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Figure 4. Energetic particle and
magnetic field variations in the near-
Earth magnetotail during a substorm.
A. Quiet time. B. During the growth
phase, the plasma sheet thins and the
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A satellite in the near-Earth magneto-
tail will observe a decrease in the par-
ticle flux as the plasma sheet thins.
C. At substorm onset, the cross-tail
current sheet is disrupted, plasma is
energized, the plasma sheet expands,
and the magnetic field relaxes to a
less tail-like configuration.

Jo ey

Particle acceleration
and current sheet
disruption region

Energetic
ion beams

Current diversion

northward perturbations, but also the sign and the spatial
extent of the azimuthal perturbations, the dipolarization
of the magnetotail field, and the expansion of the plasma
sheet. Moreover, the disruption of the current should
energize the plasma, producing the ion beams and heat-
ing the plasma sheet. Finally, the existence of the current
wedge is consistent with the structure of the westward-
traveling surge. At its western edge, which is the western
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Figure 5. A schematic illustration of
the substorm current wedge. Current
is diverted out of the magnetotail,
along the magnetic field into the ion-
osphere, across the ionosphere via
the westward-traveling surge, and
back out into the magnetotail. Satel-
lites in the near-Earth magnetotail
within the region encompassed by the
current wedge observe phenomena
associated with the onset of a sub-
storm, such as plasma sheet ex-
pansion.

edge of the substorm-affected auroral zone, the current
wedge consists of an intense upward Birkeland current,
whereas to the east, the current is more diffuse and has
a net downward polarity.

Substorm phenomena do not occur uniformly through-
out the magnetotail at onset. In the ionosphere, the sub-
storm is longitudinally limited, and the area affected in-
creases with time. Similarly, in the near-Earth magnetotail,
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the current wedge is initially confined to a narrow sector,
then expands longitudinally with time.* Qutside the re-
gion encompassed by the current wedge, a satellite may
continue to observe features associated with the growth
phase, even though the expansion-phase onset has already
occurred. Furthermore, as mentioned earlier, in the more
distant magnetotail, the plasma sheet begins to thin at
onset and thickens only later.

Let us summarize the basic phenomenology of a sub-
storm, with special focus on the near-Earth magnetotail.
Before a substorm, during the growth phase, the mag-
netotail stores energy, and the cross-tail current increases.
This increased current causes the near-Earth magnetotail
to become more tail-like as the plasma sheet thins, and
the lobe magnetic field increases. At the onset of the ex-
pansion phase, a spatially limited region of the cross-
tail current is disrupted, and a portion of that current
is diverted into the ionosphere. This diverted current
causes brightening of the auroral arc that is connected
to the region of the magnetotail that became unstable.
In short order, a westward-traveling surge is formed. The
auroral brightening expands longitudinally and poleward
as the current wedge in the near-Earth tail expands.
Within the current wedge, a dipolarization of the mag-
netic field occurs, the plasma sheet is heated and ex-
pands, and an injection of plasma takes place. Further
down the tail, the plasma sheet thins, and then it thick-
ens later. Now that we have examined what happens dur-
ing a substorm, let us review the history of substorm
research.

A BRIEF HISTORY OF EARLY
SUBSTORM RESEARCH

In 1741, it was discovered that a close relationship ex-
isted between geomagnetic disturbances in the polar re-
gion and auroral displays. Among the first to systematic-
ally study these phenomena was a Norwegian scientist
named Kristian Birkeland, who established magnetic ob-
servatories in northern Scandinavia in the late nineteenth
and early twentieth centuries. Birkeland proposed that
the disturbances observed in the high-latitude regions,
which he called polar elementary storms, were produced
by electrical currents that ran along the magnetic field
from space, proceeded horizontally through the iono-
sphere, and returned to outer space. Birkeland also con-
ducted experiments with a terella, which is a small mag-
netized sphere in a vacuum chamber. Occasionally, when
the terella was bombarded by electrons, phosphorescent
ovals would form in the polar regions encircling the mag-
netic poles, mimicking what we now know to be the
auroral oval.

Birkeland’s career was ending at the time that Sydney
Chapman began his pioneering work in the field. Chap-
man laid the foundation of much of modern space phys-
ics through his studies of large magnetic disturbances
called magnetic storms. Chapman suggested that mag-
netic storms were caused by the impact of a plasma cloud
ejected from the Sun upon the Earth’s magnetic field.
He also proposed that this interaction would produce
a magnetic cavity we now call the magnetosphere. The
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disturbances due to a magnetic storm were quantified
into three mathematical terms:® DCF, the perturbation
due to the currents at the boundary of the magneto-
sphere; DRC, the perturbation due to a ring current flow-
ing through space and encircling the Earth; and pp, the
disturbance polar that Chapman associated with Birke-
land’s polar elementary storms. These latter disturbances
could be seen to wax and wane during the course of a
given magnetic storm, so Chapman referred to them as
substorms.

