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Chapter 1

Introduction

The solar wind carries plasma and magnetic fields from the Sun. Being a gas of electrically
charged particles, it will interact strongly with the magnetic field of the Earth. The main con-
sequence of the interaction is that most of the solar wind is deflected around the Earth, but a
detailed look reveals an abundance of complex processes which may, in extreme cases, affect
our infrastructure by interfering with or destroying satellites and power grids. Fortunately, a
more commonly observed effect is the generation of light in the upper parts of the atmosphere,
known as Aurora. This thesis aims to increase our knowledge of the processes occurring in the
boundary layers that connect the solar wind to the near-Earth environment. Of the three papers
in this thesis, the first examines the consequences of a seemingly small change in the interplane-
tary magnetic field, which triggers a cascade of events that seriously disturb the magnetospheric
boundary layers. This in turn leads to local disturbances of the magnetic field at the ground
level. A large part of the field of space physics is the study of Magnetosphere—Ionosphere cou-
pling (M-I coupling). Through waves, precipitating plasma and electrical currents, the forces
applied to the magnetosphere by its interaction with the solar wind are transmitted down to
the ionosphere. The second and third papers investigate interactions between the electric field,
plasma and currents in the cusp, a region where solar wind plasma precipitates into the upper
atmosphere.

The structure of this thesis is as follows. Sections 2 - 5 introduces concepts which are
discussed in the papers, and sections 6 and 7 give short introductions to the Cluster and THEMIS
missions, which were the main providers of data to these studies.



Figure 1.1: Illustration of the solar wind interacting with the Earth’s magnetosphere. Not to
scale. Credits: Magnetosphere: NASA, the Sun: ESA/NASA SOHO



Chapter 2

Dayside Magnetosphere boundary layers
and related processes

Undisturbed by the solar wind, the magnetic field of the Earth is roughly equal to that of a dipole
magnet, with field lines forming closed loops from the South to the North hemisphere. When
disturbed by the solar wind it is compressed on the sunward side and extended on the antisun-
ward side. The region in space that is dominated by the magnetic field of the Earth is called
the magnetosphere. It is bounded by the magnetopause and surrounded by the magnetosheath,
a region of heated and disturbed solar wind plasma. The boundary between the magnetosheath
and the solar wind is called the bow shock.

The formation of the magnetosheath and bow shock is a result of the magnetic field of the
Earth acting as an obstacle to the solar wind. As the solar wind flows at supersonic speeds,
a shock is formed in front of the obstacle. The bow shock marks the boundary of plasma
that has been disturbed by the presence of this obstacle. Solar wind plasma that passes the bow
shock into the magnetosheath experiences several effects, with the main effect being a deflection
around the magnetosphere (See Fig. 2.1). In addition to this, a part of its directed motion is
converted into random motion (heat), and a small portion of the plasma is reflected.

When two magnetic fields meet they may, depending on the directionality of the magnetic
fields, connect through the process known as reconnection. This frequently occurs when the
solar wind magnetic field interacts with the magnetic field of the Earth at the magnetopause.
After this reconfiguration, some magnetic field lines will have one end connected to the Earth
and the other going out into the solar wind. These are referred to as open magnetic field lines,
as plasma can access the atmosphere of the Earth along them. Field lines still in the modified
dipole configuration, forming closed loops between the hemispheres, are referred to as closed
field lines. The region of magnetic field lines that have recently connected to the magnetic field
of the solar wind are referred to as the Cusp (See Fig. 2.2). The process of magnetic recon-
nection converts magnetic field energy to kinetic energy, releasing streams of energized plasma
along the magnetic field lines. More energetic particles will travel faster, and thus the energy of
the particles observed at some distance from the point of reconnection will depend on the time
that has passed since the magnetic field line was involved in the process of reconnection.

One aspect of the M-I coupling is the flow of magnetic field aligned currents (FAC). These
flow along the magnetic field lines into or out of the ionosphere, in which they can flow trans-
verse to the magnetic field and connect to other field lines, eventually forming current loops. As
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Figure 2.1: The major regions and boundaries formed due to the interaction between the solar
wind and the magnetic field of the Earth. The motion of the solar wind plasma is indicated by
streamlines. (Adapted from Luhmann and Brace (1991))
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Figure 2.2: Figure 9.19 of Kivelson and Russell (1995). Regions in the vicinity of newly
reconnected magnetic field lines. A plasma boundary layer may be found at closed field lines.
The cusp consists of newly reconnected field lines, where plasma energized by the reconnection
process precipitate into the atmosphere. The mantle consists of older field lines where there is
no longer any precipitation of high energy plasma.
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Figure 2.3: TCVs caused by tailward-moving magnetopause deformations. The left part shows
how the magnetopause deformations connect via FACs to the ionosphere, where plasma con-
vects around the FAC footpoints. The right part shows the situation at a later time, where the
original vortices have moved towards the nightside as the deformations move tailward, and a
new vortex has appeared as the deformations have grown in size. Adapted from Fig. 8 of
Kataoka et al. (2002).

these currents flow through the ionosphere, they induce plasma flows and magnetic field distur-
bances. The large scale dayside current systems are discussed in section 3. Smaller, transient
field-aligned currents may arise from e.g. transient magnetopause deformations. A propagating
magnetopause deformation will create Travelling Convection Vortices (TCV), as described by
Glassmeier (1992) and Kataoka et al. (2002). In a convection vortex, the plasma of the iono-
sphere flows in a circle around the footpoint of a FAC. If the location of the FAC moves, the
vortex moves with it. The plasma forming the TCV does not have a bulk motion following the
FAC footpoint. As the FAC footpoint moves, new plasma is set in motion, and the old plasma
slows down as it is no longer affected by the forces caused by the currents. See Fig. 2.3.



Chapter 3

Current systems

Several large systems cause current to flow into or out of the ionosphere. This section is a short
introduction to the large scale current systems present on the dayside part of the auroral oval.

These currents were first detected by the satellite 1963 38C (Zmuda et al., 1966), and Cum-
mings and Dessler (1967) suggested a link to the current system proposed earlier by Birkeland
(1908). Statistical studies by lijima and Potemra (1976a,b) and Iijima et al. (1978) revealed the
large-scale current pattern, which consisted of two rings of current, "Region 1" (R1) at higher
latitudes and "Region 2" (R2) at lower latitudes. The direction of R2 current was downward in
the dusk hemisphere and upward in the dawn hemisphere, and the direction of R1 current was
the opposite of this. At higher latitudes a third system, the cusp currents, was associated with
the dayside cusp (lijima and Potemra, 1976b; lijima et al., 1978; Wilhjelm et al., 1978; McDi-
armid et al., 1978). The R2 and R1 currents are easily identified in recent statistical studies of
FACs in the polar regions (e.g. Anderson et al. (2008), Green et al. (2009) and Juusola et al.
(2009)). See also Fig. 3.1.

The R2 current is caused by the partial ring current (Cowley (2000) and references therein).
The ring current flows in the trapped plasma at 3-5 Earth radii (Rg). Magnetic gradient drift
causes ion to drift westward and electrons to drift eastward. If the plasma density was constant
along the drift paths, the current would simply flow in a circle around the Earth. However,
the ExB-drift caused by the dawn-to-dusk electric field shifts the plasma sunward, with the
result that the number of electrons and ions drifting in opposite directions is not equal. For
current continuity to be maintained FACs which can close the current through the ionosphere
are required. A sketch illustrating this is shown in Fig. 3.2.

