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The solar wind has been seen as the major source of hot magnetospheric plasma since the
early 1960’s. More recent theoretical and observational studies have shown that the cold
(few eV) polar wind and warmer polar cusp plasma that flow continuously upward from the
ionosphere can be a very significant source of ions in the magnetosphere and can become
accelerated to the energies characteristic of the plasma sheet, ring current, and warm
plasma cloak. Previous studies have also shown the presence of solar wind ions in these
magnetospheric regions. These studies are based principally on proxy measurements of
the ratios of He++/H+ and the high charge states of O+/H+. The resultant admixture of
ionospheric ions and solar wind ions that results has been difficult to quantify, since the
dominant H+ ions originating in the ionosphere and solar wind are indistinguishable. The
ionospheric ions are already inside the magnetosphere and are filling it from the inside out
with direct access from the ionosphere to the center of themagnetotail. The solar wind ions
on the other hand must gain access through the outer boundaries of the magnetosphere,
filling the magnetosphere from the outside in. These solar wind particles must then diffuse
or drift from the flanks of the magnetosphere to the near-midnight reconnection region of
the tail which takes more time to reach (hours) than the continuously large outflowing
ionospheric polar wind (10’s of min). In this paper we examine the magnetospheric filling
using the trajectories of the different ion sources to unravel the intermixing process rather
than trying to interpret only the proxy ratios. We compare the timing of the access of the
ionospheric and solar wind sources and we use new merged ionosphere-magnetosphere
multi-fluid MHD modeling to separate and compare the ionospheric and solar wind H+

source strengths. The rapid access of the initially cold polar wind and warm polar cusp ions
flowing down-tail in the lobes into the mid-plane of the magnetotail, suggests that, coupled
with a southward turning of the IMF Bz, these ions can play a key triggering role in the onset
of substorms and subsequent large storms.
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INTRODUCTION

In this paper we will review how the Earth’s ionosphere populates the
different regions ofmore energetic particles in themagnetosphere and
combined with the changing solar wind Bz can drive the dynamics of
the magnetosphere. We will begin with a review of the ionospheric
role as a source and end with a focus on more recent results which
continue to build the case for the ionosphere’s role as a driver of
magnetospheric processes.

The magnetospheric community has always thought about the
ionosphere as playing a very important role in storms and substorms
as a recipient of energy from the magnetosphere and setting up the
current systems that are an integral part of storm dynamics. In this
paper we will look differently at that understanding and ask the
question, not just how does the ionosphere respond to
magnetospheric storms, but how does the ionosphere participate as
a driver that causes magnetospheric substorms and storms to happen.

In terms of specific objectives of this paper we will talk about
the influence of the ionospheric plasma throughout the
magnetosphere, that is in regions like the plasmasphere,
plasma trough, polar cap, magnetotail lobes, plasma sheet,
warm plasma cloak, ring current, and radiation belts—all of
the major areas in which the ionosphere is playing a role.

Initially, we want to show how the ionospheric plasma that has
energies of only a few eV can become energized in themagnetosphere
to the energies of the different regions in which it ends up and can
actually create these regions. We want to look at individual ion
trajectories that show how the cold ions are energized in the
different regions into which they move. Then in combination with
the solar wind Bz, we show how the ionospheric particles can become
a major driving mechanism for substorms and storms.

It is also important to call attention to the role of ionospheric
plasma in magnetic reconnection and the continuing challenge of
measuring low energy plasma. Both the dayside solar wind-
magnetosphere and nightside magnetotail reconnection regions
become populated with ionospheric plasma. The ionospheric
ions, both from the duskside plumes and detached regions
that come off the plasmasphere and the warm plasma cloak
bring particles to the nose of the magnetosphere and affect the
reconnection process there (Fuselier et al., 2019), while high
latitude outflow of the polar wind and polar cusp affects
magnetotail reconnection (Toledo-Redondo et al., 2021). These
initially polar wind ions are very difficult to measure in the lobes
because of their low energies and densities and the effects of
positive spacecraft potential, which means that they are often
unseen. Most of our early measurements of the magnetosphere
had no observations of any particles in the lobes of the tail. In
addition, the ambient low energy electrons were almost
impossible to measure amidst the spacecraft charging and the
photoelectrons that are created by the action of the sunlight on
the different materials on the spacecraft surfaces.

HISTORICAL OVERVIEW

Figure 1 is a decades old sketch of the magnetosphere that was
originally created to show the solar wind entry (pink regions at

the sunward boundary) into the magnetosphere and formation of
the distinctive regions of the magnetosphere. This figure
originally was missing two very important things. We did not
know about the polar wind at that time, the very low-energy few
eV outflowing H+ and He+ ions, and we could not tell the
difference between H+ ions that came from the solar wind and
H+ ions that came from the ionosphere. To the measurements
that we are able to make, these two sources of H+ look exactly the
same. To distinguish between the two, we will have to model that
difference with multi-fluid merged ionosphere/magnetosphere
MHD models which will be discussed later in this paper.

Those two things, the inability to see the outflowing polar
wind, which had not been even theoretically predicted until
1968 (Banks and Holzer, 1968, Banks et al., 1971) and the
inability to tell the difference between solar wind and
ionospheric H+, gave us the misimpression that all of the
magnetospheric plasmas with the exception of the
plasmasphere (the blue region close to the Earth in Figure 1)
came from the solar wind. After the theory andmeasurements of
the 1970’s, 80’s, and 90’s (Hoffman, 1970; Nagai et al., 1984;
Chandler et al., 1991; Abe et al., 1996; Moore et al., 1997; Yau
and Andre, 1997), the green outflowing ions were added to this
conceptual image of the magnetosphere.

Our early measurements in the late 50’s and early 60’s also led
us to the same inaccurate “solar wind only” conclusion because
early on in space missions, we could only measure the very high
energy particles but not the low energy ones. Geiger counters
were flown on the early explorer satellites and measured the
radiation belts (MeV). Then with the development of channel
electron multipliers, experimenters were able to measure ion and
electron energies down to ∼100 eV in particle detectors and we
started seeing the plasma sheet and the ring current. Some of the
early spaceborne ion traps and ground-based whistler
observations could measure the higher densities (>10 ions/
cm3) of the plasmasphere down to a few eV (Carpenter, 1963;
Gringauz, 1963), but the spacecraft, particularly those which went
farther out into the magnetosphere that had no spacecraft

FIGURE 1 | A sketch of the solar-terrestrial connection that includes the
contribution of the Earth’s ionosphere to the magnetosphere.
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potential control, could not see the low energy particles with
energies less than 10’s of eV.

This combination of factors led researchers to think that the
solar wind was delivering most of the particle populations to the
magnetosphere, a conclusion which is now being challenged by
more recent data. Research at the Lockheed Palo Alto Research
Laboratory in the early 1970’s using the Light Ion Mass
Spectrometer on the OGO-5 satellite (Harris and Sharp, 1969)
gave new information on the low energy, few eV ions in the
magnetosphere with a particular emphasis on the dynamics of the
plasmasphere. The filling and draining of the plasmasphere and
its changes in size and shape were intriguing (Chappell et al.,
1970; Chappell, 1972). It was realized that measurements of the
low-energy (0–50 eV) ions were needed using instruments that
had higher sensitivities and a spinning spacecraft so that pitch
angle distributions as well as composition and energy could be
determined. These measurements would give an understanding
of how the ions were moving and, in particular, how they were
flowing upward out of the ionosphere to fill the plasmasphere. In
this same time period, satellite measurements had shown the
presence of energetic O+ at high altitudes indicating both an
ionospheric source and the ability to energize the originally cold
ionospheric ions (Shelley et al., 1972).

