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Abstract

The streaming plasma in the solar wind is a never ending source of energy, plasma,
and momentum for planetary magnetospheres, and it continuously drives large-
scale plasma convection systems in our magnetosphere and over our polar iono-
sphere. This coupling between the solar wind and the magnetosphere is primarily
explained by two di�erent processes: magnetic reconnection at high latitudes, which
interconnects the interplanetary magnetic �eld (IMF) with the planetary dipole
�eld, and low-latitude dynamos such as viscous interaction, where the streaming
plasma in the solar wind may trigger waves and instabilities at the �anks of the
magnetosphere, and thereby allow solar wind plasma to enter into the system.

This work aims to further determine the nature and properties of these driv-
ing dynamos, both by statistical studies of their relative importance for ionospheric
convection at Earth, and by assessment and analysis of the Kelvin�Helmholtz insta-
bility at Mercury, utilizing data from the MESSENGER spacecraft's �rst and third
�yby of the planet. It is shown that the presence of the low-latitude dynamos is
primarily dependent on the IMF direction: the driving is close to non-existent when
the IMF is southward, but increases to the order of a third of the total ionospheric
driving when the IMF turns northward (here, the magnitude of the driving is also
shown to be dependent on the viscous parameters in the solar wind). The work also
discusses the saturation of the reconnection generated potential, and shows that the
terrestrial response follows a non-linear behavior for strong solar wind driving both
when the IMF is southward and northward.

Comparative studies of di�erent magnetospheres provide an excellent path for
increasing our understanding of space-related phenomena. Here, study of the
Kelvin�Helmholtz instability at Mercury allows us to investigate how the di�er-
ent parameters of the system a�ect the mass, energy, and momentum transfer at
the �anks of the magnetosphere. The large ion gyro radius expected is shown to
develop a dawn-dusk asymmetry in the growth rates, with the dawn side as the
more unstable of the two. This e�ect should be particularly visible when the planet
is close to perihelion. Mercury's smaller scale size combined with the relatively high
spacecraft velocity is also shown to provide excellent opportunities for studying the
spatial structure of the waves, and a vortex reconstruction that can explain all the
large-scale variations in the Kelvin�Helmholtz waves observed during MESSEN-
GER's third Mercury �yby is presented.
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Chapter 1

Introduction

The near Earth space environment is of very dynamical nature, closely coupled
to the interplanetary conditions, and to understand the underlying processes con-
trolling the solar wind�magnetosphere interaction is a fundamental issue in solar�
terrestrial research. In brief, magnetic reconnection at the magnetopause intercon-
nects the terrestrial magnetic �eld with the interplanetary medium, and thereby
allows direct entry of solar wind plasma into the magnetosphere and drives large
scale plasma convection in the magnetosphere and the polar ionosphere, known as
the Dungey cycle. Additional interaction may also take place through viscous-like
processes at the boundary of the magnetotail, where the velocity shear established
by the solar wind gives rise to surface waves and instabilities, similar to wind over
water. In particular, prominent wave activity due to the Kelvin-Helmholtz in-
stability has been identi�ed at the terrestrial magnetopause, where the waves are
believed to grow into turbulent rolled-up vortices. However, how often these occur
and how much plasma they can transport are yet unanswered questions, and their
e�ciency as a dynamo for driving convection inside the magnetosphere remains to
be established.

In this work, we will closely study the properties of the solar wind�magnetosphere
coupling, both in a statistical context, and by event based studies. The scienti�c
core of this thesis is gathered in the �ve papers listed on page vii. Paper I investi-
gates the interaction when the interplanetary magnetic �eld is southward and the
interaction is dominated by magnetic reconnection on the dayside of the magneto-
sphere, whereas Paper II and III investigate the response for northward IMF, when
reconnection occurs on the poleward side of the cusp. Paper II focuses on the recon-
nection properties, in particular the response under strongly driven conditions, and
Paper III estimates the relative importance of the boundary layer dynamo. Paper
IV and V focuses on the details of the Kelvin�Helmholtz instability at Mercury,
utilizing data from the MESSENGER spacecraft. Comparative studies of di�er-
ent magnetospheres provide an excellent path for increased understanding of the
underlying physical properties of the phenomena studied, as the conditions di�er,
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2 CHAPTER 1. INTRODUCTION

it allows both theory and models to be tested and veri�ed. Paper IV provides
an assessment of the instability at Mercury and investigates a series of rotations
inside the dusk side magnetopause, observed during MESSENGER's �rst �yby of
the planet. Paper V concerns the analysis of a train of Kelvin�Helmholtz waves
observed during MESSENGERS third Mercury �yby, and shows that the space-
craft's trajectory provided a unique possibility for mapping the large-scale picture
of how Kelvin-Helmholtz waves evolve into rolled-up vortices, a topic that this far
to a large extent has been limited to computer simulations.

