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Foreword

The present volume is the second one in the Space Sciences Series of ISSI (Inter-
national Space Science Institute) and the October 1997 issue of Space Science
Reviews. It contains the proceedings of the first workshop in the ISSI study project
on ”Source and Loss Processes of Magnetospheric Plasma”, which was held at
ISSI in Bern on October 1-5, 1996. The participants in the project, the project
team, numbered at that time 51, of whom 45 participated in the workshop. The
main tasks of the first workshop were to provide a basis for the further work by
means of presentation and discussion of those 16 review papers which are pub-
lished in this volume and to prepare plans for the work of six working groups in
the year up to the second workshop in October 1997.

The ISSI study project on "Source and Loss Processes of Magnetospheric Plas-
ma” was selected by ISSI in December 1995 as the first in the solar-terrestrial
physics field after consulting a number of groups of senior scientists represent-
ing the international space physics community at large. The undersigned, Bengt
Hultqvist, is the project leader. A Core Group, consisting of two co-chairs for each
of six working groups and four ex-officio members from the Space Science Com-
mittee of ISSI (H. Balsiger, A. Galeev, G. Haerendel, and D. Southwood), con-
vened at ISSI in March 1996. At that meeting the plans for the first workshop and
the membership of the initial six working groups were established. Invitations to
the October 1996 workshop were distributed in April 1996.

The members of the Core Group, who co-chair the working groups, are: R.
Lundin and T.E. Moore (WG1), H. Koskinen and L. Lyons (WG2), M. Blanc and
J.L. Horwitz (WG3), G. Paschmann and D.G. Sibeck (WG4), W. Lennartsson and
N. Sckopke (WGS), and T. Terasawa and D.J. Williams (WG6). All members of the
project team participate in the work of the initial six working groups. The topics of
the working groups are as follows: WG1, Source processes in the high-latitude
ionosphere; WG2, Processes causing losses of magnetospheric plasma into the
high-latitude atmosphere; WG3, Source and loss processes at the plasmapause;
WG4, Source and loss processes on the dayside magnetopause; WGS5, Source and
loss processes along the flanks and near-tail magnetopause; WG6, Source and loss
processes for magnetospheric plasma in the distant tail.

At the second workshop in October 1997 the working groups will present, for
discussion in plenum, drafts of the first six chapters of the Final Report of the
study project. After that workshop, summarizing and synthesizing chapters will be
written and the Final Report is planned for publication as the January 1, 1999, issue
of Space Science Review and as no. 5 in the Space Sciences Series of ISSI.



ISSI wants to express its sincere thanks to the authors of the papers in this
volume, as well as to the referees, for good work done. A lot of work remains
before the study project is completed and the Final Report is published. That work
is shared by all working group members, but the Core Group will carry a large part
of it, as it has carried a large part up till now. We, therefore, extend our special
thanks to the members of the Core Group for agreeing to join the group and for the
valuable assistance they are providing both to the study project and to ISSI.

The ISSI staff, V. Manno, G. Nusser Jiang, M. Preen, and D. Taylor, have carried
most of the local organizational work for the workshop. We thank them for their
contributions.

Bern, June 1997 B. Hultqvist, M. @ieroset
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Abstract. Ion composition observations from polar-orbiting satellites in the past three decades have
revealed and confirmed the occurrence of a variety of ion outflow processes in the high-latitude
ionosphere. These processes constitute a dominant source of ionospheric plasma to the Earth’s mag-
netosphere. We review the current state of our observational knowledge on their occurrence, energy,
composition, variability, interrelationships, and quantitative contributions to the overall mass input
to the magnetosphere. In addition, we identify the prevalent sources and the gaps of our current
understanding of these sources.

1. Introduction

In this paper, we review the current state of our observational knowledge on ion
outflow processes from the high latitude ionosphere. We discuss the source loca-
tions, occurrence distributions, energy, mass composition and other morphological
characteristics, variability, and relative importance of the various processes. Our
objective is to determine the prevalent sources, i.e., to address the questions of
“where” and “how much”, and to identify the gaps of our current understanding
of these sources. In the companion paper (André and Yau, 1997, this issue), we
discuss the theories and observations of the underlying ion energization processes,
and address the questions of “why” and “how” for the outflowing populations.

The first evidence of ionospheric ions being a significant source of magneto-
spheric plasma was inferred from storm-time energetic ion composition observa-
tions by Shelley ez al. (1972) in which the precipitating flux of keV O" ions exceed-
ed that of H*. This was later confirmed by the discovery of energetic (>0.5 keV)
upflowing ionospheric H" and O* ions (UFI) above 5000 km on the polar-orbiting
S3-3 satellite. Two types of UFI were observed: in the first type, the velocity distri-
bution was peaked along the upward magnetic field direction (Shelley et al., 1976);
in the second, the distribution was peaked at an angle to the magnetic field (Sharp
et al., 1977). The two types of UFI were subsequently referred to as “ion beams”
and “ion conics”, respectively.

A variety of ion outflow processes in the high-latitude ionosphere have been
observed from satellites, sounding rockets, and ground-based instruments in the
past three decades. These processes may be grouped into two catagories: bulk ion

Space Science Reviews 80: 1-25, 1997.
©1997 Kluwer Academic Publishers.



2 YAU AND ANDRE

Figure 1. Schematic summary of measurements of ion outflow processes from polar-orbiting satel-
lites. (a) Solar radio flux index, Fjo.7 (top panel). (b) Altitude and epoch ranges of measurements
(middle panel). (c) Ion energy ranges of measurements (bottom panel).

flows with energies up to a few eV in which all the ions acquire a bulk flow veloc-
ity, and ion energization processes to much higher energies where in general only
a fraction of the ions are energized. The former catagory includes the polar wind
and thermal O* upflow from the topside auroral ionosphere. The latter catagory
includes transversely accelerated ions (TAI), upwelling ions (UWI), ion conics,
and ion beams. Figure 1 summarizes measurements of ion outflow processes from
polar-orbiting satellites over the past three solar cycles (Solar Cycle 20, 21, and
22). Figure 1a shows the daily solar radio flux index, F}o7, which is used as a
proxy indicator of the solar EUV flux. Near solar maximum, the level of solar
EUV flux is highly variable within a 27-day solar rotation. any ion outflow char-
acteristics depend on specific ionospheric conditions which are modulated by the
solar EUV flux, and may therefore exhibit significant variability on the time scale
of days during these times. Figure 1b depicts the altitude and epoch coverages
of the measurements from the different satellites. Data coverage is often concen-
trated near the apogee in satellites in highly elliptic orbits, because of spacecraft
operational reasons. Likewise, coverage is typically more extensive early in a long
mission than late in the mission because of gradual degradation of spacecraft oper-
ational resources or instrument performance. Figure 1c depicts the ion energy and
epoch coverages on the different satellites. The solid rectangles denote ion compo-
sition measurements; the dashed rectangles denote energy-per-charge, non-mass-
resolved measurements.

The measurements from the different satellites were acquired in different time
periods of the 11-year solar cycles. Significant long term variations in ion flow
characteristics exist and hence the level of solar activity at the time of measure-
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ments is often an important factor. For intercomparison between different measure-
ments, it is important to take into account their energy coverages and their relative
phases (epochs) in the solar cycle. The early ion composition measurements of UFI
on S3-3, which pointed to the region near 1 R, altitude as the primary ion accelera-
tion region, were limited to higher ion energies. As ion composition measurements
were extended to lower energies on DE-1 and Akebono, the importance of lower-
energy ion acceleration processes at lower altitudes gradually became apparent.
Indeed, in the topside ionosphere (~500-2000 km), a number of important accel-
eration processes are now known to occur. The S3-3 data were acquired in 1976-
1977, near the solar minimum and the early ascending phase of Cycle 21. On the
other hand, the bulk of DE-1 and Akebono data analyzed to date were acquired
near the solar maximum in Cycle 21 and 22, respectively.

2. Ion Sources
2.1. BULK IoN FLOWS

2.1.1. The Polar Wind

The term “polar wind” was coined by Axford (1968) in analogy to the solar wind,
and is used here to refer to the ambipolar outflow of thermal ions on or near open
magnetic field lines in the polar ionosphere, as a result of acceleration of the ambi-
ent ions by ambipolar electric field and other forces. The concept of light ion escape
by plasma diffusion as a result of plasma pressure gradient was first proposed in the
pioneering work of Nishida (1966) on the formation of the plasmapause. The exis-
tence of H* and He™" polar wind was first confirmed by thermal ion measurements
on ISIS-2 (Hoffman and Dobson, 1980), and the existence of heavy O* polar wind
was recently revealed on Akebono (Abe et al., 1993a). The role of photoelectrons
in the dynamics of the polar wind was first discussed in Lemaire (1972), and was
recently demonstrated in terms of the electron heat flux and the amplitude of the
ambipolar electric field in the sunlit polar wind in Tam et al. (1995) and Yau et
al. (1995). Numerous theoretical models of the polar wind exist; see the excellent
reviews by Raitt and Schunk (1983) and by Ganguli (1996) for the earlier and more
recent models, respectively.

Figure 2 shows the altitude distributions of the averaged polar wind H*, He*,
and O* ion velocities on Akebono (Abe et al., 1993a). The data were acquired
near solar maximum in 1990-1991 when Fjo7 varied between 120 and 270. At a
given altitude, the O* velocity was smaller than the He* velocity, which was in
turn smaller than the H* velocity. Both on the dayside and on the nightside, the
observed velocity generally increased with altitude, and exhibited large variations
from a smooth monotonic trend at times, presumably due to latitudinal or local
time variations of ionospheric conditions in localized regions of the polar cap. For
the three species, the velocity typically reached 1 km/s near 2000, 3000, and 6000
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Figure 2. Averaged polar wind ion velocity observed on Akebono above 80° invariant in 1990-1991
near solar maximum, on (a) the dayside (left panel) and (b) the nightside (right panel) as a function
of altitude: o = H*, x = He*, and + = O* (from Abe et al., 1993a).

km, respectively. The rate of velocity increase was largest between 2000 and 4000
km for H*, and at higher altitudes for He* and O*. Above 5000 km, the observed
O* polar wind ion velocity increased with altitude, and was ~4 km/s near the
Akebono apogee (~10,000 km). The large O* velocity near Akebono apogee is in
direct contrast with polar wind models which assumed or predicted the O* ions
to be stationary at all altitudes under typical ionospheric conditions (e.g. Schunk
and Watkins, 1981). Horwitz et al. (1994) recently reported larger O* velocities at
higher altitudes (3 Rg geocentric) on DE-1, which they interpreted as centrifugal-
ly accelerated polar wind ions. Chandler et al. (1991) reported H* and He* polar
wind ion velocities on DE-1 below 4000 km, during periods of high F}¢7 (>190)
in 1981-1983. The DE-1 velocities are in reasonable accord with both the dayside
velocities on Akebono and the ISIS-2 measurements at 1400 km (Hoffman and
Dobson, 1980), given that they were averaged over both the dayside and the night-
side polar ionosphere down to 70° invariant, and may have included contributions
from the more energetic ions (<50 eV) and the ion convection velocity component
at auroral latitudes.

At a given altitude, the averaged velocity of the polar wind on Akebono was
essentially independent of the magnetic activity level, however, its variability was
as large as 50% of the mean velocity at active times (Kp > 4) and smaller at quiet
times (Abe et al., 1993b). Abe et al. (1993b) found that the ion velocity at a given
altitude was correlated with the ambient electron temperature. The correlation was
believed to reflect the acceleration of the polar wind ions by the ambipolar electric
field along the field line, and the dependence of the field amplitude on the elec-
tron temperature. The relative increase in ion velocity with electron temperature
was largest and the correlation was also strongest at high altitude. This is believed
to reflect the cumulative effect of polar wind ion acceleration by the ambipolar
electric field along the field line, and provides a direct experimental confirmation
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Figure 3. Averaged upward thermal H* and O ion flux observed on Akebono at 6000-9000 km in
1990-1991 near solar maximum, and normalized to a reference altitude of 2000 km, as a function of
invariant latitude under northward and southward IMF conditions (from Abe et al., 1996).

of the relationship between the magnitude of the ion acceleration and that of the
ambipolar electric field at a given altitude.

Figure 3 shows the invariant latitude distributions of the averaged net upward
ion flux of observed thermal H* and O* ions on Akebono in the four MLT sec-
tors, for northward (B, > 0.5 nT) and southward (B, < —0.5 nT) interplanetary
magnetic field (IMF), respectively. The measurements were made from early 1990
to late 1991, near the solar maximum, in the 6000-9000 km altitude region, and
the measured flux was normalized to a reference altitude of 2000 km. As noted in
Abe et al. (1996), the polar wind is characterized by thermal energy less than a
few eV at Akebono altitudes. In comparison, the “cleft ion fountain” (Lockwood
et al., 1985a; see below) has energies in the 2 to 20 eV range, and may co-exist
with the polar wind in the polar ionosphere. The observed thermal-energy ions in
the polar cap correspond mainly to a polar wind source, but those near the cusp
were attributed at least in part to the cleft ion fountain. Figure 3 shows that above
75°, the flux was largest in the noon sector and smallest in the midnight sector; the
flux in the noon sector was in the range of 0.1-2 x 10">?m~2s~! for H* and slightly
smaller for O*. In the polar cap (>80°), where the flux was due almost exclusively
to the polar wind, it was larger on the dayside than on the nightside. The broad
latitudinal distributions for both ion species in the dusk sector are in contrast to
the corresponding distributions in the midnight sector. This is consistent with the
larger ambipolar electric field in the sunlit polar wind in the dusk sector, which is
attributed to escaping atmospheric photoelectrons (Yau et al., 1995). In the mid-
night sector, the ion flux increased with decreasing invariant latitude down to at
least 65° for southward IMF, and were peaked near 70°; the observed flux at auro-
ral latitudes is believed to originate from the nightside auroral ionosphere or ions
convected from the dayside along the auroral oval.
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2.1.2. Auwroral Bulk Upflow

The existence of bulk thermal O* ion upflow in the topside auroral ionosphere
(~500 km) was first identified from the scale height analysis of Alouette I sounder
data (Lockwood and Titheridge, 1981). Ion upflows in the topside ionosphere (below
1000 km) at velocities exceeding 1 km/s have been observed in the nightside auro-
ral zone and the dayside cleft, both on DE-2 (Heelis ef al., 1984) and from ground
radars (Wahlund et al., 1992). The observed ion upflow is highly variable in time
and location, and generally confined to latitudinally narrow regions. Large upward
ion flows generally occurred in regions of large ion convection velocities, and are
believed to be dominated by O* and at times enhanced in molecular NO*.

Figure 4 shows the occurrence probability distributions of ion upflows and
downflows on the dayside (08-12 MLT) at 600-1000 km on DE-2 (Loranc et al.,
1991). The occurrence probability of upflow was generally larger than that of
downflow in the auroral zone but smaller in the polar cap on both the dayside
and the nightside. Also, its peak spanned the convection reversal on the dayside,
and was at a lower latitude and more latitudinally extended on the nightside. The
separation between the upflow and downflow regions in this altitude region was
more distinct than at lower altitudes, and points to an association of the upflow
with the auroral zone, and to the downflow being the return flows of the former on
both the dayside and the nightside. Loranc et al. (1991) found that the occurrence
probability of upflows was several times larger during northward IMF (B, > 2 nT)
than during southward IMF (B, < —1 nT; B% + B; < (1 nT)?) in the polar cap
(above 78° invariant). It was generally greater in the prenoon sector than in the pre-
midnight sector. Also, it is greater in the dawn sector than in the dusk sector during
magnetically active periods. The peak occurrence probability for flows exceeding
100 m/s increased and moved equatorward with increasing Kp, from about 0.25
near 78° invariant at Kp < 3— to about 0.35 near 70° at Kp > 6 on the dayside; the
region of peak flows also broadened. From their dawn-dusk asymmetry and asso-
ciation with large perpendicular ion temperature, Loranc et al. (1991) attributed
the observed bulk ion upflows to upward ion expansion resulting from friction-
al heating and perpendicular ion temperature enhancement in regions of intensified
E x B drifts, and the subsequent transient change in plasma scale height. However,
Liu et al. (1995) recently presented examples in which soft (<50 eV) precipitating
electrons appear to be the dominant driver of the upflow.

Figure 5 shows the distributions of upward O* flux in the noon (1000-1400
LT) and midnight (2200-0200 LT) sectors during equinox, for magnetically quiet
(Kp < 2) and active (Kp > 2) conditions respectively (Lockwood and Titheridge,
1981), inferred from observed deviations of plasma scale height from their diffu-
sive equilibrium profiles between 400 and 1000 km on Alouette 1 in 1972-1978
near the solar minimum. Near the F, peak, frictional drag between O* ions and O
atoms dominates the ion motion. For a given neutral temperature, plasma tempera-
ture, and plasma temperature gradient, the deviation of the ionospheric scale height
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Figure 4. Occurrence probability of bulk thermal O upflows and downflows observed on DE-2 at
600-1000 km and 08-12 MLT, in 1981-1982 near solar maximum, as a function of invariant latitude
(from Loranc et al., 1991).

from its diffusive equilibrium value is a function of the upward O* ion flux ¢ as a
fraction of the limiting flux ¢r; ¢, is governed by ion-neutral frictional drag.

In Figure 5, the normalized mean dayside flux was ~1 x 10"?m~2s~! for Kp
< 2 and higher at active times. In the nightside, the flux was upward and peaked
at the poleward edge of the statistical auroral oval (3.5 x 10!2m~2s~! for Kp < 2
and 7 x 102m~2s~! for Kp > 2). During quiet times, ¢ exhibited little variations
about its mean value. During active times, it exhibited much larger variations, as
reflected by the large statistical deviations in the figure. A number of large flux
events were observed in which the inferred ¢ values exceeded 7 x 10"?m~2s~!, and
were associated with the auroral oval. Their occurrence probability was as large as
0.5 between 70° and 80° geomagnetic on the nightside in the winter. They were
relatively rare and appeared to cluster around the dayside cleft in the summer. In
the largest flux events, ¢ exceeded 2 x 103 m~2s~!. Such large fluxes require field-
aligned ion velocities of O* up to 1 km/s relative to the neutral O, since ¢ ~ Ayjn;
where Ayj| is the field-aligned velocity and n; is the ion density.