NASA created the Dynamics Explorer mission and a new
group, now at the NASA/Marshall Space Flight Center proposed
an instrument, the Retarding Ion Mass Spectrometer, for the
mission and was selected (Chappell et al., 1981). Dynamics
Explorer was a two polar, co-planar spacecraft mission, one in
a low Earth orbit to measure the atmosphere and ionosphere and
one with a 4 Re apogee that could see the outflowing ions as they
left the ionosphere and entered the magnetosphere. The RIMS
instrument was on the higher altitude spacecraft. It was an
interesting time in which the members of the science working
group for the mission were trying to decide when in the orbit the
different instruments would be operated because there wasn’t
enough telemetry to run all of them all the time. This led to
spirited discussions between the RIMS group, whose interest was
to measure at lower to middle latitudes so that the plasmasphere
could be studied, and the investigators who wanted to measure
the polar cap region to study the aurora.

The investigator group compromise led to RIMS low energy
ion measurements in both the low latitudes and the high latitude
polar regions. That turned out to be an important decision,
because what was observed, when the Dynamics Explorer 1
spacecraft was up over the polar regions, was that there were
very large fluxes of ion outflow. It came from the polar wind
(Nagai et al., 1984), the polar cusp (Gurgiolo and Burch, 1982),
the nightside auroral zone (Yau et al., 1985) and was all seen at
high latitudes; this changed our perspective significantly

At this time in the mid-80’s it was realized that there was a lot
of ion outflow that was seen from RIMS (Lockwood et al., 1985;
Giles et al., 1994) and also from the Lockheed instrument at
higher energies, the Energetic Ion Composition Spectrometer,
(Shelley et al., 1982; Yau et al., 1985) and a mass spectrometer on
the Akebono spacecraft (Yau and Andre, 1997). These large
amounts of ions were flowing upward out of the polar cap,
the polar cusp and nightside auroral regions. This led to the

thought about whether there was enough outflow so that if one
estimated where the ions could go back in the magnetotail, it
would give the observed densities in these higher altitude regions
of the magnetosphere that had already been measured at higher
energy (See Figure 2). This was confirmed; there was enough ion
outflow from the polar regions that could move up through the
lobes of the tail to the mid-plane tomake the plasma sheet and the
ring current, although back then the low energy lobe ions were
invisible to spacecraft flying in the lobes because of the positive
spacecraft potentials.

Although the low energy outflow could not be seen in the
lobes, it could be seen by the RIMS instrument down at a few Re
altitude (Nagai et al., 1984). RIMS also had an aperture plane
around the entrance to the instrument that could be negatively
biased to help offset the positive spacecraft potential. But still, all
of the spacecraft that operated at higher altitudes in the lobes
measured no low energy ions. In the (Chappell et al., 1987) paper
it was speculated that the low energy polar wind ions must be
invisible in the lobes of the tail because of positive spacecraft
potential, but the low altitude data and calculations showed that
there was enough of it to create the observed densities of the
plasma sheet and the ring current. The DE RIMS measurements
started the thinking about the ionosphere as a source of
magnetospheric particles.

Subsequent to the Chappell et al., 1987 paper, Dominique
Delcourt did ion trajectory modeling (Delcourt et al., 1993) which
showed that not only did the outflowing ionospheric ions flow
through the lobes into the mid-plane of the magnetospheric tail
with enough flux to create the densities that had beenmeasured in
the plasma sheet and ring current, but that in addition, these
initiatively low energy polar wind and polar cusp outflowing ions
would become energized in their trajectories to create the energies
that are found in these regions of the tail—enough density and
enough energy!

A Changing Perspective
Given that low energy ions can move up out of the ionosphere,
across the polar cap into the lobes of the tail and then into the
mid-plane of the tail, it is important to think about the
magnetosphere in a different way. We tend to think about it
in terms of the distinctive plasma populations observed in
differing regions with distinguishing energies and behaviors.
We think about the lobes, the plasma sheet, the ring current,
the warm plasma cloak, the plasmasphere, and the radiation belts.
Our thinking about regions of plasma tends to conceptualize the
magnetosphere as a superposition of these regions, but there is a
growing realization that they are an interconnected continuum, a
tapestry, of plasma transport and physical processes. The pictures
(regions) on tapestries are made by a series of threads of different
colors that are woven into this tapestry to create the images that
you see.

As in the tapestry’s threads, the observed regions of the
magnetospheric system are created by the motion of ions and
electrons flowing through the magnetosphere, while being
energized by the cross-tail potential, parallel potentials, wave-
particle interactions and reconnection. A single ion can start in
the ionosphere as a polar wind ion with an energy of few eV and
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flow into the polar cap, where it can pick up additional energy and
then move into the lobes, making 10–100 eV ions. (Figure 3).

After it has been a 1 eV and then tens of eV in the polar cap
and lobe it can convect into the plasma sheet, by a process that
will be discussed later, and can be energized by curvature drift in
the cross-tail potential and reconnection to the keV energies that
are observed in the plasma sheet. As it drifts back earthward, it
can be energized further by the cross-tail potential and betatron
acceleration to make the ring current energies (10’s of KeV) in the
midnight to dusk sector, which we observe (Huddleston et al.,
2005). Some of the outflow that enters the tail closer to the Earth
and on the dawnside of the magnetosphere acquires less energy
and makes the warm plasma cloak in the midnight to noon
dawnside sector (Chappell et al., 2008).

This is the tapestry and the challenge will be to try to measure
the motion of all the ions and electrons which create it. Their

presence contributes substantially to the environment of the
plasma sheet in which reconnection subsequently takes place.
It is important, but it is difficult to understand the magnetosphere
just from the point of view of moments and composition ratios.
Those are valuable; the ratio of H+ to He++ is valuable as a rough
indicator of the solar wind source, just as H+, He+ and O+ are
indicators of the ionospheric source, but they can be difficult to
explain without knowing their trajectory time history.

A corollary perspective emphasized by the tapestry concept
and that should be mentioned is that while the level of magnetic
activity is an important indicator of what’s going on in the
magnetosphere. But the magnetosphere, this magnetic activity
from the currents in the ionosphere and the ring current are more
a result of what the solar wind and magnetosphere have done
than a cause, although we correlate with these indices because
they tell us that the magnetosphere is in different states of
dynamic change. It is important to keep in mind that these
magnetic indices show the results of the magnetospheric
dynamics that began earlier in time and are not the cause!

As we think about the role of the ionospheric source in the
magnetosphere, there are two types of particles that flow out of
the ionosphere and we have named them after the people who
largely discovered them. One group is called Strangeway particles.
Strangeway particles are based on the papers that Bob Strangeway
has written using FAST data (Strangeway et al., 2005). These are
particles that require energy input, such as precipitating particles
and waves from the magnetosphere, in order to heat the ions and
electrons enough that they can escape the gravitational
confinement and flow upward out of the ionosphere. That
happens typically in the polar cusp and the nightside auroral
zone and they can escape into the magnetosphere. These particles
do certainly vary with the solar wind conditions and particularly
the Bz component of the solar wind interplanetary magnetic field.

The other particles are Banks and Holzer particles that are
named after Peter Banks and TomHolzer whose theoretical work
together with Ian Axford (Banks and Holzer, 1968) showed that
the top of the ionosphere should be sending off a flow of plasma,

FIGURE 2 | A schematic look at the process by which the Earth’s ionosphere might supply plasma to the different regions of the magnetosphere (Chappell et al.,
1987).

