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Abstract

This thesis focuses on large-scale auroral arcs which occur poleward of the main
auroral oval. The work consists of two parts: The first part is a statistical study
where the role of the solar wind for the occurrence and evolution of polar arcs 1s
investigated. The second part consists of a model explaining polewardly moving
arcs in terms of large-scale changes of the magnetotail topology.

The statistical study is based on UV images of the auroral oval provided by
the Polar satellite and solar wind data from the ACE spacecraft. The study
confirms many previous results regarding the strong dependence of the evolu-
tion of polar arcs on the direction of the interplanetary magnetic field (IMF):
northward IMF seems to be a precondition for most polar arcs to occur, the
east-west component of the IMF (IMF B,) controls the location of the arcs.
A new finding is the correlation between arc occurrence and high values of the
solar wind energy flux. Based on their spatial evolution a new categorization
of polar arcs is presented. It is shown that each polar arc type appears for a
characteristic combination of solar wind parameters.

The model developed in this thesis explains the evolution of those polar arcs
which typically occur after an IMF B, sign change. It is shown that an IMF
By induced twisting of the magnetotail changes after an IMF B, sign reversal
successively such that in an intermediate state near-Earth and far tail regions
are oppositely twisted. Field lines originating in the high-latitude region of the
far tail plasma sheet map high into the near-Earth tail lobes producing in the
ionosphere a bridge of closed field lines which spans the entire polar cap. The
taillward propagation of the twist rotation corresponds to a poleward motion of
the closed field line bridge. This bridge is interpreted as the mapped region of
a moving polar arc. In a first step it is demonstrated with a modification of the
T89 model that a tail magnetic field topology as described above actually leads
to a bifurcation of the polar cap boundary. In a second step these ideas are tested
with the GUMICS-4 code, a magnetohydrodynamic model. Different constant
IMF clock angle cases and IMF B, sign change runs are examined in detail
leading to a refinement of the polar arc model. The importance of northward
IMF becomes clear from the simulation results: Only during northward IMF
does non-zero IMF By lead to a long and highly twisted tail which makes a
displacement of closed field lines into the polar cap possible.

Keywords: polar arc, transpolar arc, interplanetary magnetic field (IMF), solar
wind-magnetosphere coupling, magnetotail twist.
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Chapter 1

Introduction

Polar lights have stirred man’s imagination, curiosity and fear probably as long
as Earth has been inhabited. There are numerous descriptions of the aurora
preserved from many different historical epochs and cultures (Eather, 1980). In
regions where the aurora rarely occurs, people became horrified when suddenly
mysteriously moving curtains of light appeared in the sky. Reports of auroral
observations speak of flames or battlefields forming in the night sky. These vi-
sions were often interpreted as an omen of forthcoming calamity. In the myths
and tales of people living in the arctic regions where the aurora is a recurrent
phenomenon many references to it can be found. The most widespread interpre-
tation in mythology is that of it being the spirits of the dead, who, depending
on the local version fight or play ball with each other.

There were few scientific attempts to explain the aurora before modern times.
Probably the first attempt for a scientific explanation was, as of many other
subjects, given by Aristoteles. In his book "Meteorologica’ around 350 B.C.
he suggested that heat from the Sun causes a vapor to rise from the Earth’s
surface and collide with the element fire which then bursts into flame. A remark-
able discussion of aurorae appears in "The kings mirror’, a medieval Norwegian
chronicle: ”However, it is true of northern lights as of many others of which we
have no sure knowledge, that thoughtful men will form opinions and conjectures
about i1t and will make such guesses as seem reasonable and likely to be true.
Some think [...] it is possible that these lights shine forth from the fires that
encircle the outer ocean. Others have suggested that during the hours of night
when the Sun’s course is beneath the Earth, an occasional gleam of its light may
shoot up into the sky [...] But there are still others who believe that the frost
and the glaciers have become so powerful there that they are able to radiate
forth these flames.”

700 years had to pass until a deeper understanding of the northern lights
was reached. It was not before the discovery of the electron and how its motion
is governed by electric and magnetic fields, that the foundation for our present
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understanding of auroral lights has been established. In the 19th century, the
classical electromagnetic theory was developed. The discovery of the atom and
its dissociation into electron and nucleus followed at the turn of the century.
In the 1950’s ’space age’ began with rocket and satellite experiments allowing
in-situ measurements in space. Now, that researchers could measure directly
in space a much better knowledge about polar lights and the near-Earth space
environment was gained.

Today we know that the aurora is mainly caused by electrons moving with
high speed from space towards the Earth until they collide with gas particles
of the outer atmosphere some 100 km above the Earth. These collisions cause
gas particles to release energy in the form of light. Depending on the atmo-
spheric particle hit, the light has a different wavelength, i.e., the aurora has
another color. These light emissions are produced day and night by a never
ending stream of electrons flowing into the atmosphere in the arctic regions.
The northern lights are actually accompanied by southern lights. This can be
seen from beautiful satellite images of the nightside Earth as the one shown in
the left image of Figure 1.2. The aurora forms huge ovals around the northern
and southern magnetic poles with a thickness of about 200 km and a diameter
of about 1500 km.

The reason why the aurora could be observed by Chinese, Greek and Roman
scholars although they lived far from the arctic regions, is its dynamic reaction
on solar activity. The Sun not only radiates light, it also emits continuously
a thin gas of charged particles, the solar wind. The solar wind is sensitive to
electric currents and magnetic fields, such that it interacts with the Earth’s
own magnetic field in a complicated way. At times, the Sun is more active and
massive eruptions on its surface appear which are felt as geomagnetic storms
at the Earth. The geomagnetic field becomes strongly disturbed, the aurora
brightens and the entire auroral ovals expand to lower latitudes.

The formation of an auroral oval is fairly well understood. The currents
producing the aurora flow along magnetic field lines. Knowing the magnetic
field topology in the near-Earth space gives the location of the aurora. The
Earth’s dipole field creates a comet-like cavity in the solar wind flow, called the
magnetosphere, in which the geomagnetic field dominates. Due to the strongly
deformed magnetospheric field, field-aligned currents encounter the Earth at-
mosphere in a zone extending over 5-10 degrees latitudes around the magnetic
poles.

At the beginning of the 1980’s the first global satellite images of the auroral
oval became available. In 1981 a surprising image was received from the DE-1
spacecraft (Frank et al., 1982). A broad band of aurora was seen in the middle
of the auroral oval, reaching from the nightside to the dayside part of the oval.
It was named ’transpolar arc’, others called the arising auroral morphology
‘theta aurora’ due to its resemblance with the Greek letter #. The right image
of Figure 1.2 shows a typical transpolar arcs. Scientists were astonished by
this finding. Applying standard magnetosphere models, auroral arcs are not



Figure 1.1: Auroral display near Fairbanks on 1 March 2003 (Photo: J. Curtis).

expected to occur inside the auroral oval. Since the first transpolar arc was
reported many more large-scale auroral arcs have been detected poleward of the
oval, showing a variety of different shapes and motions. Not all stretch over the
entire oval, their length varies between about 100 km (small-scale sun-aligned
arcs) and about 4000 km (transpolar arcs). Small-scale sun-aligned arcs were
actually known much before as they are easily detected from the ground (the
first scientific report has been written by (Mawson, 1916)) but, their origin is
even less understood. To use a correct description that includes all types of
arcs poleward of the auroral oval, the expression ’polar auroral arcs’ is used
from here on. Despite many detailed studies, a complete understanding of polar
auroral arcs is still missing.

The subject of this thesis is the investigation of large-scale polar auroral
arcs. It is examined when and why they occur, how they are connected to
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Figure 1.2: Global auroral UV images taken by the DE-1 spacecraft. Left: The north-
ern and southern auroral ovals. Right: a transpolar arc (DE-1 SAT Photo Gallery).

the magnetosphere topology and to what extent the solar wind influences their
appearance. In the next two chapters a short introduction to space plasma
physics is given. It covers the physics of the magnetosphere and ionosphere.
It follows a description of the magnetosphere models used to investigate the
connection between magnetosphere and polar arcs (chapter 4) and a description
of spacecraft instruments used for a statistical study of polar arcs (chapter 5).
The results of this work and outstanding problems are summarized in the last
chapter. The scientific work is presented in the form of four papers published
in (Paper 1-3) or submitted to international scientific journals (Paper 4).



Chapter 2

Sun-Earth environment

2.1 The solar wind and the magnetosphere

The physical characteristics in the Earth’s magnetosphere are defined mainly
by two entities, the solar wind and the geomagnetic field. Understanding their
interaction is a major goal of space plasma physics. It allows not only to under-
stand the near Earth space environment but also how the space environment of
other planets forms.

The Sun’s interior consists of a highly ionized gas, called a plasma. In
the extremely dense core of the Sun nuclear reactions take place that create
temperatures exceeding the binding energies of the atoms. The ionization is
caused by collisions in the heated gas. Due to a huge difference in pressure
between the Sun and the surrounding space, the solar plasma spreads deep into
space where it is referred to as the solar wind. Some characteristic values of the
solar wind and other space plasmas are found in Table 2.1.

The solar wind reaches the Earth after about 3-4 days and has near the
Earth typical velocities of about 450 km/s.

Table 2.1: Properties of different plasma populations in space

Plasma Ne T AD B Chemical

population (m=3) | (K) | (m) (nT) composition

Interior of Sun | 102 107 [ 7x107° [ 1x10% | HT, Hett

Solar wind 107 105 | 7 x 10* 5 HT Hett

Plasma sheet 108 107 | 2 x 102 10 Ot , Het HT

Tail lobes 10% 105 | 4 x 102 25 Ot , Het HT
Tonosphere 1012 103 | 2x 1073 | 5x 10* | NOt,O0F, 0t Het HT
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It does not encounter the Earth’s atmosphere directly. The strong magnetic
field of the Earth shields the near-Earth environment such that the solar wind is
forced to flow around the cavity dominated by the terrestrial field. This cavity 1s
called the magnetosphere. On the dayside the magnetosphere is compressed by
the solar wind, on the nightside it forms an up to 200 Earth radii (Rg) long tail,
the magnetotail. Due to its interaction with the solar wind the magnetosphere
has a complicated structure, containing several current systems and regions of
different plasma populations. Figure 2.1 illustrates the main regions within the
magnetosphere.

Interplanetary

Magnetic Field Current :

Plasma Mantle

Magnetic Tail

-aligned Curren

Solar Wind

Magnetopause

Magnetopause Current

Figure 2.1: Schematic representation of the Earth’s magnetosphere (Kivelson and
Russell, 1995).

The magnetic field of the Earth is in a first approximation a dipole field
that is generated in the fluid outer core of the Earth by a self-exciting dynamo
process. Electrical currents flowing in the slowly moving molten iron generate
the magnetic field. Near the surface of the Earth the geomagnetic field has a
magnitude of about 30000 nT. It decreases as r~3 radially outward. At a dis-
tance of about 10 Rg the magnetic pressure of the geomagnetic dipole field is
reduced to such an extent that its value is comparable to the kinetic pressure of
the solar wind. At that distance sunward of the Earth the boundary between
solar wind and magnetosphere (the magnetopause) forms. Along the magne-
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topause the charged solar wind particles are repelled by the strong geomagnetic
dipole field. Depending on their charge they gyrate in the presence of the ge-
omagnetic field in different directions carrying a net current in the duskward
direction. The magnetopause current shields and compresses the Earth dipole
field at the same time. It closes along the tailward part of the magnetopause.
Due to the supersonic speed of the solar wind, a bow shock appears in front
of the magnetopause which makes the physics in this region more complicated
than sketched here. The decelerated and heated solar wind plasma in the bow
shock region moves in a several Rg wide layer, called magnetosheath, around
the magnetopause.

Inside the magnetosphere two large-scale current systems appear. The ring
current flows at a distance of 4 to 8 Rg in westward direction around the Earth
and further compresses the geomagnetic field inside this region. On the tailward
side, the ring current merges smoothly into the neutral sheet current (also called
cross-tail current). The neutral sheet current flows in an 8 Rg thick sheet along
the equatorial plane of the magnetotail and closes as the tail current along the
northern and southern parts of the tail magnetopause. Seen from the Sun, the
tail currents form a theta like current system. The cross-tail current is con-
nected to a tailward stretching of the magnetotail field lines. Both the ring and
the tail current systems are connected to a non-uniformity of the surrounding
magnetic field. The magnetic field gradient causes a drift in opposite direction
for oppositely charged particles such that a net current occurs.

The current systems and associated magnetic field regions are embedded
in plasma regions of different densities and temperatures. In steady state, the
plasma tries to fill regions of weak magnetic fields to balance the total pressure.
The tail current sheet with its weak magnetic field consists of plasma with a
high plasma pressure. This region is called the plasma sheet. At higher latitudes
the magnetic field strength increases. The two low-pressure regions north and
south of the plasma sheet are denoted as the lobes.

The highest density of high-energetic particles is found in the two Van-Allen
belts. Their particle populations contribute to the ring current. The very high
density occurs because in the belt regions the topology of the magnetic field
resembles bottle throats at its northern and southern ends in which charged
particles are trapped. The high-energetic particles are created by cosmic rays
inside these belts. They are mirrored at the bottle ends and thus, bounce back
and forth between the high latitude regions of the Earth.

2.2 The interplanetary magnetic field

The solar wind contains a weak magnetic field, called the interplanetary mag-
netic field (IMF). In the near-Earth space environment the IMF consists mainly
of the Suns own magnetic field. It is generated by large-scale motions of con-
ducting fluids operating just below the convective zone of the Sun. Near the
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Sun this field is highly variable, further out it has a more dipole-like structure.
The solar magnetic field is carried by the solar wind outward from the Sun such
that its field lines become stretched and enclose a heliospheric current sheet.
Due to the rotation of the Sun, the field lines do not point radially outward, but
form an Archimedean spiral. The heliospheric current sheet is nonuniform and
unfolds like a ballerina skirt around the Sun-Earth plane. From an observer on
the Earth this is registered as frequent variations of the IMF.

When studying the magnetosphere, the direction of the IMF is usually given
in GSM coordinates. In this coordinate system, the x-axis points from the
Earth to the Sun and the y-axis lies perpendicular to the Earth’s magnetic
dipole so that the xz-plane contains the dipole axis. The positive z-axis is in
the same sense as the northern magnetic pole. An expression used frequently
for describing the relation between the IMF By and IMF B, components is the
IMF clock angle. It is the angle between the IMF vector in the yz-plane and
the positive z-axis ranging from 0 degrees for pure northward to 180 degrees
for pure southward IMF. The average distribution of the IMF near the Earth
is shown in Figure 2.2. It shows that the IMF B, and B, components have
usually opposite signs and are larger than the IMF B, component. This is due
to the spiral form of the IMF lines, making at 1 AU an angle of about 45° to
the x-axis. Typical values of the IMF near the Earth are 5-10 nT but can rise
up to 30 n'T.

Ecliptic plane + + Normal to
To North ecliptic plane
Sun ecliptic pole

Isotro;ﬁc \} e - Isotropic
- > ~
/ Negative N Above (27%)
7 (34%) \
1 . .
=90 deg : » ¢ =270 deg “; ECIlpt':'; 0=0 deg
I

\, Positive
(44%)

3-hr averages

Y
¢ =180 deg 6=-90 deg

Figure 2.2: The average distribution of the IMF at 1 AU (Wilcox and Ness, 1965).

The energy density of the interplanetary magnetic field (IMF) is negligible
compared to the kinetic energy density of the solar wind. Consequently the
shape of the magnetosphere is mainly defined by the solar wind flow. However,
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the shielding of the magnetosphere from the solar wind is not complete. Due to
the existence of the IMF, a small amount of mass and energy is transported into
the magnetosphere. The degree of the solar wind-magnetosphere coupling de-
pends strongly on the direction of the IMF. Several energy coupling parameters
have been proposed that show a good correlation with the level of geomagnetic
activity in the auroral zones (AE index). They all involve the solar wind veloc-
ity and the IMF and indicate that the solar wind energy input is much higher
during southward than during northward IMF. One well-known parameter is
the Akasofu-Perreault epsilon parameter ¢ = vB?sin(0/2)I2 /po where @ is the
IMF clock angle, pip the magnetic permeability in free space and [y corresponds
to the effective cross section of the coupling region (Akasofu, 1980).

The IMF direction has a strong influence on the magnetotail structure. Dur-
ing a southward orientation of the IMF the tail is often in a dynamic state with
frequent outbreaks of so called magnetic substorms. They involve a strong ex-
pansion of the entire magnetotail followed by a collapse and are connected to
strong geomagnetic and auroral activity near the Earth. During northward
IMF the magnetotail is in steady state, its length is inversely proportional to
the strength of the IMF B, component (Gombosi et al., 1998). The IMF B,
component changes the shape of the magnetotail. It causes a twisting of the
entire plasma sheet along the x-axis (Tsyganenko, 1998) and the magnetic field
lines are strongly bent in dawn-dusk direction. The field line bending corre-
sponds to an extra By field that occurs in the tail and has the same direction

as IMF B, (Lui, 1986).

2.3 Magnetic reconnection

The behavior of a plasma in the presence of a magnetic field changes radically
with the degree of conductivity. It can be shown that for plasmas with an
infinite conductivity, no magnetic diffusion through the plasma appears. This
means, the magnetic field lines are tied to the fluid and move with the plasma.
One speaks of frozen-in flux of the magnetic field. For a plasma with a finite
conductivity magnetic field and plasma are partially decoupled and the magnetic
field can diffuse through the plasma. The thin and highly ionized solar wind
belongs to the high-conductivity plasmas. Hence, the IMF is attached to the
flowing solar wind plasma.

Near the magnetopause the principle of frozen-in flux breaks down. Magnetic
diffusion makes it possible for the IMF, transported by the solar wind toward the
dayside magnetopause, to merge with the magnetospheric field. This process is
also referred to as reconnection. The efficiency and the location of the reconnec-
tion process are strongly dependent on the direction of the IMF. As illustrated
in Figure 2.3a, IMF and the magnetosphere field are anti-parallel at the dayside
magnetopause only when the IMF has a negative B, component, i.e., a south-
ward pointing IMF component. Field lines originally with both ends attached
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at the Earth, (closed field lines) merge with solar wind field lines. They become
open, i.e., only one end is attached to the Earth, the other end is attached to
an IMF field line. Due to the principle of frozen-in flux in the undisturbed solar
wind, the open end of the field line is carried in tailward direction. In the tail,
northern and southern open field lines reconnect along a second reconnection
line creating sunward moving closed field lines and tailwardly moving IMF field
lines. The open tail field lines are located in the lobes while the closed field lines
fill the plasma sheet.

e O
a) 2/ ’3 Z /4 ™ T magnetopause

—
5 open field lines
21
6
N\ 7
" ‘ 8 closed field lines
~N

_——————

Figure 2.3: Reconnection and flux tube convection for southward IMF a) in the
magnetosphere and b) in the ionosphere (Dungey, 1961).

During northward IMF B, , the interplanetary magnetic field and the magne-
tosphere field have at the dayside magnetopause the same direction. This makes
dayside reconnection impossible. It has been suggested that during northward
IMF the magnetosphere is completely closed to the solar wind and the only
interaction would arise due to viscous interaction at its boundary layers (Ax-
ford and Hines, 1961). However, reconnection can occur even during northward
IMF, but at the high-latitude near-Earth tail lobes. Several field line circula-
tions are possible. The most commonly accepted scenario is depicted in Figure
2.4a. Field lines having been opened during a preceding period of southward
IMF reconnect with IMF lines at the high-latitudes lobes to create new, open
field lines at the dayside and modified IMF field lines at the nightside, moving in
a tailward direction. Computer simulations indicate that northward IMF, not
preceded by southward IMF would lead to a completely closed magnetosphere
(e.g., Gombosi et al., 1998). The northward and southward state of the magne-
tosphere are the most extreme cases, leading to a closed or open magnetosphere,
respectively. In reality the IMF 1s never completely steady during many hours,
as necessary for reaching these extreme states. The influence of the other IMF
components and IMF fluctuations lead to a deviation from these simple models.
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------- projection of lobe
reconnection X-line

non-reconnecting open (o)
-closed (c) boundary (adiaroic)

i = interplanetary field line
v = viscously-driven flow
L = lobe flow cell

Figure 2.4: Reconnection and flux tube convection for northward IMF a) in the
magnetosphere and b) in the ionosphere (Lockwood, 1987).

There have been different views on where on the magnetopause reconnec-
tion occurs. In the component merging theory, reconnection occurs where the
IMF first encounters the magnetosphere (Sonnerup, 1974), in the anti-parallel
merging theory (Crooker, 1979), it appears where the fields are completely anti-
parallel to each other. The case for pure IMF By illustrates clearly that the two
theories predict two different merging sites. In the component merging theory
the field lines merge along a tilted line through the x-axis. In the anti-parallel
merging theory merging occurs in two separated regions in the northern dusk
(dawn) and southern dawn (dusk) lobes for duskward (dawnward) IMF B,. Nu-
merical modeling results indicate that anti-parallel merging is the most probable
one. But there are observations in favor of the component merging theory (Rus-
sel et al., 1985). In reality, reconnection occurs not constantly at one single line.
Observations indicate that reconnection occurs in form of periodic flux transfer
events at the magnetopause (Kim et al., 2002).

2.4 The ionosphere

The ionosphere is the transition layer between the neutral atmosphere and the
fully 1onized magnetosphere and thus only partially ionized. The main source
of ionization is the solar UV radiation, but also energetic particle precipitation
from the magnetosphere into the atmosphere contributes significantly to the
ionization. The composition and electron density of the ionosphere varies with
local time, latitude and altitude. At daytime, the ionization due to UV radia-
tion dominates, the magnetospheric particle precipitation is most intense in the
regions of the auroral oval. The maximum electron density is at about 250 km
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above the Earth because the neutral particle density increases towards lower
altitudes, but the ionization decreases due to atmospheric absorption of the
UV radiation. A full ionization of the ionosphere is prevented by the frequent
recombination of ions and electrons.

Due to the low ionization and the high density of the ionospheric plasma
the orbits of charged particles are disturbed by frequent collisions with neutrals
such that they react in a different way to electromagnetic forces than the magne-
tospheric plasma. The conductivity becomes non-isotropic, hence the currents
and plasma motions are more complicated than in the magnetosphere. The
peak values of the conductivities in the plane perpendicular to the magnetic
field (Pedersen and Hall currents) occur at around 100-130 km altitude.

The low-latitude part of the ionosphere belongs to the so called plasmas-
phere in which the plasma corotates with the Earth. In the high-altitude part
of the polar ionosphere, the plasma motions are determined by the large-scale
circulation of the magnetospheric flux tubes. The collision frequency at around
1000 km is decreased to such low values that the plasma becomes tied to the
magnetic field. The circulation performed by the 1onospheric footprints of mag-
netic field lines corresponds to a plasma convection in the same direction. As
illustrated in Figure 2.3b, a two-cell convection pattern emerges in the south-
ward IMF case. The tailward motion of the newly opened field lines corresponds
to an anti-sunward plasma flow at the highest latitudes. The earthward motion
at the dawn and dusk magnetotail flanks leads in the ionosphere to a sunward
flow at lower latitudes. For northward IMF the ionospheric convection pattern
is reversed (see Figure 2.4b). A sunward flow appears on highest latitudes. At
lower latitudes the plasma drift returns into anti-sunward direction. Equator-
ward of these cells two additional cells occur that are probably caused by viscous
interaction at the magnetosphere boundary. In general the convection pattern
1s much more complicated than sketched here. The other IMF components and
temporal changes have to be taken into account. Size and form of the cells
are strongly dependent on the IMF B, direction, during northward IMF there
appear more than 2 cells but the number of cells can vary.

2.5 The aurora

The magnetosphere acts in some sense like a huge dynamo, driven by the solar
wind. As electrons are free to move parallel to the magnetic field in a collisionless
plasma (as long as the gradients of the magnetic field are small) currents having
their source region in the magnetotail flow along the magnetic field lines into the
high-latitude ionosphere. Due to the finite resistivity of the ionospheric plasma,
the ionosphere acts as a load in the solar wind-magnetosphere coupling system
of which the aurora is the visible signature.

The aurora occurs at around 100 km altitude above the Earth. The light
emissions of the aurora are produced when neutral atoms or molecules are ex-
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cited by collisions with precipitating electrons. Dependent on which type of
particle and to which energy level it is excited, photons of a certain energy
and wavelength are emitted when the particle returns to a lower energy state.
The most commonly visible colors of the auroral are green (emitted by Oxygen
atoms) and red (emitted by molecular Nitrogen or high-altitude Oxygen atoms).
The currents producing the aurora flow in thin sheets along the magnetic
field lines from the magnetosphere down into the ionosphere and parallel to it
back into the magnetosphere again. The currents reach the ionosphere in two
concentric rings. The statistical field-aligned current pattern as determined by
lijima and Potemra (1976) is shown in Figure 2.5. The poleward and equator-
ward rings are denoted as Region 1 and Region 2, respectively. The Region 2
currents map to the ring current in the near-Earth magnetosphere, the Region
1 current to the tail plasma sheet. As can be seen from Figure 2.5, the upward
current sheet is located on the dawn side of the downward current sheet.

W Currents info ionosphere

EE281 Currents away from ionosphere

Figure 2.5: Statistical distribution of field-aligned currents into and out of the iono-
sphere during low geomagnetic activity (lijima and Potemra, 1976).

The auroral emissions in the main auroral oval are diffuse and often quite
weak. They extend over a wide latitude range. The diffuse aurora is produced
by precipitating particles of about 1 keV that originate in the tail plasma sheet.
Very bright and active auroral displays are often seen near the poleward bound-
ary and on the dusk side of the auroral oval and are called discrete aurorae.
Discrete auroral arcs are caused by highly energetic electrons with energies of
of several keV having their source region in the plasma sheet boundary layer.
These electrons gain their energy from an acceleration process that involves
U-shaped field-aligned electric double layers, a process which is not yet fully
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understood.

The luminosity and size of the auroral oval depends strongly on the direction
of the IMF. During a southward orientation of the IMF, the auroral oval is
usually very bright and active and substorms occur periodically (a substorm
causes a sudden brightening and a large expansion of the nightside auroral oval
until it recovers to its original state). For persistent northward IMF the auroral
oval is strongly contracted, the auroral emissions are weak and auroral arcs
occur often poleward of the auroral oval inside the so called polar cap. Small-
scale sun-aligned arcs are nearly constantly observed inside the polar cap during
northward IMF| large-scale polar arcs occur less frequently. The motion of polar
auroral arcs is governed by the dawn-dusk component of the IMF (Figure 2.6).
Arcs near the side of the auroral oval which lies in the direction of the IMF B,
component move slightly poleward while polar arcs in the middle of the polar
cap or on the other oval side move into the direction of IMF B, (Valladares et
al., 1994). Observations in recent years indicate that large-scale moving polar
arcs may be triggered by IMF B, or IMF B, sign changes (Cumnock et al.,
2002, Chang et al., 1998).
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Figure 2.6: Statistical results of IMF B, dependent motion of small-scale sun-aligned
arcs by Valladares et al., (1994).

The boundary of the auroral oval is assumed to coincide with the boundary
between open and closed field lines. The plasma sheet origin of particles causing
the aurora indicates that the entire region of main auroral oval lies inside the
region of closed field lines. The polar cap is defined as the region of open field
lines and lies poleward of the auroral oval. Auroral arcs occurring inside the
polar cap may have different source regions depending on their size. Although
there are many indications small-scale sun-aligned arcs lie on open field lines,
their source region is still unclear (Bonnell et al., 1998). Large-scale polar arcs
have been found to have similar particle characteristics as the auroral oval, but
with slightly lower energies. It is generally agreed on that large-scale arcs map
to the plasma sheet and thus are located on closed field lines (e.g., Frank and

Craven, 1988).



Chapter 3

Basic space plasma physics

3.1 Definition of plasma

A plasma is generally defined as a gas of charged particles which has an equal
amount of negative and positive charges and reacts to electromagnetic forces
in a collective way. To obtain quasi-neutrality any externally applied potential
must be shielded within a distance that is essentially shorter than the scale
length on which the system is defined as a plasma. Ap = \/Eeok'BTe/neqz)
defines the radius of the shielding, where €; 1s the permittivity of free space,
kp the Boltzmann constant, ¢ the elementary charge, 7, and n. the electron
temperature and density, respectively. A high electron density and low thermal
motions allow a shielding within a short distance. Another requirement for a gas
to behave like plasma is that the collision frequency with neutrals is low enough
that the motion of the charged particles is dominated by electromagnetic forces.

3.2 Single particle description

The paths of neutral gas particles are determined by random collisions with
other particles. Their collective motions are described within the classic fluid
mechanical theory. In plasmas the interaction between charged particles and
external electromagnetic fields have to be taken into account as well.

In the single particle approach the influence of externally applied electromag-
netic forces on a single particle is studied. This description is strictly speaking
only valid for plasmas where particle-particle interactions and electromagnetic
fields induced by particle motions themselves are small compared to externally
applied fields. However, the single particle description helps understanding the
behavior of plasma particles in the presence of electromagnetic fields.