One of Chapman’s students, Syun-Ichi Akasofu, pop-
ularized the use of the term substorm and provided the
first global description of auroral behavior during such
events, introducing terms such as expansive phase and
westward-traveling surge. Initially, many types of sub-
storms were thought to have existed, such as auroral sub-
storms and magnetic substorms. For example, in the clas-
sic paper, ‘“The Development of the Auroral Substorm,”’
Akasofu® wrote, “The sequence of auroral events . . . is
called an auroral substorm: it coincides with a magnetic
(OP) substorm, with which it has some close relation-
ships.”” After more research, it became clear that sub-
storms were associated with enhancements in a variety
of auroral activity, and that they could occur indepen-
dently of magnetic storms. The advent of the space age
led to the space-based study of substorm effects. It soon
became obvious that field-aligned, or Birkeland, currents
were an essential part of substorms, and the idea of the
substorm current wedge surfaced. Moreover, studies of
the westward-traveling surge mapped the pattern of Birke-
land currents, and satellite measurements documented
such phenomena as plasma sheet thinning and expansion.
All of these phenomena were seen to be different facets
of a process known as a magnetospheric substorm.>
This understanding led to the basic picture of substorm
phenomenology as we know it today.

PHYSICAL MODELS FOR SUBSTORMS

Once the basic features of substorm phenomenology
were established, scientists began to develop physical
models that could explain the magnetospheric substorm.
We will briefly examine three of the most well-known
substorm models: the near-Earth neutral line model, the
boundary layer model, and the magnetosphere-iono-
sphere coupling model. These are by no means the only
substorm models, but they illustrate the broad range of
approaches to the problem.

The first comprehensive model for substorms, and still
the most widely accepted, is the near-Earth neutral line
model.? This model views reconnection as the central
physical process in the collection of phenomena that we
call a substorm, and it has as its basis the Dungey model
of the open magnetosphere. The near-Earth neutral line
model starts with the supposition that a southward IMF
produces reconnection on the dayside magnetosphere.
The reconnected field lines are swept tailward by the so-
lar wind flow and added to the magnetotail. This
phenomenon increases the magnetic flux in the tail lobes,
implying that the cross-tail current has increased. The
added lobe pressure causes the plasma sheet to thin.
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When the plasma sheet has thinned sufficiently, an X-
type reconnection region forms in the near-Earth tail,
which disrupts the cross-tail current and forms a bubble
of closed magnetic field lines known as a plasmoid. To
maintain continuity, the cross-tail current is diverted
along the magnetic field into the ionosphere, across the
ionosphere via the westward-traveling surge, and back
out along the field into space, thus forming the current
wedge. Earthward of the neutral line, the reconnected
field lines snap back to Earth, producing an expansion
of the plasma sheet, whereas tailward of the neutral line,
the plasma sheet thins rapidly. Reconnection proceeds
until the X-line eats its way to the lobe field lines, which
are connected to the solar wind. At that point, the plas-
moid is released, and it moves rapidly down the tail. The
tailward-retreating near-Earth neutral line now becomes
the new distant neutral line, and the plasma sheet ex-
pands behind it. This situation is illustrated in Figure 6;
a more comprehensive discussion of this model can be
found elsewhere.’

Another model for substorms is the boundary layer
model.® This model is of more recent vintage and em-
phasizes the plasma sheet boundary layer, which is a re-
gion lying at the interface between the plasma sheet and
the lobe. In this model, Birkeland currents flow through
the plasma sheet boundary layer to a region of the distant
magnetotail where a velocity shear exists. During en-
hanced reconnection at the distant neutral line (see Fig. 1),
the velocity shear increases and may become unstable,
causing the currents that flow through the plasma sheet

Figure 6. A schematic illustration of the near-Earth neutral line
model. A substorm begins when a near-Earth reconnection re-
gion, or X-line, is formed (1), causing a disruption of the cross-
tail current and an expansion of the plasma sheet earthward of
the X-line. Tailward of the X-line, the plasma sheet quickly thins.
When the X-line cuts through the last plasma sheet field line, a
disconnected bubble called a plasmoid (2) is released and moves
rapidly down the tail. The retreating near-Earth X-line becomes
the new distant X-line (3), and the plasma sheet fills and expands
behind it. (Adapted from Ref. 7.)
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boundary layer to bunch up. It is proposed that the
bunched Birkeland currents are the westward-traveling
surge. The convoluted features of the westward-traveling
surge are interpreted to be the signature of these Birke-
land currents wrapped up around themselves. The bound-
ary layer model also claims that the southward B, signa-
tures seen in the magnetotail, and cited as evidence for
the X-line geometry of reconnection, are just the fringe
field effects of the bunched currents. The boundary lay-
er model does not provide an explanation for near-Earth
phenomena, however.