In addition, Chapters 2-6 provide an introduction to the �eld of space physics
and explains the basic concepts that are needed to provide the scienti�c context, and
Chapter 7 provides an overview of the methods and results presented in each of the
papers. Finally, Chapter 8 summarizes the results and discusses the implications
of the work.



Chapter 2

Fundamentals of Space Plasma
Physics

A plasma is an ionized gas where independent electrons and ions form a conducting
medium. It is often referred to as the 4th state of matter, although the plasma
state di�ers from the others in the respect that the transition from the gas phase
is a gradual process as the ionization increases. Plasmas are always quasi-neutral,
meaning the overall charge density of electrons and ions is equal, and that charge
perturbations only can be achieved on short spatial scales.

With the exception of the planetary bodies, our solar system is dominated by
plasmas. The outermost layer of our Sun, the hot solar corona, is constantly ejecting
charged particles streaming radially away from the surface, see Figure 2.1. This
plasma, called the solar wind, permeates our entire solar system and controls much
of the dynamical nature of our space environment. Its interaction with the planetary
magnetic dipoles can lead to phenomena such as magnetic storms and aurora.

Figure 2.1: A coronal mass ejection. Bursts of hot, fast streaming plasma can be seen extending
radially from the Sun. An image in the 284 Å band taken at approximately the same time has
been superimposed on the solar surface. Image credit: SOHO (ESA & NASA).
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4 CHAPTER 2. FUNDAMENTALS OF SPACE PLASMA PHYSICS

2.1 Single Particle Motion

Due to their extremely tenuous nature, most space plasmas can be considered
almost completely collisionless as the mean free path before collision of the particles
is much larger than the scale size of the system of interest. This means that many
of the plasma properties can be described by the motions of the individual particles.
In the presence of electric and magnetic �elds, any charged particle will be subject
to the Lorentz force:

F = q(E + v ×B). (2.1)

where F is the force experienced by the particle, q the particle charge, v the particle
velocity, E the electric �eld, and B the magnetic �eld strength. In the absence of
electric �elds, the particle can move freely parallel to the magnetic �eld, whereas
any movement perpendicular to the background �eld (i.e., v×B 6= 0) will lead to
a gyration about the �eld line, as the resulting force is perpendicular to both the
magnetic �eld and the particle velocity. The resulting gyro angular frequency, ω,
and gyro radius (also called the Larmor radius), rL, can be expressed as

ω = qB/m (2.2)
rL = v⊥/ω, (2.3)

where v⊥ refers to the velocity component perpendicular to B, and m the particle
mass. Positive and negative particles follow a left and right hand rotation about
the �eld line, respectively.

If a force is applied perpendicular to the magnetic �eld, or if there is a gradient
in the magnetic �eld strength, then the gyro motion will be inhomogeneous and
the gyro-center of the particles will begin to drift. Figure 2.2 shows the example
of the drift motion in an external homogeneous electric �eld, which is described by
the E×B velocity,

vE×B =
E×B

B2
. (2.4)

2.2 Magneto-Hydrodynamics

On a macroscopic scale, it is often more convenient to describe the collective mo-
tion of the plasma using an analogy of a conducting magneto-hydrodynamic �uid
(MHD), rather than by considering the individual particles. The collective motion
is then determined by Maxwell's equations, which describe the relation between the
electric and magnetic forces, the space charge density ρ, and the current density J,
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Figure 2.2: The gyration and drift motion of an ion in a �nite electric �eld. The magnetic �eld is
directed out of the plane, and the electric �eld towards the top. A positive particle is accelerated
(decelerated) as it moves in the upward (downward) direction, which leads to a larger gyro-radius
in the upper than the lower part of the orbit, and hence a drift motion to the right. As negative
particles have an opposite sense of both the gyration and the electric force, the E×B drift direction
will be the same for all species.