The velocity of a single particle moving in an electromagnetic or other force
field can be derived from the Lorentz force (mdv/dt = ¢(v x B) + F). In a

15



16 CHAPTER 3. BASIC SPACE PLASMA PHYSICS

homogeneous magnetic field a charged particle gyrates around the magnetic
field line with the gyrofrequency w = ¢B/m. If any external force is applied in
the presence of a magnetic field the gyrating particle drifts with the velocity vp
perpendicular to the applied force and to the magnetic field (vp = F x B/¢B?).
In the presence of an electric field all particles drift in the same direction, in a
curved magnetic field or a gravitation field, differently charged particles drift in
opposite directions, thus a net current occurs (for example, the ring current is
caused by a B-field gradient drift and a curvature drift, the earthward plasma
drift along the plasma sheet is a E x B drift). The large-scale currents appearing
in geophysical plasmas cannot be calculated from single particle motions only.
The particle gyromotions produce an additional current if there is a population
gradient. Although the size of the current cannot be calculated by single particle
motions, the direction of the currents is given correctly.

For a complete description of the plasmas properties it 1s necessary to take
all particles into account. However, even with the fastest computers it is not
possible to calculate the motion of each single particle in the presence of self-
generated and externally applied electromagnetic fields and taking the interac-
tion with other particles into account. The most fundamental approximation is
given in the kinetic plasma theory where each particle species is described by
a statistical distribution function which depends on time, space and velocity.
In many cases, though, it is sufficient to know the macroscopic properties of
the plasma where the physical quantities are defined as the average value over
the entire particle distribution within one volume element. This is done in the
magnetohydrodynamic description where the plasma is treated like a fluid.

3.3 Magnetohydrodynamic description

In the single-fluid magnetohydrodynamic (MHD) approach the entire plasma is
treated as one fluid. The plasma is assumed to consist of only two particle species
(electrons and ions) that form two sets of fluid equations which are then reduced
to single-fluid equations. Density, current and velocity of the plasma fluid are
defined as p = nym; + neme, j = qnyvi — qneve, and v = (n;m;vi + nemeve)/p
where ¢ and e describe the quantities for ions and electrons, respectively.

In a plasma quasi-neutrality always holds in sufficiently large scales L >>
Ap such that an equal amount of negatively and positively charged particles
n =n; = n. can be assumed.

Most geophysical plasmas can be considered to behave like ideal gas in an
adiabatic state. An ideal gas is in thermal equilibrium. It is isotropic and
uniquely defined by the temperature, thus the pressure becomes a scalar p =
nkT. In the adiabatic state all changes in the system take place without heat
exchange.

For the thin and highly ionized magnetospheric and solar wind plasmas it
can be assumed that the plasma is collisionless. The plasma conductivity can be
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considered to be infinitely large. The electric field reduces to zero in the frame
moving with the fluid. However, in an arbitrary reference frame a convection
electric field appears due to the Lorentz transformation. (The non-relativistic
Lorentz transformations show that the electric field changes with the change
of the reference frame, the magnetic field not: E =E+vxBand B = B,
where E and B detect the fields in the reference frame at rest, E and B are
the values of the fields in the reference frame moving with the velocity v. The
part of the electric field which is induced by the motion of a magnetized plasma
v x B is called the convection electric field).

E+vxB=0 (3.1)

This equation corresponds to Ohm’s law j = oo(E + v x B) with an infinite
conductivity.

In a fluid mass, momentum and energy have to be conserved. From this
principle the basic MHD equations can be derived. The continuity equation
describes the conservation of mass. The increase or decrease of mass inside a
volume corresponds to the flux of mass which enters or leaves a volume through
its surface.

%+V~(pv) =0 (3.2)

The equation of motion gives the conservation of momentum. It relates the
temporal change of the velocity to the forces acting on the fluid. In a collisionless
geophysical plasma, the gravitational and collisional forces vanish. In case the
pressure is not uniform a force arises which has to be included in the equation
of motion. The force drives the fluid in the direction opposite to the pressure
gradient in a try to remove the non-uniformity. As the charged particles of a
plasma react on electromagnetic forces the Lorentz force ¢(E +v x B) has to be
added. The v x B term means that an induced electric field affects the particles
to reduce this field again. In the equation the force term associated with the
electric field X,=; . (ns¢,E) disappears for a quasi-neutral plasma.

dv

o

The equation of state describes the conservation of energy in the system.
For an adiabatic fluid the adiabatic equation of state has to be used which says

that the heat flux p/p” must be conserved. (y = C,/C, ~ 5/3 is the adiabatic
constant)

= -Vp+jxB (3.3)

—(pp™7) =0 (3.4)
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In plasmas the Maxwell’s equations have to be added. They describe the
interaction between charges and electromagnetic forces.

B
VxE = —aa—t (Faraday’s law) (3.5)
VxB = puj (Ampere’s law) (3.6)
vV-B = 0 (3.7)
The last Maxwell equation V - E = p,/eq, also called Poisson’s equation, is

dropped here because the charge density p; = ¢(n; — n.) becomes zero when
quasi-neutrality is assumed. In Ampéres law the displacement current 0E/0t
can be neglected because only long time variations are of interest in the MHD
approach. This means electric fields change in an MHD plasma only when
9B/t is nonzero or the reference frame is changed.

Equations (3.1) to (3.6) can be reduced to four conservative equations of the
form 9p, /0t = —V - F, where p, is the density of a physical quantity and F,
1s its flux.

o= Yy (3.8)
%(& %4—%) = —V~(7pﬁ)1v+%v+w13lo)
%—]? = Vx(vxB) (3.11)

The number of variables has been reduced to p,p,v and B by using E =
—v x B and j =V x B/pg. To derive the energy equation (3.10), the equation
of state has been rewritten (using the continuity equation) to pdp/dt = —ypV -
v. Combining this equation with the equation of motion yields (3.10). The
expression in the bracket of the left hand side represents the total energy density,
consisting of the thermal, the kinetic and the magnetic energy densities. The
right hand side describes how these energies flow, the pointing vector E x B/puq
describes the transport of the electromagnetic energy.

Equations (3.8) to (3.11) are the complete set of MHD equations in conser-
vative form. It describes all properties of an ideal MHD fluid when taking into
account that the magnetic field has to stay divergence free (eq. 3.7).

3.4 Ionospheric electrodynamics

The ionosphere, being the layer between the fully ionized, collisionless magne-
tosphere and the atmospheric neutral gas layer i1s only partially ionized. Due to
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its high particle density the ionospheric plasma belongs to the collisional plas-
mas. Most collisions occur between charged particles and neutrals. They are
described by the collision frequency vy, of neutrals with electrons and ions for
s = e and s = i, respectively.

As the 1onosphere is not an ideal conductor, ideal MHD cannot be applied.
Fortunately, other approximations can be made to simplifying the conserva-
tion equations: The ionospheric plasma can be considered to be in steady state
because the response of the plasma to changing forces occurs very quickly. An-
other assumption that can be safely made is to regard the ionospheric plasma
as homogeneous, i.e. the pressure gradients in the plasma are negligible. In
the ionosphere induced electric fields can be neglected because the magnetic
field variations near the Earth are generally small compared to the entire field
strength. Faraday’s law reduces to V x E = 0 and the electric field becomes a
potential field.

E=-V¢ (3.12)

As quasi-neutrality holds in all plasmas, the charge density p = n;q — neq be-
comes zero. Consequently, the continuity equation for charges X,—; .(Jp, /0t =
—V - (psvs)) reduces to zero and the current j = qn(vi—ve) becomes divergence
free

V.j=0 (3.13)

With these approximations the equation of motion can be simplified consider-
ably. Only a collisional term has to be added. It describes the momentum which
is lost through collisions. The neutrals are considered to be at rest such that
only the charged particles have a velocity vg. For the steady state 1onosphere,
the left hand side disappears (m;dvs/dt = 0). The equation of motion can be
written for each particle species s = i,¢ as

0=¢s;(E+vs x B) —m;v,vs (3.14)

From this equation using j = ¢gn(vi — ve) Ohm’s law can derived. In the iono-
sphere the conductivity becomes non-isotropic and can be expressed as a tensor

a.

j=0E (3.15)

This equation is easier to interpret when splitting the current into a component
parallel and a component orthogonal to the magnetic field:
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ExB

J=Jj+iL=0E|+opEL —0on (3.16)

where || and L refer to the directions parallel and perpendicular to the magnetic
field. The Pedersen, Hall and parallel conductivities are defined as

2
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Vsn 1s the collision frequency and w; = ¢;B/m; the gyrofrequency of the elec-
trons and ions for s = e and s = ¢, respectively. The expression for the parallel
conductivity shows that parallel to the magnetic field, the particle motions are
only influenced by collisions.

The Pedersen and Hall conductivities are connected to currents with the
same name flowing parallel and orthogonal to the electric field. These currents
flow mainly in the so called dynamo layer at 50 to 150 km height where the
Hall and Pedersen conductivities reach their maximum (the conductivities are
height-dependent because they both include the height-dependent collision fre-
quencies). The ion motion contributes to a large part to the Pedersen current
which flows parallel to the electric field. The Hall current flows perpendicular
to E and B and is caused mainly by E x B drifting electrons. The different
behavior of ions and electrons depends on the different ratios between gyro-
and collision frequencies for each species. In the dynamo layer, electrons have a
much higher gyrofrequency than collision frequency such that their motions are
dominated by the electromagnetic forces. The much heavier ions have a lower
gyrofrequency. They collide with neutral particles much before they have done
even a part of their gyration which allows them to partly move in the direction
of the electric field.

In magnetospheric and solar wind plasma the conductivity is extremely high,
which means the electric field parallel to the magnetic field vanishes. In these
plasmas the large-scale electric field in a plane perpendicular to the magnetic
field maps along the field lines. Even at ionospheric heights, the parallel electric
field is much smaller than the perpendicular electric field. Hence, it is possible
to integrate the physical quantities along the magnetic field lines. The Pedersen
and Hall conductances are defined as Yp = fapdz and Yy = fUHdz and
the height-integrated perpendicular currents is J; = [jidz where z is the



3.4. IONOSPHERIC ELECTRODYNAMICS 21

direction along the magnetic field line (which is in the high-latitude ionosphere
approximately the z-direction). The height-integrated Ohm’s law becomes

ExB

J,=%pE, - Xy (3.17)

Due to zero divergence of the currents V -J +V -J. = 0 the field-aligned
current can be expressed as

jy=-Vv-JL (3.18)

Replacing J| by equation (3.17) and using E = —V¢ an electrostatic equation
is derived that correlates the field-aligned currents flowing between the magne-
tosphere and the ionosphere with the ionospheric potential distribution.

V¢ x B

I =TpVie+VEp-Vo—Vig —

(3.19)

For the calculation of the conductances, it 1s necessary to know the electron
density n(z) that depends strongly on altitude, latitude and daytime. In a rough
approximation one can express the change of the electron density as

dn,
dt

=q, — an? (3.20)

where ¢, gives the production rate due to UV radiation and electron precipita-
tion and o the rate at which the charged particles recombine. (the calculation
of ¢ and « is rather difficult as both depend on many different parameters). The
density can be calculated in steady state by equating the production due to UV
radiation and electron precipitation and recombination rates.
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Chapter 4

Magnetosphere models

While much of our knowledge about the ionosphere is gained by a large amount
of observations (multiple ground-based instruments, rockets, spacecrafts) it is
much more difficult to get the same amount of information from the magneto-
sphere and especially the magnetotail. Due to the large extent of the magnetotail
with only a few satellites within it simultaneously, only snapshots of the tail sit-
uation in localized regions are taken. It is often difficult to determine in which
tail region the measurements are taken as it takes a long time for a satellite
to cross the magnetotail and IMF conditions may change rapidly. The average
structure of the magnetotail for different IMF directions can be examined by
collecting a large amount of data and treating it in a statistical way (e.g., Owen
et al. 1995, Kaymaz et al., 1994). However, when the interest lies in under-
standing the magnetospheric reaction on dynamic changes in the solar wind,
it 1s not possible to gain a global picture based exclusively on satellite data.
Several tens of satellites would need to fly simultaneously in the magnetotail to
reach this goal.

It has proven extremely difficult to recreate space plasma conditions in lab-
oratories. To date, some laboratories succeeded to recreate reconnection near
a magnetized body in a plasma fluid but those results are only a very rough
approximation of reality, of which only the most fundamental processes can be
studied (Yamada, 1999).

To explore the dynamic evolution of the magnetosphere, numerical model-
ing has become an important tool. Due to the enormous capacity of modern
computers it is possible to run 3D-simulations of the entire magnetosphere and
solar wind environment and thus gain a global picture of the coupling between
magnetosphere and solar wind.

23
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4.1 Vacuum superposition model

A qualitative understanding of how the magnetic field configuration in the near-
Earth space environment depends on the IMF direction, can be gained by study-
ing simple vacuum superposition models. In such models a uniform IMF field
is added on a dipole field where the plasma impact on the magnetic field con-
figuration is completely neglected by assuming vacuum (Cowley, 1973). As the
magnetopause shape is mainly created by the impact of the solar wind flow with
the geomagnetic field, it can not be recreated in vacuum superposition models.
Also the tailward stretching of the magnetic field does not occur in such mod-
els. However, these models describes the main properties of the magnetic field
topology in the plane perpendicular to the solar wind flow fairly well.

Figure 4.1 shows the resulting field line topology for (from left to right)
southward, duskward and northward IMF. The main features expected for the
different IMF directions occur. For southward IMF, the IMF and dipole field
lines reconnect along an equatorial merging line. For duskward IMF the re-
connection is displaced toward the northern dusk and southern dawn lobes. In
the northward IMF case the IMF is separated from the dipole field by a closed
surface except at the north and south poles, indicating a minimum reconnection
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Figure 4.1: Vacuum superposition for a) southward b) duskward and c) northward
IMF (Parks, 1991; Kaymaz, 1993). The figures show the yz-plane at £ = 0.

An extended superposition model has been developed by Crooker et al.
(1990) which takes the partial shielding of the magnetic fields along the magne-
topause into account. In addition to the superposition of a uniform IMF on a
dipole field, the model allows via currents along a spheric magnetopause partial
shielding of both the IMF penetration into and the dipole field leakage out of
the magnetosphere. This model shows a very good agreement in the yz-plane
with mid-tail observations (Kaymaz and Siscoe, 1998) and MHD simulation re-
sults. To demonstrate the similarity between the Crooker et al. (1990) model
and MHD models, Figure 4.2 shows the open (grey) and closed (white) field line
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Figure 4.2: The regions of open and closed field lines in the extended vacuum su-
perposition model by Crooker et al. (1990). The plots show for different IMF clock
angles the regions of open (grey) and closed (white region enclosed by the grey region)
field lines for a cross section at ¥ = —5Rg of a spheric magnetosphere with a radius
of R = 20Rg for equal IMF penetration and dipole leakage.

regions of the Crooker et al. (1990) model for the different IMF clock angles
studied in the MHD simulations of Paper 4 (compare Fig. 4.2 with Paper 4,
second row of Figure 1).

As can be seen from Figure 4.2, a thickening of the twisted closed field line
region and a thinning of the open field line region for small clock angles appear.
The open field lines are oriented along the IMF direction with a small, anti-
clockwise (looking tailward) displacement from it. The closed field line region
in the Crooker et al. (1990) model is thicker than expected in the magneto-
tail because of the missing tailward field line stretching. From the Crooker et
al. (1990) vacuum superposition model the clock angle dependent topological
changes can be easily understood: The draping of the IMF field lines around
the tail 1s caused by the shielding of the IMF from the tail. The deviation from
an entirely symmetric draping pattern occurs due to the leakage of the dipole
field into space.

4.2 Empiric magnetosphere model

Due to the large data sets from spacecraft measurements in the near Earth en-
vironment over many years, several empiric models have been developed that
reproduce the magnetospheric magnetic field as realistically as possible. Al-
though they do not allow insight into mechanisms that create the magnetic field
topology, they provide to date the most realistic magnetosphere field for aver-
age steady state conditions. This makes them for certain tasks superior to fully
developed MHD models. Empiric magnetic field models are a good tool to trace
field lines or particles between different regions of the magnetosphere, to fit ob-
servations into the global magnetospheric structure or to study the temporal
change of the magnetospheric topology using a stepwise change of the model

field (Jordan, 1994).
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The Tsyganenko 1989 model (T89) is one of the most widespread semi-
empiric magnetic field models of the magnetosphere (Tsyganenko, 1989). Tt
sums the contributions to the magnetospheric field from the main current sys-
tems and the Earth dipole field. It can be chosen if the geomagnetic field is
represented by a pure dipole field or by the more accurate empiric IGRF model.
The ring current, the cross tail current and the magnetopause tail current are
all expressed by analytic functions that are parameterized by free parameters.
These have been fit to a large dataset of IMP and HEOS spacecraft measure-
ments. A smooth transition is done from the ring current to the cross tail cur-
rent. The parts of the tail current system which flow along the magnetopause
are simulated with planar current sheets at £30Rg. In this model the magne-
topause is not explicitly specified, the standoff distance, magnetopause current
and shielding of the solar wind are empiric fits to the data. The model is sensitive
to the Earth dipole tilt and the disturbance level of the inner-magnetospheric
field, given by the K, index. These two quantities are needed as input for the
model.

With this method a field distribution is achieved that corresponds to the
standard magnetotail fairly well. However, there are some limitations of the
model (Fairfield, 1991; Stern and Tsyganenko, 1992). The T89 model was
primarily developed to represent the magnetotail between 4 and 70 R, tailward
from the Earth such that in the region inside 4 R. and the dayside region are
less well represented. For low K, values the B, component gets too small or
even negative in the near-Earth tail center and at the flanks.

In Paper 1 and Paper 2 the T89 model is modified to examine the effect of
topological changes inside the magnetotail on the field line mapping between
the tail and the ionosphere. In both papers, the pure dipole field is chosen
and dipole tilt and K, index are set to zero to represent the simplest standard
magnetosphere during quiet times. As the magnetopause is not explicitly given,
there exist no open field lines, all field lines closed at some point far downtail. As
an artificial polar cap boundary, the high-latitude boundary of those closed field
lines can be chosen, that have their origin in the tail current sheet earthward of

70 REg.

4.3 Magnetohydrodynamic model

The GUMICS-4 code is a global magnetohydrodynamic model of the magneto-
sphere. Tt has been developed by Pekka Janhunen at FMI, Finland (Janhunen,
1996). A description of its newest version has recently been published by Palm-
roth (2003). In Paper 4 this MHD model is used to examine the validity of the
results from Paper 1 and Paper 2 in the framework of MHD.

The simulation box used in the GUMICS-4 model extends from 32 Rg sun-
ward to 224 Rg tailward of the Earth. In the yz-plane, the box has a dimension
of 128 x 128 Rg. The shell at a distance of 3.7 Rg from the Earth is defined as
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the boundary between the magnetosphere and the ionosphere. Magnetic field
lines map from this shell to the high-latitude ionosphere above 60 degrees lat-
itude. In the model the high-latitude ionosphere is assumed to be planar and
is discretized into a 3D grid with 20 nonuniform levels of height. The MHD
model needs as input parameters solar wind speed, solar wind pressure, IMF
By, IMF B, and dipole tilt. All runs start with a magnetic dipole field in a
uniform low-density plasma.

The overall structure of the MHD model is sketched in Figure 4.3. The
solar wind and the magnetosphere regions are treated with the ideal MHD
equations (3.7) to (3.11). The ionosphere is described with the electrostatic
equation (3.19). The shell around 3.7 Rg from the Earth is set as the bound-
ary between the magnetosphere and the ionosphere. The boundary conditions
at this shell are updated with a new potential distribution every 4 seconds by
solving the ionospheric equations. To do this, the magnetospheric field-aligned
currents are calculated along the boundary and are mapped down to the iono-
sphere where the corresponding potential is calculated and mapped back to
the boundary. For the calculation of the conductances in equation (3.19), the
height-dependent ionospheric electron density is needed. It is solved from the
recombination and ionization production rates at different altitudes about the
Earth (eq. 3.20). The ionization is assumed to be caused by solar UV radiation
and electron precipitation. The UV radiation is predefined in the model, the
electron precipitation rate depends on the magnetospheric source plasma den-
sity and temperature which are obtained from the MHD variables (Janhunen
and Huuskonen, 1993).

In the code all physical quantities are calculated with time steps of less than
a second for a mesh containing about 130000 grid cells. The time steps and
the grid size are not constant throughout the simulation box. The code uses
subcycles in areas where the time step 1s refined and a semi-automatic grid-
refinement is used which depends on the gradients of the physical quantities.
The mesh size can vary between 0.1 and 8 Rg. To save some computation
time, the threshold for the grid refinement depends on location, that is, smaller
gradients are required to refine the grid in the near Earth region than, for
example, in the distant tail. The time steps are smaller in the near-Earth
region and larger in the distant tail. They obey the Courant-Friedrichs-Lewy
condition which states that the time step must everywhere be smaller than the
travel time at which information is transferred.

The MHD equations (3.8) to (3.11) belong to the type of nonlinear partial
differential equations and are solved by using the finite volume method as dis-
cretization method. Since the finite volume method is based on the integral
formulation of the conservation laws, it guarantees the discrete conservation
property in arbitrary grids. The nonlinear and time-dependent problem with
discontinuous data constitutes a so called Riemann problem, here solved by a
Roe solver. Despite a grid refinement at sharp gradients, the numerical solution
leads sometimes to unphysical values of the magnetic field and the pressure. To
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Figure 4.3: The overall structure of the GUMICS model (Palmroth, 2003).

keep the magnetic field divergence free, the method of elliptic cleaning is used.
To reduce the numerical errors leading to negative pressure values, the equation
system is modified by decomposing the magnetic field into a background (dipo-
lar) field and an external field. The pressure can be calculated using only the
external part of the magnetic field and corresponding part of the total energy.
An evaluation of the model shows that features which depend on the con-
servation laws or which involve the pressure balance are well reproduced (Jan-
hunen and Palmroth, 2001). This includes the magnetopause, the bow shock,
the cross-tail and magnetopause current systems, the plasma sheet and tail
lobes. Features that depend on different parallel/perpendicular physics or mul-
tiple temperatures are badly reproduced. Unfortunately, this concerns many of

the auroral phenomena.



Chapter 5

Instrumentation

For a statistical study of polar arcs appearing during 3 winter months in 1998/1999
UV images from the POLAR spacecraft and solar wind data from the ACE solar
wind monitor are used (Paper 3). The main parameters of these two spacecrafts
are here briefly described.

5.1 The Polar UV imager

POLAR was launched in early 1996 into an 86° inclination orbit, with an apogee
of 9 Rg in the northern hemisphere and a perigee of 1.8 Rg. Since then it
moved slowly equatorward. In winter 1998/1999 apogee was approximately at
55 degrees latitude.

The UV experiment is one of four instruments of the Polar spacecraft. It is a
two dimensional spatial imager which produces global images of the Earth’s au-
roral regions in the far ultraviolet wavelength range (Torr et al., 1995). The UV
camera has an 8-degree field of view which allows to imagine the entire auroral
region above 60 degrees latitude at spacecraft altitudes greater than 6 Rg. It is
mounted on a pointable despun platform. This allows, in spite of the spacecraft
rotation, a constant imaging of the auroral zone for a significant fraction of
Polars’ orbit. In winter 1998/1999, the UV instrument provided global auroral
images of the northern hemisphere, during approximately 10 hours during each
18-hour orbit. During an additional 4 hours, at least some part of the oval was
visible. The resolution of the images is 0.5 degrees in latitude at apogee; thus
a single pixel projected to 100 km altitude from apogee is approximately 50x50
km. Away from apogee the imager can detect even smaller spatial scales.

The UV camera images the aurora every 37 seconds in the ultraviolet region
of the spectrum using four narrow band filters. The peak wavelength and band-
width of each filter are listed in Table 5.1. The integration times are 18 and
36 seconds, respectively. The system has been designed to provide ten orders
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of magnitude blocking against longer wavelength (primarily visible) scattered
sunlight. Both nightside and sunlit auroral features can be recognized on the
images. Still, the dayside part of the aurora appears much less sharp and only
bright auroral structures can be recognized. For the statistical study in Paper
3 the LBH long filter is chosen, where wavelengths between 160 and 180 nm
are passed. The LBH emissions are the result of excitation of Ny by electron
impact. Ny 18 most common at lower layers of the ionosphere at about 120 km
altitude. Since the emissions in the wavelengths passed by the filter are not
significantly absorbed by the atmosphere, the intensity of the emission is nearly
directly proportional to the electron energy flux into the ionosphere. The dy-
namic range of the UV instrument is extremely high. It can be positioned within
an overall gain range of 104, allowing measurement of both the very weak polar
cap emissions and very bright aurorae. The overall sensitivity of the instrument
is about 10 Rayleigh which is equivalent to being able to detect objects more
than 100 times fainter than the eye can detect.

Table 5.1: The different UV filters on Polar

Filter Peak Wavelength | Bandwidth

1304 130.4 nm 40 nm FWHM

1356 135.6 nm 50 nm FWHM

LBH short | 150.0 nm 141 - 158 nm (10 % of peak)
LBH long | 170.0 nm 164 - 178 nm (10 % of peak)
Solar 180.0 nm 176 - 190 nm (10 % of peak)

Two malfunctions on the Polar UVI experiment slightly reduce the image
quality: The sharpness of the images is reduced by a periodic wobble of the
spacecraft. The wobbling is caused by the unsuccessful deployment of one of
the electric field booms. Perpendicular to the wobble the image resolution is
unaffected. In the wobble direction, the images are smeared by a maximum of
10 pixels. To protect the UV camera against contamination, an aperture door is
closed over the lens during times the UV camera is not operating. Due to an in-
strument malfunction the door is sometimes closed even during operation times.
This happened during 20 percent of the time which 1s covered by the statistical
study in Paper 3. As the door is a transparent MgF window, measurements can
still be made when 1t is closed but the image sensitivity is reduced by about 50
percent so that faint polar auroral arcs cannot be detected.

5.2 The ACE solar wind monitor

The Advanced Composition explorer (ACE) orbits about the L1 Lagrange point
upstream in the solar wind since mid 1997. As the typical distance between
ACE and Earth is around 200 Rg, large time delays about one hour have to
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be taken into account. The solar wind conditions may have changed slightly
when they reach the magnetopause. However, looking for large-scale changes,
small deviations from the correct solar wind situation are negligible. Due to its
continuous monitoring during the time period the statistics is performed it is
the most suitable satellite for a statistical analysis covering several months of
data.

For the statistical study in Paper 3, 5-minute averaged ACE data have been
used to correlate the auroral precipitation pattern with solar wind proton num-
ber density, the solar wind bulk speed and the interplanetary magnetic field.
The IMF is measured by the Magnetic Field Experiment (MAG) on board
ACE. The Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM) mea-
sures the solar wind plasma electron and ion fluxes. Further details about the
MAC instrument can be found in Smith et al. (1998), the SWEPAM instrument
is described in McComas et al. (1998).
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Chapter 6

Summary of results and
outlook

Understanding of the dynamics of the magnetosphere-ionosphere system, the
coupling between the two regions, and its dependence on interplanetary con-
ditions in particular, is of fundamental importance to almost every aspect of
magnetospheric and ionospheric physics. During periods of southward IMF the
relationships between auroral morphology and the large-scale magnetosphere
topology are quite well established. The state of the magnetosphere during
northward IMF has gained far less attention in the research community. As a
result, 1t is much less explored. The nearly closed state of the magnetosphere
during northward IMF is indicated by the absence of strong auroral activity
such as large-scale substorms. The generally weak auroral emissions reflect the
low rate of energy coupling between the solar wind and the magnetosphere.
However, the existence of auroral arcs poleward of the main oval during north-
ward IMF, and their often dynamic evolution, indicates that a positive IMF B,
component does not automatically mean that the magnetosphere turns into a
quiet steady state. Studying polar auroral arcs not only improves the knowl-
edge of this auroral phenomenon itself but also enhances the insight into the
ionosphere-magnetosphere coupling during northward IMF.

6.1 Statistical results

Large-scale polar auroral arcs have been known since the late 1970’s. However,
it has for a long time been unclear how they emerge and what causes their
motion. A major obstacle toward a better understanding were the limitations
of the available datasets. The entire evolution of large-scale polar arcs could
not be followed in detail due to a limited field of view (ground-based cameras)
or a non-continuous coverage of the auroral zone by global imagers on satellites
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(DE-1, Viking). A stationary solar wind monitor sunward of the Earth was
missing, so that only in single cases polar arcs could be compared to solar wind
data when satellites (like IMP-8 or ISEE-3) were directly in front of the Earth.
It was not before the mid 1990’s that a much better coverage became available.
The UVT instrument on the Polar spacecraft produced in 1998/1999 during 75%
of the time every minute global auroral images. The stationary ACE solar wind
monitor collects since 1997 continuously solar wind data at 220 Ry sunward
from the Earth. These two spacecraft provide a very good data material for a
statistical study of large-scale polar auroral arcs. For the first time the entire
time evolution of each polar arcs and the corresponding solar wind data could
be studied.