2.2. ION ENERGIZATION PROCESSES

A variety of ion energization processes contribute to the formation of suprathermal
and energetic upflowing ions from the auroral and polar cap ionosphere. These
include ion beams, ion conics, transversely accelerated ions (TAlI, a special case of
ion conics), and upwelling ions (UWI). In contrast to bulk ion outflow processes
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Figure 5. Upward O" ion flux distribution at 400-600 km inferred from plasma density altitude
profiles on Alouette 1 in 1962-1968 near solar minimum, | ¢ |, as a function of geomagnetic latitude,
for noon and midnight during equinox. ¢y, is the limiting flux (from Lockwood and Titheridge, 1981).

where the bulk ion distribution participates in the plasma transport, in general only
a fraction of the upflowing ions is energized to suprathermal or higher energies in
such processes.

2.2.1. Ion Beams and Conics
As noted in the introduction, ion beams are upflowing ions which have a peak flux
along the upward magnetic field direction, and are generally observed above 5000
km altitude. Note that the ion velocity distribution function of an ion beam, F;
may have a positive slope, dF;/dv; > 0 where v, is the velocity parallel to the
magnetic field, but this feature is usually not apparent or considered in statistical
studies. In contrast, ion conics have a peak flux at an angle to the upward magnetic
field direction. They have been observed at altitudes down to about 1000 km on
sounding rockets and on ISIS-2 (Klumpar, 1979; Yau et al., 1983), and up to several
earth radii and beyond on PROGNOZ-7 and ISEE-3 (Hultqvist, 1983; Cattell ez al.,
1993). Transversely accelerated ions (TAI) have peak pitch angles at or close to
90°, and may be regarded as a special case of ion conics. On the dayside, they are
regularly present down to about 3000 km on Akebono (Whalen et al., 1991). On the
nightside, they were observed at 1400 km on ISIS-2 (Klumpar, 1979) and ~1700
km on Freja (André et al., 1994) frequently, and down to ~400 km on sounding
rockets (Yau et al., 1983; Arnoldy et al., 1992) during active aurora. Ion conics are
sometimes interpreted as TAIs from a lower altitude which spiral up the field line as
a result of the magnetic mirror force. However, as discussed below, the motion of
an ion conic is typically non-adiabatic as it evolves along the field line, and hence
it is in general not possible to infer the original source altitude of an observed ion
conic by mapping it down the field line assuming adiabatic invariance.

Observed ion beams, ion conics and TAIs typically have energies from 10 eV
to a few keV. Lower-energy TAls do exist and have been reported from sounding
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rocket flights (Garbe et al., 1992; Yau et al., 1983), but observationally they are
often difficult to investigate in detail from satellite measurements due to limited
detector energy resolution, spacecraft velocity, and spacecraft charging.

The occurrence and morphological characteristics of UFIs were the subject of
several statistical studies using data from ISIS-1 and -2 (Klumpar, 1979), S3-3
(Ghielmetti et al., 1978; Gorey et al., 1981), DE-1 (Yau et al., 1984, 1985a,b;
Kondo et al., 1990; Collin et al.,, 1988; Peterson et al., 1992), ISEE-1 (Cattell et
al., 1993), Viking (Thelin et al., 1990), Akebono (Miyake et al., 1993, 1996), and
Freja (Andre et al., 1997), as well as the topic of overviews by Chappell (1988),
Burch (1988), and Shelley and Collin (1991). In the interpretation of statistical UFI
distributions, it is important to keep in mind limitations associated with observa-
tions of ion beams and TAIs. The limited pitch-angle resolution of ion detectors
precludes the distinction of small-angle conics (those within ~10° of the magnetic
field direction) from ion beams, and of large-angle conics (those within ~10° of
the perpendicular direction) from TAlIs. Also, the energy of a UFI distribution may
increase with altitude. For example, conics may be gradually heated as they move
upward, and ions may be accelerated by a parallel electric field confined to a rather
narrow altitude region. Also, low energy upflowing ion distributions may be ener-
gized and appear as beams or conics at higher altitudes. The invariant latitude and
MLT of an UFI may also change considerably due to ionospheric convection as it
moves upward.

Figure 6 shows the occurrence probability distributions of ion beams and con-
ics, from DE-1 energetic ion composition spectrometer (EICS) data at 8000 to
24000 km altitude for Kp < 6+ (Kondo et al., 1990). The UFI distributions were
observed both in the statistical auroral oval and in the polar cap (Shelley et al.,
1982). Both beams and conics were a common phenomenon, with occurrence fre-
quencies sometimes higher than 50%. The observed H* and O* UFIs had energies
from 10 eV (lower limit of this study) to a few keV, although higher energies occa-
sionally occurred. These findings agree with those from S3-3, ISIS-1 and -2 down
to 1000 km altitude (Klumpar, 1979, Ghielmetti et al., 1978, Gomey et al., 1981).

Figure 7 shows the occurrence probability distributions of ion beams and conics
at energies between 90 eV and 3.9 keV, as a function of altitude between 1000 and
8000 km from S3-3 (Gomey et al., 1981). These distributions were derived from
electrostatic analyzer data and therefore include all ion species. During low mag-
netic activity, conics were observed uniformly in altitude above 2000 km. At high
magnetic activity the occurrence probability increased with altitude; the local min-
imum at 3000 km is believed to be not statistically significant. The occurrence of
ion beams was drastically different, and was generally confined to altitudes above
5000 km. The altitude distributions of beams and conics between 8000 and 24000
km were investigated using DE-1 EICS data (Yau et al., 1984). It was found that
the occurrence probability of low energy (<1 keV) ion beams gradually increased
with altitude. Above about 15000 km, the occurrence probability of low-energy
conics decreased with increasing altitude.



10 YAU AND ANDRE

Figure 6. Occurrence probability of H* and O ion beams and conics observed on DE-1 at 8000-
24000 km in 1981-1986 in the declining phase of the solar cycle, as a function of invariant latitude
and MLT. Kp < 6+ (from Kondo et al., 1990).

Figure 7. Occurrence probability of ion beams and conics at 0.09-3.9 keV observed on S3-3 in 1976
near solar minimum, from electrostatic analyzer data and integrated over all local times above 54°
invariant, as a function of altitude for low and high magnetic activity (from Gorney et al., 1981).

Distributions of UFI may evolve in different ways as they move upward. The
occurrence of conics with energies of tens of eV peak at 1 Rg. In comparison,
beams of similar energies occur mainly at higher altitudes, indicating an evolution
of the UFI distributions as they move upward (Giles et al., 1994). It is clear that
ion conics often do not start as TAI distributions heated within a narrow altitude
range and then move adiabatically up the geomagnetic field. Statistical studies of
the evolution of ion conics along the field line using DE-1 (Peterson et al., 1992)
and Akebono data (Miyake et al., 1993, 1996) show that the energy of the ion con-
ics increases with altitude, while their apex angle (angle from the upward magnetic
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Figure 8. Scatter plot of (a) apex angle and (b) temperature of restricted ion conics in the dayside
auroral zone observed on Akebono as a function of altitude. The curves in (a) represent the altitude
variation expected from adiabatic invariance along the geomagnetic field (from Miyake et al., 1993).

field direction) decreases with altitude much more slowly than expected from adi-
abatic motion. In the so-called “restricted” ion conics, the ion distribution has a
well defined conical (apex) angle. On the other hand, in the so-called “extended”
or “bimodal” conics (Klumpar et al., 1984), the apex angle increases with energy,
and the lower energy ions have a significant flux along the field line.

Figure 8 is a scatter plot of the temperature (averaged energy) and apex angle
(angle from the magnetic field) of restricted ion conics observed on Akebono in the
dayside auroral zone (Miyake et al., 1993). The four curves in Figure 8a represent
the expected decrease in the apex angle with altitude assuming adiabatic invariance
along the geomagnetic field. The observed decrease was much slower. The temper-
ature of the conics, which was derived from the measured ion velocity distribution
in the 0.03-10 keV energy range, increased from ~10 eV near 2000 km to < 100
eV near 9000 km. Both these findings are consistent with gradual heating of the
conical distributions as they move upward.

The heating of conics depends on some “external” energy source, while heating
of beams may depend on “internal” energy exchange between beams of different
ion species. Beams of ions with different masses that are associated with a parallel
potential drop below the spacecraft should, as a first approximation, all have the
same energy, but this is not always the case observationally. Collin et al. (1987)
compared this simple prediction with the observed O* to H* ion beam energy ratio
using data from both S3-3 and DE-1. Figure 9 is a scatter plot of the observed O*
to H* ion beam energy ratio versus the corresponding ion flux ratio on DE-1. The
observations spanned the solar maximum and the declining phase of the solar cycle.
The O* and H* beam energies were comparable in cases where their fluxes were
also comparable, but the O* beams had higher energies than the H* beams in cases
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Figure 9. Scatter plot of O*/H* mean energy ratio versus flux ratio in observed ion beams on DE-
1, showing a strong tendency for decrease in the energy ratio as the composition of the ion beam
becomes dominated by O*. Dots: data from 1981-1982; crosses: data from 1984-1985 (from Collin
etal., 1987).

where the O*/H* flux ratio was smaller than unity, as was observed on S3-3 near
solar minimum. As will be shown in Figure 10 and 11 below, the O* dominates
the beam composition near solar maximum but is a minor component near solar
minimum. A reasonable explanation of the varying beam energy ratio is that the
O* and H* beams are initially accelerated by parallel electric field to the same
energy and that the difference in their initial velocity triggers a wave instability
which accelerates the O* ions at the expense of the energy from the H* ions only
when O* is a minor component, as suggested by the simulations of Bergmann and
Lotko (1986).

On DE-1, Yau et al. (1985a) observed significant seasonal and long-term varia-
tions in the O* UFI distributions, which were attributed to changes in the incident
solar EUV flux on the atmosphere in different seasons of the year and at different
phases of the 11-year solar cycle. The corresponding variations in the H* UFI dis-
tributions were much smaller. Figure 10 shows the averaged active-time (3— < Kp
< 5+) H* and O* UFI occurrence frequencies at DE-1 altitudes between Septem-
ber 1981 and May 1984 (top and middle panels), when the monthly mean solar
radio flux index Fjp7 decreased from about 250 to 100 (bottom panel). In the
top two panels, the solid, open, and semi-open circles denote winter, summer, and
equinox data, respectively. The upper histogram shows the occurrence probabili-
ty for all UFI events; the lower one is the frequency for intense events exceeding
10"m=2s~! in flux. The occurrence probability of the O* UFI decreased by about
a factor of 2 from near solar maximum in 1981 to the declining phase in 1984.
The decrease in frequency of the intense events was even larger, and about a factor
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Figure 10. H and O* UFI occurrence frequencies observed on DE-1 at 8000-24000 km and monthly
mean solar radio flux at 10.7 cm between 1981 and 1984, showing the solar cycle and seasonal
dependences of O* UFI occurrence. Solid circles: winter data; open circles: summer data; vertically
semi-open circles: equinox data; see text (from Yau et al.,, 1985a).

of 3-4. There was no discernible change in the H* occurrence probability during
the same period. Throughout the period, the occurrence probability of O* UFI was
significantly higher in the summer periods than in the winter periods, the frequency
of intense events being about a factor of 2 larger. The altitude range of perpendicu-
lar heating also appears to depend on the season. On ISIS-2 at 1400 km, Klumpar
(1979) found that the occurrence probability of TAI at 1400 km peaked at the win-
ter midnight sector. Yet, on ISIS-1 near 3000 km, most TAI events were observed
in the dayside near summer solstice.

The DE-1 observations indicate an upward shift in the region of perpendicular
O™ energization during periods of increased solar radiation. The occurrence proba-
bility of O* TAI between 8000 and 14000 km increased by a factor of 3 near solar
maximum; the O* conic abundance (conic to beam ratio) in the 8000 to 24000 km
range also increased (Yau et al., 1985a). The increase in occurrence probability,
intensity, and conic abundance of O* UFI in periods of increased solar activity
resulted in large increases in the corresponding flux and ion outflow rate.

Figure 11 shows the upward fluxes of low-energy (0.01-1 keV) H* and O* UFIs
observed by DE-1, as a function of invariant latitude in each of the 4 MLT sectors
during active times (3 < Kp < 5; Yau et al., 1985b). The invariant latitude distri-
butions for both H* and O* were similar, and peaked near 78° invariant in the noon
sector. In the midnight sector the fluxes peaked at lower invariant latitudes (near
70°), and were smaller by a factor of 2 (a factor of 3-5 at quiet times). Data are
shown for two periods of different solar activity. The H* fluxes in the two periods
were similar, while the O* flux increased with solar activity. As shown in Yau et
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Figure 11. Upward fluxes of H" and O* UFI below 1 keV observed on DE-1 at 8000-24000 km and
normalized to a reference altitude of 1000 km, as a function of the magnetic Kp index. Triangles:
data from September 1981 to January 1983, near solar maximum,; dots: data from February 1983 to
May 1984, in the declining phase of Solar Cycle 21 (from Yau ef al., 1985b).

al. (1985b), the observed upward flux was much larger than the downward flux, the
upward to downward flux ratio being ~3-5 for H* and ~10-20 for O*.

The influence of solar EUV radiation on O* outflow and the energization alti-
tude can be understood in terms of ionospheric and atmospheric scale heights. An
enhanced solar EUV flux will heat both the atmosphere and the ionsophere, and
increase the scale heights of their respective constituents. This is important for ion
outflow since for ion heating mechanisms to be efficient, ions must be present at
a sufficiently high altitude where the density is sufficiently low and the effect of
collisions and charge-exchange is negligible. Higher solar EUV flux in the sum-
mer and near solar maximum increases the scale heights of both O* and O. This
results in a larger increase in density at high altitude for O and O* than for H and
H*. Consequently, more O* ions occur at high altitudes where they can be heat-
ed and escape. The effect on H* ion acceleration is much smaller, because of the
smaller increase in H* density and the increased effect of resonant charge exchange
between H* and O.

Ion heating often occurs preferentially in regions of low plasma density. This
is evident from studies of individual events (see André and Yau, 1997, this issue).
Such a preference is perhaps not surprising since in a lower density plasma, more
energy is available to heat an individual ion for a given incident energy flux and
local instabilities are more easily triggered for a given current density.

Increased geomagnetic activity has somewhat similar influence on O* UFI as
increased solar radiation, as it may increase the ionospheric scale height and O*
density at high altitude through increased auroral ionization and Joule heating;
it also makes more energy available for ion energization. This results in a large
increase in O* UFI flux. The corresponding increase in H* UFI flux is smaller.
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2.2.2. Upwelling Ions

In the superthermal energy range (10-100 eV), differences exist in the energization
characteristics between the dayside and the nightside auroral upflowing ions. In the
nightside, the observed energization is in the perpendicular direction. The trans-
verse heating affects the bulk of the ion distribution, and perpendicular tempera-
tures of the order of 10 eV are produced. Often, the rate of “folding” of the evolving
conical distribution decreases with increasing mass per unit charge, reflecting the
larger gravitational effects on the heavier ions in counteracting the magnetic mir-
ror force. In contrast, the dayside events display the effects of both parallel and
perpendicular energization from one to tens of eV, resulting in an asymmetry in
the ion distribution toward the upward magnetic field direction. At 2000-5000 km
on DE-1, the core O* distribution was observed to exhibit transverse heating to
~10 eV and carry significant upward number flux (>10>m~2s~!) and heat flux
(>3 x10~7Tm~2s~!). All observed species (H*, He*, O*, O** and N*) were heat-
ed, and they were termed “upwelling ions” (UWI, Lockwood et al., 1985b). The
distinction between upwelling ions in the dayside and transversely accelerated low
energy ion conics is not sharp.

Upwelling ions are the most persistent suprathermal ion outflow feature in the
cleft region. Craven et al. (1985) have shown that even molecular ions (N3, O3,
and NO*) can be injected into the magnetosphere in the upwelling ion region.
Pollock et al. (1990) presented a detailed study of an upwelling ion event in which
the equatorward edge was closely associated with that of a convection velocity
shear region and the observed plasma was dominated by large upward O* ion flux
(~108m~2s~1).

On DE-1, the upwelling O* ions were observed exclusively in the morning sec-
tor of the auroral oval and the lower latitudes of the polar cap. Integrated over
the altitude range below 3R geocentric, the occurrence probability of upwelling
ions was up to 0.6 between 75° and 80° invariant (Lockwood et al., 1985b). The
integrated probability over invariant latitudes in the morning sector was very close
to unity, i.e., upwelling ions were almost always present but their location varied.
The region of upwelling ions shifted slightly to higher invariant latitude and the
observed ion flow gradually became more field aligned with increasing altitude.
The occurrence probability of the field-aligned flow was small (<0.1) in the morn-
ing sector, but increased to 0.3 in the afternoon sector. Lockwood et al. (1985a)
concluded that the ions in the field-aligned flows should be spatially dispersed
across the polar cap according to their time of flight, and termed the flow “cleft
ion fountain” in analogy to a fountain in the wind.

Pollock et al. (1990) analyzed the plasma parameters of 39 upwelling ion events
on DE-1, and found O* to be the dominant ion species in all cases. Figure 12
is a scatter plot of the measured upward ion flux versus ion density at the low-
latitude edge of UWIs for several ion species. The scatter plot shows that at 1.3-
2.1 Rg geocentric, the O density was ~10° m™3 and its upward velocity was
about 1-3 km/s. The H* density was ~108 m~3 and its upward velocity was about
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Figure 12. Scatter plot of upward ion flux versus ion density for several upwelling ion species
observed on DE-1 at 1.3 to 2.1 Rg geocentric (from Pollock et al., 1990).

