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Foreword by the Series Editor

The IAGA Executive Committee decided in 2008, at the invitation of Springer, to
publish a series of books, which should present the status of the [AGA sciences at the
time of the IAGA 2009 Scientific Assembly in Sopron, Hungary, the “IAGA Special
Sopron Series”. It consists of five books, one for each of the IAGA Divisions, which
together cover the IAGA sciences:

Division I — Internal Magnetic Field

Division II — Aeronomic Phenomena

Division III — Magnetospheric Phenomena

Division IV — Solar Wind and Interplanetary Field

Division V — Geomagnetic Observatories, Surveys and Analyses.

The groups of Editors of the books contain members of the IAGA Executive
Committee and of the leadership of the respective Division, with, for some of the
books, one or a few additional leading scientists in the respective fields.

The TAGA Special Sopron Series of books are the first ever (or at least in many
decades) with the ambition to present a full coverage of the present status of all the
TAGA fields of the geophysical sciences. In order to achieve this goal each book con-
tains a few “overview papers”, which together summarize the knowledge of all parts
of the respective field. These major review papers are complemented with invited
reviews of special questions presented in Sopron. Finally, in some of the books a few
short “contributed” papers of special interest are included. Thus, we hope the books
will be of interest to both those who want a relatively concise presentation of the
status of the sciences and to those who seek the most recent achievements.

I want to express my thanks to the editors and authors who have prepared the
content of the books and to Petra van Steenbergen at Springer for good cooperation.

Kiruna, Sweden Bengt Hultqvist
October 2010






Preface

On August 23-30, 2009, the 11th Scientific Assembly of International Association
of Geomagnetism and Aeronomy (IAGA) took place in Sopron, Hungary. Following
the successful conclusion of the Assembly, the IAGA Executive Committee decided
that a Book Series was to be published to summarize the important research progress
reported during the meeting. A book was dedicated to each of IAGA’s five divisions.
The Dynamic Magnetosphere is a representation of research highlights from IAGA
Division III — Magnetospheric Phenomena.

In the decade preceding the Sopron Assembly, the state of the art of magneto-
spheric research had evolved to a new level, thanks to the variety and sophistication of
experimental satellite missions flown. Cluster, IMAGE, THEMIS, to name but a few,
were launched in this period, while ISTP stalwarts such as Polar, Geotail, and FAST
had their peak periods of scientific performance well into the decade, as well. Not to
be overlooked was the flights of the Cassini satellite to Saturn and Kaguya satellite
to the moon, missions that have expanded our observational coverage of magneto-
spheric phenomena. While research results from these missions have been reported
extensively in the literature, a book that projects a reasonably broad and insightful
cross section of our field has been lacking. This is the void the present volume seeks
to fill.

With this goal in mind, working with Division III leaders, we have invited a num-
ber of researchers, who participated in the Sopron IAGA Assembly, to write reviews
and research articles for the volume. These contributions were reviewed by peer
experts and accepted after major scientific issues were resolved. While not an exhaus-
tive report of the state of magnetospheric research today, the volume distinguishes
itself as a ‘quick’ entry point and handy roadmap for the reader to appraise major
trends and research problems, particularly in light of the satellite missions mentioned
above.

The past decade also saw tremendous progress in our ability to use computer sim-
ulations to achieve first-principle understanding of magnetospheric phenomena and
novel data analysis techniques to recognize features and patterns that may not be cap-
tured by a more traditional approach. This volume contains examples of the latest of
our endeavours in these areas.

The 20 chapters making up the volume can be divided into six themes: Solar Wind-
Magnetosphere Interaction, Magnetotail Dynamics, Inner Magnetopheric Processes;
Waves and Turbulence in Magnetosphere-lonosphere Coupling; Ionospheric Drivers
of the Magnetosphere, and Extraterrestrial Magnetospheres. In each of the themes,
some of the latest results are presented. Combined with the extensive references, these
chapters serve to give graduate students, as well as working scientists interested in
the development of a related area, an overview of some problems of current interest.

Vii
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Preface

Moreover, read as an organic whole, the volume serves to highlight the interconnected
nature of the magnetosphere and give the reader an outlook on how our science will
likely evolve in the new decade, as new missions and new data enter into the fray.
Many people have made valuable contributions to this book. Bengt Hulqvist, as
Series Editor, exercised leadership in ensuring a high standard of publication. Anna
Milillo played an instrumental role in identifying potential authors. John Ma helped
with the preparation of the volume. Last but not least, more than twenty researchers
acted as referees for the articles, and their assistance was an essential factor the suc-
cess of this endeavour which, we believe, will stand the test of time as an authoritative
source of information of magnetospheric research at a crucial juncture in time.

Montréal, Canada William Liu
Tokyo, Japan Masaki Fujimoto
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The Magnetopause, Its Boundary Layers
and Pathways to the Magnetotail

Benoit Lavraud, Claire Foullon, Charles J. Farrugia,
and Jonathan P. Eastwood

Abstract

We review the current understanding of the dynamics of the Earth’s magnetopause
and boundary layers. We describe basic insights and recent advances concerning the
main mechanisms that mediate solar wind energy, momentum and plasma transfer
into the magnetosphere: magnetic reconnection, the Kelvin—Helmholtz instability
and diffusive processes. We also present more global aspects of magnetopause
and boundary layer dynamics, focusing specifically on recent studies of global
solar wind—magnetosphere coupling and on solar wind plasma pathways to the

magnetotail.

1.1 Introduction

Earth’s magnetopause and boundary layers have been
widely studied over the last few decades. They have
been, and will continue to be, major research tar-
gets of many satellite missions such as ISEE, Geotail,
Wind, Polar, Interball, Equator-S, Cluster, Double-
Star, THEMIS, and in the near future MMS. A number
of previous reviews and collections of articles have
appeared on the topic, notably those by Song et al.
(1995), Treumann and Scholer (1997), Paschmann
(1997), Lundin (1997), Sibeck et al. (1999), Farrugia
et al. (2001), Newell and Onsager (2003), Phan et al.
(2005), De Keyser et al. (2005), Cargill et al. (2005)
and Paschmann (2008). For early works and detailed

B. Lavraud (D<)

Institut de Recherche en Astrophysique et Planétologie,
Université de Toulouse (UPS), 31028 Toulouse Cedex 4,
France; Centre National de la Recherche Scientifique, UMR,
5277 Toulouse, France

e-mail: benoit.lavraud @cesr.fr

descriptions of the solar wind plasma entry mecha-
nisms that will be addressed here, the reader is referred
to these reviews. For the present review, we build on
those earlier ones and focus on current efforts that
address the role the magnetopause and its boundary
layers play in magnetospheric dynamics.

At the interface between two plasma regions, a num-
ber of instabilities may mediate plasma transfer and
mixing. Of importance for the Earth’s magnetopause
are magnetic reconnection (e.g., tearing mode insta-
bility), the Kelvin—Helmholtz instability (triggered by
a velocity shear), and diffusive processes (for exam-
ple mediated by wave—particle interactions). For the
magnetopause, the proof that plasma of solar wind
origin does protrude through the boundary comes
from frequent in situ observations of mixed mag-
netospheric and solar wind plasmas just inside and
adjacent to the main current sheet: the magnetopause
boundary layer. With the advent of multi-spacecraft
missions such as Cluster and THEMIS, together with
new methods and enhanced instrumental and computer
simulation capabilities, many new insights have been

W. Liu, M. Fujimoto (eds.), The Dynamic Magnetosphere, IAGA Special Sopron Book Series 3, 3
DOI 10.1007/978-94-007-0501-2_1, © Springer Science+Business Media B.V. 2011



gained regarding the aforementioned mechanisms and
the role they play in controlling the entry of solar wind
plasma into the magnetosphere.

In Section 1.2, we introduce the process of mag-
netic reconnection in the context of the magnetopause.
In particular, we describe how accurate measurements
from recent multi-spacecraft missions have permit-
ted a quantification of some properties of magnetic
reconnection. In Section 1.3, we review recent work
on the Kelvin—Helmholtz (KH) instability and diffu-
sive processes. These are thought to transfer energy
and momentum from the solar wind to the magneto-
sphere and to mediate plasma entry in their non-linear
stage during northward interplanetary magnetic field
(IMF) conditions, i.e., when magnetic reconnection
is not expected to occur at the dayside. Section 1.4
then highlights the importance of magnetic reconnec-
tion and the KH instability in the context of global
solar wind-magnetosphere coupling, as well as in
terms of possible solar wind plasma pathways to the
magnetotail.

1.2  Magnetic Reconnection

at the Magnetopause

Magnetic reconnection at the magnetopause is believed
to play a major role in solar wind—magnetosphere cou-
pling. Accompanying the large-scale magnetic topol-
ogy changes which occur as a result of magnetic
reconnection, mass, energy and momentum of the solar
wind are transferred to the magnetosphere. Magnetic
reconnection is the primary driver mechanism during
enhanced geomagnetic activity. In this section we first
describe some basic features of magnetopause recon-
nection and then present recent results on the topic.
We do not address the issue of the initiation process
of magnetic reconnection.

1.2.1 Basics of Magnetopause
Reconnection
1.2.1.1 Concept of Reconnection

When two different plasma domains are in contact, in
the magneto-hydrodynamic (MHD) framework these
may be separated by several types of discontinuities
(e.g., Chen 1984). In the case of Earth’s dayside
magnetosphere, the subsonic, shocked solar wind

B. Lavraud et al.

plasma in the magnetosheath was at first believed to be
separated from the magnetosphere by an impermeable
tangential discontinuity: the magnetopause (Chapman
and Ferraro 1931). As first envisaged by Dungey
(1961), plasma entry into the magnetosphere may
in fact occur by means of the process of magnetic
reconnection. The process requires the breakdown of
the “frozen-in” condition of MHD (E +v x B = 0)
in a localized region called the diffusion region (here
E is the electric field, v the plasma velocity and B
the magnetic field). Oppositely directed magnetic
fields from the two sides of a reconnecting current
sheet are convected into the diffusion region where
they decouple from the plasma, and then effectively
“reconnect” to their counterpart from the opposite
side, freezing back into the plasma in the reconnection
outflow. The process leads to a dramatic change in the
magnetic connectivity, or topology, as sketched in two
dimensions in the bottom of Fig. 1.1. In three dimen-
sions, the X-point of Fig. 1.1 translates into a magnetic
reconnection X-line (in the out-of-page direction)
whose geometry and length at the magnetopause is
quite variable, as we shall see later. The topological
change that results from magnetic reconnection has
a direct consequence: it permits previously separated
plasmas to mix thanks to the presence of a finite
magnetic field component normal to the boundary (Bn
# 0), which is now akin to a rotational discontinuity
(or a standing, large-amplitude Alfvén wave). In other
words, magnetic reconnection allows plasma to flow
through an originally impermeable boundary.

The amount of magnetic flux that reconnects per
unit time and unit length through a magnetic reconnec-
tion X-line is called the reconnection rate. It is equal
to the reconnection electric field, i.e., the electric field
along the X-line. Reconnection rate is often studied in
its dimensionless form, where R = BN/BT = VN/VaA;
with BN, Bt, VN, and V4 being the normal magnetic
field component, the total magnetic field strength,
the normal inflow velocity component and the total
Alfvén speed in the inflow region, respectively. In
three dimensions, Bt (and correspondingly Vs ) should
be the magnitude of the magnetic field component per-
pendicular to the X-line. R in this context is essentially
an aspect ratio of the width to the length of the ion
diffusion region (e.g., Cassak and Shay 2007). Models
predict that the reconnection rate can be either slow
(Sweet 1958; Parker 1963) or fast (Petschek 1964),
with a number of variants (see, e.g., Biskamp 1986;
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Fig. 1.1 (top) Schematic
illustration of the
magnetospheric magnetic
field and preferential locations
of magnetic reconnection for
southward IMF, i.e., at
low-latitudes on the dayside
(left) and in the mid-tail on the
nightside (right). (bottom)
Sketch of the structure of the
diffusion region during
magnetic reconnection,
showing the ion and electron
diffusion regions, outflow jets
and the Hall electric and
magnetic fields. From
Paschmann (2008); adapted
from Gieroset et al. (2001)
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Priest and Forbes 1992; Forbes 1995). The rate of mag-
netic reconnection in collisionless (proton-electron)
plasmas is thought to be controlled by differential
ion-electron motion (Hall effects), leading to a char-
acteristic two-scale structure (Fig. 1.1, bottom) and is
typically fast (e.g., Birn et al. 2001). Here we do not
discuss theories of magnetic reconnection further but
only point out that there are observational clues for
magnetic reconnection often being fast in astrophysical
plasmas, e.g., from the duration of a flare (Priest and
Forbes 1992). At the magnetopause a dimensionless
reconnection rate of 0.1, corresponding to a theoretical
upper limit for fast reconnection (Levy et al. 1964), is
often assumed (e.g., Cassak and Shay 2007; Borovsky
2008) (cf. Section 1.4.1 and the discussion of
Section 1.2.2.4).

1.2.1.2 Signatures of Magnetic Reconnection
The upper schematic of Fig. 1.1 depicts the basic
topology that follows from magnetic reconnection as
it occurs in the magnetosphere. It shows where recon-
nection is expected to initiate for the case of southward
IMF (for the northward IMF case, see Section 1.2.4).
Because under such conditions the orientations of the
IMF and geomagnetic field are anti-parallel on the

solar wind | |

magnetic field lines

X-line

plasma sheet

electron diffusion region

Hall E z inflow

region

&~

Hall magnetic fields

dayside, magnetic reconnection is favored in the sub-
solar region (but see Section 1.2.2.3 for deviation
from this idealized anti-parallel scenario). Sub-solar
reconnection adds open magnetic flux to the polar
regions (expanding the polar cap) and lobes (loading
the magnetotail). In order to remove the excess mag-
netic flux in the magnetotail, magnetic reconnection is
also expected to occur at the nightside current sheet,
thereby allowing circulation of the magnetic flux in
the magnetosphere and, in particular, returning it to the
dayside. Here we only deal with magnetic reconnec-
tion at the magnetopause. The reader is referred to Birn
(Chapter 4, this volume) for magnetotail dynamics.

In the process of magnetic reconnection, magnetic
energy is converted into thermal and kinetic energy of
the plasma. The magnetic tension on the newly recon-
nected field lines accelerates plasma inflowing from
above and below the current sheet into two outflow
jets on each side of the X-line topology. Because the
sub-solar magnetopause is an asymmetric boundary,
typically with magnetic (plasma) energy dominating
on the Earthward (Sunward) side, detection of mag-
netic reconnection at the magnetopause has largely
been based on observation of flow jets of solar wind
plasma in the boundary layer inside (Earthward) of the



magnetopause current sheet (Paschmann et al. 1979;
Sonnerup et al. 1981). MHD predicts that the out-
flow jets should be Alfvénic in the deHoffmann-Teller
frame (deHoffmann and Teller 1950), a characteris-
tic that may be gauged via the Walén test (Sonnerup
et al. 1987). The most commonly used fluid and
kinetic signatures of magnetic reconnection are (e.g.,
Phan et al. 2001): (1) a finite normal magnetic field
component across the boundary (Sonnerup and Cahill
1967), (2) Alfvénic flow jets (see above), (3) par-
ticle acceleration and heating (e.g., Gosling et al.
1990; Onsager et al. 2001), (4) D-shaped ion distribu-
tions with low energy cut-off at the deHoffmann-Teller
velocity (Cowley 1982), (5) mixing of the ion and
electron populations from each side of the boundary,
together with the formation of distinct separatrix layers
for ions and electrons owing to time-of-flight effects
(Gosling et al. 1990), and (6) ions reflected from the
magnetopause (Sonnerup et al. 1981; Fuselier et al.
1991). Numerous recent studies have confirmed the
link between such signatures and the occurrence of
magnetic reconnection.

Another signature related to magnetic reconnection
is that of a Hall electric and magnetic fields struc-
ture. In collision-less plasma with low resistivity the
ion and electron’s different masses (and gyroradii)
imply that ions motion decouple from the magnetic
field (“demagnetize”) in an ion diffusion region that
has a substantially larger size than the electron diffu-
sion region, where electrons eventually demagnetize
as well. This scale size separation leads to differ-
ential ion and electron motions in the ion diffusion
region, which sets up a system of Hall currents. In
the context of symmetric reconnection, the Hall cur-
rent system comes with quadrupolar magnetic field
and bipolar electric field (Fig. 1.1; @ieroset et al.
(2001)) signatures, but the picture differs in the asym-
metric case of the magnetopause as we shall see in
Section 1.2.2.2.

1.2.2 Quantifying Magnetic Reconnection
1.2.2.1 Bulk Plasma Heating

at the Magnetopause

The bulk plasma heating associated with mag-
netic reconnection has not been studied as much
as other signatures such as bulk flow acceleration.
Observationally, it was recognized early on that
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both solar wind ions and electrons are heated at the
reconnection site and at the magnetopause rotational
discontinuity (e.g., Gosling et al. 1990; Phan et al.
1994). Note, indeed, that from observations plasma
is heated all along the magnetopause and not just at
the reconnection site (Onsager et al. 2001; Lavraud
et al. 2005b).

Early theoretical studies have suggested wave—
particle interactions as a means of heating at the
magnetopause. Lee et al. (1994), and later Johnson and
Cheng (1997, 2001), proposed kinetic Alfvén waves
(KAW). Spacecraft observations have been investi-
gated for signatures of KAW heating. A signature sup-
portive of such heating is the regular, combined obser-
vation of ion perpendicular temperature anisotropy
(relative to magnetic field) and electron parallel tem-
perature anisotropy in the boundary layers, as pre-
dicted by KAW theory (e.g., Wing et al. 2006; Nishino
et al. 2007a, b, c; and references therein).

Although they have not been investigated in the
context of the magnetopause, it is worth mentioning
the heating mechanisms of Drake et al. (2006, 2009),
respectively for electrons and ions. The former is
based on Fermi-type acceleration in coalescing island
structures at current sheets (i.e., such as for intermit-
tent reconnection; cf. Section 1.2.3.2), while the latter
is based on a pick-up process in the reconnection
electric field.

Based on observations made during low solar wind
Alfvén Mach number conditions, Lavraud et al. (2009)
found that the ion-to-electron temperature ratio in the
boundary layers is not prescribed by the plasma entry
mechanism (associated with either reconnection or
the KH instability). This observation puts constraints
on potential magnetopause heating processes which
remain to be addressed by theory. Finally, it is noted
that in solar wind reconnection exhausts, there is little
sign of heating, in particular for electrons (Gosling
2009).

1.2.2.2 Measurement of the Hall Term

in the Generalized Ohm’s Law
Magnetic reconnection Hall signatures have been
observed in the magnetotail (Dieroset et al. 2001;
Nagai et al. 2001; Wygant et al. 2005; Eastwood
et al. 2007, 2010) and at the magnetopause (e.g.,
Deng and Matsumoto 2001; Vaivads et al. 2004, 2006;
Mozer et al. 2008) (cf. Section 1.2.1.2). Mozer et al.
(2008) recently investigated the Hall signatures for
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Fig. 1.2 Comparison of (E + v x B)x and (j x B/en)x terms
for an inbound (outbound) THEMIS magnetopause crossing on
the left (right). The data illustrate the quantitative agreement

asymmetric dayside magnetopause crossings by the
THEMIS spacecraft. Using estimates of the mag-
netopause boundary velocity and normal direction,
they were able to assess the normal electric field
component that results from the Hall j x B term
(j is the electric current) in the generalized Ohm’s
law, i.e., E+ v x B = (1/en) j x B (other terms were
neglected owing to the spacecraft crossing only the ion
diffusion region). Only a single peak was observed in
this normal electric field (Fig. 1.2). They explained
it as the result of the ratio of magnetic field tangen-
tial component (Bz) to the plasma density being too
small for the Hall electric field on the magnetosheath
side to be important. In this case the effect is thus
directly the consequence of magnetopause reconnec-
tion being highly asymmetric. This event provides a
nice quantitative test for the Hall term at the dayside
magnetopause, and for the impact of the boundary
asymmetry on the Hall system structure (see Mozer
and Pritchett (2009) for further electron physics issues
related with asymmetric reconnection). We note that
this study particularly emphasizes that in situ plasma
sensors currently being flown have reached a high level
of accuracy. This allows not only the discovery of new
effects but also their precise quantification.
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between the two terms in the Generalized Ohm’s law (red and
black curves in panel (b)). From Mozer et al. (2008)

1.2.2.3 Anti-parallel Versus Component
Magnetic Reconnection

The bottom sketch of Fig. 1.1 shows the magnetic
field configuration resulting from reconnection in two
dimensions in the context of purely oppositely directed
magnetic fields each side of the boundary. Such a
scenario leads to magnetic field annihilation at the
neutral point, or X-line, and is called anti-parallel
reconnection (e.g., Crooker 1979). However, in three
dimensions, reconnection may as well occur without
magnetic field annihilation but rather in the presence
of a guide field along the direction of the X-line; this
model is called component reconnection (Gonzalez
and Mozer 1974; Cowley 1976).

For strictly southward IMF the anti-parallel recon-
nection site is an extended X-line across the equatorial
dayside magnetopause. However, Crooker (1979) and
Luhmann et al. (1984) showed that when a strong IMF
By component exists the pure anti-parallel reconnec-
tion line splits. Two distinct reconnection X-lines are
expected at higher latitudes in each hemisphere, with
a gap at local noon. In contrast, models of component
reconnection, which we do not describe in detail here
(see, e.g., Cowley and Owen 1989; Moore et al. 2002;
Trattner et al. 2007a), predict that with a finite IMF By
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Fig. 1.3 (left) Illustration of the variation of the magnetic shear
(color-coding with red showing highest shear) across the mag-
netopause based on mapping the IMF on a magnetospheric mag-
netic field model. White lines show the predicted dayside X-line
geometries for the anti-parallel and component (or tilted X-
line, the one passing through the sub-solar region) reconnection

the reconnection line remains continuous and always
passes near the sub-solar region for southward IMF
(the first point of contact of the solar wind). It extends
toward dawn and dusk and towards the poles with a tilt
that depends on the IMF By component in particular.
This is exemplified in Fig. 1.3 (left).

Results from data analysis by Trattner et al. (2007a),
who aimed at differentiating between the two recon-
nection models mentioned above, are shown in Fig. 1.3
(right). They used cusp ion precipitation data (from
low energy cut-offs of incoming and mirrored popula-
tions) to estimate the spacecraft distance to the X-line
(e.g., Onsager et al. 1991). Mapping that distance back
along a magnetic field model then allowed them to
compare the X-line location inferred from the data
with that of different reconnection models. As can be
seen in Fig. 1.3 (right), for a case of southward IMF
with a substantial positive IMF By, they found that
the data were consistent with component reconnection
along a tilted X-line. In a follow-up study Trattner
et al. (2007b) confirmed a tendency for preferential
component reconnection during southward IMF, but
also noted a prevalence of the anti-parallel reconnec-
tion model for strong IMF Bx cases. Note that Trattner
et al. (2007b) defined a new component reconnection
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models. (right) Results of mapping cusp plasma precipitation
observations (black squares) back to the magnetopause. The
black thin line shows the X-line geometry from a component
reconnection model based on maximizing the shear angle along
the X-line. From Trattner et al. (2007a)

model based on maximizing the magnetic shear angle
along the X-line.

Dunlop et al. (2009) recently studied a high-latitude
reconnection event during northward IMF. Using a
multi-spacecraft method to reconstruct the local mag-
netic field topology from Cluster data, they found the
event to fit the anti-parallel reconnection model. As
the IMF changed orientation to include a substantial
IMF By, the initiation of component merging at lower
latitude was inferred. While anti-parallel reconnection
cases have often been found in past studies, and in
particular for reconnection under due southward and
northward IMF, most recent works (e.g., Pitout et al.
2002; Chandler and Avanov 2003; Lockwood et al.
2003; Pu et al. 2007; Berchem et al. 2008; Trenchi
et al. 2008) have pointed towards a predominance of
component reconnection in the sub-solar region during
periods with a finite transverse IMF By component.

Although the reasons for the predominance of either
of these reconnection models still needs to be fully
determined, we note that the above results imply that
component reconnection is likely to be a regular mode
of solar wind—magnetosphere coupling since the helio-
spheric “Parker” spiral entails a significant transverse
IMF component, at least statistically.
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1.2.2.4 Estimates of the Magnetic
Reconnection Rate

As described in Section 1.2.1.1, the rate at which mag-
netic reconnection cuts and reconnects inflowing mag-
netic field lines is related to the geometry of the X-line
(i.e., the dimensionless reconnection rate R = Bn/BrT).
Assessing the reconnection rate from in situ data thus
requires an accurate estimate of the local magnetic
field topology, i.e., namely of the normal component
of the magnetic field across the magnetopause. The
boundary normal direction may be estimated by use of
either single (e.g., Minimum Variance Analysis, MVA;
Sonnerup and Scheible (1998)) or multi-spacecraft
methods (e.g., Dunlop et al. 2002). However, estimates
of the normal direction to a boundary based on either
of these methods yield errors (Haaland et al. 2004) that
strongly affect the inferred reconnection rate. In addi-
tion, the estimation of the reconnection rate is affected
by the orientation and motion of the X-line. In order
to properly measure the reconnection electric field in
the X-line rest frame and along the X-line direction
(cf. Section 1.2.1.1), methods to assess the orienta-
tion and/or motion of a two-dimensional reconnection
X-line have been developed (Sonnerup and Hasegawa
2005; Shi et al. 2005; Zhou et al. 2006).

Rosengvist et al. (2008) recently proposed a new
method, derived from the Poynting flux theorem, to
determine the reconnection rate. Using this, they esti-
mated the reconnection rate for eleven sequential mag-
netopause crossings by Cluster which all occurred
in less than an hour. They found that the reconnec-
tion rate varied from nearly O to 0.4 over all their
cases. Other single and multi-spacecraft methods (e.g.,
Vaivads et al. 2004; Fuselier et al. 2005; Penz et al.
2008; Wendel and Reiff 2009) have been used to
estimate the reconnection rate at the magnetopause.
Overall, they concluded that dimensionless reconnec-
tion rates (1) are generally significantly lower than 0.1
in the context of component merging, (2) they are quite
variable, even during the same event, and (3) are some-
times larger than 0.1, although the reconnection model
of Levy et al. (1964) would predict a dimensionless
reconnection rate of 0.1 as an upper limit to steady,
fast magnetic reconnection.

Assuming the uncertainty in estimating the recon-
nection rate to primarily arise from the determination
of the normal direction, Mozer and Retino (2007) pro-
posed a method for minimizing errors. It is based
on an analysis of the correlation between the normal

electric field and the tangential magnetic field, which
are both large (unlike the other components). These
correlation coefficients are equal to ratios of the small
field components and may thus be used to better esti-
mate the normal field components. The method was
applied to 22 sub-solar magnetopause crossings, out of
which 14 had large and steady reconnection rates. They
found that the reconnection electric field decreases
with increasing guide field and that the average dimen-
sionless reconnection rate was about 0.06 for their
dataset. The disparity of these estimates implies that
accurate determination of the reconnection rate from
in situ observation remains a key challenge.

That the reconnection rate may fluctuate has gained
credence from recent in situ observations. It has also
been pointed out on the basis of remote sensing obser-
vations of auroral precipitation intensity (Fig. 1.4; from
Fuselier et al. (2007)). Such fluctuations in the recon-
nection rate at the magnetopause are far from unusual
and are the subject of the following Section 1.2.3.

1.2.2.5 Determination of the Local Magnetic
Topology

The local magnetic structure at the magnetopause
depends on the processes that occur there. The mag-
netic topology will in particular depend upon (1)
whether magnetic reconnection is ongoing or not (i.e.,
tangential versus rotational discontinuity), (2) whether
it is continuous or intermittent (varying reconnec-
tion rate), (3) which of the KH instability, pressure
pulses, or flux transfer events (FTEs) are present

1.0 2001-03-05 FUV relative intensity vs time
J T T T T T T
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Fig. 1.4 Intensity of the far ultra-violet dayside auroral emis-
sions measured by the IMAGE spacecraft during an event which
suggests fluctuations in the reconnection rate at the magne-
topause, with a period of a few minutes. From Fuselier et al.
(2007)
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(cf. next sections), and (4) which FTE formation mech-
anism prevails (cf. Section 1.2.3.2). Knowing the local
magnetic topology is thus of importance to decipher
between entry mechanisms and their modes of oper-
ation. However, it may not be inferred easily from
“point” in situ observations. For that purpose, and apart
from obvious extrapolations (e.g., extrapolating the
local structure from the normal magnetic field compo-
nent obtained by minimum variance analysis), several
reconstruction technique approaches have been used.

A method for reconstructing local, two-dimensional
(2D), time-independent magnetic structures from in
situ data, called the Grad-Shafranov reconstruction,
has been developed by Sonnerup and Guo (1996) (cf.
also Hau and Sonnerup 1999; Hu and Sonnerup 2003;
Sonnerup et al. 2006). The technique assumes that
structures are magnetohydrostatic, so that the MHD
force balance equation reduces to Vp = j x B. The
equation may be written using the magnetic vec-
tor potential into the Grad-Shafranov equation, which
can be solved to recover the local magnetic structure
from observations. It has been applied to magne-
topause crossings suggestive of tangential and rota-
tional discontinuities (e.g., Sonnerup and Guo 1996;
Hasegawa et al. 2004a), as well as to flux transfer
events (Sonnerup et al. 2004; Hasegawa et al. 2006a;
Lui et al. 2008; Zhang et al. 2008; Eriksson et al. 2009)
and recently to Kelvin—Helmholtz flow vortices using
a variant of this method (Hasegawa et al. 2007).

Empirical 2D reconstruction techniques have also
been used (De Keyser et al. 2002; De Keyser and Roth
2003). The method has notably been used in its multi-
spacecraft form by De Keyser et al. (2004) to recon-
struct wavy structures on the magnetopause. A review
by De Keyser (2005) is dedicated to magnetopause
reconstruction methods.

1.2.3 Continuous and Intermittent
Magnetic Reconnection

Cases of both “continuous” and “intermittent” mag-
netic reconnection have been reported at the magne-
topause. Continuous reconnection refers to a mode
where the reconnection rate may vary but does not
totally stop. Intermittent reconnection is typically
referred to as the mode when magnetic reconnection
ceases totally at a given magnetic reconnection X-line.
Possibilities exist that combine these two extremes
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on global and local scales. While we focus on con-
tinuous magnetic reconnection, either local or global,
in Section 1.2.3.1, we explicit how each mode may
be related to the observation of Flux Transfer Events
(FTEs) in Section 1.2.3.2.

1.2.3.1 Continuous Magnetic Reconnection
From single spacecraft observations, determining the
occurrence of continuous reconnection is difficult to
ascertain. Arguably, repetitive encounters with recon-
nection flow jets in the neighborhood of the mag-
netopause provided the earliest pieces of evidence
for continuous reconnection (e.g., Sonnerup et al.
1981; Gosling et al. 1982). With the advent of multi-
spacecraft missions, however, the possibility opened
for observing reconnection flow jets simultaneously
at several spacecraft, and thus to unambiguously con-
firm the continuous nature of magnetic reconnection,
locally at a given X-line. This is essentially the result
obtained by Phan et al. (2004). With the Cluster
spacecraft separated by about 600 km, they found
that magnetic reconnection at the duskside magne-
topause during a predominantly southward IMF period
was continuous for about 2 h (cf. also Zheng et al.
(2005) for continuous reconnection observations near
the cusp), although the reconnection rate may have
been variable.

Another result suggesting that magnetic reconnec-
tion can occur in a continuous fashion at the magne-
topause comes from studies by Frey et al. (2003) and
Phan et al. (2003). Combining IMAGE proton aurora
observations in the cusp for steady northward IMF and
in situ Cluster observations nearby the conjugate high-
latitude reconnection site, they could show (1) that
magnetic reconnection was ongoing at the expected
high-latitude location (upper part of Fig. 1.5), and (2),
based on the proton aurora data (lower part of Fig. 1.5),
that magnetic reconnection was continuous at the high-
latitude magnetopause for ~4 h. The proton auroral
spot, and by inference at least one high-latitude recon-
nection X-line, was active at any given time during the
interval, thus allowing a continuous response to IMF
By changes by shifting the reconnection location as
expected (see inserts showing the clock angle direction
in each auroral image of Fig. 1.5).

While the study by Phan et al. (2004) was sug-
gestive of magnetic reconnection being continuous at
a given X-line, the works by Frey et al. (2003) and
Phan et al. (2003) rather demonstrated that magnetic
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Fig. 1.5 (Upper left) Cluster ion Vx component showing pas-
sage from anti-sunward to sunward of a high-latitude recon-
nection site. (Upper right) Schematic of the magnetic topology
of the northern dayside magnetosphere during the event, with
illustration of the plasma flow jets observed by Cluster and the

reconnection was continuously ongoing at the high-
latitude magnetopause in the global sense. Indeed,
whether magnetic reconnection over the course of their
event consisted of the same X-line being continuously
active or whether several X-lines were sequentially
activated to follow the IMF changes could not be
determined from their case study.

Trattner et al. (2003), using mid-altitude cusp data
mapped onto ionospheric convection patterns derived
from SuperDARN ground observations, also con-
cluded that reconnection was continuous in the global
sense. Although mid-altitude cusp observations of
step-like structures (see next section) were observed,
results of their mapping method suggest that step-like
structures at times stem from the presence of several
convection flow channels (cf. also Trattner et al. 1999,
2002). In other words, there can be several distinct
reconnection X-lines at the dayside magnetopause (cf.
Section 1.2.4) forming several distinct convection flow
channels, but reconnection might be continuous at each
reconnection site.
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IMAGE S1-12
field of view

IMAGE position and field-of-view. (Lower panels) Eight proton
aurora images during the 4 h of high-latitude reconnection. Note
the small red spot in the noon area and how it shifts position with
IMF clock angle (cf. inserts). From Phan et al. (2005)

1.2.3.2 Intermittent or Unsteady Magnetic

Reconnection: Flux Transfer Events

Studies illustrating signatures of continuous reconnec-
tion from either spacecraft or ground observations have
not been all that numerous. By contrast, the recurrent
observation of (1) step-like structures in ion “energy
versus latitude” data from mid- and low-altitude space-
craft (e.g., Escoubet et al. 1992; Lockwood and Smith
1992), (2) repeated poleward moving dispersed signa-
tures in ground observations (e.g., Provan and Yeoman
1999; Milan et al. 1999; Lockwood et al. 2001; Wild
et al. 2001), (3) correspondence between step-like
structures in the cusp and poleward moving auroral
forms (Sandholt et al. 1986; Farrugia et al. 1998a) and
(4) widespread FTE signatures measured by spacecraft
in the vicinity of the magnetopause (e.g., Russell and
Elphic 1978; Owen et al. 2001; Wang et al. 2005, 2006;
Hasegawa et al. 2006a; Sibeck et al. 2008), have often
been interpreted in terms of intermittent reconnection
being a common mode of reconnection at the day-
side magnetopause. However, continuous reconnection
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with time-varying, “unsteady” reconnection rates may
also result in the generation of the aforementioned
transient signatures. For example, although Phan et al.
(2004) observed continuous magnetic reconnection,
they also argued for the occurrence of unsteady recon-
nection rate that led to FTE-type signatures. This issue
is the subject of active research. It pertains to the ques-
tion of the formation mechanism of FTEs (the reader
is referred to Scholer (1995) for a review of different
models). Below we now review a few recent articles on
FTE properties and propagation before coming back to
recent works about FTE formation.

Wang et al. (2005, 2006) showed various aspects of
FTE characteristics based on a large statistical analy-
sis of 3 years of Cluster data. They showed that FTEs
are more frequent for southward than for northward
IMF, consistent with earlier studies (Rijnbeek et al.
1984; Berchem and Russell 1984). In addition, thanks
to the Cluster orbit, they found a relatively larger num-
ber of FTEs that occurred for northward IMF. Sibeck
(2009) developed an analytical model of FTE prop-
erties as a function of the local magnetic fields each
side of the magnetopause. This model predicts that
FTE signatures should be fainter as the local magnetic
shear decreases, thus favoring observations of FTEs
during southward IMF even if the intrinsic FTE occur-
rence rate were independent of IMF orientation (cf.
also Sibeck and Lin 2010).

With the advent of multi-spacecraft missions such
as THEMIS and Cluster, which were further flying
together with the Double Star spacecraft for some time,
it has been possible to find appropriate spatial con-
junctions to address issues such as FTE origin and
propagation properties. Fear et al. (2009) used such
a favorable conjunction, together with SuperDARN
ground observations, to infer the locations of FTE ini-
tiation as well as to track their propagation along the
magnetopause. They found a good agreement with the
FTE propagation model of Cooling et al. (2001) (for
recent studies of FTEs, see also Daum et al. (2008);
Liu et al. (2008); Zhang et al. (2008); Le et al. (2008);
Eriksson et al. (2009)). FTEs have also been studied
using Grad-Shafranov reconstruction techniques (cf.
Section 1.2.2.5), using both single and multi-spacecraft
data (Sonnerup et al. 2004; Hasegawa et al. 2006a; Lui
et al. 2008). The technique allowed accurate recovery
of complex magnetopause structures (e.g., see Lui
et al. (2008) for reconstruction, and Sibeck et al. (2008)
for simulations, of “crater” FTE cases).
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Increasing computer capabilities in the last decade
have permitted the context of various physical prob-
lems to be addressed more deeply, including for
instance the generation mechanism of FTEs. Dorelli
and Bhattacharjee (2009) used global MHD simula-
tions of the magnetosphere for such a purpose. In
their simulations, an FTE formed without dipole tilt
as a result of vortex flow-induced reconnection. This
result is in contrast with previous MHD simulations
by Raeder (2006), which suggested that FTEs prefer-
entially develop in the winter hemisphere as a result
of a double X-line formation process. This seasonal
prediction of Raeder (2006) has been suggested in the
statistical work of Wang et al. (2005) (although the
actual seasonal-dependent results were not published).
Further support to a double (or sequential) X-line
formation process was recently given by Hasegawa
et al. (2010) using THEMIS observation and Grad-
Shafranov reconstruction (see Fig. 1.6).

Finally, we note that there exists a whole spec-
trum of FTE properties (shape, frequency, amplitude,
etc.) (Wang et al. 2005, 2006). This makes statisti-
cal analysis of their characteristics dependent upon
the observer’s criteria and capacity to survey large
amounts of data. A new tool, based on data mining
techniques widely used in other fields (e.g., medical),
has recently shown great capability for the automatic
detection of FTEs (Karimabadi et al. 2009).

1.2.4 Magnetic Reconnection
for Northward IMF

In the previous sections we have discussed the proper-
ties of magnetic reconnection mostly in the context of
southward IMF. For northward IMF, magnetic recon-
nection was originally believed to have little influence
on magnetospheric dynamics because the IMF and
geomagnetic field are parallel in the sub-solar region.
However, under such conditions a large magnetic shear
does exist at the magnetopause at high latitudes, tail-
ward of the cusps. The first observations of magnetic
reconnection at high latitudes were obtained only rela-
tively recently from spacecraft with polar orbits (e.g.,
Gosling et al. 1991; Kessel et al. 1996; Safrankova
et al. 1998).

Magnetosheath flows increase in strength with
latitude and longitude away from the sub-solar
region (Spreiter et al. 1966). If the flow becomes
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Fig. 1.6 Two-dimensional
views, from the duskside, of
the dayside magnetic field line
evolution (a) for no
geomagnetic dipole tilt and
(b) for large dipole tilt. With
no dipole tilt, the subsolar
X-line can stand still in the
subsolar region. If
reconnection is continuous,
open magnetic flux can be
continuously, and thus
efficiently, transported into the
magnetotail. With a large
dipole tilt, on the other hand,
an X-line in the subsolar

(a) No dipole tiit case

(b) Large dipole tlit case
dc b a e

region tends to move into the
winter hemisphere with the
magnetosheath flow and
eventually become inactive or
less active. A new X-line can
then form near the location of
the old X-line in the subsolar
region, the result being the
generation of a flux rope
between the two X-lines: a
Flux Transfer Event. From
Hasegawa et al. (2010)

super-Alfvénic at latitudes lower than that of the
reconnection region then the high-latitude reconnec-
tion site would be swept downtail. To reconcile this
with observations of apparently steady reconnection
from cusp observation under northward IMF, Fuselier
et al. (2000) proposed that the formation of a plasma
depletion layer (PDL) (Zwan and Wolf 1976) may
allow a lower Alfvén Mach number near the magne-
topause, and up to tailward-of-the-cusp reconnection
sites. Indeed, a PDL is essentially always observed on
approach to the magnetopause under northward IMF
(Crooker et al. 1979; Phan et al. 1994), with a gradual
increase in magnetic field and decrease in density both
conspiring to increase the Alfvén speed near the mag-
netopause. The prediction of sub-Alfvénic flows near
the high-latitude reconnection regions for northward
IMF was later confirmed based on both case studies
(Avanov et al. 2001; Lavraud et al. 2004) and statistical
analyses (Lavraud et al. 2005a).

For due northward IMF, a magnetic field line that
reconnects poleward of the cusp in one hemisphere

may in principle also reconnect in the other hemi-
sphere. Such a double high-latitude reconnection
mechanism was proposed by Song and Russell (1992)
to allow solar wind plasma entry into the magneto-
sphere during northward IMF (Fig. 1.7). This predic-
tion was later given substantial support from satellite
observations (Le et al. 1996; Sandholt et al. 1999;
Onsager et al. 2001; Lavraud et al. 2005b, 2006;
Bavassano Cattaneo et al. 2006; Gieroset et al. 2008;
Hasegawa et al. 2009) and global MHD simulations
(Ogino et al. 1994; Fedder and Lyon 1995; Raeder
et al. 1997; Li et al. 2008, 2009).

Figure 1.7a, b show the dayside magnetic topologies
under northward IMF from both sideways and front
view angles. Figure 1.7c shows statistical results from
Cluster observations at the high-latitude magnetopause
by Lavraud et al. (2006). This study used the fact
that heated electrons, which are very fast compared to
thermal ions, can be used as tracers of the global topol-
ogy at the dayside magnetopause, as first suggested
by Onsager et al. (2001). By surveying 3 years of
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Fig. 1.7 (a) Schematic of the dayside magnetic topology for
northward IMF and sequential magnetic reconnection of the
same magnetosheath field line first in the southern hemisphere
and next in the northern hemisphere. The blue (red) color of the
small field-aligned arrows next to the field lines in the upper
part of the figure indicates the cold (hot) temperature of elec-
trons in the given directions. (b) Schematic of the magnetic field

high-latitude magnetopause crossings, Lavraud et al.
(2006) showed that the expected signature of newly
closed field lines was observed primarily for north-
ward IMF, both with and without a significant IMF By
component. Consistent with this result, Li et al. (2008)

topology viewed from the Sun, and illustrating the impact of
the presence of a finite IMF By component. (c¢) Results of a
statistical survey of bidirectional heated electrons outside the
magnetopause, which are believed to indicate newly closed field
lines, as a function of IMF clock angle. Adapted from Lavraud
et al. (2006)

analyzed global MHD simulations and found that such
solar wind plasma capture mechanism may occur for
absolute IMF clock angles of up to 60° (cf. also Li et al.
2008; Gieroset et al. 2008).
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1.3  Kelvin-Helmholtz Instability

and Diffusive Processes

In this section we discuss the roles of the KH instabil-
ity and diffusion mechanisms in the dynamics of the
magnetopause and boundary layers. We first introduce
signatures of the KH instability. We then discuss it
in relation to “so-called” secondary plasma entry pro-
cesses (since the KH instability is not a plasma entry
process per se) for which KH may be viewed as a
mediating process. Some recent studies on diffusive
processes are then presented.

1.3.1 Location and Signatures

of the Kelvin—-Helmholtz Instability

As Dungey (1954) first pointed out, the velocity
shear which exists at the magnetopause as the solar
wind flows around the magnetosphere, gathering speed
along its flanks, may render the magnetopause KH
unstable and provide an energy source for some geo-
magnetic pulsations. Since then, the KH instability
has been widely addressed in theoretical, simulation
and data analysis works (e.g., Southwood 1968, 1979;
Miura 1984, 1995a, b; Fitzenreiter and Ogilvie 1995;
Kivelson and Chen 1995; Belmont and Chanteur 1989;
Farrugia et al. 2001). Although there have been sugges-
tions for KH activity at the flanks of the magnetosphere
for southward IMF (Pu et al. 1990; Kawano et al. 1994,
Mozer et al. 1994; Miura 1995b), KH waves and vor-
tices at the flanks are rather expected to occur under
northward IMF conditions (e.g., Fairfield et al. 2000;
Farrugia et al. 2001). KH waves are typically charac-
terized by large plasma (density, temperature, velocity)
and magnetic field fluctuations with periods on the
order of a few minutes.

Fig. 1.8 Distribution of
magnetic shear across the
magnetopause, obtained from
modeled dipole and
magnetosheath magnetic
fields, for (a) an IMF pointing
due northward and (b) an IMF
inclined at 30° west of north.
Adapted from Farrugia et al.
(1998b)

An important advance in global numerical KH stud-
ies has been the incorporation of realistic magnetic
fields and flows that arise in the magnetosheath under
northward IMF owing to the formation of a PDL.
Changes in plasma flow that stem from the PDL
are of the stagnation line-type (Sonnerup 1974), i.e.,
enhanced magnetic forces accelerate plasma tangen-
tial to the magnetopause and perpendicular to the local
magnetic field. Inclusion of the PDL properties in KH
instability studies was first made by Farrugia et al.
(1998b). They studied two orientations of the IMF
(due north and 30° away from north). They considered
both “thin” (sharp) and “thick” (magnetopause with
an attached boundary layer) transitions. When maps of
the distribution of the magnetic shear across the mag-
netopause were drawn, they found that bands of low
magnetic shear (in the sense of permitting KH insta-
bility growth) appear in each hemisphere (Fig. 1.8).
For an IMF tilted 30° west of north the lowest shear
bands fan out from below the cusp to cover mid-
latitudes at the dusk flank in the northern hemisphere
and the dawn flank in the southern hemisphere. From
there, short wavelength perturbations are generated
which propagate as surface ripples on the high-latitude
magnetopause. This noteworthy dawn-dusk asymme-
try was given preliminary confirmation from ground
response observations by Farrugia et al. (2003).

Global, 3D, ideal MHD simulations have recently
shown success in generating KH surface waves and
large vortical structures (e.g., Fairfield et al. 2007;
Collado-Vega et al. 2007; Claudepierre et al. 2008).
Interestingly, KH-type waves were also seen at the
inner edge of the magnetopause boundary layer.
Indeed, it is worth keeping in mind that the mag-
netopause and its boundary layer generally form a
spatially broad transition. Therefore, the much-used
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KH instability criterion based on a tangential discon-
tinuity approximation (i.e., zero-thickness boundary)
is of limited use. Gratton et al. (2004) gave exam-
ples of magnetopause transitions of finite thickness
which were stable when the tangential discontinuity
model was utilized to model the magnetopause, but
which were found to be KH-unstable when continu-
ous functions were used instead (see also Gratton et al.
2003). We also note that oscillations of the magne-
topause can have other causes besides intrinsic KH
instability. Along these lines, studies of magnetopause
wave motions which involve both the KH instabil-
ity and dynamic pressure changes were undertaken by
Farrugia et al. (2000) and Fairfield et al. (2003).
Numerous observational reports of KH waves at
the magnetopause have been made (e.g., see also
Hasegawa et al. 2004b; Owen et al. 2004; Foullon et al.
2008; Taylor et al. 2008), with the recent results of
four-spacecraft analysis with Cluster giving accurate,
albeit spatially limited, determination of surface wave
characteristics (Foullon et al. 2010). Most of the stud-
ies mentioned so far have addressed the linear regime
of the KH instability. A result of particular interest
in recent years is the demonstration of the non-linear,
rolled-up nature of KH vortices at the magnetopause
by Hasegawa et al. (2004b). Their interpretation of
multi-spacecraft data from Cluster showed the non-
linear rolling-up of KH waves on the scale of the space-
craft separation (~ few thousand km, cf. Fig. 1.9). As
shown in Fig. 1.9, density tongues (panels (c) and (d)),
with corresponding temperature (panel (b)) and mag-
netic field (not shown here) fluctuations, were observed

Log(energy flux) (keV s~' cm2 sr-1 keV-1)

to roll-up. Such definitive observations were only made
possible thanks to the four-point measurements of the
Cluster mission. Note also the work by Hasegawa et al.
(2007) who could recover KH flow vortex streamlines
using a variant of the Grad-Shafranov reconstruction
technique (Sonnerup and Guo 1996).

Based on local MHD simulations, Hasegawa et al.
(2006b) highlighted that the rolling-up of plasma
around vortices should lead low density plasma parcels
(from the magnetospheric side of the boundary) to
attain anti-sunward speeds larger than that of the mag-
netosheath itself. They confirmed this signature from
analyses of numerous KH wave cases from the Geotail
spacecraft dataset (see also Taylor et al. (2008)).
Another signature possibly related to the occurrence
of the KH instability was suggested by Taylor and
Lavraud (2008). After passage through rolled-up vor-
tices (according to the signature of Hasegawa et al.
(2006b)) at the magnetopause, Taylor and Lavraud
(2008) noted the presence of two distinct low energy
(i.e., of solar wind origin) boundary layer ion popu-
lations with different temperature anisotropies (from
Double Star three-dimensional ion distribution func-
tions). They suggested that one of the populations
might be the result of local plasma entry through the
KH instability, while the other might for instance result
from prior double high-latitude reconnection on the
dayside. However, this single event did not permit to
obtain a definite interpretation.

Finally, global signatures of the KH instability
have been obtained from multi-spacecraft Cluster
data (Foullon et al. 2008). In this work, the inverse
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Fig. 1.9 Multi-spacecraft Cluster observations of rolled-up KH
vortices. (a) Ion energy-time spectrogram, (b) ion tempera-
ture, (c) ion density, and (d) color-coded ion densities along

the spacecraft paths in the plane of the vortices. Adapted from
Hasegawa et al. (2004b)
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dependence found between the IMF clock angle and
the wavelength at the flanks was interpreted as a clear
manifestation that KH unstable domains (cf. Fig. 1.8)
are the remote sources for these waves. In addition,
the temporal evolution of the magnetopause boundary
layer could be estimated via a novel technique, extend-
ing the transition parameter (TP) technique (Hapgood
and Bryant 1992) based on the relationship between
the electron density and temperature across the mag-
netopause transition. The results gave credence to the
contribution of the KH mechanism to the widening of
the LLBL.