FIGURE 3 | A schematic look at the flow of ionospheric plasma from the
Earth upward into the magnetosphere to form the different regions of hot
plasma.
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referred to as the polar wind, all the time, even with no external
energy input, beyond that provided by the sunlight, which creates the
F- region of the ionosphere. On the topside of the F-region, there is a
charge separation electric field that forms between the dominant O+

ions and the electrons, that can accelerate theminor ions off the top of
the ionosphere, H+ and He+ principally. These supersonic light ions
can fill up the plasmasphere at low to mid-latitudes, and at higher
latitudes, can flow across the polar cap and out into the lobes.

The polar wind ions can be further energized as they flow
through the polar cusp, across the polar cap and auroral zones by
both waves and precipitating particles as well as centrifugal
acceleration becoming a more “generalized” polar wind
(Schunk and Sojka, 1997; Barakat and Schunk, 2006). At lower
L shells, the upward polar wind fills up the plasmasphere, and at
L-shells above, approximately eight on the dayside, the polar
wind will flow poleward through the polar cusp and the
convection field will carry it across the polar cap and out into
the lobes of the magnetotail.

Of these two types of particles, the Strangeway particles which
require energy input from above to escape the ionosphere, such as

precipitating particle energy and wave energy, can also be
accelerated to higher even higher energies. The Banks and
Holzer polar wind, which flows off the top of the ionosphere
all the time, from any location in which the ionosphere is in the
Sun, gives very large upward fluxes and requires no extra energy
from external sources. The Banks and Holzer polar wind flux of
90%H+ and 10%He+ which is of the order of 3 x 108 ions/cm2 sec
or 1025–1026 ions/sec flowing out of the ionosphere into the lobes
and into the magnetosphere, is a substantial contributor of ions
and electrons (Andre and Yau, 1997). The Strangeway particles
are also substantial contributors, mostly O+, H+, He+, with fluxes
as high as 109 ions/cm2sec, but from the auroral oval dominantly.
Their total upward flux is more limited because the total
ionospheric area from which they flow out is more limited
than the large area of sunlit ionosphere from which the polar
wind originates.

Figure 4 shows measurements of Strangeway particles in the
lobe of the tail. These measurements are from Liao et al. (2010)
using mass spectrometer data from the Cluster spacecraft. This is
outflowing O+ (Liao et al., 2010; Mouikis et al., 2010; Kistler et al.,

FIGURE 4 | Observations from the Cluster satellite of outflowing O+ ions from the polar cusp seen in the lobes of the magnetotail.
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2010). The Sun is off to the left in each one of these pictures. This
is basically when the Cluster spacecraft was in the lobes out to
about 20 Re, sampling ions that were coming out of the polar
cusp. The three vertical panels show the dawn-side, center
and dusk-side of the tail, and then non-storm time, storm
main phase and recovery in the three rows. The colors on the
right show the occurrence frequency. One can see that red is
100%, yellow 75%, down to blue around 25% or less. In the
center of the tail, there is a very high probability of seeing
cusp outflowing particles in the lobes of the tail. Those are the
Strangeway particles and they can come out of the night side
auroral zone as well. The nightside auroral zone would
typically feed upflowing particles directly into the
earthward part of the plasma sheet or the conjugate
hemisphere rather than through the lobes as is the case
with the upflowing ions from the polar cusp.

Some of those outflowing particles can go through regions like
the polar cusp or the night side auroral zone where they get
further energized. There is also a basic process that energizes the
polar wind continuously (Figure 5). This is an ion trajectory that
is from Huddleston et al., 2005 using the modeling developed by
Delcourt et al., 1993, and Delcourt et al., 1994, and looking at
Polar satellite data from the Thermal Ion Dynamics Experiment,
TIDE (Moore et al., 1995) and modeling the ion trajectories.
Work on this topic was also done by Horwitz, 1994, and John
Cladis (1986, 2000). The figure shows an ion leaving the
ionosphere with the Sun to the left.

On the dayside, the upflowing particle is the polar wind
moving upward at a few eV. It follows the magnetic field
lines, and as it moves up into the magnetosphere, it goes

through an area where the field line is curved. When it’s
curved, it causes a curvature drift on the particle which in this
case is out of the page. That drift moves the particle across the
cross-tail potential and energizes it. Few eV ions can become
10 eV, and then they flow out through the lobes.

A river of ions continuously flows outward through the
magnetospheric lobes as shown by the trajectory. Along the
ion trajectory are times; 2 hours, out to about 6 hours by the
time it gets to the plasma sheet in the mid-plane of the tail at 60
Re. When it is in the lobes; it is very low energy, 10s of eV, until it
reaches the mid-plane of the magnetotail. At that point there can
be very distended or stretched magnetic field lines and this creates
a very large curvature drift again, out of the page of the figure, and
the ion drifts in the direction of the cross-tail potential and gets
further energized to keV.

This process will be examined in more detail later in the paper.
This figure shows that a few eV polar wind particle can become
more energized in the lobe and then further substantially
energized as it moves into the mid-plane region. This
illustrates that prior to missions like Polar which had high
sensitivity low energy ion instruments and spacecraft potential
control, we could not see what was happening in the lobes and our
ideas about how the magnetosphere fills were shaped without this
information. The fact that there was H+ in the solar wind and H+

in the plasma sheet with about the same energies, made it seem
natural that the solar wind was the source of the plasma sheet. As
it turned out there are large fluxes of low energy plasma
continuously flowing through the lobes into the plasma sheet
region, as subsequent missions would clearly show (Liemohn
et al., 2005).

FIGURE 5 | The trajectory of a polar wind ion moving from the dayside ionosphere out through the polar cap and tail lobes to the plasma sheet and its energization.
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The Ion Source in the Magnetosphere is
Revealed
Figure 6 shows a segment of one orbit of measurements from the
POLAR spacecraft TIDE instrument, looking at the low energy ions.
The lower panel shows an energy-time spectrogram for 1–400 eV,
ions and the upper panel is a spin angle-time spectrogram showing the
two magnetic field directions (+ and–symbols) and the ram velocity
direction. (x symbol). Knowing that the polar wind ions could not be
seen in the lobes unless the spacecraft potential could be controlled, the
TIDE investigator group added a plasma source instrument, which
sends out an ion-electron xenon plasma so that the spacecraft could
draw back the charge that it needed to hold itself at the plasma
potential of about one volt (Moore et al., 1995). The photoelectrons
leaving the surface of the spacecraft typically charge it positively, so a
cloud of electrons and ions can be ejected from the spacecraft enabling
the spacecraft to draw back the electrons it needs to neutralize the
positive charge.

The solid lines across the top of Figure 6 show when the TIDE
instrument (top line) and the PSI spacecraft potential device

(second line down) are operating. At the beginning of this panel,
the PSI is turned off and we see no ions at low energies in the
lower panel. At 2145 UT, the PSI neutralizer is turned on and
the low energy polar wind ions appear in the lower panel
which is an energy-time spectrogram. The polar wind is seen
flowing along that magnetic field line out of the northern
hemisphere. We’re looking at polar wind energies here now of
1–10 eV, whereas before the neutralizer turned on, there was
nothing to see except a few particles that were up in the
100 eV range. The polar wind is out in the lobes which
contain outflowing polar wind as long as the ionosphere
location that feeds that flux tube was in the sunlight. This
is a very important result! The TIDE instrument on Polar was
able to measure the outflowing polar wind at altitudes from
just above the ionosphere to its apogee at 9 RE and give the
characteristics of the outflowing polar wind (Su et al., 1998).
Using these polar wind outflow measurements, the strength
of the ionospheric source was also measured, Chappell
et al., 2000.