Paper 3 presents the results of such a statistical study. All polar arcs vis-
ible in the Polar UVI images of the northern polar cap are registered during
the period of three winter months in 1998/1999. The comparison of over 200
different polar arc events leads to the recognition of repeated patterns in the
arc evolution which results in a new categorization into five different arc types:
bending arcs, oval-aligned arc, moving arcs, midnight arcs and multiple arcs.
Figure 6.1 shows a schematic of how the first four arc types develop in time.
Polar arcs that are too short, faint or short-lived are excluded from the above
categorization. As could be expected, no clear dependence on solar wind pa-
rameters 1s found for those events. Of the remaining clear polar arc events not
all can be sorted into the above groups because of missing UV images during
major parts of their evolution. This reduces the number of large-scale polar arcs
studied in detail to 74 events.

Due to continuous monitoring by ACE, the solar wind conditions during
polar arc events can be compared to the average solar wind distribution of
the entire statistical time period. Binning the data into four intervals that
correspond to an equal solar wind distribution during the statistical time period,
any deviation from the average solar wind distribution is easily detected. This
allows conclusions regarding the importance of different solar wind parameters
for the occurrence of polar arcs: the IMF and the solar wind velocity play a
significant role for the polar arc occurrence while the influence of the solar wind
density seems to be negligible. The often neglected time history of the solar wind
around each event is taken into account as well. It reveals that the evolution
of a polar arc depends crucially on IMF conditions one to two hours before its
appearance. This result indicates that slow changes in the entire magnetosphere
topology may be involved in the formation of a polar arc.

A detailed comparison with solar wind parameters confirms many previous
results regarding the IMF control of polar arcs, especially the IMF B, dependent
arc motion and the recently discovered role of IMF B, and IMF B, sign changes
as a trigger mechanism of polar arcs. Here, it is shown that the different IMF
clock angle rotations cause different types of arcs to occur: bending arcs are
connected to IMF B, sign changes and moving arcs to IMF B, sign changes. In
fact, it is found that each arc type identified from images is related to an entire
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a) oval-aligned arc

b) moving arc

¢) bending arc

d) midnight arc

Figure 6.1: Schematic showing the temporal evolution of all clear polar arc types
introduced in the study except multiple arcs.

set of characteristic solar wind conditions (Table 6.1).

Marking all existing polar arcs on a time axis results in a pattern with a clear
clustering of polar arc events around several days and the lack of such during
others. This can not be entirely explained by the sign of the IMF B, compo-
nent (being positive when polar arcs occur and negative during their absence)
nor by a correlation with any other solar wind parameter. After performing
a statistical analysis, the dependence of polar arcs on a high electromagnetic
energy flux of the solar wind is found. A parameter is introduced (anti-epsilon
= vB%cos*(0/2)I1%/po) connecting the high occurrence frequency of polar arcs
to both northward IMF and high solar wind energy. It would be interesting
to find out whether the energy dumped into the polar cap in form of particle
precipitation of large-scale polar arcs is related to the anti-epsilon parameter as
well. Further research is necessary to investigate this relation. Based on the
statistical and modeling results of this thesis it is here suggested that for north-
ward IMF the solar wind energy is not (as for southward IMF) stored in the
magnetosphere. Instead, large-scale topological changes of the magnetotail are
enforced, which force a fraction of closed field lines to map into the polar cap
(Paper 2 and 4). With this topological deformation, the possibility for auroral
arcs to occur on closed field lines poleward of the main oval arises.
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Table 6.1: Main characteristics of the different polar arc types

arc type lifetime | IMF |v] |[IMF|
bending arcs: 0.5 h B, sign change | average | average
oval-aligned arcs: | 0.5-4 h | |By| ~ BF average | high
moving arcs: 2h By sign change | high high
midnight arcs: 1.5h varying high average
multiple arcs: 2h varying high high

The categorization of polar arcs given in this statistical study should be
regarded as only one step toward a better understanding of polar arcs. The
enormous variety of different polar arc evolutions would allow to sort events
into more (sub)groups than proposed in Paper 3. This requires, though, a much
larger dataset. In the existing work the number of events per group is as small
as 6 to 28 events. As the categorization into different polar arc types is exclu-
sively based on the visual differences in the UV images it is disregarded that the
brightenings seen on the UV images can in fact be caused by different particle
populations. A detailed particle analysis of each arc type would be necessary to
find out whether different polar arc types represent the same auroral phenom-
ena (only their shape being dependent on the IMF trigger) or whether these
are fundamentally different types of polar arcs being caused by different mech-
anisms. Especially the rarely occurring midnight arcs and the more common
but extremely faint bending arcs deserve a more detailed study. So far, these
two arc types have hardly been reported in literature. Understanding the arc
motion of the simple arc types i1s a prerequisite for the interpretation of more
complicated multiple arc events.

Not included in this statistical work is a (simultaneous) analysis of both
hemispheres. Such an examination, based on global auroral images would help
to find out about the differences between summer and winter conditions but
also to gain more insight in possible symmetries between arc motions in the
northern and southern polar cap, as expected from magnetosphere modeling.
However, it is very difficult to discern the faint polar auroral arcs on the dayglow
background within the bright summer polar cap.

A subject, mentioned only briefly in Paper 3 is the connection between sub-
storms and arcs. Some polar arcs fade shortly after a substorm onset, others
survive the onset up to 2 hours, in a third scenario a substorm-like brightening
‘moves up’ along the arc. This is an exciting research subject as the two au-
roral phenomena are caused by distinctively different mechanisms. Substorms
occur due to instabilities inside the tail whereas polar auroral arcs are probably
connected to large-scale changes of the tail topology. Their simultaneous occur-
rence can help to gain more insight into the magnetosphere-ionosphere coupling
processes during a transitional phase between the state of the magnetosphere
typical for northward IMF and typical for southward IMF.
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6.2 Model results

A detailed review of polar arc models is given in Paper 3. The different polar
arc models are discussed with regard to the new findings of the statistical study.
Here, only those models are mentioned which have a connection to oval-aligned
or moving polar arcs. Those two arc types are addressed in the second part of
the thesis. With the help of magnetosphere models, the topological link between
the magnetotail and the polar cap boundary is examined in detail and leads to
a new polar arc model for moving polar arcs.

The source region of field-aligned currents associated with large-scale polar
arcs has been generally agreed on to be the plasma sheet or its boundary layer.
This means that large-scale polar arcs lie on closed field lines. In case a polar
arc appears near an oval boundary (oval-aligned arc), it can be assumed that
this arc lies at the outermost boundary of the closed field line region which is
polewardly extended at that oval side. The poleward expansion occurs when the
plasma sheet is strongly twisted, as typical for non-zero IMF B, (Meng,1981;
Makita 1991). This is shown in detail in Paper 1. However, a polar arc, located
in the center of the polar cap along the Sun-Earth line (such as moving arcs
during part of their life-time), does not map into the plasma sheet but into the
open field line region of the tail lobes, if a standard magnetosphere topology is
assumed where a butterfly shaped plasma sheet reaches high latitudes only near
the flanks. To resolve this contradiction, different topologies of the magnetotail
have been proposed. Many models include a bifurcation of the tail plasma sheet
in some way or another, but can not explain how this topology may arise (Frank
et al., 1986, Huang et al., 1989, Chang et al., 1998).

The polar arc model presented in this thesis does not need such a plasma
sheet bifurcation for a bridge of closed field lines to appear in the middle of the
polar cap. Observations show that a moving polar arc occurs after an IMF B,
sign change during northward IMF (Cumnock et al., 2002). Tt is known that
the magnetotail is twisted for nonzero IMF B,. Thus, the magnetotail will after
an IMF B, sign reversal undergo a reconfiguration which will finally lead to a
twisting of the tail into the opposite sense. The basic idea of this model is that
the magnetotail does not react at once on a change of the IMF but will change
successively, starting at the near-Earth tail and ending at the far magnetotail.
This means, the rotation of the magnetotail twist will occur further downtail
with a time delay such that in an intermediate state the earthward and tailward
regions of the plasma sheet will be oppositely twisted (Figure 6.2). During
the transition period the closed field line region is no longer identical with the
plasma sheet region. Field lines that originate in the far tail plasma sheet map
into the near-Earth tail lobes and further into the polar cap. The polar cap is
bifurcated by a bridge of closed field lines which is interpreted as the location of
a possible polar arc. The tailward propagation of the twist rotation corresponds
to a poleward motion of the closed field line bridge, as expected for a moving
polar arc. With this model, the occurrence and motion of a moving polar arc
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finds its natural explanation in the large-scale tail reconfiguration as a reaction
to an IMF B, sign change.

closed field lines

plasma sheet

y IMFBy <0 sign change IMF By >0

Figure 6.2: The tail model for moving arcs: A rotation of the tail twist caused by an
IMF B, sign change leads to a bifurcation of the closed field lines in the near-Earth
tail. The bifurcated region maps to a polar auroral arc which moves from one side of
the oval to the other while the rotation of the tail twist propagates tailward.

In Paper 1 the method is described, which transforms the standard magne-
tospheric field of the T89 model into a state typical for non-zero IMF By. The
IMF By induced effects in the magnetotail include the bending of the magnetic
field lines and a twisting of the tail plasma sheet. The manipulation of the tail
field to include the IMF B, effects is done by a superposition of magnetic field
components. The extra B, field, responsible for the dawn-dusk bending of the
field lines is chosen such that it corresponds to the observed additional field that
occurs for non-zero IMF B, (Kaymaz et al., 1994). To create a twisting of the
current sheet similar to that shown in Kaymaz et al.; 1994 a B, field is added
which moves the return points of the magnetic field lines away from the equato-
rial plane (the position of the B, sign reversal gives the location of the current
sheet). Observations indicated a tailward increase of the tail twisting but the
degree of the twisting has to be guessed. A strong tailward increase of the
plasma sheet twist 1s assumed, basically because only a strong tail twist leads
to any clear displacement of the polar cap boundary. Observations by Owen
et al. (1995) and the simulation results of Paper 3 show that this assumption
holds only for northward IMF conditions.

The effects of the new field on the mapping between tail and ionosphere are
studied in detail. Mapping from the tail current sheet (B, sign reversal) to the
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Earth gives the boundary between the open and closed field lines. In the paper it
is shown that a clockwise (looking tailward) twisting of the magnetotail current
sheet is connected to a poleward (equatorward) displacement of the polar cap
boundary at the morning (evening) side of polar cap boundary. The bending
of the closed field lines leads to a displacement of the ionospheric footprints in
dawn-duskward direction such that the entire polar cap boundary is rotated in
clockwise direction when looking toward the Sun.

In Paper 2 the same modified version of the T89 model as in Paper 1 is
used, but a gradual change of the magnetotail twist and field line bending in
downtail direction is enforced. As the T89 model is time independent, a stepwise
motion of the location of the twist reversal center is assumed to correspond to a
tailward progression of the IMF B, sign change. Mapping from the tail current
sheet to the Earth results in a bar of closed field lines poleward of the polar
cap boundary. The tailward displacement of the sign reversal region results in a
more poleward displacement of the closed field line bar. This bar of closed field
lines is interpreted as the location where a moving polar arc may occur. To keep
the magnetic field divergence free an additional term is added at the tail flanks
around the region where the tail twist is zero. It has the same sign as IMF B,
earthward of the twist reversal location. This additional component changes the
mapping results very little but indicates that an IMF B, induced change of the
tail topology is not linear but moves from the flanks to the tail center. From B?
isocontour plots of tail cross sections it can be seen that the tail plasma sheet
(assumed to approximately follow B? isocontours) is not bifurcated, but only
the closed field line region.

In Paper 1 and Paper 2, the mapping is done from the tail current sheet
between -10 and -60 Rg to the ionosphere and the T89 modification is done
to correspond the changes inside the magnetotail only, not the dayside of the
magnetosphere. In a consequence the closed field line region does reach the noon
part of the polar ionosphere, neither does in Paper 2 the bar of closed field lines
poleward of the oval reach to the dayside. Furthermore, the closed field line bar
does not move over the entire polar cap. The absence of plasma populations and
their interaction with the magnetic field, the time independence of the model
and the absence of field-aligned currents producing the aurora limits the model’s
predicting power. However, the model results clearly show that a magnetic tail
topology is possible where the closed field line region in the tail and the polar
cap are bifurcated but not the plasma sheet.

In Paper 4 different synthetic runs are performed with the GUMICS-4 MHD
code. They include several constant IMF runs for different IMF clock angles
and two IMF By sign change runs with different change rates during northward
IMF. The constant IMF runs are done to find out about the effect of different
ratios between IMF B, and IMF By on the magnetotail topology.

The simulation results show the importance of northward IMF for the oc-
currence of closed field lines on very high latitudes. The tailward length and the
shape of the closed field line region vary strongly for different clock angle direc-
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tions. For southward IMF the closed field line region is quite short, extending
only to 20 Rg in tailward direction. The length increases with decreasing clock
angle. Only during nearly northward IMF (in the constant and the sign change
case) the tail becomes longer than 80 Rg. In that case, the far tail closed field
line region maps high into the near-Earth tail lobes. The plasma sheet twist
increases taillwardly. Only for a long tail, the far tail plasma sheet twist is large
enough for field lines to map to high latitudes in the near Earth tail. In Pa-
per 3 it has been shown that during solar wind conditions with several hours
of constant IMF with a nonzero B, and a northward B, component only the
oval-aligned arc type occur. The oval-aligned arc occurs on the dawn (dusk)
oval side for dawnward (duskward) IMF. In Paper 1 and in the simulations this
is the oval side where the polar cap boundary is on very high latitudes. The
results confirm that oval-aligned arcs occur on the poleward boundary of the
closed field line region which maps to a strongly twisted magnetotail, as is the
case only for a strong northward IMF component.

The IMF B, sign change runs confirm the polar arc model proposed in
Paper 2. In the simulations the bridge of closed field lines moves over the entire
polar cap for the B, sign change case. Furthermore, the MHD simulations
reveal several new aspects. As indicated in the model results of Paper 2, the
magnetosphere reacts with a time delay not only in tailward direction but also
from the flanks to the tail center. In contrast to the T89 model where a linear
change of the tail twist was enforced, the tail plasma sheet starts to twist into
the new direction at the flanks such that in an intermediate state it gets a
horizontal ’S’ shape. Comparing the simulation results for the slow and the fast
IMF By sign change runs shows that the different change rates of the IMF B,
reversal do not result in major differences of arc motion and tail configuration
despite the thickness of the bifurcated region in polar cap and magnetotail.

From these results it follows that currents producing polar arcs originate
in the far tail. The main oval has its source region much closer to the Earth.
This would explain the rapid changes of the polar arcs, sometimes broadening,
sometimes nearly disappearing while the main oval keeps its circular shape.
To test these ideas, it would be necessary to study the relationship between
auroral oval boundary and polar cap boundary during constant northward IMF
in detail.

Several steps are missing toward a complete understanding of the evolution
of a moving polar arc. The biggest question arises about the lack of polar arc
currents in the simulations. The reported bridge of closed field lines crossing the
model polar cap does not correspond to field-aligned currents at this location.
In fact, the MHD results do not indicate any localized current sheet inside the
polar cap. Such thin current sheets can apparently not be created in an global
MHD model. Here, the limitations of a large-scale magnetosphere MHD code
becomes visible and it is not obvious how to overcome this problem.

The polar arc life time appearing in the simulations is a factor 2 or 3 shorter
than observed. Whether this can be explained by too short a model tail or
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by too fast a reconfiguration of the tail toward a new steady state situation
or if some fundamental physical mechanism is not appearing in MHD, remains
to be studied. Studying the magnetotail would help to understand where the
discrepancies between model simulations and observations occur. There have
been observational studies dealing with the twisting of the magnetotail due to
nonzero IMF B, (Kaymaz et al., 1994; Owen et al., 1995) but tail observations
during a rotation of the IMF clock angle have not been published yet. Such
observations could be compared with the simulation results of Paper 4. Most
promising would be a conjunction study including polar arc images or, alterna-
tively, a statistical study focusing on the magnetotail current sheet motion after
an IMF B, sign change.

One note of caution has to be added. To understand the basic mechanism
that causes polar arcs, idealized solar wind conditions have been assumed in this
work: the solar wind and the IMF conditions applied on the model are either
constant or change linearly. In reality, the solar wind variations are frequent
and complicated. They influence the magnetosphere on many different time
scales. Some solar wind changes have a direct effect on the auroral precipitation
pattern, i.e., solar wind pressure pulses causing an immediate brightening at
the dayside auroral oval or IMF B, northturns triggering a substorm within
minutes. Other changes, like an IMF B, sign reversal, involve large-scale tail
reconfigurations that take more than 40 minutes. Internal instabilities may
occur periodically, like periodic substorm cycles within a magnetic storm. The
magnetospheric response to certain solar wind conditions can involve several
different time scales and is not easy to decompose into its components.

In summary, several aspects of polar auroral arcs have been examined in
detail in this thesis. The auroral precipitation pattern of polar arcs has been
studied extensively. A clear connection between polar arc morphology and solar
wind parameters has been shown. This result suggests that certain solar wind
conditions serve as a trigger for magnetospheric changes which allow large-scale
polar arcs to occur. For two types of polar arcs (oval-aligned and moving arcs)
the solar wind-magnetosphere-ionosphere coupling has been studied in detail.
Both occur for small IMF clock angles, either transitionally (moving transpolar
arcs) or constantly (oval-aligned arcs), and the magnetotail is long and highly
twisted at its tailward end. This tail topology causes field lines to map poleward
of the average polar cap boundary. The polewardly displaced closed field line
region is a probable location for polar arcs to occur. The occurrence and motion
of a moving polar arc is explained with a simple magnetotail reconfiguration,
triggered by an IMF B, sign change during northward IMF B,. For the other
polar arc types it remains to be shown whether these are triggered by similar
mechanisms as proposed for moving arcs or whether these are more probable to
fit into the framework of polar arc models suggested by other authors.
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Abstract. It is well known that the dawn-dusk compo-
nent of the interplanetary magnetic field (IMF) creates
asymmetries in the magnetotail. The main effects are
a weak nonuniform penetration of IMF B, into the tail
and a rotation of the whole tail current sheet. In this
study we modify the Tsyganenko (1989) model to simu-
late the IMF B, induced tail effects. By field line map-
ping we examine how different regions of the magne-
tosphere and ionosphere are influenced by the IMF B,
tail effects. The plasma sheet is shown to rotate around
the central axis of the magnetotail. The mapping from
the plasma sheet to the ionosphere for nonzero IMF B,
shows a change in the geometry of the auroral oval. The
whole oval rotates, a local bulge occurs near midnight
and the thickness of the oval is different in the morning
and the evening sector. Simple geometrical considera-
tions show that the tilting of the field lines caused by
IMF B, leads to a rotation of the oval, whereas the
rotation of the tail current sheet is reponsible for the
thickness variations along the oval. These results fit
very well with the observed auroral distribution for an
IMF with a dawnward or duskward direction.

Introduction

It was discovered very early on that there is a cor-
relation between the y-component of the interplane-
tary magnetic field (IMF) and the y-component of the
magnetic field in the magnetotail [Meng and Anderson,
1974]. The main part of the IMF By is shielded from
the tail, but about 10%—20% of the IMF B, penetrates
into it. Later it was found that the penetration of IMF
B, is nonuniform. The shielding is stronger in the lobes
than in the plasma sheet [Fairfield, 1979; Lui, 1986], it
is stronger in the center of the tail than near the mag-
netopause flanks [Cowley and Hughes, 1983; Pudovkin,
1991], and it is stronger in the far tail than near the
Earth [Sergeev, 1987]. A rotation of the tail current
sheet has been reported by several authors [e.g., Sibeck
et al., 1986; Tsyganenko, 1990; Hammond et al., 1992].
It seems that the rotation increases with distance from
the Earth. Cowley [1981] suggested that the rotation
could even reach 90° in the very far tail. A recent study
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of satellite data by Kaymaz et al. [1994] confirms the
asymmetries which are created by IMF B,. Figure la
is a schematic which shows the IMF B, effects on the
tail.

The effects of IMF B, on the geometry of the auroral
oval have been observed from many satellite pictures of
the auroral oval [e.g., Jankowska et al., 1990; Elphin-
stone et al., 1990]. The whole auroral oval rotates in a
clockwise (anticlockwise) direction for duskward (dawn-
ward) IMF By in the northern hemisphere. The morn-
ing sector of the auroral oval gets narrower (broader)
and the evening sector gets broader (narrower) for pos-
itive (negative) IMF B,. This leads to a translation of
the poleward oval boundary towards higher and lower
latitudes for the broader and narrower side, respectively
[Lassen and Danielsen, 1978]. A local bulge of the pole-
ward auroral oval boundary appears around 21 MLT(3
MLT) for positive (negative) IMF B,. In Figure 1b
the change of the geometry of the auroral oval is shown
schematically.

IMF shielding has been discussed in the context of
magnetosheath field line draping [Siscoe and Sanchez,
1987; Ohtani and Kokubun, 1991]. There have also
been some explanations for the (nonuniform) penetra-
tion of IMF By, in the tail [e.g., Cowley, 1981; Moses and
Crooker, 1985; Voigt and Hilmer, 1985; Sergeev, 1987)
and related effects. Cowley explained 1981 an assumed
uniform B, penetration field in terms of efficiency of re-
connection, but usually the shielding of the main part
of the IMF has not been discussed in this context.

With this study we attempt to clarify how IMF B,-
induced effects on the magnetotail influence other parts
of the magnetosphere and ionosphere. We model the
IMF B, effects on the tail by changing an existing model
of the magnetospheric magnetic field. With field line
mapping we study how the geometry of the magneto-
tail, the plasma sheet and the auroral oval change for
IMF By and estimate the associated current systems.
The validity of the results is closely related to the rel-
evance of the chosen model. In this study we use the
semiempirical Tsyganenko 1989 (T89) model. It is very
flexible (K, index, dipole tilt as input), is based on a
large dataset, and is valid out to z = —T0Rg in the far
tail. However, there are some limitations of the model
le.g., Fairfield, 1991; Stern and Tsyganenko, 1992 and
references therein; Kaufmann et al., 1993]. Of impor-
tance here is the fact that for low K levels the B, val-
ues at the neutral sheet are too low, and on the flanks
(lyl > 25Rg) they are even negative. Hence the neu-
tral sheet flanks map to much too low latitudes in the
ionosphere and have to be neglected.
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IMF By

Figure 1. a) A schematic showing the effects of IMF
B, on the magnetotail: Nonuniform penetration of IMF
B, and nonuniform rotation of the current sheet. b) A
schematic showing the effects of IMF By on the auroral
oval: Rotation of the auroral oval, narrowing (broaden-
ing) of the morning (evening) sector of the oval and a
local bulge near midnight.

The Model

To represent the effects of IMF By in the tail, a mag-
netic field is superimposed on the T89 model. We have
attempted to create a magnetic field which resembles
qualitatively the IMF B, penetration field in the tail
and the current sheet rotation in the study of Kaymaz
et al. [1994]. To get the conditions of a quiet magneto-
sphere with a plane neutral sheet, we set K, index and
dipole tilt to zero.

The divergence-free added magnetic field has the fol-
lowing components

26253
b

ye (B,

1

B = By, imr[—cay —

B, =B ,IMp[cle'(ff)z +ec2(1— e_(iﬂi)z)]e%,

B, =0.

(2)
®3)

The two terms of B, create a nonuniform B, field,
which is stronger in the plasma sheet than in the lobes
(e=*"), stronger near the boundary than in the center
(1 — e~¥") and decreases with distance from the Earth
(e®). The first term of B, gives the rotation of the cur-
rent sheet. The current sheet is defined here as the
surface which separates the field lines directed away
and towards the Earth ,i.e. the turning points of the
field lines in the current sheet where B, changes sign.
The rotation of the current sheet increases with distance
from the Earth because the B, term is only dependent
on IMF B, and dominates in the far tail where the
magnetospheric field is very weak. The second term
is necessary to make the added magnetic field diver-
gence free. It is small compared to the first term. We
chose the following coefficients: b; = 8Rg, b2 = 20Rg,
b3 = 20Rg, c1 = 1.3, ¢2 = 0.7 and c3 = 0.04R;". The
coefficient b3 is equal to the corresponding coefficient in
the T89 model. The other coefficients are chosen so that
the IMF B, penetration and the current sheet rotation
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Figure 2. Figures 2a, 2¢ and 2¢ from Kaymaz et al.
[1994]. They show —25Rg > x > —40Rg average vector
plots from IMP 8 data a) for all IMF directions, b)
for IMF By > 0 and c) the difference vector field with
overlayed current sheet.

in the mid-tail are of approximately the same value as
in the study of Kaymaz et al.

Figure 2 gives the cross section vector plots of Kay-
maz et al. for average IMF conditions, for By imr >
|B;,rmr| > 0 and the difference vector field between
the first two vector plots. The corresponding vector
plots of our modelling are shown in Figure 3. There,
the unmodified T89 model, the modified T89 model for
positive IMF B, and the superposed magnetic field are
given.

The mapping from the tail plasma sheet to the iono-
sphere gives qualitatively the form of the auroral oval.
The far tail plasma sheet region maps to the poleward
auroral oval boundary, which is assumed to be close to
the boundary between open and closed field lines. Fig-
ure 4 shows the ionospheric footprints of field lines com-
ing from the tail neutral sheet. Except for the flanks,
the field line mapping gives quite a reasonable auroral
oval distribution.

The Effects of the Added Magnetic Field on the
Tail

The By component causes a twisting of the
magnetic field lines. For IMF B, > 0 the added
B, field causes a displacement of the open field lines in
the direction of the negative (positive) GSM y-axis for
the northern (southern) hemisphere and IMF B, > 0.
The closed field lines are tilted in this case as shown in
Figure 6a. The effect is reversed for negative IMF B,.

The Bx component is related to the rotation
of the tail plasma sheet. Figure 5 gives the iso-
contours of B2. The rotation of the isocontours for

x==30 Re b)

) =

1043
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Figure 3. Tail cross section and current sheet of the
T89 model (tilt=0, K, = 0 at x = —30Rg a) for By = 0,
b) for By = 5nT and c) the added B field.
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northern ionosphere
a ) 06

x (Re)
Figure 4. Current sheet mapping to the ionosphere
with the unmodified T89 model. a) The areas at the
tail current sheet which are used for the field line map-
ping. b) The projection from the current sheet to the
ionosphere.

non-zero IMF By is related to the current sheet rota-
tion. Unlike the lobes, the plasma sheet is character-
ized by low magnetic pressure (B2/2p0) and compara-
tively high plasma pressure. The isocontour line dashed
in Figure 5 can be taken to represent qualitatively the
boundary of the plasma sheet. The Figure shows that
the plasma sheet rotates because of the current sheet
rotation due to the B; term. Because of the nonuni-
formity of the rotation, the plasma sheet reaches high
latitudes at the dusk and dawn flanks for the northern
and southern hemispheres, respectively.

The Effects of the Added Magnetic Field in the
Ionosphere

The By component results in a rotation of the
auroral oval. Figure 6a shows a schematic explaining
the rotation of the auroral oval. Because of the tilting
of the closed field lines for By > 0 their ionospheric
connection points are displaced towards dusk (dawn) in
the northern (southern) ionospheres. The rotation of
the oval is strongest at high latitudes. The high lati-
tude field lines come from the far tail regions and are
therefore influenced most strongly by IMF B,.
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V== o= ———=1 2 V/

10 _\\//: ~10 v PRT N s
\_/ Ol B NS RO BN
o Eo Eo
10 /—\\ Yo o | Mo} T TN
2] = ol N PN
—20f —— TN =20} N e /\
_— = —
-30 -30 sl ===
-30-20-100 1020 30  -30-20-100 10 20 30  -30-20-10 0 10 20 30
¥ (Re) ¥ (Re) ¥ (Re)

b) x=-15 Re x=—30 Re x=—45 Re
o= 30 > 301

<10 -\\/ PAT] S L Ea

Eo = Lo & ol 2

1o —/“/‘\\_ 210 , - = 1o , -
DE U= | B = B S
~30-20-100 1020 30  -30-20-100 102030  -30-20-100 10 20 30
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Figure 5. B? isocontours (arbitrary units) at different
tail cross sections a) for the undisturbed T89 model and
b) for the modified T89 model. The dashed line gives
an approxiamte plasma sheet boundary.
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Figure 6. a) A schematic explaining the twisting of the
field lines and rotation of the auroral oval under IMF
B, influence. b) A schematic illustrating the increase
(decrease) of the separation between ﬁelfi line connec-
tion points in the southern (northern) ionosphere for
superposed negative B; on the tail.

The Bx component causes a broadening (nar-
rowing) of the oval at dusk (dawn) and a bulge
near midnight. The addition of a negative B, com-
ponent on a dipole field results in an increase (decrease)
of the latitudinal separation of field line footprints in
the northern (southern) ionosphere. This is illustrated
in Figure 6b. A positive B, gives the opposite result.
As in our model the superposed B, component is neg-
ative on the duskside and positive on the dawnside of
the magnetotail (for B, > 0), the dusk- and dawnward
current sheet maps to wider and narrower areas in the
northern hemisphere, respectively.