1.3.2 Kelvin-Helmholtz and Secondary
Processes

Unlike magnetic reconnection or diffusive processes,
the Kelvin—Helmholtz instability is not a plasma entry
process per se. Its occurrence is rather believed to be of
importance for plasma entry at the flank magnetopause
because it may entrain local plasma transport by favor-
ing the development of secondary processes such as
diffusion and magnetic reconnection.

1.3.2.1 Kelvin-Helmholtz and Secondary
Diffusive Processes

Early local numerical simulations of the KH insta-
bility have indicated that fast anomalous diffusion

was possible for sufficiently thin boundaries within
the vortices (Thomas and Winske 1993; Fujimoto and
Terasawa 1994).

More recently, but on the basis of earlier work by
Sharp (1984), the non-linear growth of the KH instabil-
ity was recognised to lead to the further development
of secondary KH and Rayleigh-Taylor (RT) instabil-
ities (Matsumoto and Hoshino 2006; Matsumoto and
Seki 2007). Figure 1.10 shows cuts of the plasma
density at four different stages during the simulation
of Matsumoto and Hoshino (2006) which highlight
the generation of secondary KH and RT instabilities.
These secondary growing instabilities entrain a tur-
bulent decay of the vortices, vortex coalescence and
particle super-diffusion, as recently emphasized by
Cowee et al. (2009) with hybrid simulations.

A more peculiar but interesting secondary process
related to the KH instability was studied by Smets
et al. (2007). Using hybrid simulations with anti-
parallel magnetic fields as boundary conditions, they
observed the growth of the KH instability and sub-
sequent diffusion, or mixing, of plasmas across the
boundary thanks to finite gyro-radius effects. The
boundary conditions they used may appear unrealis-
tic for such study because the onset of reconnection
for anti-parallel magnetic fields generally precludes
the growth of the KH instability. It is worth mention-
ing, however, that Kawano et al. (1994) and Mozer

Fig. 1.10 Cuts of the plasma density (color-coded) for four different times during an MHD simulation of the KH instability. Note
that similar results were obtained with full particle simulations. Adapted from Matsumoto and Hoshino (2006)



18

B. Lavraud et al.

et al. (1994) have reported KH waves under southward
IMF conditions.

1.3.2.2 Kelvin-Helmholtz and Localized
Magnetic Reconnection
An alternate secondary transport process that may
develop in conjunction with the KH instability is mag-
netic reconnection. This possibility was first identified
from MHD simulations by Belmont and Chanteur
(1989). It was later confirmed and quantified by use
of other simulations (e.g., Min et al. 1997; Otto and
Fairfield 2000; Nykyri and Otto 2001; Nakamura and
Fujimoto 2005). Figure 1.11 (left) shows the magnetic
topology that results from such localized reconnection
within KH vortices, as deduced from MHD simula-
tions performed by Nykyri and Otto (2001).
Identification of the observational signatures of
reconnection as a secondary process to the KH insta-
bility has recently been attempted. Nykyri et al. (2006)
studied a magnetopause crossing at the flanks by
Cluster. They looked both for signatures of the KH
instability (cf. Section 1.3.1) and magnetic reconnec-
tion (e.g., via the Walén test; cf. Section 1.2.1.2).
During a period showing KH wave activity, they found
intervals consistent with the occurrence of magnetic
reconnection. In particular, the observation of multiple
populations in the ion distribution functions (Fig. 1.11,
right) was pointed as evidence for the local entry
of solar wind plasma through magnetic reconnection.
Recent Geotail observations of heated bidirectional
electrons in the vicinity of KH vortices were also
proposed in support of magnetic reconnection as a
secondary process (Nishino et al. 2007a).

Fig. 1.11 (left) Magnetic
topology from MHD
simulation of a vortex
structure showing secondary
reconnection at a thin current
sheet. Adapted from Nykyri
and Otto (2001). (right) Vpar,
Vpgrp plane cut of a Cluster
ion distribution function
showing the presence of two
populations as a result of
localized magnetic
reconnection in the vicinity of
a vortex. Adapted from
Nykyri et al. (2006)

1.3.3 Other Diffusive Processes

Diffusive processes have been investigated for the
magnetopause (e.g., Treumann 1997; Terasawa et al.
1997; Lee et al. 1994; Johnson and Cheng 1997, 2001;
Bauer et al. 2001; Wing et al. 2006; Zhou et al. 2007).
However, their efficiency has often been questioned,
primarily on the basis of the lack of observational
evidence, i.e., a lack of conclusive signatures.

It has long been thought, for instance, that the pres-
ence of a thick boundary layer at the dayside magne-
topause under northward IMF, and thus in the absence
of both sub-solar reconnection and significant velocity
shear (i.e., precluding the KH instability), was the sig-
nature of ongoing diffusion. It is now rather believed
that double high-latitude reconnection (Section 1.2.4)
may be the main mechanism contributing to the forma-
tion of boundary layers on the dayside under northward
IMF. For theories and past attempts to identify diffu-
sive processes, the reader is referred to the review by
Scholer and Treumann (1997). Below we only note a
few recent studies.

The possibility of plasma protrusion through the
magnetopause without invoking magnetic reconnec-
tion has also been raised (Lemaire and Roth, 1978)
(see also Roth (1992) and Lui (2001) for reviews).
Lundin et al. (2003) studied plasma transfer event
(PTESs) signatures using multi-spacecraft Cluster data.
They note that PTE and FTE signatures have common-
alities during southward IMF, but highlight the fact
that PTEs occurrence is largely independent of IMF
orientation, thus making them unlikely the result of
reconnection.
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In a series of articles, Chaston et al. (2007, 2008,
2009) focused on Kinetic Alfvén wave (KAW) signa-
tures at the magnetopause. They found that the location
and power of KAWs may produce significant plasma
transport within KH vortices and reconnection ion dif-
fusion region, but also away or in the absence of those
processes (cf. also Lee et al. 1994; Johnson and Cheng
1997, 2001).

Finally, we note that because the dynamic pres-
sure of the solar wind varies considerably, the mag-
netopause and its environs are almost constantly in
motion. When a sharp pressure drop accelerates the
magnetopause sunward the situation becomes akin to
dense over tenuous plasma in a gravitational field. This
may render the magnetopause prone to the Rayleigh-
Taylor (RT) instability, provided the accelerations are
strong enough (>1 km/s?), last long enough (1-2 min
or longer), and that the magnetic shear is small (Mishin
1993; Gratton et al. 1996). In their analysis, Mishin
(1993) showed that magnetopause accelerations also
influence KH instability growth rates.

1.4  Global Coupling and Pathways

for Solar Wind Plasma

We now discuss some global aspects that pertain to the
magnetopause and boundary layers. We first illustrate
how recent works on magnetic reconnection may be
applied to assess and predict some aspects of global
solar wind—magnetosphere coupling. We then present
some possible paths that may be followed by solar
wind plasma across the dayside and flank boundaries,
and towards the magnetotail.

1.4.1 Global Coupling and Magnetic

Reconnection

Magnetic reconnection at the dayside magnetopause
has long been viewed as the main driver of geomag-
netic activity, i.e., as the regulator of the transfer of
energy between the solar wind and magnetosphere.
When theories of this coupling are constructed the
solar wind electric field is generally taken as the main
ingredient that drives the dayside reconnection rate
(Gonzalez and Mozer 1974; Siscoe and Crooker 1974,
Burton et al. 1975; Perreault and Akasofu 1978).

Although it is still unclear as to whether magnetic
reconnection at the magnetopause always occurs in a
fast regime (i.e., with a dimensionless reconnection
rate of 0.1; cf. Sections 1.2.1.1 and 1.4.1), Cassak and
Shay (2007) recently theorized that in the fast, asym-
metric reconnection regime the reconnection electric
field (amount of magnetic flux being reconnected per
unit time and length) directly scales with the meso-
scale density and magnetic field each side of the
boundary (cf. also Swisdak and Drake 2007; Borovsky
and Hesse 2007).

Based on this scaling law, first principles and
parameterization of global MHD simulations,
Borovsky (2008) derived an analytic formula for the
reconnection rate at the dayside magnetopause. This
coupling function turned out to be essentially as good
as that of Newell et al. (2007), who also reported a
solar wind—-magnetosphere coupling function in an
empirical manner, when tested statistically against
geomagnetic indices (cf. also Newell et al. 2008).

Performing a parametric study of the coupling
function of Borovsky (2008), Lavraud and Borovsky
(2008) highlighted the Mach number dependence of
the dayside reconnection rate, and in particular when
the Mach number changes come from varying the solar
wind density (cf. also Scurry and Russell 1991; Lopez
et al. 2004; Grocott et al. 2009). In their study, Lavraud
and Borovksy (2008) also highlighted other Mach
number effects on the magnetopause, such as changes
in reconnection rate (with a plasmasphere effect; see
next), magnetopause shape, current systems, and mag-
netosheath flows which influence the velocity shear at
the magnetopause.

The plasmasphere, a cold and dense plasma popula-
tion of ionospheric origin, builds up in the equatorial
region of the magnetosphere primarily during quiet
times. When convection is enhanced as a result of mag-
netic reconnection at the dayside magnetopause, part
of the plasmasphere is drained towards the magne-
topause in the form of a plume which will eventually
get sucked into the reconnection region (being cold,
it has to convect into the dayside reconnection line).
Observations of such cold plasma close to the mag-
netopause, or even participating into the reconnection
process, have been frequently reported (e.g., Su et al.
2000; Sauvaud et al. 2001; McFadden et al. 2008).
Adding such dense plasma into the reconnection site
may impact the reconnection rate. This was found
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parametrically using a solar wind—magnetosphere cou-
pling function (Lavraud and Borovsky 2008), and
further demonstrated from statistical analysis of geo-
magnetic data by Borovsky and Denton (2006).

1.4.2 Pathways to the Magnetotail

Under southward IMF, magnetic reconnection at the
dayside magnetopause as the basic driver of magneto-
spheric dynamics has attained the level of a paradigm.
However, it still remains unclear whether solar wind
plasma constitutes the main contributor to the nightside
plasma sheet. Observations of the polar cap and lobes,
being devoid of solar wind plasma in the near-Earth
regions, suggest that if solar wind plasma circulates
over the poles before reaching the plasma sheet, it
likely may only manage to populate the central tail at
some distances downtail (cf. Fig. 1.1). Recent simu-
lations have on the other hand suggested that, during
active times, both polar cap outflows and plasmasphere
re-circulation may allow the entire plasma sheet to fill
with populations of ionospheric origin (e.g., Moore
et al. 2005, 2007, 2008, and references therein). The
composition of these source populations (e.g., domi-
nance of O%) is compatible with the observed compo-
sition of the plasma sheet during active times. It is also
unclear whether solar wind plasma may enter into the
magnetosphere from the flanks under southward IMF.

Under northward IMF, solar wind plasma may not
circulate over the poles. The fact that solar wind
enters through the flanks under such conditions has
been well documented. It remains unknown, however,
which of the double high-latitude reconnection or KH
instability (and its secondary processes) mechanisms
dominates in terms of plasma entry efficiency (cf.
Fig. 1.12) (e.g., Fujimoto et al. 1998; Li et al. 2005;
Oieroset et al. 2005, 2008; Safrankova et al. 2007;
Nishino et al. 2007a, b, c; Foullon et al. 2008; Taylor
et al. 2008). Some quantitative comparisons using, e.g.,
global MHD simulations and actual in situ data, have
been attempted for the double high-latitude reconnec-
tion mechanism (e.g., Li et al. 2005; @ieroset et al.
2005; Wing et al. 2006). However, because the KH
instability does not naturally occur in simulations (gen-
erally owing to too coarse grid sizes), it is not possible
to tell whether the inferred agreement was observed for
the right reason. On the other hand, although diffusive
processes do occur in simulations of the KH instability,
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Fig. 1.12 Schematic of the magnetosphere under northward
IMF with representations of both (1) double-high latitude recon-
nection, and (2) the KH instability at the flanks. Each process has
been most studied respectively by use of Cluster at high latitude
and Geotail (or THEMIS and Cluster) at the low-latitude flanks.
The formation of a cold-dense plasma sheet as a result of these
processes is of importance for inner magnetosphere dynamics,
which may be monitored for instance by use of geosynchronous
spacecraft (e.g., LANL), as shown (Figure courtesy of Kanako
Seki)

most studies agree with the fact that the amount of
plasma transport mediated by the KH instability is hard
to estimate. Observationally, it also remains unclear
primarily because definite signatures of plasma entry
through KH and its secondary processes, and diffusion
in particular, have not been unambiguously identified.
Furthermore, the relative efficiency of each mechanism
may vary in non-trivial manners with conditions such
as the solar wind Mach number, plasma beta, IMF
clock angle, preconditioning by plasmasphere, etc.

Conclusions

In the present review, we have summarized some
basic properties of the prime solar wind entry
mechanisms that occur at the Earth’s magne-
topause: namely magnetic reconnection, the KH
instability and diffusive processes. A dichotomy is
observed between times dominated by southward
(active times) and northward IMF (quiet times).
Recent works have confirmed the establishment of
a paradigm: the predominance of dayside mag-
netic reconnection in the control of solar wind—
magnetosphere interaction under southward IMF.
Under northward IMF, however, the picture is not
as clear. Although high-latitude magnetic reconnec-
tion likely plays a significant role, the KH and its
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secondary instabilities possibly play as significant a
role for the dynamics of the magnetosphere. In each
IMF case, we note that there remain uncertainties as
to the actual pathway for solar wind plasma towards
the magnetotail and inner magnetosphere. Besides,
there is some uncertainty as to whether plasma of
ionospheric origin may dominate in the near-Earth
magnetotail during active times.

A summary of some current issues that relate
to the magnetopause and boundary layers may be
drawn as follows:

— Although not addressed here, the actual initiation
process of magnetic reconnection — that which
breaks the frozen-in condition — is still to be
determined.

— The mechanisms that lead to particle accelera-
tion and heating (and their amount) during and
after reconnection are still debated.

— Although increased measurement accuracy and
multi-spacecraft methods have allowed us to
investigate fundamental processes in an unprece-
dented quantitative manner, accurate estimation
of key quantities such as the reconnection rate
from in situ observation remains a challenge.

— Both anti-parallel and component reconnections
are observed to occur. Component reconnection
is regularly observed at the magnetopause thanks
to the “Parker” spiral configuration of the IMF,
but it is not known whether magnetic reconnec-
tion may have an intrinsic preference for one or
the other.

— Intermittent reconnection often occurs and may
be a dominant mode of interaction at the mag-
netopause. Yet, we note that solar wind observa-
tions of steady reconnection at extended X-lines
(Phan et al. 2006; Gosling et al. 2007) have
proved that reconnection need not be intermittent
by nature. Furthermore, truly intermittent recon-
nection and unsteady, continuous reconnection
appear to produce several similar signatures.

— In part for that reason the formation process of
FTEs is still the subject of active research.

— Although reconnection dominates under south-
ward IMF, both recent observations and global
MHD simulations suggest the KH instability
may occur as well.

— Both diffusive processes and reconnection are
envisaged as secondary processes to the KH
instability. Which is most common and efficient

for plasma transfer remains to be studied in
detail.

— A current debate concerns the relative contribu-
tions of the KH and its secondary instabilities
and the double high-latitude reconnection mech-
anism in filling the plasma sheet with solar wind
plasma under northward IMF.

— Concerning diffusion in general, an important
issue is as follows: can testable theoretical sig-
natures of diffusive processes be unambiguously
identified?
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Abstract

We review recently developed methods to investigate energy circulation in the near-
Earth space using a global magnetohydrodynamic (MHD) simulation GUMICS-4.
We describe methods to evaluate the magnetopause energy transfer and ways to quan-
tify effects of the reconnection dynamics. We also present evidence, supported by
Cluster spacecraft observations, showing that the interplanetary magnetic field (IMF)
y component controls the spatial variation of the magnetopause energy transfer. The
simulation results also suggests that the energy transfer exhibits a “hysteresis” effect
where the energy transfer does not decrease immediately after the driving conditions
start to become weaker. We investigate the hysteresis effect in the simulation and
conclude that the previous driving conditions as well as the present state of the global
magnetosphere may influence the processes at the magnetopause, and thus regulate

the energy input to the system.

2.1 Introduction

The magnetospheric activity and dynamics require
power that is extracted in the interaction between
the magnetosphere and the solar wind. The dominant
energy transfer depends on reconnection determined
by the interplanetary magnetic field (IMF) (Dungey
1961). The energy circulation from the solar wind,
through the magnetosphere, and into the ionosphere
is one of the most fundamental questions in space
physics, and it has been targeted by international
research frameworks such as ISTP (International Solar
Terrestrial Physics Program), and more recently ILWS
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(International Living With a Star). Large computer
simulation programs have been set up to resolve the
chain of events from the Sun to the ionosphere (e.g.,
CISM: Center for Integrated Space Weather Modeling
http://www.bu.edu/cism, or CSEM: Center for Space
Environment Modeling http://csem.engin.umich.edu).
In addition, there are several groups running global
magnetohydrodynamic (MHD) simulations of the ter-
restrial space environment.

Global energy transfer has been assessed by cor-
relation analyses of solar wind parameters and mag-
netic activity indices (Akasofu 1981; Koskinen 2002;
Newell et al. 2007) as well as dimensional analyses
(Vasyliunas et al. 1982). The energy transfer proxies
typically include the solar wind speed, IMF mag-
nitude, IMF clock angle orientation with respect to
the north (0), and sometimes the solar wind density
(Newell et al. 2007). Perhaps the most widely known

W. Liu, M. Fujimoto (eds.), The Dynamic Magnetosphere, IAGA Special Sopron Book Series 3, 29
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proxy for energy transfer is the ¢ parameter (Akasofu
1981), resembling electromagnetic energy flux inci-
dent at an area upstream of the Earth. As the solar wind
kinetic energy flux density exceeds the electromag-
netic energy flux density by an order of magnitude, a
generator mechanism has been presented (Lundin and
Evans 1985) to convert the solar wind flow energy to
empower the magnetospheric dynamics during south-
ward IMF: After a field line has been reconnected near
the subsolar point, it evolves across the magnetopause
and energy is transferred from the magnetic field to
the plasma, or vice versa. Sunward of the cusp, the
energy is transferred to the plasma by magnetic recon-
nection (a load in the system). Tailward of the cusp
energy is extracted from the motion of the magne-
tosheath plasma and converted to magnetic energy. The
tail magnetopause is hence a dynamo.

While the proxies characterizing the energy input
to the magnetosphere depend on solar wind and
IMF without a delay, some magnetospheric mag-
netic field models driven by the solar wind input
take into account the time history of the solar wind
(Tsyganenko 2002a, b). Bargatze et al. (1985) estab-
lished using impulse response functions that the iono-
spheric response exhibits at least a 20-min delay with
respect to the driver. The development of the field-
aligned current system coupling the magnetosphere
and ionosphere takes at least 15 min (Vennerstrgm
et al. 2002). Global MHD simulations have shown
that the ionospheric reconfiguration time after a sud-
den change in the IMF depends on the strength of the
IMF and the solar wind speed (Kabin et al. 2003). The
dense inertial ionosphere can even maintain the mag-
netospheric convection by a “fly-wheel” effect (Lyons
et al. 1985). The plasma sheet and the ring current are
large contributors to delays in the magnetospheric sys-
tem: The plasma sheet mass loading during northward
IMF (leading to cold and dense plasma sheet) and the
ring current build-up and decay can take days.

Global MHD simulations have proved to be a use-
ful tool in investigations of energy circulation in the
near-Earth space. The energy transfer between the
solar wind and the magnetosphere, and the energy
conversion processes within the magnetopause cur-
rent layer and the tail reconnection region have been
quantified from the simulation output (Palmroth et al.
2003; Laitinen et al. 2006, 2009). The energy dissi-
pation to the ionosphere has also been investigated,
and the simulations are in agreement with several
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observation-based assessments, especially with regard
to temporal evolution (Slinker et al. 1999; Palmroth
et al. 2005, 2006a). Recently, Cluster observations
were used to evaluate the magnetopause dynamo
power (Rosengqvist et al. 2006, 2008), and the results
were found to agree with a global MHD simulation.
Hence, there is ample evidence that the MHD simu-
lations can be used to quantify energy circulation in
space plasmas.

In this chapter we review the recent techniques
developed to investigate the global energy circulation.
We also present new results utilizing the observation-
based technique presented in (Rosenqvist et al. 2006),
and discuss the results in light of global picture from
the MHD simulations. Finally, we concentrate on a
“hysteresis” effect, where the energy input at the
magnetopause stays enhanced after strong driving,
even though the driving conditions start to decrease.
While the effect is found from an MHD simula-
tion, we discuss its possible reality within the space
physics framework. The chapter is organized as fol-
lows: First, we present our global MHD simulation
after which we review the developed methods and the
new results. Finally, we end the chapter with discussion
and conclusions.

2.2 Methodology

2.2.1 GUMICS-4 Simulation

GUMICS-4 (Grand Unified Magnetosphere Ionos-
phere Coupling Simulation) is the latest revision in
a sequence of global MHD simulations developed at
the Finnish Meteorological Institute (Janhunen 1996;
Palmroth et al. 2001). The code consists of two com-
putational domains: The MHD domain includes the
solar wind and the magnetosphere and the electro-
static domain includes the ionosphere. The conser-
vative MHD equations are solved in a simulation
box extending from 32 Rg to —224 Rg in the xgsg
direction and +64 Rg in ygsg and zgsg. Near the
Earth the MHD simulation box reaches a spherical
shell with a radius of 3.7 Rg, which maps along the
dipole field to approximately 60° in magnetic lati-
tude. The grid in the MHD domain is a Cartesian
cell-by-cell adaptive octogrid. Solar wind density, tem-
perature, velocity and magnetic field are treated as
boundary conditions along the sunward wall of the
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simulation box; outflow conditions are applied on the
other walls of the simulation box. The primary magne-
tospheric output parameters are plasma density, pres-
sure, velocity, temperature, and magnetic field in space
and time. The magnetosphere provides the ionosphere
with field-aligned currents and electron precipitation,
which are used to solve the ionospheric potential,
which then is mapped back to the magnetosphere and
used there as a boundary condition. The ionospheric
output parameters include the electric field, height-
integrated Pedersen and Hall conductivities, iono-
spheric electric potential, particle precipitation power,
Joule heating rate and field-aligned current density in
space and time.

2.2.2 Magnetopause Energy Transfer

Palmroth et al. (2003) evaluated the energy transfer
rate from the solar wind into the magnetosphere using
the GUMICS-4 simulation. First, the magnetopause
boundary was identified from each file generated by
GUMICS-4 by finding the cavity encompassed by the
solar wind streamlines. The streamline surface was
found to coincide with the spatial gradients existing at
the magnetopause; however, it is smoother than a sur-
face based on plasma or current density characteristics.
The total energy perpendicular to the magnetopause
boundary was defined as the portion of energy entering
the magnetopause.

Figure 2.1a shows the total energy transfer across
the magnetopause and scaled sin?(/2) function in a
simulation run where the IMF magnitude and other
solar wind parameters were kept constant but the clock
angle 6 was rotated from 0° to 360° in 6 h. The run is
one of four runs originally presented in (Palmroth et al.
2006b). Figure 2.1b—d present the instantaneous distri-
butions of energy transfer, integrated from the nose of
the magnetopause to —30 Rg in the tail. Each sector
shows the sum of transferred energy taking place in
the angular direction shown in the outer circle, view-
ing from the Sun looking tailward. The size of the
sector is normalized to the outer circle (800 GW).
The IMF clock angle direction is indicated by the red
arrow. Blue color indicates net energy flow towards
the magnetopause, while the black circles plotted over
the sectors show the reconnection line, defined with a
method reviewed in Section 2.2.3.

Figure 2.1a indicates that in the global MHD sim-
ulation the temporal variation of the energy transfer
exhibits a sin?(6/2) behavior, rather than the sin*(6/2)
dependence suggested earlier (Akasofu 1981). The
total energy transfer also exhibits a hysteresis effect,
where more energy is transferred after large input.
This effect was originally presented in (Palmroth et al.
2006b, Pulkkinen et al. 2006), and it was found that
the length of the hysteresis time delay can be as
long as 40 min. The spatial variation of the energy
transfer can be understood in terms of open magnetic
field line advection sketched in the top right corner

magnetosheath
velocity v

magnetopause
Poynting vector S

0 . .
s b= —— total energy -
o — — i scaled sin?(6/2)
= N : :
22 ool o ~
< |a) : : :

39 60 120 180 240 300

b) 210

180

Fig. 2.1 (a) Total energy transfer (solid) and scaled sin%(6/2)
function (dashed) against the IMF clock angle and time in an
IMF rotation run. (b—d) Spatial distribution of energy transfer

IMF clock angle 6 [deg]
0 0

360 /, wS=(Bxv)jxB=811

during three instants shown as vertical lines in panel (a). The
schematic drawing in the top right corner explains the spatial
energy transfer variation; see text for details
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of Fig. 2.1: The dayside reconnection opens the field
lines at the reconnection line, and they advect tail-
wards with an angle with respect to the velocity field
in the magnetosheath indicating that electromagnetic
(Poynting) energy flux has a component towards the
magnetopause. The Poynting flux focusses towards the
magnetopause in those locations, where the field lines
are primarily advecting tailwards, marked with dashed
black lines in Figure 2.1b—d.

2.2.3 Dayside Reconnection Line

Any reconnection setting contains four separate seg-
ments of field lines: closed, open, semi-open towards
and semi-open away from the Earth (Lau and Finn
1991, Watanabe et al. 2005). Based on this property,
a method was introduced to locate the separator line
in a three-dimensional grid (Laitinen et al. 2006). This
“four-field junction” (FFJ) method searches for loca-
tions where the four types of field lines meet in a
spatially limited region. The FFJ condition alone is not
sufficient for tracking the reconnection sites, but may
be used as a reconnection characterization if electro-
magnetic energy is converted into kinetic energy at the
FFJ location. In GUMICS-4, this occurs at the dayside
magnetopause approximately for clock angles between
60° <6 <300°, and behind the cusps otherwise, as will
be shown in Section 2.2.4.

2.2.4 Magnetopause Reconnection
and Dynamo

Laitinen et al. (2007) introduced a method to evaluate
the magnetopause dynamo and reconnection powers

0=120°
15

from the GUMICS-4 simulation. They computed the
“energy conversion surface density”, which is the
divergence of the Poynting vector integrated on a line
through the streamline magnetopause. Figure 2.2b—d
shows the instantaneous values of this quantity while
Fig. 2.2a shows the total reconnection power (blue),
and dynamo power (red) computed by integrating all
positive (blue) and negative (red) values in Fig. 2.2b—d,
respectively. Note that the run is not the same as in
Fig. 2.1; a similar rotation was performed in this run
but with different plasma and IMF conditions. Blue
colors indicate that the electromagnetic energy is con-
verted into kinetic energy, while red depicts the lobe
dynamo where electromagnetic energy increases at
the expense of kinetic energy. The thick black line is
the FFJ reconnection line, while the green lines indi-
cate the areas, where the magnetospheric and magne-
tosheath magnetic fields are almost antiparallel. Filled
black dots refer to Fig. 2.3.

The two quantities, the energy transfer
(Section 2.2.2) and the energy conversion discussed
here represent two complementary viewpoints in the
magnetopause energetics. Figures 2.1 and 2.2 illustrate
that both exhibit the same spatial dependence on the
IMF y component. The reconnection power (blue
colors in Fig. 2.2) is shown as weak energy outflow in
the energy transfer process, while the red color (the
dynamo in Fig. 2.2) is shown as strong energy transfer
towards the magnetopause. As the energy transfer
towards the magnetopause occurs on a much larger
portion of the magnetopause and is locally stronger
than the energy outflow in the reconnection region, the
net energy transfer is towards the magnetopause, as
also depicted by negative (inward) values of the total
energy transfer in Fig. 2.1a.

Reconnection power

a) 10
Dynamo pdwer

%60 120 180 240 300 360"° 1o
IMF clock angle 6 [deg]

Fig. 2.2 (a) Total reconnection (blue) and dynamo (red) power
in an IMF rotation run. (b—d) Spatial distribution of the recon-
nection and dynamo powers (blue and red, respectively) at three
time instants. Black circles are the reconnection line and the

10 =10 10 -10 0 10

Y (FIOE)

green contours give the area within which the magnetospheric
and magnetosheath magnetic fields are almost antiparallel. The
filled black dots refer to Fig. 2.3
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Fig. 2.3 Cluster 1 magnetopause crossing on Jan 16, 2001
(left); and on Jan 26, 2001 (right). (a) and (e) Magnetic field
x (red), y (green), and z (blue) components; (b) and (f) plasma
velocity x, y, and z components, and (¢) and (g) total current

Using the Cluster spacecraft, energy conversion Q
in the magnetopause current layer was recently evalu-
ated from

Q= /JE -Jdr=[(J xB) Vvypds 2.1
where E is electric field, J the current density, B
the magnetic field, v the plasma velocity, and the
integration over a distance dr has been changed to
integration over time df using the magnetopause veloc-
ity vmp (Rosengyvist et al. 2006, 2008). Q is given in
units of Watts per square meter. We apply the same
method to two events in Fig. 2.3 showing Cluster s/c
1 observations on two magnetopause crossings during
January 16, 2001 (panels a—d), and January 26, 2001
(panels e-h). Both events occurred during steady solar
wind conditions, with similar magnitudes in solar wind
speed, density, and IMF strength (not shown). During

210 5, 150

h) W Cluster

. - : : 0L
233 23.31 23.32 23.33 2334 2335 10.5 10.51 10.52 10.53 10.54 10.55

time of 2001/01/26 (hrs)

density computed with the curlometer technique. Panels (d)
and (h) are blow-ups of the actual crossing, and depict energy
conversion Q

the Jan 16 event, the IMF clock angle was 143°, while
for Jan 26 it was 210°; but in both cases Cluster crossed
the magnetopause in the northern dayside afternoon
in the same angular direction in the yz plane (45°
and 36°, respectively, following the IMF clock angle
definition). Depicted are the Cluster s/c 1 FGM obser-
vations of magnetic field (Balogh et al. 1997), CIS
measurements of plasma density (Reme et al. 1997)
and total current density computed with the curlome-
ter technique (Dunlop et al. 2002). The Jan 26, 2001,
event is widely studied, and the magnetopause veloc-
ity has been reported to be about 40 km/s (Bosqued
et al. 2001). For the Jan 16 event, we estimate the mag-
netopause velocity to about 20 km/s using the generic
residue techniques (Sonnerup et al. 2000) that all give
a result in agreement with each other (not shown).

The lowest panels of Fig. 2.3 show the energy con-
version rate Q such that for each time instant the
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cumulative sum (integral) of energy conversion until
that time is given. Figure 2.3d and h also show the
simulation result of the energy transfer azimuthal dis-
tribution and the clock angle orientation from two
time instants during the IMF rotation run, where the
upstream parameters are similar to those during the
two events. The diagrams show the reason why we
chose these events: for the Jan 16 event we expect,
based on the clock angle and the previous simulation
results, that Cluster would have crossed the magne-
topause in a region of relatively small energy transfer.
For the Jan 26 case we expect that Cluster would have
observed significant energy transfer, as it crossed the
magnetopause in a sector, where the simulations indi-
cate energy transfer under the upstream conditions of
the event. During the Jan 16 event the energy transfer
rates (Fig. 2.3d) were an order of magnitude smaller
than during the Jan 26 case (Fig. 2.3 h), and they were
first negative and then become positive towards the end
of the period. We interpret that the Cluster spacecraft
crossed the magnetopause in a location marked with
a black dot in Fig. 2.2b, within the edge of the load
and dynamo regions. On the other hand, as the energy

transfer was larger and negative during the Jan 26
event, we interpret that the crossing took place within
the strong load area depicted as a black dot in Fig. 2.2d.

2.3  Hysteresis in Energy Transfer

Figure 2.1 showed a hysteresis effect where the energy
input remains large although the IMF starts to rotate
away from due south. The azimuthal distribution in
Fig. 2.1b and d indicate that the extra energy dur-
ing the return rotation comes from northern morning
and southern evening sectors, where the clock angle
resided before it reached the due south orientation. As
the energy transfer depends on the magnetic field at
the magnetopause, in Fig. 2.4a, b we show the magne-
topause magnetic field y and z components as vectors
in the yz plane at x = 0 Rg and x = —5 Rg. The blue
vectors show the magnetic field at 03:30, and the red
vectors from 04:50, when the IMF was +45° from
due south direction. The magnetic field at 04:50 has
been mirrored with respect to xz plane so that the
IMF y component has the same sign in the figure.
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Fig. 2.4 Magnetic field at the magnetopause in the yz plane at
(a) x =0 Rg and (b) x = —5 Rg during 03:30 (blue) and 04:50
(red). The magnetic field at 04:50 has been mirrored with respect
to the xz plane to cancel the effect of different sign in the IMF y
component. The times are chosen to be symmetric with respect

to due south IMF z. Similar plots of magnetic field in the yz plane
at(c)x = 0 Rg and (d) x = —5 Rg during 04:00 (blue) and 04:40
(red, mirrored). The times are chosen such that the cusp resides
10° from noon (see text for details)
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IMF y component tilts the cusps away from noon, and
hence without the mirroring the effect from this con-
figurational change would also be visible. Even if the
mirroring is carried out, the magnetic field direction
at the magnetopause is different during these symmet-
ric times with respect to due south field. The magnetic
field after the due south IMF orientation (red arrows)
are more perpendicular to the magnetopause surface,
indicating that also the circumstances for Poynting flux
focussing are different.

Figure 2.5 shows the northern cusp longitude and
latitude as determined from the minimum of the mag-
netic field at the magnetopause. When the positive
(negative) IMF y component increases, the northern
cusp wanders towards the afternoon (morning); this is
due to the penetration of the IMF y component within
the magnetosphere (Cowley et al. 1991). When the
IMF z becomes negative, reconnection eats away the
dayside field faster than the convection feeds closed
magnetic flux from the nightside, which displaces the
cusp towards the equator. Both displacements driven
by the IMF are well-documented and supported by
extensive statistical surveys (Newell et al. 1989).

Figure 2.5 indicates that as the IMF changes, the
cusp moves in the simulation. However, the cusp is
still slightly tilted towards the afternoon when the IMF
is due south. The most equatorward position and the
noon meridian is reached 15° later in clock angle, at
0 = 195°. In Figs. 2.4c and d we now choose two time
instants during which the cusp is at £10° from the
noon and plot the magnetic field vectors at the mag-
netopause similarly as in Figs. 2.4a and b. The times
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Fig. 2.5 Northern cusp (a) longitude and (b) latitude as func-
tion of the IMF clock angle
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are now 04:00 and 04:40, during which the IMF condi-
tions are not symmetric with respect to due south: the
IMF clock angle is & = 170° and 6 = 210°, respec-
tively. Clearly, the magnetic field morphology at the
magnetopause is now similar, as the mirrored field
is almost identical with the non-mirrored field. The
energy transfer, being dependent on the magnetic field
at the magnetopause, shows also a symmetric distribu-
tion during these times and clock angle directions (not
shown here).

2.4  Discussion and Conclusions

In this chapter we have briefly reviewed the tech-
niques and methods developed in order to investigate
the global energy circulation in the GUMICS-4 global
MHD simulation. Our focus has been in the magne-
topause energy transfer and we have not considered
the subsequent energy circulation after the energy has
entered the magnetosphere. Our results are in qualita-
tive agreement with two representative events observed
by the Cluster spacecraft. As similar results are also
reported in the recent literature (Rosenqvist et al.
2008), we conclude that the simulation characteriza-
tion of the magnetopause energy transfer process is at
least qualitatively correct.

The two presented events are chosen such that
the upstream driving parameters are otherwise sim-
ilar, but the sign of IMF y component is different.
Clearly there is a spatial variation of energy transfer
at the magnetopause as the observations show a mag-
nitude difference in the energy conversion estimate,
even though the location of crossing and the driving
parameters are essentially the same (except for the
IMF y). The magnitude of the energy conversion esti-
mate using the Cluster spacecraft seems lower than
suggested by GUMICS-4 in Fig. 2.2, but the general
picture from GUMICS-4 is in agreement with the inter-
pretation from the observations. In conclusion, IMF y
component controls the spatial energy transfer at the
magnetopause both in the simulations and in the two
events discussed here.

We also investigated a hysteresis effect (Palmroth
et al. 2006b), where energy transfer continues strong
after strong driving even though the driving starts to
become weaker. While the delays observed here are
larger than those in (Kabin et al. 2003), the length of
the hysteresis time delay depends also on the strength
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of the IMF and the solar wind parameters (Palmroth
et al. 2006b). Here we have particularly concentrated
on the properties of the magnetopause magnetic field,
which has a large influence on the energy transfer
as the Poynting flux focussing is dependent on the
(normal component of) the magnetic field at the mag-
netopause. We find that as the IMF rotates, the mag-
netopause magnetic field is not symmetric with respect
to due south IMF, but with respect to the cusp posi-
tion. The cusp position in the simulation has been
studied extensively (Palmroth et al. 2001), and the sim-
ulated position has been found to correspond to large
observational statistical data sets (Newell et al. 1989)
particularly during southward IMF.

The azimuthal energy transfer pattern is related to
the advection of open field lines from the dayside to the
nightside, as in the areas of advection the Poynting flux
focusses through the open magnetopause. The advec-
tion pattern, on the other hand, is related to the IMF
y component: The opening and the advection of the
field line start at the cusp area, and the subsequent
flows are directed towards the dawn or dusk termi-
nators through the polar cap depending on the sign
of the IMF y component (Cowley et al. 1991). These
flows continue towards the tail reconnection region
with the direction determined by the driving condi-
tions during which they were initiated. The cusp is
slow to respond to the driver as it is magnetically tied
to the highly conducting ionosphere, and the recon-
figuration of the flow pattern and the field-aligned
current system takes time (Vennerstrgm et al. 2002).
Furthermore, the different conditions in the dayside
plasma sheet influence the reconnection between the
IMF and the dayside terrestrial magnetic field (Cassak
and Shay 2007). This applies to our results as the
conditions in the dayside are different if the IMF
rotates from the north to the south (after the build-
up of the cold and dense plasma sheet) or from the
south to the north (during hot and tenuous plasma
sheet). Hence, it should not come as a surprise that
also the energy transfer at the magnetopause exhibits
a memory.

We conclude that previous driving conditions as
well as the state of the magnetosphere may influence
the processes at the magnetopause, and regulate the
energy input to the system. While the presented evi-
dence supporting the conclusion come from a global
MHD simulation, we note that the key features in the
simulation (the magnetopause position, the advective
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flows, and the cusp position) are consistent with obser-
vations.
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Long-Period ULF Waves Driven
by Periodic Solar Wind Disturbances

Shigeru Fujita, Takashi Tanaka, and Tetsuo Motoba

Abstract

The fundamental nature of ULF waves in the Pc5 range driven by periodic varia-
tion of solar-wind dynamic pressure is studied by using a global MHD simulation.
It is shown that a spectrum of the magnetospheric ULF wave induced from the peri-
odic variation has a harmonic structure due to nonlinear behavior of magnetospheric
response to the solar wind variation. Our simulation also reveals that magnetopause
motion is static for the periodic solar wind variation with a period of 10 min, which is
consistent with the THEMIS observation of the magnetopause. For a ULF wave with
a period of 10 min, the inertia current is significant in the magnetosphere when mag-
netospheric pressure is depressed under the northward IMF condition, whereas the
diamagnetic current is dominant when the pressure is enhanced under the southward

IMF condition.

3.1 Introduction

ULF waves in the Pc5 range play an important role
in acceleration of high-energy particles in the radi-
ation belt (Elkingston and Hudson 1999). Thus, the
Pc5 waves are recently investigated intensively based
on in-situ observations with satellites (Takahashi and
Ukhorskiy 2007).

Most of all Pc 5 pulsations are regarded to be gen-
erated through solar wind sources; one is a solar-wind
dynamic pressure variation (Takahashi and Ukhorskiy
2007) and another is the Kelvin—Helmholtz instability
in the magnetopause (Fujita et al. 1996). The former
mechanism invokes two kinds of the Pc5 pulsations;
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direct penetration of the solar wind variation into the
magnetosphere (Kepko and Spence 2003) and eigen-
mode oscillations in the magnetosphere excited by the
solar wind disturbance (Kivelson et al. 1984).

It should be noted here that the Pc5 pulsation at the
higher latitudes has prominent frequencies found by
Samson et al. (1992). These frequencies are called as
the magic frequencies (1.3-3 mHz) (Kivelson 2006).
Finding of the magic frequencies gave rise to a long
debate about their source mechanism. Harrold and
Samson (1992) assumed that the frequency belongs to
eigenfrequencies of an oscillation trapped in a waveg-
uide formed in the region between the Bow shock and a
turning point in the inner magnetosphere. On the other
hand, Kepko and Spence (2003) insisted that solar-
wind variations with the magic frequencies are directly
penetrated into the magnetosphere. Later Viall et al.
(2009) actually detected the solar-wind variations that
are consistent with magnetospheric variations with the
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magic frequencies. Recently, by using the THEMIS
satellites, Plaschke et al. (2009b) detected interesting
ULF waves whose frequencies are close to the magic
frequencies. From plasma data obtained by the satel-
lites, they concluded that these ULF waves are standing
Alfven waves on the magnetopause. Both the direct
penetration and the standing Alfven wave on the mag-
netopause are possible candidates of the source mech-
anisms for the ULF waves with the magic frequencies.
Bearing in mind that the standing Alfven is an evanes-
cent wave with decreasing amplitudes toward the inner
magnetosphere, the ULF waves associated with it tends
to be confined in the high-latitude region. Whereas,
if the ULF waves with the magic frequencies spread
in the deep magnetosphere, the direct penetration is a
favorable mechanism.

As stated above, direct penetration of the solar wind
disturbance is one of probable source mechanisms of
the ULF waves in the magnetosphere. In addition,
Takahashi and Ukhorskiy (2007) carried out the sta-
tistical analysis indicating that the Pc5 pulsations at
the geosynchronous altitudes are regarded to be driven
by the variation of the Chapman-Ferraro current in the
magnetopause. Therefore, it is meaningful to investi-
gate the fundamental nature of ULF waves driven by a
periodic variation of the solar-wind dynamic pressure.
We have now a powerful tool of a global MHD simu-
lation for investigation of magnetospheric global phe-
nomena such as long-period ULF waves. The simula-
tion technique has been applied already for study of the
Pc5 pulsations (Motoba et al. 2007). Although Motoba
et al. (2007) discussed mainly the field-aligned current
(FAC) generated by periodic compression of the day-
side magnetosphere due to the solar wind, fundamental
features of ULF waves driven by a periodic variation in
the solar-wind dynamic pressure are not investigated so
far. Thus, the target of the present chapter is to show the
fundamental nature of a ULF waves based on a global
MHD simulation.

Table 3.1 Solar wind parameters used for the simulation
Casett To (min) o

#1 10 2/3
#2 10 172
#3 02 2/3
#4 20 2/3

#5 10 2/3
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3.2 Numerical Results

3.2.1 The Numerical Model

Let us first explain in brief the numerical model used in
this study. The model is a finite-volume TVD scheme
code developed by Tanaka (2002). This model has
the anisotropic conducting ionosphere as the inner
boundary. The outer boundary is a free boundary
where the solar wind is escaping from the model (the
downstream side) and continuously connected to the
uniform solar wind (the upstream side). A periodic
variation of the solar-wind dynamic pressure is given
at X = 20Re of the upstream side from the Earth.

In the present chapter, the variation of the solar-
wind dynamic pressure is given by the density varia-
tion. The solar-wind density (n in 1/cc) at X = 20Re of
the upstream side is given in the following form;

n(t) = 10x {1 + a sin2xt/Ty)}, (3.1
where the intensity parameter o and the period, Ty as
well as the interplanetary magnetic field (IMF) Bz is
selected as listed in the Table 3.1. Note that IMFBYy is
2.5 nT for all cases.

3.2.2 Waveforms of the Plasma Pressure
in the Magnetosphere

Figure 3.1 illustrates waveforms of pressure variations
at L = 9Re at noon in the magnetospheric equatorial
plane. From this figure, we notice that the waveform
becomes close to a simple sinusoidal form when the
period becomes shorter. On the other hand, for longer-
period variations, pressure changes rapidly when the
magnetosphere is compressed and slowly when the
magnetosphere is expanded. Thus, it is concluded that
the magnetosphere behaves as a nonlinear spring for a

Number density (n) IMFBz (nT)
16.7/cc-3.3/cc +4.33
15.0/cc—5.0/cc +4.33
16.7/cc-3.3/cc +4.33
16.7/cc-3.3/cc +4.33
16.7/cc-3.3/cc -4.33
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periodic variation of the solar-wind dynamic pressure
if the period becomes longer.

It is noteworthy that the nonlinear character of the
magnetosphere invokes a spectral structure of the ULF
wave detected in the magnetosphere somewhat dif-
ferent from that of the original disturbance in the
solar wind. We show in Fig. 3.2 the FFT spectra of
the pressure variations. When a frequency is shorter
(bottom-left panel), there appears a clear spectral peak
at the frequency of the original solar-wind dynamic
pressure variation. On the other hand, for a longer
period variation shown in the bottom-right panel of
Fig. 3.2, there appear many higher harmonic spec-
tra. In addition, we notice, from two panels in the
top of Fig. 3.2, spectral amplitude of the higher har-
monic component becomes smaller when amplitude
of the solar-wind dynamic pressure variation becomes
smaller. It should be noted here that a higher har-
monic spectral structure is not regarded to be derived
from the eigenoscillation trapped in the magnetosphere
because the frequency is controlled by the frequency
of the solar wind variation. If an eigenoscillation in the
magnetosphere determines the frequency, there should
appear common frequencies among all cases shown in
Fig. 3.2

Let us return to Fig. 3.1. We notice that a pressure
variation has smaller amplitude for a higher frequency
wave (bottom-left panel) and larger for a lower one

(bottom-right panel). Note that each wave has com-
mon amplitude at X = 20Re. Therefore, this feature
is mainly attributed to the fact that the magnetosheath
plays a role of a bumper to a periodic variation of
the solar-wind dynamic pressure. Namely, solar wind
disturbances with higher frequencies are almost atten-
uated in the magnetosheath and hardly penetrated into
the magnetosphere.

3.2.3 Force Balance in the Dayside
Magnetopause

Glassmeier et al. (2008) discussed that the magne-
topause variation with a time scale of about 10 min
observed by THEMIS holds static balance between the
solar-wind dynamic pressure and the magnetic pres-
sure in the magnetosphere. Their analysis is quite
unique, but it is not easy to conclude definitely only
from the observational data that the magnetopause
behaves in a static manner during periodic variation of
the magnetopause.

As for the numerical simulation, we can check
whether a periodic plasma disturbance is static nor not.
To investigate this feature, we should evaluate three
terms in the momentum equation shown in Eq. (3.2),

p du/dt = J x B-gradp, (3.2)
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Fig. 3.2 FFT spectra of pressure variations shown in Fig. 3.1. (top-left) #1, (top-right) #2, (bottom-left) #3, and (bottom-right) #4.

See Table 3.1 for the solar wind parameters used for the simulation

where u, J, and p are, respectively, a plasma flow vec-
tor, a current vector, and pressure. As Glassmeier et al.
(2008) analyzed the THEMIS data obtained near noon
in the magnetopause, we evaluate the X component of
three terms in Eq. (3.2) along the noon meridian in
the equatorial plane. The result is shown in Fig. 3.3 in
which solar wind parameters of the case #1 (Table 3.1)
are used. To identify position of the magnetopause, we
show time change of pressure profiles along the noon
meridian in the top-left panel. From this figure, we
notice that the Lorentz force term (J xB) is comparable
to the pressure gradient term when the magnetopause
shifts Earthward. At the same time, the acceleration
term is not so significant there. Therefore, the pres-
sure gradient is almost balanced with the Lorentz
force in the magnetopause region. Namely, the magne-
topause behavior is almost static; this result supports
the observation (Glassmeier et al. 2008). On the other
hand, the acceleration term becomes dominant over the
Lorentz force term in the Bow shock region. Note that,
as shown later, static behavior of the magnetopause
appears also for the southward IMF case (Fig. 3.4).

3.2.4 Nature of the Magnetospheric
Current

As a global MHD simulation presents numerical
results in the entire region of the magnetosphere, we
can also comprehend plasma behavior in the entire
magnetosphere. Here, we investigate which compo-
nent of the current is dominant in the magnetosphere,
the inertia current or the diamagnetic current. If the for-
mer is dominant, the plasma behavior essentially has
a wave-like character because the inertia force acts as
a restitution force against the Lorentz force. On the
other hand, when the current is mainly the diamagnetic
current, the magnetosphere structure is changing in a
quasi-stationary manner according to a variation of the
solar-wind dynamic pressure.

When we consider this problem, it is easily under-
stood that the inertia current becomes dominant when
a period of the solar-wind dynamic pressure variation
becomes shorter. In the present chapter, instead, we
investigate the current in two conditions where IMFBz
is negative and positive.
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Figure 3.4 shows current arrows and pressure con-
tours in the equatorial plane for the northward IMF
case (case #1 in Table 3.1) and for the southward
IMF case (case #5 in Table 3.1). In our simulation,
the plasma pressure is enhanced in the southward IMF
condition (maximum pressure at L = 9Re at noon of
the equatorial plane is about 3000 pPa) compared with
that for the northward IMF condition (maximum pres-
sure at L = 9Re at noon is about 400 pPa). From
the left panel of Fig. 3.4, in the northward IMF case,
it is evident that the inertia current (shown in red
arrows) becomes prominent in the dayside magneto-
sphere except for the magnetopause. The diamagnetic
current appears in the dayside magnetopause and in
the vicinity of the enhanced pressure in the dawn/dusk
regions. On the other hand, the diamagnetic current
becomes dominant for the southward IMF case. When
pressure is enhanced, a magnetic field line easily bends
against pressure force. Namely, the magnetosphere
becomes “soft”. Thus, the magnetosphere deforms eas-
ily to an external force and static balance between the
pressure gradient and the Lorentz force holds. On the
other hand, when the pressure is depressed, the magne-
tosphere becomes “hard”. In this case, an elastic wave
tends to be excited by periodic compression by the
solar wind.