FIGURE 6 | A segment of data on the polar wind measured by the TIDE instrument on Polar taken in the lobe of the magnetotail showing the important effect of the
plasma neutralizing device.
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On the Cluster mission there was an ion emitter device to help
control spacecraft potential. There was also a very clever
complement of instruments that could measure the wake
direction of the plasma that was flowing past the spacecraft
when the satellite was in the lobe (Engwall et al., 2006; 2009a;
2009b). The investigators could measure the characteristics of the
wake, the direction that the ions were flowing, and what their
energies and fluxes were. They found out that the lobe contained
polar wind ions and electrons (Banks and Holzer particles) as
shown in Figure 7 in addition to the polar cusp particles
(Strangeway particles) shown in Figure 5.

For the few eVpolar wind particles, the fluxes that weremeasured
in the lobe by the Cluster experiment were equal to what had been
predicted by the theory almost 20 years before! Figure 7 shows
orbital segments of the Cluster spacecraft location in the tail lobes.
The scale on the right-hand side is the occurrence frequency of polar
wind observations varying from 100% in red all the way down to 0%
in blue. The Cluster spacecraft is going through the lobe, then the
plasma sheet, then the other lobe. The substantial red, and red-
yellow shading shows that along those orbits, the lobe has polar wind
flowing out. The left-hand figure is looking from the dawnside of the

magnetosphere with the Sun to the right. The middle figure is
looking down from above the North Pole and one can see the red
part of the orbits are in the center of the tail as expected. The right-
hand figure is looking from behind the Earth toward the Sun. The
polar wind is seen in the lobes both north and south of the plasma
sheet. A suggestion here is that one does not expect to see the polar
wind outflows in the plasma sheet region because the polar wind will
become energized and have its distribution changed which will not
permit this wake technique to work. This also supports the idea that
the polar wind/lobal wind flows into the plasma sheet where it is
transformed to become an important part of the plasma sheet with
different energy and pitch angle characteristics!

The Cluster wake measurements (Engwall et al., 2009b; Andre
and Cully, 2012) as well as the direct polar TIDE measurements
using the plasma neutralizer show the omnipresence of the polar
wind in the lobes (Liemohn et al., 2005). Figure 8 is fromHaaland
et al., 2012 using data from the Cluster mission looking at where
the outflowing polar wind goes, as a function of the southward
component of the IMF Bz in the solar wind. When the Bz is
southward, the magnetic merging of the solar wind magnetic field
with the magnetosphere increases the strength of convection

FIGURE 7 | Measurements of the polar wind in the lobes of the magnetotail using the spacecraft wake from a group of plasma and field instruments on Cluster.
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electric field and the cross-tail potential and that causes the
outflowing polar wind in the lobes to be pushed into the
center part of the tail and energized.

Panel a shows a northward Bz, where there is no convection
electric field in the magnetotail. The polar wind comes out of the
polar cap and vents out of the tail. Haaland et al., 2012 shows that
90% of the polar wind exhausts out of the back of the tail during
northward Bz. A small amount of the exhausting polar windmay get
caught up far back down the tail, but during northward positive Bz, it
mostly vents out. In panel b, as soon as the solar wind turns Bz
southward, there is an increasing cross-tail potential and convection
field that starts to drive the polar wind into the plasma sheet region.
The higher the southward Bz is, as shown in panel c, the closer to the
Earth these ions are convected into the plasma sheet region. Haaland
was able to estimate that 90% of the ions that were flowing down the
tail and flowing out the back of the tail, in northward Bz conditions,
are driven into the plasma sheet during southward Bz conditions and
are then able to have a significant influence in creating the plasma
sheet environment in which reconnection subsequently takes place.
Earlier work by Cully et al., 2003a and Cully et al., 2003b also showed
the linkage between outward flowing ions from the ionosphere and
their access into the plasma sheet region.

Timing of the Ionosphere and Solar Wind
Sources
The length of time involved in supplying ionospheric and solar wind
plasma to the magnetosphere is a very important element in
assessing their relative strength and their impact on the dynamic

processes that they drive. The purpose of this section is to develop an
idea of how the solar wind plasma versus the ionospheric plasma
contributes to the plasma sheet, ring current andwarmplasma cloak.

It is possible to do the proxy measurements of He++/H+ and
O6+/H+ for the solar wind and O+/H+ or He+/H+ for the
ionosphere, but it must be remembered that for the H+ part of
these ratios, it is not known where the H+ came from because
solar wind H+ looks exactly like ionospheric H+, from a
measurement point of view.

Figure 9 shows an ion trajectory starting in the dayside
ionosphere as a polar wind ion and moving through the polar
cap and lobe into the plasma sheet and subsequently the ring
current. This ion trajectory code was developed by Delcourt et al.
(1993) and was used by Huddleston et al. (2005) as a way of
interpreting the ion characteristics that were beingmeasured by the
TIDE instrument on the POLAR spacecraft. The trajectory
calculations show how the ion moves from the ionosphere
through the magnetosphere, how it changes energy and how
long it takes to make this journey. This trajectory model uses a
Tsyganenko magnetic field model (Tsyganenko, 1989) and a
Weimer convection field model. This case is set up for a Kp of
2. The ion is started on the dayside up above the ionosphere at
10 eV. In additional trajectories that were calculated in this study,
the polar wind outflow as measured directly by the Polar TIDE
instrument taken near perigee is used as input for the trajectory
modeling and the resultant ion trajectory and energization is
compared with the same TIDE instrument data taken near apogee.

The timing marks along the trajectory are important. There
are 10-min tic marks along the outward trajectory. It shows that
from the time the ion leaves the ionosphere, out to the middle of
the lobe at 40 RE, takes 90 min, and for the next 20 min, it moves
into the plasma sheet region, gets energized, and is moving
earthward to become part of the ring current. This top panel
views themagnetosphere from the duskside (XZ plane) and traces
the motion of an ion that started at 10 eV and ends up with ring
current energies. The middle panel looks down on the
magnetosphere from the top (XY plane). Here, the ion starts
on the dayside, goes over the polar cap into the dusk sector
becoming the plasma sheet, and then moves earthward, to
become the ring current. The small square panel on the lower
left views the ion trajectory from the tail toward the Sun (YZ
plane), and the panel on the lower right shows the changing
energy of the ion with time. It starts with 10 eV, slightly above
polar wind energy, and for that first hour and a half, it increases
up to a few 10’s of eV. When it goes into the plasma sheet region
at 1.7 h, it gains a kilovolt of energy in about 10 min! That’s, again,
from the curvature drift in the cross-tail field that gives it a
kilovolt, and then as it drifts earthward, it is further betatron
accelerated until it reaches ring current energies of 10 kilovolts.

Now let’s look at the timing. It is about an hour and a half to get
from just above the ionosphere on the dayside out to the middle of
the lobe at 50 RE. The timing from the lobe into the plasma sheet
region is only tens of minutes. If the lobe is full and if the Bz of the
solar wind goes southward, these ions are going to move into the
plasma sheet within 10–20min. Later we will come back and look at
how long it takes a solar wind particle to get into that region. In this
example the same ion which begins as the polar wind, becomes the

FIGURE 8 | The paths of the outflowing polar wind as measured on the
Cluster spacecraft showing the influence of the solar wind Bz.
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lobal wind, then the plasma sheet, and finally the ring current.
It is the same ion moving through the magnetosphere, and of
course, there are a very large number of ions doing this. For
the polar wind, there are a few times 1026 ions/sec “threads in
the magnetospheric tapestry.”

