much larger than the density geopause, which is shown

as the magenta surface, and the pressure geopause,
which is shown as the gray surface. The right-hand

side shows cross-tail views of the density and pressure
geopauses taken at x = ÿ15RE.
For northward IMF, the density geopause is limited

to the lobes and the plasmasphere, so that most of the
density in the plasma sheet is provided by the solar
wind. On the other hand, the pressure geopause is seen

to encompass the density geopause and have a larger
extent down the tail although it remains restricted to a

few RE in width ( y ). This di�erence in location
between the density and pressure geopauses means that
in this region of the tail it is the ionospheric source

which is providing the bulk of the hot plasma but it is
the solar wind source which is providing the bulk of
the density.

The dominance of the solar wind source in populat-
ing the magnetosphere for northward IMF is produced

by high-latitude reconnection that allows magne-
tosheath plasma to become attached to closed-®eld
lines. Subsequent convection of these ®eld lines enables

this magnetosheath plasma to appear deep within the
magnetosphere. This plasma does not undergo as

strong a compression and adiabatic heating as the
ionospheric plasma from the lobe/plasma sheet bound-
ary. As a result, it is the ionosphere that provides the

hot plasma in the mid-regions of the plasma sheet even
though the density is primarily of solar wind origin.
As the IMF is reduced to zero (Fig. 1(b)), stronger

convection of the ionospheric plasma into the plasma
sheet is seen so that the density geopause folds down

onto the plasma sheet, i.e. ionosphere starts to play a
greater role in populating the plasma sheet with den-
sity. At the same time the pressure geopause and hence

the hot plasma region are seen to expand in width
across the tail. This expansion in y continues as the
IMF becomes southward (Fig. 1(c)).

The change in the con®guration of the geopause as
the IMF becomes southward can be understood as fol-

lows. First, high-latitude reconnection is replaced by
dayside reconnection. For reconnection near the sub-
solar region the newly reconnected ®eld-lines are con-

vected over the polar cap and into the nightside and
into the mantle. These ®elds lines are mass loaded with
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Fig. 2. Changes in the density and pressure geopauses when gravity and O� are included. The scale size along the x-axis is twice as

large as in Fig. 1. There is some shrinkage of the geopauses, most notably for northward IMF, under the in¯uence of gravity.
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Fig. 3. Isosurfaces of the oxygen concentration corresponding to Fig. 2. These isosurfaces have similar shapes to the density geo-

pauses in Fig. 2. Very little oxygen is able to escape the ionosphere for northward IMF and while enhance out¯ows are generated

for southward IMF most of the oxygen is con®ned to the inner magnetosphere, and it is the weak average IMF con®guration that

leads to the deepest penetration of oxygen into the deep tail.
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solar wind plasma but the speed of the plasma means

that much of the plasma is convected down the tail
before it has a chance to enter the current sheet. This
is seen in the model as a lowering of the height of the

density geopause beyond about 15 RE. Field lines that
reconnect on the ¯anks are convected around the side
and lead to the solar wind source for the most part

along the Sun±Earth line providing the plasma for the
low latitude boundary layer. Since convection in the

tail is predominantly along the Sun±Earth line, this
plasma only has limited access to the middle of the
current sheet. At the same time the enhanced polar cap

potential means that more centrifugal acceleration of
ionospheric plasma can occur and it is for this reason
that the ionospheric source starts to play an increas-

ingly important role in the dynamics of the mid-tail
region as seen by the expansion of the geopause both

down the tail and across in width.
The changes in the positions of the density and

pressure geopauses with the introduction of gravity

and oxygen are shown in Fig. 2. Note that the scale
size is twice as long so that the deep tail dynamics can

also be seen. While the shapes of the geopauses are
qualitatively similar to that in Fig. 1, the introduction
of gravity causes the geopauses to slightly contract

inwards for northward IMF (Fig. 2(a)) and to a lesser
extent in Fig. 2(b). However, for southward IMF, the
ionospheric out¯ows are not noticeably impeded by

the introduction of gravity.
Gravity has the weakest e�ect for southward IMF

because the out¯ows in the model are primarily driven
by centrifugal acceleration as described by Horwitz
(1987). Much like a bead on a rotating wire, plasma at

high latitudes experienced a centrifugal acceleration as
the ®eld lines are convected over the polar cap. Since
the cross-polar cap potential and hence the convection

speed are largest for southward IMF, the out¯ows
attain the highest velocities for southward IMF. The

centrifugal acceleration of H� is such that it easily
overcomes the gravitational barrier for southward
IMF and marginally so for northward IMF.

The corresponding relative concentrations of oxygen
are shown in Fig. 3. For northward IMF, the oxygen

distribution has a similar shape to the density geopause
in that most of the density is concentrated in the lobes
and plasmasphere. However, the relative concentration

is very weak with the plasmasphere attaining 2.5%
oxygen and with the central lobes attaining only about
0.5% at 50 RE and substantially less deep into the tail.

These concentrations are obtained for ionospheric
boundary conditions at 10%. These low concentrations

in magnetosphere arise because the bulk of the oxygen
cannot overcome the gravitational potential and some
additional acceleration is needed.