Final results for mapping to the ionosphere

under IMF By influence. Figure 7 shows the re-

northern ionosphere northern ionosphere
a) 12 b) 12

Figure 7. Comparison between Viking satellite images
and the model results for the auroral oval. a) Model au-
roral oval for weak, negative IMF By and b) for strong,
positive IMF B,. c) Satellite image for weak, nega-
tive IMF By and d) for strong, positive IMF B,. The
satellite pictures are from Jankowska et al. [1990ﬁ, their
Figures 3a and 4a.
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sulting ionospheric pattern of field lines coming from
the tail current sheet under weak (3.5nT) and strong
(7.0nT) IMF B,. All the expected asymmetries of the
auroral oval occur: narrowing (broadening) of the morn-
ing (evening) sector and rotation of the entire oval, a
local bulge near midnight and displacement of the pole-
ward oval boundary towards higher and lower latitudes
at dusk and dawn, respectively. The comparison with
satellite images for non-zero IMF, like the Viking im-
ages in Figure 7 shows a good qualitative correspon-
dence. Although not shown in this paper the field line
mapping gives qualitatively the same results even with
other coefficients. The sensitivity of the results to the
choice of the coefficients is discussed in detail by Kullen
[1996).

Conclusions

(i) The good agreement of the model results with satel-
lite data leads us to believe that the quantitative ex-
pressions chosen for the perturbation field describe the
real conditions reasonably well. This allows us to draw
physical conclusions from the field line mapping results.
(ii) Consideration of IMF B, effects is of importance
when discussing topological connections between the
ionosphere and the magnetotail.

(iii) The mapping from the tail to the ionosphere for a
non-zero IMF By reproduces all of the expected changes
of the auroral oval. Thus, asymmetries in the tail and
in the ionosphere are closely related.

(iv) The plasma sheet rotates with the current sheet and
gets broader at the flanks, reaching several Rg north
and south of the equatorial plane near dusk and dawn,
respectively.
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Abstract. Recent observations show that the evolu-
tion of transpolar arcs (TPA’s) are often associated with
a sign change of the dawn-dusk component of the in-
terplanetary magnetic field (IMF). It is known that a
nonzero IMF B, causes a twist of the tail plasma sheet.
In this study it is assumed that a sign change of IMF B,
causes the magnetotail to rotate until the entire tail is
twisted in the opposite direction. To examine a possible
connection between TPA’s and tail rotation the Tsyga-
nenko 1989 model is modified such that the near-Earth
tail and the far tail are twisted in opposite directions.
Mapping from the tail current sheet to the ionosphere
shows a separated region of closed field lines that ex-
tends into the polar cap. This separated part may be
interpreted as the mapped region of a TPA.

Introduction

Since the first global observation of transpolar arcs
(TPA’s) [Frank et al., 1982] there have been many stud-
ies on this subject. While the source region of small-scale
polar arcs remains unclear [e.g., Bonnell et al., 1999]
TPA’s are commonly believed to map to the tail plasma
sheet or its boundary layer [e.g., Frank and Craven,
1988]. Different topologies of the magnetotail have been
proposed for TPA events. The plasma sheet has been
suggested to be bifurcated [Frank and Craven, 1988], to
have filamentary extensions into the lobes [Huang et al.,
1987] or to be asymmetrically expanded [Meng, 1981].
Alternatively, a significant ‘distortion’ in the mapping
along B-field lines has been suggested [Blomberg and
Marklund, 1993].

Observations indicate that the evolution of a TPA de-
pends strongly on the direction of the IMF. Polar arcs
are predominantly a northward IMF phenomenon [e.g.,
Valladares et al., 1994]. In the statistical study by Val-
ladares et al. [1994] it is shown that the dawn-dusk mo-
tion of polar arcs is strongly dependent on the sign of
IMF B,. This result is in agreement with observations
which report that TPA’s move in the direction of IMF
By [e.g., Cumnock et al., 1997]. There is some evidence
that TPA’s occur simultaneously in the northern and
southern polar cap but with opposite dawn-dusk motion
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[Craven et al., 1991]. Different IMF initial conditions
have been suggested to generate TPA’s [Chang et al.,
1998]. In the model of Kan and Burke [1985] that de-
scribes TPA’s which evolve from midnight to noon, a
purely northward IMF is required. TPA’s splitting from
the dawnside or duskside of the oval have been observed
to occur after a sign change of IMF B, during north-
ward IMF [Cumnock et al., 1997] or, alternatively, a
southward turning of an initially northward IMF dur-
ing changing IMF B, [Newell and Meng, 1995].

In this paper the IMF configuration proposed by
Cumnock et al. [1997] is addressed. Based on their
results, a different topology of the magnetotail is sug-
gested which may help to explain the evolution of TPA’s
appearing after a sign change of IMF B,,.

Observations

The latest results by Cumnock [private communica-
tion] are that a sign change of IMF B, during north-
ward IMF often triggers the evolution of a TPA (Figure
1) which lasts for several hours. The evolution of the
TPA can be described in four steps: (1) A dawnward
(duskward) IMF is connected to a dawnward (duskward)
expansion of the auroral oval. (2) A sign change of IMF
B, causes a TPA to separate from the side of the oval
which is expanded poleward. (3) In case the IMF B, re-
mains constant the TPA moves poleward. (4) Often, the
TPA fades away after having crossed the noon-midnight
line. In the final configuration, the opposite side of the
oval is expanded poleward.

It has been shown that IMF B, partially penetrates
the magnetotail and causes a twist of the entire tail
le.g., Kaymaz et al., 1994]. The tail is positively twisted
(counter-clockwise in the yz-plane looking from the Earth
downtail) for positive IMF' B, and negatively twisted for
negative IMF B,. Positive and negative IMF B, have
qualitatively similar but anti-symmetrical effects on the
magnetotail topology. Thus, the difference of type and
occurrence frequency of polar arcs for dawnward and
duskward IMF [Gussenhoven, 1982] perhaps does not
have its cause in the topology of the tail. The model
presented in this study produces symmetric mapping re-
sults for positive and negative IMF B, as it shows only
those ionospheric regions which map to the tail plasma
sheet. For simplicity only the IMF sign change from
dawnward to duskward is considered in this work but
the result is also valid for the opposite case.
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Figure 1. TPA evolution for a sign change of IMF By.

Assumptions

This work is based on the assumption that a sign
change of IMF B, affects the magnetotail to change its
twist first in the near-Earth region and then farther down
the tail (Figure 2). The process can be described in four
steps: (1) For negative IMF B, the tail is negatively
twisted. (2) A sign change of IMF B, from negative to
positive influences first the near-Earth tail. The near-
Earth tail rotates to a positive twist whereas the far tail
remains negatively twisted. (3) With time the rotation of
the tail propagates tailward. The region of the tail hav-
ing a positive twist thus expands. (4) Finally the entire
tail becomes positively twisted. The change of the tail
topology during a sign change of IMF B, is assumed to
correspond to the evolution of a TPA in the ionosphere
(above described). The TPA persists as long as the tail
twist changes polarity. The tailward propagation of the
twist reversal region is supposed to be connected to a
dawn/dusk movement of the TPA. As the tail rotation
is completed the TPA should fade away.

The model

To examine the connection between TPA’s and tail
rotation the Tsyganenko [1989] model (T89) is modi-
fied such that the near-Earth tail is twisted positively
whereas the far tail is twisted negatively representing an
IMF B, sign change from negative to positive. An exten-
sion of the T89 model to include the effects of constant
IMF By has already been done by Kullen and Blomberg
[1996]. They demonstrated that the poleward expan-
sion of the auroal oval is connected to a twist of the
magnetotail by adding nonuniform B field components
(B;,B;,B;‘) to the T89 model B-field to represent the
penetration B-field and the twist of the plasma sheet,
respectively:

B = BIMF[—cay — 2gtaye™ (i) eri ]

2
By :BLMF[cle_(ﬁ)z-i- co(l — e_(%y)]e%
B;=0

The coefficients b; = 8Rg, by = 20Rg, b3 = 20Rg, cl =
1.3, ¢2 = 0.7 and ¢c3 = O.O4REI. were chosen to fit the

tail twist and the B, penetration field of the model to
the results of a data study by Kaymaz et al. [1994].
For further details see Kullen and Blomberg [1996]. To
get opposite twists of the near-Earth tail and the far tail
the added B-field components have to change polarity at
some point zo in the tail. Akasofu and Roederer [1983]
showed that an abrupt change of IMF B, would lead to
a splitting of the polar cap into two regions. Since they
modeled only a uniform B, penetration field and not
a tail twist, they needed an unrealistically strong IMF
B,. Including a tail twist in the model of this study
excludes an abrupt change of the superimposed B-field.
The tail would be twisted differently on both sides of
the discontinuity sheet (div B # 0). Thus, the added
B-field components are changed smoothly from positive
to negative over a given area, Az. We represent this
smooth change by a tanh function:

B, = B tanh(2(220))

B, =B tanh(22-20) ) 4 2 [1_tanh?(2Z20))]x
BLMF["Z—:*yz— 02b36_(%)2e%]

B, =0

where x represents the center of the area over which the
sign change takes place and Az the width of it. Since B
now has a second x-dependence an additional term has
to be added in the yz-plane to obtain a divergence free B-
field. Independent of the choice of this extra term a split-
ting of the oval occurs. The splitting is only significant
for reasonably low IMF B, values if the B, component
dominates. Hence, the extra term has been assumed to
lie in the y-direction (last term in B;)

Figure 3 shows plots of the ionospheric regions which
are connected to the tail plasma sheet, for different
model parameters. The plots are produced by mapping
B-field lines from the tail current sheet (defined here as
the surface where B, changes sign) back to Earth. The
poleward boundary of this region in the ionosphere repre-
sents the approximate location of the poleward boundary
of the auroral oval. In order to simulate the conditions
of a quiet magnetosphere with a plane neutral sheet, the
K, index and the dipole tilt are set to zero in the model.
Figure 3a (right plot) shows the tail current sheet from
—10Rg to —60Rg (the T89 model is not valid farther
downtail) which is color coded to help identify the corre-
sponding areas in the ionosphere. Near the current sheet

dawn

AN N\
X‘A N R

y +IMF By sign change of IMF By -IMF By

Figure 2. Tail rotation for a sign change of IMF By,.
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Figure 3. Field line mapping from the tail current sheet (B sign reversal) to the ionosphere for a) the unmodified T89 model (IMF
B, = 0), b) different strengths of IMF B, for a narrow twist reversal region Az, c) the twist reversal region being located farther
downtail at each plot with a medium Az and d) field line mapping from £ = —20RE and downtail to the tail cross section at z = —20Rg
for those field lines which map to the northern ionosphere (the cross section plots correspond to the ionosphere plots of Figure 3c).

flanks, only parts of the colored areas belong to the mag-
netosphere and map to the ionosphere. In Figure 3a (left
plot) the mapping to the ionosphere for the unmodified
T89 model is shown. Since the mapping is only done
from the tail at £ = —10Rg and farther downtail, the
dayside part of the oval does not appear in the mapping
plots. Also, the far-tail flanks and the far-tail center map
to too low latitudes in the ionosphere. The T89 model
does not contain a defined magnetopause and the added
extra terms in the modified version are not limited in the
y or z direction. Thus the model is realistic only inside
the magnetosphere.

Results

The mapping plots of Figure 3b, 3c and 3d are ob-
tained for opposite twists of the near-Earth tail and the
far tail. All ionospheric plots show a clear splitting of the
polewardly expanded oval region. The flank boundaries
have been moved 1.5 Rp into the tail to minimize dis-
tortions where the TPA connects to the oval. This has a

neglectable effect on the location of the open-closed field
line boundary. The region of closed field lines which is
separated from the main oval may be interpreted as the
mapped source region for a TPA, however, the TPA does
not necessarily extend over the entire separated part.
The topological connection to the plasma sheet is not a
sufficient condition for aurora to occur. The main limita-
tion of this model is that the TPA does not stretch over
the entire polar cap. This is caused by the mapping from
the current sheet for a tailward limited model. Mapping
from a surface parallel but above the current sheet pro-
duces a deformed ‘TPA’ which stretches nearly to the
dayside oval. Since it is difficult to define a plasma sheet
boundary in this model, the current sheet mapping gives
more reliable results.

In Figure 3b mappings for different IMF B, values are
plotted. A comparison of these plots with the third plot
of Figure 3c shows the influence of the input parameters
IMF B, and Az on the mapping results. Both a small
Az and a strong IMF B, lead to a clearer splitting of the
TPA from the oval. While strong IMF B, is connected
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to a more polewardly located TPA, the influence of Az
on the location of the TPA is negligible. Assuming that
Az is dependent on the time period over which IMF B,
changes sign, the model results indicate that the dura-
tion of a TPA event is not influenced by the magnitude
of BB;MF /0.

In each plot of Figure 3c the region over which the
twist reversal takes place is located farther downtail.
These mapping plots demonstrate that the separation
from the oval and the poleward motion of the TPA can be
connected to a tail rotation propagating tailward. The
TPA should disappear when the rotation of the tail is
completed and the entire tail has returned to the topol-
ogy typical for a uniform nonzero IMF B,. This is impli-
cated by the model. The TPA gets thinner and shorter
when the twist reversal region is located farther down-
tail. The tailward propagation of the twist reversal re-
gion is assumed to be caused by the tailward progression
of the IMF B, sign change. Since TPA’s can last up to
several hours either the magnetotail would have to re-
spond extremely slowly to a sign change of IMF B, or
the plasma sheet regions from even the very distant tail
would contribute to the TPA.

To get a better understanding of how the splitting
of the oval is connected to the tail topology, Figure 3d
shows mapping plots of a tail cross section at x = —20Rg
for different locations of zy. The plots correspond to
the ionospheric mapping plots of Figure 3¢ and show
those field lines which map from the current sheet to the
northern hemisphere. The splitting of the dawnside oval
is connected to a ‘bifurcation’ of the region of current
sheet field lines. The current sheet field lines from the
far tail map to much higher latitudes than field lines from
the near-Earth tail because the near-Earth and far-tail
plasma sheet regions are oppositely twisted.

Some additional features can be found from studying
the mapping plots of Figure 3 in more detail. The regions
between the TPA and the dawnside and duskside of the
auroral oval lie on open field lines. Field lines originating
Earthward of zg map to the auroral oval whereas field
lines originating tailward of zo map to the TPA. Since
the tail is symmetric about the current sheet, TPA’s
occur in the model simultaneously in the northern and
southern hemisphere but on opposite sides of the noon-
midnight line.

Although this model gives only qualitative results it
shows that opposing tail twists are likely to play an im-
portant role in the development of those TPA’s which
occur after a sign change of IMF B,.
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[1] Polar UV images from a 3-month period in winter 1998—1999 are used for a statistical
study of polar arcs. The study covers all auroral arcs that are located poleward of the
northern auroral oval, and which are detectable by the UV imager. The arcs are examined
with respect to their spatial and temporal behavior as well as to a possible connection
to solar wind parameters using ACE satellite data. It is found that the majority of polar
arcs appear during northward IMF, strong IMF magnitude, and high solar wind speed. A
modified Akasofu-Perreault epsilon parameter with a cosine function instead of a sine
function (vB> cos4(9/2)(102/u0)) combines these results. It correlates well with the
occurrence frequency of polar arcs for long timescales. The location of polar arcs is
strongly dependent on the sign of the IMF B, component. Static polar arcs occur in the
Northern Hemisphere on the dawn (dusk) side of the oval for negative (positive) IMF B,,
whereas poleward-moving arcs separate from the opposite side of the oval, and then move
in the direction of IMF B,,. All polar arcs are sorted into five different categories according
to their spatial structure and evolution: oval-aligned, bending, moving, midnight, and
multiple arcs. Each polar arc type occurs for a characteristic combination of solar wind
parameters. IMF clock angle changes seem to have a strong influence on what type of arc
occurs. Oval-aligned arcs appear mainly during steady IMF, bending arcs after an IMF B,
sign change, and moving arcs after an IMF B, sign change. For the rare midnight and
multiple arc events, no characteristic IMF clock angle dependence has been found. The
different types of clear polar arcs are discussed in the context of existing observational
studies and transpolar arc models.  INDEX TERMS: 2475 Ionosphere: Polar cap ionosphere; 2736
Magnetospheric Physics: Magnetosphere/ionosphere interactions; 2784 Magnetospheric Physics: Solar
wind/magnetosphere interactions; 2776 Magnetospheric Physics: Polar cap phenomena; KEYWORDS: Polar
arc, transpolar arc, solar wind, IMF, transpolar arc model
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1. Introduction
1.1. Definition of Polar Arcs

[2] Polar arcs are defined as high-latitude auroral arcs
located poleward of the main auroral oval. There are several
types of polar arcs and differences are, for example, found
in their spatial extent and in their magnetospheric source
regions. Small-scale Sun-aligned arcs occur at high latitudes
and have a length of only a few hundred kilometers. While
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several authors propose that small-scale Sun-aligned arcs
occur on open field lines [e.g., Gussenhoven and Mullen,
1989, and references therein] others claim that their source
regions remain unclear [Bonnell et al., 1999].

[3] Large-scale polar arcs are several hundred kilometers
wide and extend from about 1000 km to the entire diameter
of the polar cap in length. A multitude of different large-
scale polar arc formations have been found and various
names have been used to describe these. Large-scale arcs
which stretch over the entire polar cap connecting the
nightside with the dayside oval are called transpolar arcs
[Frank et al., 1982, 1986]. They have similar particle
characteristics to those along the main oval, which suggests
an origin in the plasma sheet or plasma sheet boundary layer

13 -1
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Figure 1. Statistical results of (a) IMF B, dependent
motion of small-scale Sun-aligned arcs by Valladares et al.
[1994] and (b) IMF B,, and B, dependent location of oval-
aligned arcs by Elphinstone et al. [1990].

[e.g., Meng, 1981; Peterson and Shelley, 1984; Frank et al.,
1986; Frank and Craven, 1988; Huang et al., 1987, 1989].
Occasionally large-scale arcs can be hook-shaped with the
arc connected to the auroral oval only in the midnight sector
[Ismail and Meng, 1982; Murphree et al., 1982] or near
noon [Gusev and Troshichev, 1986). Static transpolar arcs
near the dawnside or duskside auroral oval are sometimes
referred to as oval-aligned arcs [Murphree and Cogger,
1981]. The so-called horse-collar aurora describes oval-
aligned arcs at the dawn and dusk poleward edges of an
expanded oval [Hones et al., 1989]. A few cases have been
reported where a transpolar arc does not separate from the
dawnside or duskside oval but grows from the nightside
oval. Craven et al. [1986] presented an example where a
single arc starts at midnight and stretches toward noon.
According to McEwen and Zhang [2000], such events are
rare. Brittnacher et al. [1999] found a case during a major
magnetic storm where multiple large-scale polar arcs fill the
whole polar cap. One of the arcs develops clearly from the
nightside oval. As pointed out in the review paper by Zhu et
al. [1997] it is not yet clear whether different polar arcs
represent the same auroral phenomena (but described differ-
ently depending on the means of observations) or whether
these are fundamentally different types of polar arcs.

1.2. IMF Control of Polar Arcs

[4] The occurrence of polar arcs is strongly controlled by
the interplanetary magnetic field (IMF). From numerous
studies it is known that polar arcs are a predominantly
northward IMF phenomenon, which includes small-scale
Sun-aligned arcs [e.g., Lassen and Danielsen, 1978; Gus-
senhoven, 1982; Ismail and Meng, 1982] and transpolar arcs
[e.g., Frank et al., 1986]. The existence of transpolar arcs
which appear during southward IMF has been explained by
Frank and Craven [1988] as arcs which have formed during
northward IMF conditions but persist for some time follow-
ing a change to southward IMF (corresponding to the time
span necessary to reconfigure the tail). In a large statistical
study about small-scale Sun-aligned arcs based on images
from ground-based all-sky cameras (ASIP) in the Northern
Hemisphere Valladares et al. [1994] came to the same
conclusion.

[5] Another result by Valladares et al. [1994] refers to the
arc location in the polar cap. Small-scale Sun-aligned arcs
occur preferably on the dawn side, less often on the dusk
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side, which confirms earlier results for both the northern
[Ismail et al., 1977; Gussenhoven, 1982] and the southern
polar cap [Rairden and Mende, 1989]. Whether this prefer-
ence is true for large-scale polar arcs remains to be shown.

[6] The IMF B, component controls the motion of polar
arcs. The statistical study of Valladares et al. [1994] shows
the correlation between polar arc motion and IMF B,
component in the Northern Hemisphere. They found that
the dawn-dusk component of the IMF causes a motion of
most small-scale Sun-aligned arcs in the direction of IMF
B,. However, the arcs near the side of the auroral oval which
lies in the direction of IMF B, move slightly in the opposite
direction (Figure la). The motion of transpolar arcs is
controlled by IMF B, in the same way as the small-scale
Sun-aligned arcs. Frank et al. [1985] reported a dusk to
dawn moving transpolar arc for dawnward IMF B, and,
conversely, Huang et al. [1989] reported a duskward mov-
ing transpolar arc for duskward directed IMF B,. The
observational study by Craven et al. [1991] of two simulta-
neously appearing transpolar arcs in both hemispheres
indicates that the motion of transpolar arcs in the southern
hemisphere is in the opposite direction. Probably, even
small-scale Sun-aligned arcs of the southern polar cap move
in the opposite direction, but this remains to be shown. It is
expected from the results described above that oval-aligned
arcs in the Northern Hemisphere are located on the side of
the oval to which IMF B, is pointing. Elphinstone et al.
[1990] though, found a different correlation between
(mainly oval-aligned) large-scale polar arcs and IMF. In
their study of polar cap size and location during northward
IMF based on VIKING images of the Northern Hemisphere
the location of polar arcs are related to 1-hour averaged IMF
B, and B, components. They found that duskside arcs occur
for duskward IMF B, only, independent of IMF B, but that
dawnside arcs occur for B, and B, having opposite signs.
This means, dawnside oval-aligned arcs occur even for
duskward IMF B, (Figure 1b).

[7] The sign of the IMF B, component may influence the
occurrence probability of polar arcs. Lassen and Danielsen
[1978] reported that small-scale Sun-aligned arcs occur
more frequently during periods of negative IMF B, in the
Northern Hemisphere. In the Southern Hemisphere the
opposite sign of IMF B, seems to be favorable for
the occurrence of auroral activity in the polar cap. A
statistical study of field-aligned currents in the dayside polar
cap of the southern hemisphere by lijima et al. [1984]
shows a strong correlation between the current densities and
positive IMF B,. These field-aligned currents inside the
polar cap are referred to as NBZ (northward B;) currents as
they are shown to be a predominantly northward IMF
phenomenon. The existence of strong NBZ currents is likely
to be an indication of the appearance of polar arcs as polar
arcs are always associated with field-aligned currents [e.g.,
Zhu et al., 1997, and references therein].

[8] Several papers have reported an influence of IMF sign
changes on the appearance of transpolar arcs. Both Newell
et al. [1997] and Chang et al. [1998] presented observations
of transpolar arcs which appear when an IMF B, sign
change takes place. In their studies, the motion of the
transpolar arc is IMF B,, dependent but it is the rotation of
the IMF to southward B, that causes the transpolar arc to
initially appear. In their observations, the IMF B, southward
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period lasts for at least 10 min which questions earlier
results about polar arcs being a purely northward IMF
phenomenon. A sign change of IMF B, has been reported
as another cause of transpolar arcs. Cumnock et al. [1997]
and Chang et al. [1998] both show several events where a
transpolar arc separates from one side of the oval after an
IMF B, sign change and moves poleward. In a recent paper
by Cumnock et al. [2002] transpolar arcs are examined
which appear for IMF B, sign changes during purely
northward IMF B.. All those studies find that Northern
Hemisphere transpolar arcs which are triggered by either an
IMF B, or an IMF B, sign change separate from the side of
the oval which is opposite to the IMF B,, direction.

1.3. Solar Wind—Magnetospheric Coupling
and Polar Arcs

[s] As polar arcs are predominantly a northward IMF
phenomenon they appear preferably during quiet geomag-
netic times with low Kp and AE values [e.g., Ismail et al.,
1977]. The negative correlation between AE index and
polar arc occurrence is confirmed in the statistical study
of Lassen and Danielsen [1989]. They even show that for
AE decreasing below 30 nT Sun-aligned polar arcs tend to
increase in length, stretching across the polar cap. The
coupling between AE index and solar wind parameters
has been studied extensively and several coupling parame-
ters have been proposed during the last 20 years such as the
Akasofu-Perreault epsilon parameter (vB* sin4(9/2)(102/p4)))
[Perreault and Akasofu, 1978]. The good correlation
between epsilon and the AE index on long timescales has
been confirmed [e.g., Akasofi, 1980]. The current density of
the region 1 current system seems to be correlated to this
type of solar wind coupling parameter as well. lijima and
Potemra [1982] find the best correlation between region 1
current densities and solar wind parameters for a function
similar to the epsilon parameter ((B2 + BZ2)!/2 sin(2)). The
complementary parameter ((B2 + B2)!/2 sin(§))” which
they denote as e* is shown to be strongly correlated to the
NBZ current system on the dayside part of the polar cap
[fijima et al., 1984]. ¢* is likely to also correlate to field-
aligned currents associated with polar arcs.

1.4. Models of Transpolar Arcs

[10] If one were to trace the magnetic field lines from a
transpolar arc into the magnetotail in a standard config-
uration of the magnetosphere with a butterfly shaped
plasma sheet centered about the equatorial plane, the
transpolar arc field lines would map into the lobes. This
is, however, not supported by observations. As mentioned
before, transpolar arcs have their origin in the plasma sheet
or its boundary layer. Thus, the plasma sheet must have a
different shape during the occurrence of transpolar arcs.
Several different tail topologies have been proposed to
explain the observations.

[11] Frank et al. [1982] suggested that the tail plasma
sheet is bifurcated such that a north-south aligned plasma
sheet bulge extends into the lobes. Huang et al. [1987,
1989] found observations that are consistent with filamen-
tary extensions of the plasma sheet into the lobes rather than
one large-scale bulge.

[12] Another model, first proposed by Meng [1981],
interprets transpolar arcs occurring for nonzero IMF B, as
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the poleward boundary of an expanded auroral oval. The
poleward expansion of the oval corresponds to the thicken-
ing of the plasma sheet. This model requires a highly
contracted polar cap and a dawn-dusk asymmetry or a
twisting of the plasma sheet [Makita et al, 1991)]. The
now well-known connection between a strong dawn-dusk
IMF component and a twist of the entire magnetotail [e.g.,
Kaymaz et al., 1994, and references therein] supports twist-
ing of the plasma sheet, shown in Figure 2a, as a more
probable alternative. The twisted tail plasma sheet causes
the open/closed field line boundary in the northern iono-
sphere to extend poleward on the duskside (dawnside) of
the oval for positive (negative) IMF B, [Cowley, 1981;
Kullen and Blomberg, 1996]. Assuming the poleward
boundary of the auroral oval to roughly overlap with the
boundary between open and closed field lines the northern
auroral oval is expected to broaden at the duskside (dawn-
side) of the oval for positive (negative) IMF B,. Polar arcs
are expected to lie on the poleward boundary of the
expanded side of the oval.

[13] MHD simulations show that an IMF B, induced
twisting of the tail plasma sheet is not equally strong for
northward and southward IMF. Only for northward IMF
large twists occur [e.g., Walker et al., 1999]. A statistical
study of Owen et al. [1995] of the structure of the distant
magnetotail confirms the MHD results. If the plasma sheet
twist plays a major role for the appearance of transpolar
arcs, the observation of strong twists for northward IMF
may explain why transpolar arcs occur predominantly dur-
ing northward IMF. The simultaneous occurrence of trans-
polar arcs on opposite sides of the noon-midnight meridian
in the Northern and Southern Hemisphere [Gusev and
Troshichev, 1986; Craven et al., 1991] is another indication
of the influence of a symmetrically twisted tail around the
Earth-Sun line on the location of transpolar arcs.