In looking at the ion trajectory calculation approach, some
colleagues have expressed hesitation about just using an isolated
ion trajectory because they are concerned that the magnetosphere
model is not self-consistent. The model does not let the currents
flow and change the magnetic field configuration and strength self-
consistently. In this case that is true, however we find that the ion
trajectory is an excellent “pathway” to show us how the
magnetospheric tapestry is woven. In addition, Alex Glocer has
now developed a model that was published just this past year
(Glocer et al., 2020) which is a merged ionosphere/magnetosphere,
multi-fluid MHD model which has the self-consistent solutions.

The model presented in Glocer et al. (2020) generates the
outflowing polar wind from the ionosphere and follows this
plasma as it transverses the magnetosphere. It includes a
plasmasphere, a ring current, a plasma sheet, and the model is
multi-fluid. The model is able to use separate fluids for the
ionospheric H+ and the solar wind H+ and thus tell us where
these H+ ions originate. This model can tell the difference in
where these H+ ions came from. Since H+ is the dominant ion, the
ability to separately track the ionospheric and solar wind H+ ions
gives unique and very important new results. We will look at his
model in more detail later in the paper.

Figure 10 from Glocer et al. (2020), addresses the concern
about the utility of using single ion trajectories. This is the
trajectory of an ion in the Glocer merged model in a situation
similar to the Huddleston ion trajectory. The Sun is to the right in
this figure. The color chart shows the ion thermal energy as it

FIGURE 9 | An ion trajectory beginning above the ionosphere on the dayside and moving through the lobes and plasma sheet with its subsequent energization.
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moves through the modeled trajectory. The ion flows out of the
ionosphere at about 10 eV and then through the polar cap and
lobe. By the time it gets across the polar cap and through the lobe
and approaches the plasma sheet region it has about 100 eV of
energy. Then note that the color of the trajectory changes to
yellow, showing that the ion very quickly is energized to 1 keV,
and then as it flows back in toward the earth, the color changes to
red; it is 10 keV. The results of polar wind, lobal wind, plasma
sheet and ring current is what the full merged ionosphere/
magnetosphere MHD treatment is showing and it is
conceptually very similar to the trajectory and energization
given in the Huddleston et al., 2005 results. Although the fluid
and particle pictures are conceptually similar, it is important to
keep in mind that numerical resistivity drives heating near the x-
line in the MHD simulation.

Now, in contrast to the ionospheric source timing of lobe/
plasma sheet access and energization to 1 KeV in 20 min, we
examine the solar wind source timing. Figure 11 shows recent
calculations regarding solar wind access to the
magnetosphere by Sorathia et al. (2019). This paper looks
at trajectory modeling of solar wind particle access during
changing solar Bz. This paper calculates the trajectories of
ions that start at the bow shock and then flow into the
magnetosphere and the model results show where the solar
wind particles go and how long it takes. This is with a
northward Bz.

One of the things that is mentioned in the Sorathia et al.,
2019 paper is that it is in northward Bz times in the solar wind
that one expects Kelvin-Helmholtz instabilities to be stronger,
giving more solar wind access through the flanks into the
plasma sheet. This modeling also has reconnection included,
but of course, with a northward Bz, it’s not full reconnection but

partial just because of the magnetic field orientation in the
solar wind.

The timing for access is shown in Figure 11. Panel a shows
that for a particle to get from the bow shock to the flanks of the
plasma sheet, not into it, but out on the flanks, takes 30 min. In
Panel b it is an hour and a half before the solar wind ions begin
to have penetration into the plasma sheet from the flanks.
These are solar wind H+ ions. In Panel c we see that it takes two
and a half hours before these H+ solar wind ions that started
out at the bow shock begin to reach toward the center of the
plasma sheet in the 20 to 30 RE region. In contrast, the
ionospheric ions that are flowing out through the lobes,
because they are already in the center of the lobe and are
very close, can get into the plasma sheet in 10–20 min. For ions
that come from the solar wind, it can take 2 hours or more to
reach the reconnection region at the center of the plasma sheet

FIGURE 10 | An ion trajectory beginning above the dayside ionosphere
and its movement through the polar cap and lobe to become energized upon
entry into the plasma sheet and ring current (Glocer et al., 2020).

FIGURE 11 | Amodel (Sorathia et al., 2019) showing the flow and timing
of solar wind H+ from the bow shock to the flanks of the magnetotail with
subsequent diffusion toward the center of the tail.
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even starting at the flanks. The ionosphere is in a very
favorable position to supply plasma to the center of the tail
because it has started inside the magnetosphere and because its

continuous outflow is already in close proximity to the
midnight sector of central plasma sheet just outside in
the lobes.

FIGURE 12 | Results of a merged multi-fluid model of a storm period showing the relative contributions of the ionosphere and solar wind to the magnetosphere.
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Merged Models—Important New Insights
on H+ from the Ionosphere and Solar Wind
Modeling of the Earth’s magnetosphere has been carried out over
the years leading to important advances in our understanding of
magnetospheric dynamics (Fok, 1999, Winglee, 2000, Moore
et al., 2005, Glocer et al., 2009, Welling and Ridley, 2010,
Brambles et al., 2010, Welling et al., 2011, Welling and Ridley,
2010. Recent multi-fluid models have brought an enhanced
capability in understanding the role of different sources of
plasma for the magnetosphere.

Figure 12 shows the Glocer et al. (2020) results for a case study
which uses the merged ionosphere/magnetosphere multi-fluid
MHD model that separates the ionospheric H+ from the solar
wind H+. It also shows that outflow from different hemispheres
makes an important difference. Both lobes aren’t filled
symmetrically, but there exists a strong seasonal effect
associated with what portion of the ionosphere is illuminated.
The solar zenith angle is an important element of the ion/electron
production in the ionosphere.

Figure 12 from Glocer et al. (2020) shows three sets of four
smaller panels which we summarize in the following discussion.
The top set is in the main phase of a June 2013 storm as shown by
the Dst small panel (lower right) of the larger panel and the
location of the vertical line in this panel. The second set of panels
is in the storm peak and the third set panels shows the early
recovery phase. Within each large panel the upper right panel
shows the ionospheric H+ outflow (polar wind), the upper left
panel shows the ionospheric O+ outflow (polar cusp) and the
lower left is the solar wind H+ component. This case gives us an
indication of the relative contribution of the ionospheric plasma
as compared to the solar wind in the magnetosphere. The color
bar on the right of each plot shows the % contribution. The yellow
indicates that 100% of that area is filled by the species on that plot
and blue indicates no contribution by that species in that area of
the plot. The model has been run for an approximately 24 h
period for this isolated storm.

In the top panel set of Figure 12 the main phase, there is a
relatively higher proportion of ionospheric H+ (upper right) in
the southern hemisphere; there is more in this lobe because it’s
favorably positioned with respect to solar illumination. There is
ionospheric H+ outflow coming out of both hemispheres, but it is
dominant up to 100% in the southern lobe and is from the
ionosphere. The upper left plot is the ionospheric O+ outflow
from the polar cusp and some from the auroral zone. The cusp is
making about 50% of the outflow in the northern lobe. The solar
wind presence is dominantly outside the magnetosphere with
some penetration on the dayside with the plasma sheet region and
lobes showing very little solar wind H+ inside about 30 RE with
the southern lobe and plasma sheet being dominated by the
outflowing ionospheric H+.