10 km/s. The large O* density is indicative of increased ionospheric scale height
and associated bulk ionospheric ion heating at lower altitudes. The O* flux was
typically 10'3 ions m~2s~!, far in excess of the polar wind O* flux (Abe et al.,
1993a), and was generally independent of the orientation of the IMF (B,) and
the location (MLT) of the upwelling ions. Pollock et al. (1990) found the UWI
O* flux and its occurrence probability to be not dependent on the value of B, in
the preceding hours, even though its invariant latitude location correlates strongly
with the latter. The observed upwelling O* fluxes on DE-1 imply that upward field-
aligned ion fluxes on the order of 10'3m~2s~! should be observed in the ionosphere
below the events. Indeed, Lockwood et al. (1985c) reported upward field-aligned
ion flows of 500 m/s velocity at 900 km on DE-2, on dayside cusp field lines below
a region of upwelling ions at 22,000 km observed on DE-1.

Most observations of ion outflows were focussed predominantly on H* and O*
ions, which are typically the two major ion species. However, the composition of
both thermal and energetic upflowing ions is highly variable, not only in the O*/H*
ratio but also in the relative abundance of ion species which are usually consid-
ered minor species. On DE-1, Nagai et al. (1984) reported a variable He*/H* polar
wind ratio between 0.01 and unity in an orbit pass near 3 R geocentric, and Collin
et al. (1988) observed energetic upflowing He* ions about half as often as either
H* or O*. On Akebono, Yau ef al. (1991) found thermal ion flux ratio of 0.1-0.3
for He*/H*, 0.1-1.0 for N*/O*, and 0.1-0.5 for O**/O*. The enhancement of N*
relative to Ot was largest during disturbed times, particularly in the presence of
molecular upflowing ions (Yau et al., 1993). Figure 13 shows a mass spectrum
of the observed upflowing ions in the dayside auroral zone near Akebono apogee
(76°A, ~10 MLT, 9000 km altitude) during the main phase of a large magnetic
storm. Intense and comparable fluxes of low-energy, upward, field-aligned H*, N*
and O* ions were present, as were smaller fluxes of N, and NO*, He* and O**.



SOURCES OF ION OUTFLOW 17

NRCC/CRL SUPRATHERMAL MASS SPECTROMETER

MARCH 12, 1990 23:24 UT
1000,1, i T T T +

(rel. unit)
&
(=}
T

ION FLUX
e

©
o

ION MASS/CHARGE (amu/q)

Figure 13. Observed upflowing ion mass spectrum on Akebono in the dayside auroral zone at 9000
km altitude during a magnetic storm, showing the presence of comparable fluxes of H*, N*, and O*
ions and smaller fluxes of He*, O**, and molecular NO* and N3 ions.

Peterson et al. (1994) showed that the observed molecular ions must have acquired
an energy of the order of 10 eV at ionospheric (F-region) altitudes, in a time short
compared with the local dissociative recombination time of the ions, which is of the
order of minutes. This points to the likely existence of an as yet unidentified, fast
ion energization process at the F-region or topside ionosphere. The large variabili-
ty in the upflowing ion composition is attributed to variations in both the ambient
ion composition at ionospheric altitudes and the height of ion extraction (acceler-
ation), in response to variations in the solar and magnetospheric energy input. The
incident solar EUV flux affects the atmospheric and ionospheric scale heights. The
precipitating magnetospheric electron energy distribution determines the height of
auroral ionization. The nature of incident wave or particle energy input governs the
altitude and mode of ion energization.

3. Total Ion Outflow

The ion outflow rate from a bulk ion outflow or ion energization process may be
estimated by normalizing the measured ion flux distributions at different altitudes
to a reference altitude, to take into account the variation of the (divergent) magnet-
ic flux tube area with altitude, and by integrating the normalized net upward ion
flux distribution over all MLT and invariant latitudes in the polar ionosphere. At a
given altitude, an energetic ion distribution may be considered to consist of three
distinct populations: newly outflowing terrestrial ions, upward and downward mir-
roring ions, and downward precipitating “magnetospheric” ions. It is not possible
to simply equate the upward flux in the upward loss cone with the net terrestrial
ion flux, since ion beams may undergo pitch angle diffusion or experience addi-
tional transverse heating, giving rise to pitch angle widths wider than the loss cone.
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Figure 14. Outflow rates of H* and O* upflowing ions at 0.01-17 keV observed on DE-1, integrated
over all MLT and invariant latitudes above 56° in both hemispheres, as a function of the magnetic
Kp index, for different ranges of Fio.7 (from Yau et al., 1988).

Instead, one must integrate the measured ion flux distribution over the full 180°
pitch angle range.

Figure 14 shows the ion outflow rates of H* and O* ions at 0.01-17 keV observed
on DE-1, integrated over all MLT and invariant latitude above 56° in both hemi-
spheres, as a function of the magnetic Kp index, for three Fo 7 ranges (Yau et al.,
1988). The O rate increased exponentially with Kp, by a factor of 20 from Kp =0
to 6, and exceeded 3 x 10?® jons s~ at times of high solar and magnetic activity.
The rate at low solar activity was about a factor of 4 smaller than that at high activ-
ity. In contrast, the H* rate in the three F}(7 ranges was very similar. For all three
Fjo7 ranges, the dependence of the O* rate on Kp was similar. In comparison, the
H* rate increased with Kp more moderately, by a factor of 4 from Kp = 0 to 6.
Since the Kp index is a quasi-logarithmic measure of magnetic disturbance, the
exponential increase of the ion outflow rates suggests a quasi-linear dependence of
UFI outflow with magnetic activity. Yau et al. (1988) found a similar exponential
dependence of the outflow rates on the Dst index, and power law dependence on the
AE index. They also discussed the relative merits and limitations of parametrizing
the ion outflow rates using the different indices.

Using the occurrence probability data of Lockwood et al. (1985b) on DE-1 for
upwelling ions, Pollock et al. (1990) estimated the outflow rate of upwelling ions
from the two hemispheres at 2 x 10% 0O, 0.5 x 10 H*, and ~ 0.1 x10% He*
ions s, for northern hemispheric spring equinox conditions in 1982 near solar
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maximum. This compares with a total net auroral zone outflow rate of 2-4 x10%
H* and 1-20 x10% O* ions at 0.01-17 keV at higher altitudes (Yau et al., 1988).

Abe et al. (1996) integrated the observed upward thermal ion flux distributions
on Akebono (c.f. Figure 3 above), to estimate outflow rates of thermal-energy H*
and O* in the polar cap and the auroral zone. Their rates are believed to be lower
estimates, since they have not been corrected for perpendicular (convection) drifts
and for effects of spacecraft potential. In the polar cap (above 75°), where the
observed ions were believed to be composed primarily of the polar wind, the H*
and O" outflow rates were essentially independent of Kp, and were on the order of
8 x 10%* s~! and 6 x 10%* s~!, respectively. In contrast, at auroral latitudes (below
75°), the O* rate increased exponentially with Kp, by a factor of about 5 from Kp
=0 to 7. The corresponding increase in the H* rate was less than a factor of 2.

4. Summary and Discussions

Satellite observations in the past three decades have revealed and confirmed the
occurrence of a variety of bulk ion outflows and ion energization processes in
the polar ionosphere. These processes constitute a dominant source of ionospher-
ic plasma to the magnetosphere. They include the polar wind, auroral bulk ion
flows, and perpendicular and parallel ion energization mechanisms that produce ion
beams, ion conics including transversely accelerated ions, and upwelling ions. In
principle, each type of distribution may be identified by the ion energy and angular
distribution and spatial location. In practice, however, the observed ion distribution
at a given altitude often consists of ions from more than one source. Due to ion
convection and gradual heating as the different sources of ions move upward, it is
not always possible to delineate the contributions from the respective sources in an
observed distribution.

Our current knowledge of the occurrence, characteristics, variability and inter-
relationships of the various ion outflow processes is summarized as follows:

1. The polar wind occurs essentially at all times and at all latitudes poleward of
the plasmasphere, being driven by ambipolar electric field and other forces
along or near open magnetic field lines. It is characterized by energy less than
a few eV and temperature of a fraction of eV, is composed of significant com-
ponents of H*, He*, and O, is supersonic above 1500-2000 km, and has larger
velocity on the dayside than on the nightside. Its ion outflow rate is ~0.5-1.0
x10? H* and O* ions s~! in the polar cap (>75° invariant) near solar maxi-
mum.

2. Bulk ion flow occurs at auroral latitudes, from ~400 km to 1500 km altitude or
higher, at velocities up to ~1 km/s and upward fluxes up to 103m=2s~!. It is
possibly driven by frictional heating of O* ions at lower altitudes or increased
electron temperature in auroral electron precipitation region. It is normally
dominated by O* ions, and occasionally has a significant component of NO*
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ions. The bulk of ions in the flow do not reach escape velocity, but do have
sufficient energy to reach ion energization regions at higher altitudes.

3. The process of transverse ion acceleration energizes ions predominantly in the
perpendicular direction to energies up to hundreds of eV (sometimes keV), via
a number of energization mechanisms (see the companion paper, André and
Yau, 1997). It occurs both on the dayside and on the nightside, and in general
acts on all ion species. The altitude region of ion acceleration is dependent on
the season and the solar activity level, and extends down to ~400 km on the
nightside in the winter during active aurora. The acceleration often occurs over
an extended altitude region. This results in the ions being energized gradually
as they evolve along the field line, and appear as ion conics of increasing energy
and slowly decreasing conic (apex) angle.

4. Upwelling ions on the dayside are typically less energetic but have higher flux-
es than transversely accelerated ions on the nightside. They have characteristic
temperatures of a few eV and a parallel energy component, resulting in upward
ion fluxes exceeding 10>m~2s~! in the 2000-5000 km altitude region.

5. Parallel ion acceleration occurs primarily above 5000 km, and leads to the
occurrence of field-aligned ion beams up to the few keV range. It is more com-
mon in the dusk sector, resulting in a dawn-dusk asymmetry in the occurrence
probability distribution of ion beams in favor of the dusk sector.

6. The combination of parallel and perpendicular ion energization processes result
in the frequent occurrence of upflowing ion beams and conics which are domi-
nated by H* and O* ions below 1 keV at high (<4Rp) altitude. The character-
istics of these upflowing ions are highly dependent on geomagnetic and solar
activity conditions.

a) Near solar maximum, the O* flux is significantly larger and the H* flux is
moderately smaller relative to solar minimum, resulting in a factor of up to
10 variation in the O*/H* ratio.

b) Near solar maximum, conics are more abundant. Also, energetic (keV) ion
beams are less frequent (or shifted to higher altitudes), and the O* and H*
ion beams are comparable in energy and flux. In contrast, the O*/H* flux
ratio is smaller than unity and the O* beam has higher energy than the H*
beam near solar minimum, possibly due to a microinstability that may not
occur when the O* and H* densities are similar.

c) The O* flux is strongly dependent on geomagnetic activity. It increases
exponentially with the magnetic Kp index, by a factor of 20 from Kp =0
to 6. The corresponding increase in the H* flux is a factor of 4.

d) The mass composition of upflowing ions is highly variable. It is dominated
by H* and O* at quiet times. However, the flux of the minor ion species,
notably He*, N*, O**, NO*, and N, often exceeds 0.1 and sometimes
approaches 0.5-1.0 of the H* or O* flux.

Table I summarizes the current estimates of outflow rates of the polar wind,
upwelling ions, and energetic upflowing ions including ion beams, ion conics,
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and TAlIs. It updates a similar table in Chappell (1988) using data that have since
become available. The rates in the table include the contributions from both hemi-
spheres. Only solar maximum data are available for both the polar wind and the
upwelling ions. The polar wind outflow rates are derived from the thermal ion
outflow data on Akebono (Abe et al., 1996). As discussed above, these data are
believed to be lower estimates, and were divided into the auroral and the polar cap
components at 75° invariant. The auroral component is believed to contain a signif-
icant component of upwelling ions (or the cleft ion fountain). The H* rate in Table
I is a factor of 3-4 smaller than the estimate in Chappell (1988), which was derived
by assuming uniform polar wind ion flux down to 51° invariant. The upwelling ion
data are from Pollock et al. (1990). As noted above, these estimates were derived
from occurrence probability and typical flux data, and are approximate averages
over all magnetic activity conditions. The energetic upflowing ion data are derived
from DE-1 measurements (Yau et al., 1985b, 1988), and include both solar maxi-
mum and solar minimum data. These data assumed 80° and 76° invariant for the
quiet-time and active-time boundary, respectively, between the auroral zone and
the polar cap. Note that the observed upflowing ions extended down to 10 eV, and
therefore overlapped with the high-energy (>10 eV) upwelling ions; the upwelling
ions also overlap with the polar wind ions in the eV energy range. The overlap in
ion energy ranges and the difference in assumed polar cap boundary complicate
the quantitative comparison. Nevertheless, the table shows that in both the auroral
zone and the polar cap, the observed “polar wind” thermal H* ion outflow rate is
comparable to that of the energetic (>10 eV) upflowing H* ions at higher altitudes
at both quiet and active times; the same is also true for O" at quiet times. This
suggests that the thermal polar wind plasma at Akebono altitude (<10000 km),
including the contribution from the cleft ion fountain, is a sufficient source (and is
likely the primary source) of cold plasma for the energetic upflowing ions at higher
altitudes both in the auroral zone and the polar cap. Furthermore, it suggests that
a significant fraction of the thermal plasma is energized and becomes energetic
upflowing ions above escape energy below 4 Rg altitude. This is significant as it
implies that ions from the ionosphere that ultimately escape do not necessarily have
to reach escape velocity at ionospheric altitudes. The table also shows that at active
times near solar maximum, the thermal O* ion outflow rate is small compared with
the corresponding UFI outflowing rate. This suggests that a significant fraction of
energetic O™ UFI may be energized to beyond ~60 eV (the upper energy limit of
the Akebono polar wind measurements) at Akebono altitudes (< 10000 km).
In conclusion, several important questions and gaps in our knowledge remain:
1. What fraction of the observed “polar wind” thermal plasma at Akebono alti-
tude do the upwelling ions constitute? Detailed 3-dimensional analyses of the
observed ions in different regions of the polar cap and in a variety of ion con-
vection patterns are needed to address this question.
2. How is the thermal plasma transported from the dayside to the nightside as it
flows upward? Specifically, does it convect across the polar cap in a predom-
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Table I
Ton Outflow Rates (10% ions s™'; see text).

Quiet (Kp=0-2) Active  (Kp=3-5)

H* o* H* o*
Polar Wind (solar max)
Polar cap 0.9-1.1 0.5-0.7 0.6-0.8 0.6-0.7
Auroral 1.8-26 08-12 3540 1522
Upwelling ions (solar max)
Cleft ~0.5 ~2.0 ~0.5 ~2.0
Upflowing ions (solar max)
Polar cap 0.3-0.5 0.3-1.0 1.2-1.8  3.0-6.0
Auroral 2.0-3.1 1.2441 39-62 7.0-14.0
Upflowing ions (solar min)
Polar cap 0.5-0.8 0.1-0.3 1.6-2.6 0.7-2.7
Auroral 1.8-28 0.4-0.9 34-55 1.3-36

inantly anti-sunward direction or along L-shells? This has implications on the
feeding of cold plasma to the so-called “parallel” auroral acceleration region
on the nightside.

3. Is the overall ion outflow dependent on the interplanetary magnetic field (IMF)
and the dynamic pressure of the solar wind? The orientation of the IMF affects
the ionospheric convection pattern in the polar ionosphere, and is expected to
have a direct influence on the transport of the outflowing ions. The dynamic
pressure of the solar wind is believed to affect the magnetospheric energy and
momentum input to the polar ionosphere. The ionospheric oxygen ion densi-
ty in the plasma sheet was found to be correlated with the solar wind energy
flux (Lennartsson et al., 1995), while its possible B, dependence was less evi-
dent. We have no observational knowledge on the IMF dependence of energetic
upflowing ions at low altitude, and little knowledge on that of the polar wind
and upwelling ions. Statistical analyses of existing data using recently available
IMF data may well provide important clues to this question.

4. How dependent are the polar wind and upwelling ions on solar activity level?

5. How often do some of the minor upflowing ion species become comparable to
the major ion species, and when?

6. What fraction if any of the thermal plasma remains un-energized up to very
high altitudes, and therefore may have evaded detection so far?

The answers to these questions may well be found in existing data which remain
to be analyzed.
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Abstract. A review is given of several mechanisms causing outflow at high latitudes of ionospher-
ic ions to the terrestrial magnetosphere. The upward ion motion along the geomagnetic field can
be divided into several categories, including polar wind, bulk ion outflow in the auroral region,
upwelling ions and ion conics and beams. More than one ion energization mechanism can be operat-
ing within each category, and a combination of categories is important for the total ion outflow.

1. Introduction

Many of the ions in the terrestrial magnetosphere originate from the ionosphere.
However, for several years it was believed that the solar wind was the major source
of magnetospheric plasma, and that essentially all ionospheric plasma was gravi-
tationally bound to low altitudes. In contrast, the first polar orbiting satellites car-
rying energetic ion mass spectrometers (1971-89A and S3-3) detected significant
amounts of O* ions that had to be of ionospheric origin (Shelley et al., 1972; 1976a;
Sharp et al., 1977). It is now clear that the high latitude ionosphere is an important
source of H*, O and other ions in the magnetospheric plasma (Chappell, 1988;
Shelley, 1988).