3.3 Discussion and Summary

Let us consider the Alfven eigenmode of the magne-
topause (Plaschke et al. 2009b). (It should be noted
here that the global MHD simulation does not repro-
duce correctly the Alfven wave because the mesh
system does not refer to the magnetic field line. Thus,
the Alfven eigenmode is not detected in the simu-
lation.) The idea of the Alfven eigenmode conflicts
somewhat with the THEMIS observation (Glassmeier
et al. 2008) and the present simulation results because
the observation and the simulation insist that the mag-
netopause motion is static. Bearing in mind that both
the observation (Glassmeier et al. 2008) and the simu-
lation (Fig. 3.3) investigate plasma behavior at noon,
we should check plasma behavior near the magne-
topause at other local time. Then, we notice that
there appears the inertia current in the dawn/dusk
regions (Fig. 3.4). In particular, the inertia current
in the magnetopause is more evident in the north-
ward IMF condition. This result is consistent with the

S. Fujita et al.

statistical result (Plaschke et al. 2009a) that the Alfven

eigenmode appears mainly in the northward IMF con-

dition. Therefore, we conclude no conflict between
the Alfven eigenmode (Plaschke et al. 2009b) and the
static motion of the magnetopause (Glassmeier et al.

2008), if the eigenmode has spatial distribution of

the current along the magnetopause as shown in the

Fig. 3.4.

As a summary, fundamental nature of long-period
ULF waves driven by a periodic variation of the solar-
wind dynamic pressure is discussed. Based on a global
MHD simulation, we investigate waveforms of ULF
waves induced in the magnetosphere and behavior of
the plasmas which is hardly investigated from the satel-
lite observations. The main results are summarized as
follows;

1. The magnetosphere behaves as a nonlinear spring
against a solar-wind dynamic pressure variation.
Accordingly, the induced wave has a higher har-
monic spectral structure.

2. We confirm that the dayside magnetopause behaves
in a static manner for slowly varying solar-wind
dynamic pressure. This result supports the THEMIS
result (Glassmeier et al. 2008).

3. The magnetospheric current associated with long-
period ULF waves driven by a solar-wind dynamic
pressure variation is rather static when pressure
in the magnetosphere is enhanced in the south-
ward IMF case. When IMF is northward, the inertia
current becomes prominent for a 10-min period
variation.

The present chapter did not treat the ULF waves
driven by the Kelvin—-Helmholtz instability in the
magnetopause. It is well-known that activity of Pc5
pulsations observed at high-latitude ground is highly
correlated with the solar wind speed (Mathie and
Mann 2001). On the other hand, local-time depen-
dence of the magnetospheric ULF waves (Takahashi
and Ukhorskiy 2007) is not consistent with hypothe-
sis that magnetospheric ULF waves are generated by
the Kelvin—Helmbholtz instability in the magnetopause.
This topic should be considered elsewhere.
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Magnetotail Dynamics: Survey
of Recent Progress

Joachim Birn

Abstract

This survey focuses on three topics of magnetotail dynamics which constitute the
vast majority of publications on tail dynamics in the period of this survey, from about
mid 2007 to mid 2009: (1) the formation and properties of thin current sheets, (2) the
timing of characteristic features around substorm onset, and (3) the properties of fast
plasma flows, commonly denoted “bursty bulk flows” (BBFs), and associated dipolar-
ization events. It is concluded that current sheet thinning from external deformation,
accompanied by a reduction of B; provides a viable mechanism for the onset of cur-
rent sheet activity. After the first THEMIS results, the substorm onset timing remains
controversial. However, it can be concluded that the onset arc brightening cannot be
the consequence of dipolarization (current disruption) or reconnection and that there

is a strong connection between earthward flow bursts and dipolarization events.

4.1 Introduction

The Earth’s magnetic tail plays a crucial role in
the evolution and dynamics of the magnetosphere,
as the site of storage and release of excess energy,
and in feeding and instigating inner magnetospheric,
ionospheric, and atmospheric phenomena. This sur-
vey focuses on three topics of magnetotail dynam-
ics which constitute the vast majority of publica-
tions on tail dynamics in the review period from mid
2007 to mid 2009: (1) the formation and proper-
ties of thin current sheets, (2) the timing of charac-
teristic features around substorm onset, and (3) the
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properties of fast plasma flows, which occur typically
in short bursts of 1-10 min duration and are commonly
denoted ‘“bursty bulk flows” (BBFs) (Baumjohann
et al. 1990; Angelopoulos et al. 1992). They are cov-
ered in Sections 4.2, 4.3, and 4.4. Topics (1) and
(3) can be understood as being related to condi-
tions that lead to substorm onset and consequences of
substorm onset, respectively. However, the formation
and presence of thin current sheets as well as those
of BBFs are not necessarily tied to the occurrence,
or particular phases, of substorms (Angelopoulos
et al. 1994).

The review period of this survey covers the first
major results of the THEMIS mission (Angelopoulos
2008). This mission consists of five satellites with
planned line-ups in the tail, combined with extensive
ground observations. It is devoted particularly to topic
(2), and specifically, the relative timing of ground auro-
ral onset, near tail “current disruption” in the region of
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8—10REg, and the onset of magnetic reconnection fur-
ther tailward. It seems therefore appropriate to devote
one section to this topic.

In addition, the observational results are based heav-
ily on the Cluster mission (Escoubet et al. 2001),
which consists of four satellites in a tetrahedron con-
figuration, devoted particularly to separate spatial and
temporal variations and to provide spatial gradients,
such as current density from the curl of the mag-
netic field, which is essential for topic (1), and the
characteristics of flow patterns, topic (3).

4.2  Thin Current Sheets

The formation, breakup, and activity of thin current
sheets are essential elements of the dynamics of the
magnetotail. Here we understand as “thin” current
sheets those that have a thickness of the order of a typ-
ical ion scale (ion gyro radius or ion inertia length) or
less. Thin current sheets may occur in various forms,
most commonly as single compressed sheets, as sin-
gle thin sheets embedded in a wider current sheet, or
as double sheets at the edges of a wider sheet. The
latter are commonly referred to as “bifurcated cur-
rent sheets.” Even more complicated forms are also
possible.

Figure 4.1, modified from Figs. 4 and 5 of
Baumjohann et al. (2007), illustrates three Cluster
encounters with single thin current sheets with quite
different characteristics. The current sheet encounters
are visible primarily by large differences between the
x components of the magnetic field between the satel-
lites (top panels), here particularly between Cluster 3
(green lines) and the other three spacecraft, which are
located approximately in a plane, above (i.e. north of)
Cluster 3. This indicates that the current sheet thick-
ness is comparable to, or smaller than, the maximum
separation of the satellites in the north-south (z) direc-
tion, which is of the order of 2000 km for these events.
The first encounter occurred on Sept. 9, 2001 from
~21:00 to ~21:15 UT (left panel) at x *—19Rg. It
is very calm without any significant wave activity. The
current sheet half-thickness, estimated from the mag-
netic field differences and the satellite separation, was
H ~ 2000 km =~ 2p;, where p; is the ion gyroradius,
comparable to the ion inertia length. A slightly thin-
ner current sheet (H ~ 1000—2000 km =~ 1—2p;), was
crossed about 30 min later. It is found to be active, with
fast earthward ion flow bursts (300-600 km/s), possi-
bly from a reconnection site tailward of Cluster, and
simultaneous large amplitude fluctuations (8B/B ~ 1).

A second event, from ~09:40 to ~09:50 UT on
Oct. 1, 2001 (right-hand panels) at x ~ —16Rg, shows
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Fig.4.1 Cluster data of thin current sheet encounters, modified
after Figs. 8 and 9 of Baumjohann et al. (2007): (a, b, ¢) spin
resolution data from GSM components of the magnetic field, (d)
DS2 component of the electric field, (e, f) GSM X,Y components
of the proton bulk velocity, (g) current density determined from

the magnetic field. For the particle and field plots, profiles for
Cluster 1, 2, 3, 4 are plotted with black, red, green, and blue
lines, respectively. Black and red lines in the current density plots
correspond to X and Y components, respectively



4 Magnetotail Dynamics: Survey of Recent Progress

51

a much more active current sheet crossing than the
first one. Large amplitude waves indicate flapping of
the current sheet identified as an azimuthally propagat-
ing wave. A reversal in the proton flow velocity, from
approximately —1000 to +1000 km/s, and the associ-
ated change in the sign of B, suggest tail-ward motion
of an X-line with respect to the spacecraft. In addition,
rapid variations of fields and flows were interpreted
as filamentary field-aligned current structures moving
eastward at 200 km/s.

After this brief overview we discuss results on
the formation and structure of thin current sheets in
Section 4.2.1. Stability properties are discussed in
Section 4.2.2 and activity modes in Section 4.2.3, with
particular emphasis on the flapping.

4.2.1 Formation and Structure

The most plausible scenario for the formation of
embedded and bifurcated thin current sheets is a com-
pression of the magnetotail, for instance, from the
addition of magnetic flux to the tail lobes during the
substorm growth phase. As demonstrated by Birn and
Schindler (2002) and Birn et al. (2009), adiabatic
deformation of the tail under conservation of mass
and entropy on closed magnetic flux tubes may lead
to a critical state, such that neighboring equilibrium
solutions cease to exist if the boundary deformation
exceeds a certain threshold. The critical state is char-
acterized by the formation of a thin intense current
sheet embedded in the wider plasma/current sheet, as
illustrated by Fig. 4.2.

Fig. 4.2 Formation of a thin embedded current sheet (color)
resulting from nonuniform adiabatic magnetotail deformation
near a critical limit of deformation. As a consequence of the 2D
structure, the thin current sheet bifurcates toward the Earth (to
the left). After Birn et al. (2009)

In two-dimensional (or three-dimensional) tail con-
figurations the embedded current sheet bifurcates into
two sheets further earthward (to the left). Similar thin-
ning and current intensification may also result from
plasma convection from the inner tail to the dayside
(Otto and Hall; TAGA symposium 2009), which is
another expected consequence of dayside reconnection
driving the substorm growth phase.

These results were obtained by MHD simula-
tions and theory, assuming isotropic plasma pres-
sure. However, the small scale of thin current sheets
implies that kinetic effects, anisotropies or nongy-
rotropies should become relevant when the current
sheet thickness becomes smaller than ion kinetic
lengths. Using one-dimensional particle-in-cell (PIC)
simulations, Schindler and Hesse (2008) demonstrated
that bifurcated current structures resulted from slow
compression even in the absence of 2D effects. Similar
results were obtained by 2D PIC simulations of the
compression of an initially 1D current sheet (Lapenta
and King 2007).

To incorporate the kinetic effects, several quasi-
equilibrium models of thin current sheets have been
developed that include anisotropic or nongyrotropic
distribution functions and/or multiple (e.g., trapped
and nontrapped) ion populations (Zelenyi et al. 2000;
Schindler 2002; Sitnov et al. 2003; Steinhauer et al.
2008). These properties have proven useful, or even
necessary, in making better comparisons with observed
particle distributions (Artemyev et al. 2008; Cai
et al. 2008; Israelevich and Ershkovich 2008; Zhou
et al. 2009), although no clear favorite has emerged.
Detailed analyses primarily from Cluster observations
further confirmed that the current in sufficiently thin
embedded or bifurcated current sheets is carried by
electrons (Baumjohann et al. 2007; Israelevich et al.
2008) (as measured in the satellite frame, which is
essentially equivalent to a frame in which the electric
field vanishes outside of the current sheet).

4.2.2 Stability

As discussed in Section 4.2.1 in the context of Fig. 4.1,
sufficiently thin current sheets may become subject to
a variety of unstable modes. Current sheet instabilities
and waves are of interest as a means to directly initiate
reconnection via a tearing mode (Schindler 1974), as
a way to lead into current disruption (Lui et al. 1990),
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and as source mechanism for auroral arc brightening
(see also Section 4.3). In this section we first focus
on waves detected in observations prior to the dipolar-
ization in the current disruption region around 10 Rg
distance. Then we present theoretical results, focusing
on tearing and ballooning/interchange instabilities.

4.2.2.1 Observations

Wave identifications around dipolarization events in
the near tail were done primarily by wavelet analy-
ses of magnetic fluctuations. They typically revealed
waves with low frequencies of ~0.1-0.01 Hz below
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the ion cyclotron frequency. This is illustrated by
Fig. 4.3, taken from Saito et al. (2008b). The earli-
est wave signal is shown primarily in By at ~04:01
UT with a frequency of ~0.01-0.02 Hz. This wave
was interpreted by Saito et al. (2008b) as a balloon-
ing mode. Similar results were found in four of six
dipolarization events studied, which were character-
ized by large plasma beta. Ballooning modes prior
to dipolarization were also identified by Saito et al.
(2008a), Liu et al. (2008) and Liu and Liang (2009).
In addition, Saito et al. (2008a) identified slow and
fast magnetosonic modes preceding dipolarization by
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Fig. 4.3 Wavelet scalograms
and the corresponding
time-series data of the

magnetic field on 14 August
1996 obtained by Geotail near
x = —10Rg. The white line
indicates the ion cyclotron
frequency. The filled circles at
the bottom indicate onset of
the ballooning mode,
dipolarization onset at Geotail
(GT), and auroral breakup
(AB), determined by UV
images from Polar. After Saito
et al. (2008b)
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3 and 1.5 min, respectively. In contrast to balloon-
ing modes, which have wave vectors perpendicular
to the magnetic field, these waves propagated par-
allel to the field, earthward (slow mode) and tail-
ward (fast mode). Lui et al. (2008¢c) and Yoon et al.
(2009) also used wavelet analysis to investigate waves
associated with a dipolarization event. They identi-
fied waves at the onset of dipolarization as Alfvén
ion cyclotron waves (propagating perpendicular to the
field rather than parallel propagating electromagnetic
ion cyclotron waves). They also found an inverse
cascade to lower frequency for the B, component
in this event.

4.2.2.2 Theory: Ballooning and Interchange
Here we focus on recent results on ideal balloon-
ing modes. Important results on 2D equilibria with
By = 0 are summarized in Schindler (2007): For typ-
ical magnetotail configurations without neutral lines,
the general MHD stability problem can be reduced
to the problem of stability with respect to the bal-
looning mode alone. The ballooning criterion can
be related to the well-known entropy criterion for
interchange modes. That criterion predicts stability
(instability) for tailward increase (decrease) of entropy
S = ln(pVY), where V denotes the flux tube volume
per unit magnetic flux, V = ds/B, integrated along
field lines. Realistic magnetotail equilibria appro-
priate for quiet or average conditions were found
to be stable.

This result also puts constraints on the development
of ballooning instability from initially stable tail con-
figurations. If the tail is deformed adiabatically (i.e.,
isentropically), the entropy on closed flux tubes is con-
served and stability properties are not altered, even if
a local embedded current sheet is formed (Fig. 4.2)
(Schindler 2007; Birn et al. 2009).

However, these results were based on 2D equilib-
ria with By, = 0. The full analysis of 3D equilibria
has not been done. Xing and Wolf (2007) derived
a criterion for interchange instability in low-beta 3D
configurations with shear flow. This criterion requires
o > /2, where a is the angle between V S and V V. For
typical 2D tail configurations, V increases downtail,
while p decreases. This criterion thus becomes equiva-
lent to the 2D criterion discussed by Schindler (2007).
A destabilization of an initially stable configuration
hence requires either significant interchange motions
(which appears trivial) or nonadiabatic processes,
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Such processes are discussed in Section 4.4 as pro-
cesses leading to the formation of underpopulated flux
tubes, which are likely related to BBFs. A change in
interchange stability may also result from a change
in ionospheric boundary conditions (Miura 2007,
2009).

4.2.2.3 Theory: Tearing

An obvious way of initiating reconnection in the mag-
netotail is via a tearing instability (Coppi et al. 1966;
Schindler 1974; Galeev and Zelenyi 1976). A major
theoretical concern about the onset of tearing in the
magnetotail is the fact that the mode is stabilized in
current sheets with relatively modest normal magnetic
field component B, (Pellat et al. 1991). The result
that adiabatic deformation of the tail may lead to
configurations with an embedded thin current sheet
(Section 4.2.1), where locally both B, and the current
sheet thickness are reduced, alleviates this concern.
However, a stability analysis of such 2D configurations
has not been performed yet. Recent stability analy-
ses (Matsui and Daughton 2008; Haijima et al. 2008)
still considered only 1D initial current sheets, even if a
normal magnetic field component is included (Zelenyi
et al. 2008).

Zelenyi et al. (2008) performed stability analysis,
based on an energy principle, of a 1D current sheet
model with finite B, (Zelenyi et al. 2004), which
requires pressure anisotropy, and concluded that an
unstable regime with B, ~ 0.1 (in units of the recon-
necting magnetic field) exists. Using both standard
analytic techniques and a formally exact treatment
involving a numerical evaluation of full orbit inte-
grals, Matsui and Daughton (2008) concluded that one-
dimensional bifurcated thin current sheets are more
stable to tearing than single-peaked sheets, however,
development of electron anisotropy Te L > Tel would
be destabilizing. Haijima et al. (2008), using 2D PIC
simulations, confirmed the enhancement of the linear
growth rate but found no effect on the nonlinear phase
nor on the onset threshold.

4.2.3 Active Modes: Flapping

As illustrated in Fig. 4.1, activity in thin current sheets
may consist of a variety of modes. Of these modes,
the so-called flapping motions (Fig. 4.1b) have drawn
particular attention. Figure 4.4a, b, taken from Malova



54

Fig.4.4 (a) Schematic of waves associated with current
sheet flapping; after Malova et al. (2007). In this view the
waves are caused by asymmetries between the two tail lobes.
However, other potential source mechanisms include flow bursts

et al. (2001) and Erkaev et al. (2009b), illustrate the
wave perturbations associated with flapping. They con-
sist of an up and down shift of flux tubes, or portions of
flux tubes, as indicated in Fig. 4.4b, rather than a bend-
ing of the current sheet (Petrukovich et al. 2008; Shen
et al. 2008). They have long periods (~ 1 min up to
several min), large amplitudes (1-3Rg), and propagate
typically from the center of the tail toward the flanks
(Sergeev et al. 2006; Gabrielse et al. 2008; Runov
et al. 2009a) with wave speeds of a few tens of km/s.
The inferred wavelengths in the cross-tail direction are
also a few Rg. THEMIS observations (Runov et al.
2009a) confirmed that the flapping waves are coher-
ent over long distances in x, larger than the maximum
separation of the THEMIS satellites of 7Rg in this
event.

The source mechanism is not quite clear yet.
Statistical analyses (Sergeev et al. 2006) have shown
that flapping events have similar occurrence statistics
as bursty bulk flows, although a one-to-one relation-
ship could not be established. Gabrielse et al. (2008)
established such a relationship for a particular event,
although in other events no such relationship was
found (Runov et al. 2009a). The fact that they may
occur both before and after substorm onset (Takada
et al. 2008) indicates that there is no direct causal rela-
tionship one way or the other. Malova et al. (2007)
(Fig. 4.4a) suggest that the oscillations are caused by
asymmetric loading of the two tail lobes. The role
of MHD stability was investigated by Erkaev et al.
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(b)

(Gabrielse et al. 2008) and (b) MHD instability, illustrating
(top) a stable, (bottom) an unstable situation; after Erkaev et al.
(2009a, b)

(2009a, b, c). They concluded that MHD instability
could result from local compression, when the gradient
of B, along the tail axis would become locally reversed,
as illustrated in Fig. 4.4b. Such a configuration might
be associated with the formation of a plasmoid but
could also arise even prior to the onset of reconnection
(see Fig. 4.2).

4.2.4 Conclusions

Strong thinning may occur as a nonlinear consequence
of external forcing, as expected for the substorm
growth phase, but is not restricted to growth phase.
It is possibly further supported by extraction to the
frontside supplying plasma to the dayside reconnec-
tion site. The relation between external deformations
and local strong thinning supports the possibility of an
external trigger but the exact relation remains unclear.

Thinning below ion inertia length, combined with
B, reduction, can ignite many modes almost simulta-
neously: tearing, etc.; ballooning does not require ion
scales but may become destabilized through entropy
diffusion when ions become decoupled from the field.
There is no strong evidence for one mode driving
another.

It is not clear whether flapping is an unstable mode
or a stable wave activated by a strong perturbation,
such as fast localized flow.
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4.3 OnsetTiming

This section is devoted particularly to the first results
of the THEMIS mission on the timing of signatures
surrounding substorm onset. The major goal of this
mission is solving a controversy between two substorm
onset paradigms depicted in Fig. 4.5, combined from
two figures of Angelopoulos (2008). In the “Current
Disruption Model” (Lui et al. 1990) (Fig. 4.5a) sub-
storm onset is assumed as being initiated by a current-
driven instability in the tail region of about 8—10RE,
causing a current reduction or disruption in this tail
region with a diversion of current (“substorm cur-
rent wedge”, McPherron et al. 1973) to the Earth
and through the ionosphere, associated with auroral
breakup and intensification. A tail portion and indica-
tion of the current wedge is the “dipolarization” of the
magnetic field. This means a returning from a stretched
to a more dipole-like configuration, typically associ-
ated with an increase of B, and a reduction of |B,]|.
This dipolarization is often accompanied by magnetic
fluctuations. In this paradigm, magnetic reconnection
is considered a consequence of the current disrup-
tion, presumably initiated by a tailward propagating
rarefaction wave.

In contrast, in the “Near-Earth Neutral Line Model”
(Baker et al. 1996) (Fig. 4.5b) a substorm is initiated
by the onset of reconnection in the tail, generating
earthward plasma flow. The braking of this flow causes
magnetic flux pileup, i.e. dipolarization (Hesse and
Birn 1991), and the diversion or shear of the flow
causes twist or shear of the magnetic field and thereby
generates the field-aligned currents of the substorm
current wedge (Birn and Hesse 1991; Keiling et al.

2009). The sequence depicted in (Fig. 4.5b) again
assumes that aurora breakup is the consequence of cur-
rent disruption and distortion in the tail. Considering
the relation between the events in the tail, the two sce-
narios are often distinguished as “inside-out” versus
“outside-in.”

Rather than discussing individual events or papers,
we here provide a summary of the observations.
The conclusions from the early THEMIS observations
(and a few other cases) are controversial. Whereas
Angelopoulos et al. (2008, 2009), Gabrielse et al.
(2008), Liu et al. (2008), Sergeev et al. (2008) and,
to some extent, Mende et al. (2009) conclude consis-
tency with the outside-in model, Liang et al. (2008),
Donovan et al. (2009), Lui et al. (2008a, b), Rae et al.
(2009a, b), Henderson (2009) infer consistency with
the inside-out model. One might argue that the authors
investigated different events, which may have had dif-
ferent signatures. However, other differences are more
striking.

Conclusions from Liang et al. (2008), Rae et al.
(2009a, b), Henderson (2009) are based entirely on
ground observations, which consistently indicate auro-
ral arc brightening as the earliest onset signature,
followed by signatures at higher latitude. One must
be careful, however, in interpreting poleward motion
on the ground with tailward motion in the tail. For
instance, when reconnection in the near tail proceeds
from the central plasma sheet toward lobe field lines,
the separatrix surface connected to the X-line would
propagate poleward even when the X-line remains
stagnant. This is a plausible interpretation for the pole-
ward expansion of the auroral bulge, and perhaps for
energetic particle injection signatures, which are also

Fig. 4.5 Time sequence of events in two contrasting paradigms of substorm onset, (a) the current disruption model, (b) the near-
Earth neutral line model. After Figs. 4 and 5 of Angelopoulos (2008)
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found to propagate poleward (Spanswick et al. 2009).
However, a magnetic connection between the early
arc brightening and the reconnection site has not been
established, and appears to be inconsistent with both
the timing and the field line mapping. Ground observa-
tion also show that the onset arc commonly exhibits
azimuthal structures (Liang et al. 2008; Rae et al.
(2009a, b); Henderson 2009), which are most com-
monly interpreted as signatures of ballooning modes. It
is not clear, however, whether these modes indicate the
source mechanism of the arc or just provide additional
structure.

Tail observations in Lui et al. (2008b) and Donovan
et al. (2009) were made inside of r ~ 10Rg, where
earlier observations already indicated tailward (and
longitudinal) expansion of dipolarization signatures. In
contrast, observations by Sergeev et al. (2008), made
at a similar location, led to a different conclusion. We
will return to a possible interpretation of this feature in
Section 4.4.

That leaves Angelopoulos et al. (2008, 2009),
Gabrielse et al. (2008), Liu et al. (2008), Mende
et al. (2009) and Lui et al. (2008a) with observa-
tions in the tail beyond ~ 15Rg. The majority of these
papers inferred consistency with the outside-in model.
However, this result is also somewhat controversial
(Lui 2009), mainly because the signatures taken as
onset of reconnection are more subtle than, say, the
onset of fast flow. This is related to the fact that,
near substorm onset, typically the outermost THEMIS
satellite(s) were located not in the central plasma
sheet but closer to the boundary or even outside. The
reconnection onset features considered include onset
of energetic particle streams away from the inferred
reconnection site and onset of magnetic flux transport
toward the neutral sheet. Mende et al. (2009) infer an
onset location of 11-17RE distance, but do not identify
this with the onset of reconnection.

Overall, the tail observations appear not consistent
with the onset arc brightening being the consequence
of current disruption (dipolarization) in the inner tail,
as suggested by both, Fig. 4.5a, b. The arc brightening
typically precedes the dipolarization, whether caused
by current instability or flow braking. Furthermore,
even though Angelopoulos et al. (2008), Gabrielse
et al. (2008), Liu et al. (2008) infer reconnection
onset times earlier than the onset arc brightening, the
time difference appears too short for wave interaction
between the reconnection site and the onset arc. Hence
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it is more likely that auroral breakup is the conse-
quence of prior tail activity, such as waves generated
in a thinning current sheet, kinetic properties of a thin-
ning current sheet itself, or increased flow shear in the
source region of the Harang discontinuity (Zou et al.
2009), which is presumably associated with the inner
edge of the electron plasma sheet. Alternatively, or
additionally, the breakup is related to instability onset
in the auroral acceleration region under more gradually
varying tail conditions.

If one accepts the signals identified as onset of
reconnection in the tail, then dipolarization and the
formation of the substorm current wedge may indeed
be the consequence of reconnection as postulated in
the outside-in model. This is supported by the fact
that many of the dipolarization events observed in the
near tail are associated with fast earthward flow (see
also Section 4.4). However, this conclusion is still
controversial because of the frequent occurrence of
multiple activations, unknown relation to ground sig-
natures, and the fact that the distant THEMIS satellites
typically are outside of the central plasma sheet at
substorm onset.

4.4  Bursty Bulk Flows

and Dipolarization

In Section 4.3 we already discussed dipolarization in
the near magnetotail as a signature associated with
substorm onset. This signature is frequently, but not
always, accompanied by earthward convective flows or
BBFs. In this section we further review results on flow
bursts (BBFs) and dipolarization.

4.4.1 Observations

Several papers demonstrated characteristic temporal
and spatial differences between both, flows and dipo-
larization events, in the near tail at, say, 8—10Rg, and
further out. On the basis of two years of Geotail
statistics, Shue et al. (2008) found that fast earthward
convective flows (i.e. flows with a significant velocity
component perpendicular to the magnetic field) can be
classified into two classes. Class I, typically observed
near x = —10Rg, was characterized by high auroral
power rates and significant global auroral substorm
development. Class II flows, found at x < —15Rg,
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were typically associated with low auroral power rates
and moderate auroral features such as poleward bound-
ary intensifications (PBIs) and pseudobreakups. Some
of the earthward fast flows in this class, however,
were able to propagate farther earthward and provide
a favorable condition for substorm onset, leading to
an auroral bulge development on the nightside. Zhang
etal. (2009) found a minimum of occurrence frequency
of earthward convective flow bursts near x = —11.5Rg
and suggested two different source mechanisms for
earthward bursts inside and outside of that location.

Nakamura et al. (2009), using Cluster observations,
found that dipolarization events tend to consist of two
types or two phases, illustrated in Fig. 4.6: (1) an
earthward moving dipolarization pulse, accompanied
by rapid earthward flux transport, followed by current
sheet disturbances with a decrease in B, and enhanced
local current density, and (2) subsequent increase in
B, toward a more stable level. The latter is more
prominent closer to Earth and evolves tailward. A nice
example of an earthward propagating dipolarization
pulse or front observed by all five THEMIS satellites
is shown in Fig. 4.7, modified from Fig. 1 of Runov
et al. (2009b). In this event the dipolarization front
was observed near the rise of fast earthward flow at
all satellites.

Earthward moving fast flow bursts or BBFs are
commonly interpreted as “bubbles,” that is, magnetic
flux tubes or ropes of reduced entropy content in com-
parison to the surrounding field (Pontius and Wolf
1990; Chen and Wolf 1993). The relationship between
BBFs and dipolarization fronts is illustrated in Fig. 4.8,
taken from Walsh et al. (2009). Magnetic flux in front
of the bubble (gray) is piled up (yellow region) causing
an increase in B;. As the bubble moves earthward this
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Fig.4.7 Earthward propagating dipolarization front: (a)
THEMIS SC positions in the x, z plane with the T96-model
magnetic field (Tsyganenko 1995); (b) time series of B, (GSM)
at all five probes (P1-P5). Modified after Runov et al. (2009b)

front moves with it. Eventually the earthward flow is
stopped and a different type of pile-up takes place with
a tailward expansion, as illustrated in Fig. 4.6. Vorticity
on the outside of the fast earthward flow may cause
magnetic field shear or twist, creating a field-aligned
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Fig. 4.8 Equatorial cut of the morphology of a plasma bubble;
after Walsh et al. (2009). The region of flux and plasma pileup
in front of the bubble is in yellow, the bubble itself is gray, the
stagnant and tailward flowing wakes lighter and darker blues,
respectively, and the field-aligned current regions green. Flow
velocity is marked by the red arrows

current system similar to the substorm current wedge
(Birn et al. 2004) (green), and may lead to large v,
near the front of the bubble as well as tailward flows
on the outside (Dmitrieva 2008; Sharma et al. 2008;
Walsh et al. 2009). In addition, tailward and azimuthal
flow may also result from a rebound of the earthward
flow (Ohtani et al. 2009). Flow characteristics during
different phases of substorms do not differ strongly,
although the flows tend to be slower, carrying more
tenuous plasma, during the recovery phase (Ma et al.
2009).

Fig. 4.9 A series of diagrams
depicting the generation of a
BBF by open field line
reconnection as inferred from
Cluster observations; modified
after Forsyth et al. (2008). The
colors represent different ion
densities, and the three-dot
symbol indicates the location
of the Cluster satellites for the
event investigated. Panels
(a—c) correspond to panels
(e—g) of the original figure.
They illustrate the earthward
collapse of an underpopulated
flux tube or BBF (yellow)
together with the tailward
retreat of a plasmoid

Earthward moving dipolarization pulses are often
preceded by a brief dip in B,, sometimes even turning
negative (Ohtani et al. 2004; Sharma et al. 2008; Sitnov
et al. 2009). Such dips are shown, for instance, by P1
and P4 in Fig. 4.7. The mechanism for creating these
dips is not clear. Negative B, could possibly be created
by small islands earthward of the X-line (Schindler
1974) or a bulge in the field ejected earthward from the
X-line (Sergeev et al. 1992). Earthward moving flux
ropes (with south-north structure of B;) have indeed
been found in several investigations (Hasegawa et al.
2007; Zhang et al. 2007; Walsh et al. 2007; Juusola
et al. 2008), indicative of multiple X-line reconnection
often with strong core fields in the y direction.

4.4.2 Source Mechanism

The most commonly considered mechanism for the
generation of a depleted flux tube or bubble is mag-
netic reconnection in the tail, as illustrated by Fig. 4.9,
after Forsyth et al. (2008). The reduction of the flux
tube content simply results from the severance of a
plasmoid (Birn et al. 2009; Wing and Johnson 2009).
Further reduction, however, might occur when lobe
field lines with lower plasma content and pressure
reconnect. Such uneven filling might also occur at
a distant reconnection site (Zesta et al. 2006). As
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Fig.4.10 Schematic illustrating creation of an underpopulated
flux tube or BBF from field line slippage. After Wolf et al. (2009)

pointed out by Wolf et al. (2009), a slippage of
field lines, resulting from a local breakdown of the
frozen-in approximation of ideal MHD, would also
result in a bubble of reduced plasma and entropy con-
tent. This is illustrated in Fig. 4.10 taken from Wolf
et al. (2009).

MHD simulations have confirmed that the reduction
of the entropy content is a crucial element in permitting
the earthward motion of a bubble, and the amount of
depletion determines how close to Earth a bubble can
penetrate (Chen and Wolf 1999; Birn et al. 2009; Wolf
et al. 2009). In addition, the entropy reduction also
affects the stability (Section 4.2.2): A wider bubble
might break up into parts from ballooning instability
(Birn et al. 2009), which affects cross-tail structure and
possibly also the fate of bubbles.

In a mechanism akin to the substorm current wedge
(Birn and Hesse 1991; Keiling et al. 2009), flow shear
or vorticity on the outside of the bubble also cre-
ates a shear or twist of the magnetic field associated
with field-aligned currents (green areas in Fig. 4.8).
In a quasi-steady picture the same kind of current sys-
tem can be inferred from current continuity combined
with a reduction of cross-tail current inside the bub-
ble (Chen and Wolf 1993; Wolf et al. 2009). These
currents, which have the same direction as those asso-
ciated with the substorm current wedge, provide the
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connection with the ionosphere and are presumably the
source of auroral streamers or PBIs (Birn et al. 2004,
2009; Sharma et al. 2008; Wolf et al. 2009).

4.4.3 Conclusions

Cluster and THEMIS observations have demonstrated
a close association between earthward flow bursts and
dipolarization events, apparently characterized by two
stages:

Further out they consist of earthward moving
“dipolarization fronts” driven by earthward flow. The
increase of B, may be understood as a “snow plow”
effect at the front of these flows.

A different kind of magnetic flux “pile-up” occurs
in the braking region near 10Rg. In contrast to the
earthward propagating fronts farther out, this dipolar-
ization is more permanent and may expand tailward.
This braking may also involve rebounce with tailward
and azimuthal flows.

In the interpretation given above the two types are
different stages of the same kind of event. In contrast,
in the current disruption paradigm, the second kind of
event may be considered as a different type, resulting
from local current-driven instability, rather than flow
braking.

Bubbles of BBFs are associated with a diversion of
currents similar to the sub-storm current wedge, pro-
viding a connection to the ionosphere via field-aligned
currents, presumably causing PBIs or auroral stream-
ers. The generation mechanisms can be understood, in
time dependent view, as a twisting of magnetic flux
tubes by velocity shear on the outside of a bubble. In
a quasi-steady picture the same kind of current system
can be attributed to current continuity combined with a
reduction of cross-tail current inside the bubble.

4,5 Summary and Conclusions

In this review we have discussed three topics which
are crucial elements of magnetotail activity: the forma-
tion and stability of thin current sheets, the timing of
events at substorm onset, and the properties of bursty
bulk flows and dipolarization events. Based on a sur-
vey of two years of publications (complemented by
some earlier results), we have come to the following
conclusions.
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4.5.1 Formation and Stability of Thin
Current Sheets

Forced current sheet thinning is a plausible mecha-
nism for the onset of current sheet activity. Thinning
from compression is possibly accompanied by plasma
extraction to the dayside, providing inflow to dayside
reconnection. A close relation to external perturbations
has been shown but the viability of triggering by a
sudden northward turning of the IMF has not been
demonstrated.

The reduction of B, which accompanies the
increase of j, and the reduction of current sheet thick-
ness, eases the onset of tearing instability and recon-
nection. However, several other instabilities can be
ignited nearly simultaneously. There is no clear evi-
dence for one driving another. Ballooning instability
can, in principle, be initiated before ion scales are
approached. However, changing ballooning stability
by adiabatic processes appears difficult.

4.5.2 Substorm Onset Timing

The timing of the onset of reconnection in relation
to dipolarization and initial auroral arc brightening
is still a matter of debate. Main reasons are the fre-
quent occurrence of multiple activations and the fact
that the signatures taken as indicating initial reconnec-
tion onset are more subtle than commonly expected.
However, several other conclusions can be drawn from
the THEMIS studies:

Initial auroral breakup cannot be the consequence of
dipolarization (current disruption) and the formation of
the substorm current wedge in the near tail. The timing
of events also makes it unlikely that the arc brightening
is related to the onset of reconnection. One therefore
has to look for tail features preceding reconnection and
dipolarization.

Possible tail mechanisms related to the arc brighten-
ing include prior wave activity and/or other properties
associated with the formation of a thin current sheet
in the late substorm growth phase, particularly, the
generation of potential differences across field lines
and the increase of field-aligned currents. Since these
features apparently do not exhibit sudden onsets in
the tail, the rapid brightening may be more closely
related to a sudden increase of dissipation in the auroral
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acceleration region associated with the build-up of the
parallel electric field.

4.5.3 BBFs and Dipolarization

New observations have established a strong rela-
tionship between earthward flows and dipolarization
signals with a characteristic spatial and temporal
change from earthward propagation further tailward to
rebounce and tailward expansion in the stopping region
closer to Earth. This supports the view that reconnec-
tion in the tail causes earthward flows, dipolarization,
and the substorm current wedge, but not the opposite.

Many earthward flow bursts do not penetrate close
enough to Earth to cause substorm features, but they
generate pseudo breakups and PBIs. Apparently, the
penetration depends on the amount of depletion of
bubbles. In the reconnection scenario this depends on
whether reconnection proceeds to the lobes, which
should result in stronger depletion. But it is unclear
what governs how far reconnection proceeds.
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Physical Processes for Magnetospheric
Substorm Expansion Onsets

Anthony T.Y. Lui

Abstract

A major challenge in magnetospheric research is to identify the physical processes
for magnetospheric substorm expansion onsets. Recent abundance of observations
from Geotail, Cluster, and Themis missions has added impetus to substorm research.
Observations that are linked to substorm expansion onsets are discussed. Topics
encompassed in this review are (1) the external conditions in the solar wind for sub-
storm onset, (2) observations prior to onset, (3) observations immediately after onset,
(4) time history approach, and (5) system-wide approach that can reveal general char-
acteristics of the physical processes for onset. The implications for the substorm onset
processes are discussed based on these observations.

5.1 Introduction

Plasmas in the near-earth space environment exhibit
a rich variety of phenomena that challenge our abil-
ity to comprehend the underlying physical processes.
The space plasma phenomena that arguably attract
the most attention in the space plasma community
are those associated with magnetospheric substorm
expansion onset. The substorm concept was intro-
duced through observations compiled from a network
of ground-based all-sky-cameras to construct the evo-
lution of a global auroral pattern in the polar region
during this episodic disturbance (Akasofu 1964). This
concept was developed with the guidance of the late
Sydney Chapman and the term ‘substorm’ is meant to
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imply that it is an elementary building block for a geo-
magnetic storm that causes worldwide depression of
the geomagnetic field on the ground. Shortly after the
inception of this concept, disturbances throughout the
ionosphere and the magnetosphere were recognized to
be manifestation of a substorm in the near-earth space
(Akasofu 1968). Since then, identifying the physical
processes responsible for a substorm expansion onset
becomes arguably the ‘holy grail’ of magnetospheric
physics and remains to be one of the most controversial
issues in magnetospheric research.

A brief review of substorm expansion onset phe-
nomena is in order for better understanding of the topic
and appreciation on how some controversies arise.
There is a general consensus that the episodic sub-
storm cycle consists of three phases, namely, growth,
expansion, and recovery (Akasofu 1964; McPherron
1970). The growth phase pertains to the period in
which energy is accumulated gradually in the magne-
tosphere. Research on the physical processes for sub-
storm onset is implicitly on the onset of the expansion
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phase that exhibits a sudden release of energy in the
magnetosphere. Hereafter, substorm onset refers to the
substorm expansion onset unless specified otherwise.
The classical identification of substorm onset is
based on auroral observations. The schematic diagram
describing the development of auroral morphology in
a polar view is shown in Fig. 5.1. Typically seen
before substorm onset are quiet auroral arcs oriented
more or less parallel to the magnetic latitudes. These

Auroral Substorm Morphoiogy

T <0 min

McPherron (1970)

F. Tel-2HR

E. T*30MIN-IHR

Akasofu (1968)

Fig. 5.1 Development of global auroral morphology during the
three phases of substorm, namely, the growth phase when the
auroral oval expands equatorward, followed by the expansion
phase consisting of initial brightening of an auroral arc (a to b),
poleward and local time expansion of auroral activity (c to d),
and finally the recovery phase when auroral activity subsides and
retreats equatorward (e to f)
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arcs move generally equatorward during the substorm
growth phase. At substorm onset, an auroral arc typ-
ically in the pre-midnight local time sector brightens
suddenly and begins to break up into irregular patches.
This is described as an initial auroral breakup for the
ensuing substorm expansion. The disturbance subse-
quently expands poleward as well as to other local time
sectors. Note that there may be a certain time delay,
as long as ~5 min, between the initial brightening
onset and the start of poleward motion of the auro-
ral disturbance. The expansion of auroral activity, i.e.,
expansion phase, may last for ~ 0.5 h before it begins
to subside during the recovery phase. The durations of
these phases are for guidance only and can vary con-
siderably. For highly active periods such as magnetic
storms, substorms may occur so frequently that they
overlap in time, leading to a more complex temporal
development of the global auroral pattern.

Some key substorm phenomena, which will be
addressed in more detail in later sections, are illustrated
in Fig. 5.2.

Besides the auroral activity described earlier, the
H-component at high-latitude ground magnetic sta-
tions show large negative excursions while those at
mid-latitude and equatorial stations show small pos-
itive excursions (Fig. 5.2b). Micropulsations with
periods in the 40-150 s range, called Pi2, are
often observed in these magnetograms. Shorter period
micropulsations (1-40 s) have also been observed.
In the near-tail region (Fig. 5.2¢) and at the geosyn-
chronous altitude (Fig. 5.2d), the magnetic field config-
uration being tail-like prior to substorm onset relaxes
abruptly to a dipolar-like configuration. This field
relaxation is often accompanied by large magnetic
fluctuations suggestive of a turbulent state due to dis-
ruption of the cross-tail current (current disruption).
Earthward injection of energetic particles and thicken-
ing of the plasma sheet are seen after substorm onset.
Transient fast plasma flows along with impulsive and
highly fluctuating electric and magnetic fields occur in
the mid-tail region around this time (Fig. 5.2¢). Further
down in the tail, the magnetic field shows a northward
then southward swing, often accompanied by tail-
ward plasma flows (Fig. 5.2f). These features are often
interpreted as signatures of a plasmoid in which mag-
netic field lines form closed loops entrapping energetic
particles within.

In this review, the external solar wind condition
for substorm onsets is examined first in Section 5.2.
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Fig.5.2 A diagram to
illustrate several key substorm
phenomena. The substorm
onset time is indicated in each
panel by the vertical dashed
line. The micropulsation is
indicated by the AH trace in
(b). The increased fluxes of
energetic particles at the
geosynchronous altitude and
in the near-tail region are
indicated by the J traces in (c)
and (d). Plasma sheet thinning
in the mid-tail is often seen by
drops in number density (N)
and temperature (7). Plasma
flow (V) may occasionally be
tailward before dropout and
become earthward at plasma
sheet recovery. Signatures
attributed to plasmoids in (f)
are a transient increase in the
total magnetic field magnitude
(BT), a north-then-south

swing of the Bz component, T

and tailward plasma flow _H-high
(Lui et al. 2000) |
: H-mid
| AH
(b) Ground

This research topic is important in order to distinguish
whether a substorm is an externally driven event or an
internal one. Some key substorm phenomena prior to
substorm onset are discussed in Section 5.3 to provide
clues for the conditions under which the substorm pro-
cesses can be initiated. The plural form of ‘process’
is adopted to indicate that different substorm process
may occur under different external solar wind con-
dition and past history of magnetospheric activity. It
also conveys the plausibility that multiple physical pro-
cesses may be tightly coupled to produce a substorm.
Section 5.4 deals with key substorm phenomena imme-
diately after substorm onset so that the consequences
of the onset processes can be identified. Section 5.5
reviews some efforts using time history of disturbances
to evaluate substorm processes. Section 5.6 discusses a
system-wide approach to extract general characteris-
tics of substorm processes. The phenomena discussed
in Sections 5.3-5.6 thus provide valuable insights and
observational constraints to identify the relevant phys-
ical processes. Section 5.7 provides an assessment of

(c) Near Tail (e) Mid Tail

my

(B——]  [E=egms
-W
(d) Geostationary (f) Distant Tail

potential onset processes based on observations dis-
cussed in previous sections, followed by concluding
remarks in Section 5.8.

5.2  External Conditions

The energy accumulation in the growth phase is related
to the coupling between the solar wind and the magne-
tosphere with a dominant role played by the southward
component of the interplanetary magnetic field (IMF)
(Fairfield and Cahill 1966; Burton et al. 1975; Perreault
and Akasofu 1978; Newell et al. 2008). As a result,
magnetic field in the near-earth magnetotail changes
from a dipolar-like to a tail-like configuration. This
reconfiguration can be visualized as dayside mag-
netic reconnection transporting magnetic flux to the
tail (Coroniti and Kennel 1972) or as strengthening of
the IMF connection with the Earth’s magnetic field to
power an enhanced cross-tail current (Atkinson 1967;
Siscoe and Cummings 1969; Alfvén 1977; Lui 1991).
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5.2.1 Northward Turning of IMF
as a Substorm Trigger

Since the north-south component of IMF (IMF Byz)
plays a major role in the growth phase, its variation
around the onset time may give a clue on the necessary

PERCENT OF MAX VALUE

-4l L é 1 ‘ L * L ‘l

Fig. 5.3 Superposed epoch analysis of AE and IMF B;. AE was
sampled at 2.5 min and IMF Bz was sampled at 3 min. Data
plotted are 5-point averages normalized to the maximum values
(Foster et al. 1971)
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Fig.5.4 (a) Superposed epoch analysis of IMF By selected with
a biased upper limit. The mean and medium are shown in solid
and dashed lines. The upper and lower quartiles are shown in
dotted lines. (b) Comparison of this superposed epoch analysis
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condition for the external condition. Indeed, it was
pointed out by Rostoker (1983) that northward turning
of IMF seems to be a common feature in several sta-
tistical studies of external condition for onset (Foster
et al. 1971; Caan et al. 1977; Blanchard et al. 2000)
even though the earlier studies (Foster et al. 1971; Caan
etal. 1977) did not recognize or emphasize this finding.

Figure 5.3 shows a superposed epoch analysis relat-
ing the auroral electrojet index AE to the IMF By for 54
isolated large substorms (Foster et al. 1971). The onset
time is marked by 7o and the reference time to 7o is
given in units of hour. Northward turning of IMF coin-
cided well with To. The AE development preceding
To was interpreted as the convection enhancement dur-
ing the growth phase that typically lasts for ~1 h. The
association exemplified in Fig. 5.3 was regarded as evi-
dence for northward turning of IMF to be an external
trigger for substorm onset and led to the development
of a substorm model built on the thesis that most, if not
all, substorms are caused by convection reduction as a
result of northward turning of IMF (Lyons et al. 2003).

Recently, statistical association between substorm
onset and IMF variations is examined with the min-
imum substorm model (Freeman and Morley 2004,
2009; Morley and Freeman 2007). Figure 5.4 shows
one test from this work. In this test, a set of times
{ti} is selected randomly from real IMF data for which
the IMF By is below some threshold: Bz(ti) < 0.7 nT.
These times are not required to show a coincident rapid

-4 -2 0 2 4
t — t; [h]

(heavy solid line) with the observed data set related to substorm
onsets (dashed line and diamonds). Also shown is a subset of
events (given in light solid line) equal to the number of events in
the observed data set (Freeman and Morley 2009)
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northward IMF turning and most of them are found not
to correspond to substorm onsets. The threshold is cho-
sen to match the average value in an earlier statistical
study that showed the association of substorm onset
with northward IMF turning. The statistical time pro-
file of IMF Bz is shown in Fig. 5.4a. This trend is
then compared with the observed trend of IMF Bz in
Fig. 5.4b that was reported to be associated with sub-
storm onsets. The near identity of these two trends
indicates that northward turning may be a result of
biased selection of times when the IMF By is below
a given threshold.

In addition, different interpretations of the result in
Fig. 5.3 have been suggested. When the association
was re-examined (Hsu and McPherron 2002) based on
an automatic technique that used the numerical cri-
teria put forth in Lyons et al. (1997), it was found
that only about half of all substorms were associ-
ated with a northward IMF turning trigger. In other
words, northward IMF turning is not necessary for sub-
storm onset. Consistent with this deduction is that there
are substorms without any indication of an external
trigger (Horwitz 1985; Henderson et al. 1996). This
result can rule out substorm models that rely on north-
ward turning as the only substorm trigger (Lyons et al.
1997; Russell 2000) but not substorm models that have
other external solar wind conditions besides north-
ward IMF turning for association with substorm onsets
(e.g., Lui 2001).
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5.2.2 Interplanetary Shock as a Substorm
Trigger

Another possible external trigger for substorms is an
interplanetary shock that gives rise to a sudden storm
commencement (SSC) or a sudden impulse (Schieldge
and Siscoe 1970; Kawasaki et al. 1971; Burch 1972).
At the early stage of substorm research, negative bays
in high-latitude magnetic stations were used to identify
the occurrence of substorms. It was shown that both
the amplitude of SSC and the direction of the IMF
are important in determining whether or not a nega-
tive bay will be triggered (Burch 1972). This result is
given in Fig. 5.5, which shows that (1) no negative
bays were triggered by an SSC with amplitude <10
nT, (2) all SSC with amplitude > 10 nT preceded by
at least a half-hour of southward IMF averaging > 1 nT
triggered negative bays simultaneously, and (3) no neg-
ative bays were triggered by SSC with amplitude >10
nT when they were not preceded by either a half-hour
of southward IMF averaging >1 nT or an averaged IMF
magnitude >9 nT.