The middle panel set shows the storm peak. At this time in the
Glocer et al. (2020), study the ionospheric H+ and O+

fill more of
the lobes and plasma sheet volumes with less H+ from the solar
wind in these regions. This model also includes the presence of
the plasmasphere which results in the calculated cross-tail
potential being smaller in magnitude than the simulation

without the plasmasphere. The presence of the plasmasphere
model appears to have an important influence on the polar cap
potential and the Dst in the simulation. Note that the southern
lobe of the magnetosphere continues to be dominated by the
ionospheric H+ throughout the storm as would be expected for
the seasonal effect. The outflowing O+ from the northern polar
cusp also continues to dominate that hemisphere as well as the
plasma sheet and ring current.

There is very little solar wind H+ in the plasma sheet and ring
current regions out to the 20–30 RE equatorial region of the
plasma sheet throughout this particular storm. At the storm peak,
the solar wind H+ is a very minor component in the equatorial
plasma sheet out to 40 RE.

The bottom panel set shows the early recovery phase of the
storm, where there is solar wind H+ penetration filling into the
down tail regions of the plasma sheet at 30–40 RE and displacing
some of the ionospheric plasma prior dominance. The polar wind
is still flowing out as seen in the upper right small panel, but it is
starting to vent out the tail. The O+ in the upper small panel is still
there but diminishing, and the solar wind H+ is beginning to
penetrate. The Glocer et al. (2020) model shows that in the peak
of this storm, the ring current content is dominated by the H+

from the ionosphere plus O+ from the ionosphere with some
minor contribution in the ring current of the H+ that comes from
the solar wind.

In order to show the relative contributions of the ionosphere
versus the solar windmore clearly, we have added the ionospheric
polar wind H+ outflow together with the ionospheric polar cusp
O+ outflow and compared this total ionospheric contribution
with the solar wind H+ contribution. Figure 13 shows the three
times indicating the main phase, storm peak phase and early
recovery phase from this selected stormwith the total ionospheric
H+ and O+ shown in shades of blue and the solar wind H+ shown
in shades of red. The color scale is shown on the right-hand side
of the three plots. In this figure, white areas show a 50/50 split
between ionospheric and solar wind sources with the darker blue
showing increasing ionospheric contribution up to 100%.
Similarly, the darker red shows increasing solar wind
contribution up to 100% and therefore 0% ionospheric
contribution.

The solar wind parameters are shown in the left panel together
with the timing of the simulation start followed by the main
phase, storm peak and early recovery times in the simulation run
shown by the four vertical lines in the solar wind drivers plot. The
key Bz component of the solar wind is shown in the third panel
down and this component of the solar wind turns southward at
1800 UT on June 6, 2013. This is the starting time of the
previously discussed simulation with the ionospheric polar
wind and polar cusp plasma flowing out of the ionosphere
and through the lobes. In addition to the southward
component of the solar wind Bz, the density of the solar wind
had increased substantially during the day before the storm
(panel 4)

The results are dramatic. The top panel of Figure 13 shows the
main phase of the storm. Because of the orientation of the Earth’s
spin axis and the dipole axis, the southern hemisphere and lobe
are dominated by the polar wind outflow out to greater than 40 RE
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and the northern hemisphere and lobe are dominated by the polar
cusp outflow out to 20 RE. The midplane of the tail has a
dominant ionospheric H+ and O+ contribution out to 40 RE

and the lobes are full of outflowing ionospheric plasma which can
continue to access the midplane in the 24 h while the Bz remains
southward continuing to mass load the tail.

In the second panel, the storm peak phase is shown. The
ionospheric plasma in the lobes has penetrated into the midplane
giving an ionospheric contribution of H+ and O+ that dominates
the solarwind in themid-plane reconnection region of the tail out past
40 RE with a thickness exceeding 10 RE. It is during this time period
that the ionospheric ions that were initially flowing in the lobes are
energized to keV energies of the warm plasma cloak and plasma sheet
reconnection region and subsequently to the 10’s of keV ring current
energies, causing the expansion phase of the storm.

In the third panel the recovery phase is shown. The southward
Bz component of the solar wind is decreasing and the ionospheric

plasma in the lobes is beginning to flow farther down the tail and
will begin to exhaust out of the back of the tail as the Bz goes
northward. The ionospheric contribution remains dominant
throughout the tail region although the solar wind H+ ions are
beginning to show up in the inner plasma sheet region (white
hazy regions). This ionospheric dominance has been discussed
previously by Moore and Delcourt, 1995. It should be
remembered that during these changing Bz periods, the ability
of the ionospheric ions in the lobes of the tail to reach the
midplane in the midnight sector is much faster (10’s of min) than
the solar wind ions which must diffuse from the flanks of the tail.

The Plasma Sheet Boundary Layer
A corollary thought regarding the entry of the low energy lobe
plasma into the plasma sheet is the need to understand the
processes that are taking place in what has been called the
plasma sheet boundary layer. On the north and south outer

FIGURE 13 |Model results on the storm period shown in Figure 12 combining the H+ and O+ contributions of the polar wind and polar cusp (blue) versus the solar
wind H+ (red).
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layers of the plasma sheet, the characteristics of the plasma in the
plasma sheet are different closer to the mid-plane than they are at
the edges. Data from the MMS spacecraft offer interesting
insights into how the transition from lobe plasma to plasma
sheet plasma takes place. The energization of the ions as they
enter the midplane has been discussed above in Figure 5 and
Figure 9. The orbits of the MMS spacecraft permit observations
of this plasma sheet/lobe boundary interface.

In the past we have sought to explain this interface in terms of
the different ways that the solar wind access can happen, but what
may more likely be the case is that this plasma sheet boundary
layer is showing us how the lower energy lobe plasma is energized
to become the central plasma sheet. Figure 14 shows an MMS
orbit for July 15, 2018 in which the lobe/plasma sheet transitions
happen several times during the pass. The lower right-hand
corner inset figure shows the XZ plane of this MMS orbit
which is crossing through the midnight sector at this time.
The XZ plane of the orbit is projected on the calculated
magnetospheric shape, and shows that the orbit is moving out
of the plasma sheet region and into the lobe. When the plasma
sheet thins and thickens because of the changing solar wind
conditions during the time of passage, MMS can make multiple
entries into and out of the lobe.

A look at the 24 h summary plot of MMS data for this orbit
(not shown here) displays that there are significant lobe entries
at 0100, 0600, 1900 and 2200 UT. We focus here on this
expanded plot for the period from 1700 to 2200 UT where
the plasma sheet thins, as seen by the dropout of keV electrons
and ions at 1900 UT in the second and third panels of the
stacked plots, This thinning is in response to an increased X

component of the B field as shown by the blue line in the upper
first panel. Throughout the time period of 1700–1900 UT as the
spacecraft is approaching the northern edge of the plasma sheet
from within, this repeated thinning puts the spacecraft
alternately in the lobe and then back into the plasma sheet
as the plasma sheet thins and then thickens again,
multiple times.

These are places where the spacecraft is transitioning from
plasma sheet to lobe to plasma sheet and this transition can give
us information on the processes that take place at that interface.
What can be seen here is that when the spacecraft goes into the
lobe, the energy, as measured by the Fast Plasma Instrument in
the third of the stacked plots, drops from 1 to 10 keV (plasma
sheet) down to about 10–100 eV (lobal winds) and this energy
change reverses when the plasma sheet thickens again (decreased
X-component of B field).