In this review we summarize and discuss some of the mechanisms transforming
and concentrating energy of solar wind origin to cause the outflow of ionospheric
ions at high latitudes (invariant latitude above 50°-60°). An overview of the statis-
tical properties of the high latitude ion outflow as observed by several spacecraft
and radars is given in a companion paper (Yau and André, this issue). The out-
flowing ions can be divided into categories such as polar wind, auroral bulk ion
upflow, upwelling ions, ion beams and ion conics. The average energies of about
0.1 eV in the collisional lower ionosphere must be increased to about 1 to 10 eV
(for H* and O™, respectively), possibly by gradual energization as the ions move
upward, for the ions to reach escape velocity. Average energies of up to several
keV directly associated with outflow are observed at altitudes of several thousand
kilometers. The ions may be energized either directly in the upward direction par-
allel to the geomagnetic field, or in the perpendicular direction. In the latter case,
motion in the divergent magnetic field subsequently gives a parallel velocity com-
ponent. There is not one single mechanism that can explain all ion outflow. In the
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following we discuss several mechanisms believed to be important for the iono-
spheric ion outflow. We concentrate on perpendicular ion energization, and on bulk
ion outflows caused by other mechanisms than a parallel auroral electric field. The
auroral potential drop usually occuring at altitudes between 2000 and 15000 km
(Reiff et al., 1988) is of course an important source of upgoing ion beams with
energies between hundreds of eV and tens of keV, but the various mechanisms
possibly causing this acceleration region are not reviewed here (see e.g., Borovsky,
1993 and André, 1997). We note that these regions of upward acceleration may be
supplied with ions from below by some of the mechanisms discussed in the follow-
ing. Several ion energization mechanisms may presently be studied in detail only
in space plasmas near Earth, but may well operate also in the magnetospheres of
other astrophysical objects.

2. Bulk Ion Outflows
2.1. THE POLAR WIND

The term polar wind refers to the ambipolar outflow of thermal ions in the polar
ionosphere. The polar wind flow is the result of acceleration of the ambient ions
by an ambipolar electric field and other forces. This bulk outflow (all particles in
the population have the same drift velocity in addition to their thermal velocity)
occurs on or near open magnetic field lines, e.g., over the polar cap. The polar
wind outflow results from ion acceleration by an ambipolar electric field, caused
by a slight charge separation, in order to achieve quasi-neutrality with the lighter
and faster upflowing electrons. Other accelerating forces include plasma pressure
gradients, magnetic mirror forces, and E x B convection in a region of magnetic
field curvature; decelerating forces include gravitation and ion-neutral collisions.

The polar wind plasma consists primarily of electrons, and H*, He*, and O*
ions. The source of plasma is the F-region of the polar ionosphere, which is dom-
inated by oxygen ions (O%). The hydrogen ions in the polar wind result from the
resonant charge exchange reaction between oxygen ions and atmospheric hydrogen
in the topside ionosphere. The helium ions are produced by the photoionization of
atmospheric helium. The polar wind undergoes four major transitions as it flows up
the field line: from chemical to diffusion dominance at 500-800 km, from subsonic
to supersonic flow at 1000-2000 km, from the collision-dominated to the collision-
less altitude regime at 1500-2500 km, and from heavy to light ion composition at
about 5000-10000 km.

The term “polar wind” was coined by Axford (1968) to describe the supersonic
ion flow at collisionless altitudes, in analogy to the hydrodynamic plasma expan-
sion in the solar wind. The majority of the early models of the polar wind were
steady state and one-dimensional. These models are discussed in excellent review
papers by Raitt and Schunk (1983) and Schunk (1988). More recent models, some
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of which are time-dependent and three-dimensional, are discussed in the recent
comprehensive review by Ganguli (1996).

The early “classical” polar wind models emphasized the plasma pressure gra-
dient along the field line, and were based on steady state hydrodynamic continuity
and momentum equations or collisionless kinetic equations. These models predict-
ed the supersonic flow of H* and He* ions at limiting fluxes above the subsonic-to-
supersonic transition altitude (about 1500 km for H* and 2500 km for He*) while
the O* ions were assumed to be stationary. More advanced models are based on
generalized transport equations, and emphasize the ion and electron temperature
anisotropies in the polar wind (e.g. Gombossi and Rasmussen, 1991, Blelly and
Schunk, 1993). Some of these models include the possibility of O* flows at high
altitudes in the case of highly elevated electron temperature (Barakat and Schunk,
1983) or transient ion heating (Gombosi et al., 1985). However, the models often
depend strongly on the assumed ionospheric boundary conditions (Demars and
Schunk, 1987; 1989; Yasseen and Retterer, 1991). Also, most of these models
assume a downward electron heat flux, which is inconsistent with recent observa-
tions in the sunlit polar wind on the Akebono satellite (Yau et al., 1995), in which
the observed heat flux was upward and dominated by the escaping photoelectrons
(with energies above 10 eV) and the anisotropic temperature distribution by the
thermal-energy (below 5 eV) electrons.

The effects of escaping photoelectrons on the polar wind were studied by Lemaire
(1972) using collisionless kinetic equations, and more recently by Yasseen et al.
(1989) and Tam et al. (1995) using collisional kinetic equations. These latter stud-
ies included the effects of Coulomb collisions, parallel electric fields, and the mag-
netic mirror force, and showed that the presence of photoelectrons can increase
the ambipolar electric field in the sunlit polar wind to a magnitude that is com-
parable to that inferred from DE-2 electron flux measurements (Winningham and
Gurgiolo, 1982). The study of Tam et al. (1995) represents an important advance
in polar wind modeling in two respects: it used a hybrid approach in which the
thermal component of the polar wind plasma was described by transport equations
and the suprathermal photoelectrons by kinetic equations, and it calculated in a
self-consistent manner the electric field required to maintain quasi-neutrality along
the field line in the presence of the photoelectrons.

Because of the magnetic field curvature in the polar cap, the convection electric
field is a possible source of energization for the polar wind plasma. Cladis (1986)
pointed out that in the presence of large convection electric field, significant ener-
gization of O* ions is possible in the high altitude polar cap. Here the curvature of
the geomagnetic field in effect produces a centrifugal acceleration to the convecting
plasma (in its frame of reference). However, the importance of centrifugal accel-
eration of various polar wind ion species is not yet clear (Swift, 1990; Horwitz,
1994).

Observationally, ion composition observations on the ISIS-2, DE-1, and Ake-
bono satellites have confirmed the existence of polar wind ion flows in the 1000-
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10000 km altitude region whose velocity and flux characteristics are basically
consistent with those predicted by the classical polar wind models. However, the
Akebono observations revealed that above 3500 km altitude, O* ions are often an
important constituent of the polar wind, and the observed O* velocity at high alti-
tude is much larger than the values expected from most models.

On Akebono, Abe et al. (1993a) measured the averaged altitude profiles of the
polar wind velocities for the three major ion species (H*, He*, and O"). For all three
species, the ion velocity increased with altitude, and was larger on the dayside than
on the nightside. At a given altitude, the velocity was smallest for the heavy O*
ions and largest for the H" ions, and was more variable during active times than
at quiet times. The velocity of the three species reached 1 km/s near 2000, 3000,
and 6000 km, respectively. The ion velocity at a given altitude was found to cor-
relate with the ambient electron temperature (Abe et al., 1993b), Figure 1a. Here
the correlations are attributed to the cumulative effect of ion acceleration due to
the ambipolar electric field along the field line, and the direct relationship between
the local magnitude of the ion acceleration and that of the ambipolar electric field
responsible for the acceleration. In a related Akebono study, Yau et al. (1995) found
electron velocity distributions with higher temperatures in the upward direction
along the geomagnetic field than in the perpendicular and downward directions,
Fig 1b. The higher electron temperature in the upward direction resulted in an
estimated upward heat flux of approximately 1.0x10~>W m~2 at an altitude of
about 2500 km. Yau et al. (1995) noted that the heat flux carried by the observed
suprathermal atmospheric photoelectrons and thermal-energy electrons was 1 to
2 orders of magnitude larger than the downward heat flux predicted or assumed
in many polar wind models (e.g., Schunk and Watkins, 1981). The observed elec-
tron temperature is anisotropic because of the large ambipolar electric field that is
required to maintain quasi-neutrality along the field line in the presence of escaping
atmospheric photoelectrons, and because of the Coulomb collisions between the
low-energy ambient electrons and the more energetic photoelectrons. The larger
ambipolar electric field in the sunlit polar wind is consistent with the day-to-night
asymmetry of the observed polar wind ion velocity.

In summary, the Akebono observations have confirmed the significant effect
of ambipolar electric fields arising from escaping atmospheric photoelectrons, as
well as the significant effect of plasma pressure gradients, on the polar wind accel-
eration. However, the relative importance between the two effects remains to be
quantified, due in part to the lack of quantitative plasma pressure measurements
at high altitudes. Also, theoretical results indicate that the effects are intimately
coupled (Tam et al., 1995).

2.2. AURORAL BULK UPFLOW

Some of the bulk ion upflow closely related to auroral latitudes at all local times
does not seem to be caused by an auroral potential drop. This upflow consists main-
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Figure 1. a) Scatter plots of H polar wind ion velocity versus electron temperature observed on
the Akebono satellite in three different altitude regions. The correlation is strongest at the highest
altitude, and reflects the direct relationship between the magnitude of the ion acceleration and the
ambipolar electric field at a given altitude. (From Abe et al., 1993b). b) Polar wind electron tem-
perature observed by two sensors on Akebono at 25002800 km in the dayside polar cap displayed
as a function of pitch angle. The measured temperature was largest near the upward magnetic field
direction (>150° electron pitch angle) (From Yau et al., 1995).

ly of O*, sometimes with a significant NO* component. The ions are observed by
satellites and radars from altitudes of about 400 km up to at least 1500 km. The
upward velocity and number flux can be up to about 1 km/s and at least 1013 O*
jons/m?s, respectively (Loranc et al., 1991; Wahlund et al., 1992, and references
therein). Most ions do not reach escape velocity unless they are further energized
by additional mechanisms. (This is in contrast to the polar wind bulk outflow which
starts at about 1000 km for protons, consists of H*, He*, and O* at higher altitudes,
and where the ions can escape).

One important mechanism causing this auroral upflow is probably frictional
heating of O* ions at altitudes below a few hundred kilometers where collisions
are very important. Perpendicular electric fields exceeding a hundred mV/m corre-
spond to E x B drifts of a few km/s, which via collisions give enhanced (several
thousand K) perpendicular ion temperatures, and subsequently (again via colli-
sions) increased parallel ion temperatures (e.g. Heelis et al., 1993; Wilson, 1994).
The enhanced temperature at low altitudes increases the preexisting paraliel pres-
sure gradient, and the ions respond by flowing to higher altitudes to attain a new
equilibrium scale height distribution. Although the increase of the scale height is a
transient feature, the upflow can remain since new plasma is horizontally convected
into the heating region. Many ions do not reach escape velocity and may fall down
when convected out of the heating flux tube (e.g. Loranc et al., 1991).
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At least sometimes strong perpendicular electric fields are observed adjacent
to auroral arcs and the frictional ion heating mechanism may be important for ion
upflow, while in regions of auroral precipitation only weak electric fields, but sig-
nificant ion upflows, are found (Wahlund et al., 1992). Alternative mechanisms are
needed to explain these upflows directly associated with electron precipitation, and
one possibility is increased electron temperatures causing an ambipolar electric
field (Barakat and Schunk, 1983; Liu et al., 1995). It has also been suggested that
anomalous resistivity due to ion acoustic fluctuations, caused by either a strong
current carried by electrons or by a relative drift of O* and H* ions, and an asso-
ciated parallel electric field cause the ion upflow (Collis et al., 1991; Wahlund et
al., 1992). Furthermore, ion upflows can often be related to shear in the convec-
tive velocity, which in a two-step process can seed plasma waves important for ion
energization (Ganguli et al., 1994). Other mechanisms have also been considered
as discussed by, for example, Wilson (1994) and references therein. The ions in the
bulk upflow at auroral latitudes are an important source for other auroral energiza-
tion mechanisms, as discussed below.

3. Energetic Auroral Ions—Conics and Beams
3.1. TRANSVERSE ION ENERGIZATION-ION CONICS

Much of the ionospheric ion outflow is directly associated with the auroral oval,
and is caused by energization of all major ion species perpendicularly to the geo-
magnetic field. These energized ions can then move up the field lines of the diver-
gent terrestrial magnetic field and form so-called conics in velocity space. These
distributions are observed by rockets at altitudes of a few hundred kilometers (e.g.
Whalen et al., 1978; Kintner et al., 1986; 1992; 1996) and by satellites up to several
Earth radii (e.g. Sharp et al., 1977; 1981; Klumpar, 1986; Burch, 1988; André et
al., 1990; 1997; Lundin and Eliasson, 1991; André and Chang 1993; Miyake et al.,
1996). Typical mean ion energies range from a few eV up to at least about 1 keV,
see Figure 2.

The energization is caused by the essentially perpendicular component of elec-
tric fields oscillating within some frequency range. Several wave modes can, in
principle, cause perpendicular ion energization; see reviews by Klumpar (1986),
Lysak (1986), André and Chang, (1993) and André (1997). These waves range
from static structures and waves much below the ion gyrofrequencies (Borovsky,
1984; Hultqvist, 1991), via waves at and just above the ion gyrofrequencies (Ashour-
Abdalla and Okuda, 1984; Chang et al., 1986), to waves above the lower hybrid
frequency (Chang and Coppi, 1981). Several of the proposed mechanisms may not
be of any practical importance, at least not in the terrestrial auroral zone. In the fol-
lowing we briefly discuss some mechanisms that seem to be of major importance
in the terrestrial ionosphere and magnetosphere.
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Figure 2. a) Lower panel: O* distribution function (ion conic) with mean energy of 70 eV, displayed
with contours of constant phase space density, observed by the DE 1 satellite; and upper panel:
corresponding O* distribution obtained with a Monte Carlo simulation using observed wave fields as
input. Only upflowing ions are shown. From Chang et al. (1986) and Retterer et al. (1987). b) Electric
field spectral density observed simultaneously with the O* distribution in panel a (fo+ = 6 Hz). From
Chang et al. (1986). c) Ion distribution function (TAI) with mean energy of 100 eV (assumed to be
O*) observed by the Viking satellite and d) the corresponding electric field spectral density in the
ion heating region (22:31:27 UT) and just outside (fo+ = 2 Hz). (Both from André et al. (1988)). e)
Upper left (right): O* (H*) distribution functions with mean energies of 31 and 67 eV observed by
the Freja satellite, and lower left (right): corresponding O* (H*) distributions obtained with Monte
Carlo simulations using observed wave fields as input and f) the corresponding electric and magnetic
field spectral densities in the ion heating region (E; and B;), and just outside (E, and B,), (fo+ = 25
Hz, fun = 600 Hz) (Both from André et al., 1994).
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One common type of ion heating is associated with broadband low-frequency
electric wave fields (Figure 2a-d). These waves cover frequencies from less than
one Hz up to several hundred Hz, thus including the gyrofrequencies of the major
ion species at least for altitudes from about 1000 km up to a few earth radii. Such
broadband waves near the ion gyrofrequency can efficiently heat ions. A maximum
heating rate corresponding to such waves can be obtained by assuming that the
perpendicular wavevector is much smaller than the inverse of the ion gyroradius
(as would be the case for some Alfvén waves), and that the left-hand polarized
fraction of the waves is heating the ions. The ion cyclotron heating rate (Chang et
al., 1986) is then given by

W - Sugemy M
dt

where ¢ and m are the charge and the mass of the ion, and Sy, is the electric field
spectral density at the ion gyrofrequency due to left-hand polarized waves. Rela-
tion (1) is convenient to use when estimating the ion heating rate from the observed
spectral densities. An exact calculation of the ion energies that can be caused by
the observed waves requires detailed information concerning the waves, such as
distribution in wavevector space, which usually is not available. The successful use
of relation (1) in several studies is not necessarily an indication that the long wave-
length Alfvén wave is the dominant wave mode in the observed broadband low-
frequency spectra. For example, recent studies indicate that a significant fraction
of these emissions sometimes may be ion acoustic waves (Wahlund et al., 1996) or
electrostatic ion cyclotron waves (Bonnell et al., 1996). The simple cyclotron heat-
ing mechanism can nevertheless be useful when estimating the effects of observed
waves on the ions. Assuming that some fraction, which must be less than 100%,
of the observed electric field spectral density near the ion gyrofrequency is due to
left-hand Alfvén waves is, as a first approximation, the same as assuming that the
same fraction of the waves is in resonance with the ions, regardless of wave mode.
Studies of events in various regions of the magnetosphere show that fractions from
less than one percent, up to tens of percent, of the observed waves need to be in
resonance to explain the observed ion conical distributions (Chang et al., 1986;
Retterer et al., 1987; André et al., 1988; 1990; 1997; Norqvist et al., 1996).

In Transversely Accelerated Ion (TAI) distributions the ions have pitch-angles
close to 90°. These distributions can be regarded as a special case of ion conics,
where the magnetic mirror force has not yet changed the parallel velocity com-
ponent. (In some other reports the term TAI is used to denote the mechanism of
transverse acceleration. These accelerated ions are not necessarily observed at 90°,
and ion conics may then be regarded as a special case of TAIs.) Figures 2c-d show
a TAI distribution observed in the dayside cusp/cleft region by the Viking satel-
lite, and the simultaneously observed broadband waves. At this altitude of about
13500 km it might at first seem surprising that, within observational limits of a few
degrees, the ions have not traveled far enough in altitude to give the distribution an
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obvious conical shape. The reason seems to be that cool ions from the equatorward
edge of the cusp/cleft are drifting poleward into a region filled with broadband low-
frequency waves, which then can heat the ions (André et al., 1988; 1990; Norqvist
et al, 1996; Knudsen et al., 1997). Thus ions at altitudes of several thousand kilo-
meters can be heated over an altitude range over only a few hundred kilometers,
and may appear as TAI distributions.