The R1 currents are commonly thought to flow on the outer surface of the plasma sheet
up to the magnetopause currents, which drive the system (e.g. Cowley (2000) and references
therein). However, Stern (1983) suggested that near noon they may flow on open field lines,
and there have been observations of R1 currents partially on open field lines (Beaujardiere et al.,
1993; Xu and Kivelson, 1994; Lopez et al., 2008). It has been proposed that when the polar cap
potential is saturated, the R1 current replaces the Chapman-Ferraro current as the primary force
balance versus the solar wind pressure (Siscoe et al., 2002a,b). This requires a part or all of the
R1 current to flow on open field lines (Siscoe, 2006).

The nature of the cusp currents is discussed by Taguchi et al. (1993), who referred to them
as the low-latitude cleft current (LCC) and the high-latitude cleft current (HCC). They appear
as pairs of latitudinal bands of FAC around noon, with FACs in opposite directions (See Fig.
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Figure 3.1: Statistical FAC density in the northern and southern hemispheres. The innermost
bands are the R1 currents, the outermost bands are the R2 currents. Note that the color coding
used here is opposite to the color coding used in paper 3 (red and blue are switched). Adapted
from Fig. 3 of Juusola et al. (2009).

Magnetic drift path
T ... Ring current

Partial ring current

Figure 3.2: Sketches of the equatorial magnetosphere showing the FAC flow which connects
the magnetospheric and ionospheric current systems (long-dashed lines) required by current
continuity, for various spatial distributions of hot ring current plasma (dotted regions). The
short-dashed lines represent the magnetic drift paths of ions and electrons, with ions drifting to
the west and electrons to the east. In sketch a, the plasma is distributed uniformly around the
drift paths, such that the drift current is divergence-free in the magnetosphere and no FAC flows.
In sketch b, the initial plasma distribution has higher densities at dawn than at dusk, such that
the partial ring current at dawn must close in the ionosphere via downward FACs at midnight
and upwards FACs at noon. Sketch ¢ shows the situation produced from an initial equilibrium
by an interval of sunward flow imposed by a dawn-to-dusk electric field E. A partial ring current
is formed centred on midnight, which closes via downward FAC at dusk and upward FAC at
dawn. (Figure and caption from Cowley (2000))
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Figure 3.3: Figure 7 of Taguchi et al. (1993). The schematic model of Taguchi et al. of the
near-noon currents poleward of the R2/R1 currents.

3.3). In the north hemisphere, the most equatorward FAC band will be downward/upward for
IMF By positive/negative and lies on the equatorward edge of the cusp. The direction of the
currents is opposite for the south hemisphere. They are caused by the open magnetic field lines
connecting the electric field immediately inside the magnetopause to the ionosphere (See Fig.
3.4).
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Figure 3.4: Figure 8 of Taguchi et al. (1993). Schematic view of the current-generating mecha-
nism behind the currents shown in Fig. 3.3.

Part a: The IMF (field lines A and B) connects to the magnetic field of the Earth in the dotted
region. Field lines are then pulled by magnetic tension (V) and carried downstream by the
magnetosheath plasma (Vg ). At a later time, the field lines have moved to the positions A’
and B’, where they connect the electric field (open arrows) and currents (big black arrow) just
inside the magnetopause to the ionosphere. The region just inside the magnetopause thus acts
as a generator driving current into and out of the ionosphere through the low- and high-latitude
cleft currents (black arrows labeled LCC and HCC).

Part b: Resulting regions of FAC and a projected electric field (open arrow) in the ionosphere.
A more detailed discussion can be found in Taguchi et al. (1993).
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Chapter 4

Electric fields in the cusp

4.1 Low frequency fluctuations

In the cusp, energy and plasma from the magnetosheath, energized by reconnection, flows down
towards the ionosphere. On the way down, the waves and particles interact with themselves and
each other, generating new waves in a large range of frequencies. These intense low-frequency
fluctuations of the electric field have been observed at altitudes ranging from the ionosphere
up to 10 R (e.g. Gurnett and Frank (1977); Maynard et al. (1982); Sugiura et al. (1982);
Gurnett et al. (1984); Marklund et al. (1990); Matsuoka et al. (1991, 1993); Kintner et al. (1996);
Stasiewicz et al. (2000); Ivchenko and Marklund (2001); Grison et al. (2005)), and is commonly
referred to as broadband extremely low frequency (BB-ELF) electric fields (e.g. Wahlund et al.
(1998); Knudsen et al. (1998); Kintner et al. (2000); Lund et al. (2000); Lynch et al. (2002);
Hamrin et al. (2002); Bogdanova et al. (2004); Burchill et al. (2004); Backrud et al. (2005);
Tam et al. (2005)). The term BB-ELF has been used to refer to different frequency ranges
by different authors, but generally it covers a frequency range from below the ion cyclotron
frequency to above the ion plasma frequency. The BB-ELF phenomenon has been connected to
the auroral oval, in particular the cusp, (e.g. Miyake et al. (2003); Kasahara et al. (2001)) and
to ion heating (e.g. Wahlund et al. (1998); Knudsen et al. (1998)). It has been shown that BB-
ELF waves may be a part of the ion heating mechanism that leads to ionospheric ion outflow
(Bouhram et al., 2002), energizing ions in the upper atmosphere to the point that they flow out
into the magnetosphere. Matsuoka et al. (1993) quantified the relationship between the BB-ELF
activity and precipitating particle fluxes using data from EXOS D. This issue is revisited and
expanded upon in the second paper of this thesis, using new data from the Cluster mission.

4.2 Quasi-static electric field structures

Quasistatic magnetic-field-aligned electric fields is the main mechanism for acceleration of au-
roral particles. They are found at altitudes below 3-3.5 Rr (Mozer and Hull, 2001). The
acceleration region has been studied, for example, by the S3-3, DE-1, Viking, Akebono, Freja,
FAST, Polar, DMSP and Cluster satellites (e.g. Lundin and Eliasson (1991); McFadden et al.
(1999); Mozer and Hull (2001); Olsson and Janhunen (2003); Hamrin et al. (2006); Maggiolo
et al. (2006); Borg et al. (2007)). Above 3.5 Rp, there are no significant field-aligned electric
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fields, but strong bipolar or monopolar electric fields are observed perpendicular to the mag-
netic field. The low and high altitude electric fields are connected by a U- or S-shaped potential
structure (Carlqvist and Bostrom, 1970; Mozer et al., 1980) (See Fig. 4.1). The signature
in a energy-time spectrogram of precipitating electrons accelerated by a field-aligned electric
field is referred to as an ’inverted V’ (See Fig. 4.2). These are frequently observed both in
the nightside and dayside parts of the auroral oval (Lin and Hoffman, 1982). The dayside in-
verted Vs are smaller and less energetic than those at the nightside (Lin and Hoffman, 1982).
Upward-pointing field-aligned electric fields accelerate electrons downwards. When these ener-
getic electrons encounter the atmosphere, they transfer energy to atoms through collisions. This
energy is subsequently released as light, creating the aurora (See Fig. 4.3). Downward-pointing
field-aligned electric fields, on the other hand, accelerates electrons upward. This may prevent
precipitating electrons from reaching the atmosphere, resulting in bands in the aurora where
there is no light emitted, known as "black aurora’ (See Fig. 4.4).