However, negative bays could be caused by
enhanced convection also. This issue was examined
with the global auroral observations from Polar UVI
(Liou et al. 2003). From a study of 43 interplane-
tary shock events, it was found that while ~52% of
the shocks produced high-latitude negative bays and
enhanced auroral luminosities, only 4 events (~9%)
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Fig. 5.5 The IMF By averaged over six 5.46-min samples ver-
sus the amplitude of 36 SSCs. Squares and triangles indicate
SSC producing simultaneous high-latitude negative bays; circles

SSC AH (y)

indicate SSC that did not trigger negative bays. Different sym-
bols are used to denote different strength of the total IMF B field.
Note that 1y = 1 nT (Burch 1972)



ATY. Lui

70
b);
(@), - (b)
15 iho T i
a - st
T 50 . i
&
25t
0.0
o
5
1= e SR
£ .0 I . S
o . Pt L
15, o
1
—~ 5 -
E x
= friemg -
" s o
L v y » " ™
-10 X okl
200
E 200 A &
100 gt
2 5§l\-\. il
= 125 E{“’-\\f—-\f\w T
c \"W,. ;e
= 250 -
2
ars &
500 .
50
E 2
T 0
E W
@ 25
-50
16:00  16:30  17:00  17:30  18:00  18:30  19:00

Universal time (hh:mm)

Fig. 5.6 (a) Solar wind parameters (dynamic pressure Pd, IMF
By and Bz) and geomagnetic indices (AU/AL, SymH). The
arrival of the interplanetary shock is indicated by the vertical

showed development of a substorm within the subse-
quent 20-min window.

One case of no substorm development after arrival
of an interplanetary shock is shown in Fig. 5.6. The
interplanetary parameters are given on the left of the
figure, showing the arrival of an interplanetary shock
at ~1640 UT on January 31, 1998. The sequence of
global auroral images from Polar UVI is given on the
right. For the subsequent ~28 min after shock arrival,
there was no auroral pattern that suggests the occur-
rence of a substorm even though there was a small
coincident perturbation of the AL index as seen on the
left of the figure.

Interestingly, although an increase in the solar
wind dynamic pressure rarely triggers a substorm, its
decrease has a higher probability for association with
substorm occurrence (3 out of 13 events within a 20-
min window) than pressure increase (4 out of 43 events
within a 20-min window) (Liou 2007). This associ-
ation was interpreted as the effect of a solar wind
discontinuity when the magnetosphere is in a meta-
stable state, rendering it susceptible to small agitations
to achieve its relaxation to a more stable state through
a substorm.

Ultraviolet Imager/Polan g O
Day (031) 31Jan 1998 ™ 00 w0 eo 500 1000 1200

i N
Rayleighs

line (b) A sequence of auroral images from Polar UVI showing
no substorm development after arrival of an interplanetary shock
(Liou et al. 2003)

5.2.3 Overall Assessment

While there is no doubt that energy of the magneto-
spheric system comes from the solar wind interaction
with the Earth’s magnetosphere, it is doubtful that an
external trigger in the solar wind is necessary for sub-
storm occurrence. At the very least, previous studies
indicate that substorms may occasionally be initiated
by an internal instability. Note that the perception of
an internal instability as the substorm onset process is
not inconsistent with observations of some substorms
being initiated by an external agent. In such situations,
the environment at the onset region may be near the
threshold of the instability onset and an external agent
adds a small perturbation for the instability to go off.

5.3  Activity Prior to Onset

The changes during the substorm growth phase pro-
vide important clues not only on the location where
the substorm onset processes occur but also on
the environment under which the physical processes
responsible for the sudden energy release in substorm
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onsets may be activated. In this section, several key
observational features that occur just prior to local
onset of substorm activity are discussed.

Although the classical substorm onset timing is
based on auroral observations, the rare availability of
such observations, especially on a global scale, has led
many researchers to substitute this onset indicator with
other ones. Unfortunately, this practice is the root of
many controversies (Meng and Liou 2004).

Figure 5.7 illustrates the timing accuracy of sub-
storm onset time based on other substorm onset indi-
cators. Among them, the auroral kilometric radiation
(AKR) onset is probably the closest one to the auroral
breakup onset. Most of the delays in other indicators
are due to the propagation time required for a localized
substorm disturbance to reach the observing site. The
first ‘fast flow’ line in Fig. 5.7 is based on plasmoid
identification by Ieda et al. (2001). The second ‘fast
flow’ line in Fig. 5.7 is based on Nakamura et al. (2001)
who have shown that fast plasma flows, which are often
regarded as evidence of magnetic reconnection, are not
always associated with substorm onset but can be asso-
ciated with localized auroral brightenings. In addition,

O mean == 1std. dev. ofthe mean —— 1 std. dev.

Fast flow (10-30 Rg)
Fast flow (10-30 Rg)
5 Dipolarization (GOES)
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. Low-latitude Pi 2 onset
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Breakup emeneees > Substorm onset timeline (min)

Fig. 5.7 Various substorm onset indicators are compared with
the classical onset signature of auroral breakup determined by
global auroral imaging from Polar UVI (Meng and Liou 2004)

Liou et al. (2000) showed that ~30% of large, iso-
lated Pi2 onset are not associated with substorm onset,
which can account for some events (30-40%) with
fast flows preceding the Pi2 onsets. Therefore, cau-
tion is needed to judge substorm onset timing based
on indicators other than auroral breakup.

5.3.1 Magnetic Field Reconfiguration

One of the most dramatic changes in the magneto-
sphere during the substorm growth phase is the night-
side region where the magnetic field configuration
transitions from a dipolar-like to a tail-like geome-
try (Walker et al. 1976; Sauvaud and Winckler 1980).
The transition region, referred to as the nightside cusp,
has been inferred as the substorm onset location in
the magnetotail based on the examination of the onset
location in relation to the low-altitude magnetospheric
plasma boundaries. It was found to be adjacent to
the trapping boundary of the energetic electrons (E >
40 keV) (Lui and Burrows 1978) and slightly pole-
ward of the proton aurora intensity peak (Donovan
et al. 2008). Its location in the magnetotail is estimated
to be typically at the downtail distance of 6-12 Rg
(1 Rg (Earth’s radius) = 6378 km), with the closer
location to the Earth for a highly stressed state of the
magnetosphere. Note that in the inner magnetotail, the
equatorial plane is not necessarily the location where
the magnetic field has the minimum strength, leading
to a splitting of the cross-tail current into two latitude
locations away from the equatorial plane. The cross-
tail current in this feature has been referred to as the
cut-ring current (Antonova et al. 2009a).

At the geosynchronous altitude, the magnetic field
reconfiguration during the substorm growth phase is
often seen and has been modeled by Kaufmann (1987).
Figure 5.8 shows how the magnetic field at a geosyn-
chronous satellite (marked by a cross in each panel)
can be affected by different locations of a cross-tail
current sheet with a fixed width along the tail axis (2
RE) and a fixed magnitude (300 mA/m). This simple
model indicates that the magnetic field at the geosyn-
chronous altitude can become tail-like only when the
cross-tail current is intensified nearby (panels b and
¢) and not further downtail (panel a) or much closer
in where the local magnetic field is so strong that
it is not affected much by the enhanced cross-tail
current (panel d).
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Fig.5.8 Magnetic field

7-9 R b

configuration for four
different locations of an
enhanced cross-tail current
(Kaufmann 1987)

5.3.2 Plasma Sheet Thinning and Poynting
Flux Consideration

Stretching of the magnetic field in the inner magne-
totail is often accompanied by a plasma dropout in
satellite observations, interpreted as thinning of the
plasma sheet (Sauvaud and Winckler 1980). This thin-
ning is related to the enhancement of Poynting flux
during the growth phase (Papadopoulos et al. 1993;
Machida et al. 2009). It was shown from a simple
magnetic field model that the magnetosphere acts as
a lens for MHD waves, focusing the incident energy
from the solar wind in the form of Poynting flux to the
near-earth magnetotail in the downtail distance range
of 8-16 R (Papadopoulos et al. 1993).

This novel idea is later confirmed from a novel
superposed epoch analysis of Geotail data (Machida
et al. 2009). In that study, substorm onsets are deter-
mined by auroral breakups observed in global auroral
images from Polar or IMAGE spacecraft. A total of
234 events located in the region —9 > X (Rg) > —31
and —3 <Y (Rg) < 8 in GSM coordinates are dis-
tributed evenly into columns of 2 Rgp width. The
vertical axis Z is sorted by the plasma beta (using By
for the magnetic field in calculating plasma beta), with

decreasing plasma beta away from the Z = 0 plane.
The temporal developments on the change in the total
pressure APt and the Poynting flux Fpoyz in two dif-
ferent regions within the constructed grid are shown in
Fig. 5.9. The time ¢ = 0 corresponds to substorm onset
time. Region I is defined by 13 > X (Rg) > —17 and
0 < Z < 2, i.e., the high latitude plasma sheet in the
inner magnetotail. Region IV is defined by —13 > X
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Fig. 5.9 The temporal development of the total pressure (APt)
in the central plasma sheet just outside the inner magnetosphere
and the Poynting flux (Fpoyz) in the high latitude plasma sheet
in the inner magnetotail (Machida et al. 2009)



5 Physical Processes for Magnetospheric Substorm Expansion Onsets 73

(Rg)>-17and 0 < Z< 2, i.e., the central plasma sheet
just outside the inner magnetotail. The result shows
that the Poynting flux propagates toward the central
plasma sheet at least 10 min before substorm onset.
The decrease in the total pressure in the central plasma
sheet starting at ~5 min before substorm onset, a sig-
nature of rarefaction wave, will be discussed further in
Section 5.4.3.

5.3.3 lon Temperature Drop

New features of the near-earth plasma sheet have been
revealed by observations from the THEMIS (Time

(-9.2,6.9,-0.5)

History of Events and Macroscale Interactions during
Substorms) mission (Angelopoulos 2008). From a sta-
tistical study of a special class of near-earth (7-11
REg downtail) events in which current disruption (CD)
was not preceded by fast earthward plasma flows and
was detected near the plasma sheet boundary, it was
found that a significant ion temperature drop generally
occurred in a few minutes before local CD onset based
on 15 substorm events and 20 measurement sequences
(Liang et al. 2009).

One such example is given in Fig. 5.10, showing the
magnetic field in VDH coordinates, plasma flow com-
ponents, ion density, and ion temperatures. The gray
lines in the flow panels denote convective flows. The
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Fig. 5.10 Plasma measurements in the inner magnetosphere for the March 15, 2008 substorm event to show a significant ion

temperature drop just prior to CD onset (Liang et al. 2009)
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black and gray lines in the temperature panel denote
perpendicular and parallel temperatures, respectively.
The observations were taken from THEMIS E on
March 15, 2008 at the downtail distance of ~9 Rg. The
local CD onset is indicated by the vertical dotted line.
It can be seen that there was no significant plasma flow
prior to local CD onset. On the other hand, substantial
ion temperature drop can be discerned for ~2-3 min
prior to the local CD onset.

5.3.4 Neutral-Sheet-Pointing Electric Field

For the same event of Fig. 5.10, a
neutral-sheet-pointing  electric ~ field concurrent
with significant ion temperature drop occurred as well
(Liang et al. 2009). Figure 5.11 shows electric field
measurements determined in three different ways.
The electric field in DSL (Despun Sun L-vectorZ)
coordinates is given in Fig. 5.11a—c. In this event,
the DSL-Y is about 30° from the GSM-Y direction
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Fig. 5.11 Electric field measurements in the inner magnetosphere for the March 15, 2008 substorm event to show the occurrence
of quasi-electrostatic field pointing towards the neutral sheet prior to CD onset (Liang et al. 2009)
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and tilted north. In Fig. 5.11a—f, black lines are from
raw measurements with an adjusted level (12 mV/m
is applied to Epsr, as an ad hoc correction of the
instrumental offset). The green line shows —u; x B (u;
is the plasma bulk flow and B is the vector magnetic
field). In Fig. 5.11c—f, the red line shows the E
components calculated based on E-B =0 (E is the
electric field vector). Again, the local CD onset is
indicated by the vertical dotted line. It can be seen that
all three estimates of the electric field show a similar
variation pattern, i.e., high oscillations with negative
bias starting generally from ~2 min before CD onset.
The E7 component was in general negative, i.e.,
pointing towards the neutral sheet since the satellite
was above the neutral sheet. Again, note that this event
and the other events studied by Liang et al. (2009) are
cases when the satellites were near the plasma sheet
boundary at CD onset.

The recent result of ion temperature drop with
neutral-sheet-pointing quasi-electrostatic field in the
high-latitude plasma sheet prior to substorm onsets
leads to the development of a new current sheet model
invoking two separate populations — one hot plasma

Fig. 5.12 Montage of keograms in H-beta emissions from
Gillam station for 50 events used to examine the auroral bright-
ness around substorm onset. The event enclosed by a dashed

forming the thin current sheet and one cold plasma
governed largely by MHD processes (Liu et al. 2010).

5.3.5 Dimming of Auroral Arcs

Dimming of auroral arcs is often seen before substorm
onset (Pellinen and Heikkila 1978; Kauristie et al.
1997). This phenomenon was examined with HP emis-
sion from the Gillam meridian-scanning photometer
(MSP) for 50 events (Liu et al. 2007), as shown in the
keogram form for each event in Fig. 5.12. The time axis
starts with 45 min prior to and ends 30 min after the
auroral onset. Timing accuracy is ~2 min in this study.
The general trend of auroral luminosity moving equa-
torward before the development of an auroral bulge at
substorm onset is well demonstrated in each event. The
event encircled by the dashed curve was examined in
Liu et al. (2007) with high-latitude and mid-latitude
magnetograms to show simultaneous Pi2 onsets.
Figure 5.13 gives the superposed epoch analysis
on the temporal developments of the proton aurora
brightness (top panel) and the optical b2i boundary

Intensity (R)

circle was examined further with ground-based magnetograms
in Liu et al. (2007)
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Fig.5.13 Superposed epoch analysis of the occurrence probabilities (increasing with darker color) of auroral intensity and b2i

location relative to substorm onset time (Liu et al. 2007)

(bottom panel). The optical b2i is the optical projection
of the earthward limit of strong pitch angle scattering
in the central plasma sheet, corresponding to the ion
isotropy boundary (IB) (Donovan et al. 2003; Mende
et al. 2003). The average values of these two param-
eters are shown by the red dotted curves. The general
trend of the proton aurora intensity shows a system-
atic decrease ~15-20 min before onset. The latitude
of the optical b2i also decreases systematically prior to
onset and increases rapidly after. Since b2i and IB cor-
relate with magnetic field stretching that reduces the
solid angle of the loss cone, the auroral dimming as
well as the equatorward movement of auroral arcs seen
prior to substorm onsets may be explained naturally,
which is confirmed with a quantitative estimate of the
precipitating proton flux (Liu et al. 2007).

5.3.6 Auroral Activity Poleward of Breakup
Arc

Since the auroral breakup typically occurs at the
most equatorward arc (Akasofu 1968), it is of great

interest to investigate whether the breakup activity is
caused by disturbances poleward of the breakup arc
that move equatorward. Several Geotail events in the
mid-tail region that mapped close to the meridian of
ground-based all-sky TV cameras observing the auro-
ral breakups were examined (Yahnin et al. 2000). In
spite of occasional high-speed (400-600 km/s) earth-
ward plasma flows seen in the mid-tail by Geotail,
timing analysis showed that there was no causal rela-
tionship between fast plasma flow in the mid-tail
region and auroral breakup. Furthermore, there was
no indication of any auroral precursor poleward of
the breakup arc even with special methods to process
TV camera data to detect weak aurora. Such negative
result was later confirmed by similar TV observations
(Antonova et al. 2009b).

However, recent reports seem to suggest the
contrary, i.e., there are typically north-south auro-
ral arcs moving equatorward to approach the vicinity
of the breakup arc location before substorm onset
(Nishimura et al. 2010; Lyons et al. 2010).

Figure 5.14 shows an example on February 29, 2008
in which the substorm onset, identified by breakup of
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29 February 2008, THEMIS ASI

(a) 08:14:00 UT (T = -7.8 min)

TPAS

Growth phose arc

(e) 08:21:00 UT (T = -0.8 min)

Fig. 5.14 A sequence of combined all-sky-camera images of aurora from the THEMIS GBO showing the progression of PBI to
form a north-south auroral arc to approach the growth phase auroral arc before substorm onset (Nishimura et al. 2010)

an auroral arc, occurred when the poleward bound-
ary intensification (PBI) approached the location of
the auroral breakup arc. These observations were made
from the network of ground-based all-sky-cameras
(ASCs) set up for the THEMIS mission. For this event,
the BPI appeared ~6 min before onset (Fig. 5.14b).
The north-south auroral arc (NSA), which was linked
to the PBI, developed and started to travel equator-
ward to the growth phase auroral arc (Fig. 5.14c—f).
The substorm onset started when the NSA approached

the growth phase arc (Fig. 5.14g). It is claimed that
this precursory activity occurred in 84% for all 209
events studied and 96% for events when there was
good coverage from all-sky-imagers in the THEMIS
ground-based observatory (GBO).

Figure 5.15 shows the statistics on some time
delays, i.e., time difference between (a) PBI appear-
ance and substorm onset, (b) PBI appearance and NSA
reaching equatorward portion of the auroral oval, and
(c) NSA arrival at the equatorward portion of the
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auroral oval and substorm onset. The median values
of these time delays are relatively short, from ~1.9 to
~5.5 min.

The magnetic local time difference between
PBI/NSA and substorm onset is also small, from 0.2
to 0.6 h as shown in Fig. 5.16. It is suggested that the
NSA brings in new plasma to the inner magnetotail,
setting up condition favorable for an unspecified near-
earth instability (Nishimura et al. 2010; Lyons et al.
2010).

MIT separation [h]

Fig.5.16 MLT evolution of pre-onset auroral forms: MLT dif-
ference between (a) PBI and onset, (b) PBI and NS arc reaching
the equatorward portion of the auroral oval, and (¢) pre-onset arc
approaching onset location (Nishimura et al. 2010)

5.3.7 Azimuthal Auroral Forms and Waves

An extensive study of auroral morphology around sub-
storm onset from Viking satellite found that 26 out of
37 substorm onsets showed azimuthal auroral forms
(AAF) along the arc system prior to its poleward
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204935 UT
SUBSTORM ONSET ON OCTOBER 3, 1986

3
S

205333 UT

Fig.5.17 Auroral images from Viking on October 3, 1986 to show the occurrence of azimuthal auroral forms at ~2023 UT

(Elphinstone et al. 1995)

expansion (Elphinstone et al. 1995). An example is
shown in Fig. 5.17 for the October 3, 1986 event. The
AAF developed at ~202250 UT and substorm onset
occurred at ~203145 UT, i.e., ~9 min later.

From the 26 events studied, the observed wave-
length is in the range of ~130-580 km, with a mean of
~310 km. The AAF can span over a wide local time of
~8 h and generally propagates eastward in the morn-
ing sector. However, the onset itself is localized to ~1 h
local time.

Several later studies confirmed this pre-onset fea-
ture (Friedrich et al. 2001; Donovan et al. 2006a, b,
2008; Liang et al. 2008; Henderson 2009; Rae et al.
2009). For example, it was found from THEMIS all-
sky-camera (ASC) network that (a) the longitudinal
pattern is wave-like with a wave number of ~100-300,
and (b) the subsequent breakup spreads rapidly to 1 h
local time within 10 s of substorm onset (Liang et al.
2008).

In the premidnight sector, the longitudinal pattern
on a growth phase arc propagates with a wave velocity
of 2-10 km/s and has a time period of 40-110 s dur-
ing 10-20 min before auroral breakup (Uritsky et al.

2009). An example of the longitudinally propagating
arc wave is shown in Fig. 5.18 by the slant patterns
in the ewogram and auroral intensity at different mag-
netic longitudes (Fig. 5.18b—d) for the event on March
3, 2008. An ewogram is similar to a keogram except
that the vertical axis is magnetic longitude instead of
magnetic latitude for a keogram.

Intense waves at low frequencies (much below the
ion gyrofrequency) have been observed prior to sub-
storm onsets near the magnetic equator in the near-
earth magnetotail (Cheng and Lui 1998; Saito et al.
2008a). Figure 5.19 shows the perturbed magnetic
field measured by the Charge Composition Explorer
(CCE) satellite around CD onset marked by the vertical
dashed line. CCE was at ~9 Rg in the magneto-
tail near the midnight meridian. The low frequency
magnetic perturbations were extracted by successive
smoothing of the raw data with normalized binomial
coefficients as used in Lui and Najmi (1997). They are
then converted into components in the ambient mag-
netic field coordinate system. The components 3B, and
3B|| point eastward and along the mean magnetic field,
respectively. The component 8By, forms the right-hand
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Fig. 5.18 (a) Sample images
of the pre-onset aurora
observed on March 3, 2008.
Ionospheric footprints of
THEMIS P2 and P4 are
shown with stars and crosses,
respectively; (b) raw ewogram
representing time evolution of
the northern arc seen in (a);
(c) detrended ewogram
exhibiting
westward-propagating
periodic fronts of auroral
intensity; (d) stack plot of
time-varying auroral intensity
at different magnetic
longitudes; (e) wave signal
extracted using the surfing
average technique; the insert
shows the dynamic range
(Uritsky et al. 2009)
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orthogonal coordinate. The wave started ~1.5 min
prior to CD onset.

Quasi-electrostatic waves have also been observed
a few minutes before local CD onset (Liu et al. 2008).
Its generation is suggested to arise from a kinetic bal-
looning instability interacting with the local current
sheet. The interaction pattern was observed to be con-
stant across the downtail distance between 10 and 20
R for the reported events. It is proposed that the
quasi-electrostatic field may modify the local stability
condition to induce local CD.

Low frequency waves have also been found at other
locations in the magnetotail. Six Geotail events in

07:50

07:55
Time (UT)

which continuous observations of the inner magneto-
tail (—8 > X (Rg) > —12) near the equator around CD
onset have been examined by Saito et al. (2008a). The
wave mode was identified with the technique devel-
oped in Saito et al. (2008b). The fluctuation in the
x-component of the magnetic field §B | , was compared
with the fluctuation in the ion velocity perpendicular to
the magnetic field év) . According to the linear MHD
theory, for the wave to have almost zero frequency in
the plasma rest frame, 6B x fluctuates with very small
Svy.

Figure 5.20 shows four events (a, c, e, and f) sat-
isfying the condition for almost zero-frequency wave
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Fig. 5.19 Magnetic perturbations in the inner magnetotail
observed by CCE at ~9 Rg in the midnight sector around CD
onset time (Cheng and Lui 1998)

that occurred prior to local CD onset (from —4 to
—1 min before). This result lends support to an ear-
lier report from WIND observation of low frequency
waves driven by earthward pressure gradient being
enhanced before substorm onset and reduced after
onset, developments expected from the ballooning
instability activity at substorm onset (Chen et al. 2003).

5.4  Activity After Onset

The expansion onset manifests in an explosive man-
ner and is the most intriguing as well as challenging
phase of a substorm to understand. The observational
features at this phase are as valuable as those prior to
onset in providing insights into the physical processes
responsible for the sudden energy release.

5.4.1 MagneticField Dipolarization

and Current Disruption

The magnetic field reconfiguration in the near-earth
magnetotail prior to substorm onset discussed in

Section 5.3.1 is reversed abruptly at substorm onset
with significant magnetic fluctuation and increase in
the Bz component. This change indicates the mag-
netic field becoming more dipolar-like, a phenomenon
known as dipolarization. The field fluctuation is a
typical signature of CD. An example of CD and dipo-
larization is shown in Fig. 5.21 (Takahashi et al. 1987).
The observing satellite is CCE located at ~9 Rg in
the midnight sector during the event. The onset of CD
preceded the ground onset of Pi2 at the Kakioka sta-
tion, located at the same MLT as CCE, by ~1 min.
This short time delay is expected to be the travel
time delay from the near-earth magnetotail to the
ionosphere.

The near-earth CD and dipolarization is associated
with substorm injection found at the geosynchronous
altitude (Mcllwain 1974; Sauvaud and Winckler 1980;
Lui et al. 1988), implying that it progresses earthward,
as indicated by substorm injection signatures in space
and on the ground (Spanswick et al. 2009). In addition,
CD is also found to develop at progressively further
downtail distances. This tailward development of sub-
storm disturbance was inferred from multi-satellite
observations (Lopez and Lui 1990) and detailed anal-
yses of magnetic field variations after substorm onset
(Jacquey et al. 1991, 1993; Ohtani et al. 1992). Note
that tailward progression of CD does not imply tail-
ward plasma flows. On the contrary, this leads to a
succession of earthward plasma flows accompanied by
particle energization.

Figure 5.22 shows a schematic diagram illustrating
the time evolution of CD region in the magnetotail
from four satellites, namely, GOES 5 and 6, CCE,
and IRM (Lopez and Lui 1990). This tailward devel-
opment of substorm disturbance is later confirmed
with other multi-satellite observations (Vogiatzis et al.
2005; Lui et al. 2007a, 2008a). In particular, Vogiatzis
et al. used data from synchronous satellites, Polar,
and Cluster to show that CD took place inside the
geosynchronous orbit and expanded both in local time
and tailward. Plasma flow from magnetic reconnection
in the mid-tail may have contributed to the environ-
ment inducing the excitation of near-earth instability
for CD. Similarly, Lui et al. (2007a, 2008a) exam-
ined data from synchronous satellites, Polar, Double
Star 1, Geotail, and Cluster and found substorm dis-
turbances to be initiated in the near-earth region and
spread to further downtail subsequently. It is impor-
tant to note that the result of the near-earth initiation of
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substorm onset is obtained by studies that cover both
ground-based and space-based measurements.
Detailed analyses of magnetic field variation during
substorms also lead to inference of tailward develop-
ment of dipolarization. This is illustrated in Fig. 5.23
with variations of Bz versus By in the near-earth
magnetotail being reproduced well by modeling the
tailward retreat of the CD region (Jacquey et al. 1991).
Dipolarization is also observed in the mid-tail
region during substorms and it often appears in the
form of a front (Nakamura et al. 2002; Runov et al.
2009; Sergeev et al. 2009). An example of such a dipo-
larization front (DF) observed by THEMIS satellites
during a major tail conjunction interval, i.e., time when
all THEMIS satellites were roughly aligned along the
tail axis, is shown in Fig. 5.24. The satellite P1 furthest

-40 -20 0 20 40
vy [km/s]

-40 =20 0 20 40
6vyx [km/s]

from the Earth was located at the downtail distance
of ~20 Rg (Runov et al. 2009); see the top two pan-
els of Fig. 5.24 that show the projected locations on
the XZ- and the XY-planes of all THEMIS satellites.
The DF was observed first at P1 and was subsequently
detected by satellites at progressively closer distance
to the Earth. Distinct from tailward propagation of CD,
all reports of DF show them advancing earthward. The
DF was associated with a very thin (below ion iner-
tial length) current sheet aligned perpendicular to the
neutral sheet, acting as an interface between the two
adjacent plasmas with different densities and temper-
atures. Strong bursts of electric field (>50 mV/m) in
the lower-hybrid time scale were found at this interface
(Runov et al. 2009; Sergeev et al. 2009).
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Fig. 5.21 Large magnetic
fluctuations near the neutral

August 28, 1986 (CCE Observations)

sheet in the inner s
magnetosphere, signature of
current disruption, observed
by CCE just prior to Pi2 onset
on the ground (Takahashi

et al. 1987)

T T T T T T T T T

11:54

Kakioka

For the relevance of the DF to substorm onset, one
should note that this sequence of earthward movement
of DF shown in Fig. 5.24 occurred after substorm onset
as indicated by the auroral activity. This is demon-
strated in Fig. 5.25 by the auroral observation at Fort
Smith.

The auroral breakup occurred at ~0744 UT, fol-
lowed by dramatic poleward expansion of aurora typ-
ical of auroral behavior for substorm expansion. This
onset time was ~7 min before the first appearance
of DF at ~0751 UT by P1 and ~10 min before the
latest appearance of DF at the inner satellite P4. In

11:30 12:00 12:30 13:00

other words, the DF reported in Runov et al. (2009)
was detected well after substorm onset even before it
reached the inner magnetosphere. Therefore, it cannot
be the cause of substorm onset for this event. This con-
trasts with near-earth dipolarization (NED) that can
occur shortly before substorm onset (see, e.g., the
case shown in Fig. 5.21). Furthermore, if the DF were
caused by magnetic reconnection (MR) in the midtail
(~20-30 Rg downtail distance), then the delayed onset
of MR relative to substorm onset is exactly what the
CD model predicts.
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Fig.5.22 A schematic illustration to show the progressive
expansion of the CD region observed by multi-satellites in
the inner magnetosphere during a substorm on April 19, 1985
(Lopez and Lui 1990)

Besides the opposite directions in the major devel-
opment of Bz increase between NED and DF, there are
two additional major differences from the comparison
of the temporal profile of Bz in these dipolarizations.
First, the NED starts with large magnetic fluctuations
while the DF does not exhibit this variability. Second,
the NED settles for a relatively steady Bz over a pro-
longed period. In contrast, the Bz increase in DF is
very transient. These differences raise the plausibility
that there may be two different types of dipolarization
during a substorm.

Two different types of dipolarization was proposed
by Nakamura et al. (2009) based on Cluster obser-
vations on 2007 October 27 at the downtail distances
of ~10 Rg. These are schematically illustrated in
Fig. 5.26. For this event, C4 was separated from C1
by only (8340, 12, 363) km. The first type (D1) is a
dipolarization pulse transported by earthward fast flow
followed by a short interval of Bz fluctuations, plasma
sheet thinning, and ~15 s period oscillation. The sec-
ond type (D2) occurs after D1 where dipolarization has
strong Bz enhancement and not much Bz fluctuations.
However, this description does not fit well with the fea-
tures seen in dipolarization fronts reported by Runov
et al. (2009) and shown in Fig. 5.24, especially for Bz
variation of dipolarization at the innermost satellite P5.

A close look of the dipolarization at ~0907 UT for
the Cluster event indicates a possible alternative inter-
pretation. Figure 5.27 shows some Cluster measure-
ments relevant to the data interpretation. Indeed, the
By fluctuations started earlier at C1 than C4. However,
the dipolarization described in Nakamura et al. (2009)
as type 1 dipolarization can be equally interpreted as a
part of CD in which large fluctuations in all magnetic
field components are produced. The large By fluctu-
ations are another signature of CD, due possibly to
current filamentation. Lui and Najmi (1997) have iden-
tified waves at ~15 s period in By (equivalent to By
used in Lui and Najmi) during CD. Note also that the
Vz component of the plasma flow at C1 shows that
the plasma was steadily moving northward, contrary
to the interpretation of plasma sheet oscillation that
would give V7 sign change every ~15 s. At ~090845
UT (the vertical dashed line), the magnetic flux trans-
ported in the x-direction, calculated based on Ey and
Bz, was much larger at C4 than at C1 even though both
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Fig. 5.23 (a) Modeling the (a) (b)
variation of By versus
variation of By observed by 2

ISEE satellite for a retreating
CD region; (b) schematic
representation of the current
sheet used to model the Bz
versus By variations during a
substorm (Jacquey et al. 1991)

30 32 3 ecesscument: [ | on 7 2w B3 von
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0800 UT  Fig.5.25 Auroral images from Fort Smith for 0700-0800 UT
on February 27, 2009 to show the dipolarization fronts observed
Fig.5.24 Observation of dipolarization front during a major by THEMIS occurred well after substorm onset at ~0744 UT.

tail conjunction of THEMIS satellites (Runov et al. 2009) The earliest detection of dipolarization front at the most distant
THEMIS satellite from Earth was at ~0751 UT (Lui, 2011a)
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Fig.5.26 Two types of Ey enhanced
dipolarization proposed by —
Nakamura et al. (2009) SC
(earthward)
Bz
D1 D2
sc Ey enhanced t
(tailward)
Bz
D1 ‘Do
Earthward propagation Enhanced local Dipolarization t
of dipolarization current density/ developing
with enhanced current sheet tailward
flux transport rate disturbances
Fig.5.27 Cluster data: (a) Vz —_ C1
at C1, (b) By at C1 and C4, — i 2007 Oct 27
(¢) Bz at C1 and C4, and (d)
magnetic flux transport at C1
and C4. The By and Bz —_
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satellites were almost right at the neutral sheet where
By was very small. This disparity does not fit well
with the interpretation of magnetic flux transported
earthward from C1 to C4.

5.4.2 Plasma Flows

Plasma flows are considered to be an integral part
of dipolarization from the MHD point of view, i.e.,
magnetic flux is carried to various regions of the
magnetotail by plasma flows perpendicular to the mag-
netic field. There are many studies of plasma flows in
the magnetotail during substorms (e.g., Hones 1973;
Lui et al. 1977a, 1998; Hones and Schindler 1979;
Baumjohann et al. 1990; Angelopoulos et al. 1992,
1994; Nagai et al. 1998; Frank et al. 2001; Shue et al.
2008; Machida et al. 2009). The term burst bulk flow
(BBF) was introduced to indicate the transient nature
of the fast plasma flows (Angelopoulos et al. 1994)
although such a transient nature was recognized ear-
lier by Baumjohann et al. (1990). There are individual
events that show plasma flow reversal from tailward
to sunward after substorm onset that was identified by
Pi2 pulsation onset (Nagai et al. 1998). However, sta-
tistical studies such as Machida et al. (2009) show its
occurrence to be rare. DFs are often associated with the
perpendicular plasma flow, as shown in Fig. 5.28 from
Cluster observations (Nakamura et al. 2002). The four
Cluster satellites were at ~15 Rg in the magnetotail for
this event. Note the transient nature of dipolarization
associated with the BBE.

At times, dipolarization near the neutral sheet
occurs without any BBF (Lui et al. 1999). An exam-
ple of this non-association of BBF and dipolarization
from Geotail is shown in Fig. 5.29. Geotail was at ~10
Rg in the midnight sector of the magnetotail during
this time. The times of the three dipolarizations are
marked by vertical dashed lines, showing the lack of
BBF and frequent occurrence of dawnward Ey at dipo-
larization. Dawnward Ey is opposite in direction to the
expectation that earthward BBFs are responsible for
dipolarization.

A systematic study involving 68 plasma flow events
from Geotail revealed two classes of fast earthward
plasma flows in the magnetotail (Shue et al. 2008).
The first class consists of events observed near 10
Rg in the magnetotail. They were associated with
high auroral powers and auroral substorm development
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Fig.5.28 Dipolarization front observed by Cluster satellites
located at ~18 Rg in the magnetotail on August 12, 2001
(Nakamura et al. 2002)

seen by Polar UVI. The other class consists of events
tailward of 15 Rg in the magnetotail. They were asso-
ciated with low auroral powers with auroral features
such as PBI and pseudobreakups. The spatial distribu-
tion of these two classes in relation to auroral power
is shown in Fig. 5.30. Ohtani et al. (2006) showed
that most BBFs seen in the mid-tail region do not
reach geosynchronous altitude to cause dipolarization,
a result consistent with the finding of two classes of
BBFs. On the other hand, CD at downtail distances
near 10 Rgp can reach the geosynchronous altitude.
Phenomena described as flow braking near 10 Rg may
be related to plasma flows generated by CD at the
near-earth distances rather than by magnetic reconnec-
tion beyond 15 Rg. The lack of association between
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plasma flows in the near-earth region and the mid-tail
region is illustrated well in statistical studies of plasma
dynamics near substorm onset (Machida et al. 2009).

Tailward plasma flows with positive Bz in the
central plasma sheet within the downtail distance of
~31 Rg have been examined statistically with Geotail
observations (Ohtani et al. 2009). Superposed epoch
analysis shows that fast tailward flows last typically
1 min, occur more often in the near-earth (X >
—15 Rg) than in the mid-tail (X < —15 Rg) plasma
sheet, are often accompanied by negative E,, and
appear after fast earthward flows. These features sug-
gest that fast tailward flows are rebounds of fast
earthward flows.

5.4.3 Mid-Tail Plasma Sheet Thinning
and Rarefaction Wave

Since CD causes substorm injection that displaces
plasma earthward, its occurrence creates a reduction
of plasma pressure locally. The partial void would
be filled by surrounding plasma. This can lead to
dipolarization in the central plasma sheet and thin-
ning at the plasma sheet boundary layer, as observed
in some occasions (e.g., Liang et al. 2009; Liu and
Liang 2009; Sergeev et al. 2008). Furthermore, another
consequence is a tailward progression of earthward
plasma flow and plasma sheet thinning in the mid-
tail, as observed by Lui et al. (1977b) and modeled
in Chao et al. (1977). These plasma characteristics are
consistent with a rarefaction wave launched by CD
in the near-earth magnetotail. The rarefaction wave is
revealed by the decrease in total pressure in the mid-
tail from the superposed epoch analysis on Geotail
observations (Machida et al. 2009).

This progressive plasma sheet thinning in the mid-
tail is schematically illustrated in Fig. 5.31, together
with the change in magnetic field orientation at sev-
eral downtail distances. Stages 1, 2, and 3 of plasma
sheet thinning in Fig. 5.31 correspond to the inter-
vals before onset, shortly after onset, and well into
substorm expansion, respectively. The magnetic field
shows the largest southward dipping when the thinning
wave front approaches the observation site (Lui et al.
1977b).

An example of such transient southward dipping
from Cluster measurements is shown in Fig. 5.32
(Sergeev et al. 2007). Cluster was at the downtail
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Fig.5.31 Plasma sheet
thinning and the associated
magnetic field deflection at
various magnetotail locations

BEFORE PLASMA SHEET THINNING

during a substorm. The largest X
deflection is at the plasma
sheet boundary when the
rarefaction wave that thins the
plasma sheet reaches that
downtail distance (Lui et al.
1977b)

-10 20 F

» PLASMA SHEET THINNING® STAGE 1

distance of ~15 Rg and TC2 was near the geosyn-
chronous altitude when a small auroral bulge was
observed by IMAGE WIC camera at ~0845 UT on
September 26, 2005. Substorm injection of energetic
particles were detected by near-geosynchronous satel-
lites (LANL 084 and TC2). Southward dipping of the
magnetic field was found in all four Cluster satellites,
with C2 showing the most negative Bz. During the last
two auroral activations at ~0930 UT and ~0940 UT,
large magnetic fluctuations indicative of turbulence
were observed both in the mid-tail region (Cluster) and
at the near-geosynchronous altitude (TC2).

5.4.4 Plasma Waves and Turbulence
Intense plasma waves at frequencies near and above

the ion gyrofrequency are often observed in associ-
ation with CD. As an example, Fig. 5.33 shows the

———

magnetic and electric fluctuations seen around CD
onset by THEMIS P5 at ~8 Rg in the magnetotail on
January 29, 2008 (Yoon et al. 2009). The magnetic
fluctuations of this event were first reported by Lui
et al. (2008b), showing the inverse cascade feature in
the Bz component with wavelet analysis. Evidence of
inverse cascade in the quasi-periodic auroral structures
was also reported (Rae et al. 2009).

Voros et al. (2010) later debated on this fea-
ture using discrete empirical mode analysis from the
Hilbert-Huang transform (HHT) analysis. Even though
their result showed high-frequency mode evolving to
low-frequency mode, the presence of other trends
indicative of multi-scale processes led them to assert
the simple inverse cascade scenario to be incorrect.
Also, they associated the inverse cascade as due to sud-
den jumps in the signal. These criticisms are not well
founded. First, unlike the continuous wavelet analy-
sis, the discrete output from HHT is unsuitable to
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Fig. 5.32 Occurrence of magnetic reconnection and current disruption during a substorm on September 26, 2005 (Sergeev et al.

2007)

identify inverse cascade in a contiguous frequency
scale. Second, the instantaneous frequency definition
in HHT is not universally accepted. Third, a sud-
den jump in signal produces a ‘pyramid’ shape in the
frequency-time domain, completely different from the
inverse cascade shape. Fourth, Lui et al. (2008b) never
claimed the inverse cascade feature to be a simple
one since CD is a multi-scale phenomenon (Consolini
et al. 2005; Lui 2002). Therefore, the criticisms of
Voros et al. are based on a simplistic notion of CD and
inaccurate understanding of wavelet analysis. In addi-
tion, there is important underlying physics that can be
extracted from the wavelet analysis results as shown
in Yoon et al. (2009) that is totally unattainable by the
Voros et al. analysis.

For the CD event examined by Yoon et al. (2009),
the corresponding wavelet analyses of these field com-
ponents are shown in Figs. 5.34 and 5.35. When
the perturbations were tested with the wave disper-
sion equation based on the Maxwell’s equation, it
was found that the wave characteristics match with
those generated by the Alfvén ion cyclotron instability

with propagation angles nearly perpendicular to the
magnetic field.

Waves at frequencies much higher than the ion
gyrofrequency have also been observed with dipolar-
ization (Le Contel et al. 2009; Zhou et al. 2009).
Quasi-parallel whistler waves were found throughout
a local dipolarization interval on January 29, 2008
in the near-earth magnetotail (Le Contel et al. 2009).
The measured electron temperature anisotropy, with
perpendicular temperature larger than the parallel tem-
perature, was sufficient to drive the whistler mode
unstable. Poynting vector calculation indicates that the
whistler waves were excited near the neutral sheet
where the temperature anisotropy was the highest.
These waves can be related to small-scale current
sheets.

In another interval of multiple DFs during a sub-
storm on February 15, 2008, large wave fluctuations
extending from below the lower hybrid frequency to
above the electron gyrofrequency were observed in
the near-earth magnetotail (Zhou et al. 2009). Intense
electric field wave packets were observed at the DF,
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Fig.5.33 Magnetic and electric field measurements by THEMIS PS5 in the inner magnetosphere for a CD onset on January 29, 2008

(Yoon et al. 2009)

which was estimated to have a thin current sheet with a
size on the order of the ion inertial length. Electrostatic
electron cyclotron harmonic waves, possibly gener-
ated by the positive slope of the electron perpendicular
velocity distribution, were observed slightly after the
DFE. The power spectrum, waveform, and electron dis-
tribution function for the event are shown in Fig. 5.36.

Panel (a) shows the power spectrum of electric
field and the vertical dashed line indicates the electron
gyro-frequency. Waveforms in field-aligned coordinate
filtered between 800 and 3000 Hz are shown in panels
(b) and (c). 1D cut of the electron phase space density
as a function of perpendicular velocity at V| = 0 is
shown in panel (d).

The multiscale nature of plasma waves excited at
CD onset is demonstrated well by the wavelet analy-
sis shown in Figs. 5.34 and 5.35. More detail analysis
of CD events shows CD to be non-MHD turbulence
(Consolini et al. 2005). The validity of the term tur-
bulence to describe the large magnetic and electric
fluctuations during CD is also demonstrated by the
multiscale and multifractal nature of these disturbances
(Lui 2002).

Plasma turbulence can lead to the breakdown of
the frozen-in condition assumed in the MHD the-
ory. This is captured by Cluster observations during
a substorm on August 22, 2001 when it was in the
downtail distance of ~19 Rg in the midnight sector
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Fig. 5.34 Wavelet analysis of magnetic fluctuations during the
CD event observed by THEMIS P5 on January 29, 2008. Inverse
cascade of wave energy from high to low frequencies is evident

(Lui et al. 2007b). Figure 5.37 shows observation in
the breakdown of frozen-in condition at C1, identi-
fied by the difference between Ey and —(V xB)y, where
V is the plasma bulk flow. The breakdown was very
intermittent and occurred during high plasma flows.
The high-time resolution electric field measurement
during the breakdown interval showed large variabil-
ity as shown in Fig. 5.38. The electric field magnitude

2008 Jan 29 THEMIS P5/FGM

07:48

07:49 07:50

-8.3
1.2
-2.8

in the Bz component and, perhaps, in the By component as well
(Yoon et al. 2009)

reached almost 200 mV/m. The breakdown occurred
at other intervals at C1 as well as at another location
sampled by C3, where the frozen-in condition can be
checked.

The terms in the generalized Ohm’s law can be esti-
mated for this event. The current density J can be eval-
uated by the curlometer technique (Dunlop et al. 1988;
Chanteur 1998), so can its time derivative (the inertial
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Fig.5.35 Wavelet analysis of electric fluctuations during the CD event observed by THEMIS P5 on January 29, 2008

(Yoon et al. 2009)

term). The Hall term J x B can be calculated with the
averaged B. Since 9/0x < 9/9z in the tail, the domi-
nant terms in electron viscosity (Ve Pe)y are dPeyy/dy
and 0Pey,/0z. They can be estimated by the gradients
of Peyy and Pey, between C1 and C2. The anomalous
resistivity terms can be estimated by the fluctuations
in B, E, and number density. With these estimates,
it is found that the anomalous resistivity contribution
arising from field fluctuations is the most significant,
followed by the Hall, electron viscosity, and inertial

contributions in descending order of importance. The
values of these terms are shown in Fig. 5.39 for the
time interval encompassing the breakdown. It can be
seen that these terms only have significant values
during the interval of frozen-in condition breakdown.
Electron diffusion region is where electrons do not
satisfy the frozen-in condition. This occurs when the
frozen-in condition is broken due to significant values
from any of the three terms in the generalized Ohm’s
law, i.e., electron viscosity, inertial, and resistivity
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Fig. 5.36 Power spectrum, waveform, and electron distribution function for waves identified as electron cyclotron harmonic waves
around dipolarization observed by THEMIS P4 on February 15, 2008 (Zhou et al. 2009)

from field fluctuations. A schematic diagram illustrat-
ing the electron diffusion region encountered during
this event is shown in Fig. 5.40, emphasizing the strong
turbulence and the complex magnetic field configura-
tion in the closed magnetic field line region. The spatial
separation of the Cluster satellites and the simultane-
ous detection of the frozen-in condition breakdown
at two Cluster satellite locations give the approxi-
mate dimensions (>1000 km) for the electron diffusion
region in both the radial and the north-south directions,
which is much larger than the electron inertial scale
for this event. The different symbol sizes of current
density Jy and electric field Ey illustrate the different
magnitude of these quantities, which have mostly pos-
itive values but occasionally negative values as well.
The electron diffusion region is thus mostly dissipative
but occasionally is a dynamo in localized regions.
Similar breakdown was reported in another sub-
storm interval on August 28, 2005 when Cluster was in
the downtail distance of ~17 Rg (Runov et al. 2008).
This breakdown occurred during significant plasma

flows also. However, the inability to estimate all the
terms of the generalized Ohm’s law for this event by
Runov et al. (2008) leads only to the assessment of
the ion diffusion region rather than the electron dif-
fusion region. Furthermore, the north-south dimension
of this breakdown region was estimated to be less than
900 km. This smaller dimension should not be sur-
prising since different events have different plasma
parameters in the breakdown region. Therefore, the
dimensions from one event cannot be considered appli-
cable to other events. Furthermore, it is also possible
that the north-south distance separation between the
Cluster satellites for that event did not span the entire
ion diffusion region. For example, if the Cluster satel-
lite nearest to the neutral sheet had a substantial dis-
tance from it or the Cluster satellite furthest from the
neutral sheet was not at the outermost reconnection
layer, then the separation between Cluster satellites
does not yield an accurate determination of the ion
diffusion dimension. As a result, a smaller dimension
than the actual one would be inferred instead. In any
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Fig. 5.37 Cluster observations of a breakdown of the frozen-in condition at ~19 Rg in the magnetotail (Lui et al. 2007b)
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Fig.5.38 Electric field fluctuations seen by Cluster during the breakdown of the frozen-in condition (Lui et al. 2007b)
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generalized Ohm’s

case, it is important to recognize that the dimensions
found in Lui et al. (2007b) event are larger than the
theoretical expectation.

5.5 Time History Analysis

A recent trend in substorm research is motivated by
the THEMIS mission whose goal is to differentiate
two main competing substorm models, one based on

law that lead to the breakdown of the frozen-in condition

MR (magnetic reconnection) and the other on current
disruption instability (CDI). The approach is to exam-
ine the time history of substorm disturbances within
the magnetotail using five THEMIS satellites aligned
nearly along the tail axis during major tail conjunc-
tion intervals, i.e., when all THEMIS satellites are
aligned roughly along the tail axis. When substorm dis-
turbance is first detected by a satellite in the mid-tail
region, followed subsequently by disturbance seen at
satellites closer to the Earth according to the downtail
distance, then it is the ‘outside-in’ scenario. Otherwise,
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Fig. 5.40 A schematic
diagram to show the
breakdown of the frozen-in
condition in the magnetotail,
emphasizing the size

(>1000 km) in the X- and
Z-directions of the electron
diffusion region and its
immersion in fast earthward
plasma flow region for this
event. The irregularities in the
magnetic field lines in the
electron diffusion region
illustrate the high fluctuation
nature of the magnetic field
(Lui et al. 2007b)

it is the ‘inside-out’ scenario. It is implicitly assumed
that the ‘outside-in’ scenario implies the substorm
onset process to be MR while the ‘inside-out’ scenario
implies the substorm onset process to be CDI. Three
individual substorm events (Sections 5.5.1-5.5.3) are
presented here and the usefulness of this approach will
be evaluated in Section 5.5.4.
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5.5.1 2008 February 26 Event

Analysis of substorm disturbances on 2008 February
26 was conducted by Angelopoulos et al. (2008) based
on the time history approach. The THEMIS satellites
were aligned well along the tail axis; see right col-
umn of Fig. 5.41. The signatures at P1 used for MR
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EMIS satellites on 2008 February 26 (Angelopoulos et al. 2008)
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Fig.5.42 Observations of

2008 February 26
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identification are slight southward dipping of the mag-
netic field (Fig. 5.41a), slight northward plasma flow
toward the neutral sheet (Fig. 5.41b), and opposite
anisotropy between cold and hot electrons (Fig. 5.41e).
MR signature used for P2 was a slight positive swing
of Bz (Fig. 5.41f). However, it was unaccompanied
by earthward plasma flow or any noticeable change in
the plasma flow signature (Fig. 5.41g), contrary to the
expected MR signature. The larger disturbances at P3
occurred later (Fig. 5.41h, i). From this time history,
it was concluded that MR near X = —20 Rg was the
substorm onset trigger.