Observations by the SCIFER sounding rocket at 1400 km near 10:00 Magnet-
ic Local Time (MLT) in the cleft again show ion energization clearly associated
with broadband low-frequency waves (Kintner et al., 1996; Moore et al., 1996;
Armoldy et al., 1996). The energization is associated with clear density depletions
with sharp boundaries, Figure 3. These density depletions are tens of kilometers in
the perpendicular direction. The depletions are consistent with even larger regions
of low plasma density, broadband low-frequency waves and ion heating observed
by the Viking (Hultqvist, 1991) and Freja satellites (Lundin et al., 1994; André et
al., 1997) at altitudes up to 13500 km (Viking apogee). These ion heating events
occur at various local times, and similar ion energization in a sharply confined
spatial region poleward of a nightside auroral arc has recently been observed by
the AMICIST sounding rocket at 900 km, near 23:00 MLT (Lynch et al., 1996).
This nightside rocket observation is typical in that the broadband low-frequency
waves are loosely associated with keV auroral electrons (accelerated by a quasi-
static potential drop). However, the waves and the ion energization do not occur
on exactly the same field lines as the auroral electrons. Another example of this
(small-scale) anti-correlation between auroral electrons and ion heating to energies
above 5-10 eV is shown in the Freja morningside event in Figure 4. Here the heat-
ed O* ions observed by the spinning satellite can be seen as vertical stripes in panel
1, the anti-correlated keV electrons in panel 4, and the broadband low-frequency
waves are found in panel 5. In summary we find that ion heating at all local times
often is associated with broadband low-frequency waves that can resonantly heat
the ions.

There are waves also above the lower hybrid frequency, fry, at about 1 kHz
in Figure 4. These emissions are not well correlated with the ion energization, are
weaker than the waves near the oxygen gyrofrequency, fo+, and are not important
for the ion energization. During other events, waves near fiy are the major heat-
ing mechanism. Figure 2e-f shows an afternoon event where waves above f; y are
more intense than waves at fo+ and fy+. Here “pre-heating” by waves near the
ion gyrofrequencies can be important for the ions to get high enough velocities
to be in resonance with the waves above the lower hybrid frequency, but most of
the heating is then caused by waves above fiy (André et al., 1994). While these
Freja observations from about 1700 km show waves in widespread regions (hun-
dreds of kilometers), observations by sounding rockets at altitudes up to about 1000
km show good correlation between waves above fiy occuring in thin filamentary
density cavities (“lower hybrid cavities”, LHCs) and transverse ion energization to
characteristic energies of up to about 10 eV (Kintner et al., 1992; Vago et al., 1992;
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Figure 3. Overview from 680 s to 830 s flight time of the SCIFER sounding rocket showing ion
energies (top panel), and electric fields to 2 kHz and 1 MHz (middle and lower panels). Transversely
accelerated ions occur together with broadband low-frequency waves and decreased Langmuir wave
frequency (decreased density) between 765 and 800 s (from Kintner et al., 1996).

Chang, 1993; Singh, 1994; Ergun et al., 1995; Lynch et al., 1996). The cavities
are about 50-100 meters wide in the direction perpendicular to the geomagnetic
field, and probably much longer in the parallel direction. A possible scenario is
that downgoing keV electrons from a quasi-static auroral potential drop generate
lower hybrid waves which in some places collapse to form LHCs.

Auroral electrons may also generate waves below an ion gyrofrequency (Temerin
and Lysak, 1984; Gustafsson et al., 1990). These electromagnetic ion cyclotron
(EMIC) waves can, in principle, heat ions at the higher ion gyrofrequency by
the less efficient so-called “double cyclotron resonance” mechanism (Temerin and
Roth, 1986; Ball, 1989) but this mechanism might not often be important in prac-
tice (Ball and André, 1991a). However, the EMIC emissions below one ion gyrofre-
quency can occur above the gyrofrequency of some heavier ions, e.g., the waves
may be at frequencies between fy+ and fo+. The EMIC waves above fo+ may heat
O* ions in a way similar to waves above fLy (Ashour-Abdalla et al., 1988) and Fre-
ja observations indicate that this mechanism sometimes is important (Erlandson et
al., 1994; André€ et al., 1997).

An additional heating mechanism, giving ion energies of probably only a few
eV, is mode conversion and resonant absorption of downgoing electromagnetic
waves (auroral hiss) near fy+ in an oxygen dominated plasma (Le Quéau et al.,
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Figure 4. Data from a morningside ion heating region observed by the Freja satellite; panels 1 and
2 show O* and H"* ions; panel 3 the corresponding pitch-angle; panel 4 downgoing electrons; panels
5 and 6 electric fields to 10 kHz and a time series of the nearly static electric field; panels 7 and 8
the magnetic field between 1.5 and 60 Hz and the corresponding time series; panel 9 the density; and
panels 10 and 11 the perturbations of the geomagnetic field and the field-aligned current estimated
from these perturbations. Perpendicular O* energization (panel 1) is associated with broadband low-
frequency waves (5), but not with auroral electrons (4). From André et al. (1997).
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Figure 5. Different types of ion heating events observed by the Freja satellite near 1700 km during
about 1300 passes. a) number of events and b) number of seconds spent in each type of event. Type
1 and 2 are both associated with broadband low-frequency waves, Type 3 is connected with auroral
electrons and waves near 1/2 fy+ or waves around fiu, while Type 4 is associated with precipitating
H* or O* and, again, waves around fiy. From André et al. (1997).

1993; Rauch et al., 1993; Johnson et al., 1995). Yet another mechanism to be con-
sidered is non-resonant “sloshing” by waves much below the ion gyrofrequency
(Hultqvist, 1991; 1996; Ball and André, 1991b). At these low frequencies the ions
will respond to the electric field essentially by a changing E x B drift. This often
gives energies up to some eV at low altitudes (a few thousand kilometers), but may
give much higher energies to heavy ions at higher altitudes (weaker geomagnetic
field).

Recent satellite and rocket observations indicate that broadband low-frequency
emissions is the most important wave signature associated with perpendicular ion
energization, probably followed by waves around fiy. In a preliminary statisti-
cal study of Freja data obtained near 1700 km (André et al., 1997), perpendicular
O* ion heating to mean energies above 5-10 eV were classified as belonging to
one of four types, Figure 5a-b. Type 1 and 2 are both associated with broadband
low-frequency waves, Type 3 is connected with auroral electrons and waves near
1/2 fy+ or waves around fry, while Type 4 is associated with precipitating H* or
O* and, again, waves around fiy. From Figure 5a-b it is clear that broadband low-
frequency waves is the most common wave signature in this study. Also, these
events are associated with the highest O* mean energies at 1700 km (hundreds of
eV on the night and morningside) and the highest outflow (10'> O* ions/m?s on the
dayside), while intense eveningside events associated with waves near fiy usually
have ion energies and fluxes an order of magnitude lower.
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3.2. PARALLEL ION ENERGIZATION

Some ion conics do not have flux maxima only at a nearly constant pitch-angle,
but over an extended range of angles. These distributions include a significant flux
of low energy ions aligned with the geomagnetic field, and can be said to be “lift-
ed” in velocity in the parallel direction (see e.g. Figure 2a). Statistical studies of
DE 1 and Akebono data (Peterson et al., 1992, Miyake et al., 1996) indicate that
many high energy conics are lifted as a result of ion heating over an extended alti-
tude range in a diverging magnetic field (Temerin, 1986), while some conics on
the eveningside have been accelerated upward by a parallel electric field (Klumpar
et al., 1984), but that the in principle possible velocity filtering effect (Horwitz,
1986) appears to be less important. The statistical studies also indicate that the cone
angle of many conical distributions stays constant in altitude, rather than decreas-
ing toward the upward direction as expected from adiabatic particle motion. Both
the constant cone angle, and the lifting of conics, can be the result of gradual per-
pendicular resonant ion energization by waves at, e.g., the ion gyrofrequency as
the ions move upward. In cases when the perpendicular energization is not intense
enough at higher altitudes, the ion motion will become more field aligned, and due
to limited detector resolution the distribution may be observed as an ion beam (peak
flux along the magnetic field direction). Field-aligned ion energization of several
eV may result also from strong (hundreds of mV/m) perpendicular electric fields
at much lower (non-resonant) frequencies due to the pondermotive force caused by
the gradient of the E x B drift in the diverging geomagnetic field (Li and Temerin,
1993; Witt et al., 1995; Schukla et al., 1996).

4. Upwelling Ions

Many dayside ion outflow events display the effects of both parallel and perpendic-
ular energization to energies from one to tens of eV. The ion distributions appear
as a single peak in detector count rate near the satellite ram direction but with
a notable asymmetry toward the upward magnetic field. During these “upwelling
ion” (UWI) events the ion and satellite velocities are nearly equal (some kilometers
per second), complicating studies of the ion distribution. These UWI distributions
are important for understanding of the total ion outflow as well as ion energization
mechanisms, and they have been extensively studied with the RIMS mass spec-
trometer on DE 1 (Lockwood et al., 1985a; Moore et al., 1986; Pollock et al.,
1990; Giles et al., 1994).

The distinction between upwelling ions in the dayside and transversely accel-
erated low energy ion conics is not sharp. However, by comparing observations
reported as UWT and conical distributions we find that the UWI distributions are
more upward moving (higher upward mean velocity) than ion conics with the same
perpendicular energy. At higher perpendicular energies (above about 10 eV) per-
pendicularly heated dayside ion distributions are not reported to have special prop-
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erties, but at these higher energies some asymmetries in the parallel direction may
observationally be masked by the perpendicular energization.

When observed at 2000-6000 km, the core of UWI O* distributions exhib-
it transverse heating to about 10 eV, and carry significant upward number flux
(>102m~2s~1) and heat flux (>3x10~7W m~2). All other observed species (H",
He*, O™ and N*) are also warmed. A detailed study of an intense upwelling ion
event is summarized in Figure 6. The sharp equatorward edge of the upwelling ion
event (panels a and e) was closely associated with electric field oscillations (pan-
el b) and with a convection velocity shear region (panel c), where transverse ion
heating was observed (panel a, see also Moore et al., 1986). The transverse ion
energization at the equatorward edge, associated with electric field emissions, is
very similar to other satellite observations (André et al., 1988, 1990; Norqvist et
al., 1996; Knudsen et al., 1997), although in many of these cases the heated ion
distributions had higher energies and were reported as conics. Detailed studies of
some events show that resonant energization by electric fields at frequencies of the
order of the ion gyrofrequecny can explain the ion conics in this region (André et
al., 1988, 1990; 1997; Norqvist et al., 1996; see also Kintner et al., 1996) and it is
likely that UWI distributions are energized in a similar way, but to lower energies.
As for ion conics, non-resonant sloshing may be significant at low (a few eV) ener-
gies. This scenario does not explain why dayside UWI distributions should be more
upwelling than an ion conic with the same energy, and additional understanding of
the observed parallel energization is needed.

From the narrow nature of the upwelling ion source region, Lockwood et al.
(1985b) concluded that ions should be spatially dispersed across the polar cap
according to their time of flight (the “cleft ion fountain™). For a given ion species,
lower energy ions will be convected further toward the nightside; as will heavier
ions for a given ion energy (Horwitz, 1984; Moore et al., 1985). Similar dispersion
may affect ions originating in the auroral bulk outflow (Loranc et al., 1991), and
ions in the cusp (Shelley et al., 1976b) and in the plasma mantle (Rosenbauer et
al., 1975).

5. Summary and Discussion

Different types of ion distributions, energized by different mechanisms, flow upward
along the geomagnetic field lines at high latitudes. A simplified overview of some
ion upflows is given in Figure 7. The polar wind is a bulk ion (H*, He* and O%)
outflow which for protons starts at altitudes of about 1000 km, and has a typical
velocity of about 1 km/s at an altitude of about 2000 km. This outflow, occuring
on or near open field lines, is at least partly caused by plasma pressure gradients
and ambipolar electric fields arising from escaping atmospheric photoelectrons, but
the relative importance of these coupled mechanisms is not clear. The auroral bulk
ion upflow is observed from about 400 km and is composed mainly of O*. Upward
velocities reach about 1 km/s at an altitude of 1000 km, but most ions cannot escape
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Figure 6. DE 1 observation of an intense upwelling ion event on March 1, 1982; distances are
geocentric. a) O" spin angle versus time spectrogram from RIMS. The dashed line indicates the
upgoing direction. There is transverse energization near 23:27 UT. b) one component of dc electric
field data from the PWI instrument; c) processed (averaged) electric field data; d) derived ion flow
velocities; €) upward ion fluxes; f) ion densities (the O* ion density is divided by 10) (From Pollock

et al. 1990).
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unless they are further energized. In the auroral zone, strong perpendicular electric
fields in the collisional ionosphere can cause heating and transient changes in the
parallel pressure gradient, generating ion upflow. Electron precipitation, causing
increased electron temperatures and an ambipolar electric field, as well as waves
related to shear in the convection velocity and other phenomena, can also contribute
to the ion energization and bulk upflow in the auroral region. So-called upwelling
ion distributions in the dayside auroral region have energies between one and tens
of eV, an upward velocity of 1-10 km/s, and often higher perpendicular than par-
allel characteristic energy. Upwelling ion distributions are similar to low energy
ion conics, but seem for some unknown reason(s) to have higher relative parallel
characteristic energies. Ion conical distributions in the auroral region are energized
mainly in the perpendicular direction. Motion in the divergent geomagnetic field
then gives an upward velocity component and the conical shape in velocity space.
Conics have mean energies from a few eV up to at least about 1 keV, with the
higher energies typically occuring at higher altitudes. The corresponding parallel
velocities range from a few km/s up to a few hundred km/s, with lighter ions having
higher velocities. The most common and important energization mechanism seems
to be resonant heating by broadband low-frequency waves at frequencies of the
order of the ion gyrofrequencies. Resonant heating is also caused by waves near
the lower hybrid frequency, sometimes confined in density cavities, and by electro-
magnetic ion cyclotron waves. Non-resonant heating by electric field oscillations
below the ion gyrofrequencies can be important for energization to some eV at
low altitudes, and to much higher energies at higher altitudes (weaker geomagnetic
field). Ion beams are caused by parallel electric fields, and by magnetic pitch-angle
folding of some upward moving conics, and typically have energies from a few eV
to tens of keV. Parallel velocities are then between a few km/s and thousands of
km/s, again with lighter ions having the higher velocities.

The ion number flux of the various types of upflowing ion distributions varies
considerably between different events, and varies also systematically with, e.g.,
magnetic activity, season, and magnetic local time. As discussed by Yau and André
(this issue), the high latitude ion outflow is an important source of magnetospheric
plasma. Here we just note that during solar maximum and high magnetic activity
the total outflow of H* and O* is a few times 10? ions/s, often with O* as the
dominating species during these active conditions.

The ion distributions labeled with different names are not necessarily distinctly
different, or caused by distinctly different mechanisms. Both polar wind and auro-
ral ion bulk upflow can be accelerated parallel to the geomagnetic field by pressure
gradients and ambipolar electric fields, and the upwelling ions and ion conics can
be energized in the perpendicular direction by the same oscillating electric fields.
Furthermore, an ion distribution can be gradually heated by different mechanisms
as it flows upwards, and will be labeled accordingly when observed at different alti-
tudes. Auroral bulk upflow is, together with some transverse ion heating causing
low energy conics, supplying ions to regions above 1000 km where more intense
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Figure 7. Schematic overview of some categories of high latitude ion upflow: polar wind, auroral
bulk outflow (AB), upwelling ions (UWT), ion conics (IC) and ion beams. The parallel quasi-static
auroral electric field (E)) is indicated together with some wave phenomena causing energization
perpendicular to the geomagnetic field: broadband low-frequency waves (BBwaves, shaded regions),
waves near the lower hybrid frequency (LH) and similar waves occuring in density cavities (LHC)
and electromagnetic ion cyclotron (EMIC) waves below the proton gyrofrequency (Figure supplied
by Patrik Norgvist).

perpendicular energization can create ion conics. These conical distributions can
then be further gradually heated up to altitudes of at least several earth radii (Fig-
ure 7, nightside). When the perpendicular heating is not intense enough at higher
altitudes, motion in the divergent geomagnetic field will change the ion motion
to be more field aligned, and the distributions may be detected as ion beams. Ion
beams may also be generated by an acceleration region with a parallel auroral elec-
tric field, occuring at altitudes of a few thousand kilometers. These regions may be
supplied with ions from below by some of the mechanisms discussed above. Some
ion distributions on the dayside may start as auroral bulk outflow, be gradually
heated to appear as upflowing ions, and further gradually energized in the perpen-
dicular direction to achieve a distinct conical shape (Figure 7, dayside). These ions
may then be E x B convected toward the polar cap, and the lowest energy ions
may fall down again unless they have reached escape velocity.

Even during one specific event an upward flowing ion distribution may be
affected by more than one major mechanism. The ions are often gradually ener-
gized as they move upward, and the distribution may be changing in invariant lat-
itude and magnetic local time due to convection. Thus, investigations of the com-
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binations of mechanisms causing gradual ion energization are needed to further
improve our understanding of the ion outflow from low altitudes to the outer mag-
netosphere.
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Abstract. In this review, we examine four specific questions/issues of contemporary interest within
the overall topic of ionospheric plasma outflow into the magnetosphere. These four question areas are
framed here as: (1) Are high-latitude F-region upflows predominantly driven by soft auroral electron
precipitation?; (2) Is the O within the polar cap magnetosphere supplied primarily by the cleft ion
fountain or a direct polar cap ionospheric source?; (3) Is centrifugal acceleration an important mech-
anism in the acceleration of ionospheric plasma outflows?; and (4) Are lobe ionospheric outflows
captured by the plasma sheet?

Key words: Magnetosphere, Ionosphere, Plasma, Transport

1. Introduction

Although in the early years of the magnetospheric exploration it was often conjec-
tured that the principal plasma source for the main magnetospheric regions is the
solar wind (e.g., Hill, 1974), the consensus view has shifted toward a much greater
role for ionospheric supply, with some authors contending that the ionospheric may
be the dominant source of the plasma within the plasma sheet and other magneto-
spheric plasma regions (e.g., Chappell et al., 1987), or at least within the more
near-Earth portions of the magnetosphere (e.g., Moore and Delcourt, 1995). Thus,
there have been numerous reviews written over the years which have been con-
cerned partially or largely with ionospheric plasma supply to the magnetosphere
(e.g., Horwitz, 1982, 1987, 1995; Moore and Delcourt, 1995; Shelley, 1995).