As to the cause of these electric fields, it has been suggested that they are formed in response
to a current imposed by a large-scale current system. The simplest way to understand this is to
consider the equation for current:

J = geneVe + qiniv;

where j is current, ¢ is the charge of a particle, n is the particle density and v is the particle
velocity, with subscripts e/i for electrons/ions, respectively. Generally, |g.| = |¢;|, n. = n; and
v, > v;, which means that the electrons are the current carriers. The charge of an electron is
a constant, and the density is given by the source region. Thus if the value of the current j,
imposed by outside conditions, exceeds the product ¢.n.v,., the electron velocity is the param-
eter that must be increased. This can be achieved by a field-aligned electric field. For detailed
discussions on the mechanisms through which these fields are created and maintained, see for
example Knight (1973) and Lyons (1980).

The study of quasi-static electric field structures in the dayside cusp region is the subject of
the third paper of this thesis.

12
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Figure 4.1: Illustration of the electric potential structures linking high-altitude and low-altitude
electric fields. Not to scale. Panel a shows a U-shaped potential structure, while panel b
shows an S-shaped potential structure. The green line marks the open-closed magnetic field
line boundary (OCB). Note that the electric fields may also point in the opposite directions of
what is shown here.
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Figure 4.2: Data from a low-altitude satellite (DMSP F7). In the electron spectrogram (third
panel), a textbook example of an inverted V signature is seen at ~ 7:51. Plotted using JHU/APL
plotting tool.
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Figure 4.4: On the left, a U-shaped electric potential structure with a upward-pointing field-
aligned electric field. A satellite passing under this structure would observe an inverted V. On
the right, a U-shaped electric potential structure with a downward-pointing field-aligned electric
field. This prevents the flow of precipitating electrons, and thus there is no aurora underneath.
Credit: ESA 2001. Illustration by Medialab
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Chapter 5

Hot Flow Anomalies

Hot Flow Anomalies (HFA) were first discovered in the mid 1980s, in association with the pas-
sage of interplanetary current sheets (Schwartz and et al., 1985; Thomsen et al., 1986). Their
main characteristic is a region of hot, tenuous plasma with a decreased magnetic field magni-
tude, moving in a direction different from the solar wind flow. They are observed in the solar
wind close to the bow shock. A number of simulations were performed, exploring different
theoretical explanations for the phenomenon. Burgess and Schwartz (1988) found that a mag-
netic field reversal (a tangential discontinuity in the magnetic field) convecting into a shock led
to over-reflection followed by upstream penetration of ions from the shock. The reflected ions
are thermalized through ion beam instabilities, causing a large increase in plasma temperature
and pressure. Due to the increased pressure, the plasma expands, causing the density and the
magnetic field strength to drop. At the boundary of the expanding HFA region, the plasma and
the magnetic field may be compressed. Burgess (1989) investigated the role of the convection
electric field (—V x B) and found that a convection electric field pointing towards the discon-
tinuity is necessary to focus the reflected ions into the discontinuity (See Fig. 5.1). Thomsen
et al. (1993) provided an observational test of the importance of the convection electric field,
which confirmed the results of the simulations by Burgess.

Interest in HFAs was renewed in the late 1990s, as observations were made of a large magne-
topause deformation associated with a HFA. (Sibeck et al., 1998, 1999) They found an outward
movement of 5 Ry in 7 minutes resulting from a HFA. Strong HFAs cause density variations
not only in the upstream solar wind, but also in the downstream magnetosheath. As these reach
the magnetopause the varying pressure cause magnetopause deformations. This causes FACs,
which in turn create TCVs in the ionosphere. Schwartz et al. (2000) performed a study of 30
HFAs, and amongst other results, calculated an occurrence rate of 3 per day. These results
indicated that HFAs are more common and have a far greater influence on the magnetosphere
than previously thought. Sibeck et al. (2000) further investigated HFAs, and a short summary
of their conceptual HFA model can be seen in Fig. 5.2. Examples of recent work on HFAs can
be found in Lin (2002), Facsko et al. (2008), Eastwood et al. (2008) and Masters et al. (2009).
The relative importance of strong HFAs on magnetospheric processes has still not been fully
explored. The first paper of this thesis is a case study of a very strong HFA, using data from
multiple satellites and ground observatories to explore the entire chain of events.
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Figure 5.1: Simulation of particle movement in the vicinity of a magnetic field tangential dis-
continuity (TD). For a, the convection electric field points away from the TD, and the particles
are displaced away from the TD. For b, the convection electric field points towards the TD,
and the particles drift towards, and subsequently move along, the TD. (Adapted from Burgess
(1989))
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Figure 5.2: The interaction of a slab of sunward and northward IMF lines with the bow shock
and magnetopause. Prior to the arrival of the slab, the IMF points dawnward. After the arrival
of the slab, the IMF points duskward. (a) The slab’s first encounter with the southern bow
shock is shown. The region to which reflected ions gain access, thermalize, and depress IMF
densities and magnetic field strengths to form a cavity upstream from the bow shock (shown
in light shading) is rather limited. As the cavity expands, it compresses the surrounding solar
wind plasma, enhancing densities and magnetic field strengths (shown in dark shading). (b) The
situation when the intersection of the IMF slab with the bow shock has moved northward and
parts of the cavity have been transmitted through the southern bow shock is shown. A region
of enhanced densities and magnetic field strengths has formed on the trailing edge of the slab.
(c¢) The situation at a later time when the density variations associated with the slab alternately
compress the magnetopause and allow it to expand outward is shown. (Figure and caption from
Sibeck et al. (2000))
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Chapter 6

Cluster

Cluster (Credland et al., 1997; Credland and Schmidt, 1997) is a constellation of four spacecraft
orbiting the Earth in a tetrahedron formation (See Fig. 6.1). The orbit is polar and elliptical,
and during a year the point of apogee rotates from the magnetotail, through the flanks of the
magnetosphere, out into the subsolar solar wind, and back to the magnetotail (See Fig. 6.2). Be-
cause of this, mid-altitude (4-6 Rg) cusp passes occur only during the autumn months (mainly
September and October). During the years 2001 to 2005, the distance between the spacecraft
has been varied in a range between 100 and 10000 kilometres, in order to measure phenomena
at different scales.

The Cluster spacecraft are equipped with identical instrumentation. Of the 11 instruments,
the following have been used in this thesis:

The Cluster ion spectrometry instrument (CIS) (Reme et al., 1997) measures full 3D ion
distributions over an energy range of ~0-40 keV with a maximum resolution of one spin
period, which is 4 seconds. The CIS instrument on Cluster 2 does not work.

The plasma electron and current experiment (PEACE) (Johnstone et al., 1997) measures
full 3D electron distributions over an energy range of 0.7 eV to 30 keV with a maximum
resolution of half a spin period.

The fluxgate magnetometer (FGM) (Balogh et al., 1997) measures the magnetic field at
22 Hz, or 67 Hz when in burst mode.

The electric field and wave experiment (EFW) (Gustafsson et al., 1997) measures DC and
low frequency electric fields at 25 Hz, or 450 Hz when in burst mode.

The research with adaptive particle imaging detectors instrument (RAPID) (Wilken et al.,
1997) measures high-energy ions and electrons with a maximum resolution of one spin
period. It has an energy range of 30-1500 keV for ions and 20-450 keV for electrons.