The magnetosphere-ionosphere coupling model® rep-
resents a third type of substorm model. This model
stresses the effects of coupling of the magnetosphere and
ionosphere via Birkeland currents. Given certain condi-
tions, this coupling causes a great increase in the Birke-
land current density, and the enhanced current flow
produces the auroral brightening associated with the sub-
storm expansion-phase onset. One point in favor of the
magnetosphere-ionosphere coupling model is that the
magnetosphere is indeed intimately linked to the iono-
sphere, so the ionosphere must play an important part
in the process. Moreover, aspects of the magnetosphere-
ionosphere model could play a role in either the near-
Earth neutral line or boundary layer model, although
the time scale for the magnetosphere-ionosphere coup-
ling model is minutes (the time it takes information to
propagate from the ionosphere to the magnetosphere),
whereas, as we shall see, the time scales for dramatic
changes in the magnetotail are on the order of seconds.

The near-Earth neutral line model is able to explain
in a relatively satisfactory way the major phenomenolog-
ical features of substorms. Moreover, considerable evi-
dence supports the existence of plasmoids or similar struc-
tures passing through the distant magnetotail in associa-
tion with substorms. Statistical evidence suggests, how-
ever, that neutral lines do not form inside of ~20 Rg,
yet substorms have drastic effects in the inner (<10 Rg)
magnetosphere. It has been suggested that the neutral line
forms outside of 20 Rg, but that it launches a compres-
sional wave, or injection front, that propagates earthward
into the inner magnetosphere. The boundary layer model
is able to account for some auroral forms and points out
the possible importance of the boundary layers in sub-
storm dynamics. Similarly, the magnetosphere-ionosphere
coupling model points out the importance of ionosphere
dynamics during substorms. The questions to be examined
are, ‘“To what extent are these models correct,” and
““How many of their predictions can be verified by satel-
lite observations?”’

AMPTE/CCE: A UNIQUE SATELLITE
FOR SUBSTORM STUDIES

The AMPTE spacecraft were launched on 16 August
1984 with an ambitious mission to study the transport
processes of the magnetosphere by releasing clouds of
tracer ions that could act as a dye in the cosmic plas-
ma.'? The actual releases were to be made by a Ger-
man satellite, the Ion Release Module (RM), which was
accompanied by the United Kingdom Subsatellite. An
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American satellite, the cCE, completed the trio. Its job
was to monitor the inner magnetosphere for signs of the
tracer ions and to study the natural magnetospheric com-
position, structure, and dynamics. What makes CCE
such a good satellite for substorm studies is its unique
orbit. The apogee of CCE is 8.8 R, and it has a near-
equatorial inclination. Substorm studies based on geo-
synchronous (6.6 Rg) spacecraft have indicated that the
intense cross-tail current sheet that builds up in the
equatorial magnetotail during the growth phase has its
inner edge at about 7 Rg, which is the exact region ex-
plored in detail by CcCE.

The first cCE substorm studies were based on CCE
data alone or with other data, such as ground magneto-
grams playing a supporting role. Figure 7 shows an ex-
ample of a typical substorm event. The data are 72-s-
averaged energetic particle data and 68-s-averaged mag-
netometer data. One can clearly see that the particle flux
level decreased as the plasma sheet thinned. At the same
time, the x component of the magnetic field increased
and the z component decreased, which means that the
field became more tail-like. At substorm onset, the par-
ticle flux increased as the plasma sheet expanded over
CCE, and the field became more dipolar as the x com-
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Figure 7. A typical substorm event observed on 7 July 1986 by
CCE. Before the substorm, the flux decreased as the plasma
sheet thinned. At substorm onset, the plasma sheet expanded,
the flux increased, and the magnetic field B reconfigured to a
less tail-like orientation. B,, B, and B, are the three components
of B. UT = universal time, MLT = magnetic local time, and
R = radial position in units of Earth radii (Rg).
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ponent decreased and the z component increased. Studies
of events such as the one in Figure 7 provided further
information on the behavior of particles and fields dur-
ing substorms and on such features as the earthward-
streaming ion layer at the boundary of the heated plas-
ma sheet. Also studied was the radial and longitudinal
distribution of substorm events. Although several previ-
ous results were confirmed, such as the plasma sheet
thinning model for particle flux variations, many sur-
prises occurred as well. !