The purpose of this review will not be to cover all aspects of ionospheric supply
to the magnetosphere, but we will target four topical question areas around which
there has been recent progress and substantial controversy: (1) Are high-latitude
F-region upflows predominantly driven by soft auroral electron precipitation?; (2)
Is the O* within the polar cap magnetosphere supplied primarily by the cleft ion
fountain or a direct polar cap ionospheric source?; (3) Is centrifugal acceleration
an important mechanism in the acceleration of ionospheric plasma outflows?; and
(4) Are lobe ionospheric outflows captured by the plasma sheet?

Space Science Reviews 80: 49-76, 1997.
©1997 Kluwer Academic Publishers.
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2. Are high-latitude F-region upflows predominantly
driven by soft auroral electron precipitation?

Spacecraft and radar observations have established that upper F-region/topside
ionosphere field-aligned flows arise in response to ExB-driven heating and auroral
particle precipitation (e.g., Heelis et al., 1984, 1992, Tsunoda et al., 1989, Wahlund
et al., 1992), and some observations and theory have suggested that convection
shears might also produce low-altitude upflows (Ganguli et al., 1994). Coinciding
with this recent progress on upflows, there have also been large-scale radar (e.g.,
Foster,1993) and model-satellite data comparisons (Sojka et al., 1992, 1994) show-
ing how convection transports enhanced ionization regions horizontally at high
latitudes. Statistical global patterns of these field-aligned F-region flows are begin-
ning to emerge (e.g., Loranc et al., 1991; Heelis et al., 1992). These patterns show
that upflows tend to be observed in auroral regions and downflows in the polar
cap, indicating an overall “breathing” motion of the ionosphere in response to the
enhancements and reductions of upflow drivers during the convection cycles.

Very recently there have been case event model-data comparison investigations
in which the effects of soft electron (here referring to electrons below 0.5 keV) pre-
cipitation on high-latitude F-region/topside ionospheric upflows were more care-
fully examined. Such electron precipitation may exist over broad zones of the high-
latitude ionosphere, particularly during northward IMF conditions (e.g., Makita et
al., 1988). In this case, we are primarily focusing ultimately on the F-region/topside
ionization and thermal electron heating effects of large fluxes of such precipitating
electrons, rather than possible transverse ion heating effects and other derivative
consequences of such electrons (e.g., possible associated field-aligned currents)
(cf. Eliasson et al., 1994).

Liu et al. (1995) successfully modeled evening auroral zone passes of ionopher-
ic plasma and soft-electron precipitation measurements from both HILAT and DE-
2, using an ionospheric fluid plasma transport model with the spacecraft-measured
ion convection velocities and soft-electron precipitation characteristics as inputs
for frictional ion heating and ionization and thermal electron heating, respectively.
An example from Liu et al. (1995) of such a model-data comparison for the high
latitude topside ionosphere is displayed in Figure 1. The agreement between mea-
sured ionospheric temperatures, densities and bulk vertical flows and the modelled
ionosphere using the convection-driven frictional heating and the soft electron pre-
cipitation input parameters from the DE-2 data is fairly close. Details of the model
and the data are provided in Liu et al. (1995). However, careful examination of
the modeling responses to the independent inputs (see Liu et al. (1995)), indicat-
ed that the soft-electron precipitation effects were sufficient to explain the peak
upflow velocities and fluxes observed as well as the electron temperatures, where-
as the convection-driven frictional heating inputs were significant in reproducing
the local ion temperatures but were of secondary importance in the driving of these
ionospheric upflows.
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Figure 1. Comparison of measurements (dotted lines) of ionospheric parameters for a DE-2 high-
latitude pass (at 700-800 km altitude on November 4, 1981) and ionospheric fluid model results
(solid lines). The top four panels show the average energy and energy flux for precipitating soft
(£ 1 keV) electrons (from LAPI), and the convection components along and perpendicular to the
satellite track (from IDM/RPA), which are considered the “drivers” for ionospheric dynamics. The
remaining panels show what may be regarded as the ionospheric “responses” to such “drivers”: the
ion (O%) vertical drift, density, temperature, upflux (from IDM/RPA), and the electron temperature
(from LANG). Copyright, American Geophysical Union, 1995.

Further model-data comparisons suggesting the importance of soft electron pre-
cipitation in the propulsion of the upward high-latitude ionospheric flows were pro-
vided by Caton et al. (1996a), who simulated three snapshot profiles of plasma den-
sities, temperatures, and field-aligned flow velocities for the 200-900 km altitude
range as measured by the EISCAT incoherent radar facility, using the same iono-
spheric plasma transport code that was employed by Liu et al. (1995). Although the
model-radar data comparison by Caton et al. (1996a) relied on adjustable inputs
for the soft electron precipitation parameters, the close agreement attained for the
200-900 km profiles for the inputs that were used again indicated a dominant role
for soft-electron precipitation, as well as downward magnetospheric heat fluxes, in
driving these simulated and observed F-region/topside ionospheric upflows.

The most conclusive evidence on the upflow-driving role of the thermal elec-
tron temperatures (as heated by soft electron precipitation processes) is contained
in the very recent statistical results of Seo et al. (1997). Figures 2a and b show top-
side field-aligned velocities and fluxes plotted versus local electron temperatures as
measured by instruments on Dynamics Explorer-2, for seven auroral region passes
in the 850-950 km altitude range. Averages within narrow temperature bins were
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Figure 2. (a) DE-2 measurements of field-aligned topside ionospheric ion velocities versus elec-
tron temperatures. (b) Field-aligned topside ionospheric ion velocities versus ion temperatures. (c)
Field-aligned topside ion fluxes versus average energies of soft electron precipitation. (d) Electron

temperature versus average soft electron precipitation energy for restricted ranges of both local plas-

ma density (6.5-7.5x 10* ions/cm®) and soft electron precipitation energy flux (0.5-1.5 ergs-cm™2-

sec™!). From Seo et al. (1997). Copyright, American Geophysical Union, 1997.

calculated together with the indicated standard deviations, and a linear least square
straight line fit for each point set was also computed and supplied. As may be seen,
the linear correlation of the fluxes with the electron temperatures is very high, with
a correlation coefficitent of r=0.97. The correlation of the flow velocities is also
high at r=0.97. The Seo et al. (1997) correlations of field-aligned velocities and
fluxes with the ion temperatures were slightly lower, at r=0.91 and 0.94, respec-
tively. This suggests that the ambipolar electric field, which is directly proportional
to the electron temperature, may be more influential in driving these upflows than
the ion pressure gradient. A similar closer correspondence with electron than ion
temperatures of upflows and fluxes was observed in EISCAT radar observations of
upflows at lower altitudes by Keating et al. (1990) and more recently by Sandridge
et al. (1996b).

Figures 2c and 2d, also from Seo et al. (1997), further show the relationship
of the field-aligned flows to direct properties of soft auroral electron precipitation.
Figure 2c displays the ion fluxes versus the average energies of the correspond-
ing soft electron precipitation spectrum, which were obtained by integrating over
the measured spectrum for electrons below 1 keV (and above the 5 eV threshold
of the instrument). As can be seen, the only instances in which very large flux-
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es (> 5 x 10%ons — cm™2 — sec™!) were observed were during periods when

the average soft-electron precipitation energies were below 80-90 eV. Figure 2d
indicates a further interesting relationship between the electron temperature and
the soft electron precipitation average energy. These data were highly filtered for
narrow ranges in ambient density and soft electron precipitation energy flux, as
indicated, to largely remove expected variations with these parameters. The result-
ing samples showed an inverse relationship of the local electron temperature with
the precipitation average energy, with a linear fit correlation coefficient of -.90.
Seo et al. (1997) also demonstrated a strong correlation between upflows and the
energy fluxes of the soft electron precipitation.

These various pieces of evidence lead to the tentative conclusion that soft auro-
ral electron precipitation is the primary driver for F-region/topside upflows. It
would appear that the direct connection between the soft electron precipitation and
the upflows is through precipitation-induced enhancements of the ionospheric elec-
tron temperature, with ionization gradients produced by the precipitation as well.

The above observations and model-data comparisons prompted Caton et al.
(1996b) to perform a systematic modeling study of the effects of soft electron
precipitation events on ionospheric field-aligned flows. Figure 3a displays the rela-
tionship of the asymptotically-attained field-aligned flow velocity at 800 km and
315 km altitude for sustained precipitation with an energy flux of 1.75 ergs-cm™2-
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sec™!, distilled from several runs, again using the ionopheric transport model as
employed by Liu et al. (1995) and Caton et al. (1996a). As can be seen, for this
constant energy flux, the modeled steady upflow velocities decline with the aver-
age energy of the precipitation at 800 km, while they increase the average energy at
315 km. Qualitatively, at least, the trends at 800 km are consistent with the statisti-
cal observations for fluxes and velocities as presented for the topside altitude range
by Seo et al. (1997). Figure 3b further shows that the model produces electron tem-
peratures in the topside which also decline with soft electron precipitation energy,
as did the observed electron temperatures. In the model these electron temperature
increases are produced by Coulomb collisions between the soft electron precipi-
tation and the thermal electron plasma. As the characteristic energy declines, for
constant energy flux, the number flux of incident auroral electrons increases and
the collision cross section for interaction and energy transfer to the thermal elec-
trons increases as well. The overall level of the electron temperatures is higher in
the model, which may be a result of use of a different characteristic atmosphere
than was actually present during the DE-2 observations; however, the qualitative
trends in both the electron and ion temperatures versus soft electron precipitation
characteristic energy are consistent with those of the DE-2 observations.

There may be additional processes involved in the energy transfer from the soft
electron precipitation and in the driving of the upflowing topside ionosphere, par-
ticularly for the largest fluxes (e.g., > 5x 10° ions-cm™2-sec~!) which are observed
only when the average soft electron precipitation energy lies below 80 eV. These
additional processes may be non-collisional in nature. However, we believe, as
discussed here, that there is mounting evidence in support of the idea that soft elec-
tron precipitation being the primary driver of high-latitude F-region and topside
upflows.

3. Is the O* within the polar cap magnetosphere supplied primarily
by the cleft ion fountain or a direct polar cap ionospheric source?

Substantial outflowing streams of low-energy O* were discovered during the mid-
1980’s in the mid-altitude polar cap magnetosphere (e.g., Waite et al., 1985) and
in the tail lobes (e.g., Candidi et al., 1988). Around the same time, measurements
by Dynamics Explorer-1 revealed a large source of upflowing or “upwelling” iono-
spheric ions, particularly O*, associated with the pre-noon cleft topside ionosphere
(e.g, Lockwood et al., 1985a). This restricted source of ionospheric ions and the
consequentflow outward into the mid-altitude polar cap magnetosphere soon after
was termed the “cleft ion fountain” (Lockwood et al., 1985b; Horwitz and Lock-
wood, 1985).

Given that substantial O* is present in the mid-altitude polar cap magneto-
sphere, as well as the tail lobes, we may pose the central question as stated in
the title of this section: Is this ion population primarily supplied by the cleft ion
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Figure 4. (a) Ends of DE-1 polar cap orbital segments on which low-energy O* counts were observed
for high and low Kp. Also shown is the region of lower altitude upwelling events detected by Lock-
wood et al. (1985a). From Lockwood et al. (1985b). Copyright, American Geophysical Union, 1985.
(b) O* density contours within the polar magnetosphere for high and low convection levels com-
puted with a two-dimensional kinetic model (Horwitz and Lockwood, 1985b). Copyright, American
Geophysical Union, 1985.

fountain, or does the central polar cap contribute an important portion of this polar
cap magnetospheric O* population?

In the mid-1980’s the Dynamics Explorer-1 low-energy ion measurements and
concurrent kinetic modelling seemed to point toward the cleft ion fountain as the
primary source of the O*. For example, Waite et al. (1985) utilized measured field-
aligned bulk streaming velocities of O* and used low-altitude measurements of the
ionospheric anti-sunward convection to estimate the mapped-back source location
of these O* streams, finding that they mapped to the ionospheric cleft region. The
concept of the cleft ion fountain supply to the polar cap magnetosphere is support-
ed and illustrated, respectively, by Figures 4a and b. Figure 4a, from Lockwood et
al. (1985b), displays nightward extension ends of DE-1 orbital segments on which
O* counts were “significant” (very roughly, corresponding to 1 O*/cm?) for traver-
sals of the 3-5 Rg polar cap magnetosphere for low and high Kp. Also shown
as the shaded region is the lower altitude “upwelling event” concentration , from
Lockwood et al. (1985a). It can be seen that the “O*-observed” segment ends for
the high Kp cases extend significantly further in the antisunward direction over the
polar cap than do those for the low Kp cases. The differences for high and low Kp
could include several factors, but one is likely to be that the anti-sunward convec-
tion level over the polar cap is higher during enhanced Kp, which would tend to
blow the cleft-origin upwelling O* further over the polar cap during these periods.
This phenomenon is illustrated in Figure 4b, which shows contours of O* densi-
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Figure 5. (a) Average ion bulk outflowing velocities for the dayside polar magnetosphere at very
high latitudes as detected by Akebono. (b) Average ion velocities for the nightside. From Abe et al.
(1993a) Copyright, American Geophysical Union, 1993.

ty for low and high convection levels computed with a two-dimensional kinetic
model (Horwitz and Lockwood, 1985). For the same upwelling region “source”
levels, the O densities within the polar cap up to at least 2-3 Rg are indicated to
be significantly higher, at 1-10 O ions/cm?, in the central and nightside polar cap
magnetosphere during high Kp than during low Kp.

More recent Akebono observations of outflowing O* at very high latitudes
above 5000-6000 km have prompted consideration of a steady outflowing O* com-
ponent to the polar wind perhaps across the broad polar cap region. Figures 5a and
b display, for the dayside and nightside, respectively, averaged ion bulk stream-
ing velocities measured by Abe et al. (1993) versus altitude for invariant latitudes
greater than 80°. It is evident that especially on the dayside, the O* is measured to
be flowing outward at streaming velocities of greater than 0.5 km/s at least above
2500 km altitude.

If there is a significant O* component to the steady polar wind out of the polar
cap proper (i.e., in the absence of auroral processes), there are a number of mech-
anisms that have been proposed for producing this. Barakat and Schunk (1983)
essentially suggested that high electron temperatures, perhaps associated with the
polar rain effects, could lead to large ambipolar electric fields which would accel-
erate the O* component. Horwitz et al. (1994a) showed that convection-driven
centrifugal acceleration (see next section) may propel the outward flows observed
by Akebono. Very recently, Tam et al. (1995) have performed calculations which
suggest that significant electrostatic potential drops associated with photo-electron
fluxes would exist at relatively low altitudes (below 700 km altitude), and that
these would accelerate to supersonic speeds both the H* and O* ion populations.
Tam et al. (1995) suggested that this photo-electron-driven polar wind mechanism
could explain the H* and O* field-aligned velocity profiles observed by Akebono,
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Figure 6. (a) Average two-dimensional O* bulk velocities for 4000 km altitude as projected into
the noon-midnight meridian, for southward (upper panel) and northward (lower panel) IMF con-
ditions. From Chandler (1995). Copyright, American Geophysical Union, 1995. (b) DE-2 orbital
segments (300-1000 km altitude range) containing downward or upward vertical flows for north-
ward and southward IMF conditions as indicated. From Loranc et al. (1991). Copyright, American
Geophysical Union, 1991.

including the dayside asymmetry observed at very high latitudes (e.g., Figures 5a
and 5b).

We believe that important clues to the origin of the high-altitude O* in the polar
cap magnetosphere may be found in the nature of the field-aligned flows at com-
paratively low altitudes, say below 4000 km. Figures 6a and b, from DE-1 and -2
ion observations, indicate where and under what conditions O* was observed to
be flowing upward or downward at high-latitudes. Figure 6a shows averaged two-
dimensional O* bulk velocity vectors averaged from the range 2000-4000 km alti-
tude from DE-1 0-50 eV ion measurements (Chandler, 1995). The two panels are
for southward (upper panel) and northward (lower) interplanetary magnetic field
conditions. It may be seen that the field-aligned component of the O* flow is gen-
erally downward within the polar cap for southward IMF conditions, and upward
for northward IMF conditions.

Further evidence supporting this trend is seen in Figure 6b, which displays lower
altitude DE-2 (300-1000 km) orbital segments on a polar grid for high latitudes for
which vertical flows were either upward or downward (Loranc et al., 1991). It is
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readily seen from Figure 6b that upward flows are seen in the central polar cap
region only for northward IMF. During intervals of southward IMF, vertical flows
at these altitudes are only downward at the most poleward latitudes, while upward
flows are seen in locations which would generally coincide with the auroral oval
distribution.

The above data suggest that plasma field-aligned flow directions at altitudes
below approximately 4000 km are downward during in the nominal polar cap
region during southward IMF conditions, and generally upward (though not always)
during northward IMF conditions. Our preliminary interpretation is that during
southward IMF, the upward flows of O* that are seen above 5000-6000 km altitude
or so in Akebono and DE-1 data originate in the cleft ion fountain, or at least the
dayside auroral oval. The downward flows at lower altitudes in the polar cap thus
are simply the gravitationally-bound portion of the cleft ion fountain. The upward
flows at low altitudes observed within the “nominal polar cap” during northward
IMF can reasonably be associated with auroral processes. These would include
theta arcs (Frank et al., 1986) or, more generally, polar aurora which thread the
very high latitude regions only during northward IMF conditions. In this sense, we
are arguing that there is no evidence for an O* component to the polar wind coming
from the “polar cap proper”, i.e., ionospheric regions free of auroral precipitation
and associated processes. As indicated by the picture summarized by Newell et al.
(Newell et al., 1997), such a polar cap proper regin might even essentially vanish
under conditions of strongly northward IMF sustained over several hours.