However, Lui (2009) pointed out several interpre-
tation problems in addition to the discrepancy at P2.

03:30 04:00 04:30 05:00 05:30 06:00

A close look of Fig. 5.42 at the significant distur-
bances at the THEMIS satellites using the standard
MR signatures shows that tailward plasma flow and
southward Bz at P1 (Fig. 5.42a, d) occurred later than
earthward plasma flow and CD activities at P3 and P4
(Fig. 5.42b, c, e, f). P2 observations are not included in
the figure because significant changes occurred much
later. Thus, the time history indicates the ‘inside-out’
scenario instead.
Other potential problems exist for MR as a substorm
trigger:
(1) CD/dipolarization associated with the substorm
current system occurred at P3 and P4, which were
at ~10 Rg earthward of postulated MR site. If the
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MR site were linked to the auroral onset arc, then
it would imply that the substorm westward electro-
jet, which is a part of the substorm current system,
would form well equatorward of the auroral onset
arc. This expected feature has never been observed
for an isolated substorm.

If one relates the energy flux of electrons ejected
from the postulated MR site to the intensity of
auroral onset arc, then the energy flux is at least
one order of magnitude below what is needed
to account for the observed auroral intensity. In
contrast, the electrons ejected from dipolariza-
tion region at P3 and P4 have the energy flux in
the right order of magnitude (Lui, 2011b). Again,
since P3 and P4 were ~10 Rg earthward of the
MR site, one would expect that if the MR site were
linked with the auroral onset arc, then there would
be another bright arc substantially equatorward of
the onset arc, contrary to observation.

The time delay between the postulated MR onset
and the arc brightening is too short to be consis-
tent with the Alfvén transit time between the two
sites. If one invokes the Tamao path (Tamao 1964;
Chi et al. 2009) to reduce the time delay, then one
would expect an auroral arc (even though it might
be weak) to move from high to low latitudes to
reach the onset arc. This feature was not seen.
Angelopoulos et al. (2009) tried to justify the use
of unconventional features as MR signatures by
stating that P1 was near the plasma sheet boundary
and not near the neutral sheet. However, the posi-
tive swing of Bz and the absence of change in the
tailward plasma flow at P2 cannot be reconciled
with MR interpretation even for a location near the
plasma sheet boundary. Furthermore, since CDs
are spatially localized (Ohtani et al. 1998), slow
increases in earthward flow at P3 and P4 are CD
signatures when the satellites are not close to the
neutral sheet and not at the CD site. Stronger earth-
ward flows and high field fluctuations will only
occur when CD reaches the locations of these
satellites.

Although Angelopoulos et al. (2008, 2009) and
Pu et al. (2010) interpreted the substorm activ-
ity at ~0450 UT as distinct from the early one at
~0400 UT, this interpretation is inconsistent with
the disturbances at the ground magnetic station
Leirvogur. The H- and Z-perturbations were recov-
ering from the disturbance initiated at ~0400 UT
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and the D-perturbation was near its peak at ~0450
UT (Fig. 5.42g). In addition, for this earlier onset,
the time history indicates substorm disturbances
occurring in the near-earth region earlier than in
the mid-tail, as illustrated in Fig. 5.43.

Note that strong earthward plasma flows as well as
dipolarization based on the elevation angle of the mag-
netic field occurred first at P4, then P3, then finally
P1. Pu et al. (2010) have noted that P1 detected tail-
ward flows with a maximum speed of ~300 km/s at
~0358 UT. However, those flows were mainly field-
aligned and the convective part was only ~60 km/s.
Field-aligned tailward flow and slight southward field
dipping may equally be interpreted as thinning in
the near-earth region where the plasma sheet is thin-
ner than in the mid-tail (causing southward dipping).
These features have been modeled by Chao et al.
(1977) and have been shown in a statistical study
of IMP-6 observations in the magnetotail (Lui et al.
1977b).

With the above reservations, this event cannot be
considered as a compelling case for MR being the
substorm trigger.

5.5.2 2008 February 16 Event

Gabrielse et al. (2009) conducted another study using
the time history approach during a minor tail con-
junction on 2008 February 16 when four of the five
THEMIS were aligned nearly along the tail axis. The
satellite locations in the magnetotail are shown at the
right column of Fig. 5.44.

The substorm onset based on auroral brightening
was determined to be at 045018 UT. It was preceded
by several auroral brightenings and Pi2 onsets, e.g., at
044135, 044327, and 044815 UT, which were inter-
preted as pseudobreakups and not substorm onsets.
P2, the most tailward satellite for this tail conjunc-
tion, observed a positive swing of Bz at 044935 UT,
followed by a significant negative Bz at ~0452 UT
accompanied by tailward plasma flows. These signa-
tures were interpreted as initial generation of a plas-
moid. P3, closer to the Earth than P2, observed dipo-
larization starting at 045015 UT, as shown in Fig. 5.45.
Detailed timing analysis suggests that MR started at
044907-044914 UT and its location was between 15.6
and 15.9 Rg downtail. Dipolarization at P3 started
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at 045019 UT, 68 s after MR onset, supporting the
‘outside-in’ scenario.

However, different interpretations can be made with
these observations. For example, the positive Bz swing
at P2 can be interpreted as the satellite moving closer
to the neutral sheet as indicated by the decrease in
the Bx component. Such sign change in Bz as a satel-
lite approaches the neutral sheet has been reported in
Lui et al. (1977b) and reproduced here in Fig. 5.46.
Therefore negative Bz at the high latitude plasma sheet
may not necessarily imply MR occurring earthward of
the location.

03:58 04:00 04:02 04:04 04:06 04:08 04:10

The highlighted time interval in Fig. 5.45 shows
that dipolarization at P3 occurred in the absence of
any plasma flow, which has also been reported in CD
that exhibits non-MHD behavior (Lui et al. 1999).
Therefore, the dipolarization at P3 is not due to earth-
ward flow from MR reaching the near-earth region,
contrary to the ‘outside-in’ scenario. Furthermore,
multiple activations prior to the MR onset at 044947
UT may indicate that the substorm had already started
before MR onset. The subsequent disturbances are
associated with substorm intensifications, not substorm
onset.
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Fig.5.44 Locations of THEMIS satellites and observations of substorm disturbances from P2 satellite on 2008 February 16

(Gabrielse et al. 2009)

5.5.3 2008 February 25 Event

A recent study using a very short time history was
reported by Kepko et al. (2009) who showed the
ground auroral observation on 2008 February 25 in
conjunction with data from two THEMIS satellites and
GOES 12. Figure 5.47 shows the time series of auro-
ral data using multi-spectral and white light all sky
imagers at Gillam, Canada for this event. The satellite
projections are indicated in the upper left image (P3:
black; P4: white; GOES 12: grey) based on the TO1
magnetic field model (Tsyganenko 2002). Letters A—C
represent the low (A), mid (B), and high (C) latitude
features.

For the 630.0 nm emission column, an auroral fea-
ture was seen in the middle of the frame starting at
052650 UT, which intensified drastically at 053002
UT. To the west of this feature, an auroral arc became
noticeable at 052715 UT and intensified in the subse-
quent frames. For the 557.7 nm emission, there was a
noticeable connection between the high latitude feature
and the low latitude one as early as 052647 UT. This
connection seems to disappear at 052735 UT to give

rise to a weak auroral arc at 052759 UT, which later
joined with the low latitude feature when it started to
expand poleward at 052935 UT. Similar evolution of
auroral activity can be seen in the 427.8 nm emission.
For the white light, an auroral arc at the east edge of
the frame was brightening as early as at 052655 UT
and eventually expanded poleward at 053007 UT.
Corresponding satellite observations are shown in
Fig. 5.48. THEMIS P3 and P4 were located in GSM
coordinates at (X, Y) = (=11.1, 2.1) and (-10.6, 2.9)
R, respectively. GOES 12 was in the post-midnight
sector. Plasma flows were observed by P3 and P4 start-
ing at 052850 UT, before auroral poleward expansion.
Onsets of several features are marked on the top
of Fig. 5.48 and are used to assert that plasma flows
preceded auroral expansion onset by ~90 s. However,
this inference is rather misleading since substorm onset
is defined by the initial auroral brightening time (see
Fig. 5.1). For this event, the initial brightening can be
seen to start at 052647 UT in 557.7 emission prior
to poleward expansion. Therefore, plasma flows seen
by P3 and P4 were ~2 min later than the initial
brightening time. If one adds the Alfvén transit time
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Fig. 5.45 Observations of substorm disturbances from P3 on 2008 February 16 (Gabrielse et al. 2009)

from the magnetosphere to the ionosphere, the plasma
flow onset was ~3—4 min after substorm onset, i.e.,
substorm onset could not be caused by the flow bursts.
It was stated in the article that the results are con-
sistent with the scenario advocated by Angelopoulos
et al. (2008). This is inaccurate since observations in
Figs. 5.47 and 5.48 are more consistent with the sce-
nario of plasma flow braking in the inner magnetotail
to trigger a substorm (Haerendel 1992; Shiokawa et al.
1997) than the initial brightening arc being directly
linked to the MR site without the intermediate step of
flow braking in the inner magnetotail as advocated in
Angelopoulos et al. (2008).

5.5.4 Weaknesses in the Time History
Approach

The time history analysis relies on the progression of
substorm disturbances in the tail region to determine
the substorm initiation location in the tail and to imply
the physical process for substorm onset. This implicit
assumption can be very misleading in ascertaining sub-
storm onset processes. For example, Fig. 5.32 shows
two auroral activations in the interval ~0930-0945 UT
at 15 Rg in the magnetotail. MR was invoked for the
onset process based on a general trend of Hall magnetic
perturbations (in spite of very large deviations) at that
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plotted in a vector form to
show Bz sign change as the
satellite approaches the
neutral sheet (Lui et al.
1977b)

time. However, the large fluctuations in the magnetic
field are indicative of CD and the general trend of Hall
perturbations could arise simply from electrons exiting
the turbulence region further than the ions, thus setting
up the Hall current system mimicking the MR site.

The observed large magnetic fluctuations differ
from the orderly magnetic configuration expected
for MR, as shown in Fig. 5.49. Therefore, this
‘outside-in’ scenario may imply CDI as the onset pro-
cess. Furthermore, the auroral activation at ~0841 UT
was attributed to MR at ~9 Rp in the magnetotail,
consistent with the magnetic field configuration mod-
eled and shown in Fig. 5.50 (Sergeev et al. 2007). This
‘inside-out’ scenario then implies MR rather than CDI
as the substorm onset process.

The time history approach also has another pitfall.
Since CD and MR are spatially localized in the dawn-
dusk direction, there is no guarantee that satellite
observation of CD or MR for a particular event is
the initial disturbance from these processes for sub-
storm onset. This leads to conflicting results even for
the interpretation of a given event, as discussed in
Sections 5.5.1-5.5.3. In addition, time history analysis
for multiple events shows a wide range of possibili-
ties, leading to the suggestion that a global Alfvénic
interaction model is more appropriate than the two sce-
narios (Lin et al. 2009). On top of this is the possibility

IMP & Mognetic Field Dota

0334 —

of new plasma intrusion from MR approaching the
near-earth magnetotail to initiate substorm onset by
a near-earth instability, which can be considered as
a hybrid between the two scenarios (Vogiatzis et al.
2005; Nishimura et al. 2010; Lyons et al. 2010).
Another problem with the time history approach is
whether the onset identified is in fact the start of the
substorm expansion or onset of a substorm intensi-
fication well after onset. If the identified onset is a
substorm intensification onset, then the observations
will give inappropriate timing sequence for substorm
disturbances. A case in point is the ambiguity for the
February 26, 2008 substorm event examined by both
Angelopoulos et al. (2008) and Lui (2009). The for-
mer interpreted ~0452 UT as the substorm onset while
the latter suggested the actual substorm onset to be at
~0400 UT with ~0452 UT as the substorm intensi-
fication time, as discussed at length in Section 5.5.1.
Therefore, the time history approach distracts research
efforts in identifying the substorm onset processes.
One may compare the time history approach with a
different approach that does not have the weaknesses
inherent in the time history approach. This is to exam-
ine the plasma pressure at the auroral onset arc from
low altitude measurements (see Fig. 5.51), as done
by Dubyagin et al. (2003). They conducted a detailed
study of an isolated substorm with the FAST satellite
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Fig.5.47 Auroral images

from the multispectral all-sky
and THEMIS white light
cameras at Gillam on 2008
February 25. North is up and
west is to the left (Kepko et al.
2009)

crossing the most equatorward auroral arc just at the
time of its breakup. It is found that (1) the arc flux
tube was in the region of considerable pressure gradi-
ent where the pressure was ~1-2 nPa; (2) the arc was
just 0.4° poleward of the proton isotropic (b2i) bound-
ary and close to the peak of the diffuse auroral electron
precipitation, and (3) Tsyganenko 96 model maps the
arc to the equatorial distance of ~ 8 Rg. These results
are indicative of the near-earth initiation for substorms,
i.e., the ‘inside-out’ scenario.

NORSTAR
557.7

THEMIS
White Light

427.8

5.6 System-Wide Approach

It is useful to extract further properties of the substorm
onset processes from a system-wide approach. This
different approach is pioneered theoretically by Chang
(1992) and observationally by Consolini et al. (1996)
and Consolini (1997). It motivated Lui et al. (2000)
to study the analogy between the dynamic magneto-
sphere and an avalanche system with global auroral
power dissipation as a measure of the power output of
the magnetosphere.
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Figure 5.52 shows the result from analyzing ~9000
images to generate the normalized occurrence for
auroral dissipation area and power. Quiet times and
substorm intervals were separately examined. Two
types of energy dissipation were revealed: those
internal to the magnetosphere occurring at all activ-
ity levels without an intrinsic scale and those occur-
ring during active times with a characteristic scale.
The internal events exhibit the same power law index

0530
UT on February 25, 2008

in both active and quiet times, consistent with the
behavior of a simple avalanche system. This approach
enables 2D cellular automata modeling of the substorm
disturbances in the magnetotail (Lui and Consolini
2005) to reproduce the skew distribution on the propa-
gation of auroral activity site reported by Carbary et al.
(2000).

This work was further extended to predict the proba-
bility of an auroral feature yielding a given total energy
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Fig. 5.49 A schematic diagram of the magnetic configuration
for magnetic reconnection to illustrate its orderly pattern (Lui
2010b)

dissipation throughout its lifetime (Lui et al. 2003).
The prediction algorithm is based on the instantaneous
values of four attributes of the auroral feature, namely,
its area, its power, and their rates of change.

Figure 5.53 shows the probability distribution func-
tion of the total dissipation and the resulting true skill
score (TSS) based on the adopted prediction algorithm.
The values of TSS range from 0.70 to 0.88, indicat-
ing that fairly reliable predictions can be made based
on the probability density distribution. The higher TSS
score is obtained from the prediction of a higher total
dissipation of an auroral form.

The plausible energy avalanche in the central
plasma sheet has also been examined with 1D cel-
lular automaton (Liu et al. 2006). The simulation
shows that a central plasma sheet driven by a spa-
tially non-uniform energy loading to mimic convec-
tion is in a self-organized critical state. Its energy
avalanches obey a scale-free distribution and exhibit
quasi-periodic intermittencies, which are correlated to
ring current injections. On the other hand, the strong
avalanches bear no apparent correlation with tailward
energy injection.

Sept. 26, 2005 08:41UT
from 23 MLT meridian

Zgsm, Re
[=]

one prominent candidate, namely, a form of bal-
looning instability (BI) discussed by many substorm
researchers (Roux et al. 1991; Samson et al. 1992a, b,
1996; Voronkov et al. 1997; Liu 1997; Pu et al. 1997,
1999; Bhattacharjee et al. 1998; Cheng and Lui 1998;
Erickson et al. 2000; Cheng 2004; Zhu et al. 2004;
Samson and Dobias 2005; Donovan et al. 2006b, Liu
et al. 2008; Saito et al. 2008a; Henderson 2009).

Evidence for BI being a favorable candidate
includes the analyses on the pressure gradient (Chen
et al. 2003), associated wave properties in CD in the
near-earth magnetotail (Cheng and Lui 1998; Erickson
et al. 2000; Saito et al. 2008a) as well as the spa-
tially periodic auroral spots just prior to substorm onset
(Elphinstone et al. 1995; Donovan et al. 2006b, 2008;
Henderson 2009). The range of wavelength inferred
from these auroral spots is consistent with BI charac-
teristics. One study on the threshold for BI triggering
CD gives the magnitude of a quasi-electrostatic field to
be at ~4 mV/m (Liu and Liang 2009).

The features from BI in the ionosphere and in
the magnetospheric equatorial plane are illustrated in
Fig. 5.54 (Henderson 2009). The positive feedback
on an initial surface perturbation on the transition
region arises from amplification of an azimuthal elec-
tric field by the VB drift. The VB drift is higher in
the tail-like field region than in the dipolar-like field
region. As a result, an induced duskward electric field
is produced along the boundary of the perturbed intru-
sion that feeds field-aligned currents at the duskward

at 00 MLT meridian

BZ, nT & j, nAlm?

Fig. 5.50 Magnetic field configuration based on a magnetic field model showing the occurrence of magnetic reconnection at 9 Rg
in the magnetotail for a weak substorm disturbance on September 26, 2008 (Sergeev et al. 2007)
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Fig. 5.51 Latitudinal profiles of proton pressure (fop) and the
precipitating electron energy flux (bottom) from FAST observa-
tions. Vertical line indicates the breakup arc position (Dubyagin
et al. 2003)

boundary to produce the spatially periodic brightening
on the substorm onset arc system. Note that although
the azimuthal electric field in Henderson (2009) is
attributed to the VB drift current, from the perspec-
tive of the guiding center orbit theory, it is more
appropriate to attribute the azimuthal electric field to
the diamagnetic current instead since the VB current
is cancelled completely by part of the magnetization
current (Longmire 1963).

Another instability for CD that has the same wave-
length range as observed for the periodic auroral spots
is the cross-field current instability (CCIL: Lui et al.
1991). The corresponding excited waves near the ion
gyrofrequency at local CD onset have been identified
with wavelet analysis and are consistent with those pre-
dicted by CCI (Lui and Najmi 1997; Yoon et al. 2009).
Donovan et al. (2006b) reported that the motion of
these periodic auroral spots could be westward, sta-
tionary, or eastward. The variable direction of spot
movement can be explained in terms of the relative
importance of electrons as current carriers in the mag-
netospheric frame of reference. Note that the CCI
theory is formulated in the reference frame where the
electron drift is zero. Based on this theory, the pre-
dicted motion of these spots will be westward, nearly
stationary, and eastward with increasing dominance of
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electrons as the current carriers in the cross-tail current
at the instability location.

It is pointed out by Haerendel (1992) that BI con-
verts particle energy to magnetic energy as it develops.
Substorm onset requires the opposite conversion, i.e.,
from magnetic energy to particle energy to release the
magnetic stress built up in the growth phase. This con-
version can be accomplished by CCI, which can gener-
ate a meridional current system (Lui 2004). From this
consideration, it is likely that BI and CCI may act in
unison to produce local CD, with BI causing thinning
of the current sheet explosively to trigger CCI onset.
Onset locations of both BI and CCI have been shown
to coincide with an auroral arc (Roux et al. 1991;
Samson et al. 1992a, b, 1996; Voronkov et al. 1997,
Lui and Murphree 1998; Samson and Dobias 2005),
satisfying one of the observational constraints that
substorm onset starts on an auroral arc.

Rae et al. (2010) recently conducted a detailed anal-
ysis of the optical frequency and azimuthal spatial
structure of a substorm onset arc. The observational
results provide extremely powerful constraints to date
on the ionospheric manifestation of the physical pro-
cesses occurring near substorm onset. Based on the
extracted frequency, growth rates, and spatial scales,
they found that these values to be consistent with the
CCI and/or BI (collectively included in the term CDI)
as the substorm onset mechanism.

All the above considerations (observations and the-
ories) point to most, if not all, substorm onsets being
caused by CDI operative near the nightside cusp
(transition region between the dipolar field and tail-
like field configurations) and MR is a consequence
of this initial disturbance. It is important to realize
that the conclusion of the nightside cusp being the
substorm onset location is reached by studies that
cover both ground-based and space-based measure-
ments. However, MR starting earlier than substorm
onset may provide indirectly a favorable environment
in the nightside cusp for the CDI onset. The observa-
tions that an auroral arc lying poleward of the substorm
onset arc remains typically undisturbed are consistent
with this temporal development (e.g., Akasofu et al.
2010).

One might consider the possibility that a plasma
process at low-altitudes generates the spatially peri-
odic auroral spots. However, such a hypothesis has to
be backed up by identifying the low-altitude process as
well as showing that it could reproduce the phenomena
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Fig.5.52 The probability distribution functions of power and area size of auroral blobs during quiet and substorm times (Lui et al.

2000)

observed in the magnetotail as well as the wavelength
and motion of these auroral spots in the ionosphere.

It is important to note that CDI can occur in mid-
tail, as shown in Figs. 5.32 and 5.37-5.40. Anomalous
resistivity from mid-tail CDI activity can enable mid-
tail MR. Also, both MR and CDI can produce fast
plasma flows and dipolarization. DF therefore cannot
be taken as a unique signature for MR even though MR
can give rise to DF (Sitnov et al. 2009).

Many global MHD simulations have claimed suc-
cess in reproducing observed substorms (Lyon et al.
1998; Raeder et al. 2008; Zhu et al. 2009). One cause
of concern on these simulations is the lack of grid
convergence, i.e., the demonstration that the evolution
of the system remains the same from duplicate runs
with finer and finer grid resolutions in the simulation
runs. Another concern is that some simulations rely on
numerical resistivity for substorm initiation. Whether
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dissipation of individual auroral blobs with prediction algorithm
based on four attributes of the auroral blobs (Lui et al. 2003)

such procedure corresponds to a realistic physical pro-
cess is uncertain. It is desirable to examine these global
simulations in terms of their predictions on the system-
wide properties of the magnetospheric substorm, such
as the probability density function of power dissipation
and area of auroral sites as shown in Fig. 5.52.

While plasma instabilities have short time- and
spatial-scales, especially the kinetic ones, transient and
localized substorm activities can generally be con-
sidered as consistent with these characteristics. On
the other hand, it is unclear how MR in the mag-
netotail is transient and spatially localized in nature
unless the occurrence of MR critically depends on
anomalous resistivity from plasma instabilities. Along
this line of thought, it should be noted that several
analysis of substorm activity shows the robust nature

Fig.5.54 A schematic diagram of the ballooning instability
showing the development of an initial perturbation in the tran-
sition region separating dipolar and tail-like magnetic field
configuration in the near-earth magnetotail (Henderson 2009)

of avalanche in substorm activity, as discussed in
Section 5.6. Therefore, the avalanching aspects should
not be ignored. Otherwise, one would have a short
duration of substorm activity and the global substorm
evolution of the magnetotail will not be adequately
portrayed. For example, if one were to artificially
remove plasma content in a flux tube in the inner mag-
netosphere to mimic the local effects of CD (note that
this procedure does not encompass all the effects of
CD), then one should ensure that this would instigate
the onset of CDI in an adjacent region, allowing plasma
and magnetic flux to enter the initial CD region. CD in
the adjacent region should then instigate CDI onset in
another adjacent region, producing the chain reaction
of avalanche. Without this chain reaction, the global
evolution of the magnetotail from a localized CD will
not be adequately modeled.

Ground-based observations of substorm activity
provide a global evolution of substorm activity over
extended periods. Satellite point-wise observations in
space can never match such complete and simultane-
ous coverage. Attempts to use ground-based obser-
vations to infer magnetospheric disturbances are well
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justified. Most investigations along this line use mod-
ified magnetic field model to gain insight on this link.
However, magnetic field variations around substorm
onset intervals are difficult to model and such models
often provide representation with large uncertainties.
It is highly desirable to overcome this limitation by
using natural plasma boundaries or parameters to relate
ionospheric features to magnetospheric features and
vice versa. These natural reference frames include
the trapping boundary of energetic particles, the inner
edge of the cross-tail current and/or plasma sheet, the
isotropic boundary, the proton temperature profile, the
plasma pressure profile, and the phase space density
profile. Examples using these natural boundaries to
infer the substorm onset location in the magnetotail can
be found in, e.g., Lui and Burrows (1978), Dubyagin
et al. (2003), and Donovan et al. (2008).

5.8 Concluding Remarks

The substorm concept was introduced more than four
decades ago. Many studies on substorm phenomena
have been conducted. It is conceivable that the results
from these studies have already provided sufficient
clues to identify the physical processes for substorm
onset. It is vital to consolidate observations from the
ground and various regions in space to gain insight
on the onset processes. An ingredient for success in
this pursuit is to evaluate all potential candidates with
observations at hand and not to interpret observations
always in the framework of one particular candidate as
done in several past studies.
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Cluster Observations of Plasma
Bubbles, BBFs and Their Wakes

Andrew P. Walsh and Colin Forsyth

Abstract

Bursty Bulk Flows (BBFs) are an important means of transporting magnetic flux and
plasma through the Earth’s magnetosphere and can be explained as entropy depleted
flux tubes (plasma bubbles) propagating earthward under the action of the interchange
instability. For 10 years ESA’s Cluster spacecraft have been making measurements
of BBFs in the magnetotail at spacecraft separations ranging from 100 to 10,000 km.
Here we compare three BBFs observed by Cluster at three different spacecraft sep-
arations and discuss some of the similarities and differences between the features
observed during each event, with particular reference to field-aligned currents and
the newly-discovered wake region observed behind and around earthward moving

flux tubes.

6.1 Introduction
The transport of magnetic flux and plasma through
the magnetotail during periods of enhanced geomag-
netic activity is predominantly carried out during tran-
sient events known as Bursty Bulk Flows, or BBFs
(Angelopoulos et al. 1992). BBFs are defined as
periods of earthward plasma flow and enhanced Bz
detected by spacecraft in the magnetotail that last
~10 min and are often comprised of several so-called
“flow bursts” each lasting ~1 min.

A theoretical framework that reproduces the obser-
vational features of BBFs is the plasma bubble theory
of Chen and Wolf (1993) wherein each flow burst

A.P. Walsh (D<)

Mullard Space Science Laboratory, University College London,
Dorking, Surrey, RH5 6NT, UK

e-mail: apw @mssl.ucl.ac.uk

W. Liu, M. Fujimoto (eds.), The Dynamic Magnetosphere, IAGA Special Sopron Book Series 3,

can be represented as a plasma bubble — an entropy
depleted flux tube that propagates earthward under the
action of the interchange instability. At its simplest,
the plasma bubble theory predicts that BBFs have a
lower plasma pressure than surrounding flux tubes,
compensated for by a higher magnetic pressure than
surrounding flux tubes. The bubble theory also pre-
dicts regions of field-aligned current (FAC) should be
present at the edges of the plasma bubble, associated
with the magnetic field shear caused by the bubble’s
motion through the ambient magnetic field. The sense
of the magnetic field shear (i.e. the sign of Bx - 3By)
at the edge of the bubble is indicative of the direction
of FAC. Currents into the ionosphere are expected at
the dawnward edge of the bubble and currents out of
the ionosphere are expected at the duskward edge of
a bubble (Sergeev et al. 1996), in the same manner as
the Substorm Current Wedge. Thus by measuring the
direction of FAC using multi-spacecraft techniques,
or through examining any magnetic field shear seen
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by a single spacecraft, the location of a spacecraft
relative to the bubble centre line can be determined.
Tailward directed return flows have also been predicted
to be found around the edges of the depleted flux tube.
Various spacecraft observations have been made of
these features (Forsyth et al. 2008; Walsh et al. 2009).

The plasma bubble theory does not offer any expla-
nation as to the source of depletion, although recent
simulation work (Sitnov et al. 2005, 2009) suggests
that reconnection of closed field lines may be respon-
sible. Here we compare and contrast, with partic-
ular reference to return flows and wake structures,
two of the more detailed observational studies of
BBFs/plasma bubbles based on Cluster observations.
The first study (Walsh et al. 2009) reported obser-
vations made during the 2005 tail season, when the
separation of the Cluster spacecraft was ~10,000 km,
while the second (Forsyth et al. 2008) reported obser-
vations made during the 2003 tail season when the
Cluster spacecraft were separated by 100 km. A third

event from the 2004 (1000 km separation) tail season is
also included.

6.2 Case Study One:

21 September 2005

The data in this section were first presented by Walsh
et al. (2009) and concern a plasma bubble observed
on 21 September 2005, when Cluster 1 was located
at GSM(-15.9, 1.8, 1.1) Rg. During the interval the
Cluster spacecraft were configured in a 10,000 km
triangle in the plane of a model tail neutral sheet
with one spacecraft (C4) offset from that triangle
by 1000 km. During this interval, C2 was located
10,000 km duskward of C1. Data from the interval are
plotted in Fig. 6.1. Panel a shows magnitude and GSM
components (all data are presented in GSM unless oth-
erwise stated) of magnetic field from Cluster 1 FGM
(Balogh et al. 2001). Panel b shows total, magnetic and
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Fig. 6.1 Data from 21st September 2005. Panel (a) shows GSM
components of magnetic field from C1; Panel (b) the proton,
magnetic and total pressures from C1; Panel (c) electron energy

fluxes from PEACE for particles with pitch angles of 0°, 90° and
180° and Panel (d) GSM components of V| from CI1. Panels (e)
and (f) are equivalent to Panels (a) and (d) but for C2
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ion pressure from C1 FGM and CIS-HIA (Reme et al.
2001). Panel c shows total electron energy flux for par-
ticles with pitch angles of 0°, 90° and 180° from C1
PEACE (Johnstone et al. 1997). Panel d shows GSM
components of ion velocity perpendicular to the mag-
netic field velocity (V) from C1 CIS-HIA. Panels e
and f are equivalent to A and D for C2 with velocities
derived from PEACE electron measurements.

The minute-long period of enhanced V. x detected
by C1 beginning at ~13:58:55 UT (Panel a). During
the period of enhanced Bz, which was longer than
the flow burst, the plasma pressure was reduced and
the magnetic pressure enhanced, resulting in approx-
imately constant total pressure (Panel c), consistent
with the plasma bubble theory. Furthermore, a mag-
netic shear (3By) was detected as the spacecraft passed
into the low plasma pressure region consistent with C1
passing through the dawnward side of a plasma bub-
ble (Panel a). What is not predicted by theory is the
extended region of reduced plasma pressure behind the
bubble that forms a depleted “wake”. This wake is par-
tially stagnant and partially tailward flowing. In con-
trast, no Bz enhancement was detected by C2, instead
there was an enhancement in Bx (Panel e) contempo-
raneous with tailward- and dawnward-directed flows
(Panel f). Since Bz was positive, it is likely that the C2
spacecraft missed the bubble itself and made the first
direct detection of the expected return flows around
the edges of a plasma bubble. The enhanced Bx in the
return flow region means there is an enhanced mag-
netic pressure, so the return flow region may also have
been depleted in the same manner as the wake behind
the bubble that was observed by C1. A decrease in
perpendicular electron flux (not shown) was observed
and is consistent with this. No ion measurements are
available from C2, however, thus it is not possible to
directly compare the pressures in return flow region
and wake region directly.

The earthward flow at C1 was first detected before
the magnetic field dipolarization and before the deple-
tion in plasma pressure. This was interpreted as a
region of magnetic flux and plasma pileup in front of
the plasma bubble. The increase in magnetic pressure
seen before the dipolarization (Panel c) is also con-
sistent with this. Once within the plasma bubble, the
spacecraft detected a negative V1 z (Panel d) consistent
with the contraction of the flux tube as it propagated
towards the Earth into higher field strength regions.

119

The dimensions of this particular plasma bubble can
be estimated because of the relative locations of C1 and
C2. The spacecraft were separated by approximately
10,000 km in Y GSM, with C2 located duskward of
C1. Thus if C1 passed through the plasma bubble on
its dawnward side, consistent with the sign of Bx-3By
just prior to bubble entry, assuming approximate sym-
metry either side of the bubble centre line, the bubble
can be no wider than twice the spacecraft separa-
tion, i.e. ~20,000 km or 3Rt (Walsh et al. 2009),
consistent with previous observations (Nakamura
et al. 2004).

6.3  Case Study Two: 25 August 2003
The data in this section were first presented by Forsyth
et al. (2008) and concern a BBF observed on 25
August 2003. During the event, the Cluster spacecraft
were located at GSM(-18.7, 3.6, —1.1)RE in a forma-
tion close to a regular tetrahedron and separated by
120 km. Data from Cluster 4 are plotted in Fig. 6.2.
Due to their close separation, data from all four space-
craft were similar throughout the event (Forsyth et al.
2008). Panel a shows the magnetic field components
in GSM. Panel b shows the proton (dashed line), mag-
netic (dotted line) and total (based on the proton and
magnetic) pressures. Panel ¢ shows the total energy
flux for electrons with 0°, 90°, and 180° pitch angles.
Panel d shows the proton velocity perpendicular to
the magnetic field in GSM coordinates. Panel e shows
the field-aligned current (FAC) calculated using the
curlometer method (Dunlop et al. 1988) for both the
5 Hz (dotted line) and spin resolution (solid line) mag-
netic field data. Proton data are from the CIS-CODIF
instrument (Réme et al. 2001).

From 01:24:25 UT, V. was enhanced for 2 min
(Fig. 6.2, Panel d), associated with a dipolarization
of the magnetic field (Panel a) and a decrease in the
plasma pressure (Panel b) driven by a drop in density.
The magnetic field and proton pressure indicate that
the BBF was made up of two individual flow bursts (i.e.
two regions of reduced proton and enhanced magnetic
pressure), separated by a region of enhanced (relative
to each flow burst) proton pressure and reduced mag-
netic pressure. This is confirmed by the presence of
two bi-polar FAC signatures (Panel e), indicating that
the spacecraft passed from the dusk to dawn sides of
the flow bursts, consistent with results from minimum
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Fig. 6.2 Data from 8 August 2003. Panels (a) to (d) are the
same as for Fig. 6.1 while Panel (e) shows j// calculated using
the curlometer technique from spin resolution and 5 Hz FGM

variance analysis and multi-spacecraft timing analysis
(Forsyth et al. 2008). During the two flow bursts, it can
be seen that the electron energy flux was enhanced in
the parallel and anti-parallel directions over the per-
pendicular direction. Following the BBF, there were 45
s during which time By turned negative and By turned
positive.

From 01:27:20 UT, V.x and V, were negative,
indicating tailward flow away from the centre of the
plasma sheet, associated with enhanced field parallel
electron energy flux. This is similar to the wake region
behind the BBF discussed above and had not previ-
ously been noted. Within this region, the field-aligned
currents were directed earthwards, consistent with cur-
rents on the dawn side of a flow. These Earthward field-
aligned currents are expected, given that Cluster exited
the last flow burst on the dawnward side (Forsyth et al.
2008). Compared to the currents within the BBF, these
currents show less variability (in both the 5 Hz and spin

data. Solid vertical lines delimit the BBF and wake regions. The
dashed vertical line marks the boundary between the two flow
bursts

resolution data) although they are somewhat smaller
than the currents in the flow region.

6.4  Case Study Three:

24 September 2004

During the 2004 tail season, the Cluster spacecraft
were orbiting in a regular tetrahedral formation, sep-
arated by approximately 1000 km. To complement
the above studies, we present observations of a BBF
from 24 September 2004 when Cluster was located at
GSM(-17.3, 4.2, -2.3) Rg. Data from Cluster 1 from
the event are plotted in Fig. 6.3. Panel a shows the
magnetic field components in GSM. Panel b shows
the proton (dashed line), magnetic (dotted line) and
total (based on the proton and magnetic) pressures.
Panel ¢ shows the total energy flux for electrons with
pitch angles of 0°, 90°, and 180°. Panel d shows the
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Fig. 6.3 Data taken by C1 on 24th September 2004. Panels are the same as for Fig. 6.2

ion velocities perpendicular to the magnetic field in
GSM coordinates. Panel e shows the field-aligned cur-
rent calculated using the curlometer method (Dunlop
et al. 1988) for both the 5 Hz (dotted line) and spin
resolution (solid line) magnetic field data.

The transport of magnetic flux (V1) was enhanced
from 10:22:00 to 10:31:00, predominantly in the pos-
itive Y direction (Fig. 6.3, Panel d), associated with a
decrease in Bx and an increase in Bz (Panel a), con-
sistent with the definition of a BBF. During the V.
enhancement, there were four distinct intervals dur-
ing which time the parallel electron flux was enhanced
above the perpendicular electron flux (Panel c), coin-
ciding with enhancements in the Earthward magnetic
flux transport (V.x, Panel d) and dipolarizations of
the magnetic field and indicating the presence of four
separate flow bursts. During the flow bursts the mag-
netic pressure was also enhanced and proton pressure
appeared reduced (Panel b), although noisy CODIF
data mean this is not as clear as for the 2003 and 2005
events. Also during the flow bursts, the field-aligned
currents were enhanced, showing tailward flowing

currents for each of the flow bursts apart from the
last, which showed a bipolar current signature, indica-
tive of the spacecraft staying on the duskward side of
each of the first three flow bursts and passing from the
duskward to the dawnward side of the final flow burst.
The duskward direction of V.1 throughout the BBF is
consistent with this interpretation.

After 10:31:00, all components turned negative,
indicating that the spacecraft entered the wake region
behind the BBF. In this region, the parallel electron
flux remained elevated above the perpendicular elec-
tron flux and the field-aligned currents were variable,
showing no apparent tendency to be earthward or
tailward.

6.5 Discussion

We have presented the results from three case studies
of BBFs using the Cluster spacecraft when the space-
craft were separated by 100, 1000, and 10,000 km, two
of which have previously been examined individually
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(Forsyth et al. 2008; Walsh et al. 2009). In the
following, we discuss the similarities and differ-
ences between the observations. Wake regions were
observed, albeit with slightly different characteris-
tics, during all three of the presented events. Only in
case study one was the return flow region observed,
which is thought to form the wake behind the plasma
bubble (Walsh et al. 2009). This was observed con-
currently with the earthward moving plasma bubble.
The wake/return flow region was most obviously dif-
ferent from the bubble itself in the 2005 case, possibly
because that event represented a single flow burst
whilst multiple flow bursts were observed within the
2003 and 2004 BBFs. This may indicate that the ambi-
ent plasma between the flow bursts interacts in a more
complex manner with the earthward moving flux tubes.
In all cases the perpendicular electron fluxes were
higher in the wake regions than within the depleted flux
tubes themselves.

In the 2004 and 2005 cases, the (anti)parallel elec-
tron fluxes observed in the wake regions were reduced
with respect to those seen within the plasma bubbles,
while in the 2003 case the (anti)parallel electron fluxes
resembled those seen during the flow bursts. In this
case, the wake region was separated from the flow
bursts by a region of negative Bz which was not present
in either of the other cases. Enhanced (anti)parallel
electron fluxes were, however observed at the interface
between the wake and undisturbed plasma sheet in the
2004 and 2005 cases (Figs. 6.3 and 6.1, Panels c). It
would appear, then, that the wake regions behind BBFs
and flow bursts show significant variability in magnetic
field, plasma properties, field-aligned currents and sub-
structure that require further, statistical, study in order
to be properly understood.

It has previously been shown that the curlometer
technique (Dunlop et al. 1988) can be used to exam-
ine the current systems of BBFs using data from the
Cluster spacecraft when the spacecraft are in a regular,
tetrahedral formation (Forsyth et al. 2008). However,
studies have shown that when the spacecraft forma-
tion deviates strongly from a regular tetrahedron, the
curlometer provides less meaningful results (Robert
et al. 1998). As such, we only have curlometer data
from the events in 2003 (100 km scale) and 2004
(1000 km scale). Both events consist of multiple flow
bursts within a period of enhanced magnetic flux trans-
port and both show enhancements of the field-aligned
currents associated with the flow bursts. During the
2004 event, Cluster observed only tailward currents
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(field-parallel in the southern plasma sheet) for the first
three flow bursts, whereas the last flow burst, and both
flow bursts in the 2003 event, had bipolar current sig-
natures. The currents from the 2003 event were larger
than that of the 2004 event and showed greater vari-
ability between the results from the spin resolution and
5 Hz magnetic field data. Modelling studies (Forsyth
et al. 2010) have shown that, for a fixed width line
current, the curlometer will detect more of the current
when the spacecraft are deployed in a smaller tetrahe-
dron than a larger tetrahedron relative to the current
width. As such, we would expect that the currents in
2003 would be larger, assuming that currents within
flow bursts do not vary significantly between events. In
both the 2003 and 2004 cases, FAC were observed in
the wake regions behind the BBF, albeit of lower mag-
nitude than during the flow bursts. For the 2005 event,
an examination of the electron fluxes in the parallel and
antiparallel directions in the wake observed by C2 did
not reveal any significant flux imbalance (Walsh et al.
2009), contrary to the fluxes observed in the plasma
bubble itself (Fig. 6.1, Panel c), hence it was not possi-
ble to infer the presence of significant FAC in that case.

In each case the velocities of the BBFs were slightly
different. In 2003 and 2004 V.y dominated while in
2005 V.x was dominant. In all cases however, the
component of V1z was consistent with that of a con-
tracting flux tube: negative when the spacecraft was
located north of the tail neutral sheet (2005), posi-
tive when the spacecraft were located south of the
neutral sheet (2003, 2004). The magnitude of V.z
was higher for those events where the spacecraft were
located further from the neutral sheet, as expected
for the contracting flux tube scenario. The observed
asymmetry in electron pitch angle distributions, i.e.
enhanced (anti)parallel flux and reduced perpendic-
ular flux, within all three plasma bubbles can be
explained in context of the contracting flux tube sce-
nario. Particle populations frozen to contracting flux
tubes can be Fermi accelerated in order to conserve
the bounce invariant, provided the contraction happens
on a time scale longer than the particle bounce time.
Alternatively, if the plasma bubbles were first formed
by localised reconnection of open, lobe field lines,
one might expect the electrons frozen to those field
lines to have a more (anti)field-aligned (i.e. PSBL-like)
character (Forsyth et al. 2008).

The events from 2004 and 2005 showed little
change in the total pressure observed by the Cluster
spacecraft passing through the flows. In the 2004 event,
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the ion pressure increased slightly, and the magnetic
pressure dropped slightly and vice versa for the 2005
event. In contrast, the event from 2003 had a distinct
drop in the total pressure, driven by a drop in the
ion pressure that was not fully compensated for by
an increase in the magnetic pressure. MHD models of
plasma bubbles (Birn et al. 2004) have predicted that
during the early life of plasma bubbles, the particle
pressure is depleted and forces act to re-establish pres-
sure balance between the bubble and its surroundings.
Later on, once pressure balance has been restored, the
particle pressure along the flux tube further from the
neutral sheet may increase above its surroundings.

Based on this, we suggest that events from 2004
and 2005 are relatively mature bubbles compared to
the event from 2003, which shows the characteristics
of a young bubble.

In the 2004 case particularly, V.z was northward
during each of the individual flow bursts within the
BBF, in contrast to the “ambient” BBF plasma which
had a southward directed V.z (Fig. 6.3, Panel d).
This highlights the difference between the flow bursts
and the rest of the BBF. The flow bursts (i.e. plasma
bubbles) had significantly different Vi x and V.1z com-
ponents than the “ambient” BBF, despite all of the
plasma having a significant V1 v, hinting that different
physical processes govern their motion and evolution.
Indeed, if one compares the velocity profile of a single
flow burst from the 2004 event with the 2005 event one
sees similar features in V1 x and V.1z, despite the very
different V.y behaviour. Furthermore, the 2003 and
2004 events make clear that the regions between the
individual flow bursts that make up a BBF do not have
reduced plasma pressure (Figs. 6.2 and 6.3, Panels
b) and the electron fluxes in these regions are not as
parallel-dominated as during the flow bursts/bubbles
themselves. An important, question, then, is what is
the difference between these regions, and what causes
them to move if not the same interchange mechanism
as the plasma bubbles themselves? Interaction between
earthward-moving magnetic structures in the magneto-
tail and the ambient plasma and magnetic field might
be expected to cause the ambient plasma to move
(Slavin et al. 2003), indeed the moving pile-up region
in front of the flow burst in the 2005 event (Fig. 6.1,
Panel d) is evidence that this can occur, however in the
2003 and 2004 cases the dominant V1 v is not consis-
tent with plasma and flux being driven before a more
earthward-moving plasma bubble or flow burst such
as those observed in the 2004 event. A more detailed
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investigation into the interaction between flow bursts
and the rest of a BBF is beyond the scope of this paper,
however further theoretical and simulation work focus-
ing on the this topic and more detailed multi-scale
measurements would both be necessary in answer-
ing this question and shedding light on the generation
mechanism of BBFs.

Recent work (Panov et al. 2010) based on data from
the THEMIS spacecraft has interpreted tailward flows
observed directly after earthward flows as the rebound-
ing of earthward propagating flux tubes. It is important
to make a distinction between tailward directed return
flows (i.e. bubble wakes) that are a result of inter-
change motion and rebounding flux tubes that have
been observed closer to the Earth than the events
reported here. The tailward flows observed by both C1
and C2 in the 2005 event certainly do not represent a
rebounding flux tube: The same bubble was observed
by Double Star TC-2 near geosynchronous orbit some
3 min later (Walsh et al. 2009), thus one might expect
to see bubble wakes in the near-tail region where
rebounding flux tubes have been detected. Further
work is required to determine what proportion of
tailward flows with positive Bz observed in the near-
earth tail are bubble wakes and what proportion are
rebounding flux tubes.

6.6 Summary and Conclusions

We have presented three case studies of BBFs using
data from the Cluster spacecraft. Each of the three case
studies had several common features, yet there were
also some significant differences between them. In the
2003 and 2004 cases each BBF was made up of sev-
eral flow bursts, the 2005 event was just one flow burst.
Each flow burst conformed to the plasma bubble model
and had associated with it field-aligned currents con-
sistent with those expected (Sergeev et al. 1996) and
each had a reduction in plasma pressure, increase in
magnetic pressure and transient dipolarization.

Whilst the 2004 and 2005 plasma bubbles were gen-
erally in pressure balance with their surroundings, the
2003 bubble was not. This was interpreted as being
because the 2003 bubble was detected earlier in its life-
time than the 2004 and 2005 bubbles. In all cases indi-
vidual flow bursts had a component of V1 z consistent
with the depleted flux tube contracting as it propagated
earthward. Each flow burst had enhanced (anti)parallel
electron fluxes and reduced perpendicular electron
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fluxes within it, possibly a result of Fermi acceleration
of the particles as the flux tube contracted, or evi-
dence the flux tube was made up of reconnected PSBL
field lines. Between the flow bursts in the “ambient
BBF” there was no reduction in plasma pressure and
the anti(parallel) electron fluxes reduced. The motion
of the “ambient BBF” seems to be different from that
of the flow bursts, particularly in the 2004 case when
there was a dominant V. v throughout the BBE.

Previously, wakes had only been reported for the
2005 event (Walsh et al. 2009). In this study, wakes
were identified behind each BBF and, in the case of
the 2005 event, the expected return flow region around
its sides. Where it was possible to use the curlometer to
detect FACs, currents with a lower current density were
detected in the wake regions than at the boundaries of
the plasma bubbles.

While wakes were detected in all three cases it was
only during the 2005 event, that the wake and the flow
burst were observed simultaneously and the dimen-
sions of the flow burst estimated. With this tetrahedron
configuration, determination of FACs using the cur-
lometer was not possible. Conversely, for the 2003 and
2004 events, the field-aligned current density could be
determined through the curlometer, however details of
the interaction between the flow bursts and the wake
was not able to be determined, nor the dimensions
of the flow bursts and BBFs. In order to fully under-
stand BBFs and plasma bubbles then; and determine
how and/or whether the magnitude of FACs are related
to bubble size, density, velocity or other parameters,
detailed measurements made simultaneously at mul-
tiple scales are required. The planned Scope mission
should provide this capability.
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A Statistical Study of Pressure Changes
in the Near-Earth Magnetotail
Associated with Substorm

Expansion Onsets

Y. Miyashita, S. Machida, and A. leda

Abstract

We have statistically studied substorm-associated evolution of the near-Earth mag-
netotail to understand the substorm triggering mechanism. In the present chapter we
focus on changes in the total and plasma pressures. We find that energy release is
more significant between the regions of the magnetic reconnection and the initial
dipolarization, i.e., at =12 > X > —18 Rk than in the surrounding regions. Unlike pre-
viously reported results, the plasma pressure increases in association with the initial
dipolarization at X > —12 Re, the increase largely contributed by high-energy parti-
cles. This result suggests that the rarefaction wave scenario proposed in the current
disruption model is questionable.

7.1 Introduction

The triggering mechanism of a substorm expansion
onset is a major issue in magnetospheric research.
Substorm models proposed so far include the near-
Earth neutral line (NENL) model (e.g., Russell 1972,
1974; Hones 1976; Baker et al. 1996; Shiokawa et al.
1997, 1998), the current disruption (CD) model (e.g.,
Lui 1996), the magnetosphere-ionosphere coupling
model (Kan et al. 1988; Rothwell et al. 1988; Kan
2007), the convection reduction model (Lyons 1995),
the boundary layer dynamics model (Rostoker and
Eastman 1987; Rostoker 1996), and the thermal catas-
trophe model (Smith et al. 1986; Goertz and Smith
1989).
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Among these models, the NENL model and the CD
model are thought to be the principal candidates. These
models are different in the initial process, its location,
and the propagation direction of the resultant flows or
waves. In the NENL model, the magnetic reconnection
first occurs in the midtail at X ~ —20 Rk, generating a
tailward moving plasmoid and a fast earthward flow.
The fast earthward flow propagates to the near-Earth
tail at X ~ —10 Re, causing the dipolarization or the
current disruption. On the other hand, the CD model
predicts that the current disruption first occurs in the
near-Earth tail at X ~ —10 Re, resulting in the dipolar-
ization. This process is accompanied by a plasma pres-
sure reduction, generating a rarefaction wave. It then
propagates tailward and leads to plasma sheet thin-
ning and weakening of the north-south magnetic field.
As a result, the magnetic reconnection takes place in
the midtail at a later time (Lui 1991). Recently, how-
ever, Machida et al. (2009) have proposed a new model
called a “catapult (slingshot) current sheet relaxation
model”, in which the initial process occurs between
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the regions of the magnetic reconnection and the initial
dipolarization, leading to the two processes.