For weak average IMF (see Fig. 3(b)), substantial
increases in the relative oxygen concentration can be

seen even down into the deep tail. The model values of
0.5% are of order of the average 1% concentration

reported by Seki et al. (1998). In the mid-tail region,
concentrations of 5±10% can be seen.
Paradoxically for strong southward IMF, the oxygen

is unable to escape into the deep tail as seen by the
contraction of the isosurfaces in Fig. 3(c). The appar-
ent shrinkage is due to the fact that the enhanced con-

vection electric ®eld causes the oxygen to convect into
the plasma sheet within the inner- to mid-tail region of
the plasma sheet. The enhanced convective electric

®eld then causes the oxygen to convect into the dayside
so that strong sustained southward IMF can lead to
enhance dayside oxygen concentrations of 5±10%, as
seen in Fig. 3(c), but relatively little concentration in

the deep tail. Thus, for these steady-state conditions,
the dayside magnetosphere acts as a reservoir for
heavy ionospheric ion species.

4. Transient e�ects

If one were to average the oxygen seen in the three
cases in Fig. 3 then the average concentration would

be smaller than the observations of Seki et al. (1998).
There are two possible sources for this discrepancy.
The ®rst is that the model does not take into account

changes in the relative concentration of oxygen at low
altitudes. While this variation is known to occur, a
direct relationship with solar wind conditions is not

known at this time and therefore cannot be incorpor-
ated into the model. The second factor, which is at
least equally important, is that transients can lead to

the ejection of the oxygen rich plasma in the inner
magnetosphere into the deep tail.
As an example, Fig. 4 shows the evolution of the

density and pressure geopauses for a northward turn-

ing of the IMF to 5 nT following the 1-h period of
southward (ÿ5 nT) IMF of Fig. 2(c). As already
noted, during this period of southward IMF there is a

buildup of plasma in the inner magnetosphere. It takes
approximately 15 min for this northward IMF turning
to reach the terminator. Thus the geopauses in Fig. 4(a)

are still approximately the same as that in Fig. 2(c).
However, with the arrival of the northward IMF, the
cross-polar cap potential decreases but the inner mag-
netosphere still has substantial amounts of plasma

from the previous period southward IMF. As a result
there is a plasma excess that has to be lost. It can be
lost either through the precipitation of particles into

ionosphere or the ejection of plasma down the tail.
The latter can be seen in Fig. 4(b) as enhanced concen-
tration of ionospheric plasma moving into the mid-tail

region, and is actually associated with the ejection of a
plasmoid, which is not shown.
In the model, this ¯ow of ejected plasma has signi®-
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x = 
  14 Re

z = 26 Re

y = 26 Re

x = -110 Re

(a) T = 20 min

 Transient Geopause : Time After Nth IMF

(b) T = 40 min

(c) T = 60 min

Density

Pressure

Geopause Surface

Fig. 4. Changes in the positions of the geopauses following a northward (5 nT) turning of the IMF that follows the one hour

southward (ÿ5 nT) IMF shown in Fig. 2(c). The times given are from the start of the turning and it takes approximately 15 min

for it to propagate from the solar wind boundary to the terminator. The northward turning leads to the ejection of plasma enriched

in ionospheric ions into the deep tail.
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x = 
  14 Re

z = 26 Re

y = 26 Re

x = -110 Re

(a) T = 20 min

Transient Oxygen Injection: Time After Nth IMF

(b) T = 40 min

(c) T= 60 min

 5%

2.5%

1.0%

0.5%

Fig. 5. The relative concentration of oxygen corresponding to Fig. 4. The northward turning leads to enrichments in O� into the

mid- to deep tail. The O� concentrations appear higher than the steady-state con®gurations in Fig. 3. The average concentration in

the tail is of order of 1%, comparable to the Geotail observations reported by Seki et al. (1998).
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cant structure. The leading edge is seen to have high
concentration of solar wind plasma while the trailing

edge contains an ionospheric-rich component as seen
in Fig. 4(b). As the ejected plasma moves into the deep
tail, there is some dispersion of the plasma so that

most of the density is of solar wind origin. Neverthe-
less a hot ionospheric component is still present, as
seen by the isolated geopause surface in Fig. 4(c).

With the ejection of this ionospheric component, the
density and pressure geopauses in the near-Earth
region shrink in width, and begin to approach the

shape seen in Fig. 2(b). However, about another 20
min is required before they approach the shape of the
near steady-state condition of Fig. 2(a). Thus, solar
wind transients can lead to substantial deformations of

the geopauses and the apparent time scale for near
steady-state conditions to be attained appears to be of
the order of an hour.

The corresponding changes in oxygen concentration
are shown in Fig. 5. It is seen that the ejection of iono-
spheric plasma down the tail is also clearly evident in

the oxygen pro®le. Thus the presence of enhanced O�

can serve as an important marker for the geopause.
Even for ionospheric boundary conditions ®xed at

10%, concentrations of oxygen can reach as high as
2.5% in the mid-tail region. Higher concentrations
would be expected if the ionospheric boundary con-
dition were correspondingly increased.