[14] Kullen [2000] developed a model which explains the
occurrence and motion of transpolar arcs following an IMF
B, sign change with a rotation of the tail twist. The model is
based on the assumption that an IMF B, sign change causes
the magnetotail to change the direction of its twist succes-
sively such that in an intermediate state the near-Earth tail
and the distant tail are twisted in opposite directions. Such a
topology leads to a bifurcation of closed field lines in the
near-Earth tail which in this model is responsible for the
occurrence of a transpolar arc. To demonstrate this, the T89
model [Zsyganenko, 1989] has been modified to model the
assumed tail topology. Mapping from the model tail current
sheet into the ionosphere shows a region of closed field
lines stretching into the polar cap which may be interpreted
as the location of a transpolar arc. Figure 2b is a schematic
showing how a rotated plasma sheet twist forces the region
of closed field lines to bifurcate in the near-Earth region.
The bifurcated part of the closed field lines originates in the
far tail from the flank of the plasma sheet which stretches to
very high latitudes. Following these field lines earthward
they map into the high lobes of the oppositely twisted near-
Earth tail. The poleward motion of the arc is caused by the
tail twist reversal propagating tailward such that the high-
latitude flank from the far tail maps increasingly poleward.
The model by Kullen [2000] differs from the “plasma sheet
bifurcation” model in that the region of closed field lines is
bifurcated but not the plasma sheet itself. Recent MHD
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Figure 2. Schematic of different polar arc models
illustrating the tail topology and closed field line region
for the Northem Hemisphere. (a) Tail model for oval-
aligned arcs [Makita et al., 1991]: An IMF B, induced tail
twist causes the high-latitude flank to map to a stationary
polar arc. (b) Tail model for moving arcs [Kullen, 2000]: A
rotation of the tail twist caused by an IMF B, sign change
leads to a bifurcation of the closed field line region in the
near-Earth tail. The bifurcated region maps to a transpolar
arc which moves from one side of the oval to the other
while the rotation of the tail twist propagates tailward. (c)
Tail model for midnight arcs [Rezhenov, 1995]: An
interchange instability causes a tailward moving plasma
sheet tongue. This tongue maps to a polar arc which grows
from midnight to noon.

simulations by Slinker et al. [2001] confirm the assumption
that the IMF B, sign change leads to a rotation of the tail
twist. Ionospheric mapping plots show a bar of closed field
lines moving over the entire polar cap.
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[1s] A different transpolar arc model has become estab-
lished in recent years. Newell et al. [1997] proposed a
model based on the idea of an abruptly moving dayside
reconnection line after an IMF B, flip. The sudden displace-
ment of the merging line is assumed to lead to a new region
of open field lines equatorward of the polar cap which,
depending on the IMF B, component, is located on the
prenoon or postnoon side of the oval. Chang et al. [1998]
refined this model and extended it to IMF B, sign changes.
These ideas are an extension of the theory explaining
poleward moving auroral forms which split from the day-
side auroral oval and move within some minutes poleward
until they disappear. Poleward moving auroral forms begin
to appear after the IMF turns southward and continue to
occur transiently as long as a weakly southward IMF
orientation is maintained. They are interpreted as the optical
signature of transient reconnection pulses on the dayside
magnetopause which are assumed to cause additional
regions of new open flux on the front of the polar cap
[Sandholt et al., 1998; Milan et al., 2000].

[16] Rezhenov [1995] proposed a model to explain large-
scale polar arcs growing from the nightside toward the
dayside with an interchange instability inside the magneto-
tail (Figure 2c). He suggests that such arcs occur during
substorm recovery and strong northward IMF and/or high
solar wind velocity leading to a short plasma sheet and a
highly dipolarized tail magnetic field. According to his
model strongly curved magnetic field lines cause a dusk to
dawn current in the plasma sheet. A small distortion at the
tailward plasma sheet boundary leads to a charge separation.
An E x B drift causes the displacement to grow tailward,
i.e., an interchange instability occurs. A tongue of plasma
moves tailward which maps to a growing midnight arc.

1.5. The Goal of This Study

[17] This Polar UVI study focuses on the IMF control and
possible IMF triggers of polar arcs with the goal of under-
standing the sometimes contradicting results that have been
presented in the literature. One of the reasons for the
confusion is that statistical results exist only for small-scale
Sun-aligned arcs and not for large-scale polar arcs, a fact not
always realized by authors when discussing polar arcs.
Another reason may be that in most papers the history of
the IMF before the arc occurrence is not considered. Here, a
period of 3 months is examined in order to detect every
polar arc which is visible on the UV images. With a limited
spatial resolution and energy range, only bright large-scale
arcs can be detected, and thus small-scale Sun-aligned arcs
do not appear in this study. The selected events are sorted
into different categories depending on their spatial and
temporal behavior. Each category of polar arcs is compared
to solar wind parameters to find out about a possible
correlation between solar wind and arc appearance. Finally,
the different polar arc models are compared with the results
of this study.

2. Statistics
2.1. Method

[18] For a statistical study of polar arcs in the Northern
Hemisphere UV images from the Polar spacecraft are used.
The UV imager experiment on Polar provides global images
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Flgure 3. Schematic showing the temporal evolution of all
clear polar arc types introduced in the study except multiple
arcs.

of the aurora [Torr et al., 1995]. It has an 8-degree field of
view and can image the entire auroral oval above 60 degrees
geographic latitude at spacecraft altitudes greater than 6 Re.
The instrument is able to resolve 0.5 degrees in latitude at
apogee; thus a single pixel projected to 100 km altitude
from apogee is approximately 50 x 50 km. The study
extends over a period of 3 months in winter 1998—-1999 (1
December to 28 February). We choose winter months as
summer UV images contain too much dayglow to detect the
typically faint polar arcs. Sheets of 5 x 6 Polar UV images
have been produced with a time interval between each
image of at most 6 min. To be able to detect weaker arcs
with emission intensities near the instrument threshold UV
images are taken with a long integration period (36 s) and a
fixed color scale is chosen which shows well the low energy
flux range. The scale extends from 0.2 to 20 photons/cm?s.
The images are false color images which show the Lyman-
Birge-Hopfield molecular nitrogen emissions in the 140—
160 nm spectral region. For the image sheets used in this
study a linear color scale (with black representing no
intensity and white the highest intensity) and the magnetic
apex coordinate system [Richmond, 1995] with correspond-
ing magnetic local time (MLT) are used. The UVI instru-
ment worked well during the entire 3 months having a high
image quality despite two periods (21 December to 4
January and 24-28 February) where the image sensitivity
was reduced by about 50% when a transparent MgF
window was closed to protect the optics.

2.2. Classification of Polar Arcs

[19] The definition of an event is that an arc is visible in
the polar cap or a split oval boundary is seen. Small-scale
Sun-aligned arcs do not show up on the UV images because
of their low luminosity and limited spatial extent. Polar arcs
vary much in scale size, form, and luminosity. For this
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study, we classify each event as “clear polar arc” or “small
split”. By small splits we mean arcs which appear for less
than 10 min and/or are not separated from the auroral oval
clearly enough to allow a distinction from an oval associ-
ated arc. Excluded from the study are substorm formations
such as extremely deformed substorm current wedges which
resemble oval-aligned arcs or auroral streamers (north-south
aligned structures within the oval during the recovery
phase). Clear polar arcs have a variety of different forms.
In the statistical study we found clear polar arcs that either
separate from one side of the oval or develop from the
nightside oval. Those which separate from the dawnside or
duskside oval stay oval-aligned or move poleward. Of the
poleward-moving arcs it is possible to distinguish between
different subgroups. It also may happen that several differ-
ent arc types are seen during the same event. A diversity of
names exists in the literature to define different forms of
polar arcs, but it remains unclear if the names refer to
different arc types or only different appearances of the same
auroral phenomenon. To avoid any confusion we use our
own classification and subdivide the clear polar arcs on the
basis of their spatial behavior into five different categories.
Figure 3 shows schematically the evolution of each of the
first four categories listed below.

1. “Oval-aligned arcs” usually appear near the dawnside
or duskside oval but sometimes they may be quite separated
from the side of the oval. They do not move considerably
before they disappear (Figure 3a).

2. “Moving arcs” refer to those transpolar arcs which
move across the entire polar cap unless they fade before
reaching the other side of the oval. Moving arcs are not
always Sun-aligned; however, both their dayside and
nightside oval connection points move (Figure 3b).

3. “Bending arcs” are hook-shaped poleward-moving
arcs where the sunward end of the arc separates from the
main oval and moves toward the other side of the oval
whereas the anti-sunward end remains fixed. An oval-
aligned arc is often seen simultaneously on the other side of
the oval as indicated in Figure 3c.

4. “Midnight arcs” represent those polar arc events
where one single arc develops at the nightside auroral oval
from a triangle-like bulge and then stretches toward noon
where it may reach to the dayside auroral oval. Before
disappearing the arc usually moves toward one side of the
oval (Figure 3d).

5. With “multiple arcs” we describe events where many

arcs fill the polar cap. There are a multitude of different
evolutions, arcs appear simultaneously or one after the
other, splitting from an oval side or shooting up from the
nightside oval.
All polar arcs found on the UV images during the 3-month
period are sorted into one of the above mentioned groups.
With the division between small splits and clear polar arcs
only the latter unambiguous cases are included in the different
arc categories. The start and lifetime of polar arcs are defined
by the time the arc is clearly separated from the auroral oval
and by the time span from this separation until the arc
disappears on the image or reunites with the main oval.

2.3. Comparison With Solar Wind Parameters

[20] To study the influence of solar wind parameters on
the occurrence and dynamics of polar arcs we compare the
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polar arc events with the IMF, solar wind speed, and ion
density. For the comparison we use 5-min averaged data
from the ACE satellite using GSM coordinates. ACE is
located at ~220 Rg sunward of the Earth, and thus the solar
wind conditions may have changed slightly when they reach
the magnetopause. But since ACE has a nearly continuous
coverage of the solar wind it is the most suitable satellite to
use for this study. The solar wind data are shifted in time to
take into account the propagation time of the solar wind
to reach the dayside magnetopause (assumed to be located
10 Rg sunward of the Earth). The time delay is calculated
for each day using 24-hour averaged solar wind speed and
ACE to Earth magnetopause distance.

3. Results

[21] From the UVI database, 238 different polar arc
events have been identified, 92 of which are clear polar
arcs and 146 are small splits. For 18 of the clear polar arcs
the evolution is not known, because of an insufficient field
of view or because of weak emissions near the instrument
threshold. These “unclassified clear polar arc events” are
excluded from further analysis unless explicitly mentioned.
The remaining 74 events are grouped into 28 oval-aligned
arcs, 22 bending arcs, 11 moving arcs, 6 midnight arcs, and
7 multiple arc events.

3.1. Occurrence Frequency and Lifetimes of Polar Arcs

[22] Only a lower limit of the occurrence frequency of
polar arcs can be obtained from the UV images. Approx-
imately 25% of the time the UV imager does not point
toward the Earth. These time periods (approximately 4
hours out of the 18-hour orbit period) are excluded from
the analysis. The remaining time the imager did not always
give a complete enough view of the auroral ionosphere for
all polar arcs to be detected. With these limitations in mind
we find that clear polar arcs are present during at least 10%
of the time and small splits are present at least 6% of the
time UV images are available.

[23] Figure 4 shows the lifetimes of small splits, of clear
polar arcs, and of all five subtypes of clear polar arcs. The
distribution of arc lifetimes as percentages of the events is
shown for five time ranges. Only a lower limit of the
average lifetime can be given since for 22% of the events
the arc begins to develop before it is seen by the UV imager
and for 30% of the events the arc disappears from the field
of view before it fades. The majority of these events belongs
to the category of oval-aligned arcs.

[24] The first two plots in Figure 4 show that a majority
of the small splits have lifetimes less than half an hour
whereas those of clear polar arcs range from several tens of
minutes up to many hours. The plots of the different clear
polar arc types show that there exists a characteristic range
of lifetimes for most arc types. Bending arcs are nearly as
short-lived as small splits whereas moving arcs may last
several hours. Oval-aligned arcs seem to have no typical
lifetime. Some events last only 30 to 60 min, others may last

Figure 4. (opposite) The distribution of the arc lifetimes
as percentages of events for all small splits, clear polar arcs,
and each of the clear polar arc types.
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several hours. The subsets of midnight and multiple arcs are
too small to be treated in a statistical way. For completeness,
the study is, however, extended to include even these cases
although the results should be treated with care. It can be
seen that both midnight and multiple arcs have a large range
of lifetimes comparable to those of oval-aligned arcs.

3.2. Spatial Evolution of the Different Polar Arc Types

[25] Figure 5 contains UV images of five clear polar arc
events. The UV images in the figure are produced in the
same way as the image sheets on which the statistics is
based, using an integration period of 36 s and a color scale
extending from 0.2 to 20 photons/cm? s. Each row in Figure
5 gives an example of the temporal evolution of each arc
type. From top to bottom are shown an oval-aligned, a
moving, a bending, a midnight, and a multiple arc event.
The IMF data corresponding to the examples of different
polar arc types shown in Figure 5 is presented in a later
section (as Figure 10) where the IMF dependence of polar
arcs is evaluated in detail.

[26] 1t is difficult to define an exact start time for most
oval-aligned arcs (see the oval-aligned arc example in
Figure 5). They often develop smoothly within an hour
from an extension of the dawn or dusk sector oval to a
clearly separated arc. In these cases the oval sector is often
broad and/or contains multiple parallel bands of discrete
arcs within it. More than half of the oval-aligned arcs occur
during conditions of very low auroral luminosity of the
entire oval. In seven cases it is hard to determine the
evolution of the arc as the extremely faint nonmoving arc
is visible only for 1 to 2 hours near the polar cap center until
it becomes too faint to be detectable. The remaining oval-
aligned arcs are clearly visible and all occur at the end of a
substorm recovery phase. At least four oval-aligned arcs
develop from a double-oval like structure which is a typical
feature seen during a substorm recovery phase. Unfortu-
nately, for a majority of the oval-aligned arc events the
auroral luminosity is too weak or the imager coverage of the
oval insufficient to see both sides of the auroral oval. Still,
during at least six events, a secondary, often small or faint
arc appears for a short time on the other side of the oval. For
those two-thirds of the cases where the fading of an oval-
aligned arc is seen by UVI, the arc moves back slightly
toward the side of the oval before it disappears. In one-third
of the cases a substorm begins while the arc remains visible
for up to 1 or 2 hours.

[27] There are five moving arc events where an arc moves
across the entire polar cap from one side of the oval to the
other (see Figure 5, row 2), in one of the cases the arc
moves back to the noon-midnight meridian where it dis-
appears out of the field of view of the imager. In two cases
the arcs fade in the center of the polar cap but one of them is
such a faint event that it cannot be excluded that this arc
reaches the other side of the oval as well. For the remaining
cases the start or stop times are uncertain as the arc leaves
the field of view before (2 cases) or after (2 cases) the arc
reaches the central polar cap. Most of the moving arcs do
not consist of only one clear Sun-aligned arc. In four cases
the main arc splits into branches. Also, for most events the
entire arc is not continuously visible and sometimes a part
of the arc disappears. One-third of the moving arc events
include a secondary, small arc on the opposite side of the
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oval. This secondary arc usually appears after the first arc
has moved considerably poleward (see the moving arc
example in Figure 5). Most of the moving arc events occur
during nonsubstorm times. Three moving arcs fade several
tens of minutes after a substorm onset.

[28] Bending arcs separate from the oval within 5 to 10
min and start almost immediately to bend into the polar cap
where they disappear soon after. Unlike the event presented
in Figure 5, row 3 the majority of the bending arcs are very
faint and hard to detect on the UV images. Half of the
bending arcs are accompanied by an oval-aligned arc on the
other side of the auroral oval. In most cases this secondary
arc appears before and lasts longer than the very short-lived
bending arc. Nearly half of the bending arcs appear during
substorm activity.

[29] All but one of the midnight arcs found in this study
have a similar evolution. One typical example is shown in
Figure 5, row 4. They all occur at the very end of a long
substorm recovery phase or possibly at the end of a steady
magnetospheric convection period. During the late recovery
phase, bulges may appear one after the other at the very
active poleward boundary of the nightside oval. In very few
cases one of the bulges stretches to extremely high latitudes
changing into a triangle-like shape. Out of this triangle a
midnight arc shoots toward noon either immediately or up
to 40 min later. The arc reaches the noon part of the auroral
oval after only 10-20 min. During this process, the
extremely broad and contracted main oval returns to normal
thickness and size. Afterward, the often irregular midnight
arc remains as an oval-aligned like arc for several hours
before it fades. Only one of the midnight arcs develops at
midnight, the others occur near one side of the oval but with
a clear development from a bulge at the nightside auroral
oval.

[30] For the multiple arcs, the events differ much from
each other. For all events the evolution is very complex and
at least one, often faint arc occurs in the middle of the polar
cap (like in the example in Figure 5, row 5). In most cases
the whole polar cap is filled by many branches. All but one
event consist of three or more arcs.

[31] Although for most of the clear polar arcs the division
into the five groups described above is obvious, 25% of the
74 clear polar arc events might have been put into a
different category. As already mentioned, in seven of the
oval-aligned arc cases the evolution is unclear as an arc is
only visible for about an hour in the middle of the polar cap.
There are 4 hybrid cases between oval-aligned and moving
arcs. They are sorted into the group of moving arcs as a
slow arc motion toward the central polar cap can be
detected. Of the bending arcs, five cases have a nontypical
evolution, four of which are very bright and appear at the
beginning of a substorm recovery phase, the last consists of
a bending arc which later transforms into an oval-aligned
arc type. Of the midnight arcs only one event deviates from
the typical evolution. It could have been sorted into the
group of oval-aligned arcs since no bulge formation is seen
before its appearance. For a few oval-aligned arcs and for
most of the moving arcs crossing the entire polar cap it
cannot be decided whether the arc develops from an existing
bulge near one side of the oval similar to a midnight arc or
whether the arc separates smoothly from the side of the
oval.
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[32] Since the small split category contains all ambiguous
cases it includes a multitude of different types. For com-
pleteness we mention them briefly: There exist oval-aligned
arc-like splits which may be part of the main oval (35
events) and splits which occur at the end of a double oval
event where the poleward oval boundary connects to the
nightside such that an oval-aligned arc-like structure
appears (13 events). Many other splits resemble bending
arcs but with a very short length and lifetime. They appear
near noon (24 events) or near the nightside oval (9 events).
Another group consists of arcs which are clearly separated
from the oval but with such low luminosity that one cannot
decide if it is a polar arc or not (18 events). Midnight arc
type splits are extremely large triangles which extend from
the nightside to very high latitudes but do not develop into
an arc which stretches further than the dawn-dusk meridian
(32 events). Splits related to substorms are often arcs which
may be part of an extremely expanded auroral bulge (15
events).

3.3. Comparison With Solar Wind Data

[33] In Figure 6 an overview time-sequence plot of all 3
months is shown with all polar arc events overlaid on solar
wind data (light grey for small splits, dark grey for clear
polar arcs including unclassified clear polar arc events). The
first four rows show the total magnitude of the IMF, the
IMF B, component, the solar wind density, and the solar
wind velocity measured by the ACE satellite. The IMF B,
component overlaid with polar arc events demonstrates the
well-known fact that polar arcs preferably occur for north-
ward IMF and disappear completely during long periods of
southward IMF B, (e.g., 10—11 December, 27 January, or
19 February). Large-scale fluctuations of the solar wind
velocity and density seem not to be connected to the
occutrence probability of polar arcs but the IMF magnitude
is usually higher during periods with a high frequency of
polar arcs. However, during periods of a very high occur-
rence frequency of polar arcs, such as 1-3 December or
20-22 January, the solar wind speed is higher than average.
By combining the IMF magnitude with solar wind speed
and the cosine function of the IMF clock angle 6 (giving
high values for northward IMF as 6 = arctan(|B,|/B;) for
B.>0 and 6 = = arctan (|B,|/B;) for B.<O in the following
form vB? cos*(0/2)(lo%/po) @ parameter is obtained which
correlates better with the occurrence probability of polar
arcs than any of the solar wind parameters on their own.
This parameter, which we refer to as the anti-epsilon
parameter has the same form as the Akasofu-Perreault
epsilon parameter [Perreault and Akasofu, 1978] but with
a cosine function replacing the sine function. The factor 73/
uo (with Zy = 7Rg) is included in the anti-epsilon parameter
to make the form similar to the epsilon parameter. By
definition the anti-epsilon parameter has values near zero
for strong southward IMF. During periods where the IMF is
mainly northward but no polar arcs occur (e.g., 1-2 and 6—
8 February) the parameter decreases to very low values as
well. The peak values of the parameter overlap with long-
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lived arcs and/or a high polar arc density. However, there
are certain days (e.g., 27 December or 26 February) with a
lack of polar arc events despite quite a high magnitude of
the anti-epsilon parameter. These days belong to the periods
where the transparent MgF window was closed. Because of
the low image resolution faint polar arc events have
probably been missed. The anti-epsilon parameter and its
correlation with polar arc occurrence will be discussed
below in more detail.

[34] To be able to study the connection between arc
occurrence and solar wind data in more detail the hourly
averaged solar wind values before, during, and after the
polar arc events are examined. The results are presented in
Figures 7, 8, 11, and 12. These figures show the distribution
of the IMF, the solar wind speed, density, dynamic pressure,
energy flux, and the anti-epsilon parameter for all detected
polar arcs. The plots are all done in a similar way. The
values of each solar wind parameter are divided into four
intervals. The range of each interval is chosen such that the
solar wind parameter has values within one interval during
25% of the time. The time covered by the statistics includes
the entire 3-month period except for the time intervals for
which the UV imager did not point toward the auroral oval.
Each of the plots show 12 different distributions given as
percentages of polar arc events, the hourly averaged dis-
tribution up to 5 hours before and after the events (grey bars
to the left and the right of the black bars) the distribution at
the event start (left black bar) and the distribution of the
average value during the event (right black bar). With these
plots it is possible to get information not only on the typical
distribution of the solar wind parameters for each type of
polar arc event but also of the development of the solar
wind values before, during, and after the events. Binning the
solar wind data into four equal intervals makes any devia-
tion from the average solar wind distribution more readily
visible.

3.4. Connection Between Polar Arcs and Hourly
Averaged IMF Components

[35] In Figure 7 the distribution between positive and
negative signs of each IMF component are shown for each
polar arc type. Here the above described grey and black bars
are ordered from top to bottom, beginning with the average
distribution for the 5th hour before the event at the top and
ending with the 5th hour after the event at the bottom. The
left and right dotted lines of each panel show the percentage
of time (covered by the statistics) the IMF B,, B,, and B.
components have negative and positive values, respectively.
Figures 8a—8c consist of distribution plots as described
above for each of the IMF components IMF B,, B,, and B..

[36] The dotted lines in Figure 7 show that during the
time period of the statistics, negative IMF B, and positive B,
are dominant while B, is equally distributed between both
signs. This corresponds to the most common solar wind
distribution. Comparing the distribution of the IMF compo-
nents for small splits with those of the clear polar arcs (first
two rows in Figures 7 and 8), it seems that the IMF B, and

Figure 5. (opposite) Examples of clear polar arcs seen on the Polar UV imager. Each row shows the temporal evolution
(from left to right) of one clear polar arc event (from top to bottom): Oval-aligned arc, moving arc, bending arc, midnight

arc, and multiple arc event.
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SIGN OF IMF COMPONENTS B, distributions are similar to the average IMF distribution

small splits (146 events) during the statistical time period and they do not change
much during the 10 hours around the event. For the IMF B.
component, though, a clear difference between small splits
and clear polar arcs is found. Small splits occur for weak
IMF B, with as many southward IMF as northward IMF
cases. Clear polar arcs show a strong preference for north-
ward IMF conditions. The highest percentage of northward
IMF is found 1 to 2 hours before the event start. During the
event the IMF is still northward for the majority of cases but
already the hour after the event an average IMF B, distri-
bution is found.

[37] Looking at the different clear arc types (last five rows
in Figures 7 and 8), major differences in the IMF distribu-
tions are found between bending, oval-aligned, and moving
arcs. Midnight and multiple arcs have IMF characteristics
similar to those of the moving arcs. The IMF B, distribution
shown in Figure 7 for bending and oval-aligned arcs is
similar to the IMF B, distribution itself. Bending arcs occur
slightly more often for positive, oval-aligned arcs slightly
+ more often for negative IMF B,, compared to the average
IMF B, distribution during the statistical time period. In
contrast to this, the last three arc types have a clear
preference for negative IMF B,. From Figure 8a it can be
seen that for these arc types IMF B, is not only negative but
strongly negative. Most of the events occur for IMF B, less

: than —5.4 nT, nearly none of them has positive IMF B,
oval—aligned arcs (28 events) values greater than 0.5 nT. The distribution of the IMF B,
component is less clear (Figures 7 and 8b). Bending and
oval-aligned arcs occur for an average IMF B, distribution,
moving arcs mainly for weak IMF B, most often negative
before and positive after the events, most midnight and
multiple arcs occur during positive IMF B,. The most
significant difference between the clear polar arc types is
found for the IMF B, distribution (Figure 7). While bending
- arcs start to develop as often for B, positive as negative,
moving arcs (11 events) oval-aligned and moving arcs occur almost exclusively
: + during northward IMF. Most midnight and multiple arcs
develop during northward IMF. The change of the IMF B,
sign distribution in time is, however, similar for all clear
polar arc events. The highest (lowest) number of northward
IMF cases is found 1 to 2 hours before (after) the events.
Looking at the strength of IMF B, in Figure 8c, it is
interesting that some bending arcs occur for IMF B, values
midnight arcs (6 events) less‘ t.han —2.3 nT while all o_ther arc types appear during
e s e——— X positive or only weakly negative IMF B, values.

: + [38] As could be expected from earlier studies, a strong
dependence is found of the polar arc location on the sign of
IMF B,. These results are presented in Table 1, listing the
number of arcs which at their start time appear on the
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Figure 7. (opposite) The distribution of the sign of each
multiple arcs (7 events) IMF component as percentages of events for all small splits,
: + clear polar arcs, and each of the clear polar arc types. The
dotted lines give the distribution between positive and
negative signs of each IMF component during the statistical
time period. The grey bars above (below) the black bars
show the hourly averaged IMF component signs up to §
hours before (after) the polar arc event. The first and second
black bars show the IMF component sign at the event start
and the average IMF component sign during the event.
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SMP 13-13

Table 1. Polar Arc Locations at Their Start Time Versus Average IMF B, Values During the Events

Duskside Arc Middle Arc Dawnside Arc
Arc Type B,>0 B, <0 B,>0 B, <0 B,>0 B, <0
small splits 43 17 27 6 32 21
clear polar arcs 24 8 6 0 23 13
bending arcs 1 5 0 0 13 3
oval-aligned arcs 14 1 3 0 2 8
moving arcs 2 2 1 0 6 0
midnight arcs 3 0 1 0 1 1
multiple arcs 4 0 1 0 1 1

dawnside, in the middle, or on the duskside of the oval
sorted by the average sign of IMF B, during each event.

[39] Interestingly, there is only a marginal difference
between the number of dawnside and duskside polar arcs.
The majority of small splits and clear polar arcs appear
during positive IMF B,. This is probably due to the fact that
IMF B, is positive during two-thirds of the statistical time
period. From Table 1 it is clear that most bending and
moving arcs start to develop at the side of the oval which is
opposite to the direction of the IMF B, component. Both arc
types move poleward, which means that most of these arcs
move in the direction of IMF B,. The nonmoving arc types,
midnight and oval-aligned arcs, are on average located at
the side of the oval toward which the IMF B, component
points. Also, multiple arc events start with an arc which
appears at the side of the oval in direction of IMF B,
Looking at the sign of IMF B, at the event start time instead
of the average during the event shows the same tendency,
slightly better for bending arcs but less clear for oval-
aligned and moving arcs.

[40] Each arc type contains 10-20% of cases which
deviate from this scheme. Several of them are hybrid or
faint events. Other clear polar arcs develop during IMF
conditions which only slightly deviate from the expected
IMF behavior. This includes cases such as an oval-aligned
arc which occurs for IMF B, having the “wrong” sign but
values close to zero or a moving arc which appears after a
clear IMF B,, drop from positive to zero instead of a sign
change. Only the location of one midnight arc deviates
clearly from the expected pattern. Not included in Table 1
are the secondary arcs which develop during one-third of all
clear polar arc events. They are often very small or faint
such that most of them could be categorized as small splits.
Nearly all secondary arcs occur for the same IMF B, sign
(taking the average IMF B, during the lifetime of the second
arc) as the main arc itself.

3.5. Connection Between Polar Arcs and IMF Sign
Changes

[41] Very interesting results are found from looking at the
clock angle distributions for the different polar arc types in
Figure 9. In this figure, the IMF clock angles between IMF
B. and the absolute value of IMF B, are shown. The clock

angles ranging from 0 (pure northward IMF) to 180 degrees
(pure southward IMF) are divided into five equally large
intervals. Each row shows for each polar arc type the
average clock angle distribution (from left to right) 2 hours
before, 1 hour before, at the event start, and during the
event. The average IMF distribution during the entire
statistical period is shown as the grey shaded areas in the
first plot of the top row.

[42] On average, the IMF is distributed equally between
positive and negative B, with |B,| dominating |B.| most of
the time. Small splits occur preferably for dominating |B,)|
and small, positive B.. As expected already from Figures 8b
and 8c the IMF clock angle does not change considerably
for small splits. For bending arcs the average IMF clock
angle distribution changes from around 70 degrees 1 hour
before the event to around 100 degrees at the event start and
back to around 80 degrees during the event. This corre-
sponds to an IMF B, sign change from northward to slightly
southward and back again. Oval-aligned arcs occur on
average for a constant IMF clock angle distributions around
45 degrees. The average IMF distribution changes toward
this IMF clock angle distribution around 1 hour before the
event start. Moving arcs occur on average approximately 1
hour after a change from 45 degrees toward strictly north-
ward IMF and back again. As discussed below, this IMF
clock angle change is due to an IMF B, sign change. An
IMF B, sign change cannot be seen in this kind of plot since
the absolute value of IMF B, is used. For midnight and
multiple arcs the IMF clock angle changes are less clear, but
both occur for varying IMF clock angles during predom-
inantly northward IMF. The IMF clock angle distribution
plots of Figure 9 give only the percentage of events with an
IMF clock angle within a certain interval. Thus, one cannot
conclude with certainty from these plots that an IMF B,
(IMF B,) sign change takes place for each single bending
(moving) arc event or that all oval-aligned arcs occur during
constant IMF.