For clarifying the relative timing and the causal
relationship of substorm-associated processes in the
magnetotail, it is helpful to employ a timing analy-
sis, such as superposed epoch analysis (e.g., Lui et al.
1998; Nagai et al. 1998; Machida et al. 1999, 2009;
Miyashita et al. 2000, 2003, 2009). Miyashita et al.
(2009) have revealed an overall picture of substorm-
associated evolution of the near-Earth magnetotail:
The magnetic reconnection occurs at X ~ —16 to
—20 Re at least 2 min before onset to create a plasmoid
tailward of X ~ —20 Re. Almost simultaneously with
the magnetic reconnection, or within a few min, the
dipolarization begins at X ~ —7 to —10 RE.

Further detailed studies, however, are needed to
understand the causal relationship between the mag-
netic reconnection and the current disruption as well
as processes midway between the regions of the two
processes, such as fast earthward flow and rarefaction
wave. There are possibly various approaches to under-
standing the causal relationship, such as timing analy-
sis of multispacecraft observations (e.g., Angelopoulos
et al. 2008; Lui et al. 2008). In the present study,
we focus on changes in the total and plasma pres-
sures in the magnetotail in association with substorm
onsets. The pressure is one of the key parameters for
the substorm dynamics.

In the present chapter, after showing the main
results of Miyashita et al. (2009), we show some of
the statistical results of the plasma pressure and dis-
cuss the rarefaction wave scenario proposed in the CD

t=0 min
Auroral Breakup

Fig. 7.1 Summary of the
magnetotail evolution
associated with substorm
onsets. The figure is not
exactly scaled (from
Miyashita et al. 2009)
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model in connection with the triggering of the mag-
netic reconnection in the midtail. More details about
the plasma pressure changes can be found in Miyashita
et al. (2010).

7.2  Superposed Epoch Analysis

In this section, we show the results of superposed
epoch analysis of the plasma flow, the north-south
magnetic field, the total pressure (Miyashita et al.
2009), and the plasma (ion) pressure (Miyashita et al.
2010), which are fundamental to the understanding of
the magnetotail dynamics. The variations that we show
are on the X-Y plane, while Machida et al. (2009)
showed those on the X—Z plane. Figure 7.1 shows a
summary of the results of Miyashita et al. (2009).

We utilized a total of 3787 substorm events that
were determined from the auroral breakup observed
by Polar UVI (Liou et al. 2000) or IMAGE FUV
(Frey et al. 2004; Frey and Mende 2007). The sub-
storm expansion onset times (r = 0) were determined
with an accuracy of less than or equal to 2 min,
which was why we used 2 min averages for the super-
posed epoch analysis. During each of the selected
events, any of the Geotail, Polar, and GOES space-
craft was located in the nightside sector: —5 > X >
—31 Re and |Y| <15 Re in GSM coordinates for
Geotail, —=3.5 > X > —10 Rz, |Y| < 9 R, and |Z| <
5 Re for Polar, and —3.5 > X > —6.6 Rz and |Y| <
6 Re for GOES. For the Geotail data, we used the
LEP ion moments, the MGF magnetic field, and the

X ~-16 to -20 Rz X <-20 Re
t=-2 (or —4?) min t=-2 (or —4?) min
Magnetic Reconnection  Plasmoid

- fast tailward flow
- southward B:

- initial P: decrease
- E and B fluctuations

X~-7t0-10 Re -12>X>-18 Re
t=-2 min t=-2 min
Dipolarization - a few fast earthward flows

- northward B: increase

- tailward/earthward expansion
of the dipolarization region

- Princrease

- considerably taillike
magnetic field lines

- intense current

- large Pr decrease
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EPIC-STICS high-energy particle data. Note that the
ion pressure was calculated by combining the LEP (a
few tens of eV/q to ~40 keV/q) and EPIC-STICS (44—
265 keV) data. The classification of the Geotail data
into the plasma sheet (PS), the plasma sheet bound-
ary layer (PSBL), and the lobe was based on the ion
B (see Miyashita et al. 2000). We also used the Polar
MEE and GOES magnetic field data for the near-Earth
region. More details about the data set and the method
were described in Miyashita et al. (2009).

Figure 7.2 shows the results of the X component
of the plasma (ion) flow Vx in the PS and PSBL, the
deviation of the north-south magnetic field A B; in the
PS, PSBL, and lobe, and the normalized deviation of
the total pressure A Pt/}T, in the PS, PSBL, and lobe
(Miyashita et al. 2009). Here the baseline of the devi-
ation (E and P;) is the average value over the interval

from ¢+ = —11 to —7 min, calculated for each event.
The total pressure is the sum of the ion and magnetic
pressures.

Fast tailward flows begin to grow significantly in the
premidnight sector at X < —20 Re at onset (r = 0),
associated with the formation and evolution of the
plasmoid. They further develop continuously, with
the region of fast tailward flow expanding in the Y
direction due to the plasmoid expansion. In contrast,
more fast earthward flows appear at X < —12 R after
t = —2 min, but they are not distributed very widely
even immediately after onset, probably due to the
localization of the flows in the Y and Z directions.
Some earthward flows slightly grow at r = 2 min
at (X,Y) ~ (—8,0) Re, where there are very slow
flows and even tailward flows (see Miyashita et al.
2000, 2003).

For the north-south magnetic field, at onset the neg-
ative A B substantially grows, that is, B, decreases
in the premidnight sector tailward of X ~ —20 Re.
A detailed analysis shows that the development of the
negative A B, already begins at r = -2 or possibly —
4 min at X < —23 Re. In this region the fast tailward
flows are seen, so that the negative A B, is associated
with the plasmoid in the PS and the traveling compres-
sion region in the PSBL and the lobe. On the other
hand, simultaneously with the plasmoid evolution, the
positive A B, begins to grow, that is, B, substantially
increases first at X ~ -7 to =10 Re and Y ~ 4 Re at
t = -2 min in association with the dipolarization. The
dipolarization region then successively expands tail-
ward, duskward, dawnward, and earthward. Another
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interesting feature of A B; is that the relatively large
negative A B, appears in the premidnight sector at X ~
—5to—-20Reand Y ~ 2 — 12 Rebefore onset, implying
that magnetic field lines become considerably taillike
and the cross-tail current is significantly intensified
there before onset.

For the total pressure, before and at = —4 min, the
positive A Pt/f_’, enhances, that is, the total pressure
increases in the entire tail. At t = —2 min, however,
the values of the positive A Pt/P; become small in
the premidnight sector at X ~ —16 to —20 Re and
Y ~ 0 — 5 Re, followed by the appearance and growth
of the negative A Pt/P,. Namely, the total pressure
decreases first in this region. This change relates to the
magnetic reconnection. Subsequently the total pres-
sure also decreases in the surrounding regions, except
the dipolarization region at X > —10 Rk, at or immedi-
ately after onset. In contrast, the total pressure gener-
ally increases, rather than decreases, in the near-Earth
region at X > —10Re and —5 < Y < 8 Re simultane-
ously with or a few min after the beginning of the
dipolarization. Tailward of X ~ —10 Rg, the total pres-
sure decreases before the dipolarization region reaches
there, but the total pressure continues to decrease or
begins to increase when the dipolarization occurs.

The fast tailward flow and the significant growth
of the negative A B, due to the plasmoid, as well as
the initial total pressure decrease, obtained from our
statistical analysis suggest that the magnetic reconnec-
tion first occurs in the premidnight tail, on average, at
X ~ —16 to —20 Rk at least 2 min before onset. Almost
simultaneously with the magnetic reconnection (with
2 min resolution), the dipolarization begins first at
X ~ —7to —10 Re 2 min before onset.

Furthermore, we examined the pressure changes in
more detail. The left column of Fig. 7.3 shows the total
pressure deviation A Pt. The negative A Pt begins to
grow in the premidnight sector at —10 > X > —20 Re
at t = —4 or -2 min. In particular, this decrease in the
absolute value of the total pressure is more significant
at X ~ —12 to —18 RE, i.e., on the earthward side of
the magnetic reconnection region than in the surround-
ing regions. This result suggests that energy release
is more significant between the two regions of the
magnetic reconnection and the initial dipolarization.

The right column of Fig. 7.3 shows the plasma (ion)
pressure deviation A P, in the PS. The plasma pressure
increases, rather than decreases, in the initial dipo-
larization region at X > —12 Re and —2 <Y < 6 Re
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Fig. 7.2 Two-dimensional plots of (leff) the X component of
the plasma (ion) flow Vx on the GSM X-Y plane in the plasma
sheet (PS) and plasma sheet boundary layer (PSBL), (middle)
the deviation of the north-south magnetic field A B; in the PS,
PSBL, and lobe, and (right) the normalized total pressure devi-
ation A P#/P; in the PS, PSBL, and lobe from ¢ = —6 to 6 min.
The size of bins is 4 RE x 4 RE, except for A B; in the inner

magnetospheric region, 2 RE x 2 RE. The 4 RE x 4 RE (2 RE %
2 RE) bins are slid by 2 Re (1 RE) on the X-Y plane, so that only
their central parts of 2 RE x 2 RE (1 RE x 1 RE) are shown in the
figure not to overlap each other. The times shown are the cen-
ters of the averaging intervals. The original color version can be
found in Miyashita et al. (2009)
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Fig. 7.3 Two-dimensional plots of the deviations of (left) the ¢ = —6 to 6 min. The original color version can be found in

total pressure A Pt in the PS, PSBL, and lobe and (right) the = Miyashita et al. (2009, 2010)
plasma (ion) pressure A P), in the PS in 4 RE x 4 RE bins from
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simultaneously with or just after the beginning of
the dipolarization. Outside this region, particularly
tailward and duskward of this region, the plasma
pressure decreases just before onset, i.e., before the
dipolarization region reaches there; when the dipolar-
ization occurs at later times, the plasma pressure tends
to increase.

We also examined the contribution of each of high-
energy (EPIC-STICS) and low-energy (LEP) particles
to the plasma pressure (figures are not shown). In the
initial dipolarization region, the plasma pressures from
both high- and low-energy particles generally increase.
In particular, high-energy particles largely contribute
to the plasma pressure increase in association with the
dipolarization. Furthermore, the plasma pressure from
high-energy particles increases just outside the ini-
tial dipolarization region, but it does not significantly
change further away from this region. The plasma
pressure from low-energy particles generally decreases
outside the initial dipolarization region, particularly
duskward and tailward of this region.

The plasma pressure increase in association with
the dipolarization is consistent with recent THEMIS
observations (Xing et al. 2010; Dubyagin et al. 2010).
Kistler et al. (1992) also reported that the plasma
pressure increases, associated with “energetic particle
injection”, although because of the lack of the mag-
netic field data, it was not clear whether or not the
change that they reported related to the dipolarization.
On the other hand, our result is obviously different
from that of Lui et al. (1992) and Lyons et al. (2003),
who reported that the plasma pressure in the plasma
sheet decreased in association with the dipolarization.

7.3  Discussion
We have statistically studied substorm-associated evo-
lution of the near-Earth magnetotail to understand the
substorm triggering mechanism. In the present chap-
ter we focused on changes in the total and plasma
pressures. In this section we discuss the significant
decrease in the total pressure between the regions of
the magnetic reconnection and the initial dipolariza-
tion, and an implication of the plasma pressure increase
in association with the initial dipolarization.

We found that the total pressure decrease is more
significant between the regions of the magnetic recon-
nection and the initial dipolarization, suggesting that
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energy release is more significant there. This may be
a key to the understanding of the causal relationship
between the two processes and the substorm trigger-
ing mechanism. A possible explanation for the energy
release is as follows: Magnetic energy in the lobe is
released and converted to plasma kinetic and thermal
energy in the plasma sheet. Part of the plasma energy
is transported by fast earthward flows. Meanwhile,
the region of the significant energy release is located
near the earthward edge of a region of fast earth-
ward flows, or probably the flow braking region. The
low-frequency magnetic and electric field fluctuations
are seen at X ~ —14 to —20 Re around onset (see
Miyashita et al. 2009). Hence the fast flow is coupled
with the Alfvén wave or other kinds of waves to con-
vert the plasma energy into the wave energy, leading
to acceleration and heating of electrons (Angelopoulos
et al. 2002; Zhou et al. 2009). In addition, some
process other than the fast flow may be involved
in the energy release, since the region of the total
pressure decrease is wider than that of the fast earth-
ward flow, as shown in the left columns of Figs. 7.2
and 7.3. In the near-Earth region the plasma pressure
enhances in association with the initial dipolariza-
tion. Some portion of the energy for this near-Earth
process may be transported from the region of the sig-
nificant energy release, although a large portion can
be transported by the Poynting flux from the lobe
(Miyashita et al. 2001). It is an open question, however,
whether the carrier is the plasma flow or some types
of wave, i.e., how the energy is released, transported,
and spent.

As mentioned in the introduction, Lui (1991) pro-
posed that the tailward propagating rarefaction wave,
generated by the plasma pressure reduction associated
with the current disruption or the dipolarization in the
near-Earth region, leads to the magnetic reconnection
in the midtail. However, there seems to be no solid evi-
dence to support the rarefaction wave scenario, as dis-
cussed below in terms of the plasma pressure decrease,
the propagation direction of the fast earthward flow,
and the plasma sheet behavior.

For discussion about the possibility, it is very impor-
tant to clarify the duration of the rarefaction wave and
the necessary growth time of an instability resulting
in the magnetic reconnection. The thin plasma/current
sheet and a very small B, for some duration are
required for efficient triggering of the magnetic recon-
nection. In simulations by Shinohara et al. (2007),
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it takes ~1 min for the magnetic reconnection to
be triggered. If the rarefaction wave scenario is true,
the magnetic reconnection should be caused instan-
taneously or within ~1 min after the arrival of the
rarefaction wave, considering that the propagation time
of the rarefaction wave from the initial dipolarization
region to the magnetic reconnection region is ~1—
2 min and that the two processes occur nearly simul-
taneously, as shown above. However, our statistical
study with 2 min resolution data and our case studies
with 1 min resolution data (not shown) demonstrated
that the plasma pressure increases in association with
the dipolarization, without a transient decrease. Recent
THEMIS observations with 3 s resolution data (Xing
et al. 2010; Dubyagin et al. 2010) have also shown
the same result. Hence, even if the plasma pressure
decrease occurs, it should be very transient, lasting
for less than a few seconds, and the resultant rarefac-
tion wave should also be very transient. Because of the
finite Larmor radius effect, this small-scale structure
may not be sustained long enough to propagate to the
midtail and trigger the magnetic reconnection. Even if
a very transient rarefaction wave can be sustained, it
is questionable that the magnetic reconnection can be
effectively triggered by the short-duration plasma sheet
thinning and B, decrease. Otherwise, it is debatable
whether or not waves generated at different sites suc-
cessively reach the midtail region, leading effectively
to the magnetic reconnection within ~1 min, even if
the duration of each wave is very short.

Meanwhile, fast earthward flows at ~400 km/s
associated with the tailward propagating rarefaction
wave should appear first on the earthward side and
then on the tailward side. However, recent THEMIS
observations (Runov et al. 2009; Takada et al. 2009)
and a Geotail statistical study (Machida et al. 2009)
showed that fast earthward flows appear in reverse
order, i.e., first on the tailward side and then on the
earthward side; the fast earthward flow propagates
earthward from the tailward region, before the dipolar-
ization region expands tailward (Machida et al. 2009;
Takada et al. 2009). Furthermore, the plasma pressure
decrease begins away from the initial dipolarization
region, i.e., in the midtail region before the expected
arrival of the rarefaction wave, as shown by our sta-
tistical studies. In addition, the plasma sheet expands
in the Z direction, rather than thins, at R < ~15
Re at or immediately after onset (Hones et al. 1984;
Baumjohann et al. 1992). Thus these observations

of the plasma pressure, flow, and plasma sheet
behavior are not consistent with the rarefaction wave
scenario.

In conclusion, a number of substorm models have
been proposed for the triggering mechanism of an
expansion onset, as mentioned in the introduction.
Each of them can explain part of the observed substorm
processes, but none of them can perfectly explain all
the processes. For fully understanding the substorm
triggering mechanism, it is necessary in future stud-
ies to clarify what each model, not exclusively the
NENL and CD models, can explain and what it cannot
explain, as well as why it can or cannot, and establish
an integrated model or an entirely new model which
can truly explain all the observed processes.
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Categorization of the Time Sequence
of Events Leading to Substorm Onset
Based on THEMIS All-Sky Imager
Observations

Y. Nishimura, L.R. Lyons, S. Zou, V. Angelopoulos,
and S.B. Mende

Abstract

The sequence of events leading to substorm auroral onset has been a long-standing
issue in substorm research. Based on statistical studies using THEMIS all-sky imager
data, we have recently reported evidence that most substorm onset events are pre-
ceded by a pre-onset auroral form which is a distinct north-south arc originating from
an poleward boundary intensification (PBI) and reaches the auroral onset region just
before onset. This onset sequence was found to be a repetitive process; it is detected
in 84% of 249 events between November 2007 and April 2008. A high occurrence
of PBIs (84%) emphasizes an abrupt flux transport across the open-closed field line
as initiation of the onset sequence. Here we present a variation of the onset sequence
we have previously reported and two less frequently observed types of onset time
sequence: poleward boundary contact and Harang aurora deformation. While pole-
ward boundary contact events also start with PBIs, the auroral oval width becomes
much narrower (~2° MLAT) prior to onset, indicating that the plasma sheet is thin
and the nightside magnetic separatrix is located closer to the near-Earth onset region.
Harang auroral deformation events are not associated with an observed PBI, but the
equatorward portion of a pre-existing Harang aurora bends equatorward, which indi-
cates a rapid convection change leading to onset. All of those three categories of
events suggest that new plasma intrusion toward onset location changes the pressure
profile in the near-Earth region and leads to onset instability.

8.1 Introduction

Determination of the sequence of events that lead to
substorm onset has been a critical problem and the sub-
ject of much debate since the discovery of the substorm
more than 40 years ago. Substorm onset can be identi-
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The main debate has been whether substorm onset
is initiated by magnetic reconnection in the mid-tail
plasma sheet (~20-30 Re, downtail from the Earth)
or by an instability along the near-Earth plasma sheet
field lines (~10 Rt downtail) (Angelopoulos 2008).

However, a potential resolution to this long-term
problem was recently given by Nishimura et al. (2010,
hereafter referred to as Paper 1). They examined obser-
vations from the THEMIS all-sky imager (ASI) array,
which provides unprecedented high spatial and tem-
poral resolution of auroral observations together with
broad latitudinal and longitudinal coverage. Their anal-
ysis showed a distinct and repeatable sequence of
events leading to onset which has similarities but also
important differences from each of the above ideas for
substorm onset. In the present chapter, we separate the
pre-onset time sequence into three classifications. The
most common of these was shown and described in
Paper 1; this type of sequence, including an occasion-
ally seen variation of this type, and two others less
common types are discussed here.

Recent THEMIS spacecraft observations during
radially aligned spacecraft configurations in the mag-
netotail have given evidence that tail reconnection
occurs prior to substorm onset (Angelopoulos et al.
2008). Mid-tail reconnection is expected to lead to
onset by driving longitudinally localized flows from
the reconnection region toward the near-Earth onset
region (e.g., Birn et al. 1999). A statistical study
using Geotail spacecraft observations shows evidence
for enhancements of the plasma flow in the plasma
sheet soon before auroral onset (Miyashita et al.
2009), though onsets in this study where determined
from global auroral images from space, which can-
not reliably detect the initial brightening of a thin
breakup auroral arc. On the other hand, localized
plasma sheet flows are known to cause auroral activ-
ity. Specifically, poleward boundary intensifications
(PBIs) have been related to enhanced equatorward
flows that carry plasma across the nightside separa-
trix (de la Beaujardiere et al. 1994) into the plasma
sheet (Lyons et al. 1999). Some PBIs develop into
equatorward moving auroral arcs roughly north-south
(NS) orientated, which have been related to chan-
nels of enhanced earthward flows within the plasma
sheet (Rostoker et al. 1987; Sergeev et al. 1999, 2000;
Nakamura et al. 2001; Zesta et al. 2002; Henderson
et al. 2002). Thus, if mid-tail reconnection were able to
lead to onset, the flows coming from the reconnection
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location to the near-Earth onset should lead to north-
south (NS) aurora moving equatorward toward onset
latitudes. Elphinstone et al. (1995) suggested that NS
arcs may precede some substorm onsets and recently
Kepko et al. (2009) noted an equatorial moving diffuse
aurora feature prior to onset for one event, suggesting
it might be related to mid-tail reconnection. However,
neither of these features has been verified as a common
pre-cursor to onset. This lent support for a near-Earth
instability process leading to onset, in order to explain
auroral onset occurring near the equatorward boundary
of the auroral oval (Samson et al. 1992; Donovan et al.
2008).

The pre-onset auroral sequence described in Paper 1
is initiated by a PBI, which is followed by an NS
arc moving equatorward towards the onset latitude.
Because of the linkage of fast magnetotail flows to
PBIs and to NS auroras, this sequence gives strong
support to an idea that onset is preceded by enhanced
earthward flows of plasma from the distant magne-
totail to the near-Earth region. That the sequence is
initiated by PBIs indicates that the enhanced flow
enters the plasma sheet from the open field line
region in association with enhanced reconnection
near the pre-existing open-closed field line bound-
ary rather than being from a mid-tail reconnection
region. Since such earthward flow enhancements have
been linked to under-populated flux tubes (Wolf et al.
2009), Paper 1 suggested that the arrival of new flux
tubes with reduced entropy from the Earth’s mag-
netotail to the near-Earth magnetosphere leads to
the expansion phase of substorms via a near-Earth
instability.

Also important fact is that the substorm onset loca-
tion has been linked to the plasma convection pattern.
Lyons et al. (2010) used Sondrestrom incoherent scat-
ter radar and showed that plasma flows near the pole-
ward boundary of the auroral oval are enhanced several
minutes prior to substorm onset, and SuperDARN
(Miyashita et al. 2008) and Poker Flat incoherent scat-
ter radar observations (Lyons et al. 2010) have detected
a plasma flow enhancement near the onset latitude a
few minutes preceding onset. These ionospheric flow
responses are consistent with inferences given in Paper
1 that newly-injected plasma across the open-closed
boundary is transported toward the near-Earth region
and leads to substorm onset.

The following case studies illustrate three different
types of the pre-onset aurora sequence: PBI and NS arc
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related (described in Paper 1), and the less common
poleward boundary contact and Harang aurora defor-
mation events. We show statistics indicating that most
of the events are associated with PBIs followed by
westward-moving auroral forms turning from NS arcs.
We suggest that enhanced plasma flows injected into
the onset location leads to substorm onset, and that
the convection pattern developed during the growth
phase governs motion of the enhanced flows that lead
to onset.

8.2  Case Study

In this section, we present three examples illustrat-
ing the sequence of events in the ASI that we have
repeatedly found to lead to onset. Here substorm onset
refers to the initiation of substantial intensification of
an auroral arc near the equatorward boundary followed
by a poleward expansion lasting more than 3 min
(Akasofu 1964; Angelopoulos et al. 2008) together
with enhancements of the westward electrojet identi-
fied by ground magnetometers. Arc intensification near
the equatorward boundary lasting less than 3 min is
classified as a pseudo-breakup.

8.2.1 15 February 2008 Auroral Breakup
Figure 8.1 presents a sequence of selected images
from four ASIs during a substorm auroral onset that
occurred at 6:13:39 UT on 15 February 2008 near the
Churchill meridian (See movie S1 for the entire image
sequence). A faint, pre-existing growth phase arc ini-
tially extended azimuthally at ~67° magnetic latitude
(MLAT) (Fig. 8.1a). The poleward boundary of the
auroral oval was located at ~74° MLAT.

After multiple PBIs, a PBI occurred at 06:09:24 UT,
~5 min prior to auroral onset, identified as a bright
auroral form near the center of the RANK imager
field-of-view (FOV) in Fig. 8.1a. The auroral form
expanded both eastward and westward, and then an
NS arc extending from the eastern edge of the PBI
drifted equatorward and westward, forming an arc
rotating clockwise (Fig. 8.1b). The NS arc contacted
the growth phase arc in the FOV of the GILL imager.
Finally, auroral onset started on the pre-existing growth
phase arc to the west of the NS arc at 06:13:39 UT,

THEMIS ASI 15 Feb. 2008
(a) 06:10:48 UT (T = -2.9 min) Midnight meridian
/ / 75° f

Growth——
phase arc |

(b) 06:13:36 UT (T =

—.1 min)

Equatorward il |

moving NS/arc with
clockwise rotation ————

/ Contactwith t

(d) 06:17:48 UT (T =

+4.2 min)

Further intensification as
well as'poleward and
westward expansion

e / -

Fig. 8.1 THEMIS ASI data during an auroral onset on 15
February 2008. ASIs used are RANK, FSMI, and GILL. White
lines are isocontours of magnetic latitude (every 10° in solid
lines) and longitude (every 15°). The blue line in each panel is
the magnetic midnight meridian. The onset occurred at 06:13:39
UT. The entire sequence is shown in movie S1
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immediately after the NS aurora contacted the growth
phase arc. The auroral onset and small poleward and
westward expansion can be seen clearly in Fig. 8.1d
(images taken 4.2 min after onset).

The time evolution of the pre-onset auroral form can
also be identified in the keogram shown in Fig. 8.5a—d.
The onset marked by the vertical line is characterized
by substantial auroral intensification followed by a
poleward expansion observed within the GILL imager
FOV (Fig. 8.5c) and an enhancement of the west-
ward electrojet (Fig. 8.5d). Multiple PBIs occurred
(Fig. 8.5a) and the NS arc marked by the arrows moved
equatorward and was associated with the brightest PBI.
The onset followed the contact of the NS arc with the
growth-phase arc.

The above time sequence clearly demonstrates the
connection between auroral onset and the pre-onset
aurora starting at the poleward boundary. Based on
the association of PBIs and NS arcs with flow chan-
nels in the magnetotail, the temporal evolution of the
pre-onset auroral form can be regarded as motion of
magnetospheric plasma. First, new plasma, presum-
ably with lower entropy than the surrounding plasma
(Wolf et al. 2009), is supplied across the open-closed
field line boundary. This plasma is then transported
earthward along an azimuthally narrow flow channel,
with upward field-aligned currents and the NS aurora
measured by the ASIs along its westward edge. While
interchange motion is presumably responsible for the
flow channel that brings the low-entropy plasma earth-
ward, a separate instability, which could also be an
interchange mode, is triggered near the inner edge of
the electron plasma sheet by the intrusion of the new
plasma. Auroral brightening occurs within the iono-
spheric footprint of this instability, followed by either
a pseudo-breakup or full onset.

We emphasize that the pre-onset auroral form did
not move equatorward along the onset magnetic merid-
ian, but instead approached the onset location from the
east. The NS arc reached the growth phase arc ~1 h
in magnetic local time (MLT) to the east of the onset
location and subsequently approached the onset loca-
tion along a pre-existing growth phase arc. Together
with the clockwise motion of the NS-oriented arc, the
two-dimensional evolution of the onset time sequence
seen in the pre-midnight sector is similar to the Harang
flow shear in duskside ionospheric convection. This
suggests that motion of the pre-onset (substorm pre-
cursor) auroral form was organized by the two-cell
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ionospheric convection developed during the growth
phase. As in many of our events, an NS arc formed
in the dusk convection cell at the poleward boundary
of the auroral oval and then moved equatorward and
eastward around the poleward portion of the Harang
aurora. It then turned westward and continued mov-
ing around the equatorward portion of the flow shear
within the dusk convection cell leading to onset in the
premidnight sector.

8.2.2 4 February 2008 Auroral Breakup

Figure 8.2 shows ASI data from four imagers located
in the central region of Northern America during an
auroral onset on 4 February 2008, and illustrate a rel-
ative uncommon type of event where an unusually
narrow auroral oval develops near the onset longitude.
The full sequence is shown in movie S2. As seen
in Fig. 8.2a prior to the onset, the auroral oval was
narrow in latitude near the magnetic midnight merid-
ian with the poleward and equatorward boundaries
at ~71° and ~68° MLAT, respectively. As described
below, the oval width (~3°) was much narrower than
that of the quiet time found ~2 h before during the
NOAA-18 observation. A PBI was detected at ~72°
MLAT in the FSMI imager 2.6 min prior to the auroral
onset (seen clearly in Fig. 8.2b). The onset occurred
at 08:37:25 UT soon after the PBI expanded equator-
ward and contacted the growth phase arc (Fig. 8.2¢).
The oval width decreased down to ~2° at onset. The
aurora then expanded poleward with clockwise rota-
tion (Fig. 8.2d), indicating existence of the Harang
flow shear around the onset arc.

The narrow auroral oval feature detected in ASIs
is supported by a simultaneous observation of pre-
cipitating electrons by the NOAA-18 spacecraft.
Figure 8.3a, b show a comparison of the approximately
latitudinal distribution of the precipitating electron
energy flux ~2 h (moderately disturbed) and ~10 min
(growth phase) before onset, respectively. The pre-
cipitating region during the growth phase is much
narrower than that detected ~2 h before. When using
0.1 mW/m? as a reference, the poleward boundary
moved equatorward from 77.4° to 73.4° MLAT and the
equatorward boundary shifted poleward from 63.6° to
65.8° MLAT. The latitudinal range in Fig. 8.3b cor-
responds quite well to the poleward and equatorward
boundaries (~74° and 67° MLAT) seen in the auroral
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February 4, 2008 THEMIS ASI
(a) 08:27:12UT (T=-9.9 min) Midnight meridian
: s NOAA-18 \

Poleward boundary > ¥
' RANK

FSMI

8:26UT

Equatorward
boundary

FSIM

(c) 08:37:48 UT (T = +0.4 min)
Contact between equatorward and
polegward boun_dar\,r aurorasand onset

Poleward boundar

g

(d) 08:42:18 UT (T =+4.9 min)

Further intensification and

Fig.8.2 THEMIS ASI data during an auroral onset on 4
February 2008. The format is same as Fig. 8.1. ASIs used are
FSIM, FSMI, GILL and RANK. The onset occurred at 08:37:25
UT. The whole sequence is shown in movie S2

image along the footprint of the spacecraft in Fig. 8.2a.
This agreement leads us to suggest that, based on the
auroral observations, the plasma sheet width became
narrow near the onset longitude during the growth

0 F ™ 1
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T l T
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Fig. 8.3 NOAA-18 observations of the downward energy flux
of electrons with energies below 20 keV. Data shown in panel (b)
were obtained during the growth phase of the substorm shown in
Fig. 8.2, while data in panel (a) were taken during the previous
pass

phase and that the poleward boundary aurora con-
tacted the equatorward boundary aurora just prior
to onset.

The time evolution of the pre-onset auroral form can
also be identified in the keograms shown in Fig. 8.5e—f.
Onset (second vertical line) is marked by substan-
tial auroral intensification and poleward expansion
(Fig. 8.5¢) and enhancement of the westward electro-
jet identified as further changes in all of the magnetic
field components detected in YKC located near the PBI
(Fig. 8.5f). Variations in the D and H components start-
ing earlier than the auroral breakup are possibly due
to the current associated with PBIs, which occurred at
latitudes overlapping those of the westward electrojet
because of the latitudinally narrow oval extending from
~67° to ~68.8° MLAT as seen in Fig. 8.5¢ just prior to
onset. A PBI started at ~8:35 UT and extended equa-
torward while the poleward boundary stayed at ~68.5°
MLAT. The onset started just after the PBI reached the
equatorward boundary of the auroral oval.



138

Y. Nishimura et al.

February 11, 2008 THEMIS AS|
(a) 07:50:4B UT (T = -4.0 min) Midnieht meridian

Harang aurora

Proton diffuse
€ auroraand
pulsating aurora

FSMTaE

(€} 07:57:00 UT (T =+0.2 min)

Arc fading and new arc |
formation |

Fig. 8.4 THEMIS ASI data for an auroral onset on 11 February
2008 auroral onset. The format is same as Fig. 8.1. ASIs used
are FSIM and FSMI. Onset occurred at 07:56:48 UT. The entire
sequence is shown in movie S3

8.2.3 11 February 2008 Pseudo-breakup
The three events discussed above are associated with
PBIs and enhanced auroral brightness moving toward
the onset locations. A small number of events, how-
ever, do not have such precursor auroral forms but
instead show a sudden change in auroral motion near
the onset location just before onset. Such an example
is shown in Fig. 8.4. The entire sequence is pre-
sented in movie S3. As clearly seen in the movie and
Fig. 8.4a, the auroral arc in the premidnight sector
prior to the onset, marked as Harang aurora, rotated
clockwise with southeastward and westward motion
in the poleward and equatorward halves of the auro-
ral form. Similar to the clockwise-rotating arc seen in
Fig. 8.1, this arc motion also presumably follows the
Harang flow shear. There is evidence of fast equator-
ward flows in SuperDARN radar observations near the
eastern boundary of the poleward portion of the Harang
aurora (not shown), indicating the existence of a flow
channel supplying new plasma toward onset location.

The pre-onset feature in this event is characterized
as equatorward bending of the equatorward portion of
the Harang aurora, as seen in Fig. 8.4b. The arc then
started to fade and a new arc appeared just equatorward
(Fig. 8.4c). The pre-existing Harang arc merged into
the new arc, and the new arc developed as a pseudo-
breakup, which did not show a remarkable poleward
expansion as seen in Fig. 8.4d. The sequence suggests
that an abrupt change in the plasma convection pattern
and the current system initiate onset instability; a direct
connection to flows from the polar cap boundary is not
evident from the auroral observations.

The time sequence described above can also be seen
in the keogram in Fig. 8.5g. The equatorward portion
of the Harang aurora located at ~68°69° MLAT started
to fade when the breakup arc appeared just equator-
ward. It expanded poleward only for a minute, and
the westward electrojet (see Fig. 8.5h) also stopped
increasing in ~1.5 min.

8.3  Statistical Study

Nishimura et al. (2010) performed a statistical study
of the occurrence probability of the pre-onset auro-
ral forms using 249 auroral onset events occurred
within FOVs of THEMIS ASIs from November 2007
to April 2008. They classified events into the four
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Fig. 8.5 Keograms and magnetograms of (a—d) 15 February 2008, (e—f) 4 February 2008, and (g-h) 11 February, 2008 onsets
corresponding to ASI data shown in Figs. 8.1, 8.2 and 8.4. MLTs at the central times of each keogram are shown in the labels

categories and showed that the majority (84.1%) of

Pre-onset auroral feature

substorm onset events fall into the sequence associ- —100 = —
ated with NS or east-west (EW) arcs moving toward -\°\—\'>. b / EW
onset location as precursors as represented in Fig. 8.1. = 80 without PBI / 34%
As shown below, pre-onset auroral forms in this cat- § 60 16%
egory typically originated from auroral activity at or g poleward / 19%
near the poleward boundary of the auroral oval. An NS 5 40 Boundary
arc extends from the poleward boundary and reaches & contact 4.2%
the onset location directly or after turning into an % L
EW arc. The second category, auroral stream pattern = 0 :
PBI NS/EW arc

change events, contains most of the remaining events
(10.7%). Sudden changes in auroral motion patterns as
described in Section 8.2.3, possibly related to changes
in magnetospheric convection prior to onset, can thus
also be a precursor of auroral onset. Category 3 events,
for which no pre-onset auroral activity was detected
(4.8%), include many in which bright moonlight or
partly cloudy skies might have obscured faint auroral
forms. Thus, it can be concluded that substorm auro-
ral onset in the absence of a precursor is rare, and most
auroral substorms are associated with pre-onset auroral
forms moving toward the onset location.

Figure 8.6 presents detection probabilities of the
different types of pre-onset auroral forms in category
1 (209 events). The existence of NS or EW arcs or the
poleward boundary contacting the onset location was
determined for all events. Here, NS arcs occasionally

Fig. 8.6 Occurrence rates of pre-onset phenomena: (a) pre-
onset auroral forms related to those contacting with onset loca-
tions just prior to onset, and (b) pre-onset phenomena related
to region 2 FACs. Grey areas correspond where EW arcs turned
from NS arcs contact onset locations. Total number of events and
number of events matching each condition are shown on the top
of each area

turn into EW arcs after contacting growth phase arcs.
PBI occurrence was obtained for all events where the
FOVs of imagers covered at least 2 h of MLT of the
poleward boundary centered on the MLT of the NS
arcs. For 84% of such events, a PBI was seen con-
nected to the NS arcs leading to onset. Thus, enhanced
flows that brought newly-supplied plasma across the
open-closed boundary were a frequent precursor to



140

Y. Nishimura et al.

onset. PBIs were followed by NS arcs extending equa-
torward, and the NS arcs were observed to directly
reach the onset location for about half of the onset
events (48%). For 19% of onset events, NS arcs con-
tacting a growth phase arc merged with EW arcs, and
the associated auroral enhancement contacted the onset
location by moving azimuthally along the pre-existing
growth phase arc. EW auroral enhancements come
from outside the imager FOVs along growth phase
arcs without detection of a PBI or NS arc for 34% of
events. Those events may also be connected to NS arcs,
but such arcs would have extended equatorward to the
growth phase arc outside of the FOVs of the avail-
able ASIs. The high occurrence rate (53% as pre-onset
aurora indicates that it is approximately as common for
the plasma populations leading to near-Earth onset to
have turned and drifted roughly azimuthally toward the
onset locations as for onset to occur at the first contact
point with the growth phase arc. The rest of the events
(4.2%) are not associated with NS or EW arc but the
poleward boundary moves equatorward and contacts
with the onset location just prior to onset.

Conclusion

This study presents classifications of the time

sequence of events leading to substorm onset using

the THEMIS ASI array. The onset time sequence
can be classified into three major types: PBI and

NS arc related, poleward boundary contact, and

Harang aurora deformation events. The most domi-

nant sequence detected in 84% of the events where

the FOV of the imagers cover up to the pole-
ward boundary, starts from a PBI, indicating an
abrupt injection of a new plasma and magnetic flux
from the lobe to the plasma sheet through mag-
netic reconnection. The sequence is summarized in

Fig. 8.7a and below:

1. The initial feature of pre-onset auroral activity
is a PBL.

2. An NS arc extending from the PBI then moves
equatorward, roughly following the preexisting
flow pattern around the Harang flow shear.

3. The NS arc contacts a growth phase arc within
the equatorward portion of the auroral oval. For
about half of the events, onset occurs at the
contact location.

4. For the other half, the NS arc turns into EW auro-
ral form with enhanced auroral brightness that
moves azimuthally (according to the ionospheric

(a) PBland NS arc related 1 pofar cap
= §ow e

Latitude
Low —— Hig

West East

Longitude

(b) Poleward boundary contact
F=

Polar cap

Latitude
Low — Hig

Longitude

(c) Harang aurora deformation
1 Polar cap

East

Longitude

Fig. 8.7 Schematic illustration of motion of pre-onset auroral
forms and their relation to nightside ionospheric convection.
(a) The time sequence for PBI and NS arc related, (b) pole-
ward boundary contact, and (¢) Harang aurora deformation
onset events. Pink stars, NS-oriented pink line, and azimuthally-
extended wavy lines indicate PBIs, NS-oriented arc and onset
arcs, respectively. Blue arrows illustrate the plasma flow pattern
inferred from pre-onset auroral motion. Numbers 1-5 show time
evolution of pre-onset aurora (see text). Yellow and gray areas
correspond to proton and electron precipitations

convection pattern, dominantly westward lead-

ing to premidnight onset) along the growth

phase arc.

5. Onset occurs when the azimuthally-moving
brightened EW auroral form reaches the onset
location.

Although each auroral feature in the above
sequence is well known, the present study links
these features together, giving evidence that a con-
nection between the poleward and equatorward
boundaries of the aurora oval leads to substorm
onset.

The high incidence of PBIs (84%) observed to
initiate the sequence, together with the known rela-
tion between PBIs and NS arcs and flow chan-
nels, leads to the inference that the pre-onset
sequence starts with the enhanced transport of new
plasma across the open-closed field line boundary.
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This enhanced transport corresponds to a local-
ized enhancement of the reconnection rate, which
would reflect an enhancement in reconnection pre-
ceding substorm onset as has been observed by
the THEMIS spacecraft (Angelopoulos et al. 2008).
This then leads to a channel of enhanced earthward
flow carrying the new plasma earthward, which is
manifested by the NS arc seen moving equatorward
in the ionosphere.

A minor population of onset events (4.2% out
of the cases where precursor auroral forms are
detected) shows a narrow auroral oval width which
decreases to ~2° just prior to onset. The sequence
is summarized in Fig. 8.7b. The poleward bound-
ary near the magnetic midnight moves equatorward,
and the auroral oval near midnight becomes much
narrower than the dawn and dusk regions. PBIs with
a finite latitudinal width directly reach onset loca-
tion. This sequence indicates that magnetic recon-
nection is enhanced when the plasma sheet becomes
extremely thin and plasma is rapidly transported
toward the near-Earth region leading to onset.

Contrary to the PBI-associated events described
above, auroral onsets are not associated with any
PBI or enhanced brightness moving toward onset
location for a small fraction of events (10.7%). As
illustrated in Fig. 8.7c, the pre-onset feature in this
category is characterized as equatorward bending
of the equatorward portion of the Harang aurora.
The pre-existing arc then generally starts to fade
and a new arc appears equatorward and develops
as an auroral brightening. Although the cause of
the bending of the pre-existing aurora cannot be
identified from ASIs, it suggests that an abrupt
change in the plasma convection pattern associated
with enhanced plasma flows leads to initiation of
onset instability. We cannot exclude the possibil-
ity that the convection change results from new
plasma intruding from the polar cap boundary, but
we see no evidence for this intrusion in the auroral
observations.

The events and statistics presented in this study
suggest that enhanced plasma flows into the onset
location lead to substorm onset and that the con-
vection pattern during the growth phase governs
motion of the enhanced flow. Using observations
from incoherent scatter radars, Lyons et al. (2010)
showed a plasma flow enhancement near the open-
closed field line boundary associated with PBIs is

commonly observed at a time preceding onset. Pre-
onset flow enhancements are also observed by radar
observations a few minutes prior to onset near the
onset location (Miyashita et al. 2008; Lyons et al.
2010). These radar observations thus support the
above suggestion based on ASI observations that an
influx of new plasma crossing the nightside separa-
trix and intruding to the near-Earth magnetosphere
along channels of enhanced flow leads to substorm
onset. The new plasma injection from the open-
closed field line boundary toward the near-Earth
region can be observed by in-situ spacecraft obser-
vations and radar observations in conjunction with
the aurora forms that lead to onset, and such a study
is currently in progress (Xing et al. 2010; S. Zou,
personal communication 2009).

Acknowledgments This work was supported by National
Science Foundation grants ATM-0646233 and ATM-0639312,
NASA grant NNX07AF66, NASA contract NAS5-02099, and
JSPS Research Fellowships for Young Scientists. Deployment
of the THEMIS ASIs was partly supported by CSA contract
9F007-046101. Alaska magnetometer data were obtained from
Geophysical Institute of University of Alaska, Fairbanks. NOAA
satellite data were provided through the NOAA’s National
Geophysical Data Center.

References

Akasofu S-I (1964) The development of the auroral substorm.
Planet Space Sci 12:273

Angelopoulos V (2008) The THEMIS mission. Space Sci
Rev 321:47

Angelopoulos V et al (2008) Tail reconnection triggering sub-
storm onset. Science 321:931

Birn J, Hesse M, Haerendel G, Baumjohann W, Shiokawa
K (1999) Flow braking and the substorm current wedge.
J Geophys Res 104:19895-19904

de la Beaujardiere O et al (1994) Quiet-time intensifica-
tions along the poleward auroral boundary near midnight.
J Geophys Res 99:287-298

Donovan E et al (2008) Simultaneous THEMIS in situ and
auroral observations of a small substorm. Geophys Res Lett
35:17

Elphinstone RD et al (1995) Observations in the vicinity
of substorm onset: implications for the substorm process.
J Geophys Res 100:7937-7969

Henderson et al (2002) The evolution of northsouth aligned
auroral forms into auroral torch structures: the generation
of omega bands and ps6 pulsations via flow bursts. In:
Winglee RM (ed) Sixth international conference on sub-
storms. University of Washington, Seattle, WA, pp 169-174

Kepko L et al (2009) Equatorward moving auroral signatures of
a flow burst observed prior to auroral onset. Geophys Res
Lett 36(24):1L.24104



142

Y. Nishimura et al.

Lyons LR, Nagai T, Blanchard GT, Samson JC, Yamamoto T,
Mukai T, Nishida A, Kokobun S (1999) Association between
Geotail plasma flows and auroral poleward boundary inten-
sifications observed by CANOPUS photometers. J Geophys
Res 104:4485-4500

Lyons L, Nishimura Y, Shi Y, Kim H-J, Zou S, Heinselman
C, Nicolls M, Angelopoulos V (2010) Substorm onset by
earthward intrusion of new plasma: incoherent scatter radar
observations. J Geophys Res 115(A7):A07223

Miyashita Y et al (2008) Response of large-scale ionospheric
convection to substorm expansion onsets: a case study.
J Geophys Res 113:A12309

Miyashita Y et al (2009) A state-of-the-art picture of
substorm-associated evolution of the near-Earth magnetotail
obtained from superposed epoch analysis. J Geophys Res
114(A13):1211

Nakamura R et al (2001) Earthward flow bursts, auroral stream-
ers, and small expansions. J Geophys Res 106:10791-10802

Nishimura Y, Lyons L, Zou S, Angelopoulos V, Mende S (2010)
Substorm triggering by new plasma intrusion: THEMIS all-
sky imager observations. J Geophys Res 115(A7):A07222

Rostoker G, Lui ATY, Anger CD, Murphree JS (1987) North-
south structures in the midnight sector auroras as viewed by
the Viking imager. Geophys Res Lett 14:407-410

Samson JC, Lyons LR, Newell PT, Creutzberg F, Xu B (1992)
Proton aurora and substorm intensifications. Geophys Res
Lett 19:2167-2170

Sergeev VA, Liou K, Meng C-1, Newell PT, Brittnacher M, Parks
G, Reeves GD (1999) Development of auroral streamers in
association with localized impulsive injections to the inner
magnetotail. Geophys Res Lett 26:417-420

Sergeev VA et al (2000) Multiple-spacecraft observation of a
narrow transient plasma jet in the Earth’s plasma sheet.
Geophys Res Lett 27:851-854

Wolf RA, Wan Y, Xing X, Zhang J-C, Sazykin S (2009) Entropy
and plasma sheet transport. J Geophys Res 114:A00D05

Xing X, Lyons L, Nishimura Y, Angelopoulos V, Larson D,
Carlson C, Bonnell J, Auster U (2010) Substorm onset
by new plasma intrusion: THEMIS spacecraft observations.
J Geophys Res 115(A10):A10246

Zesta E, Donovan E, Lyons L, Enno G, Murphree JS, Cogger L
(2002) Twodimensional structure of auroral poleward bound-
ary intensifications. J] Geophys Res 107:1350

Zou S et al (2009a) On the coupling between the Harang
reversal evolution and substorm dynamics: a synthesis of
SuperDARN, DMSP, and IMAGE observations. J Geophys
Res 114:A01205

Zou S, Lyons LR, Nicolls MJ, Heinselman CJ, Mende SB
(2009b) Nightside ionospheric electrodynamics associated
with substorms: PFISR and THEMIS ASI observations.
J Geophys Res 114(114):A12301



Part Il
Inner Magnetospheric Processes






Dynamic Inner Magnetosphere:
A Tutorial and Recent Advances

Y. Ebihara and Y. Miyoshi

Abstract

The purpose of this chapter is to present a tutorial and recent advances on the Earth’s
inner magnetosphere, which includes the plasmasphere, warm plasma, ring current,
and radiation belts. Recent analysis and modeling efforts have revealed the detailed
structure and dynamics of the inner magnetosphere. It has been clearly recognized
that elementary processes can affect and be affected by each other. From this sense,
the following two different approaches enable us to fully understand the inner mag-
netosphere and magnetic storms. The first is to investigate its elementary processes,
which would include the transport of single particles, interaction between parti-
cles and waves, and collisions. The other approach is to integrate the elementary
processes in terms of cross energy and cross region couplings. Multi-satellite obser-
vations along with ground-network observations and comprehensive simulations are
one of the promising avenues to incorporate the two approaches and treat the inner

magnetosphere as a non-linear, compound system.

9.1 Preface

The inner magnetosphere is a natural cavity in which
various types of charged particles are trapped by a
planet’s intrinsic magnetic field. With regard to the
Earth, the kinetic energy of these trapped particles
ranges from ~eV to ~108 eV. These particles undergo
different physical processes and are never stable, even
in geomagnetically quiet times, due to variations in
the solar wind and self-excited instabilities in the inner
magnetosphere.
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Humanosphere, Kyoto University, Uji, Japan)
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The following terms have traditionally been used
to identify the Earth’s energy regimes. In the order
of low to high energies, they are the plasmasphere
(~eV), ring current (~ 1-100 ke V), and radiation belts
(>~100 keV) (Fig. 9.1). In a broad sense, the plas-
masphere is the region where the number density of
particles is high. The ring current is the torus-like
region where the energy density (or the plasma pres-
sure) is high. Van Allen radiation belts consist of
energetic particles of electrons and ions of more than
a few hundred keV (Van Allen and Frank 1959). The
electron radiation belts consist of inner and outer belts.
There exists a slot region between them, in which elec-
tron flux is small. The proton/ion radiation belt consists
of a single belt.