Kitamura (2019) (GEM) has looked at this particular case in
much more detail. The plasma sheet section ends at 1900 UT
when the plasma sheet thins and the lobe is encountered by the
spacecraft. Then the spacecraft goes back into the plasma sheet at
2100 UT when the plasma sheet thickens again. As was noted
above, the first (top) of the stacked plots shows the three
components of the magnetic field, the second plot is for the
electrons from 10 eV to 10 keV, the third panel is the ions from
less than 10 eV to 10 keV. The fourth plot displays the pitch angle
distribution of the 1–300 eV ions. The stacked plots below that
show the HPCA ion composition measurements integrated over
all pitch angles beginning with H+, then He++, then He+, then O+

from 10 eV to 10 keV followed by the number density and the
bulk flow velocity.

FIGURE 14 | A composite picture of MMS data on July 15, 2018 through the plasma sheet boundary layer at the interface of the lobe and plasma sheet.
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When the lobe is solidly encountered at 1900 UT, the energies
of the ions measured by FPI drop from keV to less than 100 eV.
The spacecraft has an ion emitter for potential control. The
electrons in the second panel show a similar energy decrease
at the lobe encounter. The fourth panel shows the pitch angle
distribution for the 1–300 eV ions. In the lobe between 1900 and
2100 UT, these low energy ions are field-aligned at 180° pitch
angle which indicates that they are flowing out of the northern
ionosphere and flowing through the lobe into the plasma sheet. In
the plasma sheet segments (1700–1900 UT) one can still see ions
at low energy (panel 4). These are 0–300 eV, but they are now
spread over pitch angles of 180 down to 90°. They are picking up
perpendicular energy as they come into the plasma sheet region
which is compatible with their curvature drift in the cross-tail
potential as discussed above in Figure 9.

If we look at the HPCA data in stacked plots 5–8, we see that
there is H+ in both the plasma sheet and the lobes. There is He++,
which is in the plasma sheet but not in the lobes. The He+ is mostly
in the plasma sheet with some in the lobe and the O+ ions are found
both in the plasma sheet and the lobe. Initial indication from the
He++ is that there is solar wind entry into the plasma sheet. The H+

measurements are ambiguous because of the possibility of both
ionospheric and solar wind sources although their energies aremuch
lower in the lobe, as expected for their polar wind source and they are
energized in the plasma sheet region. There is O+ in both the lobe
and the plasma sheet that probably comes from the polar cusp
through the lobes and possibly from the nightside auroral zone
source. This single case suggests that very valuable information can
be learned fromMMS about the lobe/plasma sheet transition region
which is found at the plasma sheet boundary layer and what it can
show concerning the sources and processes that fill the plasma sheet.

The Role of the Ionosphere in Driving
Substorms and Storms
In the previous sections we have shown how the ionosphere is
capable of being the dominant source for the different plasma
regions of the magnetosphere, based on observations of the
outflowing plasma from the ionosphere and the processes that
can move it and energize it to create the energetic plasma regions.
The evidence for the ionosphere as a source is quite compelling
based on both measurement and multi-fluid merged modeling.

We now examine how the outflowing ionospheric plasma can
load the magnetosphere based on the changing Bz of the solar
wind. We have shown the magnitude of the outflow and how it
can move through the lobes of the tail to populate the plasma
sheet, the principal region for reconnection in the magnetotail.
We have also shown that the ionospheric outflow is affecting the
magnetosphere from the inside-out and its omnipresence in the
magnetotail lobes in the midnight sector gives it fast access (10’s
of min) to the plasma sheet region in contrast to the solar wind
plasma entry which can take an hour or more to reach and begin
to enter the flanks of the plasma sheet. The merged ionosphere/
magnetosphere MHD modeling shown in Figure 12 and
Figure 13 illustrates how the ionospheric outflow can load the
magnetosphere sufficiently enough to create the plasma sheet and
ring current in contrast to the solar wind.

The dynamics of the ionospheric source in combination with
the changing solar wind Bz and with the different access and
energization times for the ionosphere and solar wind plasma
suggest a new or modified model for the initiation of substorms
and storms in the magnetosphere. Figure 15 illustrates the new
model and serves as a basis by which we can examine how these
dynamic magnetospheric processes might be triggered.

The timing considerations discussed above suggest that
following the Bz southward turning of the solar wind
magnetic field, the ionospheric source is poised to access the
plasma sheet in tens of minutes and become energized inminutes,
thus mass-loading the tail and distending the magnetic field lines
in the neutral sheet. The entry and energization of the outflowing
ionospheric plasma in the lobes establishes a changed
environment in the plasma sheet that is very favorable for
reconnection to begin, thus initiating substorms and storms.
The availability and quick access of the ionospheric-origin
plasma to the midnight sector neutral sheet in contrast to the
access times required by the solar wind H+ establishes the
ionosphere together with the solar wind southward Bz as
major components of the driving mechanism in the process of
magnetospheric dynamics.

Figure 15 is a sketch which illustrates two time periods. In the
upper panel the pre-storm northward Bz period is shown in
which the solar wind is supplying plasma to the flanks of the tail
as discussed above (Sorathia et al., 2019). In the lower panel the
time period following the change of the solar wind Bz to
southward is shown.

Beginning with the top panel, during a northward Bz, the solar
wind plasma has been accessing the plasma sheet region with H+

and He++ into the magnetotail on the flanks. The total solar wind
access time from the bow shock in towards the center of the tail is
about two and a half hours. The polar wind and polar cusp
outflows move as shown by the blue lines through the lobes.
There is no convection field, and a very small cross-tail potential if
any, and the streaming ions flow almost entirely (90%) out of the
tail of the magnetosphere (Haaland et al., 2012). These
ionospheric polar wind and polar cusp low energy ions do not
affect the plasma sheet significantly during northward Bz.

Then as illustrated in the lower panel, when the solar wind Bz
turns southward, the H+ and He++ solar wind ions that had
entered the tail during the period of northward Bz remain there
while the ions that are streaming outward in the lobes and down
the tail have their trajectories dramatically altered by the
increased convection electric field and are driven into the
plasma sheet region quickly in 10’s of min. These H+, He+

and O+ ionospheric ions can enter quickly because they had
flowed out to their positions in the tail during the previous
northward Bz time period and only have to drift a short
distance to reach the plasma sheet region. This begins to
mass-load the neutral sheet field lines and distend/stretch
them further. This increases their curvature and increases the
energization of the entering lobe particles to keV energies through
their curvature drift across the tail and the energization that
comes from the cross-tail potential which has also been increased
because of the southward turning solar wind Bz. These entering
ions can gain their keV energies in about 10 min after they enter
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the region of distended field lines (see Figure 9) improving the
environment for reconnection to begin. With the southward Bz
occurring, about 90% of these lobe ions will enter the plasma
sheet region instead of flowing out of the back of the tail (Haaland
et al., 2012). The stronger the southward Bz, the closer to the earth
the lobe ions are pushed into the plasma sheet.

The large fluxes of polar wind and polar cusp ions, once
energized, dominate the plasma sheet and flow earthward
creating the ring current, and the warm plasma cloak. This is
a very different way of thinking about a substorm or a storm.
Solar wind Bz is still the trigger, but the particles are dominantly
delivered by the ionosphere through the lobes.