[43] Table 2 gives the percentage of cases which contain
IMF B,, B,, or B. sign changes during the last 10 min (left
column) and during the last 60 min (right column) before
the polar arc starts to appear. In both cases sign changes up
to 10 min after the event start have been included because of
a possible uncertainty in the arc start time (it is often

Figure 8. (opposite) The distribution of (a) IMF B,, (b) IMF B,, and (c) IMF B, as percentages of events for all small
splits, clear polar arcs, and each of the clear polar arc types. The different magnitude ranges are chosen such that the IMF
component is equally distributed between the four intervals during the statistical time period (dotted line at 25%). The grey
bars to the left (right) of the black bars show the distribution of the hourly averaged IMF component up to 5 hours before
(after) the polar arc event. The black bars show the IMF magnitude distribution at the event start (left black bar) and the
average IMF magnitude distribution during the event (right black bar).



SMP 13-14 KULLEN ET AL.: POLAR ARC STATISTICS

2H BEFORE EVENT 1H BEFORE EVENT AT EVENT START DURING EVENT

80%[ Bz 80%[ Bz 80%[ Bz 80%[ Bz
40% 40% 40%
small splits I8yl I8yl I8yl
(146 events) o 1 o o
40% 40% 40%
80%( Bz 80%( Bz 80%( Bz
40% 40% 40%
bending arcs I8yl Iyl Iyl
(22 events) 80% 80% 80%
40% 40% 40%
80%[ Bz 80%[ Bz 80%[ Bz 80%[ Bz
40% 40% 40% 40%
oval—aligned arcs I8yl I8yl é ; I8yl I8yl
28 events i 1 i i
( ) 80% 80% 80% 80%
40% 40% 40% 40%
80%[ Bz 8 Bz 80%[ Bz 80%[ Bz
40% 40% z z
moving arcs 1Byl 1Byl 1Byl 1Byl
11 events I i i i
( ) 80% 80% 80% 80%
40% 40% 40% 40%
80%[ Bz 80%[ Bz 80%[ Bz 80%[ Bz
70% 40% 40% 40%
midnight arcs Iyl Iyl Iyl Iyl
6 events
( ) 80% 80% 80% 80%
40% 40% 40% 40%
80%[ Bz 80%[ Bz 80%[ Bz 80%[ Bz
40% z 40% 40%
multiple arcs Iyl Iyl Iyl Iyl
7 events
( ) 80% 80% 80% 80%
40% 40% 40% 40%

Figure 9. The distribution of the IMF clock angle between IMF B. and the absolute value of IMF B,, for
each polar arc type. The distributions of the hourly averaged clock angles for the second and the first hour
before the events, at the event start, and the average value during the events are shown. The grey shaded
areas in the first plot of the top row show the average IMF clock-angle distribution during the statistical
time period.
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Table 2. Percentages of Polar Arc Events With IMF Sign Changes Occurring Within Two Different Time

Intervals Around the Arc Start Times

B, Sign Change B, Sign Change B. Sign Change
Arc Type —10/+10 min  —60/+10 min _ —10/+10 min  —60/+10 min  —10/+10 min _ —60/+10 min
small splits 12% 27% 16% 34% 42% 69%

8%
5%
18%
0%
0%
0%

31%
32%
29%
36%
17%
43%

clear polar arcs
bending arcs
oval-aligned arcs
moving arcs
midnight arcs
multiple arcs

14%

14%
18%
17%
14%

39%
23%
29%
82%
67%
43%

34%
50%
18%
27%
67%
29%

57%
82%
39%
45%
67%
57%

9%

difficult to define an exact start time from the UV images
and the IMF data used for comparison is 5-min averaged
data).

[44] Table 2 shows the same tendency as the IMF clock
angle distribution plots. Nearly all of the bending (moving)
arcs occur after an IMF B, (IMF B,) sign change. For half of
the bending arcs an IMF B, sign change takes place within
10 min of the start time but only one quarter of the moving
arcs occur directly before or after an IMF B, sign change.
Most moving arcs start to develop 10 to 60 min after an IMF
B, sign change. Nearly half of the moving arcs involve an
IMF B, sign change as well. Interestingly, many small splits
occur in connection with an IMF B, sign change. Only oval-
aligned arcs have a low rate of IMF sign changes. The
majority of midnight and moving arcs involve both IMF B,
and IMF B, sign changes. Except for multiple arcs only a
minority of polar arcs appear after an IMF B, sign change.

[45] Studying IMF time series for each of the clear polar
arc events confirms the tendency shown in Table 2. Eight of
11 moving arcs appear after an IMF B, sign change which
took place up to 1 hour before the event start. Of the three
other events, two events are hybrid cases which may be
classified as oval-aligned arcs, one of them contains an IMF
B, drop from strongly positive to around zero. Only one
unclear case exists (it may in fact be a midnight arc) where
the arc moves nearly over the entire polar cap, without an
IMF B, sign change taking place within hours. Most
bending arcs occur for small values of IMF B,, changing
several times between positive and negative values. All but
one bending arc appear after an IMF B, sign change. This
event may be a multiple arc event since a secondary arc
appears from midnight. Unfortunately, the field of view
does not allow the entire event to be observed. From the
comparison between event start and IMF data (which may
contain uncertainties up to 10 min) we find that one-third of
the bending arcs appear at an IMF B, southward turn, one-
third appear during a southward IMF period approximately
20-30 min after the last or before the next B, sign change
and one-third occur at the B, sign change back to northward.
The negative IMF B, period is between 20 and 40 min long
for half of the cases, for the other half it lasts 1 to 2 hours.
Only in one case there is a strong B, southward period of
several hours. The only clear polar arcs which occur after
many hours of nearly constant IMF are oval-aligned arcs.
Not all oval-aligned arcs appear during these conditions.
One-third of the oval-aligned arcs occur after an IMF B, or
B. sign change, another third involves an IMF B, or IMF B,
sign change during the event. For midnight and multiple
arcs the IMF contains several sign changes. As the data look
very different from case to case no clear tendency is found.

[46] Figure 10 shows the IMF data for the five arc-type
examples of Figure 5. The plots demonstrate the clock angle
dependence of the different arc types discussed in this
section. The data is shifted in time to take into account
the average distance of ACE to Earth magnetopause and
average solar wind velocity during the 6 hours shown in the
plots. The grey regions mark the arc lifetime, the dotted
(and dashed) lines mark the start and stop times of a
secondary arc (and tertiary arc in case of appearance). For
the midnight arc event the dotted line indicates the time a
triangle-shaped bulge develops. The oval-aligned arc occurs
for nearly constant IMF B,, and B.. The moving arc starts to
develop during a major IMF B, sign change, and a secon-
dary arc appears at an IMF B, drop to zero. The bending arc
appears 15 min after a small IMF B, southward turn. A
midnight arc occurs during changing IMF B, 35 min after
the development of a bulge. The IMF was predominantly
northward during the 2 hours preceding the bulge develop-
ment. The three arcs of the multiple arc event appear during
slightly changing IMF B, and B..

3.6. Connection Between Polar Arcs and IMF
Magnitude, Solar Wind Velocity, and Density

[47] Figure 11 shows the distribution of the IMF magni-
tude (Figure 1la), solar wind velocity (Figure 11b), and
solar wind density (Figure 11c) for all polar arc events. The
plots are done in the same way as the plots for the IMF B,,
B,, B, components in Figure 8.

[48] Studying the IMF magnitude distribution in Figure
11a, it is easily seen that small splits have a distribution
which is nearly identical with the IMF distribution itself
while most clear polar arcs appear for larger IMF values.
The values of the IMF magnitude before, during, and after
the event are approximately the same. Looking at the
different clear polar arc types, bending arcs have a similar
distribution as small splits, all other arc types occur on
average for higher IMF magnitude. Moving arcs contain the
highest percentage of cases which occur during strong IMF.

[49] The distribution plots of the solar wind speed (Figure
11b) show that not only most of the clear polar arcs but also
most small splits appear during times of higher solar wind
velocities than average. Bending arcs have again a distri-
bution similar to small splits. Only oval-aligned arcs have a
nearly average velocity distribution. Most moving, mid-
night, and multiple arcs occur during times of very high
solar wind velocities.

[50] Interestingly, the solar wind density is neither corre-
lated to small splits nor to clear polar arcs (Figure 11c). The
density distributions for each clear polar arc type shows no
clear tendency. Bending, oval-aligned, and multiple arcs
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Figure 10. IMF components from ACE data for each of
the clear polar arc type examples shown in Figure 5. The
propagation time Atz (calculated from a 6-hour average of
velocity and distance of ACE to Earth) is added to the time.
The grey region shows the time period of the arc occurrence
and the dotted lines show (in case of existence) start and
stop times of the secondary and tertiary arcs except in the
second to last plot, where the dotted line indicates the
appearance of a bulge.
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correlate with the average density distribution during the
statistical time period whereas midnight arcs lack cases with
highest density values and moving arcs occur either for very
low or very high solar wind densities.

3.7. Connection Between Polar Arcs and Solar
Wind Dynamic Pressure, Energy Flux, and the
Anti-Epsilon Parameter

[51] In Figure 12, three derived quantities from the
basic solar wind parameters are shown, the solar wind
dynamic pressure p” (Figure 12a), the solar wind energy
flux (1/po)vB? (Figure 12b), and the anti-epsilon parameter
(le*/1o)vB? cos*(0/2) (Figure 12¢) introduced above.

[52] One might expect that the solar wind dynamic
pressure plays a role in the occurrence of polar arcs. This
is not so obvious as demonstrated in Figure 12a which
presents the solar wind dynamic pressure for all polar arcs.
Neither small splits nor clear polar arcs deviate much from
the average dynamic pressure distribution. Looking at each
arc type in detail, one finds that both bending and oval-
aligned arcs have average dynamic pressure distributions.
For moving arcs the result is unclear, they do not appear
within 1.2-2.4 nPa dynamic pressure range. Due to the very
high solar wind velocities, midnight and multiple arcs have
many cases with high solar wind dynamic pressure. This is
most pronounced for midnight arcs with more than half of
the events in the highest range of solar wind dynamic
pressure.

[53] Looking at the solar wind energy flux (1/po)vB® in
Figure 12b, one finds, as expected from the IMF magnitude
and solar wind velocity distribution plots in Figures 11a and
11b, that the distribution of the energy flux for small splits
corresponds to the average distribution during the statistical
time period while clear polar arcs often occur for high
energy flux values. Again, bending arcs have a nearly
average energy flux distribution, oval-aligned arcs dominate
only slightly for higher energy flux while the last three arc
types occur during solar wind conditions with extremely
high energy flux.

[s4] The anti-epsilon parameter which combines the
effect of strong solar wind velocity, IMF magnitude, and
small IMF clock angle results in even more pronounced
distributions within the range of high values (Figure 12c).
Also small splits appear more frequently for higher anti-
epsilon values. Of the clear polar arc events nearly 60%
appear for the highest anti-epsilon values. For most clear
polar arcs the anti-epsilon value is clearly higher than
average during at least 5 hours before and after the events
due to the IMF magnitude and the solar wind velocity
distributions (comparing Figure 12¢ with Figures 11a and
11b). As expected from Figures 7, 8b, 8¢, 11a, and 11b the
distribution of the anti-epsilon parameter is nearly the same
before and after the events for small splits whereas for clear
polar arcs the anti-epsilon distribution changes consider-
ably. The number of clear polar arc cases with highest anti-
epsilon values increases to a maximum 2 hours before the
start time and decreases to lower values during the event.
The main cause for this is the change of the IMF B.
distribution with time (Figure &c). The anti-epsilon distri-
bution plots for each type of clear polar arcs reveal that all
except bending arcs occur mostly for highest anti-epsilon
values and have similar time-histories of the anti-epsilon
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a) IMF MAGNITUDE b) SOLAR WIND VELOCITY c) SOLAR WIND DENSITY
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Figure 11. The distribution of (a) IMF magnitude, (b) solar wind velocity, and (c) solar wind density as
percentages of polar arc events. The figures are done in the same way as Figure 8.
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Figure 13. Each mark shows the time which is occupied
by all clear arcs within one time period for which UV
images are available (13 hours 45 min) versus the time
integrated anti-epsilon parameter during that interval.

distribution. Looking at each clear polar arc event in detail,
most cases show a temporal evolution of the anti-epsilon
parameter which is similar to the change of the anti-epsilon
distribution in Figure 12c¢. The anti-epsilon value increases
to a maximum value up to hours before the event start and
decreases during the event.

[55] The anti-epsilon parameter curve overlaid with all
polar arc events from Figure 6 indicates already that this
parameter may be used as a measure of the polar arc
occurrence probability. For a better analysis it is necessary
to analyze the parameter values during times where polar
arcs are absent. A nearly average distribution of the solar
wind parameters is found when taking the distribution of the
anti-epsilon values for all time periods where no polar arc is
visible on the UV imager. This is due to the fact that in most
cases the anti-epsilon value is high also hours before and
after the event. In Figure 13 the time integrated anti-epsilon
parameter for each interval of continuous coverage by the
UV imager (13 hours 45 min) is plotted versus the time
during which clear polar arcs (including unclassified clear
polar arc events) occur within this interval. With a correla-
tion coefficient of 0.47 there is only a weak linear correlation

SMP 13-19

between arc time and integrated anti-epsilon values. Still,
Figure 13 contains other valuable information. The plot
shows that of a total of 117 intervals during the entire 3
months there exist 56 intervals which do not contain any
clear polar arcs at all. Nearly all of these non-arc periods
(marks at ¢ = 0) have integrated anti-epsilon values which do
not exceed 190 GWh. Five of the seven non-arc intervals
which have higher values than 190 GWh occur during the
time period when the UV images have an extremely low
resolution (due to the closure of the transparent MgF
window at the UV imager). All intervals with integrated
anti-epsilon values above 400 GWh contain at least one clear
polar arc event. Excluding the seven non-arc intervals with
the highest values, the maximum value for non-arc periods is
190 GWh. Around 60% of the intervals containing clear arcs
have values above this limit. The distribution of different
clear arc types in Figure 13 is complicated since one interval
often contains several arc types, but, in general, intervals
with highest anti-epsilon values contain moving or oval-
aligned arcs. Multiple arcs occupy the longest interval time
but have medium parameter values only. The more short-
lived midnight arcs occur for even lower values and bending
arcs occur during very low values, as is expected from
Figure 12c.

4. Discussion
4.1. IMF B, and B, Dependence of Polar Arcs

[s6] The study finds a clear IMF B,, control of the location
and motion of clear polar arcs in the Northern Hemisphere.
Nearly all clear polar arcs, separating from the side of the
oval which is opposite to the direction of the IMF B,
component, move poleward in the direction of IMF B,
(bending arcs, moving arcs). The majority of the clear polar
arcs occurring on the side of the oval in the direction of IMF
B, do not move considerably, they remain oval-aligned
(midnight arcs, oval-aligned arcs). This confirms on a
statistical basis what has been shown previously for single
events: the results of Valladares et al. [1994] about the IMF
B,, control of small-scale Sun-aligned arcs (Figure la) are
valid also for large-scale polar arcs. As mentioned in the
introduction, Elphinstone et al. [1990] found a slightly
different IMF B, dependence for Northern Hemisphere
oval-aligned arcs (Figure 1b). While dusk arcs appear for
positive IMF B, only, dawnside arcs might appear for both
signs of IMF B,, but only when IMF B has a sign opposite
to IMF B,. Whether or not these results are confirmed in this
study is unclear, the results vary for different subsets of the
clear polar arcs. Looking at oval-aligned arcs only the
Valladares et al. [1994] results are confirmed. Including
all secondary oval-aligned arcs the IMF distribution is
similar to Elphinstone et al.’s [1990] results. Deviating
from their results is the total lack of oval-aligned and
secondary oval-aligned arcs for IMF B, and B, both being
positive, although this may not be statistically significant as
B, and B, are both positive only in 6% of the statistical time
period (which is unusually rare). Our results indicate that

Figure 12. (opposite) The distribution of (a) the solar wind dynamic pressure (0, (b) the solar wind energy flux
((1/0)vB?), and (c) the anti-epsilon parameter (vB? cos*(0/2)(ly*/jio)) as percentages of polar arc events. The figures are

done in the same way as Figure 8.
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only the location of the main arc is controlled by the IMF B,,
sign, not the small secondary arcs which may be interpreted
as part of a structured oval.

[57] The observations by Valladares et al. [1994] and
others of small-scale Sun-aligned arcs appearing preferably
on the dawn side is a feature that does not apply to larger polar
arcs. In our study both small splits and clear polar arcs occur
as often on the dusk as on the dawn side of the auroral oval.

[s8] The more spectacular arc types, moving, midnight,
and multiple arcs occur nearly exclusively for strong neg-
ative IMF B,. This agrees with the statistical results by
Lassen and Danielsen [1978] that small-scale Sun-aligned
polar arcs occur more frequently in the Northern Hemisphere
during periods of negative IMF B,. As mentioned above,
Tijima et al. [1984] show that the density of NBZ currents in
the southern hemisphere increases linearly with positive IMF
B,. The more anti-parallel direction between the solar wind
and the magnetospheric magnetic fields in the northern
(southern) nightside hemisphere for negative (positive) B,
and northward B, might have a strengthening effect on lobe
reconnection in the northern (southern) hemisphere. This
implies a stronger energy coupling between the solar wind
and the magnetosphere on the tail lobe field lines, possibly
showing up as a strengthening of the NBZ current system
and in the occurrence of intense polar arcs.

4.2. A Comparison Between the Statistical Results and
Different Polar Arc Models

[59] As mentioned in the introduction, the magnetotail is
strongly twisted for nonzero IMF B, if IMF B, is positive.
The degree of twisting increases downtail and toward the
flanks. Since a time span of 30 to 60 min is required for the
entire magnetotail to respond to an IMF direction change
[Frank and Craven, 1988], a maximal twist should occur
after an extended period of steady IMF. It is possible that
the twisting increases with higher IMF magnitude (P.
Janhunen, private communication, 2002). The solar wind
conditions found for oval-aligned arcs support a very large
and constant twisting of the entire tail. Nearly all oval-
aligned arcs occur for positive IMF B, and the IMF has been
northward for at least 1 to 2 hours before the event start. The
IMF is typically not varying much, often IMF B, and B. are
equally strong, and in many cases the IMF magnitude is
high. Oval-aligned arcs occur mostly on the side of the oval
which maps to the plasma sheet flank reaching far into the
lobes. The theory of a twisted plasma sheet with the high-
latitude flank mapping to a polar arc [Makita et al., 1991]
fits very well to this type of clear polar arcs (Figure 2a).

[60] Moving arcs occur for similar IMF conditions as
oval-aligned arcs with one major difference, they are
probably triggered by an IMF B, sign change up to an hour
before the arc appears. An IMF B, sign change from
negative to positive causes in the Northern Hemisphere an
arc to move from dawn to dusk and vice versa. The long
time delay between the IMF B, sign change and the arc
appearance makes it probable that the development of a
moving arc is connected to a large-scale tail reconfiguration
caused by the IMF sign change. The statistical results
support the theory proposed by Kullen [2000] of a rotation
of the entire magnetotail which is induced by an IMF B,
sign change and makes it possible for a moving arc to
appear in the ionosphere (Figure 2b). Again, northward IMF
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is necessary for a large tail twist to occur. The IMF B, sign
change causes the tail to change its twist first in the near-
Earth tail and later in the far tail such that as an intermediate
state the far tail plasma sheet maps into the high lobes of the
near-Earth tail resulting in a poleward-moving arc in the
ionosphere. According to this model the lifetime of a
moving arc would be related to the time the magnetotail
needs for a complete reconfiguration of its topology plus a
possible internal magnetospheric delay. Assuming a solar
wind speed of 500 km/s and a tail length of 150 Rg it takes
approximately 40 min before the new IMF direction reaches
the far tail. To penetrate from the flanks into the tail center
takes another 45 to 60 min according to MHD simulation
results [Walker et al., 1999]. If we consider a further
unknown time delay for field-aligned currents to reconfig-
ure in response to the IMF change a moving arc should last
for 1.5 hours or more. The lifetimes of moving arcs found in
this study are extremely long, most of them last for about 2
hours, some even longer. For none of the moving arc cases
was the IMF constant before and after the IMF B, sign
change. The IMF B, component stays fairly constant but in
many cases southward IMF turns occur either at the start
time or during the event. An IMF B, sign change at the arc
start time probably influences the arc evolution, maybe in a
similar way as for bending arcs. Interestingly, in all four
cases where a secondary arc occurs during a moving arc
event, a short-lived IMF B, drop to zero takes place just
before the appearance of this secondary arc. More detailed
investigations are necessary to clarify the influence of an
IMF B. sign change on the motion and lifetime of moving
arcs.

[61] Both the tail twist model [Makita et al., 1991] and
the twist rotation model [Kullen, 2000] propose a magneto-
tail topology which causes the closed field lines to map
partly poleward of the main oval such that a region of
closed field lines appears inside the polar cap. This field line
configuration makes it possible for an auroral arc to appear
poleward of the main oval boundary. The models do not
explain explicitly how the field-aligned currents are gen-
erated in the tail, but both models assume that the field-
aligned currents which cause the polar arc are generated in
the same way as the region 1 currents of the main auroral
oval, i.e., the currents are produced at the boundary between
the plasma sheet and the lobes. In these models the polar arc
currents have their source region in the boundary of the far
tail plasma sheet near the flank which is twisted to high
latitudes.

[62] Bending arcs occur for quite different solar wind
conditions from the other clear polar arc types. Most
bending arcs develop during IMF B, values near zero and
are connected to an IMF B, sign change. Small splits appear
during similar solar wind conditions as bending arcs. Also,
nearly half of the small splits occur close to an IMF B, sign
change. Although small splits and bending arcs have an
average solar wind distribution and a quite short lifetime in
common, only one-third of the small splits resemble bend-
ing arcs. Even poleward moving auroral forms start to
appear after an IMF B, sign change (southward turn)
[Sandholt et al., 1998]. Whether or not all three arc types
or subgroups of them are triggered by the same mechanism
remains unclear. The theory developed by Newell et al.
[1997] and Chang et al. [1998] where an IMF B. flip causes
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a jump of the dayside merging line, leading to a new region
of open field lines in the high latitude ionosphere may
explain the development of bending arcs. It predicts a short
lifetime of the arc and its immediate appearance after an
IMF B, sign change. Some bending arcs reach far into the
polar cap and last for more than 1 hour and thus they are
likely to be associated with large-scale magnetotail defor-
mations as well as the other polar arc types, which is not
explicitly addressed in Newell et al.’s [1997] model. To
extend this model to include IMF B, sign changes as
proposed by Chang et al. [1998] is questionable. Certainly
a jump of the dayside merging line needs to be taken into
account for any IMF sign change but the long time delay
between the sign change and the arc occurrence and the
long lifetime of the arcs indicate other mechanisms (such as
magnetotail rotation).

[63] Midnight arcs develop in a completely different way
from all other arc types. The arc forms from a large
triangle-like bulge toward noon, within an extremely short
time span, suggesting that some type of instability is
involved in this process. The midnight arc model by
Rezhenov [1995] assumes an interchange instability in the
magnetotail to be responsible for the formation of an arc
within the nightside oval (Figure 2c). The probability for an
interchange instability increases with increasing curvature
of the magnetic field lines. Rezhenov [1995] predicts that
strong northward IMF B, and/or strong solar wind speed
during a substorm recovery is necessary for the tail mag-
netic field to become dipolarized and the plasma sheet to
have a very short extension. These conditions agree very
well with the observations of midnight arcs. All but one
midnight arc occur clearly at the end of a long substorm
recovery phase, during most cases the solar wind speed is
very high and IMF B, has been predominantly northward
for at least 1 hour before the triangle-like bulge occurs.
Midnight arcs are the only arcs occurring for clearly higher
than average solar wind dynamic pressure which causes the
plasma sheet to thicken such that the region of closed field
lines maps to higher latitudes, resulting in a broad and
contracted oval. According to Rezhenov [1995] the oval
needs to be contracted so that the poleward oval boundary
appears at very high latitudes. The UV images indicate that,
just before the triangle-like bulge appears, the poleward
boundary of the main oval is located on even higher
latitudes than predicted by Rezhenov [1995]. His simula-
tions of the motion of the poleward auroral boundary show
that the oval on both sides of the arc moves considerably
equatorward during the formation of the arc, which is not
explicitly discussed in his paper. This phenomenon occurs
in our observations as well. The whole oval widens during
the formation of the midnight arc. The widening and
thinning of the main oval probably reflects the recovery
from a substorm to a normal state in the auroral ionosphere.
The majority of the midnight arcs also involve IMF B, and
B, sign changes. How this influences the arc formation is
unclear. However, the dependence of the arc location on the
sign of IMF B,, can be explained (as for oval-aligned arcs)
by a twisted magnetotail.

[64] For multiple arcs the trigger mechanism is unclear.
The solar wind conditions are similar to those for midnight
and moving arcs. The solar wind speed and IMF magnitude
are high and IMF B, is in most cases positive. Maybe
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several plasma sheet filaments stretch into the tail lobes and
map to different arcs, as suggested by Huang et al. [1987].
The changing IMF B, and B. components may cause the
varying formations.

[6s] By considering the dominant features of each clear
polar arc event and examining whether common solar wind
characteristics exist for arcs with a similar evolution, our
statistical results indicated that primarily IMF clock angle
changes are responsible for the evolution of different polar
arc types. This does not exclude additional mechanisms, not
revealed in this study, that may influence the polar arc
evolution as well. Furthermore, it is likely that many events
are the product of several mechanisms acting simultane-
ously on the magnetosphere-ionosphere system.

4.3. Interpretation of the Anti-Epsilon Parameter

[66] The statistical results show that a majority of the
clear polar arcs occur for high solar wind speed and high
IMF magnitude. One hour or more of predominantly north-
ward IMF before event start seems to be a requirement for
the arcs to occur. This holds for all clear polar arcs except
for the bending arcs which more resemble the small splits.
Although the overview plot in Figure 6 indicates a correla-
tion on long timescales between high IMF values and solar
wind velocities, the correlation between IMF magnitude and
solar wind speed for 5 min as well as 1-hour averaged data
is very low (r ~ 0.29) during the statistical time period. A
correlation between IMF clock angle and IMF magnitude
does not exist (r = 0.09). The correlation coefficients
between IMF magnitude and solar wind velocities for polar
arcs are comparable to those of the solar wind. (» = 0.23 for
small splits and 0.41 for clear polar arcs). In a conclusion,
not all arcs for which the IMF values are high occur during
high solar wind velocities and vice versa.

[67] Most arcs visible in the UV images appear for a high
value of the solar wind energy flux (1/j0)vB>. Whether a
high solar wind energy flux is necessary to trigger a polar
arc or whether it provides the energy for a high luminosity
of polar arcs cannot be determined from this study. It is,
however, likely that the magnitude of the solar wind energy
flux is responsible for the rate of occurrence of intense
polar arcs. A support for this assumption is that most
bending arcs, which, on the average are very faint and hard
to detect, do not occur for high solar wind energy flux
values.

[68] In obtaining a parameter which combines the effect of
high solar wind magnitude and/or solar wind speed with a
northward IMF direction several combinations are possible.
In this paper the anti-epsilon parameter is introduced, con-
sisting of the well-established Akasofu-Perreault parameter
with a cosine function instead of a sine function. Our
statistical results show that during a time period with a high
anti-epsilon parameter many and/or long-lived clear polar
arcs occur. The choice for this parameter is somewhat
arbitrary. The anti-epsilon parameter has only marginally
higher values during polar arc events, for periods of high arc
frequencies and correlation to arc lifetime (Figures 6, 12c,
and 13) than other combinations of v, |B| and IMF B, north-
ward. For example, the e*-parameter by lijima et al. [1984]
gives fairly good correlations with arc frequencies and life-
times as well. As mentioned above, this parameter is strongly
correlated to the peak current density of NBZ currents in the
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dayside polar cap. The connection between the anti-epsilon
parameter and the polar arc current densities is not inves-
tigated here. But the similarity to the e*-parameter suggests
that the anti-epsilon parameter has a strong correlation with
the current density of clear polar arcs as well.

[69] Another way to interpret the anti-epsilon parameter
can be found from its connection to substorms. A negative
correlation between AE index and polar arc occurrence has
been shown previously [Ismail et al., 1977; Lassen and
Danielsen, 1989]. The connection between the Akasofu-
Perreault epsilon parameter and the AE index is well-
known. This means that for a high anti-epsilon value the
AE index is low. It is commonly believed that during
southward IMF solar wind energy is stored inside the
magnetotail which is released periodically via substorm
processes. Our suggestion is that for high anti-epsilon
values (low AE but high solar wind energy flux) the energy
coupling process is different, the energy is not stored inside
the magnetotail but large tail deformations take place which
create the closed field line topology necessary for polar arcs
to occur.