These comments, of course, do not apply to the H* streams over the polar cap,
which most likely do originate frequently from the polar cap ionosphere proper.
Even if these arguments are largely correct on the basis of the data analyzed to
date, however, there may still be a solar illumination dependence that factors into
possible O* up/outflow from the polar cap ionosphere proper. In other words, it
could be that an O* component to the polar wind, for example, be supplied from a
strongly sunlit polar cap ionosphere but not a weakly sunlit polar cap ionosphere.
This indeed would be consistent with the photo-electron driven H*/O* polar wind
interpretation of the Akebono data suggested, for example, by Tam et al. (1995).
However, for the time being, we believe that outward flows of low-energy plas-
ma seen above 6000 km at very high-latitudes should be mainly attributed to the
cleft ion fountain during southward IMF conditions, and theta auroral processes
for northward IMF conditions.

4. Is centrifugal acceleration an important mechanism
in the acceleration of ionospheric plasma outflows?

Cladis (1986) was probably the first to suggest the importance of convection-driven
parallel acceleration of ions, particularly O*, as a possibly important energization
mechanism for plasma sheet ions. Figure 7a shows ion energies as functions of time
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Figure 7. (a) O" energies versus time for cleft ion fountain ions launched under the influence of
four different polar ionospheric convection electric fields. From Cladis (1986). Copyright, American
Geophysical Union, 1986. (b) Steady-state escaping fluxes of O* from the polar ionosphere versus the
ionospheric convection electric field level for warm and cool topside ionospheric source distributions,

and longitudinal and meridional high-latitude convection. From Horwitz et al. (1994a). Copynght

American Geophysical Union, 1994.

for initially low-energy O" ions launched from the cleft ion fountain and convected
antisunward into the polar cap magnetosphere and the plasma sheet region, for four
different polar cap ionospheric electric fields, from ion trajectory calculations per-
formed by Cladis (1986). As can be seen, the O" ion energies, starting from about
10 eV characteristic cleft i6n fountain energies, for the larger convection fields are
calculated to attain more than 1 keV in their trajectories , which include passage
through the neutral sheet region (the neutral sheet region energy gain is seen in the
steep sloped portion of curves 2-4). Horwitz (1987) coined the term “centrifugal”
to refer to an important term in this convection-driven parallel acceleration. This is
because of the close mechanical analogy between the parallel acceleration of parti-
cles convecting through rotating magnetic field lines and the outward “centrifugal”
flinging of a bead on a rotating rod. In the reminder of this section, we shall use
this term to refer to the principal parallel acceleration effects experienced by polar
plasma outflows convecting through “rotating” magnetic field directions. A some-
what related mechanism for possibly driving ionospheric outflows which will not
be be discussed further is the so-called ponderomotive force which originates with
low-frequency electromagnetic wave modes (e.g., Li and Temerin, 1993; Witt et
al., 1995).

Swift (1990) developed a sophisticated fluid simulation in curvilinear coordi-
nates to study self-consistent polar plasma outflow with particular attention to the
effects of this “centrifugal acceleration”. Swift (1990) concluded that O* outflow is
effectively smothered by H* unless additional heating processes are present. How-
ever, it may be that additional “fine tuning” of the ionospheric processes involved
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will be required for incorporation into Swift’s calculations before this conclusion
can be fully interpreted.

Horwitz et al. (1994a) used a time-dependent semikinetic model to systemat-
ically explore the effects of centrifugal acceleration on the polar wind outflow.
Horwitz et al. (1994a) derived a simple expression for the centrifugal accelera-
tion along exactly polar field lines, which may be considered an approximation for
outflow along general high-latitude field lines, as:

where F;, B; and r; are the ionospheric-level convection electric field, magnetic
field and geocentric distance, respectively, and r is the geocentric distance where
the parallel acceleration is to be evaluated. The expression above elucidates how
the centrifugal acceleration increases dramatically approximately as the square of
the geocentric distance.

Figure 7b shows the effect that the centrifugal acceleration can have on the net
outflow of ions from the polar ionosphere. Under steady convection and ionospher-
ic source conditions, the net escape flux of O* is predicted to increase by a factor of
about 100 from ionospheric convection electric field of zero to a convection electric
field of 100 mV/m, if the topside ionosphere at 2000 km is fairly cool (both ions and
electrons at 3000 K). The increase in O* escape flux is predicted to be a much less
dramatic factor of about 4 or so over the same convection electric field range when
the topside temperature is already relatively warm, at T;=5000 K and T.=9000 K.
The H* escape flux level is completely unaffected by the centrifugal acceleration.
The source temperature differences in the computed O* escape flux result from the
fact that in the warm source case, more of the source O* is already able, even in
the absence of centrifugal acceleration, to escape at the higher temperatures, due
directly to a greater proportion of the source distribution’s tail having escape ener-
gies with the elevated ion temperatures as well as an enhanced ambipolar electric
field. In the case of H", at the source altitudes the H* is already a fully outflowing
polar wind and so the acceleration has no effect on the net outflux, though the H*
bulk velocity is accelerated to high speeds (cf. Horwitz et al., 1994a).

Figure 8a shows the statistical average high-latitude O* field-aligned veloci-
ty profile obtained from Akebono core ion measurements by Abe et al. (1993),
as compared with O* velocity profiles computed for the centrifugally-accelerated
polar wind, from Horwitz et al. (1994a). These velocity profiles were computed
under steady-state conditions at ionospheric convection electric field levels of 50
and 100 mV/m, and for an expansion under 50 mV/m conditions at 1500 seconds
after initiation of the expansion. Since the steady-state case involving a 100 mV/m
ionospheric convection field is probably not realistic for the typical polar iono-
sphere (unless the convection increases faster with altitude than simply according
to the mapping along equipotential field lines). It would appear from this compari-
son that the case with the combination of the expansion process and the 50 mV/m
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Figure 8. (a) Average O* bulk outward flow velocity profile at high latitudes measured with Akebono,
together with velocity profile computed for steady-state conditions at ionospheric convection levels
of 50 and 100 mV/m as well as 1500 seconds into a polar wind expansion at a convection electric
field level of 50 mV/m. From Horwitz et al. (1994a). Copyright, American Geophysical Union,
1994. (b) Schematic illustration of a substorm dipolarization event showing reconfiguring magnetic
field lines and the DE-1 orbit sampling parallel and perpendicular ion velocities at mid-altitudes
along middle magnetospheric field lines. From Liu et al. (1994b). Copyright, American Geophysical
Union, 1994. (c) Bulk ion parallel and perpendicular velocities detected during a two-minute segment
of a substorm dipolarization event as compared with modeled velocity components for the spacecraft
position as computed using a time-dependent semikinetic simulation model of the ionospheric ion
outflow. From Horwitz and Liu, 1995b.

convection field level is both most realistic and most closely duplicative of the Ake-
bono velocity profile. From this comparison, Horwitz et al. (1994a) suggested that
centrifugal acceleration would be a viable contributing mechanism for explaining
even the Akebono velocity profiles for O*.

A very intriguing set of Dynamics Explorer-1 measurements that appears to
conclusively demonstrate centrifugal acceleration was reported by Liu et al. (1994),
who obtained ion distribution functions for core H*, He* and O" measured at 2-
3 Rg geocentric distance along middle magnetospheric field lines during a sub-
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storm “dipolarization event”. Figure 8b shows a schematic illustration of the DE-1
orbit and the magnetic field line re-configuration evolution envisioned by Liu et al.
(1994). In this schematic, the dipolarizing middle magnetosphere field lines move
poleward between ionospheric and mid-latitudes, and this fast poleward convec-
tion drives the outward centrifugal acceleration of the ionospheric ions. Figure 8c
shows a comparison between some of the ion parallel and perpendicular velocity
data points during a substorm dipolarization event .and corresponding semikinetic
modeling of this event (Horwitz and Liu, 1995). The modeling involved track-
ing the evolution of injected ionospheric ion distribution functions along various
middle-magnetosphere field lines which were modeled as undergoing dipolarizing
reconfigurations during the substorm onset. The modeled bulk velocities displayed
versus time in Figure 8c were then taken for the spacecraft position as different
field lines passed through that position during the 2-minute substorm onset interval
shown. The invariant latitudes of the footpoints of these field lines are shown along
with the time in this plot. As can be seen, both the modeled and measured perpen-
dicular and parallel velocity data points exhibited a decline from about 60 km/s to
20 km/s over this interval, and the trends in the data are quite well-replicated by
the model.

In the model traces, the parallel velocities computed result entirely from out-
ward centrifugal acceleration driven by the poleward convection associated with
the moving dipolarizing field lines (Figure 8b). The fact that they agree with the
data suggests that this centrifugal acceleration mechanism is likely to be the driv-
ing force for these outward flows. The most telling signature in Figure 8c is that
the measured parallel and perpendicular ion bulk velocity data points (plusses and
triangles, respectively) are essentially equal throughout. Horwitz et al. (1994a)
demonstrated that when convection-driven centrifugal acceleration dominates, the
parallel and convection velocities asymptotically approach equality; i.e., the flow
streaming angle approaches 45° to the magnetic field direction.

Our conclusion from the available evidence is that centrifugal acceleration has
been clearly established (Liu et al., 1994; Horwitz and Liu, 1995) as a dominant
driver for outflows on middle magnetospheric field lines for substorm dipolariza-
tion events. Regarding more general polar outflows, at this point, we would sug-
gest that the importance of centrifugal acceleration to high-latitude polar outflows
is neither clearly demonstrated as important or unimportant. A key signature that
can possibly elucidate the level of importance of centrifugal acceleration in out-
flows may come from relatively high-altitude three-dimensional bulk ion velocity
vector measurements which are currently being made by the POLAR spacecraft,
in particular the Thermal Ion Dynamics Experiment (Moore et al., 1995). As the
data analysis techniques are finalized, it will soon be possible to accurately mea-
sure in particular the streaming angle of the high-latitude outflows in the geocentric
distance range 2-9 Rg. These measurements should begin to establish the role of
centrifugal acceleration in more general high-latitude outflows.
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5. Are lobe ionospheric outflows captured by the plasma sheet?

Driven by the effects described above, and others, the ionosphere is now under-
stood to circulate in radius as well as local time and latitude, in a generalized form
of the refilling and corotation flows that form the plasmaspause region, but with
much greater extent throughout the magnetosphere. This wide-ranging ionospher-
ic circulation gives rise to the possibility that the ionospheric plasma contributes
significantly to the formation and dynamics of the plasma sheet, which clearly lies
in the circulation path from the polar cap to subauroral latitudes, where the plasma
flow subsequently returns to the dayside.

The total electron density is much lower outside the plasmasphere than inside
it, at a given altitude, reflecting substantial differences in the prevailing conditions
experienced during the circulation history of plasma flux tubes. Relatively dense
but still only partially-full flux tubes convect into the polar cap from the subauroral
return flow. As they pass through the dayside auroral oval, they are simultaneously
stretched at a very large rate, increasing their volume and reducing the plasma
pressure within them, and subjected to low altitude heating in various forms. Both
effects contribute to the rate of outflow attempting to fill the flux tube. As flux tubes
convect antisunward through the lobes into the tail, the convection and field-aligned
expansion of the plasma compete within a continuum of possibilities expressed as
a ratio of convection to parallel flow speeds:

a) Convection of flux tubes is slow relative to the expansion velocity along the
flux tubes, such that the outflow keeps pace with the stretching, outflows from the
two hemispheres significantly interpenetrate, and the flux tube remains near the
L=4 equilibrium density profile. Flux tubes return to the near-Earth region with
their plasma significantly redistributed to higher altitudes.

b) Convection and expansion proceed at comparable rates, plasma streams from
the two hemispheres barely interpenetrate at maximum downtail extent, and plasma
density remains well below the equilibrium limit. Nevertheless, flux tubes return
to the near-Earth region with appreciable redistriution of plasma content to high
altitudes.

c¢) Convection of the flux tubes is fast relative to the expansion velocity along
the flux tubes, such that the extended parts of the tubes remain essentially empty
of low-energy ionospheric plasma throughout their period of extreme stretching in
the magnetotail. Flux tubes return to the near-Earth region with little if any change
in their plasma distribution.

An ionospheric plasma flux tube can exhibit different behaviors on this spec-
trum of possibilities in each of the major ion species present in the plasma, owing
to their mass or energy and therefore thermal speed differences, as well as different
degrees of adiabaticity. Clearly, the heavy species such as O* tend toward the c)
end of the scale while the H* tends toward the a) end, though that extreme would
only be realized for very slow convection and midrange behavior is more typical.
O™ begins to behave like H* when its thermal speed is raised to values comparable
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Figure 9. The geopause of Moore and Delcourt (1995). Copyright, American Geophysical Union,
1995.

with those typical of H*. Highly energized outflows that occur in the auroral zone
clearly tend toward the a. end of the scale, but consist of nonthermal populations
that may not significantly redistribute the bulk of the plasma.

Since H* is redistributed to high altitude under typical magnetospheric condi-
tions, the main question, addressed herein, is the degree to which ionospheric H*
is captured in the energetic phenomena of the plasma sheet.

Several lines of argument (Moore, 1991; Moore and Delcourt, 1995) suggest
that magnetospheric circulation remains somewhat segregated by source region,
with primarily ionospheric plasma circulating within the inner magnetosphere and
central polar cap, while primarily solar wind plasma circulates in the boundary lay-
ers, including the auroral oval, and of course the distant parts of the tail. Since there
cannot be a truly sharp boundary between the two, Moore and Delcourt suggested
that the surface in which the two sources make equal contributions to the plasma
could serve as a useful demarcation, which they termed as the “geopause” (Figure
9). In this section we’ll look at the evidence and arguments for ionospheric domi-
nance of the central streamlines of magnetospheric circulation, extending through
the plasma sheet.

5.1. CENTRIFUGALLY-ACCLERATED CLEFT OUTFLOWS

As first pointed out by Cladis (1986), ions originating in the dayside cusp region,
at a few tens of eV, experience centrifugal acceleration to an important degree
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Figure 10. Centrifugal acceleration found by Cladis (1986) to accelerate low energy ions emitted
from the ionosphere near the dayside cusp. Copyright, American Geophysical Union, 1986.

Figure 11. Formation of an ionospheric O* plasma sheet in the 3D model of Delcourt et al. (1989).
Copyright, American Geophysical Union, 1989.

over the polar cap, but maximally after transport to the nightside neutral sheet
(Figure 10). In a simple adiabatic approach, ions acquire primarily parallel energy
as they convect across the polar cap and whip through the neutral sheet, forming
an Earthward streaming boundary layer on the opposite side of the sheet. This is
highly reminiscent of the plasma sheet boundary layer, where cold tailward streams
coexist with accelerated Earthward streams. The quantitative location where they
reach the neutral sheet, and the resultant degree of acceleration, clearly depend on
the initial conditions of the ion, the strength of high latitude convection, and the
thickness of the neutral sheet as a function of downtail distance.

5.2. THREE-DIMENSIONAL MODEL OF IONOSPHERIC OUTFLOWS

Delcourt et al. (1989) constructed a trajectory-based 3D model of the inner mag-
netosphere that results from ionospheric outflows of all sorts, including energetic
auroral zone outflows. The most prominent features include a simple inner plasma
sheet containing substantial densities of O* with Earthward-streaming boundary
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Figure 12. Formation of an isotropic central plasma sheet from incident streams of protons in the
midrange plasma sheet, after Abdalla et al. (1991). Copyright, American Geophysical Union, 1991.

layers, but not much of a central plasma sheet (Figure 11). In this model, most of
the H* was lost through the outer boundaries of the model system owing to the
limited range of the magnetic field model used (geocentric distance less than 17

RE).

5.3. NONADIABATIC PLASMA SHEET MODEL

Abdalla et al. (1991) showed that nonadiabatic motions of ions falling into the
neutral sheet would preserve the Earthward streaming boundary layers, but would
also generate an isotropic low Mach number, Earthward-convecting plasma sheet
qualitatively like that actually observed (Figure 12). These calculations were done
for H* ions characteristic of the mantle, but are equally valid for low energy iono-
spheric protons entering the neutral sheet (a much more credible source in central
plasma sheet). It is easily shown that particles backtracked from the starting posi-
tion used in this study are actually originating from the polar ionosphere (Moore
and Delcourt, 1995). It became clear with this work that the scattering mechanism
required to create the central plasma sheet is intrinsic in the sharp curvature of neu-
tral sheet field lines, even in an empirical field model that is perhaps not as sharply
curved as the real plasma sheet.
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Figure 13. Simulation of dipolarization effects on O in the plasma sheet, according to Delcourt et
al. (1991). Copyright, American Geophysical Union, 1991.

5.4. CLEFT ION FOUNTAIN CONTRIBUTION TO PLASMA SHEET

O transported to the plasma sheet by whatever route is subject to temporal as well
as spatial nonadiabaticity, owing to dipolarization events. While the steady state
population of O* is limited to the keV range of energies when accelerated Earth-
ward of 15 Rg, dipolarization events are found to raise the energies of these O*
ions substantially, to as high as 200 keV in the simulation example shown (Figure
13), from Delcourt et al. (1991).

5.5. MANTLE AND LOW LATITUDE BOUNDARY LAYER AS A SOURCE OF THE
PLASMA SHEET

In the Abdalla et al. works (Abdalla et al., 1991, 1993), the source plasma was tak-
en to be mantle-like. Yet it was also taken to be introduced essentially at the plasma
sheet boundary layer, well within the lobe regions. While the mantle cannot typ-
ically cross the lobes this close to Earth, Lennartsson (1992) has pointed out that
low latitude boundary layer (LLBL) plasma tubes are transported along stream-
lines that “corkscrew” away from the LLBL along the plasma sheet boundary layer
toward the center of the tail as they extend downtail (Figure 14). Depending on the
“pitch angle” of these streamlines, the plasma tubes may reach the neutral sheet in
time to be part of the inner magnetospheric circulation back toward Earth from the
plasma sheet. Such plasma tubes re-enter the LLBL at the dayside with significant
ionospheric content resulting from their passage through the inner magnetosphere.
To the degree that the plasma tubes also acquire additional magnetosheath plasma
during their passage antisunward along the LLBL, this plasma would enjoy direct
entry to at least the flanks of the plasma sheet.
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Figure 14. Low latitude boundary layer flows having a corkscrew shape, as proposed by Lennartsson

(1992) to transport solar wind plasma into the central plasma sheet. Copyright, American Geophysi-
cal Union, 1992.