17
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Figure 6.1: Artistic rendering of the Cluster spacecraft. Credit: ESA
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Figure 6.2: The left part shows the spring orbit of the Cluster spacecraft, while the right part
shows the autumn orbit. Credit: ESA
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Chapter 7

THEMIS

The Time History of Events and Macroscale Interactions during Substorms mission (THEMIS)
(Angelopoulos, 2008) employs five spacecraft (See Fig. 7.1) and numerous ground-based in-
truments (Russell et al., 2008; Mende et al., 2008), with a primary objective of investigating
substorms. In this thesis, data from THEMIS has been used to address one of its secondary
objectives, dayside interactions. Following initial adjustments of the orbit, the THEMIS space-
craft have followed elliptical trajectories in the equatorial plane. Their orbits are designed to
have them line up radially when they are at apogee, with three spacecraft close together at 10-12
Rp and the other two at 20 and 30 Rg. The apogees slowly rotate around the Earth, covering
various areas of the magnetosphere as well as the dayside boundary layers (See Fig. 7.2).

The THEMIS spacecraft are equipped with identical instrumentation. Of the 5 instruments,
the following have been used in this thesis:

* The THEMIS ion and electron electrostatic analyzers (IESA and eESA) (McFadden et al.,
2008) measure plasma over the energy range from a few eV up to 30 keV for electrons
and 25 keV for ions with a maximum resolution of one spin period, which is 3 seconds.

* The THEMIS Flux Gate Magnetometer (FGM) (Auster et al., 2008) measures the back-
ground magnetic field and its low frequency fluctuations with a resolution of up to 64
Hz.
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Figure 7.1: Artists concept of the THEMIS spacecraft in orbit. Credit: NASA
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Figure 7.2: The 5 THEMIS spacecraft follow different elliptical orbits. During a year the orbits
rotate around the Earth, covering different regions. Credit: UCB/SSL
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Chapter 8

Summary of the papers

Paper #1: THEMIS observations of extreme magnetopause motion caused
by a hot flow anomaly

K. S. Jacobsen, T. D. Phan, J. P. Eastwood, D. G. Sibeck, J. I. Moen, V. Angelopoulos, J. P. McFad-
den, M. J. Engebretson, G. Provan, D. Larson, and K.-H. Fornacon

Journal of geophysical research-Space physics, 114, 2009

The first paper is a case study of the interaction of a magnetic discontinuity in the inter-
planetary magnetic field with the bow shock. This resulted in a HFA which caused part of the
magnetosphere to move outwards more than 5 R in just a minute. Judging from the magne-
topause displacement, this event appears to be the strongest HFA on record. Combining data
from the THEMIS spacecraft with data from the Advanced Composition Explorer spacecraft
(ACE) (Stone et al., 1998), ground radars and ground magnetometers, the entire chain of events
from the distant solar wind to the ground has been examined. While ACE provided data on the
undisturbed solar wind, THEMIS B was located just a few Ry outside the bow shock and could
measure the disturbances caused by the HFA. THEMIS C was located in the magnetosheath
at the time, and the last three THEMIS spacecraft were spread out inside the magnetosphere,
close to the magnetopause. As the magnetopause moved in response to the density variations in
the magnetosheath, it passed twice over each of these four spacecraft. Through MVA analysis
we found the local orientation of the magnetopause for each crossing, and when combined with
an analysis of the timing of the encounters this allowed a reconstruction of the shape of the
deformed magnetopause. On the ground, the SuperDARN radars observed convection vortices.
However, the time resolution of SuperDARN was insufficient to track their movements. Using
ground magnetometers, we first observed convection vortices passing a station very close to the
path they were expected to follow based on the SuperDARN images. Then, using a chain of
magnetometers across the US and Canada, we could observe the subsequent movement of the
vortices.
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Paper #2: On the correlation between Broad-Band ELF wave power and
ion fluxes in the cusp

K. S. Jacobsen and J. I. Moen

Submitted to Annales Geophysicae

The second paper investigates an aspect of the local particle-wave interactions in the cusp. A
commonly occurring feature in the precipitation regions near the open-closed field line bound-
ary (OCB) is intense low-frequency fluctuations of the electric field, referred to as broad-band
extremely low frequency (BB-ELF) electric field fluctuations. As mentioned in section 4.1, they
are observed in an oval resembling the auroral oval and have been linked to ion heating, and
the relationship between the BB-ELF activity and precipitating particle fluxes was quantified by
Matsuoka et al. (1993). Using 5 years of data from the Cluster spacecraft, we have revisited this
issue, seeking to better quantify the relationship between the BB-ELF activity and the ion flux.
While Matsuoka et al. only considered the precipitating ion number flux, we have considered
both the ion number and the ion energy flux, and also the upward flux of these. In addition, we
have examined the location of the BB-ELF in relation to the OCB and the cusp ion dispersion
region in detail. We found that the equatorward edge of the BB-ELF corresponds closely to the
equatorward edge of the cusp ion dispersion region, and that its poleward edge was equatorward
of the poleward edge of the cusp ion dispersion. The main result of the study, however, was the
relationship between the BB-ELF and the ion fluxes. We found that the BB-ELF had a greater
degree of correlation with the total field-aligned flux than with the downward flux. This was
an improvement over the previous results of Matsuoka et al. (1993), and support the idea of a
local ion — BB-ELF wave interaction, which has been suggested by Grison et al. (2005) and
Sundkvist et al. (2005).

Paper #3: Quasistatic electric field structures and field-aligned currents in
the polar cusp region

K. S. Jacobsen and J. I. Moen and A. Pedersen

Submitted to the Journal of Geophysical Research

The third paper investigates quasi-static electric field structures in the vicinity of the cusp.
5 years of Cluster data was examined for quasi-static electric field structures, which were then
analyzed along with particle data, interplanetary magnetic field data and FAC data (calculated
from magnetic field measurements). The presence of these perpendicular electric field struc-
tures at Cluster altitudes (~ 4 - 6 Rp) indicates that there is a field-aligned electric field at lower
altitudes (< 3.5 Rp), as the electric field strength would be impossibly large if it was mapped
directly down to the ionosphere. The configuration of the electric equipotential lines linking the
high altitude electric fields to the low altitude electric fields can be either S-shaped or U-shaped
(See Fig. 4.1). For a U-shaped electric potential structure, the high-altitude electric field is
bipolar, either converging or diverging. For an S-shaped electric potential structure, the high-
altitude electric field is monopolar, pointing either poleward or equatorward. This results in four
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possible configurations. We found that each of those four configurations was associated with
either upward or downward current, not both. If the low altitude electric field point upwards, it
will accelerate electrons downward, resulting in an inverted V and associated aurora. Previous
studies have not been able to conclusively tell if dayside inverted Vs occur on closed field lines,
open field lines or a combination of both (Menietti and Smith, 1993). We have found that the
high altitude electric field structures accompanying inverted Vs occur exclusively on open field
lines. Quasi-static electric field structures in the nightside auroral oval region has been the sub-
ject of several recent studies (e.g. Marklund et al. (2004); Johansson et al. (2006)). The dayside
quasi-static electric field structures, however, have not been investigated. This paper uncov-
ers both similarities and differences between the dayside and nightside electric field structures.
In the nightside studies, monopolar electric fields were uniquely associated with the polar cap
boundary while bipolar electric fields were uniquely associated with plasma boundaries within
the plasma sheet. Like the previous studies, the structures found in this study coincide with
plasma boundaries. The relevant boundaries at the dayside are the equatorward edge of the
cusp, and the equatorward edge of injection events within the cusp. Unlike the previous studies,
there is a mix of bipolar and monopolar electric fields at each of the boundaries, and there does
not appear to be a connection between the type of electric field structure and the size of the den-
sity gradient across the structure. This indicates that the conditions and/or processes creating
the electric field structures at the dayside are different from those at the nightside. There is a
large-scale current system associated with the dayside plasma boundaries at which the electric
field structures are observed. This is the cusp current system, whose direction of current is
controlled by the IMF By . We sorted the structures by the sign of By, and found that in almost
all cases the direction of the FAC associated with the structure was consistent with the expected
direction of the cusp current. This indicates that the electric field structures in the dayside cusp
region are generated by the cusp current system to provide the acceleration needed for the re-
quired currents to flow. A secondary result of the paper concerns the R1 current. As mentioned
in section 3, the R1 current is commonly thought to flow on closed field lines, but there have
been observations of R1 current flowing partially on open field lines, and some theories require
part or all of the R1 current to flow on open field lines. In this paper we have for the first time
documented R1 current flowing entirely on open field lines.
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Future prospects

As always, unresolved questions remain. In this section I would like to share my thoughts
on what kind of future works may be fruitful in further exploring the three main phenomena
discussed in the papers.