It is important to note that the dynamics in the magnetotail
may not only be due to steady convection and laminar flows, but
can have a major contribution from turbulence and mesoscale
structures. It was noted early on that injections from the
magnetotail can contribute to ring current build up (Parks and
Winckler, 1968). Indeed, recent numerical simulations suggest
that the contribution of bursty flows in the plasma sheet can
contribute much of the ring current build up (Yang et al., 2015).
This picture is consistent with observations showing that bursty
bulk flows (BBF’s) can account for much of mass and energy
transport in the plasma sheet (Angelopoulos et al., 1994). The
potentially bursty nature of this transport can have important
implications for the energization of particles in the tail, including
ionospheric particles which reach the equatorial plane from the
lobes. In particular, bursty transport means that some of the
particle energization may be non-adiabatic. For O+ especially,

which has a large gyroradius, there are indications in observations
that non-adiabatic acceleration associated with fast flows can be
important (Keika et al., 2010, 2013). Regardless of whether the
transport is bursty or laminar in the tail, acceleration of particles
of ionospheric origin reaching down tail will occur, albeit the
details of the transport may change. Additionally, just as the
transport in the magnetosphere can have important
contributions from fast flows and mesoscale structures, the
outflow itself can be significantly structured. For instance,
Schunk et al., 2005 showed that one can have localized
propagating patches of polar wind outflow. The contributions
of such structure in the outflow in combination with the bursty
nature of the transport are certainly worthy of continued study.

Here is the storm process in summary. Northward Bz has solar
wind ions contributing to the plasma sheet and the ionospheric
plasma, polar wind and polar cusp fills the lobes but is flowing out
of the back of the tail. The growth phase occurs when Bz turns
southward and the lobe outflows are convected into the mid-
plane where they are energized in tens of minutes and stretch the
tail. The distended tail increases the curvature drift and the cross-
tail potential further energizes the formerly ionospheric ions.
Then, when the tail is loaded, reconnection begins and makes the
expansion phase. This is the area that is being studied extensively
in detail for reconnection events by MMS spacecraft and the
ionospheric source plays a significant role in creating this plasma
reconnection region. The reconnection starts the aurora, which
starts the ionospheric currents flowing, changes them, and gives
the familiar magnetic signatures in the auroral zone.

FIGURE 15 | Two sketches which give a schematic picture of the suggested process by which ionospheric and solar wind plasma access the magnetospheric tail
and through which the ionosphere can be a dominant plasma source and a driver of magnetospheric storms and substorms.
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Then the newly created and energized plasma sheet flows
earthward and is further energized. The ring current strengthens
so that the total of the polar wind H+ and polar cusp O+ are
dominant in it over the solar wind H+ (Glocer et al., 2020). A large
storm can develop and continue as long as the southward solar
wind Bz is there because the ionosphere is sending out polar wind
and polar cusp ions continuously, and as long as the Bz delivers
these ions to the mid-plane, the storm can continue. When Bz
goes back northward again, the lobal wind begins to exhaust out
the back of the tail and the storm ends.

SUMMARY CONCLUSIONS AND NEXT
STEPS

What do we know? The ionospheric plasma plays a major role in
populating the magnetosphere and affecting its dynamics. The
initially cold (few eV) ionospheric plasma creates the polar
wind, which fills the plasmasphere and the plasma trough, and
creates the dense detached plasma and plumes that drift from the
duskside plasmapause out to the magnetopause, which affects the
reconnection rate there. At higher latitudes outside of the
plasmasphere, the polar wind flows upward supersonically,
dominated by cold H+ and He+ and together with the
outflowing polar cusp plasma of H+, He+ and O+ is convected
across the polar cap to fill the lobes of the magnetotail continuously.

As the polar wind and polar cusp outflows move through the
lobes, they can be convected into the mid-plane of the
magnetotail to be a major contributor to the creation of the
plasma sheet, the ring current and the warm plasma cloak. In
addition, the lower latitude plasmasphere and plasma trough cold
plasma drives wave-particle interactions that both create and
determine the propagation of waves that are a dominant influence
on the creation of the radiation belts.

Together with the solar wind IMF Bz, the ionospheric plasma is
a major driver of substorms andmajor storms when the southward
Bz convects the copius outflowing cold plasma in the lobes into the
central plasma sheet region, mass-loading this region, distending
the magnetospheric field lines in the neutral sheet, energizing the
cold plasma to plasma sheet energies and setting up the
reconnection process which results in substorms and storms.

Both the cold unaccelerated plasma of the plasmasphere and
the accelerated outflowing ionospheric plasma of the warm
plasma cloak influence the strength of the reconnection at the
nose of the magnetosphere. In addition, both the unaccelerated
polar wind outflow and the accelerated ionospheric lobal wind
together with the accelerated ionospheric plasma sheet create a
dominant element of the environment in which reconnection
happens in the central plasma sheet of the magnetotail. The
plasma sheet boundary layer is the transition layer where the cold
outflowing lobe plasma is transformed into the hot plasma sheet
plasma and warm plasma cloak regions.

Recently created merged ionosphere/magnetosphere multi-
fluid MHD models are able to differentiate between the H+

ions which come from the ionosphere in the polar wind and
polar cusp from the H+ ions that enter the magnetosphere from
the solar wind. This otherwise unmeasurable difference has given

invaluable new insight into the relative strength of these two
magnetospheric plasma sources and their relative ability to drive
substorms and storms.

What do we need to know? New measurements of the
composition of the ionospheric outflow, and the resulting ion
trajectories and energization of this outflow must be carried out
together with the advancement of merged multi-fluid models of the
ionosphere andmagnetosphere that can clearly differentiate between
ionosphericH+ and solar windH+. Thesemergedmulti-fluidmodels
will be our roadmap to track the pathways that cold ions and
electrons follow as they move through the magnetosphere, are
energized and create the distinctive magnetospheric plasma
regions that we have observed for decades but have not fully
understood—the magnetosphere tapestry.

The merged models together with ion trajectory models are
needed in order to allow us to understand the observations in the
lobe, plasma sheet boundary layer, central plasma sheet, ring
current and warm plasma cloak. These new merged models
should be expanded to include more multi-fluids in addition
to the ionospheric and solar wind H+. They should add
particularly He++ and O6+ from the solar wind as well as O+,
He+, N+, O++, and NO+ from the ionosphere.

In summary, what are our next steps? We need to try to
understand how the ions and electrons actually move through
and are energized to make the principal regions of the
magnetosphere and how changes in the solar wind Bz can
cause a storm to occur there. The low energy electrons are
even more difficult to measure accurately than the ions
because of spacecraft charging and photoelectron emission
from the spacecraft surface. We should continue to develop
the multi-ion capabilities of the merged multi-fluid models
that can separate the solar wind H+ from the ionospheric H+

in order to interpret the ion observations. There will be much
significant new information that comes from running these
multi-fluid models and comparing with the evolving ion
trajectory observations.

We must also start again to fly missions that have specific
separate instrumentation with large geometric factors that will
give the sensitivity required to measure individual initially cold,
few eV, ion phase space densities and how they are transformed as
they move through the magnetosphere. These highly sensitive
differential angle instruments which include composition must
be accompanied by a successful plasma neutralizing device that
can keep the spacecraft potential close to plasma potential
without interfering with other measurements on the spacecraft.

Finally, new missions must be selected and flown which
measure the composition, energy and angular distribution of
all of the areas of outflow from the Earth’s ionosphere, which
become the very significant source of the distinctive regions of the
magnetosphere. In addition, these missions should utilize the
highly sensitive low to medium energy measurements to track the
100’s of eV to 100 keV ion trajectories of the source ions and
electrons as they are energized to populate the magnetosphere hot
plasma regions and drive the substorms and storms.

We will be able to use the merged multifluid models as a
roadmap to help understand what we are observing in the
particles. The merged models using those additional ions and
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the particle tracing will help us determine the ion pathways and
unravel the origin of the particle measurements. They will also
allow us to understand how the environment for reconnection is
created in the plasma sheet and at the magnetopause.
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