The corresponding average concentration over the
full period is about 0.5% in the distant tail at several
tens of Re. This value is comparable to that observed

by Seki et al. (1998). This agreement would suggest
that the geopauses derived in the model are semi-quan-
titatively correct. Furthermore the geopauses derived

in the model are driven by ionospheric out¯ows that
are consistent with those inferred from polar orbiting
spacecraft (Chappell et al., 1987). In other words the
model can account for the presence of oxygen in the

deep tail without requiring extreme conditions and it is
natural for the ionosphere to play an important role in
producing signi®cant portions of the plasma in the

magnetosphere.

5. Summary and conclusions

In this paper, results are presented from the ®rst glo-

bal multi-¯uid simulation of the magnetosphere that
includes multiple ion species. Such modeling is the
only means for identifying the relative contributions of

the ionospheric and solar wind sources over the whole
magnetosphere and for determining the build up of
di�erent ion species within it. This problem is import-

ant for the dynamics of the magnetosphere since the
presence of hot and cold plasma and/or the presence
of light and heavy ion species can substantially change

the response of the magnetosphere to changes in solar

wind conditions. In addition these di�erent plasma
components or ion species can be used as key diagnos-
tics for the entry and transport of plasma and its ener-

gization within the magnetosphere.
To visualize the origins of the di�erent plasma

sources within the magnetosphere, we utilize the con-
cepts of the density and pressure geopauses that mark
the boundaries where the ionospheric and solar wind

sources provide equal contributions to the plasma den-
sity and pressure, respectively. For the northward
IMF, the density geopause is restricted to the plasma-

sphere and lobes. The relatively strong entry of solar
wind plasma into the magnetosphere is facilitated in

this case by high-latitude reconnection and subsequent
convection of the newly reconnected ®eld lines into the
magnetosphere. On the other hand, the pressure geo-

pause extends beyond the density geopause, into the
plasma sheet but remains very restricted in width. This
di�erence between the density and pressure geopauses

is indicative of the ionospheric plasma being strongly
heated by adiabatic compression as it is convected into

the plasma sheet, so that in the vicinity of the noon±
midnight meridian the ionosphere is the dominant
source of hot plasma. As the IMF becomes increas-

ingly southward, the density and pressure geopauses
are seen to encompass the plasma sheet and move
down the tail as well as across the tail.

In the model the oxygen out¯ows are driven by cen-
trifugal acceleration arising from convection of the

®eld lines over the polar cap. Propagation of iono-
spheric oxygen into the magnetosphere is dependent
on this acceleration plus the strength of the convective

electric ®eld in the tail. For sustained northward IMF,
the convection speed is relatively low and the centrifu-
gal acceleration is insu�cient to overcome the gravita-

tional potential well so that oxygen out¯ows are very
weak and primarily restricted to the plasmasphere and

lobes.
For sustained southward IMF, the fast polar cap

¯ows (or equivalently the enhanced cross-polar cap po-

tential) are able to drive stronger oxygen out¯ows.
However the enhanced convective electric ®eld causes

this oxygen to be convected into the plasma sheet and
around to the dayside. As a consequence even for
these enhanced oxygen out¯ows, oxygen only has lim-

ited access to the deep tail. Paradoxically for steady
state conditions, deep tail oxygen is most likely to be
observed for weak average IMF where there is a bal-

ance between centrifugal acceleration and convection
into the plasma sheet.

The situation is very much more di�erent if transi-
ents in the solar wind are considered. For example
during a period which includes 1 h of sustained south-

ward IMF followed by 1 h of sustained northward
(such that might be associated with substorms), the
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period of southward IMF (i.e., growth phase) leads to
an enhanced loading of oxygen in the inner magneto-

sphere. With the northward turning of the IMF, iono-
spheric plasma including oxygen is ejected tailward
and leads to oxygen concentrations in the deep tail

much larger than seen in the steady-state simulations.
The trailing edge of the ejected plasma associated with
substorms activity shows the strongest concentrations

of ionospheric ions while the leading edge is primarily
of solar wind origin.
The corresponding oxygen concentrations observed

in the deep tail under these conditions are consistent
with the observations of Seki et al. (1998). This result
is not only important in itself, but it suggests that the
density and pressure geopauses derived from the pre-

sent simulations are approximately the right order of
magnitude. This means that the ionospheric source can
be the important source of plasma to magnetosphere,

particularly during disturbed times, as suggested by
Chappell et al. (1987).
This is not to say that solar wind source is not an

important source of plasma to the magnetosphere. For
northward IMF it is the solar wind source that domi-
nates the magnetosphere, and the model can account

for the high correlation, particularly for northward
IMF, between the solar wind and plasma sheet den-
sities (Terasawa et al., 1997; Borovsky et al., 1997).
Strong mixing of the two plasmas driven by reconnec-

tion and convection is expected during periods of vari-
able solar wind conditions. This means that
components from the two di�erent sources should be

expected to be seen throughout much of the magneto-
sphere, albeit at highly varying concentrations.
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