Hot Flow Anomalies

Some time ago, HFAs were thought to be well understood and of little importance. Recent ob-
servations (Sibeck et al., 1998, 1999; Jacobsen et al., 2009) have discovered very strong HFAs
that seriously disturb the magnetospheric boundary layers, and may eventually lead to distur-
bances in the ionosphere. The full importance of such events, including how frequently they
occur, has not been thoroughly examined. There have been some very promising recent statis-
tical studies of HFAs (Facsko et al., 2008, 2009), which amongst other results show that HFAs
are a more common occurrence than previously thought. More work on this topic is required,
perhaps combining measurements from several satellite missions to produce a sufficiently large
database of HFAs. To uncover the details of how the HFAs behave and how they influence the
magnetosphere, a combination of multi-spacecraft case studies and hybrid simulations should
prove valuable. On a side note, the HFA phenomenon is not unique to the Earth, and was
recently observed at Saturn by Masters et al. (2009).

BB-ELF

To increase our understanding of the BB-ELF phenomenon, studies of the nature of the fluctua-
tions and their interactions with the plasma are necessary. There has been some work performed
on this topic (e.g. Grison et al. (2005) and Sundkvist et al. (2005), but it is far from fully under-
stood. Further studies will probably require a combination of theory, in-situ observations and
simulation. Of particular interest are the wave modes present and the flow of energy between
the plasma and the different waves. A better understanding of the underlying mechanisms will
aid in determining if the BB-ELF fluctuations are indeed generated locally, and what role these
fluctuations play in the heating and acceleration of the plasma.
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Dayside quasistatic electric field structures

Several questions remain regarding the dayside electric field structures. Why are they some-
times monopolar and sometimes bipolar? Further studies may uncover something which we
could not observe in our study. Alternatively, simulations may provide an explanation or at
least show us what to look for. We assume that the potential structures are U-shaped or S-
shaped, but how well does this idealized picture compare to reality? It would be interesting to
compare the electric field and FAC profiles at different altitudes for the same event. This would
require near-simultaneous satellite passes through the same magnetic field lines at different alti-
tudes. Why do the equipotential lines of S-shaped potential structures always bend towards the
OCB? The answer to this question may be related to the answer to the previous question. There
must be something that determines the shape of the potential structure. A good place to start
looking would be the ionosphere, through which the currents are closed. The local conditions
in the ionosphere may set restrictions on the shape of the electric fields and currents. A study
of this could be performed using a combination of data from ground radars such as EISCAT or
SuperDARN and a satellite mission such as Cluster.
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[1] On 30 October 2007, the five THEMIS spacecraft observed the cause and
consequence of extreme motion of the dawn flank magnetopause, displacing the
magnetopause outward by at least 4.8 Ry in 59 s, with flow speeds in the direction normal
to the model magnetopause reaching 800 km/s. While the THEMIS A, C, D, and E
observations allowed the determination of the velocity, size, and shape of a large bulge
moving tailward along the magnetopause at a speed of 355 km/s, THEMIS B observed the
signatures of a hot flow anomaly (HFA) upstream of the bow shock at the same time,
indicating that the pressure perturbation generated by the HFA may be the source of the
fast compression and expansion of the magnetosphere. The transient deformation of the
magnetopause generated field-aligned currents and created traveling convection vortices
which were detected by ground magnetometers. This event demonstrates that kinetic
(non-MHD) effects at the bow shock can have global consequences on the magnetosphere.

Citation:
J. Geophys. Res., 114, A08210, doi:10.1029/2008JA013873.

1. Introduction

[2] It is well known that the magnetopause moves and
changes in response to varying solar wind conditions.
Several studies have been conducted to determine the
typical thickness and speed of the magnetopause for differ-
ent solar wind conditions [e.g., Berchem and Russell, 1982;
Le and Russell, 1994; Paschmann et al., 1993]. Phan and
Paschmann [1996] found average velocities of the magne-
topause in the direction normal to the magnetopause to be
40 km/s or less, with a maximum recorded value of 162 km/s.
Winterhalter et al. [1981] also observed a magnetopause speed
of 195 km/s, and Sibeck [1995] reported a speed of 300 km/s.
The most obvious cause of this kind of motion is pressure
variation in the solar wind, but it can also result from
nonlinear interaction in the boundary layers upstream of
the Earth’s magnetosphere.

[3] In particular, a discontinuity in the solar wind mag-
netic field hitting the bow shock will for certain field
configurations cause a violent reaction, known as a hot
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flow anomaly (HFA), that creates strong density variations,
plasma heating and flow deflections. As the disturbance
propagates downstream, it will cause magnetopause motion.
More information about HFAs is presented in section 2.

[4] Transient magnetopause deformations can cause
ground signatures as they move tailward, as described by
Glassmeier [1992] and Kataoka et al. [2002]. Deformations
of the magnetopause cause field-aligned currents that in turn
create Traveling Convection Vortices (TCV), which are
detected as Magnetic Impulse Events (MIE) by magneto-
meters on the ground.

[s] The observations presented in this paper show mag-
netopause motion of large amplitude and a much greater
speed than previously seen. Through multispacecraft obser-
vations we are able to infer the shape of the deformed
magnetopause. Observations of the pristine solar wind by
ACE and the solar wind just upstream of the dawn bow
shock by THEMIS B reveal the cause for the drastic
magnetopause motion, and ground observations provide
complementary information on the deformation of the
magnetopause.

2. Hot Flow Anomalies

[6] HFAs were first discovered in the mid-1980s, in
association with the passage of interplanetary current sheets
[Schwartz et al., 1985; Thomsen et al., 1986] A number of
simulations were performed, exploring different theoretical
explanations for the phenomenon. Burgess and Schwartz
[1988] found that a magnetic field reversal convecting into a
shock led to overreflection followed by upstream penetra-
tion of ions from the shock. The reflected ions are thermal-
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ized through ion beam instabilities. Burgess [1989] inves-
tigated the role of the convection electric field (—V x B)
and found that a convection electric field pointing toward
the discontinuity is necessary to focus the reflected ions into
the discontinuity. Thomsen et al. [1993] provided an obser-
vational test of the importance of the convection electric
field, which confirmed the results of the simulations by
Burgess.

[7] Schwartz [1995] reviewed the current knowledge of
HFAs and summarized the observational characteristics, of
which the main points were as follows:

[s] 1. The events are flanked by regions of enhanced
magnetic field strength, plasma density, and a slight increase
in temperature. Sometimes only one edge shows these
characteristics.