Occasionally cCE would record dramatic variations of
the magnetic field during these events. Such variations
had been observed in the more distant magnetotail but
not in the near-Earth magnetotail. It was first postulated
that these violent variations of the magnetic field could
be the signature of a near-Earth neutral line, but further
study pointed to a turbulent disruption of the cross-tail
current as the agent. These current disruption events be-
came a major focus of cCE studies and have led to a
theoretical model for the breakdown of the current sheet.

Another set of studies focused on the global develop-
ment of substorms by using data from CCE in conjunc-
tion with data from other satellites and ground stations.
Those studies confirmed that the inner magnetotail is
a region of great importance for substorms. The avail-
able evidence also suggests that the disruption of the cur-
rent sheet begins in the near-Earth region within the cce
orbit and then expands radially outward and longitudi-
nally. Furthermore, a topological change does not ap-
pear to occur within the ccE orbit, and one would ex-
pect such a change if a reconnection region had formed.
These results suggest that in the initial phases of a sub-
storm, the current sheet is disrupted in a turbulent fash-
ion, but that this disruption does not produce an X-line.
Any such topological change must occur further down
the tail.

The most dramatic of these multisatellite studies in-
volved one of the current sheet disruption events, and
data from this event are presented in Figure 8. The data
shown are magnetometer measurements from cCe and
IRM; the CCE data are 0.125-s samples, and the IRM data
are 1-s averaged. The violent nature of the current sheet
disruption is evident in the cCE data, but what is even
more interesting is that IRM clearly observed the onset
of activity before cCE. At the time of the event, IRM was
located earthward of ccg, and the two satellites were
separated only by 1.6° in longitude. Furthermore, both
spacecraft were longitudinally aligned with Syowa, a Jap-
anese Antarctic research station. An analysis of magnetic
field data and all-sky camera photographs from Syowa
shows that the westward-traveling surge passed directly
over Syowa within 20 s of the time that the current sheet
was disrupted at cCe. Furthermore, calculations using
a model magnetic field indicate that the westward-travel-
ing surge seen at Syowa mapped to the cCE location in
the magnetotail. This finding suggests that substorm-as-
sociated auroras are the results of processes that occur
in the near-Earth magnetotail just beyond the orbit of
communication satellites.

Such results have significant implications for substorm
models. Our results appear to be in serious contradiction
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Figure 8. Magnetic field data from cCE and IRM, the German
AMPTE satellite, during a substorm that occurred just after 0110
UT on 25 April 1985. The cCE was located at the center of the
magnetotail within the cross-tail current, and the IRM was radi-
ally aligned with and earthward of CCE. The IRM, however, ob-
served the onset of activity before cCE did, suggesting that the
activity began earthward of cCE. Shortly after the activity began
at IRM, CCE observed the violent disruption of the current sheet.
This activity seems to have been connected by magnetic lines
of force to an auroral display that was simultaneously observed
in Antarctica. Such events were observed in the near-Earth mag-
netotail for the first time by CCE, and they are a major focus of
study. The measurements were taken in a coordinate system
where V= x, D = y, H = z, 6 is the polar angle, and B is the
magnetic field. All values along the y-axis are given in nanotes-

las (nT).

with the boundary layer model. That model connects the
westward-traveling surge to the distant magnetotail,
whereas our study indicates that the westward-traveling
surge is connected to the near-Earth region. Similarly,
the coordinated observations made between CCE and the
ground station Syowa indicate that the time scales for
substorm phenomena are much shorter than envisaged
in the magnetosphere-ionosphere coupling model, al-
though the ionosphere probably does play a very strong
regulating role in the process. What about the near-Earth
neutral line model? The CCE observations seem to sug-
gest that that model needs to be modified. One proposed
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modification supposes that reconnection does not begin
until after the onset of the substorm. In this situation,
current disruption spreads down the tail until the in-
fluence of the Earth’s magnetic field is so weak that the
disruption region can coalesce into a reconnection region,
severing a portion of the magnetotail to form a plasmoid.
This model has the advantage that not every substorm
needs to develop a reconnection region. Examples are
known of substorms in which dramatic effects occur
close to the Earth but not further down the tail.

These issues are by no means settled, but continuing
analysis of the cCE data will likely prove central in at-
tempts to expand our understanding of substorms. Al-
ready, the results of the CCE investigations have added
substantially to our knowledge and have brought to light
phenomena not previously reported, such as observations
of current disruption just beyond geosynchronous orbit.
These results are having a significant effect on substorm
theories and are causing a reassessment of long-held
ideas. In this regard, CCE has been an extremely success-
ful and important mission.
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