These energy regimes are directly or indirectly cou-
pled with one another. Mass and energy are transported
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Fig. 9.1 Energy structure of
particles trapped in the inner
magnetosphere

Electron radiation belt

to the other regions such as the outer magnetosphere
and the ionosphere. Research efforts directed toward
cross energy and cross region couplings are therefore
needed for a comprehensive understanding and mod-
eling of the inner magnetosphere. In this chapter, we
review the progress of research on the inner magneto-
sphere and offer perspectives on future research direc-
tions in terms of the elementary processes involved
and their role in the coupled evolution of the inner
magnetospheric system.

9.2 Plasmasphere

9.2.1 Structure of Plasmasphere

The region where the number density of the plasma
is higher than the ambient number density is called
the plasmasphere. The plasmasphere consists of cold
and dense plasmas that originate in the topside iono-
sphere. The number density of these plasmas exceeds
~10° cm™ at L = 2 and gradually decreases with
L (e.g., Carpenter and Anderson 1992). The typi-
cal temperature of the ions is ~1-2 eV, a value
which increases with L (Farrugia et al. 1989). At
a certain L, the density shows a sharp drop by an
order of magnitude; this region is called the plasma-
pause (Carpenter 1963). The L-value of the plasma-
pause depends on the magnetic local time (MLT)
(Carpenter 1966) and magnetic activity (Chappell et al.
1970; Carpenter and Anderson 1992; Carpenter and
Lemaire 1997; Moldwin et al. 2002). During mag-
netically quiet times, the plasmapause is located at

Y. Ebihara and Y. Miyoshi

L ~ 7. During active times, it moves to L ~ 2. Baker
et al. (2004) have indicated that the plasmapause was
shrunk to L = 1.5 during the Halloween storm of
October 2003.

On average, the plasmapause has a bulge on
the duskside when mapped to the equatorial plane
(Fig. 9.2a; see Carpenter 1966). Nishida (1966) and
Brice (1967) have pointed out that the shape of the
plasmasphere is understood to be a combination of
the convection electric field and the corotation electric
field (Fig. 9.2b). Grebowsky (1970) has suggested that
the plasmasphere is elongated sunward on the dusk-
side when the convection electric field becomes strong
(Fig. 9.2c). In-situ satellite observations sometimes
show a “detached” dense plasma cloud outside the
plasmapause (Chappell 1974). Chen and Grebowsky
(1974) have suggested that this “detached” plasma
cloud can be explained by the elongated form of the
plasmasphere, which has what is called a plasma tail
(Fig. 9.2d). This “detached” feature can also be formed
by a strong poleward electric field in the subauro-
ral region (Ober et al. 1997), or by an interchange
instability (Lemaire 2001).

Schematic density profile patterns of the plasmas-
phere are summarized by Singh and Horwitz (1992)
and displayed in Fig. 9.3, indicating that identifica-
tion of the plasmapause is not always easy. Moldwin
et al. (2002) investigated the thermal plasma density
acquired by the CRRES satellite near the equatorial
plane. They found that the plasmapause could be iden-
tified in ~73% of all the inbound and outbound trajec-
tories of CRRES, and only ~16% of them displayed a
“classical” plasmapause. The difficulty in identifying
the plasmapause arises from its small density gradi-
ent, and the relatively smooth and highly structured
variations in density. Irregular variations in density
are often observed near the plasmapause (Chappell
1972; Oya and Ono 1987; Koons 1989; Horwitz et al.
1990b; Singh and Horwitz 1992; Carpenter et al. 2000;
Darrouzet et al. 2004; Green and Fung 2005). Due
to the complex nature of the plasmapause, Carpenter
and Lemaire (2004) encourage the use of the term
Plasmasphere Boundary Layer (PBL) instead of the
conventional term plasmapause.

In the late 1990s, semiglobal imaging of the plasma-
sphere was achieved for the first time by the Japanese
NOZOMI (PLANET-B) Mars spacecraft (Nakamura
et al. 2000a). After the launch of NASA’s IMAGE
satellite in 2000 (Burch et al. 2001), the Extreme
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Fig. 9.2 Shape of the plasmasphere

Ultraviolet Image (EUV) instrument on board the
satellite provided completely global images of the
emission of He* with a time resolution of 10 min and
a spatial resolution of 0.1 Re (Sandel et al. 2003).
The brightness of the He* emission is proportional
to the line-of-sight density of He*. The images from
IMAGE/EUV reveal more complicated and dynamic
features of the plasmasphere (Fig. 9.2e), such as a
shoulder (Burch et al. 2001), notch/bite-out (Green
and Reinisch 2002), channel (Sandel et al. 2001), and
plume (Sandel et al. 2001). For the determination of the
equatorial plasmapause from the IMAGE/EUV obser-
vations, at least two algorithms have been used: the
Edge Algorithm (Roelof and Skinner 2000) and the
Minimum L Algorithm (Wang et al. 2007). In the late
2000s, the Japanese KAGUYA (SELENE) Lunar satel-
lite, from its lunar orbit, succeeded in capturing images
of emissions from the plasmasphere (Yoshikawa et al.
2010; Murakami et al. 2010). Yoshikawa et al. (2010)
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found a large depression of the plasmaspheric plasma
near the equatorial plane.

In general, identifying the plasmapause at a low alti-
tude (in the ionosphere) is more difficult than identify-
ing it at a high altitude (in the magnetosphere). A close
coincidence between the ionospheric trough and the
plasmapause has been suggested by Grebowsky et al.
(1976, 2009) and Yizengaw et al. (2005). When an
electron density trough cannot be identified, the H*
density can be used to identify a mid-latitude trough
(Taylor 1972; Morgan et al. 1976; Grebowsky et al.
2009 and references therein). Anderson et al. (2008)
developed a 7-step method to identify the plasmapause
location from the low-altitude satellite DMSP in the
topside ionosphere. Their results agree well with those
derived from IMAGE/EUV observations. Foster et al.
(2004b) reconstructed a two-dimensional distribution
of the total electron contents (TEC) using a network of
GPS TEC receivers. When mapped on the equatorial
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Fig. 9.3 Six schematic plasmaspheric density profiles (Horwitz et al. 1990a)

plane, the TEC distribution is similar to the global dis-
tribution of the He* plasmasphere derived from the
IMAGE/EUV images. GPS TEC is the line-of-sight
integral from the GPS satellite (20,220 km altitude)
to the ground, so that GPS TEC includes contribu-
tions from both the plasmasphere and the ionosphere.
Yizengaw et al. (2008) compared the GPS signals
received by the low Earth-orbiting satellite JASON 1
(1,335 km altitude) with those received by ground-
based stations. They concluded that the plasmasphere
contributes significantly to ground-based GPS TEC,
especially at night, when its contribution reaches 60%
at low latitudes.

The plasmasphere consists of H*, He*, O*, O**,
D*, N*, N**, and other minor ionic species. Their
composition ratios are highly variable (Chappell 1972;
Chappell et al., 1982; Horwitz et al. 1986, 1990b;

Farrugia et al. 1989). The most frequent values
given for the He*/H* ratio in the plasmasphere are
~2-6% (Farrugia et al. 1989) and ~20% (Horwitz
et al. 1990b), but it has also been indicated that the
ratio ranges from ~1% to, on occasion, over 100%
(Farrugia et al. 1989). The He*/H" ratio decreases
with L (Farrugia et al. 1989). O* is in general minor,
but the O*/H* ratio occasionally increases to ~100%
in the outer plasmasphere during a storm recovery
phase (Horwitz et al. 1984, 1986). The N*/O* ratio is
~5-10%, and the N**/N* ratio is ~1-5% (Chappell
et al. 1982). As understood using a magnetoseismol-
ogy technique, O™ becomes important in the plas-
matrough (Takahashi et al. 2008), or during a large
magnetic storm (Takasaki et al. 2006; Kale et al. 2009).

The temperature of the thermal plasma increases
with L (Farrugia et al. 1989). The difference in the
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thermal structure of the inner and outer regions of
the plasmasphere has been pointed out by Kotova
et al. (2008). On the basis of data from Interball 2
and Magion 5, they showed that on the nightside, the
plasmaspheric temperatures are quite close to the iono-
spheric temperature at 1.4 < L < 2.8. At L > 3, the
plasmaspheric temperature is higher than the iono-
spheric temperature. They suggested that there is a
heating source at high L, particularly in the noon-to-
dusk sector.

The field-aligned density distribution of plasmas-
pheric electrons has also been studied (Reinisch et al.
2009 and references therein). Theoretical studies have
predicted that the field-aligned density will obey the
hydrostatic assumption if the plasmasphere is in a
steady condition. If the temperatures of the plasmas-
pheric plasma are constant and isotropic along a field
line, the density distribution is in an exponential form,
which is consistent with the result obtained by time-
dependent simulation within £40° MLAT (Rasmussen
et al. 1993). Statistical studies have suggested that
the field-aligned density can be well fitted to a power
law form on the basis of data from Polar (Goldstein
et al. 2001; Denton et al. 2002). Radio sounding of
the plasmasphere was performed by a radio plasma
imager (RPI) on the IMAGE satellite. Huang et al.
(2004) and Tu et al. (2006) suggested a mathemati-
cal form in order to explain the field-aligned density
profile that was observed remotely by IMAGE/RPI. By
measuring Alfvén wave harmonic frequencies, Denton
et al. (2009) inferred a field-aligned mass density pro-
file, and fitted to a polynomial function. The physical
meaning of the field-aligned density distribution of the
thermal plasma is not well understood.

9.2.2 Formation of Plasmasphere

It has been suggested that the plasmasphere is formed
by three principal processes: (1) the supply of thermal
plasma from the ionosphere along a field line (e.g.,
Singh and Horwitz 1992), (2) pitch angle scattering
of the supplied plasma (e.g., Schulz and Koons 1972;
Lemaire 1989), and (3) large-scale electric fields that
act on the drift motion of thermal plasma (e.g., Nishida
1966).

The main source of H* in the plasmasphere is the
reaction Ot + H — O + H* that takes place in the
topside ionosphere. The reverse reaction, O + H* —
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O* + H, also takes place with almost the same speed,
which is the main sink for H*. When the plasmasphere
is completely empty, the former process will proceed,
and H* will be supplied into the magnetosphere with
a maximum flux. The limiting flux of H" is a weak
function of a neutral temperature, but is directly pro-
portional to the neutral hydrogen density and to the
O* scale height and O* density at a lower boundary
altitude of the production region (Richards and Torr
1985). The lower boundary altitude increases from
500 km for a solar minimum to 1000 km for a solar
maximum because of an increase in the neutral density
scale height and O* density. When the lower boundary
altitude increases, the density of the neutral hydrogen
decreases, so that the limiting flux is decreased. Thus,
the refilling time is longer at a solar maximum than at a
solar minimum. The opposite tendency is expected for
He*, according to the simulation performed by Krall
et al. (2008). The refilling of He* is more rapid at
a solar maximum than at a solar minimum because
the He* density generally increases with solar activ-
ity due to photo ionization. The idea that He* density
is largely controlled by photo ionization is supported
by the diurnal variation in the He* density observed by
IMAGE/EUV (Galvan et al. 2008).

Based on whistler wave observations in Antarctica,
the time required to reach an equilibrium was obtained
to be ~1 day at L = 2.5 and ~8 days at L = 4 (Park
1970, 1974). Using cold ion data from the GEOS-2
satellite at geosynchronous orbit, Song et al. (1988)
found that the refilling time constants range from ~3
to ~7 days with refilling rates depending on the Dst
index. The first global imaging of a refilling process
was accomplished by Sandel and Denton (2007) using
data from IMAGE/EUV. In the early stage of the refill-
ing process, the interior of the He* plasmasphere is
structured in azimuth and the plasmapause is diffuse,
suggesting that the refilling may take place nonuni-
formly in azimuth. The refilling rates were inferred to
be ~1 He* cm™ h~! at L = 3.3, and ~7 x 1072 He"
cm~3 h~! at L = 6, rates which are consistent with
those reported in previous studies.

Electric fields play a major role in the forma-
tion of the plasmasphere (Nishida 1966; Brice 1967;
Kavanagh et al. 1968; Grebowsky 1970; Chen and
Grebowsky 1974). The corotation electric field cap-
tures the thermal plasma originating from the iono-
sphere. The convection electric field peels away the
outer layer of the thermal plasma. When the electric
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fields are stationary, the transition between them is pre-
cisely determined by the combination of the corotation
and convection electric fields. The last-closed equipo-
tential corresponds to the plasmapause. The situation,
however, is not as simple as this suggests because
the electric fields are never stationary. Major changes
in the convection electric field result in the forma-
tion of a plasma tail (drainage plume) (Grebowsky
1970; Chen and Grebowsky 1974). Even though the
large-scale convection electric field is relatively sta-
ble, small fluctuations in the convection electric fields
result in a leakage of plasma (Matsui et al. 1999, 2000).
Additional electric fields driven by magnetosphere-
ionosphere coupling also result in deformation of the
plasmapause (Goldstein et al. 2003b, c).

The plasmasphere can be used as a diagnostic tool to
investigate the magnetosphere’s electric fields because
its structure is highly sensitive to the electric fields.
The strength of the large-scale convection electric field
was modeled using the location of the plasmapause
(Maynard and Chen 1975). The degree of shielding
was investigated using the shape of the plasmapause
(Ejiri 1981; Ebihara and Ejiri 2003). The corotation
lag (~10%) was evaluated using a distinguishable
structure of the plasmapause (Burch et al. 2004). The
response time between the solar wind electric field
and the electric field in the inner magnetosphere has
been evaluated (Goldstein et al. 2003a). Using two-
dimensional images of the plasmasphere, snapshots of
the electric fields were obtained for the entire plasma-
sphere (Gallager and Adrian 2007), and also along the
plasmapause (Goldstein et al. 2004b).

9.2.3 Fate of Plasmaspheric Plasma

Erosion is the most drastic large-scale phenomenon
in the plasmasphere. The erosion takes place when
the enhanced convection electric field peels away
the outer layer of the plasmaspheric plasma with
a time delay of ~30 min (Goldstein et al. 2003a).
A plasma tail (Grebowsky 1970, or Fig. 9.2¢) or a
drainage plume (Sandel et al. 2001, or Fig. 9.2e)
is thought to be a manifestation of the path of the
peeled plasma. In the noon-dusk sector, sunward drift-
ing cold ions have already been observed at geosyn-
chronous orbit (Freeman 1969; Borovsky and Denton
2008). Borovsky and Denton (2008) confirmed that
the drainage plume plasma moves sunward with flow
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speeds that decrease as storms progress. According
to their calculation, the integrated mass fluxes in the
plumes are ~2x 102 ions/s in the early stage of mag-
netic storms. It is estimated that ultimately, a total of
~2x10%! jons (34 tons of protons) is drained from
the main body of the plasmasphere during a mag-
netic storm. Plumes exhibit large velocity fluctuations,
suggesting a turbulent condition, as was previously
suggested by Matsui et al. (1999).

The fate of the drained plasma is not well known.
During magnetic storms, cold ions have been observed
on, or just outside the magnetopause (e.g., Freeman
1969; Elphic et al. 1996; Borovsky et al. 1997). Foster
et al. (2004a) observed a cold plume plasma with its
leading edge making contact with a cusp region at the
ionospheric altitude. The transport rates of the plas-
maspheric material were estimated to be ~10%° ions/s
(Elphic et al. 1997) and >10%® ions/s (Foster et al.
2004a). Recently, McFadden et al. (2008) have shown
clear evidence that the cold plume plasma exists in
open flux tubes, suggesting that the cold plume plasma
participates in the magnetic reconnection at the day-
side magnetopause. This observed fact supports the
idea that the cold plume plasma changes from a closed
field line to an open field line at the dayside mag-
netopause and moves antisunward through the lobe
region (Borovsky et al. 1997; Elphic et al. 1997).

Moore et al. (2008) used the term “plasmaspheric
wind” to describe the cold plasma population that orig-
inates from the plasmasphere. They investigated the
fate of the plasmaspheric wind by test particle simu-
lation under the 3-D magnetospheric fields provided
by a global MHD simulation. The plasmaspheric wind
escapes from the magnetosphere downstream, rather
than being recycled through the inner magnetosphere.
They found that the contribution from the plasmas-
pheric wind to the inner magnetosphere is negligible in
comparison with the solar wind protons for the south-
ward IMF condition but becomes significant for the
subsequent northward IMF condition.

The plasmasphere is of importance in the disper-
sion relations of waves, which lead to scattering of
the energetic particles trapped in the inner magneto-
sphere (e.g., Lam et al. 2007; Shprits et al. 2008b;
Varotsou et al. 2008; Gamayunov and Khazanov 2008;
Gamayunov et al. 2009; Breneman et al. 2009). Chen
et al. (2009) evaluated the path-integrated gain of elec-
tromagnetic ion cyclotron (EMIC) waves and found
that the minimum cyclotron-resonant electron energy
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occurs in the plasmaspheric plume. The minimum res-
onant electron energies are several MeV in plumes and
near the plasmapause, and >8 MeV in the low-density
trough. See Sections 9.6.3.2 and 9.6.4.2 for a more
detailed description in this regard.

9.3 WarmPlasma

In situ measurements have shown the presence of a
variety of ions whose temperatures ranging between
a few eV and hundreds of eV (e.g., DeForest and
Mcllwain 1971; Comfort and Horwitz 1981; Kaye
et al. 1981; Fennell et al. 1981; Olsen 1981; Quinn
and Johnson 1982a, b; Sojka et al. 1983; Nagai et al.
1983; Sagawa et al. 1987; Olsen et al. 1987; Collin
et al. 1993; Yamauchi et al. 1996). Chappell et al.
(2008) have clarified that the warm plasma represents
an intermediate energy population (a few eV to hun-
dreds of eV) that is too high in energy to be a direct
upward flow of the ionosphere (0.1 to a few eV) and
too low in energy to be accepted as part of the dominant
plasma sheet (1-10 keV) or ring current (10-100 keV)
populations. The warm plasma population tends to
appear in the morning to early afternoon sector, which
is called the “warm plasma cloak” (Chappell et al.
2008). The pitch angle distribution of the warm ions
is isotropic, bidirectional field-aligned, unidirectional
field-aligned, or pancake-like, and their occurrence
rates depend on the local time, magnetic activity, and
ionic species (Comfort and Horwitz 1981; Nagai et al.
1983; Collin et al. 1993).

Origin of the warm ions is a subject of debate.
The uncertainty arises from the fact that these ions
can be accelerated, heated, and transported by dif-
ferent means. The acceleration mechanisms include
quasi-static parallel electric fields in the ionosphere
(Mizera and Fennell 1977; Frahm et al. 1986),
substorm-associated induction electric fields in the
magnetosphere (Quinn and Mcllwain 1979), and ion
cyclotron waves (Klumpar 1979). The heating mecha-
nism includes cyclotron turbulence near the equatorial
plane (Olsen et al. 1987). The transport mechanisms
include convection from the nightside (Fennell et al.
1981; Chappell et al. 2008) and substorms (Moore
et al. 1981). In addition, it has been suggested that
the ring current population becomes warm ions due
to its interaction with thermal plasmas, that is, due to
Coulomb drag (Jordanova et al. 1996).

It has been pointed out that a field-aligned pitch
angle distribution of ions does not always indicate a
direct supply from the ionosphere (Nagai et al. 1983).
The presence of ions in the loss cone is the best
indication of such a direct supply.

Warm ions are sometimes accompanied by a wedge-
like energy dispersion in energy vs. time spectrograms.
These wedge-like structures have been observed
by Viking (Yamauchi et al. 1996; Ebihara et al.
2001), Equator-S (Ebihara et al. 2008b), and Cluster
(Yamauchi et al. 2009) when the satellites traverse the
inner magnetosphere in the radial direction. The shape
of this dispersion is well understood to represent a
convective transport from the nightside plasmasphere
(Ebihara et al. 2001), and the source population of the
warm H* is estimated to be ~10 eV in the near-Earth
plasma sheet (Ebihara et al. 2008b), which is obvi-
ously distinct from the typical plasma sheet population
(~keV).

Warm (suprathermal) electrons are also supplied
from not only the ionosphere (Peterson et al. 1977;
Khazanov et al. 1996) but also the plasma sheet
(Khazanov et al. 1996). Bortnik et al. (2007) have
shown that fluxes of the warm electrons at all ener-
gies increase with increasing magnetic activity. It has
been suggested that the warm electrons tend to be more
likely associated with ECH (Electrostatic Cyclotron
Harmonic) emissions and upper-band whistler-mode
chorus waves (e.g., Horne et al. 2003; Ni et al. 2008).

9.4  Ring Current

9.4.1 Carrier of Ring Current

A complete or incomplete ring-like region where the
plasma pressure (energy density) is high is hereinafter
termed a ring current. The general expression of the
ring current is given by Parker (1957) as follows:

J=Iu+Is+J

B B-VB .1
= 5 X |:VPJ_+(P —PJ_) 5 i|
where Jum, Jg, Jc, P, P||, B are the magnetization cur-
rent (due to gyration), grad-B drift current, curvature
drift current, perpendicular pressure, parallel pressure,
and magnetic field, respectively. The inertial current
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is usually negligible in the inner magnetosphere. The
pressure terms are given by

1
P, = 5 Z / F; (v, ) mp*cos’advda (9.2)

P = Z/F,' (v, @) mjv*sin“advdo 9.3)
i

where F, i, m, v, and « are the distribution function of
particles, particle species, mass, speed, and pitch angle,
respectively. Positively (negatively) charged particles
drift westward (eastward) due to the grad-B and cur-
vature drifts. Thus, the drift currents Jg and Jc flow
westward in the Earth’s magnetosphere. For isotropic
pressure (P = P, = P)), the contributions from Jg
and Jc are canceled by a part of Jy, and the resul-
tant electric current is simply expressed as J; =
B x VP / B?. Thus, the contribution from Jy is signif-
icant, while the drift currents (Jg and Jc) are less so.
In this particular case, the pressure peak (dP/dL = 0) is
located along the shear of the electric currents, that is,
a westward current in the outer region and an eastward
current in the inner region. The idea that “the ring cur-
rent flows westward because ions drift westward and
electrons drift eastward” is incorrect.

In-situ observations have shown that the plasma
pressure is primarily sustained by ions with an energy
that ranges from ~1 keV to ~a few hundred keV
(Frank 1967; Smith and Hoffman 1973; Williams
1981; Daglis et al. 1993). The H* ions usually make the
greatest contribution to the plasma pressure, though the
energy density of O* ions occasionally dominates that
of H* ions during particular magnetic storms (Lundin
et al. 1980; Lennartsson et al. 1981; Krimigis et al.
1985; Hamilton et al. 1988; Daglis et al. 1999). Other
ionic species such as He*, He™, O** (Krimigis et al.
1985), N* (Liu et al. 2005b), and O=*3 (Ebihara et al.
2009a), have also been identified in the ring current
region. The N*/O* ratio is ~0.314 during quiet times,
and it decreases with Fjg 7 (Liu et al. 2005Db).

He* and O* ions are thought to originate in the
Earth, while He** and O=*3 jons are thought to orig-
inate in the Sun. Using data from the Polar satellite,
Ebihara et al. (2009a) found that O=*3 and O*** are
almost simultaneously enhanced in the heart of the
ring current during magnetic storms. This observa-
tional fact indicates that both contributions from the
solar wind and the ionosphere are important for the
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storm-time ring current. However, transport, acceler-
ation, and loss processes of these ions are not fully
understood.

The contribution of electrons to the ring current is
uncertain. During quiet times, ~1-50 keV electrons
have been found to contribute to 1% (Liu et al. 2005a)
of the ring current. During active times, these elec-
trons have been found to contribute to ~25% (Frank
1967), and 8-19% (Liu et al. 2005a) of the ring cur-
rent. A simulation has also predicted that the electrons
contribute to and ~2% during quiet times and ~10%
during active times (Jordanova and Miyoshi 2005).
The reason for their small contribution to the ring cur-
rent is unknown. The smallness may come from the
relatively low temperature of the electrons in the night-
side plasma sheet (Baumjohann et al. 1989) or from
rapid losses of electrons.

Dessler and Parker (1959) and Sckopke (1966)
developed a formula that relates the total energy of
trapped particles to the magnetic field perturbation
at the center of the Earth. Greenspan and Hamilton
(2000) confirmed that this formula holds true on aver-
age when using the Dst index as a proxy for the
magnetic field perturbation at the center of the Earth.
On the other hand, Turner et al. (2001) have shown that
the ring current ions contribute, on average, half of the
Dst index.

9.4.2 Structure of Ring Current

Chapman and Ferraro (1933) predicted the existence

of a circular ring of current surrounding the Earth.

In our time, a detailed picture of the ring current has

been obtained by the following different observational

means.

1. Ground-based measurements of the magnetic
deflection induced by the ring current (e.g.,
Akasofu and Chapman 1964; Kamide and
Fukushima 1971; Kamide 1974; Clauer and
McPherron 1980). The averaged magnetic field
deflection observed at a geomagnetically low lati-
tude is used to derive the Dst index (Sugiura 1964).
The local time asymmetry of the ground magnetic
deflection can be used to measure the asymmetry
of the ring current (Akasofu and Chapman 1964;
Cahill 1966), though one must be careful to take
into account the contribution of the field-aligned
current (Ohtani et al. 2007a).
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2. In-situ measurements of energetic particles. The
plasma pressure (energy density of plasma) distri-
bution has been observed (e.g., Frank 1967; Smith
and Hoffman 1973; Lui et al. 1987; Spence et al.
1989; De Michelis et al. 1997; Milillo et al. 2001,
2003; Korth et al. 2000; Ebihara et al. 2002; Lui
2003). The observed pressure is always underesti-
mated because of the finite energy window of the
instrument used to measure particles.

3. In-situ measurements of the magnetic fields induced
by the ring current (Cahill 1966; Sugiura et al.
1971; Hoffman 1973; Terada et al. 1998; Lui 2003;
Le et al. 2004; Vallat et al. 2005; Ohtani et al.
2007a).

4. Remote sensing of energetic neutral atoms (ENAs)
emitted from the ring current (Jorgensen et al. 1997;
Pollock et al. 2001; Brandt et al. 2004; Ohtani et al.
2006; Scime et al. 2002).

On average, the plasma pressure (or the energy den-
sity) is fairly symmetric during geomagnetically quiet
times (De Michelis et al. 1999; Ebihara et al. 2002;
Lui 2003). The plasma pressure (or the energy density)
becomes asymmetric during high AE (De Michelis
et al. 1999), low Dst (Ebihara et al. 2002), and high
K, (Lui 2003) periods. The H* pressure is the high-
est in the dusk-midnight sector (Lui 2003). Ebihara
et al. (2002) found that the degree of the pressure
asymmetry depends on the storm phase. During the
storm main phase, the energy density of H* shows an
increase on the nightside and a decrease on the dayside
(Ebihara et al. 2002, 2004a). During the storm recov-
ery phase, the energy density evolves in the opposite
direction and becomes asymmetric. The same tendency
has been observed by in-situ particle measurements
(Stiidemann et al. 1987; Korth et al. 2000) and by ENA
measurements (Brandt et al. 2002a).

On average, the anisotropy of the plasma pressure
(A=P_ /P —1) is large on the dayside (or inner
region), and small on the nightside (or outer region)
(Lui et al. 1994; De Michelis et al. 1999). At midnight,
the anisotropy index A is ~2, ~1, and ~0.5 at L = 3,
4, and 6, respectively (Lui et al. 1994). Thus, the sec-
ond term in Eq. (9.1) is important when one evaluates
the intensity and force balance of the ring current (Lui
et al. 1987, 1994; De Michelis et al. 1999). The pitch
angle distribution depends on L and energy (Lyons
1977; Collin et al. 1993; Ganushkina et al. 2005; De
Benedetti et al. 2005; Ebihara et al. 2008a).
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Tinsley (1981) predicted the existence of a sec-
ondary ring current belt that results from ENAs that
travel from the core of the ring current. Years later,
Sgraas et al. (2003) and Sgrbg et al. (2006) observed
an inner belt of ring current during magnetic storms
by using data from the low-altitude satellite NOAA.
They termed this inner belt the Storm-Time Equatorial
Belt (STEB). The STEB appears at an extremely low
L-value near the magnetic equator. Convective trans-
port cannot account for the formation of the STEB. It
is plausible that the STEB results from ENAs traveling
earthward from the core of the ring current with-
out any influence by the magnetic field. The ENAs
can become ions through charge exchange with dense
neutral hydrogen and oxygen.

It should be noted that the ring current does not
perfectly encircle the Earth as might inferred from
the name. The plasma pressure distribution is not
axisymmetric with respect to Earth’s dipole moment.
The asymmetry of the pressure distribution results in
uneven current density of the ring current. The rest of
the current is thought to flow into/away from the iono-
sphere along a field line, called field-aligned currents.
The electric currents that might be associated with ring
current are drawn in Fig. 9.4.

9.4.3 Transport and Acceleration of Ring
Current Particles

9.4.3.1 Convection

A long-lasting main phase of magnetic storms is asso-
ciated with a prolonged southward IMF (Kokubun
1972), which results in the enhancement of the large-
scale convection (Dungey 1961; Baumjohann and
Haerendel 1985; Weimer 2001, 2005; Matsui et al.
2008). A large-scale, dawn-to-dusk convection elec-
tric field conveys charged particles from the near-Earth
plasma sheet to the dayside magnetopause (Kavanagh
et al. 1968). As the particles drift earthward, they gain
kinetic energy in order to conserve the first two adia-
batic invariants. The first and second adiabatic invari-
ants (u and J) are respectively expressed as (Roederer
1970)

2

P
= .4
m = 5B 9.4)
J = fp”dl (95)
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Fig. 9.4 (a) Global electric current lines deduced from model
ring current pressure distribution (Roelof 1989), and (b) ring
current plasma pressure deduced from energetic neutral atom

where my is the rest mass, p is the momentum, and
dl is a line element along a field line. If the magnetic
field is the dipole, the kinetic energy will be propor-
tional to L= for an equatorial pitch angle of 90° and
to L2 for an equatorial pitch angle of 0° (Ejiri 1978).
The ions tend to drift westward due to grad-B and
curvature drifts as they gain kinetic energy. As a con-
sequence, the plasma pressure (or the energy density)
of ions is increased in the premidnight sector. The
convection electric field also conveys the preexisting
particles on the dayside to the dayside magnetopause,
resulting in the decrease in the plasma pressure in
the prenoon sector (Ebihara et al. 2002). The increase
in the pressure in the dusk-midnight sector and the
decrease in the pressure in the prenoon sector results
in an asymmetric distribution of the plasma pressure,
namely “asymmetric ring current.” The global evolu-
tion of the asymmetric distribution was measured by
IMAGE/HENA (Brandt et al. 2002a).

It has been confirmed that enhancements of the
convection electric field can reasonably account for
observations regarding the morphology of the ring cur-
rent, ion flux enhancements, and observed variations
in the Dst (Ejiri et al. 1980; Roeder et al. 1999; Korth
et al. 2000; Brandt et al. 2002b; Ebihara et al. 2004;
Miyoshi and Kataoka 2005; Burke et al. 2007), and
numerical simulations (Wolf et al. 1982; Fok et al.
1996; Kozyra et al. 1998a; Ebihara and Ejiri 1998,
2000, Jordanova et al. 1999; Liemohn et al. 1999,
2001; Brandt et al. 2002b; Garner et al. 2004; Ebihara
and Fok 2004; Liemohn et al. 2005). During the super

Brandt et al. (2008)

observation and possible field-aligned current generated by the
plasma pressure (Brandt et al. 2008)

storm of November 2003, the intensified convection
electric field could account for the ion injection deep
into L = 1.5 (Ebihara et al. 2005a).

When the convection electric field becomes weak
during a storm’s recovery phase, these particles tend to
drift azimuthally, resulting in symmetric distribution of
the plasma pressure, namely “symmetric ring current”
(Korth et al. 2000; Ebihara et al. 2002).

The rate of increase of kinetic energy due to the
electrostatic field is given by ¢V- E, where ¢ is charge,
V is the drift velocity, and E is the electric field.
The upper limit of the particle energy to be accel-
erated is determined by the total electric potential
imposed on the magnetosphere. The cross polar cap
potential, which is a measure of the net electric poten-
tial, shows saturation for a large solar wind electric
field (Reiff et al. 1981; Wygant et al. 1983; Siscoe
et al. 2002; Ober et al. 2003; Hairston et al. 2005).
DMSP satellite measurements indicate that the satu-
ration limit of the cross polar cap potential was about
260 kV for the severe storms of October—November
2003 (Hairston et al. 2005). This saturation is thought
to have resulted from the Region 1 field-aligned
current (Siscoe et al. 2002), ionospheric conduc-
tance (Merkin et al. 2005), the impedance mismatch
between the solar wind and ionosphere (Kivelson and
Ridley 2008), and a current-limited voltage genera-
tor (Borovsky et al. 2009). Lopez et al. (2009) have
proposed a mechanism that explains the nonsaturated
behavior of the ring current intensification under a
saturated condition of the polar cap potential.
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The details of structure and generation mecha-
nism of the electric field in the inner magnetosphere
remain controversial. The electric field measured near
the plasmapause is highly variable and its ampli-
tude increases with magnetic activity (Maynard et al.
1983). When averaged, the electric fields are qual-
itatively in agreement with ionospheric observations
(Maynard et al. 1983; Baumjohann and Haerendel
1985; Rowland and Wygant 1998; Matsui et al. 2008).
The cause of fluctuations in the electric fields in the
inner magnetosphere has not yet been determined.
Hori et al. (2005) have pointed out that no system-
atic increase was found in plasma sheet electric fields
(>9 Re) during a storm’s main phase. Their result
may introduce ambiguity to the idea that enhanced
convection conveys the plasma sheet particles into
the inner magnetosphere during the main phase of
a storm. A large spike in the amplitude of the
poleward electric field has frequently been observed
in the magnetosphere at subauroral latitudes (e.g.,
Maynard et al. 1980) and is described in detail in
Section 9.4.6.1.

The response time of the inner magnetospheric con-
vection electric field to the solar wind electric field
is also uncertain. On the basis of their observation
of plasmaspheric erosion, Goldstein et al. (2003a)
obtained a response time of ~30 min. They suggested
that the propagation time from the magnetopause to the
ionosphere takes ~3—15 min, followed by ~10-25 min
for complete reconfiguration of the ionospheric con-
vection. Kikuchi et al. (1996, 2008) have shown that
the dawn-to-dusk convection electric field is “imme-
diately” transmitted from the polar ionosphere to the
equatorial ionosphere. This suggests that reconfigu-
ration of the ionospheric convection can be accom-
plished quickly, at the speed of light, by the TMp mode
waves in an Earth-ionosphere waveguide (Kikuchi
et al. 1978).

9.4.3.2 Substorm

Impulsive enhancements of particle fluxes have fre-
quently been observed near geosynchronous orbit
(Konradi et al. 1967; DeForest and Mcllwain 1971;
Mcllwain 1974) and inside the geosynchronous orbit
(Reeves et al. 1996; Ohtani et al. 2007b). These
enhancements are associated with substorms that are
identified by ground magnetic fields (Konradi et al.
1967; DeForest and Mcllwain 1971; Kamide and
Mcllwain 1974). Because of the sudden appearance
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of particles, this phenomenon is called a “substorm
injection.”

A “substorm injection” that is not accompanied by
energy dispersion is called a “dispersionless” injec-
tion. Such an injection has been observed at least at
4 < L < 8 (Friedel et al. 1996). After injection, a cloud
of the injected particles begins to display energy dis-
persion due to drift velocities, depending on its energy
(DeForest and Mcllwain 1971). Mauk and Mcllwain
(1974) specified a zero-energy boundary of the injected
cloud at the geosynchronous orbit, and found that the
location of the boundary depends on MLT and K,,.
They suggested a spiral-shaped boundary of injection,
called an injection boundary. Konradi et al. (1975)
extended the injection boundary to the morning quad-
rant by reflecting the spiral-shaped evening boundary
about the midnight meridian. As a consequence of
the reflection, the injection boundary has a dented
form, shaped somewhat like the Arabic numeral “3”.
Following the study of Konradi et al., this 3-shaped
boundary is commonly referred to as an injection
boundary (e.g., Mauk and Meng 1983; Lopez et al.
1990; Reeves et al. 1996). However, the existence of
the 3-shaped boundary is still a controversial subject.
Zhang et al. (2009) simulated a plasma bubble ejected
by a substorm and demonstrated that the inner edge of
the plasma sheet has a 3-shaped boundary.

A “substorm injection” is thought to be caused by
the relaxation of the magnetic field associated with a
substorm (Walker et al. 1976). In the course of such
relaxation (dipolarization), a strong dawn-dusk induc-
tion electric field was observed (Aggson et al. 1983).
A 2-min envelope of the dawn-dusk electric field hav-
ing an amplitude of 30 mV/m correlates with that of the
inductive fields of the collapsing magnetic field. Low-
frequency (t~10 s) and high-frequency (t < 1 s) wave
variations were also present throughout the event.

At geosynchronous altitude, the ion temperature
increases significantly, while the ion density remains
almost constant during the course of a substorm
(Birn et al. 1997a). This quite likely suggests that
the particles are significantly accelerated. A test par-
ticle simulation performed in the three-dimensional
MHD field showed that ions with an energy >20 keV
are accelerated by the cross-tail electric field under
nonadiabatic motion during dipolarization (Birn et al.
1997b). Particles can also be accelerated by a parallel
component of the induction electric field (Quinn and
Southwood 1982), and by magnetic field fluctuations
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having frequencies that are close to the gyrofrequen-
cies of the ions (Ono et al. 2009). The test particle
simulation performed by Birn et al. (1997b) showed
that ions with an energy <20 keV are not effectively
accelerated by this process because the ExB drift
dominates the cross-tail drifts. A substorm-associated
dipolarization event probably results in both a local
acceleration (as was observed by Lopez et al. 1990)
and the inward transport of particles (as was observed
by DeForest and Mcllwain 1971; Mauk and Mcllwain
1974). Sergeev et al. (1998) have emphasized that one
can observe an increase, a decrease, or no variation of
flux after a substorm, and that particle flux variation
depends on the energy and radial flux gradient.

The net result of a “substorm injection” on the ring
current is still being debated. Mitchell et al. (2003)
observed intensifications of H* and O* immediately
following substorms. H* and O* were not simulta-
neously enhanced, suggesting that a mass-dependent
acceleration process probably takes place. Simulations
have shown that a substorm results in net intensifi-
cation of the ring current (Fok et al. 1999; Zhang
et al. 2009). Further observations and simulations are
awaited that will quantitatively evaluate the overall
influence of a substorm on the development of the ring
current.

9.4.3.3 Compression of Magnetosphere
Sometimes the magnetosphere is compressed by an
abrupt enhancement of the solar wind dynamic pres-
sure prior to the main phase of a storm. This is
called storm sudden commencement (SSC), which is
followed by a storm’s initial phase. Due to magneto-
spheric compression, ions having an energy between
keV and hundreds-of-keV are increased by ~25-40%
due to adiabatic energization (Lee et al. 2007). Due
to an azimuthal induction electric field (Shinbori et al.
2004), preexisting particles are expected to drift in the
radial direction. The magnetospheric state established
in the initial phase may also play an important role in
the subsequent development of the ring current during
the main phase of a storm.

9.4.3.4 Wave-Particle Interaction

EMIC waves can be excited by cyclotron resonant
instability with anisotropic ring current H*, leading to
heavy ion heating perpendicular to the ambient mag-
netic field (e.g., Gendrin and Roux 1980; Anderson
and Fuselier 1994; Thorne and Horne 1994; Horne and
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Thorne 1997). This process may be efficient when the
concentration of O is significantly enhanced, and con-
tribute to the observed acceleration of O* up to the ring
current energy. Recently, Pickett et al. (2010) found the
triggered emission of EMIC waves in the inner magne-
tosphere. Omura et al. (2010) developed a nonlinear
wave growth theory of this triggered emissions, which
may cause efficient acceleration of ions in the inner
magnetosphere.

9.4.4 Source of Ring Current Particles

The importance of the number density in the plasma
sheet has been suggested based on observations
(Thomsen et al. 1998; Smith et al. 1999; Liemohn
et al. 2008), and simulations (Chen et al. 1994; Kozyra
et al. 1998b; Ebihara and Ejiri 1998, 2000; Kozyra
and Liemohn 2003; Ebihara et al. 2005a). In stronger
storms, the plasma sheet density at geosynchronous
altitude becomes high (Liemohn et al. 2008). In super
storms, on average, density peaks appear 9 h before the
storm peak, and around the storm peak. For the super
storm of November 20, 2003, the enhancement of the
plasma sheet density around the storm peak is neces-
sary in order to account for the large development of
the ring current (Ebihara et al. 2005a).

On average, the plasma sheet density is fairly well
correlated with the solar wind density (Terasawa et al.
1997; Borovsky et al. 1998; Ebihara and Ejiri 2000).
Terasawa et al. (1997) found that the plasma sheet
becomes dense and cold when the IMF is northward.
The best correlations between the plasma sheet param-
eters and the IMF are obtained when the solar wind
density is averaged over 5-12 h prior to the plasma
sheet observations. For given plasma pressure in the
plasma sheet, cold-dense plasma sheet results in deeper
penetration of the plasma sheet ions (Garner 2003;
Lavraud and Jordanova 2007). At geosynchronous alti-
tude, the density is usually 0.4-2 cm3, though it
sometimes exceeds 2 cm™ (Borovsky et al. 1997,
Thomsen et al. 2003; Lavraud et al. 2005). This is
called a super dense plasma sheet. A hot and super
dense plasma sheet is detected at geosynchronous orbit
for ~20 h following the convection onset that is led by
high-speed coronal hole streams (CHS) (Denton and
Borovsky 2008).

Some entry processes from the solar wind into
the magnetosphere have been suggested; magnetic
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reconnection near the subsolar point under a southward
IMF (Dungey 1961), double lobe reconnection under a
northward IMF (Song and Russell 1992; Song et al.
1999), diffusive entry (Terasawa et al. 1997; Fujimoto
et al. 1998), Kelvin-Helmbholtz instability (Hasegawa
et al. 2004), and cusp entry (Fritz et al. 2003). Once it
has entered, the plasma is transported to the inner mag-
netosphere by the convection electric field through the
plasma sheet (Spence and Kivelson 1993), eddy dif-
fusion (Borovsky et al. 1998), and convection through
the lobe (Ebihara et al. 2009a).

The Earth’s ionosphere is also a significant source of
ring current particles, as evidenced by in-situ observa-
tions of O* in the heart of the ring current (Lundin et al.
1980; Lennartsson et al. 1981; Krimigis et al. 1985;
Hamilton et al. 1988; Daglis et al. 1999; Pulkkinen
et al. 2001). At least three distinct time scales for the
supply of OF have been determined: ~10s of minutes
(Daglis and Axford 1996; Daglis et al. 2000; Mitchell
et al. 2003), ~days (Hamilton et al. 1988; Daglis et al.
1999), and ~years (Young et al. 1982; Pulkkinen et al.
2001; Greenspan and Hamilton 2002).

On a short time scale (~10s of minutes), the vari-
ation of O* ions is associated with a substorm expan-
sion. This variation may be attributed to a rapid supply
of ions from the ionosphere to the equatorial plane
(Daglis and Axford 1996), or to a localized energiza-
tion of preexisting ions (Mitchell et al. 2003). Mitchell
et al. (2003) stressed that the rapid enhancement of
O™ just after substorms cannot be explained by a rapid
supply from the ionosphere. Trajectory tracing of O*
predicts that it usually takes ~1-2 h to reach the equa-
torial plane from the ionosphere (Cladis and Francis
1992). Nosé et al. (2009a) have presented observa-
tional evidence that during magnetic storms, the O*
outflow commences in the topside ionosphere within
several minutes immediately following a substorm,
and that subsequently, O* is increased in the near-Earth
plasma sheet on a time scale of 1 h.

The medium time-scale (~days) variation is associ-
ated with a magnetic storm. During magnetic storms,
O* ions are enhanced in the ring current (Krimigis
et al. 1985; Hamilton et al. 1988; Daglis et al. 1999;
Pulkkinen et al. 2001). The O* concentration is also
increased in the plasma sheet (Lennartsson and Sharp
1982), which can be attributed to an enhancement
of the auroral and polar outflow of O* (Yau et al.
1985a; Abe et al. 1996). In situ observations have sug-
gested that O can be directly introduced from the

157

ionosphere into the inner magnetosphere during mag-
netic storms (Kaye et al. 1981; Sheldon et al. 1998; Yao
et al. 2008).

The long time scale (~years) variation is associated
with the solar cycle. Outflowing O" from the topside
ionosphere is increased with Fg7 (Yau et al. 1985b).
O* concentration is also increased with increasing
F197 in the plasma sheet in the energy 0.1-16 keV/e
(Lennartsson et al. 1989) and 9.4-212.1 keV/e (Nosé
et al. 2009b).

Ebihara et al. (2006) emphasized the importance
of the thinness of the current sheet in transporting
O* from the ionosphere to the inner magnetosphere.
When outflowing O™ first encounters the current sheet,
it moves in a meandering path and undergoes nona-
diabatic acceleration in the current sheet where the
gyroradius is close to the curvature radius of a field
line (Sergeev et al. 1983; 1993). When the current
sheet is thick, the O gains more energy and under-
goes grad-B and curvature drifts. When energized too
much, OF is difficult to drift earthward by the ExB
drift (Ebihara and Ejiri 2000; Garner 2003; Lavraud
and Jordanova 2007). In order to effectively supply
O* from the current sheet to the inner magneto-
sphere, a thin current sheet and strong convection are
needed (Ebihara et al. 2006). During magnetic storms,
the magnetic field is stretched further (Ohtani et al.
2007a) and the current sheet becomes thin (Sitnov
et al. 2008). The storm-time current sheet structure
would help the O* efficiently propagate into the inner
magnetosphere.

9.4.5 Loss of Ring Current lons

9.4.5.1 Charge Exchange

A fast ion captures an electron from a neutral atom to
become a fast neutral atom. In the neutral state, a fast
atom becomes free of any control by a magnetic field,
as has been observed by the IMAGE satellite (e.g.,
Mitchell et al. 2003). The charge exchange occurs fre-
quently in the region where there is a high concentra-
tion of neutral atoms. In the topside ionosphere, oxy-
gen atom is the dominant neutral species. With increas-
ing altitude, hydrogen becomes dominant (Rairden
et al. 1986). The number density of neutral hydro-
gen is ~500-1000 cm™> at 3 Re, and ~50-100 cm™>
at 6 Re (Rairden et al. 1986; @stgaard et al. 2003).
The cross sections for the charge exchange have been
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suggested by Janev and Smith (1993) for the H*-H
reaction, by Barnett (1990) for the He*—H reaction,
and by Phaneuf et al. (1987) for the O*—H reaction.
Because the geocoronal hydrogen is dense at a low
altitude, ions with small equatorial pitch angles read-
ily undergo charge exchange. Smith and Bewtra (1976)
suggest that the bounce-averaged lifetime is as follows:

COS3‘5i0'2)»m

NHVOch

(r) = (9.6)

where <t>, ny, v, 0 ch, and hp, are the bounce-averaged
lifetime, neutral hydrogen density in the equatorial
plane, velocity of the ion, charge exchange cross sec-
tion, and mirror latitude, respectively. The lifetime of
H* is shorter than that of O for energy less than
45 keV, while it is longer than that of O* for energy
greater than 45 keV (Fok et al. 1991).

Ebihara and Ejiri (2003) calculated the ring current
evolution during weak magnetic storms, and showed
that the Dst variation is well explained by the ring cur-
rent simulation with the charge exchange loss. When
the charge exchange loss is excluded, the Dst variation
is obviously different from that observed.

Hamilton et al. (1988) demonstrated a rapid recov-
ery of Dst (e-folding time scale of ~9.3 h) and a rapid
decay of O* ions (30-310 keV/e) during the intense
storm of February 1986. They suggested that the rapid
decay of O* could be attributed to the short charge
exchange lifetime of O*. The two-step recovery of Dst
can be attributed to the rapid decay of O* followed
by the slow decay of H*. Fok et al. (1995) simu-
lated the ring current during the February 1986 storm
and encountered a problem in the interpretation of the
rapid recovery of Dst. Kozyra et al. (1998a) pursued
the rapid recovery, and suggested that, in addition to
charge exchange, precipitation loss plays an important
role in the ion loss.

9.4.5.2 Coulomb Drag

Ions are decelerated by Coulomb collisions with ther-
mal plasma. This is called Coulomb drag. The decay
rate has been formulated by Fok et al. (1991) and
Jordanova et al. (1996). The Coulomb drag results in
redistribution of the ions in the velocity space, and
it enhances the low-energy ion precipitating fluxes
inside the plasmasphere (Jordanova et al. 1996). The
kinetic energy of the ions is transferred to the thermal
electrons (Kozyra et al. 1987) and to the ionosphere,
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contributing emissions at 630 nm. The resultant glow
of these emissions manifests in what are termed stable
auroral red (SAR) arcs (Cole 1965; Kozyra et al. 1997).
Coulomb drag is insignificant in ring current decay
because the loss rate is much smaller than that of the
charge exchange at energy >10 keV (Fok et al. 1991)
and because the plasmasphere shrinks during magnetic
storms.

9.4.5.3 Coulomb Scattering

Ions are scattered by Coulomb collisions with ther-
mal plasma and are precipitated into the ionosphere
in what is called Coulomb scattering. Jordanova et al.
(1996) found that, in general, the decay rates are small.
The decay rates due to Coulomb scattering are much
smaller than those due to Coulomb drag by two orders
of magnitude.

9.4.5.4 Wave-Particle Interaction

Ions are scattered by the EMIC waves (e.g., Cornwall
et al. 1970; Summers 2005; Summers et al. 2007)
that are frequently observed in the inner magneto-
sphere (e.g., Anderson et al. 1992; Mursula et al. 2001;
Engebretson et al. 2007). EMIC waves are primar-
ily caused by the temperature anisotropy of ions with
an energy of 10-50 keV (Cornwall 1977). Such tem-
perature anisotropy can be easily established by the
charge exchange as represented by Eq. (9.6), as well
as by convective transport. Jordanova et al. (1997)
calculated the growth of EMIC waves and the evolu-
tion of the ring current with pitch angle diffusion due
to wave-particle interaction. They found that EMIC
waves are readily developed near the plasmapause
on the duskside, resulting in scattering of the ions.
The localized precipitation of ions results in the pro-
ton auroral emission associated with plumes, and is
remotely monitored by an auroral imager onboard the
IMAGE satellite (Fuselier et al. 2004; Spasojevic et al.
2005; Jordanova et al. 2007).