[o] 2. The central regions of HFAs contain hot (10°~10” K)
plasma that is flowing significantly slower than the ambi-
ent solar wind and is highly deflected from the Sun-Earth
line. The magnetic field drops, and the density is at or
below solar wind values.

[10] 3. HFAs are found associated with gross changes in
the IMF direction.

[11] 4. HFAs convect with the solar wind flow.

[12] Interest in HFAs was renewed in the late 1990s, as
observations were made of a large magnetopause deforma-
tion associated with a HFA [Sibeck et al., 1998, 1999]. They
found an outward movement of 5 Earth radii (Rg) in 7 min
resulting from a HFA. Schwartz et al. [2000] performed a
study of 30 HFAs, and amongst other results, calculated an
occurrence rate of 3 per day. These results indicate that
HFAs are more common and have a far greater influence on
the magnetosphere than previously thought. Sibeck et al.
[2000] further investigated HFAs, and a short summary of
their conceptual HFA model can be seen in Figure 1 of that
paper.

[13] The most recent theoretical work on HFAs is a
hybrid simulation by Lin [2002], in which she studied the
formation and structure of strong HFAs at the bow shock
and in the magnetosheath, and their effects on the magne-
topause. A statistical study of HFAs using data from the
Cluster mission confirmed some of the predictions from that
simulation, and presented evidence that fast solar wind is an
essential condition for HFA formation [Facsko et al., 2008].

[14] Eastwood et al. [2008] observed a HFA both up and
downstream of the bow shock simultaneously. They noted
that the resulting pressure perturbation would cause a signif-
icant shift in the magnetopause location but no direct obser-
vations of the magnetopause were available in that event.

[15] To summarize, a HFA is generated when a discon-
tinuity in the solar wind magnetic field hits the bow shock
under certain conditions. The most important condition is
that the convection electric field points toward the discon-
tinuity on at least one side. Ions reflected from the bow
shock are focused into the discontinuity, where they ther-
malize through ion beam instabilities. This causes plasma
pressure to rise, which in turn leads to an expansion of the
heated plasma into the ambient plasmas both upstream and
downstream of the bow shock. This expansion leads to a
drop in density and magnetic field strength, and may
compress plasma and magnetic field on one or both sides
of the expanded area. It also causes a change in the local
plasma flow, which may even become sunward in some
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cases. This structure is what is detected as a HFA. A strong
HFA will propagate through the magnetosheath and hit the
magnetopause, at which point the variations in ram pressure
will cause the magnetosphere to compress or expand as the
regions of enhanced and depleted density arrive.

3. Orbits and Instrumentation

[16] On 30 October 2007 THEMIS [Angelopoulos, 2008]
was in the orbit placement stage of its mission, and the
spacecraft were approximately aligned along the GSM Y
axis with smaller differences in X and Z. As shown in
Figure 1, THEMIS A, D and E were just inside the
magnetosphere, C was in the magnetosheath, and B was
in the solar wind. All spacecraft were moving at less than
2 km/s, which is negligible for the phenomenon described in
this paper. Data from the fluxgate magnetometer (FGM)
[Auster et al., 2008] and the electrostatic plasma analyzer
(ESA) [McFadden et al., 2008] are used. For the solar wind
observations, the THEMIS B ESA was in the 32 energy
sweeps/spin mode, which does not fully resolve the narrow
solar wind beam. Thus the absolute values of the solar wind
ion moments and their variations should be considered
qualitative.

4. Observations
4.1. Magnetopause Observations

[17] Figure 2 shows data from the magnetic field exper-
iment (FGM) and the thermal plasma instrument (ESA) for
THEMIS A, C, D and E. At 1404:55 UT, THEMIS D
entered the magnetosheath. It remained in the magneto-
sheath until 1406:20 UT, and immediately after exiting it, a
velocity of 800 km/s normal to the model magnetopause
[Fairfield, 1971] was observed. This is much larger than
previously reported values for magnetopause motion.

[18] To place this observation in context, the order of the
spacecraft shown in Figure 2 is sorted by the spacecraft
distance from the model magnetopause. THEMIS C was in
the magnetosheath, the rest were inside the magnetopause.
A was the closest spacecraft to the model magnetopause,
followed by D, then E. Spacecraft A, D and E all had brief
encounters with the magnetosheath, but not in the order of
proximity to the magnetopause, which means that this was
not a one-dimensional large-scale compression of the mag-
netosphere. Instead, entry into the magnetosheath was
ordered by position in Xgsg. Spacecraft D entered first,
followed in succession by E and A, located further down the
flank. This suggests that there was an inward deformation of
the magnetopause which progressed tailward. Assuming
that this is true, and that the large-scale shape of the inward
bulge did not change much as it passed by A, D and E, we
can estimate its velocity along the magnetopause. We use
the middle of the magnetosheath encounters for these
calculations, as the bulge width decreases with increasing
distance from the magnetopause, but the center should
remain approximately the same. Dividing the distance
tailward along the model magnetopause from one magneto-
sheath encounter to another by the time difference, we
obtain the values shown in Table 1. The speed of the bulge
is remarkably similar for the 3 spacecraft pairs, with an
average of 355 km/s. Multiplying the velocity by the
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(left) Magnetopause [Shue et al., 1997], bow shock [Farris et al., 1991; Cairns et al., 1995],

positions of the THEMIS spacecraft, and the orientation of the discontinuity plane in the solar wind are
shown, together with normals for the first magnetopause crossing for each of the spacecraft, and drawings
of the magnetopause bulge. (right) The same as Figure 1 (left), but normals for each spacecraft’s second
magnetopause crossing are shown together with the inferred magnetopause.

magnetosheath encounter durations, we obtain a measure of
the width of the bulge along the model magnetopause at
different distances to the model magnetopause. The width of
the bulge is 6.1 Ry for A, 4.7 R for D, and 2.8 Ry for E.

[19] At 1407:30 UT THEMIS A entered the magneto-
sphere and at 1408:35 UT the magnetic field observations
of THEMIS C indicate that it also entered the magneto-
sphere. The spacecraft were separated by 4.77 Rg in the
normal direction but only 0.32 Ry tailward along the model
magnetopause. This separation makes them well suited to
get an estimate for the amplitude and speed of the magne-
topause in the direction normal to the model magnetopause.
Using the estimated velocity of the bulge tailward, we
subtract 6 s from the time interval to account for the
distance along the model magnetopause. The magnetopause
moved outward at least 4.77 Ry in less than 59 s, which
gives an average velocity normal to the model magneto-
pause of at least 515 km/s for this time interval. This agrees
with the plasma measurements, which detected velocities
normal to the model magnetopause of approximately 300,
800 and 600 km/s for THEMIS A, D and E (Figures 2c, 2f,
and 21i).

[20] Performing the minimum variance analysis (MVA)
[Sonnerup and Cahill, 1967] on the magnetic field data of

each spacecraft for each crossing into and out of the
magnetosheath, we find the normals of the actual magne-
topause. For THEMIS A, D and E, the normals for the first
crossings are all well defined, with intermediate-to-
minimum eigenvalue ratios greater than 10. The rest of
the normals are reasonably well defined, with eigenvalue
ratios of at least 4. The magnetic field sampling frequency
was % Hz for THEMIS C, and 4 Hz for the other spacecraft.
The results of MVA may vary with the length of the time
interval chosen for analysis. If the results vary greatly for
different time intervals, they are unreliable. Because of this,
intervals with lengths ranging from 10 to 120 s were
examined. The time intervals used for the final values range
from 20 to 35 s for the different spacecraft. The normal for
the second crossing of THEMIS A changes significantly
when using different time intervals for the MVA analysis,
which indicates that it cannot be trusted.