5. Summary

[70] We present a statistical study of over 200 polar arcs
identified utilizing the Polar UV imager. Solar wind data
from the ACE satellite are examined in order to determine a
possible solar wind control of these arcs. A strong IMF
control of clear polar arcs is found, while small splits seem
to appear nearly independent of solar wind conditions. The
majority of clear polar arcs occur for northward IMF with
high IMF magnitude and/or high solar wind speed.

[71] In this paper we have introduced the anti-epsilon
parameter vB* cos*(8/2)(ly*/jip) which combines the effect of
northward IMF with a high IMF magnitude and solar wind
speed. A high anti-epsilon parameter means high solar wind
energy flux during northward IMF conditions. Northward
IMF seems to be necessary for most polar arcs to occur,
with high IMF magnitude and large solar wind velocity
providing the energy for a high luminosity of polar arcs.
Similar to the original epsilon parameter for substorms, this
parameter gives on long timescales (days) the occurrence
probability for clear polar arcs. Most of the clear polar arcs
occur for high values of the anti-epsilon parameter, with the
highest anti-epsilon values occurring 1 to 2 hours before an
event start.

[72] The clear polar arc cases are subdivided into five
categories according to their spatial behavior: bending arcs,
oval-aligned arcs, moving arcs, midnight arcs, and multiple
arcs. The arc location for all arc types is controlled by the
IMF B, component. In the Northern Hemisphere, bending
and moving arcs move toward the side of the oval pointed at
by IMF B, whereas the nonmoving arcs are located at that
side of the oval from the very beginning. A clear IMF B,
dependence is found for moving, midnight, and multiple
arcs. They all occur preferably during strong, negative IMF
B,. IMF clock angle changes are responsible for the
formation of at least two different arc types. For each of
the arc types there exist a set of favorable solar wind
conditions which are listed below:

1. Bending arcs have similar characteristics to those
of small splits. Bending arcs occur during average IMF
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conditions with IMF B. fluctuating around zero and for
slightly higher solar wind velocities than average. They are
probably initiated by an IMF B, sign change. They appear
quite often but are short-lived and faint.

2. Oval-aligned arcs are a common northward IMF
phenomenon occurring for high IMF magnitude, often for
steady IMF with IMF B. and B, components having similar
magnitudes. They persist from tens of minutes up to hours.

3. Moving arcs occur during IMF conditions with a
strong northward component and generally large solar wind
speed and IMF magnitude. They usually develop up to an
hour after a large-scale IMF B, sign change and last for
several hours.

4. Midnight arcs occur for high solar wind speed and
solar wind dynamic pressure with varying IMF B, and B.
and at least 1 hour of predominantly northward IMF before
a large triangle-like bulge appears out of which a midnight
arc develops. All midnight arcs develop at the end of a
substorm recovery phase and last up to some hours.

5. Multiple arcs occur during high solar wind speed and
magnitude with positive IMF B. and varying IMF B, and B..
What triggers the appearance of each arc in a multiple arc
event remains unclear.

[73] The results presented in this statistical study show
clearly that the occurrence and evolution of polar arcs is
determined to a large extent by the solar wind energy and
IMF orientation. Especially the latter seems to play a major
role in reorganization of the magnetosphere which is
reflected in the change of the high latitude auroral precip-
itation pattern.
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Abstract

We investigate with the help of a magnetohydrodynamic (MHD) model how the
large-scale topology of the magnetosphere develops for a constant interplanetary mag-
netic field (IMF) with different IMT clock angles and for an IMT" 3, sign change during
northward IMF. A detailed examination of the topological changes in the tail and the
ionosphere for different IMF conditions shows a good agreement with observational
results.

The MHD simulations for different constant IMF clock angle cases show the ex-
pected field-line bending and tail twisting for nonzero IMI® 3. The tail becomes longer
and at its tailward end stronger twisted for IMF B, > |B,| than for IMF B, < |B,]|.
The field lines originating in the high-latitude flank of the far-tail plasma sheet map
into the near-Earth tail lobes and to a strongly poleward displaced polar cap bound-
ary. A comparison with observations suggests that an oval-aligned arc may occur on
the high-latitude part of the polar cap boundary.

An IMF B, sign change causes large deformations of the tail. After the IMF B, flip
the near-Earth and far-tail plasma sheet regions are oppositely twisted which causes in
the near-Earth tail a bifurcation of the closed field line region that moves from one flank
to the other. The bifurcated part of the closed field line region maps to a bridge of closed
field lines moving over the entire polar cap. This moving bridge may be interpreted as
the mapped region of a moving transpolar arc. Based on earlier observations, such a

type of polar arcs are expected to occur after an IMI* 13, sign change.



1 Introduction

The structure of the magnetosphere is strongly controlled by the direction of the interplanetary
magnetic field (IMF). Especially the north-south component of the IMF but also the dawn-dusk
component of the IMF influence the auroral precipitation pattern in the ionosphere and the large-

scale topology of the magnetotail.
1.1 IMF By and B, effects on the auroral precipitation pattern

It is well known that the polar cap expands during southward IMF conditions and contracts during
northward IMF. Makita et al. (1988) showed that the thickness of the auroral oval increases and the
size of the polar cap decreases with the strength of northward IMF. Polar auroral arcs (auroral arcs
occurring poleward of the auroral oval) are a common phenomenon occurring during northward
IMF (Valladares et al., 1994, and references therein). A recent statistical study by Kullen et al.
(2002) about the dependence of large-scale polar arcs on the IMF direction distinguishes between
five types of polar arcs which are shown to each be related to a characteristic combination of solar
wind parameters.

The results show that those polar arcs occurring after 1-2 hours of nearly constant IMF with a
positive IMF B, and a nonzero IMF B, component are always static polar arcs near one oval side
(oval-aligned arcs). Oval-aligned arcs occur for a broad range of time spans. In average, they last
for 2 hours. Polar arcs moving from one oval side to the other (moving arcs) can in most cases be
related to a large-scale sign change of IMF B, which takes place up to one hour before the arc’s
appearance. Moving arcs are usually transpolar ares, connecting the nightside auroral oval with
the dayside one. IMF B, is predominantly positive one to two hours before and during a moving
arc event. Moving arcs last between one and four hours, unless a large substorm occurs or the IMF
changes to a persistently southward orientation. Such conditions lead to the disappearance of all
types of polar auroral arcs. There exist other polar arc formations that have hardly been reported
in literature: Immediately after an IMF B, sign change often a short-lived polar arc occurs which
bends into the polar cap with the anti-sunward end fixed to the oval boundary (bending arc). In
rare cases, one single arc rises from the nightside oval boundary towards noon (midnight arc). This
type of arc always appears at the very end of a substorm recovery phase. Other polar arc events
are more complicated and involve three or more arcs separating from the oval-sides or the nightside
oval boundary (multiple arc events).

The location of polar arcs is strongly dependent on the sign of IMF B,. A statistical study
about polar cap size and location during northward IMF by Elphinstone et al. (1990) shows that
the location of polar arcs is strongly correlated to the IMF B, component while the main oval
keeps its circular shape. Most dawnside oval-aligned arcs occur for negative IMI* B, and all

duskside arcs occur for positive IMF B,. Moving polar arcs have been found to separate from the



dawn (dusk) side of the oval after an IMF B, sign change from negative to positive (positive to
negative) (Cumnock et al., 1997; Chang et al., 1998). The statistics of Kullen et al. (2002) confirms
these results: In the northern hemisphere, all arc types including a poleward motion (moving and
bending arcs) move toward the side of the oval pointed at by IMF B,, whereas the non-moving

arcs (oval-aligned and midnight arcs) are located at that side of the oval from the very beginning.
1.2 Polar arc models

As large-scale polar auroral arcs are commonly believed to have their source region in the tail
plasma sheet (Frank and Craven, 1988), they probably lie on closed field lines. The occurrence of
closed field lines poleward of the main auroral oval has to be addressed by any model explaining
large-scale polar arcs.

A model, first proposed by Meng (1981), interprets polar arcs occurring during nonzero IMF
By as the poleward boundary of an expanded auroral oval. A highly contracted polar cap oc-
curs typically during strongly northward IMF. A further poleward displacement of the polar cap
boundary on one oval side is caused by a twisting of the tail plasma sheet (Cowley, 1981; Kullen
and Blomberg, 1996). A twist of the magnetotail is well-known to be connected to the IMF B,
component (Kaymaz et al., 1994, and references therein). The hypothesis of a polar arc being the
poleward part of the auroral oval suits best as an explanation for oval-aligned arcs as these are
static arcs that are often not much displaced from the oval boundary.

Moving polar arcs are during part of their life time located in the middle of the polar cap near
the noon-midnight meridian. It has been suggested by several authors (e.g., Kan and Burke, 1985;
Frank et al., 1986; Chang et al., 1998) that during such an event the magnetotail plasma sheet is
bifurcated, i.e., a part of the plasma sheet extends to very high-latitudes, separating the lobes into
a dawn and a duskward part. Huang et al. (1989) suggested that filamentary extensions of the
plasma sheet may reach into the lobes.

Kullen (2000) proposed a model that does not include a plasma sheet bifurcation. Instead, it
is suggested that the evolution of a moving arc may be related to a rotation of the magnetotail
twist which is initiated by an IMF B, sign change. To test this idea, the T89 (Tsyganenko, 1989)
model has been modified in such a way that the near-Earth and the far-tail regions are oppositely
twisted and for each time step the twist rotation is located further tailward. Mapping from the tail
current sheet to the ionosphere results in a bar of closed field lines separating from the main oval
and moving poleward for a tailward propagation of the tail twist rotation. This bar of closed field
lines is interpreted as the mapped region of a moving polar arc. The model polar arc disappears
when the rotation of the tail is completed and the entire tail has returned to a topology typical for
uniform nonzero IMF B,. Varying the input parameters in the model indicates that the duration
of a polar arc event is dependent on the magnitude of IMF B, but not on the spatial extent of the

IMF B, sign reversal region. A broad dawn-duskward extension of the model polar arc appears for



a high IMF B, magnitude and/or a long sign reversal period. An important result is the finding
that although the plasma sheet (as identified from the B? isocontour lines) is ad hoc forced to keep
a butterfly shape, the region of closed field lines is bifurcated in the near-Earth tail. The reason
for the bifurcation is that closed field lines which have their turning point near the high-latitude
flank of the far-tail plasma sheet, map high up into the lobes of the oppositely twisted near-Earth
tail (for a 3D-schematic of the resulting tail topology, see Fig. 2b in Kullen et al. (2002)). The
Kullen (2000) polar arc model is entirely based on the assumption that an IMF B, sign change
causes first the near-Earth tail and later the far tail to respond such that in an intermediate state
the near-Earth and the far-tail regions are oppositely twisted. Data and/or magnetohydrodynamic
(MHD) studies are necessary to investigate the correctness of this assumption.

A polar arc model that became widely accepted in the recent years has been developed by Newell
et al. (1997) and Chang et al. (1998). It explains the creation of a new region of open field lines
dawnward (or duskward) of the main polar cap near noon with an abrupt jump of the dayside
merging line. It is proposed that this jump is caused by an IMF B, or IMF B, sign change. The
closed field line bridge in the ionosphere between the old and the new region of open field lines is
supposed to be the location where a polar arc occurs. Chang et al. (1998) predicted that several
sign changes would be necessary for a polar arc to resist for a longer time. However, observations
show that long-lasting moving polar arcs exist where no further IMF sign changes occurs after a
large-scale IMF By sign reversal (Cumnock et al., 2002). As the model includes the immediate
occurrence of a polar arc after an IMF sign change and a short lifetime of the arc in case no further
IMF variations occur, we believe that this model fits better as an explanation for bending arcs
than for the long-lasting moving arcs.

Many models from the 1980’s assume that transpolar arcs typically grow from the nightside
oval towards noon (e.g., Kan and Burke, 1985; Frank et al., 1986). However, a large number of
observational papers show that most arcs separate from the dawn- or duskside of the oval (e.g.,
Chang et al., 1998). Single midnight arcs are extremely rare events and occur only after a period
of predominantly strong northward IMI at the end of a substorm recovery phase (Kullen et al.,
2002). They all develop from a strongly contracted poleward boundary of the nightside auroral
oval. In the midnight arc model by Rezhenov (1995) precisely these characteristics are suggested
as preconditions for midnight arcs to occur. He suggests that an interchange instability may occur
at the tailward end of a short plasma sheet that causes a tongue of plasma to move tailward. The
tailward moving plasma sheet tongue is supposed to map to a closed field line bar that grows from

midnight to noon in the polar cap.
1.3 IMF By and B, effects on the magnetotail: Observations

The effect of the IMF B, component on the magnetotail consists mainly in a dawn-duskward bend-

ing of the magnetic field lines and a twist of the entire tail. The field-line bending is connected to



an extra B, field that extends over the entire tail. As this extra B, term has the same direction
and is proportional to the IMF B, component, it has been often referred to as 'IMF B, penetration
field’, which indicates a physical process that has not been proven to take place in the magneto-
sphere (in an ideal MHD fluid, often assumed in solar and magnetospheric plasmas, a mixing of
field lines cannot occur). For simplicity, we use this term as well, but only as a description of the
rate of the extra B, term occurring in the tail.

From numerous observations it is known that the IMF B, penetration field is nonuniform. The
average I3, penetration in the tail lies around 10 to 14 percent of the total IMF B, magnitude (e.g.,
Fairfield et al., 1979; Cowley, 1981; Kaymaz et al., 1994). A statistical study of the mid-tail region
by Kaymaz et al. (1994) confirms earlier findings that the IMF B, penetration is much stronger
in the plasma sheet than in the lobes. They found in average 9 and 26 percent penetration in the
lobes and in the plasma sheet, respectively. A maximum penetration of 35 percent was discovered
near the plasma sheet flanks. The strongest IMF B, penetration into the tail seems to occur at the
neutral sheet (defined as the location of the magnetic field line reversal from tailward to earthward,
i.e., where B, changes sign). Lui (1986) and Sergeev (1987) reported penetration rates of 50 and
60 percent of the total IMT' B, field, Borovsky et al. (1998) found an even higher penetration rate
(76%) for cases with 30 minutes or more constant IMF B, before the neutral sheet crossing of the
satellite. All results so far mentioned refer to a tail region of about 20 to 30 Rg downtail from the
Earth.

In numerous data studies, a twisting of the current sheet by 6 to 18 degrees for nonzero IMF 5,
was found (e.g., Sibeck et al., 1986; Tsyganenko, 1998; Kaymaz et al., 1994). Kaymaz et al. (1994)
showed that in average the current sheet is more twisted near the flanks than in the central tail,
Tsyganenko (1998) found the tail twist to increase with the distance from the Earth. MacWan
(1992) reported twists over 90 degrees in the distant magnetotail (z = 115—220Rg). In a statistical
magnetotail study by Owen et al. (1995) much lower twists are found on average but according to
the authors large twists of about 50-60 degrees are possible in individual cases. One major result
of the study by Owen et al. (1995) is a correlation between the degree of plasma sheet twisting
and the sign of IMF B,. For northward IMF, plasma sheet twists are on average twice (6° for
By < 0 and 12° for B, > 0) those for southward IMF (13° for B, < 0 and 24° for B, > 0).
The observation of a high degree of twisting for low geomagnetic activity is probably due to the
connection between quiet conditions and northward IMF.

It seems hard to define the length of the closed field line region from observations. MacWan
(1992) reported that only for dynamic topology changes the region of closed field lines reaches as
far downtail as the region of his measurements. In the static cases the last closed field lines are

earthward of 115 — 220RE.



1.4 IMF By and B, effects on the magnetosphere: MHD model results

Many MHD simulations have been performed to study the magnetospheric topology during purely
northward IMF. In many MHD models the tail becomes completely closed for persistently north-
ward IMF (e.g., Fedder and Lyon, 1995; Song et al., 1999). In this case, the tail length has been
found to be inversely proportional to the strength of positive IMF B, (e.g., Song et al., 1999, and
references therein). When the tail is not closed, it contains open field lines connected with the
IMF and it has no defined length. Instead, the tailward extension of the closed field line region
is studied. Gombosi et al. (1998) using the same MHD model as Song et al. (1999) found that
the closed field line region extends to 120-140 Rg during the first hour after an IMF B, north-
ward turning and then shrinks to a constant length of about 60 Rg. They concluded that a very
long closed field line region for northward IMF seems only to appear as a transient phenomenon.
Raeder et al. (1995) reported for purely northward IMF a much shorter closed field line region
of about 20 — 40Rg near the x-axis but stretching further tailward near the flanks. The plasma
population remains apparently the same earthward and tailward of the last closed field line (Song
et al., 1999). The dawn-dusk diameter of the far-tail lobes depends on IMF B, being more narrow
during northward IMF than during southward IMF (Raeder et al., 1995).

The IMF B, effects on the magnetotail as found from observations appear in many MHD sim-
ulations. The first simulation results focusing on IMF B, effects were published by Brecht et al.
(1981). A run with constant south-dawnward IMF input was presented which shows a twist of
the entire tail and an IMF B, penetration into the neutral sheet. Kaymaz et al. (1995) used the
Fedder-Lyon MHD model (Fedder and Lyon, 1995) to compare their statistical results (Kaymaz
et al., 1994) with MHD simulations. Both the IMF B, penetration and the twisting of the current
sheet in the simulation are in good agreement with the observations. Simulations for constant
IMF input presented by Ogino (1986) show clearly (although not discussed in further detail by the
authors) that the degree of plasma sheet twisting during nonzero IMF B, is dependent on the sign
of IMF B,.

There exist several papers presenting MHD simulation results for a changing IMF clock angle ¢
(6 = 07 for northward, § = 90° for dawnward or duskward, # = 180 for southward IMF). Berchem
et al. (1998) using the code described by Raeder et al. (1995) compared satellite data from the
tail during a period of changing IMF with simulation results. In their simulations the closed field
line region is long and the plasma sheet is highly twisted for small IMF clock angles only, as
expected from the statistical study by Owen et al. (1995). The northern and southern open field
line regions are for IMF |B,| > B, well separated from each other in the far-tail yz-plane but for
IMF |By| < B, more close to each other. A detailed study about a changing IMF clock angle is
presented by Walker et al. (1999) using the MHD code developed by Ogino et al. (1992). They
found, like Berchem et al. (1998), the tail twisting to be stronger for northward than for southward
IMF. Moreover, they showed that the far tail is more strongly twisted than the near-Earth tail, in



agreement with Tsyganenko’s (1998) statistical results. In the simulations by Walker et al. (1999)
the near-BEarth tail responds first on an IMF change. The tail changes its twist first at the flanks,
then in the central tail. A magnetopause reconfiguration in response to an IMF change takes up to
15 minutes, the plasma sheet twist occurs 45-60 minutes after an IMF change reaches the dayside
magnetopause. The near-Earth neutral line (NENL) at x=20 Rg disappears within 45 minutes
after a northward turning of the IMF and the region of closed field lines increases in length for a
decreasing IMF clock angle. (Slinker et al., 2001) compared polar cap observations by the Eureka
dawn-dusk meridian scanning photometer (MSP) with simulation results of the Fedder-Lyon MHD
model for an IMF B, sign change during mainly northward IMF. Their results basically confirm
the model suggested by Kullen (2000). In the simulations a region of closed field lines moves over
the entire polar cap while the tail is changing its twist from one direction to the other. The closed
field line bridge in the model polar cap corresponds to a dawn-duskward moving strip of auroral

emissions seen in the MSP which is most likely the signature of a large-scale moving polar arc.
1.5 IMF By and B, effects on the magnetosphere: Theories

Russell (1972) was first to predict a twisting of the magnetotail caused by the asymmetry of the
reconnection between solar wind and magnetosphere during non-zero IMF* B,. He even predicted
a stronger twisting during northward IMF due to possible lobe reconnection.

Cowley (1981) argued in the same way. He proposed that the asymmetric addition of magnetic
flux to the tail lobes from dayside reconnection during non-zero IMF B, conditions may result in
a penetration of the IMI' B, into the tail. With a simple model he showed how an assumed B,
penetration field that decreases towards lower latitudes leads to a twisting of the tail lobe field
around the x-axis. Neither the occurrence of the IMF B, penetration field in the region of closed
field lines nor the plasma sheet twisting are explained in this paper, although Cowley mentioned
both effects to be probable to occur.

Owen et al. (1995) proposed, the stronger tail twist during northward than during southward
IMF is associated with lobe reconnection. Open field lines, reconnected poleward of the northern
cusp with the IMF map to the solar wind field lines south of the equatorial plane where they are
frozen into the solar wind flow. Hence, these open field lines exert a much stronger torque on the
tail than in the southward case. During southward IMF the field lines reconnect at the dayside
magnetopause and are bent into the direction of IMF B, , but remain in the same hemisphere.
The field-line topology for a 45 degree IMF clock angle has been confirmed in MHD simulations
by Tanaka (1999).

From these models, it remains unclear how the twisting of the open field line regions causes a
twisting of the tail plasma sheet, and how the IMF B, penetration field occurs in the region of
closed field lines, being even stronger than in the lobes.

The non-uniformity of the B, penetration field has been addressed by Voigt and Hilmer (1987).



They showed with a 2D-MHD simulation that assuming a constant background B, penetration
field inside the tail (which is not further explained), an increase of the IMF penetration in the

plasma sheet appears to balance the high thermal plasma pressure in this region.
1.6 'The goal of this study

The main focus of this study lies on the IMF B, and B, dependent large scale topological structure
of the magnetotail and its connection to the shape of the polar cap boundary as well as on the
possible occurrence of polar arcs. Motivated by observations that constant northward IMF with a
nonzero IMF B, component leads to a strong twisting of the tail plasma sheet and is a favorable
condition for oval-aligned arcs to occur, we investigate, with the help of the GUMICS-4 MHD code
by Janhunen (1996), how the tail and polar cap boundary respond to different IMF clock angles.
The response of the model magnetosphere on an IMF B, sign change is studied to find out about
the possible appearance of a moving polar arc (as expected from observations) and the possible

rotation of the tail twist (as assumed in the Kullen (2000) polar arc model).

2 Results
2.1 The MHD simulations

The GUMICS-4 code used in this study needs as input parameters the solar wind speed, solar
wind pressure, IMF B,, IMF B, and the Earth dipolar tilt. All runs start with a dipole in a
uniform low-density plasma. The solar wind enters the dayside front of the simulation box at
the first minute of the run. The simulation box is 32 Rg long on the dayside and stretches to
224 Rg on the tailward side. In dawn-duskward and north-southward direction the box is 128
R wide. In the code all physical quantities are calculated with time steps of less than a second
for a mesh containing about 130000 grid cells. An adapted grid mesh size is used which depends
on the gradients of the physical quantities. Further details of the MHD code can be found in
Janhunen (1996), a critical discussion of its advantages and limitations are described by Janhunen
and Palmroth (2001). In all runs discussed in this study a solar wind speed of 400 km/s and a
solar wind dynamic pressure of 2 nPa have been chosen. The Earth dipole tilt is set to zero to
avoid wrapping of the tail plasma sheet. As for this study only large-scale features are of interest,
the physical quantities are examined in time intervals of 5 minutes and spatial distances of 1 Rg,
only. The results presented here are accurate only within these limits.

To examine the steady state magnetosphere during constant IMF with nonzero IMF B, MHD
runs have been performed for two hours constant 10, 45, 80, and 100 degree IMF clock angles with
negative IMF B, and a total IMF magnitude of 5.1 n'T'. The IMF clock angle § is defined here as
the angle between the IMF vector in the yz-plane and the positive z-axis ranging from 0° for pure

northward to 180° for pure southward IMF. For a constant solar wind input with the above given



IMF clock angles the model magnetosphere reaches an equilibrium state after approximately one
hour. The runs are continued for one additional hour to rule out any influence of a transitional
change on the magnetospheric topology. Runs with clock angles higher than 100 degrees are not
performed, as substorms may occur which is not the subject of our study. As the highest IMF clock
angle input in our simulations is § = 100°, the expressions "large clock angle” and ’small clock angle’
are further on used to describe IMF directions with |B,| > B, and |By| < B,, respectively. For the
IMT B, sign-change study two runs have been performed with constant positive IMT B, (B, =5
nT) during the entire time and IMF B, negative (B, = —5 n'T) before and positive (B, =5 nT)
after an IMF B, sign change which starts after two hours constant IMF at the dayside boundary
of the simulation box. In each case, the IMF is kept constant for an additional two hours following
the sign change. The difference between the two runs is the speed of the IMF B, sign change. In
the first case, IMI" B, changes sign within two minutes, in the second case a slow, linear change

within one hour is enforced.
2.2 MHD results for constant IMF

Figure 1 presents the state of the ionosphere and magnetotail after two hours constant solar wind
input. The columns (from left to right) show the simulation results for constant IMF clock angles of
100, 80, 45 and 10 degrees. In the first row the northern ionosphere is shown with the open/closed
field line boundary (light blue dotted lines) overlaid on a plot showing the upward (blue) and
downward (red) field-aligned current regions. The second to last rows consist of plasma pressure
isocontour plots (in arbitrary units) for tail cross sections at # = —10,2 = —30,2 = —60 and
x = —120Rg. The color scale reaches from blue to red representing lowest to highest pressure.
Overlaid on these plots are the regions of open field lines (blue dots) and closed field lines (pink
dots). Figure 2 shows the same type of plots for the fast IMF B, sign change with a sign reversal
within 2 minutes from negative to positive IMF" B, during constant, positive IMF B, . The columns
(from left to right) represent the state of the magnetosphere 6 minutes before, 7 minutes after, 22
minutes after and 37 minutes after the center of the IMF B, sign-change region (B, = 0) reached
the dayside magnetopause at & = 10Rg. In deviation from Fig. 1 the last row of Fig. 2 shows tail
cross sections at * = —90Rg. The main results of this figure are described in the next subsection.
Here, the first column of Fig. 2 is compared to column 3 of Fig. 1 to find out about a possible
difference between strong (7.1 n'T) and average IMF (5.1 nT) for the same IMF clock angle of 45°.

While the field-aligned current (FAC) pattern is for all MHD runs nearly unchanged, the polar
cap boundary (here defined as the boundary between open and closed field lines) differs much for
the different IMF clock angle runs. The polar cap is more contracted for small IMF clock angles
and the dawnside polar cap boundary is for all clock angles displaced poleward as expected in the
northern hemisphere during negative IMF B, . The polar cap boundary of the southern hemisphere

(not shown here) is anti-symmetrically shaped with respect to the noon-midnight meridian, the



poleward displacement occurs there on the dusk side of the polar cap.

As expected from the highly contracted polar cap for small clock angles, the closed field line
region extends in the magnetotail to much higher latitudes for small IMF clock angles than for
large clock angles. The tailward extension of the closed field line region depends on the IMF clock
angle as well. Table 1 gives the tailward length of the closed field line region (CFR length) for
each IMF clock angle. Only for small IMF clock angles does the closed field line region extend to
the far tail. Comparing the 45° clock angle cases with weak and strong IMF magnitude, the closed
field line region is slightly shorter in the latter case. The open/closed field line boundary overlaps
approximately with the plasma sheet boundary for all but the 10° IMF clock angle case. In the
latter case the region of closed field lines extends high into the tail lobes.

The region of open field lines outside the magnetotail is directed along the IMI' clock angle axis
but with a slight clockwise displacement from it (looking tailward). Inside the near-Earth tail
the open field line region surrounds the closed field line region. Far downtail the closed field lines
have disappeared and for large IMF clock angles the northern and southern wings of the open field
line regions are much displaced from in each other in dawn-dusk direction such that they hardly
overlap with the lobes.

As expected for negative IMF B, the plasma sheet (high pressure region inside the tail) is twisted
in a clockwise direction around the x-axis (looking tailward) for each of the constant IMF runs.
Only for small IMF clock angles and/or high IMF magnitude the plasma sheet twist is strong and
extends over the entire tail cross section. For large IMF clock angles the plasma sheet twists only
near the flanks. The twisting increases clearly with the distance from the Earth for the 45 and 10
degrees clock angle cases. For 80 and 100 degrees the plasma sheet is in the center of the far tail
twisted in the opposite direction. For all but very small IMF clock angles a typical tail pressure
morphology with lobes and plasma sheet occurs even in regions tailward of the last closed field
line. The plasma sheet thickness and the dawn-duskward extension of the lobes are dependent on
the IMF clock angle as well. In the near-Earth tail the plasma sheet is thick only for small IMF
clock angles. In the far tail the dawn-duskward width of the lobes decreases with decreasing IMI*
clock angles.