Thorne and Horne (1997) showed that the EMIC
waves are absorbed efficiently at high magnetic lati-
tudes via cyclotron resonant interactions with energetic
O*. When the fractional composition of ring current
O* exceeds 60%, cyclotron absorption by resonant
O* can become so severe to totally suppress wave
excitation. The storm-time development of the ring
current may be modulated by the relative composi-
tion of energetic O* through resonant interaction with
EMIC waves.
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9.4.5.5 Adiabatic Loss Cone Loss

When ions drift earthward, their equatorial pitch angle
shifts toward 90° due to the conservation of the first
two adiabatic invariants. The loss cone angle is also
rapidly widended as the ions drift earthward, so that
ions with a small pitch angle encounter the loss cone
at a certain L-value without any pitch angle scattering
(cf., figure 9 of Ebihara and Ejiri 2003). This is called
adiabatic loss cone loss. Jordanova et al. (1996) have
suggested that adiabatic loss cone loss is sufficient
to explain the ion precipitation observed by satellites.
Ebihara and Ejiri (2003) precisely calculated the pre-
cipitating ion flux and found that the energy flux of the
precipitating flux is much smaller than that observed
by the DMSP satellite. The calculated loss rate of the
ring current due to the adiabatic loss cone loss is ~1—
2% for a weak storm. The importance of the adiabatic
loss cone loss is yet to be conclusively determined.

9.4.5.6 Violation of First Adiabatic Invariant
The first adiabatic invariant of ions is no longer con-
served when the ions are situated in a stretched mag-
netic field line. The pitch angle is scattered and the ions
are precipitated into the ionosphere when the first adi-
abatic invariant is violated. The characteristics of such
scattering due to field line curvature (FLC) have been
theoretically studied (Sergeev et al. 1983; Biichner
and Zelenyi 1989; Delcourt et al. 1996). The FLC
scattering is thought to be responsible for the global
precipitation of ions with a pitch angle distribution that
is almost isotropic (Sergeev et al. 1993). The equator-
ward edge of the isotropic precipitation is called the
isotropic boundary (IB), whose latitude, they suggest,
is a manifestation of the stretching of the magnetic field
on the nightside.

9.4.5.7 Magnetopause Loss

When ions encounter the magnetopause, they are
thought to escape from it (Md&bius et al. 1986; Zong
and Wilken 1999; Christon et al. 2000; Keika et al.
2004). Herein, we refer to two types of magnetopause
loss of ring current particles. In Type 1, the plasma
sheet density suddenly decreases on the nightside. In
Type 2, the dayside magnetopause shrinks.

Type 1. Liemohn et al. (2001) calculated the evo-
lution of the ring current by changing the convection
electric field and suggested that most of the ions that
constitute the ring current during the storm main phase
have open drift paths. This implies that under a strong

159

convection electric field, the ions are injected from
the plasma sheet on the nightside and ejected to the
dayside magnetopause. The compensation between the
inflow and the outflow determines the budget of the
total energy of particles within the inner magneto-
sphere, that is, the ring current. When the plasma sheet
density abruptly decreases, this change is transmit-
ted sunward so that the total energy of the particles
decreases (Ebihara and Ejiri 1998, 2003; Liemohn
et al. 2001; Jordanova et al. 2003). The transit time
involved depends entirely on the strength of the con-
vection electric field. When the plasma sheet den-
sity and the convection electric field simultaneously
decrease, the transit time will be very long and the
change in the plasma sheet density is not effectively
transmitted into the inner magnetosphere because the
last-closed equipotential is expanded (Ejiri 1978). In
the case of Type 1, the degree of loss depends on the
plasma sheet density on the nightside and the strength
of the convection electric field.

Type 2. Keika et al. (2004) have shown that the
energetic ions originating from the magnetosphere are
frequently observed outside the magnetopause during
magnetic storms. The energy flux of outflowing ions is
well correlated with the square root of the solar wind
dynamic pressure, rather than the solar wind electric
field (Keika et al. 2005). The energy flux of outflow-
ing ions during the recovery phase is comparable to
that during the main phase. Keika et al. (2005) have
suggested that the magnetospheric ions are lost due to
magnetic drift, rather than the Ex B drift. In the case of
Type 2, the degree of the loss depends on the standoff
distance of the dayside magnetopause.

9.4.6 Influence on Other Regions
and Other Energy Regimes
9.4.6.1 Ring Current-lonosphere Coupling

The electric current (ring current) cannot be com-
pletely closed in the inner magnetosphere. Vasyliunas
(1970) and Wolf (1970) have suggested the follow-
ing conceptual framework regarding the closure of
the electric current. The convection electric field con-
veys hot plasma into the inner magnetosphere, and
enhances the plasma pressure. A remnant of the cur-
rent must flow into/away from the ionosphere along
a field line to complete the closure. To conduct away
the space charge deposited by the field-aligned current,
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an additional electric field must be developed in the
ionosphere. This electric field is fed back into the mag-
netosphere, affecting the ExB drift velocity of the
trapped particles. Thus, the electric field induced by
the ring current potentially influences the dynamics of
the inner magnetosphere.

The ring current tends to generate a downward
(magnetosphere to ionosphere) field-aligned current on
the duskside, and an upward (ionosphere to magneto-
sphere) current on the dawnside. This current system
resembles the Region 2 field-aligned current (Iijima
and Potemra 1976). The direction of the resultant elec-
tric field is eastward on the nightside, which is opposite
to that of the convection electric field. Thus, the resul-
tant electric field is called a shielding electric field,
whose existence has been supported by ground-based
observations (Fejer et al. 1979; Kelley et al. 1979;
Spiro et al. 1988; Kikuchi et al. 2008, 2010; Ebihara
et al. 2008c). An overshielding condition can be estab-
lished immediately following an abrupt decay of the
Region 1 current (Spiro et al. 1988; Peymirat et al.
2000; Ebihara et al. 2008c), an abrupt decay of the
aurora oval (Ebihara et al. 2004), or an abrupt contrac-
tion of the auroral oval (Kikuchi et al. 2008), because
the ring current-associated field-aligned current cannot
decay as quickly as the Region 1 current.

The shielding electric field may elongate the pattern
of the duskside convection cell toward the equator-
ward of the dawnside convection cell. The resultant
convection cell resembles the Harang discontinuity
(Erickson et al. 1991; Ebihara et al. 2005a; Gkioulidou
et al. 2009). During a storm, the ring current intensi-
fies and the elongation is further developed. Finally, a
flow reversal on the dawnside develops (Ebihara et al.
2005a), which was observed by a satellite (Ebihara
et al. 2005a) and by HF radar (Kataoka et al. 2007) at
subauroral latitudes. It appears that a strong westward
electric field is established near the eastern edge of
the flow reversal, resulting in the intensification of the
tens-of-keV proton fluxes in the inner magnetosphere
(Fok et al. 2001; Ebihara and Fok 2004). Such unusual
dawnside enhancements of tens-of-keV proton fluxes
were first confirmed by IMAGE satellite observations
(Brandt et al. 2002b). It has also been suggested that
the shielding electric field impedes the development of
the ring current (Ebihara et al. 2005b). The intensity of
the ring current was previously thought to be simply
proportional to the plasma sheet density (Nps) (Chen
et al. 1994; Ebihara and Ejiri 1998, 2000; Liemohn
etal. 2001), but the shielding may result in the intensity
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being proportional to the square root of Nps (Ebihara
et al. 2004). The degree of the impediment may depend
upon the conductivity (Spiro and Wolf 1984; Ebihara
et al. 2004).

In the premidnight sector, the downward Region 2
current tends to flow into the ionosphere equatorward
of the auroral oval. The upward Region 1 current tends
to flow away from the auroral oval. A poleward electric
field is then established on the duskside to complete
the closure of the Region 1 and Region 2 currents. The
conductivity is high in the auroral oval due to the pre-
cipitation of energetic particles, while the conductivity
is low in the subauroral region. The poleward electric
field is strengthened in the subauroral region because
of low conductivity, resulting in a rapid, westward
plasma flow in the subauroral region (Anderson et al.
1993). This phenomenon has been described by vari-
ous terms: Polarization Jet (PJ) (Galperin et al. 1973),
SubAuroral Ion Drift (SAID) (Spiro et al. 1979), Drift
Spike (DS) (Unwin and Cummack 1980), SubAuroral
Electric Field (SAEF) (Maynard et al. 1980; Karlsson
et al. 1998), and SubAuroral Polarization Stream
(SAPS) (Foster and Vo 2002). PJ, SAID, and DS
probably refer to a subregion of SAPS.

Data from the DMSP satellites showed that the lat-
itude of the SAPS channel decreases with a decrease
in the Dst index, suggesting that the SAPS is related
to the ring current (Huang and Foster 2007). Seasonal
variations in the SAPS have also been noted. There is
a strong correlation between the subauroral integrated
conductivity and the latitude of the SAPS channel, and
there is a strong anticorrelation between the conduc-
tivity and the SAPS velocity (Wang et al. 2008). This
suggests that the SAPS is a part of the current system
caused by a current generator. The SAPS is intensi-
fied after a substorm following a delay of >30 min
(Anderson et al. 2001), ~10 min (Mishin and Puhl-
Quinn 2007), and ~30 s (Nishimura et al. 2008). If
a substorm results in a localized enhancement of the
plasma pressure, a blob of the plasma pressure will
travel inward under the influence of the convection
electric field, enhancing the SAPS speed. When this
is the case, the delay time can be explained by the
traveling time between the source and the observa-
tion point. Quasi-periodic variations in the speed of the
SAPS have been observed during a time of disturbance
(Foster et al. 2004b; Ebihara et al. 2009b), and these
may be interpreted in terms of structured, multiple
ring currents moving earthward (Ebihara et al. 2009b).
Different types of subauroral flows have recently been
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reported. One study reported is that a westward flow
is sandwiched in between eastward flows, a configura-
tion which was termed a mirror eastward flow channel
(Makarevich et al. 2009). A rapid, eastward plasma
flow was also found, which was termed an abnormal
SAID (Voiculescu and Roth 2008).

9.4.6.2 Ring Current-Thermosphere Coupling
In the course of the precipitation of energetic protons
deep into the atmosphere, the protons undergo electron
capture, neutral excitation, and electron loss processes.
The hydrogen atoms can be left in an excited state
so that Lyman, Balmer, or other H series may be
radiated (Vallance Jones 1974). The proton aurora is
thus considered to be a direct manifestation of pro-
ton precipitation from the magnetosphere. A patch
of proton aurora in the subauroral region was first
observed by Ono et al. (1987). A similar patch was
also observed together with intensification of geomag-
netic ULF waves that manifest in bursts, the so-called
Pc 1 pulsations (Sakaguchi et al. 2007, 2008, Yahnin
et al. 2007; Yahnina et al. 2008). The close relationship
between the proton auroral spot and the bursts of Pc 1
pulsations implies that the source of the proton precip-
itation is probably the EMIC waves excited in the ring
current. This excitation of the EMIC waves is stim-
ulated by compression of the dayside magnetosphere
(Zhang et al. 2008; Yahnina et al. 2008; Usanova et al.
2008) and convective transport (Jordanova et al. 1997),
which causes temperature anisotropy or some other
instabilities. Jordanova et al. (2006, 2007) simulated
the growth rate of the EMIC waves with the evolving
ring current H*, O*, and He" ion distributions. The
global distribution of the simulated proton precipita-
tion is similar to that of the proton aurora taken by
IMAGE/FUV.

Hardy et al. (1989) have documented the global dis-
tribution of precipitating ions. The hemispheric energy
input from the ions is 11-17% of that from the elec-
trons. The precipitating ions, however, are the major
source of ionization and conductance in the evening
sector (Senior et al. 1987; Senior 1991; Galand and
Richmond 2001), along with Joule heating, an increase
in the E and F region temperature, and strong neutral
winds in the lower thermosphere (Galand et al. 2001).

The ENAs emitted from the ring current are sug-
gested to strike the thermosphere and cause the ion-
ization at low latitudes. Rowe (1974) presented the
observation that the electron density in the nightside

E region at Arecibo was significantly enhanced during
magnetic storms. Precipitating ENAs may be suffi-
cient to account for the electron density enhancement
(Lyons and Richmond 1978). Spectrographic pho-
tometers onboard TIMED detected anomalous auroral
emissions from the nightside thermosphere at low lat-
itudes during intense magnetic storms (Zhang et al.
2006). The brightness of these anomalous emissions is
correlated with |Dst|. Zhang et al. (2006) suggest that
the source of the anomalous emissions is ENAs.

9.4.6.3 Ring Current-Plasmasphere Coupling
The ring current interacts with the plasmasphere both
directly and indirectly. Theoretically, the inner edge of
the ion plasma sheet and the plasmasphere can coexist
in the “nose” energy dispersion structure (Ejiri et al.
1980; Kozyra et al. 1993). The kinetic energy of the
ions is degraded by the Coulomb drag and transferred
to the thermal plasma. The heat flux is then propagated
to the topside ionosphere along a field line, resulting
in a glow of emissions that are called SAR arcs (Cole
1965; Kozyra et al. 1987) (see Section 9.4.5.2). SAR
arcs can last for ~28 h (Craven et al. 1982) and can be
a very bright (~13 k Rayleighs) (Baumgardner et al.
2007).

The ring current induces additional electric fields
in the ionosphere, known as SAPS and overshielding
(Section 9.4.6.1). The deformation of the ionospheric
electric field is transmitted to the magnetosphere, and
is also thought to result in deformation of the plasmas-
phere (Goldstein et al. 2003c, 2004a).

9.4.6.4 Ring Current-Ring Current Coupling
The electric field deformed by the ring current can also
deform the ring current itself. Post-midnight enhance-
ments of tens-of-keV ions (Brandt et al. 2002b) can
be explained by the electric potential deformed by
the ring current (Fok et al. 2001; Ebihara and Fok
2004). The convection electric field is weakened by the
ring current, and the strength of the ring current is no
longer proportional to the plasma sheet density (Spiro
and Wolf. 1984; Ebihara et al. 2004). For a detailed
explanation, see Section 9.4.6.1.

Lyons and Williams (1976) have shown that during
the main phase of a storm, the flux of the equatorially
mirroring ions at >200 keV decreases. Lyons (1977)
found that the pitch angle distribution of the ions shows
a butterfly pattern having a minimum flux at a 90° pitch
angle in association with a reduction in the equatorial
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magnetic field. They have attributed the decrease in the
90° ions to adiabatic deceleration (betatron decelera-
tion). Ebihara et al. (2008a) have demonstrated that
during the main phase of a storm, the H* flux at
>80 keV at pitch angles near 90° decreases, while the
H* flux at near 0° and 180° increases. Ebihara et al.
(2008a) have suggested that these variations can be
explained by a combination of the betatron decelera-
tion (due to a depression of the equatorial magnetic
fields), and the Fermi acceleration (due to a shorten-
ing of the distance between mirror points). Zaharia
et al. (2006) have predicted that the pressure anisotropy
(A =P, /P —1)is reduced mainly due to the Fermi
acceleration under the magnetic field that is depressed
by the ring current.

9.4.6.5 Ring Current-Radiation Belt Coupling
Relativistic trapped particles sometimes show an
abrupt decrease during magnetic storms (Mcllwain
1966; Williams et al. 1968), in what is called a Dst
effect, or a ring current effect. The Dst effect may
be understood, in part, as energy deceleration due to
the betatron deceleration and radial displacement due
to the conservation of the third invariant (Dessler and
Karplus 1961). This process may be valid when the
field deformation proceeds slowly enough (Northrop
and Teller 1960). For a detailed explanation, see
Section 9.6.4.1.

EMIC waves generated from the ring current ions
cause pitch angle scattering of the radiation belt elec-
trons (see Section 9.6.4.2), which is another example
of ring current-radiation belt coupling. ULF waves
driven by ring current ions also have an impact on
the radial transport and energization of radiation belt
electrons (Ozeke and Mann 2008).

9.5 Proton Radiation Belt

Time Variation of Proton
Radiation Belt

9.5.1

The inner part of the proton belt, L < 2.0, is very
stable. Secular changes in the Earth’s magnetic field
may gradually increase the proton intensity by a fac-
tor of 10 due to contacting drift shells (Selesnick et al.
2007). Therefore, the reduction of the Earth’s intrinsic
magnetic field exerts an impact upon the proton belt.
During solar cycles, solar activity causes expansion of
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the scale height of upper atmosphere, and the collision
rate increases at a low altitude. The proton flux shows
solar cycle variations that are anti-correlated with solar
activities (Miyoshi et al. 2000).

In the outer part of the proton belt (L > 2), dramatic
variations have been observed, especially during strong
interplanetary shocks. For example, during a record
SSC event on March 24, 1991, a new proton belt was
formed within just 3 min (Blake et al. 1992). A similar
shock-associated enhancement of the proton belt was
observed in 2003 (Looper et al. 2005).

9.5.2 Source and Loss of Relativistic
Protons

It has been though that Cosmic Ray Albedo Neutron
Decay (CRAND) is mainly responsible for energies
>100 MeV protons. In CRAND, the cosmic ray flux
on the atmosphere is backscattered as neutrons which
decay into protons and electrons trapped in the inner
magnetosphere. Solar protons during proton events are
a source of protons of the radiation belt (Hudson et al.
1995, 2004; Kress et al. 2005). The inward trans-
port of protons by radial diffusion is important for
their acceleration (Albert et al. 1998; Jordanova and
Miyoshi 2005). The dominant causes of loss of protons
are Coulomb collisions with plasmaspheric thermal
plasma and atmospheric absorption, which have been
modeled in a three-dimensional Fokker-Planck simula-
tion for the proton radiation belt (Beutier et al. 1995).
The precipitation into the ionosphere due to the pitch
angle scattering is also important.

In the outer part of the proton belt, shock-related
compression of the magnetosphere can accelerate solar
protons to energies of more than tens of MeV on
timescales of tens of seconds (Hudson et al. 1995).

9.6 Electron Radiation Belt

Time Variation of Electron
Radiation Belt

9.6.1

In the inner belt, the electron flux is usually stable,
while the electron flux sometimes increases in associa-
tion with large magnetic storms. During the strong SSC
event on March 24, 1991, injections and drift echoes of
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tens of MeV electrons were observed at L = 2 (Blake
et al. 1992; Li et al. 1993; Gannon et al. 2005).

In the slot region and the outer belt, the elec-
tron flux shows dynamical time variations on var-
ious scales. Electron flux variations in the radi-
ation belts are the result of achieving a balance
between source (transport/acceleration) and loss pro-
cesses (Reeves et al. 2003). Different processes for
acceleration/transportation and loss occur simultane-
ously during storms (see figure 2 of Reeves 2007,
and reviews Friedel et al. 2002; Millan and Thorne
2007; Shprits et al. 2008a, b, Hudson et al. 2008 and
references therein).

9.6.1.1 Storm-Time Variations

Typically, the outer belt flux decreases/disappears dur-
ing the main phase of a storm then returns to its
prestorm level during the early recovery and recovery
phases (e.g., Baker et al. 1986; Nagai 1988; Reeves
et al. 2003; Miyoshi and Kataoka 2005; Li et al.
2005). The flux sometimes increases to a degree that
is higher than its prestorm level. The typical time
scale for the flux enhancement of the outer belt is a
few days (Nagai 1988; Reeves et al. 1998), depend-
ing on the L-shell (e.g., Li et al. 1997; Vassiliadis
et al. 2003, 2005), while it has been observed that
rapid flux enhancement in the inner portion of the
outer belt and in the slot region takes place within
a few hours (Baker et al. 1998b; Nagai et al. 2006).
As will be discussed later, the decrease and increase
in the electrons of the outer radiation belt frequently
occur not only in storms but also associated with solar
wind disturbances.

Magnetic storms are caused by large scale interplan-
etary structures. Coronal Mass Ejections (CMEs) and
Corotating Interaction Regions (CIRs) have intense
electric fields that can drive magnetic storms, though
there are several differences between CME- and CIR-
driven storms (Borovsky and Denton 2006). CMEs
have a strong magnetic field in the sheath as well as
the ejecta and exert an interplanetary shock that causes
the sudden commencement of the storm. CIRs have a
strong magnetic field that is the interface between slow
and fast streams, and they are followed in time by CHS.
All intense storms (Dst < —150 nT) are driven by CMEs
during solar cycle 23. Therefore, it is expected that the
outer belt will respond differently to CME- vs. CIR-
driven storms. Note that the outer belt flux variation
is independent of the storm size as measured by the
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Dst index (Reeves et al. 2003). CIR-driven storms are
more effective than CME-driven storms for the large
flux enhancement of MeV electrons in the outer por-
tion as well as at geosynchronous orbit (Miyoshi and
Kataoka 2005). Large flux enhancements of MeV elec-
trons occur at geosynchronous orbit in 80% of intense
CIR-driven storms (Dst < —100 nT), and in ~50%
of CME-driven storms (Kataoka and Miyoshi 2006).
On the other hand, large flux enhancement in the
inner portion and the slot region occur during CME-
driven great-storms of Dst < —150 nT (Miyoshi and
Kataoka 2005). These findings are consistent with the
peak L-shell dependence on the storm amplitude (e.g.,
Tverskaya et al. 2003; O’Brien et al. 2003).

It is noteworthy that a large number of multiple
storms occur during the solar maximum. The size of
these multiple storms tends to be large and some-
times exceeds —400 nT (Kataoka and Miyoshi 2006).
For example, the largest flux enhancement observed
was in the inner portion and the slot region in the
famous Halloween event, which occurred in October
2003 (Baker et al. 2004; Horne et al. 2005b; Loto’aniu
et al. 2006). The largest flux enhancement during solar
cycle 23 at geosynchronous orbit was observed in
July 2004 during the recovery phase of intense mul-
tiple storms driven by a series of CMEs (Kataoka and
Miyoshi 2008a, b). These multiple storms might not
have any notable effect on the solar cycle variations of
the outer belt since subsequent solar wind structures
produce new variations in the outer belt. In the inner
belt, however, long-lasting flux enhancements which
persist for more than a few years have been observed
following intense storms triggered by events such as
those of March 1991 and October/November 2003 (Li
and Temerin 2001; Looper et al. 2005).

9.6.1.2 Semiannual Variations

Besides variations ranging from a few days to a week,
there are other timescales for flux variation of the
radiation belts. During the solar declining phase, recur-
rent flux variations of 27 days and 13.5 days are
significantly associated with the arrival of recurrent
high-speed CHS. There are also semiannual variations
in which the flux increases in the spring and autumn
(Baker et al. 1999; Li et al. 2001; Miyoshi et al. 2004).
The origin of this semiannual variation in the radia-
tion belts is geomagnetic activities that are driven by
the Russell-McPherron effect (Russell and McPherron
1973; Baker et al. 1999; Miyoshi et al. 2004).
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9.6.1.3 Solar Cycle Variations

The outer belt and slot region vary with the solar cycle
(Miyoshi et al. 2004; Li et al. 2006; Fung et al. 2006;
Maget et al. 2007; Baker and Kanekal 2008). During
the solar declining phase, the flux in the outer portion
of the outer belt tends to increase in association with
small storms (and also with no storms), while the flux
in the inner portion of the outer belt and the slot region
tends to decrease. During the solar active period, the
flux tends not to increase in the outer portion, and vice
versa in the inner portion. These long-term variations
in each position correspond to long-term structural
shifts of the outer belt; the outer belt moves outward
during the solar declining phase and moves inward
during the solar active period (Miyoshi et al. 2004).
These long-term structural variations are the result of
occurrence variations of CME-driven great storms and
high-speed coronal hole streams. That is, CME-driven
great storms tend to increase electrons in the inner por-
tions, while CHS causes a large flux enhancement in
the outer portion (Miyoshi and Kataoka 2005; Baker
and Kanekal 2008).

In the inner belt (L < 2), energetic electrons increase
during the solar active period at L > 1.4 (Abel et al.
1994; Miyoshi et al. 2004), while they decrease at L <
1.3 (Abel et al. 1994).

9.6.2 Response to Solar Wind and IMF

9.6.2.1 Solar Wind Speed

Solar wind speed is a primary driver of the large
flux enhancement of the outer belt (e.g., Paulikas and
Blake 1979). Since ULF pulsations in the Pc 5 range
have been well correlated with solar wind speed (e.g.,
Mathie and Mann 2001) through Kelvin-Helmbholtz
instability (Claudepierre et al. 2008) and/or fluctua-
tions in the solar wind dynamic pressure (Takahashi
and Ukhorskiy 2007), correlations between the solar
wind speed and MeV electron flux enhancement may
indicate that radial diffusion is a dominant process in
flux enhancement (see Section 9.6.3.1).

9.6.2.2 IMF

Because the outer belt electrons do not always increase

greatly when high-speed streams arrive at the Earth

(e.g., Kim et al. 2006), there must be parameters other

than solar wind speed that control flux enhancement.
Flux enhancement tends to occur during the pre-

dominantly southward IMF (Blake et al. 1997; Iles
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et al. 2002; Miyoshi et al. 2007). Statistical stud-
ies focused upon CHS have shown that the large
flux enhancement of MeV electrons depends on the
Russell-McPherron effect; that is, the flux tends to
increase largely in the southward B, dominant CHS
(Miyoshi and Kataoka 2008a, b; McPherron et al.
2009). It should be noted that the average amplitude of
the minimum Dst in the coronal hole stream is small,
greater than —50 nT, which means that intense flux
enhancements at GEO occur regardless of whether or
not a magnetic storm takes place (Kim et al. 2006;
Miyoshi and Kataoka 2008a). A statistical survey
revealed that 90% (50%) of the fast CHSs (average
solar wind speed faster than 500 km/s) display a large
flux enhancement at geosynchronous orbit when the
southward (northward) B, is dominant (Miyoshi and
Kataoka 2008b).

9.6.2.3 Solar Wind Density and Dynamic
Pressure

The enhancement of solar wind dynamic pressure
causes the adiabatic acceleration of the energetic parti-
cles due to the compression of the background mag-
netic field. On the other hand, flux decreases at the
outer portion of the outer belt (e.g., geosynchronous
orbit) tend to occur in large dynamic pressure (Onsager
et al. 2007; Ohtani et al. 2009). Same tendency about
flux decrease has been found in the solar wind density
(Lyatsky and Khazanov 2008).

9.6.3 Transport and Acceleration
of Relativistic Electrons

9.6.3.1 Radial Diffusion

Since the typical energy of radiation belt particles
exceeds the upper limit of the particle energy to be
accelerated by the convection electric field (Section
9.4.3.1), radiation belt particles are usually not affected
by the convection electric field.

Radial diffusion is regarded as one of the plausi-
ble mechanisms that could cause flux enhancement of
the radiation belts. The elemental process of radial
diffusion is a “drift resonance” that occurs between
electrons drifting around the Earth and fluctuations
in the electric/magnetic field. Considering the typi-
cal electron drift period, the ULF pulsation in the
Pc 5 frequency range (~a few minutes) is the most
plausible driver for electron diffusion (e.g., Elkington
et al. 1999, 2003, 2006; Perry et al. 2005; Sarris et al.
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2006). The origin of Pc-5 ULF waves has been vari-
ously attributed to Kelvin-Helmholtz instability (e.g.,
Chen and Hasegawa 1974), fluctuations in the solar
wind dynamic pressure (e.g., Takahashi and Ukhorskiy
2007), and the drift-bounce resonance of ring current
ions (e.g., Southwood et al. 1969). In radial diffusion,
the first two adiabatic invariants (Egs. (9.3) and (9.4)),
 and J, are always conserved, so the electron energy
and pitch angle must change when the electrons move
in a radial direction. The particle energy increases and
the pitch angle of a particle shifts to 90° when a par-
ticle moves earthward and vice versa when a particle
moves outward.

Since a random resonance with fluctuations has
been assumed, the following Fokker-Planck equation
has been used to describe radial diffusion (e.g., Schulz
and Lanzerotti 1974; Schulz 1991; Shprits et al. 2008a
and references therein):
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where f is the phase space density of electrons, Dy,
is the radial diffusion coefficient, and ¢ is time. As
shown in this equation, the direction of particle flow is
determined entirely by the particle distribution, follow-
ing Fick’s law, and is independent of the mechanism
given by the radial diffusion coefficient. If there is no
source inside the radiation belts, the phase space den-
sity for any ¢ and J in the plasma sheet will be larger
than that in the radiation belts, thus producing flux
enhancements. Therefore, the positive gradient of the
phase space density will be observed. In contrast to the
diffusive model, coherent resonance with narrow-band
waves has also been studied (Degeling et al. 2008).
Drift-resonance acceleration has been confirmed
by observation (Tan et al. 2004). Many studies have
shown a correlation between flux enhancement and the
ULF Pc 5 power (e.g., Rostoker et al. 1998; Baker et al.
1998a, b; O’Brien et al. 2001; Mathie and Mann 2001;
Green and Kivelson 2001; Kim et al. 2006; Sarris et al.
2007).
9.6.3.2 In Situ Accelerations by Wave-Particle
Interactions
There are other mechanisms that produce relativis-
tic electrons in the radiation belts: Some plasma
waves; whistler, magnetosonic (ion Bernstein), free-
space mode waves such as auroral kirometric radiation;

165

and fast MHD waves can resonate with electrons by
violation of adiabatic invariants, causing an acceler-
ation (Horne and Thorne 1998; Summers and Ma
2000; Summers et al. 1998, 2001; Horne et al. 2007;
Xiao et al. 2007, 2010b). A recirculation process
(Nishida 1976) driven by both radial transport and
pitch angle scattering, which causes a violation of all
adiabatic invariants, has been applied for the energiza-
tion of electrons (Fujimoto and Nishida 1990; Liu et al.
1999). Here, we focus on whistler-mode wave particle
interactions, which are thought to be the mechanism
responsible for producing MeV electrons.

Whistler-mode chorus waves generated outside the
plasmapause can accelerate the electrons of the outer
radiation belt by Doppler-shifted cyclotron resonance
(e.g., Horne and Thorne 1998; Summers et al. 1998;
Horne 2002; Shprits et al. 2008b and references
therein). The resonance condition of relativistic elec-
trons can be given by

w—kv=n—, (9.8)

14

where w is the wave-frequency, k is the wave num-
ber vector, v is the particle velocity, n is the harmonic
number, €2 is the electron gyro-frequency, and vy is the
relativistic factor. Since a faster phase speed is required
to effectively accelerate electrons, the low plasma den-
sity outside the plasmapause provides an environment
that is conducive to this acceleration.

In this process, plasma/particles with different
energy ranges are coupled to generate chorus waves
and subsequent electron accelerations. Whistler-mode
chorus waves are generated by the temperature
anisotropy of injected plasma sheet electrons of a
few tens of keV, and are then amplified largely due
to the subsequent nonlinear process (Santolik et al.
2003; Katoh and Omura 2007a; Omura et al. 2008). A
global simulation has successfully reproduced chorus
enhancement during the storm (Jordanova et al. 2010).
Generated whistler-mode chorus waves can resonate
with subrelativistic electrons that might be coming
from the plasma sheet and accelerate these electrons
to the level of relativistic energies. Therefore, the cho-
rus wave acts as a mediating agent. The wave growth
occurs by absorbing a free energy of the low energy
electrons, and then the wave transfers the energies to
the high energy electron acceleration. Since the wave-
dispersion relations as well as the resonance condition
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are strongly affected by the ambient plasma density
and magnetic field, the variations in thermal plasma
density greatly changes the electron acceleration. That
is, the cross-energy coupling of particles whose ener-
gies differ by more than 6 orders is essential to produce
relativistic electrons of the outer belt in regard to
the internal acceleration (Miyoshi et al. 2003, 2007;
Bortnik and Thorne 2007; Horne 2007).

The acceleration process of wave-particle interac-
tions as well as pitch angle scattering has been often
described by the Fokker-Planck equations in the veloc-
ity space.
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where a is the pitch angle. The diffusion coefficients
Dyy, Dyy, Doy, and Dy, are given by the quasi-linear
theory, considering the resonance condition of a given
wave spectrum (e.g., Lyons 1974; Albert 1999). Based
upon a detailed estimation of the diffusion coefficients
(e.g., Horne et al. 2005a; Li et al. 2007) in the realistic
plasma environment during storms, electron accelera-
tion caused by wave-particle interaction is considered
to be possible.

Over the last few years, several research efforts have
supported the concept of accelerations being caused
by wave-particle interactions. Chorus wave power is
most intense outside the plasmapause at midnight and
is distributed to the dawn sector and early afternoon
sector. In this region, the cold plasma density is low,
which fulfills the condition required for efficient elec-
tron diffusion (e.g., Meredith et al. 2003b; Li et al.
2008, 2009). The large flux enhancement of the outer
belt occurs concurrently with chorus wave enhance-
ment (e.g., Meredith et al. 2001, 2003a; Miyoshi et al.
2003, 2007; Kasahara et al. 2009), and recent com-
prehensive numerical simulations and the modeling
of diffusion coefficients using the observed plasma
parameters have accounted for electron acceleration
on the order of 1-2 days, which is comparable to the
observed times scale for acceleration (e.g., Miyoshi
et al. 2003; Varotsou et al. 2005, 2008; Fok et al.
2008; Albert et al. 2009; Shprits et al. 2009; Xiao et al.
2010a; Subbotin et al. 2010). The flat-top pitch angle
distributions that are predicted by the wave-particle
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interaction process have been observed during storms
(Horne et al. 2003). Some of the solar wind parameter
dependence of the outer belt electrons (Section 9.6.2)
can be explained by acceleration via wave-particle
interactions.

Although most studies of local acceleration pro-
cesses have focused on the whistler-mode chorus
waves using quasi-linear diffusion theory, strong non-
linear interactions with individual chorus elements
(Katoh and Omura 2007b; Omura et al. 2007; Katoh
et al. 2008; Bortnik et al. 2008) are also important for
the acceleration.

9.6.3.3 Which Mechanism Is Important?

From the standpoint of radial diffusion, the close cor-
relation between solar wind speed and the MeV elec-
tron flux enhancement as described in Section 9.6.2
supports the idea that radial diffusion is a primary
mechanism for the flux enhancement of the outer belt
(e.g., Rostoker et al. 1998; Baker et al. 1998a, b;
O’Brien et al. 2001; Mathie and Mann 2001; Green
and Kivelson 2001; Mann et al. 2004; Kim et al. 2006;
Sarris et al. 2006), because the solar wind speed is the
main driver for the Pc 5 ULF activities in the magne-
tosphere. During a CHS, the plasma sheet temperature
is high (Borovsky et al. 1997; Denton et al. 2006), so
that seed populations with a large magnetic moment
may be stored in the plasma sheet. These electrons
may be diffused inward by continuous enhanced radial
diffusion to produce large flux enhancements during
a CHS.

From the standpoint of the internal acceleration
by VLF waves, the dependence on solar wind speed
and IMF described in Section 9.6.2 can be under-
stood as follows. The acceleration by VLF waves
is especially effective when a continuous source of
hot electrons can be maintained to produce a cho-
rus for the several-day period required to accelerate
electrons to relativistic energies. This suggests that a
prolonged period of enhanced convection/substorms
is required for acceleration (Meredith et al. 2002;
Miyoshi et al. 2003; Bortnik and Thorne 2007; Horne
2007). The southward IMF and high-speed solar wind
causes continuous substorm/convection activities (the
so-called HILDCAAs: High Intensity Long Duration
Continuous AE Activities, e.g., Tsurutani et al. 2006)
in which continuous hot electron injections from the
plasma sheet into the inner magnetosphere can be seen
(Obara et al. 2000; Denton et al. 2006).
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The close relationship between CHS and accelera-
tions by VLF waves was conducted in two CIR storms
in November 1993 by polar-orbit Akebono and POES
satellites. Observations showed that the outer belt elec-
tron flux increased largely during the recovery phase
of the first storm when the Russell-McPherron effect
was at work and did not increase during the recovery
phase of the second storm when it was not at work.
The differences in hot electrons, subrelativistic elec-
trons, VLF waves, and substorm/convection activities
are consistent with the scenario according to which the
internal acceleration by VLF waves is important to flux
enhancement (Miyoshi et al. 2007).

Some observations (Lyons et al. 2005; 2009) have
shown the correlations between VLF waves measured
on the ground and MeV electron flux enhancement
during CHS, which can be explained by this scenario.
The southward IMF dependence of MeV electrons
(Miyosh and Kataoka 2008a; McPherron et al. 2009)
is also consistent with this scenario.

Observations of the phase space density profile are
critical for discriminating between radial diffusion and
internal accelerations. Equation (9.7) shows that the
phase space density gradient should be possible if the
inward radial diffusion contributes to flux enhance-
ment, because the direction of particle movement is
determined by the slope of the phase space density. On
the other hand, the appearance of local peaks and the
subsequent local evolution of the phase space density
indicate that the internal acceleration process con-
tributes to flux enhancement (see figure 2 of Green and
Kivelson 2004). Equation (9.5) is described in vari-
ables of the first and second adiabatic invariants and
L-value, so that it is essential to obtain the accurate
phase space density at a certain p and J.

There are several observational reports of local
peaks of the phase space density inside the outer
belt, which suggests an internal acceleration (e.g.,
Brautingam and Albert 2000; Selesnick and Blake
2000; Miyoshi et al. 2003; Green and Kivelson 2004;
Iles et al. 2006; Chen et al. 2006, 2007; Fennell and
Roeder 2008). Some studies have reported the pos-
itive gradient of the phase space density, suggesting
that radial diffusion is the primary mechanism of flux
enhancement during a storm (e.g., Hilmer et al. 2000;
Onsager et al. 2004). Due to certain problems that are
addressed below, the subject of phase space density
profiles during a storm is still being debated. However,
it may be natural to consider that both radial diffusion
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and in-situ acceleration contribute to flux enhance-
ment, though during a storm, one process might play
a more dominant role than the other.

It should be noted here that some problems attend
the derivation of accurate phase space density values
(see also Green and Kivelson 2004). The magnetic
field model is necessary in order to derive the second
adiabatic invariant and L* (Roederer 1970). The results
of the phase space density profile depend largely on
the magnetic field model that is used for the calcula-
tion (Selesnick and Blake 2000; Ni et al. 2009a). Since
the interesting period about the large flux variation is
often magnetic storms, a strong distortion of the mag-
netic field is to be expected, which in turn makes it
more difficult to derive an accurate phase space density
profile. Another problem in the calculation of phase
space density is the coverage of the equatorial pitch
angle. It has been reported that flux variations depend
on the pitch angle (Seki et al. 2005) and that the phase
space density profile depends on the second adiabatic
invariant even when the first adiabatic invariant is the
same (Fennell and Roeder 2008). Therefore, a reliable
empirical and physical magnetic field model that can
be applied in intense magnetic storms is one of the keys
to an accurate phase space density profile. Moreover,
observations around the magnetic equator that can
cover a wide range of equatorial pitch angles, that is, a
wide range of the second invariant, are important and
necessary for future missions.

Note that the data assimilation technique for the
radiation belt studies has recently developed, which
couples the radial diffusion model (Eq. (9.7)) with
the satellite data, to derive more accurate phase space
density profile and specify the physical processes that
cause the flux enhancement (e.g., Koller et al. 2007;
Kondrashov et al. 2007; Shprits et al. 2007; Ni et al.
2009a, b). The data assimilation would become useful
and important tool for better understanding of radiation
belt physics.

9.6.4 Loss of Relativistic Electrons

9.6.4.1 Adiabatic Effect

Electron fluxes decrease in a certain L-shell in a fixed
energy window during magnetic storms (Mcllwain
1966; Kim and Chan 1997). This is the so-called
the Dst effect or ring current effect (Section 9.4.6.5),
which causes no change in the phase space density
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in the adiabatic coordinate space. This process causes
flux reduction during the main phase and subsequent
flux recovery to the prestorm level if only adiabatic
processes take place. Due to the ring current effect,
the pitch angle distribution of electrons conserving the
first and second adiabatic invariants exhibits butterfly
distribution due to betatron acceleration (Lyons 1977)
and a combination of betatron acceleration and Fermi
acceleration (Ebihara et al. 2008a).

In about a quarter of magnetic storms, however, the
flux of the outer belt electrons does not recover to the
prestorm level (Reeves et al. 2003), in which case other
nonadiabatic loss processes must occur (see Millan and
Thorne 2007 and references therein).

9.6.4.2 Precipitation into Atmosphere

Pitch angle scattering with plasma waves causes the
precipitation of particles into the atmospheric loss
cone, which is one of the important processes in outer
belt electron loss. This precipitation of MeV elec-
trons depletes ozone through the enhancement of NOx
(Thorne 1977), which may affect the climate (e.g.,
Rozanov et al. 2005).

Pitch angle scattering has been described by the
first term of Eq. (9.7). Whistler-mode waves such as
plasmaspheric hiss and chorus resonate with radiation
belt electrons (Kennel and Petschek 1966; Lyons et al.
1972). Whistler-mode hiss waves are responsible for
the formation of the slot region. The equilibrium struc-
ture of the radiation belts — the inner belt, outer belt,
and slot region — has been successfully reproduced
considering the wave-particle interactions with plas-
maspheric hiss (Lyons et al. 1972; Lyons and Thorne
1972; Albert 1994, 1999; Abel and Thorne 1998a, b).
The measured decay rates following storms show good
agreement with the estimated life times (Albert 2000;
Meredith et al. 2006) and a one-dimensional radial
diffusion simulation (e.g., Lam et al. 2007). The top-
hat shape of the pitch angle distribution is another
piece of evidence for the pitch angle scattering by hiss
waves (e.g., West et al. 1973; Lyons and Williams.
1975a, b, Morioka et al. 2001). The close correlation
between the plasmapause and the outer belt position
also supports the idea that whistler-mode hiss is an
important loss process (O’Brien et al. 2003; Miyoshi
et al. 2004; Goldstein et al. 2005; Li et al. 20006).
Lightning whistler becomes more important, as do the
VLF transmitters at lower L (Abel and Thorne 1998a,
b) and the outer belt (Bortnik et al. 2006a, b).
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Another kind of wave for the pitch angle scattering
of relativistic electrons is EMIC waves in the region
where the plasmasphere overlaps with the ring cur-
rent (e.g., Cornwall et al. 1970; Jordanova et al. 1997).
The rapid pitch angle scattering by EMIC waves when
electron energies become relativistic has been pre-
dicted theoretically, (Thorne and Kennel 1971; Lyons
et al. 1972; Summers and Thorne 2003; Albert 2003).
There have also been several observations that sug-
gest EMIC-relativistic electron interactions (e.g., Foat
et al. 1995; Lorentzen et al. 2000; Millan et al. 2002;
Meredith et al. 2003c; Sandanger et al. 2007). In addi-
tion, recent satellite-ground conjunction observations
as well as theoretical checks have identified that EMIC
waves actually cause the coincident precipitation of
tens of keV ions and MeV electrons into the ionosphere
near the plasmapause (Miyoshi et al. 2008). A self-
consistent simulation that included convection, radial
diffusion, and pitch angle scattering by whistlers and
EMIC waves showed that EMIC waves cause the pitch
angle scattering of both ring current ions and MeV
electrons, but the dominant process in the global loss
of the outer belt during the main phase is the outward
diffusion, as shown in Section 9.6.4.3 (Jordanova et al.
2008).

Outside the plasmapause, whistler-mode chorus
causes the pitch angle scattering of electrons as well
as acceleration (Thorne et al. 2005). It has been sug-
gested that the microbursts of MeV electrons that occur
on the dawn-side between L = 4-6 (e.g., Nakamura
et al. 1995, 2000b; Lorentzen et al. 2001) are the
result of scattering by whistler-mode chorus waves.
Microbursts occur frequently during the storm recov-
ery phase, but losses are much stronger during the main
phase, and are capable of emptying the outer belt in one
day or less (O’Brien et al. 2004).

9.6.4.3 Magnetopause Loss

It has been suggested that electron loss from the
magnetopause is the mechanism responsible for elec-
tron flux dropouts. Three-dimensional test particle
simulations (Kim et al. 2008; Saito et al. 2010)
showed that magnetopause shadowing (MPS) causes
the abrupt loss of the outer portion of the outer belt and
changes in the trapping boundary. Two-dimensional
test particle simulations showed that the storm-time
partial ring current produces a nightside depression
of the magnetic field, causing an outward expansion
of the outer belt and the loss of electrons in the
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outer portion (Ukhorskiy et al. 2006). If the phase
space density of the outer portion decreases due to
MPS, then electrons move outward due to the out-
ward diffusion (Eq. (9.5)). Some simulation studies
(Brautingam and Albert 2000; Miyoshi et al. 2003,
2006; Jordanova and Miyoshi 2005; Shprits et al.
2006) found that the outward diffusion triggered by
the flux decrease in the outer portion leads to changes
in the lower L-shells, which in turn contributes to the
flux decrease during the main phase. Recently, Ohtani
et al. (2009) have shown observational evidence that
some flux loss observed at geosynchronous orbit can
be explained by MPS (see Section 9.6.2.3). It is worth-
while to note that such outward diffusion also occurs
through the negative phase space density gradient
when the internal acceleration causes the peak phase
space density inside the outer radiation belt (Shprits
et al. 2009).

9.6.4.4 Which Mechanism Is Important?
During the time of a storm, it is understood that the
various loss processes take place simultaneously, but
it has not been quantitatively understood which pro-
cess predominates in the net loss of the outer belt.
Different processes work at different L-shell and local
times. Green et al. (2004) suggest that precipitation
may account for a part of the loss processes, rather
than MPS, but they do not identify the exact mecha-
nism by which this takes place. Bortnik et al. (2006¢)
indicated that both MPS (for high L) and precipitation
by EMIC waves (for low L) may have been active in
the November 2003 storm.
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The effective solar wind parameters that would
cause a loss have been debated. Onsager et al. (2007)
found that the onset of southward IMF is an impor-
tant cause of flux dropouts, while Ohtani et al. (2009)
showed that dynamic pressure enhancement is also
essential, due to MPS. Borovsky and Denton (2009)
showed that the onset of the flux dropouts associ-
ated with CIRs tends to occur after the crossing of
the IMF sector boundary, and they investigated how
the pitch angle scattering by EMIC waves inside
the drainage plumes could be an important factor.
Quantitative physics-based models that take into con-
sideration these mechanisms would be necessary in
order to identify the effective loss mechanisms.

9.6.5 Cross-Energy Couplings
for Acceleration of Relativistic
Electrons

Figure 9.5 summarizes these transport/acceleration
mechanisms in the L-energy diagram of the inner
magnetosphere. In radial diffusion (indicated by blue
lines), the electrons move earthward with increasing
energy due to the conservation of the first two adia-
batic invariants. In this process, the ULF waves that
are driven by solar wind and ring current instability are
essential for driving the particle transport. The ambi-
ent plasma density has an effect on the condition of
the drift-bounce resonance (Ozeke and Mann 2008).
On the other hand, in the in-situ acceleration by waves
(indicated by red lines), subrelativistic electrons are
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accelerated to MeV energies by whistler-mode waves
that are generated by the plasma instability of the ring
current electrons. In this process, the thermal plasma
density plays an essential role as the ambient medium.
Because the transport of ring current electrons and
thermal plasma are predominantly controlled by con-
vective electric fields (see Sections 9.2, 9.3, and 9.4),
the process of convection may affect the relativistic
electron dynamics in this process. In the loss process,
different energy electrons and ions affect the dynam-
ics of the relativistic electrons through wave-particle
interactions as well as the field distortion. Therefore,
the formation of the radiation belt including both flux
enhancement and decrease is one of the manifestations
of cross-energy/cross-region couplings in the inner
magnetosphere.

9.7 Concluding Remarks

The physical processes involved in the structure and
dynamics of the inner magnetosphere are schemati-
cally summarized in Fig. 9.6. While the diagram is
admittedly incomplete, it may provide an essential
context for understanding the inner magnetosphere and

magnetic storms. Each element is directly or indirectly
coupled with one another, so that the inner magne-
tosphere should be treated as a nonlinear, compound
system. Once studied a particular element in detail, one
should take into account its physical connection with
the others as a system network.

During magnetic storms, each element is activated
and the network of the inner magnetospheric system is
dynamically stimulated. The following processes are
expected to occur simultaneously:

1. The convection electric field is enhanced by south-
ward IMF and fast solar wind.

2. Plasma sheet particles are transported into the
inner magnetosphere by the convection electric
field.

3. The ring current is developed on the nightside, and
the plasmasphere shrinks.

4. The inner magnetospheric magnetic field is
inflated by the ring current, resulting in deforma-
tion of the ring current and the radiation belts.

5. The inner magnetospheric electric field is
deformed by the ring current, resulting in fur-
ther deformation of the ring current and the
plasmasphere.
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6. Waves are excited, resulting in the acceleration
and scattering of particles.

7. Magnetic and electric fields fluctuate greatly,
enhancing the radial diffusion of energetic parti-
cles.

8. The ionospheric conductivity is enhanced by the
precipitation of protons, electrons and ENAs.

9. The ionosphere is heated by the ring current,
resulting in the glow of a SAR arc.

10. Various types of auroras are excited by the precip-
itating protons, electrons and ENAs.

The inner magnetosphere is so dynamic and compli-
cated that only a system-based approach can promise
to offer an overall understanding of the inner magne-
tosphere and the Sun-Earth connection. To achieve a
comprehensive understanding of the dynamics of the
inner magnetosphere, several interesting missions are
now in progress and are being planned. An interna-
tional fleet of inner magnetosphere exploration satel-
lites will consist of THEMIS (US), RBSP (US),
ORBITALS (Canada), RESONANCE (Russia), and
ERG (Japan) around the next solar maximum. Well-
networked ground-based observations by instruments
such as the magnetometer and SuperDARN HF-radar
are powerful remote-sensing tools for exploring the
inner magnetosphere. Simulations that can compre-
hend cross region and cross energy couplings, such
as the Radiation Belt Environment (RBE) model (Fok
et al. 2008) and the ring current-atmosphere interac-
tions model (RAM) (Jordanova et al. 2010), are also
valid to investigate the tightness of the coupling.
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