[21] Using these normals and the estimated values above,
we reconstruct the shape of the bulge on the magnetopause.
The result is seen in Figure 1. On the left the MVA normals
for the first crossings are shown together with drawings of
the bulge, and the normals for the second crossings are
shown on the right. THEMIS A, D and E first crossed the
magnetopause going from the magnetosphere to the mag-

3 of 10



A08210 JACOBSON ET AL.: THEMIS EXTREME MOTION CAUSED BY HFA A08210

Themis 2007-10-30
\ ‘ \ ‘

I
20(a) bz
L. 10 )
%E o THC
=~ -10 bx
<20
2L 107 o
63 10°
< 10°
T >
ERET 10t
e E
Lt n
<>(E O; m THA
= = |
T _300F
:  20E N
o 10E
= 0
%V =
%\,20;
5%
D[
T >
o =
o) E
S E
g 600
>N 300F
o € B
T OE
= E
—300 &=
z 30 K
3 155
oc OF
T 155
T o-3E
® 107E E 7
c . 10* 106 7
o5 103 10
L‘JLL ,‘02 f‘OS
3 10 4
5 18 1’
C E 3
- Wl = /e = n
55" 050
w € E E THE
T [OR==
= E
—300 &= | ;
g 30%/%
oo 5E V.
[N B~
T —15F
- _30= | ]
hhmm 1404 1406 1408 1410 1412
2007 Oct 30

Time

Figure 2. THEMIS A, C, D, and E data. (a) THEMIS C magnetic field. (b—d) THEMIS A ion energy
flux spectrogram, velocity, and magnetic field. (e—g) Same for THEMIS D. (h—j) Same for THEMIS E.
The velocity and magnetic field for THEMIS A, D, and E are plotted in the LMN coordinate system,
using the average magnetopause normal of Fairfield [1971], where M is eastward along the model
magnetopause, N is normal to the model magnetopause, and L completes the right-handed, orthogonal
system. The unit of the spectrograms is eV s ' cm 2 st eV~!. The spacecraft are sorted by distance
from the model magnetopause, with THEMIS C being in the magnetosheath and the rest being in the
magnetosphere. Of the spacecraft in the magnetosphere, THEMIS A is the closest to the model
magnetopause. THEMIS A, D, and E have brief encounters with the magnetosheath and THEMIS C
encounters the magnetosphere, indicating large-scale magnetopause motion. Magnetopause crossings are
indicated by vertical lines.
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Table 1. Magnetopause Bulge Speed Along the Model
Magnetopause

Spacecraft Used in Calculation Speed (km/s)

D and E 359
D and A 354
E and A 352

netosheath, and then again as they left the magnetosheath
and entered the magnetosphere. For THEMIS C, starting in
the magnetosheath, the first crossing was from the magneto-
sheath to the magnetosphere and the second was from the
magnetosphere to the magnetosheath. The shape is drawn to
best fit the normals and estimated values. It has been rotated
and translated to line up with the different spacecraft while
its front end is still attached to the magnetopause. The shape
of the magnetopause deformation after the entry of THE-
MIS C into the magnetosphere is less certain, and has not
been drawn. THEMIS C spent 160 s in the magnetosphere,
longer than any of the other spacecraft spent in the magneto-
sheath, which indicates that the outward bulge is larger than
the inward bulge.

[22] Just before 1406 UT, THEMIS C had a short
encounter with a magnetic field resembling that of the
magnetosphere. The timing of the encounter in relation to
the timing of magnetopause crossings by the other space-
craft, and the normal vectors resulting from MVA per-
formed on the magnetic field data, was analyzed. For this
to be an actual magnetosphere encounter would require a
very unusual magnetopause structure and a magnetopause
motion at a speed of several thousand km/s. The observed
location and timing of the crossings, and the corresponding
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crossing normals, are better explained by a crossing of the
earthward side of a detached flux rope moving antisunward.
Unfortunately, there are no particle data from THEMIS C at
this time, and the magnetic field data are limited to spin
resolution. This makes it difficult to have a positive iden-
tification either way.

4.2. Ground Observations

[23] A large, transient magnetopause deformation should
have ground signatures. Specifically, one should expect two
or more convection vortices to travel from the dayside to the
nightside [Sibeck et al., 2003; Kataoka et al., 2004]. A
compression followed by an expansion of the magneto-
sphere is expected to produce a clockwise vortex followed
by a counterclockwise vortex.

[24] Figure 3 shows two subsequent SuperDARN
[Greenwald et al., 1995; Chisham et al., 2007] convection
maps taken at 1406 UT and 1408 UT. In the first we see a
counterclockwise vortex, and in the second a clockwise
vortex. Although there is some lack of backscatter to con-
strain the map-potential algorithm, especially on the equa-
torward edge of the flow vortex at 1406 UT, the observation
of these flow vortices in conjunction with the HFA observed
by THEMIS B is remarkable. The SuperDARN data do not
in actuality show the speed and direction in which the
vortices were traveling, as each vortex was detected in only
one convection map.

[25] In data from the THEMIS magnetometer array
[Russell et al., 2008; Mende et al., 2008; Glassmeier et
al., 2008], shown in Figure 4, a magnetic impulse event
(MIE) is seen by several magnetometers. The main charac-
teristic of the MIE is a positive peak in the X component,

+z (5nT)

(~B1 min)

APL Model
0<BT<4
Bz+/By+

@
=1
e

(,.sw) Kysompp

34w

Northern Hémisphere

Figure 3. Data from the SuperDARN radar network. Measurements are indicated by dots, with lines
pointing out in the direction of the plasma flow. The magnitude of the velocity is indicated by both the
length of the line and its color. In areas with no measurements available, the dots and lines are based on a
computer model. The black lines are equipotential contours calculated by a computer model, with the
cross and plus symbols marking the minimum and maximum values. The green line characterizes the size
of the convection zone. SuperDARN observed first a counterclockwise convection vortex, shown on the
left, and then a clockwise convection vortex, shown on the right.
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Figure 4. THEMIS ground magnetometer data. Stations are sorted by magnetic longitude from low to
high. For each station, the X (north-south) component of the magnetic field is plotted. The long-term
average magnetic field has been subtracted. To the right of the plot the positions of the stations in
magnetic latitude and longitude are shown. A MIE in the form of a positive peak in the X component is

seen moving westward.

which is consistent with a clockwise vortex passing some-
where to the north of the stations. The first station to detect
the MIE is GILL, located at 0730 MLT. The central peak of
the MIE is seen by GILL at 1407:45 UT, and moves to

earlier magnetic local times. WHIT, at 0400 MLT, sees the
peak at 1409:05 UT. The ground speed of the MIE is ~25
km/s, going west. The direction is what we expect for a MIE
caused by a tailward moving magnetopause deformation at
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CDR Magnetic field, 30.0Oct 2007
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Figure 5. Data from the ground magnetometer station CDR of the MACCS array. (top) Magnetic field
disturbance in local geomagnetic coordinates. (bottom) Magnetic equivalent convection (MEC). During the
large fluctuations from 1406 to 1415, the MEC is consistent with the passage of a pair of convection vortices.

the dawn flank. We also note that the peak-to-peak ampli-
tude of the MIE tends to be larger at higher latitudes, which
is consistent with the convection vortex traveling at a higher
latitude than these magnetometers.