Figure 3 shows the IMF B, penetration field inside and around the magnetotail at # = —10Rg
(left column) and & = —60Rg (right column) for the simulation runs with an IMF clock angle of
100° (upper row) and 10° degrees (lower row). To extract the tail magnetic field, the along the
xz-plane mirrored By, B, vectors have been subtracted from the original B, 53, vector field and then
been divided by two. Assuming the tail magnetic field for zero IMF B, is completely symmetric
with respect to the xz-plane, this gives the pure IMF penetration field. For both IMF clock angle
cases the IMF is slightly draped around the magnetopause. A large part of the field penetrates
the magnetosphere. In the near-Earth tail the penetration field is strong near the equatorial plane

and weak at high latitudes (80% penetration for # = 100° and 110% for § = 100° at z = 0Rg).
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This structure is preserved to around # = —45Rg. Further downtail, the penetration field weakens
and is more uniformly distributed. At the tailward end of the simulation box (not shown here) the
penetration field is weaker than IMF B, for all IMF clock angle runs.

Figure 4 gives an equatorial view on the magnetosphere. In the left column of Fig. 4 the B, B,
vector components are plotted down to a distance of 4 Ry from the Earth. In case IMF B, =0,
the B-field in the equatorial plane of the magnetosphere is expected to have only a z-component.
Hence, the B, B, plots of Fig. 4 show the IMF' B, penetration into the equatorial plane of the tail.
The first and second plot correspond to the IMF clock angle cases of 100° and 10°, respectively.
Figure 5 contains the same type of plots for the sudden IMF B, sign change. It shows the B, B,
vector component plots 6 minutes before (top), 7 minutes after (middle) and 22 minutes after
(bottom) the IMF B, sign reversal reached the dayside magnetopause. The main results for the
IMF B, sign-change case are described in the next subsection. Here, only the first plot is addressed,
corresponding to a constant 45° IMF run for 7.1 n'T. In the format shown here, its deviation to
the 45° case with 5.1 n'l' is negligible such that it illustrates even the results of the weak 45° case
fairly well.

The B, B, vector plots for the different IMF clock angles have several features in common.
The IMF B, field is strongly compressed near the dayside magnetopause and drapes around the
magnetosphere. In the region closest to the Earth which is dominated by the Earth dipole field
(lz] < 8Rg) a nearly uniform B, penetration field is found having approximately the same mag-
nitude as the IMF itself. Tailward of this region, the B,B, vector components have a sunward
draping pattern centered around the x-axis. The draping pattern reduces tailward such that in
the very far tail the B, B, component lines are directed in the dusk-dawn direction. The draping
inside the tail reflects the twisting of the plasma sheet seen in Fig. 1, first and last column, and
Fig. 2, first column. A positive (negative) component of B, in the equatorial plane causes a
southward (northward) displacement of the current sheet (surface containing the turning points
of the closed field lines) from the equatorial plane. The stronger draping for the small IMF clock
angle is connected to a stronger and more uniform twist around the x-axis, the tailward draping
downtail of 25 Rg, near the x-axis for the 100° IMF clock angle case corresponds to the oppositely

twisted plasma sheet (Fig. 1, column 1, row 4).
2.3 MHD results for an IMF B, sign change

As mentioned above, I'ig. 2 illustrates the change of the polar cap and the tail for the fast IMF
By sign change. The plots show the state of the magnetosphere when the IMI" B, sign reversal
starts at the dayside boundary of the simulation box, and 5, 20 and 35 minutes, respectively, after
the first significant change of the polar cap boundary is seen. The ionosphere plots in the first row
of Fig. 2 show that the polar cap boundary changes drastically after an IMF B, sign change. A
bridge of closed field lines starts to develop at the dawn/noon edge of the polar cap boundary and
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moves within 50 minutes from dawn to dusk over the entire polar cap of the northern hemisphere.
In the southern hemisphere (not shown here) an identical bridge starts to appear on the duskside
and moves then in the opposite direction until the dawnside polar cap boundary is reached. The
bridge of closed field lines inside the northern (southern) polar cap is connected to a finger of closed
field lines in the tail bifurcating the northern (southern) tail lobe. The fingers of closed field lines
in the tail move into the same direction as the bridge of closed field lines in the polar cap of the
corresponding hemisphere.

Figure 6 shows the tailward extension of the closed field line region and the location of the IMF
B, sign reversal regions versus time for the slow (thin line and dark grey region) and the fast (thick
line and light grey region) sign-change runs. The time axis is given in minutes after the center of
the IMF B, sign reversal has passed the dayside magnetopause. The time intervals during which
a bifurcation of the polar cap occurs are marked with dotted lines. As can be seen from Fig. 6 the
length of the closed field line region varies much during the tailward propagation of an IMF B,
sign reversal. As long as the center of the IMF B, sign-change region has not passed the tailward
end of the closed field line region the closed field line region grows rapidly beyond 2 = —100Rg,
in both sign-change cases. The closed field line region remains extremely stretched for another 25
minutes until it suddenly returns to its original length. The polar cap bifurcation starts in both
sign-change cases some minutes after the center of the IMF B, sign reversal has passed the dayside
magnetopause and ends when the far tail part of the closed field line region disappears and the
tail returns to its original length.

The process that leads to the return into a ground state for constant duskward IMF B, with
a short closed field line region is rather complicated. This is illustrated in Figure 7 and Figure
8. In Fig. 7 the open (grey) and closed field line regions (black) are shown in the xy-plane at
z = ORg (left column) and z = 15Rg (right column) for different points of time after the IMF
B, sign-change region center has passed the dayside magnetopause. The first four time points
correspond to the time points shown in Iig. 1 and 2. The last two time points are chosen just
before and just after the polar cap bridge disappears. Fig. 8 shows the magnetic field line topology
in 3D for the fast IMF* 5, sign change run for the same run and same time points as in Fig. 7.

The left column of Fig. 7 shows that, when the tail has reached its maximum length (at 22 min),
the tailward part of the closed field line region becomes separated from the earthward part in the
equatorial plane. The far tail is connected to the northern (southern) ionosphere only by a thin,
tail-aligned bridge of closed field lines moving from dawn to dusk (dusk to dawn) in the northern
(southern) high latitude lobe (Fig. 7, right column). This bridge of far tail closed field lines maps
to the model polar arcs (not shown here). The tailward closed field line part reduces in length and
width until it disappears together with the closed field line bifurcation in the ionosphere and the
tail. The disappearance is not enforced by the limited length of the simulation box. The IMF 5,

sign reversal is at that time point still located earthward of the nightside simulation box boundary
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(see Fig. 6, fast sign-change case).

It is difficult to define reconnection in an MHD simulation. However, studying the field line
topology in detail, the location of the separation region between open, closed and solar wind field
lines can be found. Before the sign change has reached the magnetosphere (Fig. 8, first plot), the
separation region is located at the high-latitude lobes, poleward of the cusps, displaced toward dawn
(dusk) in the northern (southern) hemisphere, as expected for dawnward IMF with a northward
B, component. Immediately after the IMF 5, sign change took place, the reconnection region
moves from the dawn to the dusk lobe in the northern hemisphere and in opposite direction in the
southern hemisphere lobes. New regions of open field lines appear on the dusk (dawn) flanks of the
northern (southern) tail. While the closed field line region extends further and further tailward,
the new regions of open field lines increase and the old, tailward regions of open field lines decrease
(Fig 7., left column). Interestingly, both, the new and the old open field lines reconnect with
the solar wind field on the northern dawn (southern dusk) high-latitude lobes. When the closed
field line region has reached its maximum length, the field line topology in the mid-tail becomes
extremely complicated (Fig. 8, right column). Solar wind field lines occur now in the mid-tail
near the x-axis, separated from the near-Earth and far tail closed field line regions by open field
lines. The open field lines earthward and tailward of the solar wind field lines in the mid-tail as
well as the old open field lines tailward of the last closed field line are all associated with the same
high-latitude lobe reconnection region. The region of solar wind field lines in the mid-tail increases
at the expense of the decreasing tailward closed field line region. After the last closed field line has
disappeared, the tail returns to a steady state case for duskward IMF B,. The last plot of Figure
8 shows the field line distribution just after the last closed field line has disappeared in the far tail,
where the tailward solar wind field lines are still strongly deformed.

In Fig. 9 By B.-difference vector plots are shown for the fast IMF B, sign-change case in tail
cross sections at 2 = —10, =30, —60 and —120Rg 22 minutes after the IMF B, sign-change region
has passed the dayside magnetopause. The difference vector plots are done in the same way as
those of Fig. 3 showing the B, penetration field inside the tail. As can be seen from Fig. 5 and
Fig. 9 the location of the sign-change center (B, = 0) is situated like a sunward pointing cone
around the x-axis. Outside the cone, the magnetic field points toward dusk, in direction of positive
IMF B, . Inside the cone, the 3, penetration field is still negative and has a distribution similar
to the By penetration field of the constant IMF B, < 0 cases (see Fig. 3). The penetration field
is stronger near the plasma sheet than in the lobes. The non-uniformity of the penetration field
inside the tail decreases with the distance from the Earth.

The B, B,-vector component plots in Fig. 5 illustrate the propagation of the IMF B, sign
reversal in the equatorial plane. The cone of zero B, moves tailward with time and becomes more
and more narrow the further downtail it propagates. This indicates that outside the tail the sign

reversal moves tailward with solar wind speed, toward the tail center it is more and more delayed.
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Comparing the last two B, B,-vector plots with the first plot, it can be seen that the location
of the sign-change region center (B, = 0) in the equatorial plane is quite similar to the draping
pattern of the B, B,-vector component lines in the constant IMF B, case.

Important results are found from comparing the shape of the plasma sheet with the shape of
the closed field line region inside the model tail. In contrary to the closed field line region the
plasma sheet does not bifurcate the lobes during the tailward propagation of the IMF B, sign
change reversal. It changes its IMF B, induced twist first in the near Earth and then in the far
tail such that in an intermediate state the near-Earth and far-tail regions are oppositely twisted.
The plasma sheet resembles during times a horizontal ’S” as the twist reversal in one tail cross
section starts at the flanks and then propagates to the tail center. In one tail cross section it takes
(dependent on the distance from the Earth) 15 to 45 minutes until the twist rotation is completed.
The bifurcation of the closed field line region disappears as soon as the entire tail plasma sheet has
changed its twist.

In Fig. 10 a few plots of the slow (one hour) IMF B, sign change are shown. The first row
shows the northern polar cap boundary and the second row the tail cross sections at + = —30Rg,
13 minutes (left column), 28 minutes (middle column) and 43 minutes (right column) after the
center of the IMF By, sign reversal (B, = 0) reached the dayside magnetopause. The time points
are chosen such that the first (second, third) column gives the state of the magnetosphere five
minutes (20 min, 35 min) after the start time of the polar cap bifurcation. This makes the plots
comparable to those of Fig. 2.

The main difference between the fast and slow IMF B, sign-change runs are the width of the
closed field line bridge in the polar cap and the width of the closed field line fingers bifurcating
the tail. The location of the bifurcation, the lifetime of the dawn-duskward moving bridge and
the topological change of the tail plasma sheet are qualitatively the same for the slow and for the
fast IMF B, sign-change runs. Even in the slow IMF B, sign-change case the plasma sheet starts
to change its twist in the near-Earth tail and at the flanks, it does not bifurcate such that the
plasma sheet boundary does not overlap with the bifurcated closed field line region in the tail. The
tailward increase and decrease of the closed field line region develops qualitatively in the same way
as in the fast IMF B, sign change case. Even in the slow sign-change case the near-Earth tail is
separated from the far-tail region in the equatorial plane during the last 15 minutes a bifurcation
of the closed field line region in tail and ionosphere is seen. However, as shown in Fig. 6 the tail

grows faster and stretches further tailward than in the fast IMF B, sign change run.
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3 Discussion
3.1 'The constant IMF clock angle cases: comparison with earlier results

The general topological changes inside the model magnetosphere induced by constant IMF B,
are confirmed by observations. This includes the partial IMF B, penetration into the tail with a
maximum penetration rate along the neutral sheet (Lui, 1986; Borovsky et al., 1998) the twisting
of the tail plasma sheet with the strongest twist near the flanks (Kaymaz et al., 1994), the tailward
increase of the twisting (Tsyganenko, 1998) and the dawn-dusk displacement of the open/closed
field line boundary in the ionosphere (Cowley, 1981). These IMF B, effects have been reported
from MHD studies as well (Kaymaz and Siscoe, 1998; Brecht, 1981). The preservation of the mag-
netospheric plasma structure tailward of the last closed field line has been seen in the simulations
by Song et al. (1999). Some of the IMF clock angle dependent changes in the magnetospheric
topology that are found in our simulations, have been indicated in data studies. The increase of
the tail twisting and the decrease of the polar cap for small clock angles have been described in the
statistical studies by Owen et al. (1995) and Makita et al. (1988), respectively. Owen et al. (1995)
statistical results of a concave form of the plasma sheet in the far tail may be an indication for the
oppositely twisted far-tail center occurring for IMF clock angles around 90° in our simulations as
usually solar wind conditions are such that [IM F By| > [IMFB,|. Other IMF clock angle effects
are difficult to observe, they are so far only seen in MHD simulations such as a long closed field
line region for small IMT clock angles (Walker et al., 1999) or small IMF magnitude (Song et al.,
1999), the orientation of the open field lines in IMF direction (Fedder and Lyon, 1995), the IMF
clock angle dependent dawn-duskward width of the far-tail lobes (Raeder et al., 1995) and the
north-southward distance between the regions of open field lines in the far tail (Berchem et al.,
1998).

The qualitative agreement between our simulation and earlier results is good. A quantitative
comparison is more difficult. Both data studies and MHD studies report a variety of different values
for, e.g., the length of the closed field line region, the degree of plasma sheet twisting and the IMI*
B, penetration rate. Analyzing magnetotail data, it is difficult to determine in which region the
measurements are taken as it takes a long time for a satellite to cross the magnetotail and IMF
conditions may change rapidly. The Kaymaz et al. (1994) results of the average tail structure in
the xy-plane of the mid-tail may be the most interesting ones as they are extracted from a large
set of IMP-8 data which gives a nearly complete coverage of the tail and surrounding solar wind
regions between 15Rg and 45Rg. MHD models often have unrealistically short tail dimensions
(e.g., the Fedder-Lyon MHD model). This may be the case for this code as well. Figure 11 shows
the By, B. vector components of the total magnetic field in tail cross sections at # = —10, —15 and
—30Rg after two hours run with a constant pure IMF B, field of 5 n'T. Comparing the model

tail shown in Fig. 11 with the average observed tail structure around 33Rg for comparable IMF
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conditions (Kaymaz et al., 1994, Fig. 3c), the model tail resembles the mid-tail observations best
for x = —10Rg. Further downtail, the IMF dominates the tail structure much more than found by
observations, indicating a too short model tail also in the present model.

The good agreement between observations, earlier MHD results and this study makes us confident
about the significance of the new findings of this study: the relation between the closed field line

region in the tail and the shape of the plasma sheet.
3.2 The IMF B, sign-change cases: comparison with earlier results

The comparison between MHD simulation results with observations by Slinker et al. (2001) shows
that moving polar arcs lie indeed on closed field lines, as expected from the finding that particles
causing polar arcs origin in the tail plasma sheet (Frank et al., 1986). We therefore assume that in
our simulations the bridge of closed field lines inside the polar cap can be regarded as the location
where a polar arc may occur. For simplicity, the closed field line bridge is further on referred to
as 'model polar arc’. The dawn to dusk motion of the model polar arc in the northern polar cap
following an IMF B, sign change from negative to positive during northward IMF is expected
from observations Cumnock et al. (2002). Also the simultaneous occurrence of a polar arc in the
southern hemisphere but with opposite motion is indicated in data results (Craven et al., 1991).
Shape and life time of our model polar arcs are quite similar to the model arc shown by Slinker
et al. (2001) although their run was done for a stronger and more varying IMF than our runs.
Although a more sun-aligned and more homogeneous arc width than seen in the simulations may
be expected (Frank et al., 1986), the arc shape is difficult to compare with observations as there
exists a multitude of different moving polar arc shapes (Kullen et al., 2002). A large discrepancy
between observations and MHD results is found for the life time of moving polar arcs. This is
indicated already by Slinker et al. (2001). There, the MSP data shows an arc life time of at least
two hours while the model arc persists only during 40 minutes. The statistical results by Kullen
et al. (2002) show that moving polar arcs which cross the entire polar cap exist on average for two
hours instead of the 50 minutes found in our model study. In single cases, polar arcs can even have
life times of three to four hours (see the moving polar arc examples presented by Cumnock et al.
(2002) and Kullen et al. (2002)).

The simulation results show a good agreement with the semi-analytical results by Kullen (2000).
It confirms the assumption of an IMF B, sign change causing first the near-Earth tail and then the
far tail to change its twist such that in an intermediate state the near-Farth and the far tail are
oppositely twisted. The main results of the Kullen model are in agreement with the MHD results.
The poleward motion of the polar arc, the bifurcation of the closed field line region in the tail,
its mapping to the polar arc in the ionosphere, and the non-bifurcation of the plasma sheet exist
in both models. The Kullen model indicates that the width of the sign change region effects the
nightside width of the polar arc but not its location. This is confirmed by the MHD simulations
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as well. However, several IMF B, sign change effects on the magnetosphere appear in the MHD
simulations only. The variation of the closed field line region length does not show up in the Kullen
(2000) model, as the used T89 model has an open tail without boundary. In the Kullen (2000)
model the tail twist is a priori forced to change linearly between near-Earth and far tail. However,
the MHD results show that the twist change starts at the flanks and moves within several tens of
minutes into the center of the tail (Fig. 5). The polar arc of the MHD simulation stretching from
the nightside to the dayside auroral oval and moving over the entire polar cap has a more realistic
shape and location than the one presented in the Kullen (2000) model.

Chang et al.’s (1998), suggestion that an IMF B, sign change may cause a new polar cap
region at pre-noon (post-noon) for a sign change of IMF B, from negative to positive (positive to
negative) is confirmed by the simulation results. The dawn and duskward displacement of the lobe
reconnection in the northern and southern hemisphere, respectively, changes soon after the IMF
B, sign change took place towards the other side of the noon-midnight meridian and is connected
to a new polar cap region near noon. However, the dawn to dusk motion of the closed field line
bridge in the ionosphere cannot be explained by the dayside reconnection site jump but occurs due
to the rotation of the plasma sheet twist, as described by Kullen (2000).

Neither polar arc models, nor the Slinker et al. (2001) MHD results predict the occurrence of
solar wind field lines in the mid-tail while parts of the closed field line region extend increasingly
tailward. In the GUMICS-4 simulations the region of solar wind field lines inside the tail grows
at the expense of the tailward closed field line region until it disappears. Further investigations
would be necessary to find out, whether this is a common phenomenon associated with similar
IMF configurations. It has to be pointed out, that this process appears at the end of the polar
arc life time when the arc has already reached the other side of the polar cap and does neither

influence the creation nor the dawn-duskward motion of the arc.
3.3 The possible occurrence of polar arcs on high-latitude closed field lines

The suggested appearance of oval-aligned arcs on the strongly polewardly displaced dawnside polar
cap boundary in the 10° constant IMF case (with dawnward IMF B,)) is motivated by observations.
Kullen et al. (2002) reported that only the oval-aligned arc type occurs on the dawn (dusk) oval side
after one to two hours constant IMF with dominating northward IMF and dawnward (duskward)
IMF. Often, oval-aligned arcs are clearly separated from the main oval during only some part of
their life time, sometimes they seem to be a part of an extended oval side (e.g., Kullen et al.,
2002). Our results are in agreement with the scenario of a strong tail twist being responsible for
the poleward displacement of the polar cap (Kullen and Blomberg, 1996) and an oval-aligned arc
occurring on its poleward boundary (Meng, 1981). As expected from observations (Cumnock et al.,
2002), the bridge of closed field lines moving from dawn to dusk after a sign change from dawnward

to duskward IMF B, during northward IMF B, indicates a moving polar arc. The model polar
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arc is on both sides clearly separated from the main oval by regions of open field lines, as expected
from observations by Huang et al. (1989) and others.

One major concern about the simulation results is that there are no field-aligned currents, that
are associated with the poleward displaced closed field line region (bridge) where an oval-aligned
(moving) arc is expected to occur. In fact, the FAC current pattern remains nearly unchanged for
all runs, while the polar cap boundary changes drastically. The MHD simulations reproduce the
large-scale field-aligned current pattern connected to the main auroral oval region fairly well, but
small-scale current structures do apparently not appear. This is probably due to limitations of the
model, maybe because of the low grid-resolution in the far tail (4-8 Rg). On the other hand, it
cannot be ruled out that polar arcs are connected to upward currents having the return current
near the same place such that no net current appears. Even in other MHD models there is a lack
of FAC where a bridge of closed field lines appears inside the polar cap (e.g., in the simulation
runs for observed polar arcs of Slinker et al. (2001), private communication). Interestingly, in a
comparison between auroral images and ionospheric plasma convection by Chang et al. (1998) the
plasma convection associated with a polar arc could not be resolved in SuperDARN measurements,

which the authors claim may be due to the small width of the polar arc.
3.4 The topological connection between polar arcs and the magnetotail

The MHD simulations show that a small IMF clock angle causes a long tailward extension of the
closed field line region and a strong twisting of the far-tail plasma sheet, independent on whether
the small clock angle appears for a long time (constant IMF cases) or in a transitional state (IMF
By sign-change cases). A long closed field line region and strongly twisted tail causes field lines
originating in the far tail to map to high latitudes in the near-Earth region and in the ionosphere.
The plasma sheet in the near-Earth tail is only weakly twisted such that the boundary of the closed
field line region does not overlap with the plasma sheet boundary but is located in the near-Earth
tail lobes.

While the reason for the lack of FAC at the location of a polar arc remains unclear to us, we
believe that the MHD results are correct in the sense that the boundary of the large-scale FAC
system does not overlap with the polar cap boundary in all cases. This idea is strengthened by
the observational result by Elphinstone et al. (1990) where the main auroral oval (connected to
upward FAC) is shown to keep its circular shape even for non-zero IMF B, and positive IMF
B., where a strong poleward displacement of the polar cap boundary is expected. We conclude
(from mapping FAC to the tail) that the main auroral oval has its source region in the near-Earth
region. A polewardly displaced polar cap boundary maps to the highly twisted distant tail and is
a possible location for polar arcs to occur.

There are some discrepancies between simulation results and observations. For the constant

IMF cases, the most favorable conditions for oval-aligned arcs have been found by observations to
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occur around 45 degrees while the simulations suggest a clock angle around 10 degrees. Kullen
et al. (2002) showed that during the time period of the statistical study, small clock angles are
only slightly less common than clock angles around 45 degrees such that it is not due to the rare
occurrence of small clock angles that oval-aligned arcs appear mostly for 45 degrees. In the IMF
sign-change case the largest difference to real cases is the life time of the polar arc. Both deviations
from observations may be connected to the unrealistically short tail of the MHD run. A longer
region of closed field lines leads to the 5, sign reversal taking more time to move tailward, thus
the polar arc exists longer, a longer region of closed field lines might lead to that in the 45° case
even far-tail regions with a high twist map to the Earth leading to the same effect of the closed

field line region extending to the lobes as in the 10° case.

4 Summary and Conclusions

Several MHD runs have been performed to examine the influence of constant and changing IMF
By on the large-scale topology of the magnetosphere and the polar ionosphere. The constant IMF
runs are done for IMF clock angles of 10°, 45°, 80° and 100°. The runs for changing IMF B,
consist of a fast and a slow IMF B, sign change during northward IMF.

A dawn-duskward bending of the field lines and a twisting of the tail plasma sheet occur in
all constant IMF runs, as expected for nonzero IMF B,. Comparing the constant IMF runs for
different IMF clock angles reveals that the closed field line region extends the farthest for small
clock angles. In that case the downtail increasing twisting of the plasma sheet becomes very high
at its tailward end. Field lines originating in the high-latitude part of the far tail map into the
lobes of the near Earth tail. In the ionosphere the polar cap boundary shows a strong poleward
displacement on the corresponding oval side. It is suggested that oval-aligned arcs may occur on
the strongly poleward displaced boundary of the polar cap. This is in agreement with observations
showing that these arcs often appear after hours of nearly constant IMF with a positive B, and a
nonzero B, component. The simulation results indicate that oval-aligned arcs map into the highly
twisted far-tail plasma sheet while the main oval maps to the near-Earth and mid-tail regions.

The simulation of an IMF B, sign change during positive IMF B, shows that such a sign reversal
does not affect the entire tail at once but starts at the near-Earth tail flanks and then propagates
both tailward and toward the tail center. A tailward moving cone of zero B, penetration develops.
Inside the cone, the penetration field and the tail twist are in opposite direction than outside the
cone. During the tailward propagation of the sign-change region, the region of closed field lines
increases far downtail until it returns to its original length. In an intermediate state the closed field
line region is extremely long with the far-tail plasma sheet and the near-Earth plasma sheet being
oppositely twisted. A complicated field line topology emerges. Closed field lines originating in the
highly twisted far-tail plasma sheet bifurcate the near-Earth tail lobes and the polar cap. A bridge
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of closed field lines in the polar cap moves within 50 minutes from one oval side to the other. This
dawn-duskward moving bridge may be interpreted as the location where a moving polar arc may
occur. Such a polar arc type appears typically after an IMF B, sign change during predominately
northward IMF. A comparison between a fast and a slow IMF B, sign change shows that neither
the magnetotail topology nor the polar arc life time and location are significantly different. Only
the dawn-dusk width of the closed field line bridge and the length of the closed field line region
are influenced by the speed of an IMF B, sign change.

In summary, moving polar arcs and oval-aligned arcs have it in common that the IMF clock
angle is small, either transitionally (moving polar arcs) or constantly (oval-aligned arcs), and the
closed field line region extends far downtail and the plasma sheet is highly twisted at its tailward
end. This tail topology causes field lines originating in the high latitude far-tail region to map
high into the near-Earth tail lobes and poleward of the average polar cap boundary. The poleward

displaced closed field line region is a probable location for polar arcs to occur.
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Tables

Table 1. The length of the closed field line region for constant IMF clock angles.
clock angle | '100° | 'so° | 2430 | 'az° | ‘'i0°

CFR length | 20 Ry | 20 Re | 28 R | 34 Re | 85 Rp
HIMF| = 5.1 nT 2|[IMF| = 7.1 nT
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Fig. 1. Simulation results after two hours of steady-state IMF. The columns (from left to right) show the

magnetosphere for IMF clock angles of 100°, 80°, 45° and 10° and an IMF magnitude of 5.1 nT. The first

row contains plots of the northern ionosphere with the open/closed field line boundary (light blue line)
overlaid on the upward (blue) and downward (red) field-aligned currents. The plots give a 2D view on
the polar cap in geomagnetic coordinates with noon pointing to the top. The second to last row show tail
cross sections at # = —10, 2 = —30,z = —60 and z = —120Rg (looking downtail in GSM coordinates). In
the tail plots the regions of closed (pink dots) and open field lines (light blue dots) are overlaid on plasma

pressure isocontour lines (in arbitrary units).



Fig. 2. Simulation results for an MHD run with a fast (2 minutes) IMF B, sign change from —5 nT to

+5 nT after two hours constant IMF and constant positive IMF B. of +5 nT. The columns (from left
to right) show the state of the magnetosphere —8,7,22 and 37 minutes after the center of the IMF B,
sign-change region (B, = 0) has passed the dayside magnetopause (at z = 10Rg). The first row shows the
northern ionosphere. The second to last row show tail cross sections at z = —10,z = —30,z = —60 and

z = —90Rg. The plots are defined in the same way as in Figure 1.
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Fig. 5. The magnetic field in the equatorial plane for different points of time during the fast IMF B,
sign:
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Fig. 6. The length of the closed
field line region versus time during
the fast and the slow IMF B, sign-
change run. The time is given here
in minutes after the center of the
sign-change region has passed the
dayside magnetopause. The tail-
ward propagating IMF sign-change
region and the time interval during
which a polar cap bifurcation oc-

curs are marked for both runs.
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Fig. 8. A 3D view on field lines crossing the x-axis for the fast IMF B, sign change run. The plots show

the state of the magnetosphere -8, 7, 22 minutes (first column from top to bottom) and 37, 52, 57 minutes
(second column, from top to bottom) after the center of the IMF B, sign-change region (B, = 0) has

passed the dayside magnetopause.
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Fig. 9. The IMF penetration into the magnetotail at different tail cross sections during the fast IMF B,

sign-change run. The plots are produced in the same way as Figure 3 and show the penetration field 22

minutes after the center of the sign-change region has passed the dayside magnetopause.
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Fig. 10. Simulation results for an MHD run with a slow (1 hour) IMF B, sign change from —5 nT to +5
nT after two hours constant IMF and constant positive IMF B. of 45 nT. The columns (from left to right)
show the state of the magnetosphere 13,28 and 43 minutes after the center of the IMF B, sign-change
region has passed the dayside magnetopause. The first row shows the northern ionosphere and the second

row shows tail cross sections at # = —30Rg. The plots are defined in the same way as in Figure 1.
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Fig. 11. The magnetic field at dif-
ferent tail cross sections after two
hours constant IMF with an IMF
clock angle of 90° and a magnitude

of 5.0 nT.






	