Figure 15. Tllustration of the centrifugal trapping of low energy incident ions in the plasma sheet,

after neutral sheet acceleration, after Delcourt et al. (1993). Copyright, American Geophysical Union,
1993.

5.6. POLAR WIND CONTRIBUTION TO THE PLASMA SHEET

Delcourt et al. (1993, 1994) switched to a more comprehensive magnetic field mod-
el to examine the motion of polar wind protons originating from the polar cap and
traveling down the tail to > 40 Rg. In addition to finding that the polar wind H*
flows are captured and return toward the Earth in the plasma sheet, they found that
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Figure 16. Cold polar wind outflow population of the plasma sheet for quiet (upper panel) and active
(lower panel) convection conditions, after Delcourt et al. (1993). Copyright, American Geophysical
Union, 1993.

a new form of centrifugal trapping occurs for such low energy ions, producing a
thinner plasma sheet than would otherwise exist (Figure 15) for higher energy pro-
ton inputs to the plasma sheet. However, it was also found that the polar wind is
more successful in populating the plasma sheet during quiet times than in active
times, because it is so slow that for fast convection speeds, it is recirculated into
the inner magnetosphere before it can reach the more stretched parts of the neutral
sheet (Figure 16). Of course, the cold polar wind is not the only source of protons
in this region, the hot cleft ion fountain providing significantly faster protons that
would not be as readily recirculated into the inner magnetosphere.

Recently reported results of global MHD modeling suggest that a self-consistent
view of this situation may be essential, however (Goodrich et al., 1996). In this
model, a strong plasma density/pressure minimum appears in the magnetospher-
ic lobes, as is observed. More importantly, however, the lobe density minimum
connects along plasma flow streamlines directly to the merging neutral line in
the magnetotail (Figure 17). This association is physically appealing when it is
appreciated that the neutral line represents a maximum rate of plasma inflow to
the neutral sheet, which may reasonably be associated with a relative “vacuum”
region in the flow. As an intense neutral line flow moves to the inner plasma sheet
during a substorm simulation, the lobe vacuum region follows it, suggesting a self-
consistent causative relationship. The implications are that a) the neutral line region
is a demarcation boundary between slower-moving terrestrial plasma and rapidly-
moving magnetosheath plasma, and b) the regions near or earthward of the neutral
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Figure 17. Illustration of the vacuum pulled on the polar caps in a global MHD model of the magne-
tosphere during a substorm episode, from Goodrich et al. (1996). Note that the low pressure region
connects directly with the neutral line flow region. This was a simulation for the March 9, 1996
substorm, with the snapshot shown being for close to the onset time.

Figure 18. Tllustration of adjacent regions of cold tailward streams and accelerated plasma at the
plasma sheet boundary layer, after Hirahara et al. (1994). Copyright, American Geophysical Union,
1994.

line are supplied by plasma tubes from the magnetospheric lobes or inner magne-
tosphere.
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5.7. GEOTAIL PLASMA SHEET OBSERVATIONS

Recent observations from the Geotail spacecraft (Mukai et al., 1994; Hirahara et
al., 1994, Hirahara et al., 1996) (Figure 18), show that the midrange plasma sheet
boundary layer is often a boundary between a) relatively cold tailward plasma
streams that may contain O* as well as H*, on one hand, and b) much more ener-
getic populations of ions streaming Earthward. The lobe streams appear to be of
clear ionospheric origin, while the nearby energetic plasmas appear to have been
generated by acceleration of the cold streams inside the plasma sheet. Though it
cannot be totally precluded that plasma entering from the mantle or LLBL has also
contributed by Earthward convection from a more distant entry location, it is clear
from these observations that ionospheric H* (and at times O*) of polar cap lobe
origin, are contributing directly to the plasma sheet.

5.8. SPECIES DEPENDENCES

It is fairly clear from the observations and theory summarized above, that iono-
spheric outflows do indeed become captured by and contribute to the plasma sheet.
There are, however, significant differences in the behavior of ionospheric ion species,
owing to the wide range of mass per charge represented. These effects lead to large
differences in the mass composition of the ionospheric contribution to high altitude
plasmas. Such variations, in the absence of a clear differentiation of ionospheric
and solar H*, give the false appearance of large changes in ionospheric content in
the plasma.

The large mass range of ionospheric ion species results in significant species
differences in behavior at low altitudes. H* routinely expands throughout the mag-
netosphere relatively unheeded by gravity, whereas O* outflows are gravitationally
limited and respond strongly to low altitude energy inputs. The bulk of the O* out-
flows are more slowly moving than the H* polar wind (Lockwood, 1985a; Abe et
al., 1993), and at low altitudes in the polar cap O is ballistic and non-escaping
(Horwitz, 1984; Chandler, 1995). Through some combination of velocity filtering
and stream interactions, O* arrives at the plasma sheet with nearly the same speed
as the H* of ionospheric origin. Nevertheless, the gravitational stratification of H*
and O* must be preserved in the plasma sheet, with a ratio of ionospheric O*/H*
that decreases with downtail distance and increases at all distances with increasing
low altitude heating and acceleration of the O*. Thus, the O* content of the mag-
netospheric plasma is an ambiguous indicator of the ionospheric plasma content.

Other species differences result from differing degrees of adiabaticity of the ion
species and therefore behavior within the plasma sheet (Delcourt et al., 1991). For
example, as noted above, inner plasma sheet variations are known to occur on the
time scale of the O* cyclotron period. In the more distant neutral sheet, H* is also
subject to temporal nonadiabaticity effects. There the field is weaker and dynamics
occurs on scales closer to the H* cyclotron period, though clearly this is to some
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Figure 19. Illustration of possible flow paths or pathways to and from the plasma sheet.

degree dependent upon the detailed nature of the dynamic effects, such as bursty
bulk flows. Thus, nonadiabatic effects should appear at greater distances in the
magnetotail for lower mass per charge species. In practice, substorm energization
effects may be largely limited to heavier ion species within the inner magnetotail.

6. Conclusions

In this review we have focused on four topics of contemporary interest in the con-
text of ionospheric outflows toward the magnetosphere. Our first topic considered
very recent observational and corroborating modeling evidence that the effects of
soft electron precipitation are perhaps the dominant driver for the original upflows
in the F-region and topside ionosphere at high-latitudes. The indications are that
such large fluxes of soft electrons (below 1 keV, and indeed, usually below 100
eV) lead to thermal electron heating, and that the enhanced ambipolar electric fields
associated with the large ionospheric electron temperatures drive the upflows.

We next examined the origin of the O* component often found within the mid-
altitude polar cap magnetosphere as well as the magnetotail lobes. We concluded
that during southward IMF periods, when the polar cap ionosphere is largely free
of auroral processes, this O" is likely to have originated in the cleft ion fountain or
elsewhere in the dayside auroral ionosphere, and not the polar cap ionosphere itself.
During northward IMF, the O* at very high latitudes in the polar magnetosphere is
more likely to have arisen from very high latitude ionospheric regions owing to the
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presence of auroral processes and generally the presence of ionizing and heating
energetic particles at these latitudes.

We then examined an issue that has become at times rather heated at recent
meetings, the importance of convection-driven ’centrifugal’ acceleration in the sup-
ply and acceleration of high-latitude ionospheric outflows. We believe that the exis-
tence of strong centrifugal acceleration has been demonstrated beyond any doubt
in the observations during substorm dipolarizations (e.g., Liu et al., 1994a). At
present, however, there is no clear observational evidence of centrifugal acceler-
ation playing a critical role in the ejection of ionospheric ions into the polar cap.
Further opportunities to examinine this issue may come from the new high-altitude
measurements by the POLAR mission.

Concerning our fourth topic, it is abundantly clear that the bulk of ionospheric
outflows are indeed captured in the plasma sheet earthward of the typical neutral
line location. However, beyond the typical neutral line location, energetic iono-
spheric outflows from the dayside auroral oval region are subject to loss from the
system down the tail, owing to their large parallel velocities. The structure of the
magnetosphere, combined with the distribution of incident plasma from the solar
wind and ionosphere, preserves a rough stratification between the two plasmas,
with the mean demarcation surface (the geopause) corresponding to the plasma
flow streamline from the high latitude cusp entry layer to the magnetic neutral line
nearest to Earth at any given time.
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Abstract. Two central issues in magnetospheric research are understanding the mapping of the low-
altitude ionosphere to the distant regions of the magnetsphere, and understanding the relationship
between the small-scale features detected in the various regions of the ionosphere and the global
properties of the magnetosphere. The high-latitude ionosphere, through its magnetic connection to
the outer magnetosphere, provides an important view of magnetospheric boundaries and the physical
processes occurring there. All physical manifestations of this magnetic connectivity (waves, particle
precipitation, etc.), however, have non-zero propagation times during which they are convected by the
large-scale magnetospheric electric field, with phenomena undergoing different convection distances
depending on their propagation times. Identification of the ionospheric signatures of magnetospheric
regions and phenomena, therefore, can be difficult. Considerable progress has recently been made
in identifying these convection signatures in data from low- and high-altitude satellites. This work
has allowed us to learn much about issues such as: the rates of magnetic reconnection, both at the
dayside magnetopause and in the magnetotail; particle transport across the open magnetopause; and
particle acceleration at the magnetopause and the magnetotail current sheets.

Key words: Magnetosphere, Ionosphere, Low Latitude Boundary Layer, Cusp, Mantle, Polar Rain,
Plasma Sheet, Plasma Sheet Boundary Layer, Particle Precipitation

1. Introduction

The high-latitude ionospheric regions are typically described in terms of the mea-
sured particle populations that, due to particles moving freely along the magnetic
field in a collisionless plasma, give an indication of the properties of the distant
magnetospheric regions. The magnetospheric regions are discussed primarily from
the viewpoint of low-altitude particle measurements. The regions are: the low lati-
tude boundary layer (LLBL), the cusp, the mantle, the polar rain, the plasma sheet
boundary layer (PSBL), and the plasma sheet, including the dayside and nightside
boundary plasma sheet (BPS) and the central plasma sheet (CPS). Progress in these
and other related research areas has recently been reviewed (Lyons, 1995; Newell,
1995; Galperin and Feldstein, 1996; Smith and Lockwood, 1996).

An important advantage of the low-altitude measurements over those made in
the magnetospheric source regions, either near the magnetopause or in the magne-
totail, is that in a relatively short time (seconds to minutes) a low-altitude satellite
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can cross magnetic field lines that extend over broad areas in the magnetosphere.
The spacecraft then can obtain snapshots of the large-scale magnetospheric regions
and the boundaries separating them. This contrasts with high-altitude spacecraft
that can take considerably longer (hours to days) to traverse these same regions and
boundaries. By investigating the particle properties in the low-altitude regions and
comparing the measured velocity-space distributions with those expected under
either steady or temporally varying conditions, it is possible to differentiate between
the different regions and to study remotely the processes occurring in the distant
magnetosphere.

A key point to be addressed relates to the identification of the various low-
altitude precipitation regions. Vasyliunas (1979) considered the ionospheric pre-
cipitation regions to be the field-aligned projections of magnetospheric source
regions, and they are usually given the same names as a result. Furthermore, the
classification scheme for the different regions is largely based upon this philosophy,
because in its derivation, particle energy spectra at low altitudes were compared to
those at high altitudes. Thus, for example, Newell and Meng (1992) regarded their
map of the ionospheric regions as a map of the magnetosphere.

This philosophy, however, neglects magnetospheric convection and parti-
cle motion in the crossed electric and magnetic fields that, in many cases have a
dominant effect on the observed plasma properties (e.g., Rosenbauer et al., 1975;
Hill and Reiff, 1977; Onsager et al., 1993; Lockwood and Smith, 1993). Using a
frozen-in-flux, ideal-MHD formulation, the existence of a convection electric field
means that although particles move along magnetic field lines, the particles also
convect perpendicular to the magnetic field. Thus the trajectories are not field-
aligned but rather depend on the energy and pitch angle of the particle. Indeed, this
is the very basis of the observed velocity filter effects described below. Thus not
only does a spectrum of different-energy particles (at one pitch angle) from one
point in the magnetosphere map to a spread of locations in the ionosphere, but also
a spread of energies seen at any one point in the ionosphere maps to a spread of
source locations in the magnetosphere. Similarly, a spread of pitch angles at one
energy also reveals an extended source region.

This effect is highly significant for low-energy magnetosheath ions, and velocity
filter effects associated with electron flight times have also been detected. It is also
significant for the magnetosheath electrons, since, although high-energy electrons
do have much smaller flight times and thus much more field-aligned trajectories,
the fluxes of electrons are modified by those of the ions in order to maintain quasi-
neutrality (Burch, 1985). This means that any classification scheme that depends
on either the fluxes of ions or electrons, or both, is subject to strong influence by
this effect. As described below, all these cusp effects also have a corresponding
analogue on the nightside of the Earth at the boundary between the polar cap and
the plasma sheet.

In this review, the low-altitude dayside and nightside ionospheric precipitation
regions are discussed in terms of the magnetospheric regions they map to magnet-
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ically, and in terms of the evolution of the plasma in the convection electric field.
Recent advances in describing the low-altitude precipitation in terms of the distant
source regions are also discussed, and progress in using the low-altitude measure-
ments to sense remotely the properties of the distant magnetosphere are examined.
Considerable advances have been made in utilizing dayside low-altitude measure-
ments to estimate quantitatively key properties of the reconnection process under
southward Interplanetary Magnetic Field (IMF) conditions, for which the cusp sig-
natures are well understood (e.g., Lockwood and Smith, 1992; Lockwood et al.,
1994; Newell and Meng, 1995a). Progress has also been made in characterizing
and understanding some of the more complex cusp signatures (e.g., Yamauchi and
Lundin, 1994), cusp signatures under northward IMF conditions (e.g., Woch and
Lundin, 1992a; Matsuoka et al., 1996), and the high-latitude precipitation regions
near dawn and dusk (e.g., Woch and Lundin, 1992b; Nishida et al., 1993; Lyons
et al., 1996).

A primary emphasis here is on the identification of magnetic separatrices, and
on a description of the plasma regions in terms of their evolution following mag-
netic reconnection, either on the dayside magnetopause or in the distant magne-
totail. Of course, not all observations of low-altitude particle precipitation can be
described by this scenario, but it does provide a useful framework that accounts for
the commonly observed features, and it can serve as a point of reference to compare
with observations that appear to require additional physical mechanisms. It has also
been demonstrated that when interpreted in this way, the observations often allow
quantitative estimates to be made of the reconnection process, including its rate
and location, and the plasma properties in the vicinity of the reconnection site.

2. Dayside Precipitation Regions

The dayside particle precipitation regions can be understood most simply by con-
sidering the evolution of magnetospheric plasma following magnetic reconnection
on the dayside magnetopause and the subsequent evolution of the open flux it pro-
duces. For southward IMF, the open flux moves tailward into the lobe under the
action of the magnetosheath flow and the magnetic tension force; for northward
IMEF, the tension force can act in the opposite direction to the magnetosheath flow.
In general, the reconnected field lines evolve in a complex manner, depending on
the balance between these two influences (e.g., Cowley and Owen, 1989). The day-
side precipitation regions that will be discussed in this way are the Central Plasma
Sheet (CPS), the Boundary Plasma Sheet (BPS), the Low Latitude Boundary Lay-
er (LLBL), the cusp, the mantle, and the polar rain. These regions are illustrated
in Figure 1, from Newell and Meng (1992). The CPS precipitation consists of
magnetospheric plasma on closed field lines; and the cusp, mantle, and polar rain
precipitation are generally considered to occur on open field lines. As described
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Figure 1. An illustration of the regions of low-altitude dayside particle precipitation, from Newell
and Meng (1992).

in more detail below, there is still an active debate on the association of BPS and
LLBL plasma with open or closed field lines.

2.1. CuUSP - MANTLE - POLAR RAIN

If one considers, for example, a reconnection X-line extending across the day-
side magnetopause in the equatorial plane (for a purely southward orientation of
the IMF), the low-altitude footprint of the X-line in the ionosphere will, broadly
speaking, be the boundary between plasma precipitation characteristic of the closed
magnetosphere (the CPS) and the plasma characteristic of the magnetosheath/solar
wind (the cusp, the mantle, and the polar rain). When the magnetosheath magnetic
field interconnects with the magnetospheric field, particles will cross the magne-
topause by flowing along the magnetic field that interconnects across the magne-
topause. The previously trapped CPS plasma will escape out across the open mag-
netopause, and the magnetosheath plasma will flow into the magnetosphere. As
the particle velocities parallel to the magnetic field allow the plasmas to intermix
freely across the magnetopause, the magnetosheath flow and the tension force give
a boundary-tangential electric field that convects the open flux tube along the mag-
netopause toward the magnetotail. The combination of the parallel velocities of the
particles and the perpendicular convection will result in the trajectories sketched
in Figure 2, from Gosling et al. (1990a). Note that for both entering and escaping
particles, not all are transmitted through the boundary, but some are scattered by
the current sheet and reflect back into the magnetosheath or magnetosphere.

Near the subsolar magnetopause, the magnetosheath typically has its highest
density and temperature and its lowest bulk velocity (e.g., Spreiter and Stahara,
1985). The magnetosheath density and temperature decrease and the boundary-
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Figure 2. An illustration of the particle layers that form inside and outside the magnetopause on
recently-reconnected field lines, from Gosling et al. (1990a).

tangential velocity increases with distance away from the subsolar point. There-
fore when open field lines thread the magnetopause near the subsolar region, the
highest fluxes of magnetosheath plasma will be injected into the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>