[26] At 1408 UT the magnetometer station at Cape
Dorset, which is part of the MACCS array [Hughes and
Engebretson, 1997], was located at 0913 MLT and 73.5
Magnetic latitude, which is very close to the path we expect
the vortices to travel. Figure 5 shows data from this station.
Between 1406 and 1415 UT, a large magnetic field pertur-
bation is seen, with peak-to-peak amplitudes of 200 nT for
By and more than 500 nT for Bx and Bz. Figure 5 (bottom)
shows the Magnetic Equivalent Convection (MEC). MEC
can be used as an approximation to the plasma convection
when the magnetic disturbance is caused mainly by iono-
spheric Hall currents. Assuming this to be the case for the
interval 1406 to 1415, we see signatures consistent with a
counterclockwise vortex followed by a clockwise vortex
passing westward, with the vortex centers at a latitude south
of the station.

[27] Although convection vortices were observed around
the same time as the magnetopause deformations, and
moving in the expected way, they were not ordered as
expected. Either the compression did not cause a vortex, the
ground instrumentation missed a vortex, or our understand-
ing is incomplete. In any case, this shows that the HFA
ultimately led to disturbances in the ionosphere.

4.3. ACE and THEMIS B Observations in the Solar
Wind

[28] To investigate the cause for the large amplitude
perturbation on the magnetopause we examine the upstream

solar wind measurements. During this event, the Advanced
Composition Explorer (ACE) was at L1 in the pristine solar
wind while THEMIS B was in the solar wind just upstream
of the dawn bow shock (Figure 1). There were no changes
in the solar wind plasma parameters (Figures 6f—61) mea-
sured by ACE that could account for rapid motion of the
magnetopause.

[29] Figure 6 shows data from ACE and THEMIS B.
Comparing the magnetic field of ACE, located far upstream,
to the magnetic field of THEMIS B, located just upstream
of the dawn bow shock, we find the drop in B, which is
much sharper now, at 1404:40 UT. Following this drop, a
small population of high-energy ions is detected. These are
ions reflected from the bow shock, to which THEMIS B is
now magnetically connected.

[30] At 1406:40 UT, THEMIS B detected something
which was not present in the ACE data; an interval of
disturbed magnetic field with enhanced ion energy flux
between 2—10 keV. There was a flow deflection of many
tens of km/s, a drop in the density and a temperature
increase, resulting in a drop of the dynamic pressure. These
are characteristics of a hot flow anomaly (HFA) [Schwartz
et al., 1985; Thomsen et al., 1986].

[31] At this time there was also a change in the magnetic
field orientation. The reason that this change caused a HFA,
while the much larger change in Bz at 1404:40 UT did not,
is the criterion for a HFA that the motional electric field
must point toward the discontinuity on at least one side
[Thomsen et al., 1993]. Using MVA, the normal to the first
discontinuity plane is (0.91,0.39,0.18)gs1,, With an eigen-
value ratio of 7.5. We calculate the convection E field from
E = —v x B, and find that the first discontinuity has an
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Figure 6. THEMIS B and ACE data. (a) THEMIS B ion energy flux spectrogram (in eV s ' cm™2 st
eV ). (b) ACE magnetic field (GSM). (c) THEMIS B magnetic field (GSM). (d) THEMIS B magnetic
field magnitude. (¢) THEMIS B temperature. (f) Density. (g—j) Velocity GSM X, Y, and Z components
and magnitude. (k) Sum of plasma and magnetic pressure. (I) Sum of plasma, magnetic, and ram
pressure. In Figures 6f—61, THEMIS B data are black, and ACE data are red. The ACE data have been
time shifted approximately 1 h and 5 min, using first an automatic calculation and then adjusting it
according to magnetic signatures close to the time of interest. Around 1406:45, THEMIS B detects
magnetic field, density, velocity, and temperature variations consistent with a hot flow anomaly.
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electric field pointing away from it on the antisunward side
and a very small normal field on the sunward side. The
normal to the second discontinuity plane is (0.75, 0.65,
—0.10)Gsas, With an eigenvalue ratio of 3.8. The second
discontinuity has a very small normal field on the antisun-
ward side and a field pointing toward it on the sunward side.
Thus, only the second discontinuity has an appropriate
geometry for HFA formation. The plane of the solar wind
discontinuity is shown in Figure 1.

[32] The velocities observed just inside the magnetopause
(Figures 2c, 2f, and 2i) are mainly in the N and M
directions. This implies that there is no motion of the bulge
in the L direction, which points north/south. We interpret
this to mean that the bulge is in fact ridge-like, extending
north and south. This is consistent with the normal of the
discontinuity plane, and the negative M during the outward
motion is also consistent with the refilling flow observed in
simulation by Kataoka et al. [2004].

5. Summary and Conclusions

[33] On 30 October 2007, the five THEMIS spacecraft
observed the cause and consequence of extreme motion of
the dawn flank magnetopause, with flow speeds in the
direction normal to the model magnetopause reaching 800
km/s. Direct observations showed that the magnetopause
was displaced outward by at least 4.8 Rp in 59 s. The
multispacecraft observations also revealed a bulge on the
magnetopause moving tailward at 355 km/s. There was
nothing in the solar wind plasma data from ACE that
could have caused the magnetopause motion. However,
the THEMIS B spacecraft observed the signatures of a hot
flow anomaly in the solar wind just upstream of the dawn
bow shock, which is likely to be the cause of the fast
magnetopause motion.

[34] The following is a summary of our interpretation of
the data. On 30 October 2007 a discontinuity in the solar
wind magnetic field hit the bow shock. The motional
electric field pointed toward the discontinuity on one side,
fulfilling an important criterion for HFA generation. The
discontinuity swept tailward over the bow shock, with an
orientation suited for producing a HFA at the dawn side of
the magnetosphere, and THEMIS B did observe signs of a
HFA. In the magnetosheath, the HFA created a region of
low dynamic pressure surrounded by regions of higher
dynamic pressure. As these regions reached the magneto-
pause, it moved in response to the dynamic pressure
variations. As the intersection of the discontinuity with
the bow shock moved tailward, so did the HFA structure.
The resulting motion of the magnetopause is tailward
moving bulges, first inward, then outward. The inward
bulge passed over THEMIS A, D and E, allowing us to
do a rough reconstruction of its shape. Then, the outward
bulge passed THEMIS C, providing direct evidence of
rapid, large-amplitude magnetopause motion. The transient
deformations of the magnetopause cause field-aligned cur-
rents, creating traveling convection vortices which are
detected by ground magnetometers.

[35] The multiple spacecraft of the THEMIS mission are
clearly a great advantage in the study of events such as
these, providing simultaneous measurements from different
regions and allowing us to deduce the motion and size of the
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structures encountered. Our results show that a HFA can
have a significant effect on the magnetopause, even when
the upstream pristine solar wind was rather unremarkable.
This implies that kinetic (non-MHD) effects at the bow
shock can have global consequences on the magnetosphere.

[36] We have examined THEMIS data in the period from
the start of the mission to June 2008. Though the present
event has the highest recorded velocity, there are other
events in the THEMIS data set with normal velocities of
400-600 km/s. Further investigation into each event is
required to determine if they are also caused by HFAs,
and to understand more precisely how the disruption caused
by the HFA at the shock is transmitted through the magneto-
sheath to the magnetosphere.
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