ε0∇ ·E = ρ, (2.5)

∇×E = − ∂B
∂t

, (2.6)

∇ ·B = 0, (2.7)

∇×B = µ0(J + ε0
∂E
∂t

), (2.8)

where ε0 represents the permittivity and µ0 the permeability of free space. The
current density can be expressed as J =

∑
i qiniui − eneue, where

∑
i represents a

sum over the ion species, e the electron charge, and ui and ue the average motion of
the ions and electrons, and n the number density of respective species. The average
plasma motion, u, can be included through Ohm's law:

J = σ(E + u×B), (2.9)

where σ is the plasma conductivity. This reduces to the E×B drift velocity given
in Equation (2.4) in regions where the current density is negligible. By combining
Equations (2.6), (2.8) and (2.9), we can derive the induction equation,

∂B
∂t

= ∇× (u×B) +
1

µ0σ
(∇2B). (2.10)

We have here assumed that the conductivity is uniform, and that the displacement
current, ε0

∂E
∂t , is negligible. The two terms on the right hand side are referred to as

the convective and dissipative terms, respectively. If the convective term dominates
over the dissipative, then the plasma and the magnetic �ux motion become almost
identical, i.e., the magnetic �eld becomes frozen-in into the plasma. This can
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equally be expressed by the condition:

µ0σlu À 1, (2.11)

where l is the characteristic length scale of the system.

2.3 Alfvén Waves
There are many di�erent wave types that can develop in plasmas, and their prop-
erties and propagation characteristics are de�ned by the wave frequency and the
properties of the plasma.

In the low-frequency (MHD) limit, where the wave frequency is much smaller
than the ion gyro frequency (as well as the characteristic plasma frequency), the
wave propagation is essentially independent of the wave frequency. In this do-
main, we �nd the shear and compressional Alfvén wave modes. The shear Alfvén
wave propagates along the background magnetic �eld with the Alfvén velocity, VA,
creating a low-frequency ion oscillation perpendicular to the �eld [Alfvén, 1942],

VA =
B√
µ0ρ

, (2.12)

where ρ here is the mass density of the plasma. At oblique angles, the shear wave
transforms into the fast and slow compressional modes. (The fast mode can also
propagate across the background �eld.)

Alfvén waves are the most essential wave type in space plasmas as they can
transport energy over long distances, guided by the magnetic �eld. The energy
content available in the wave is determined by the Poynting �ux:

S =
δE × δB

µ0
, (2.13)

where δE and δB are the perturbation electric and magnetic �elds of the wave. The
Alfvén velocity is therefore a fundamental parameter in the energy and information
transfer, and it determines the time scale for propagation of global events [Keiling,
2009].

2.4 Magnetic Reconnection and Energy Conversion
Although the frozen-in condition is valid in most regions in space, a local break
down may have a global e�ect of on the topology and enable plasma transfer in
between two spatially separated regions. One such process is magnetic reconnection,
or magnetic �eld merging.

Consider two regions of anti-parallel magnetic �elds with a relative plasma drift
towards each other, as shown in Figure 2.3. A current sheet will develop along the
boundary of the two regions in order to compensate for the magnetic �eld gradient,
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and the plasma in�ow will generate an electric �eld parallel to the current. This
will lead to the development of a di�usion region, the reconnection x-line, centered
at the magnetic null point between the two domains. In the out�ow regions, a new
topology will be established where the �eld lines of the two domains have become
interconnected [e.g., Sibeck et al., 1999]. In addition to the recon�guration of the

plasma inflow

plasma inflow

accelerated 

plasma outflow
accelerated 

plasma outflow
reconnection current

E

E

Figure 2.3: Overview of the reconnection process. Two regions of anti-parallel �eld lines, marked
by solid and dashed lines, are compressed together by a plasma in�ow from above and below. At
the di�usion regions between the domains, the frozen in conditions breaks down, and the plasma
is accelerated toward the sides. As the plasma exits the di�usion region, the two domains have
become magnetically connected.

magnetic �eld, the reconnection process also transform the energy stored in the
magnetic �eld pressure, B2/(2µ0), into kinetic energy of the plasma. Consider the
rate of change in the magnetic energy:

d

dt
(
B2

2µ0
) =

B
µ0
· dB

dt
= −B

µ0
(∇×E)

= − 1
µ0

(E · (∇×B) +∇ · (E×B))

= −∇ · (E×B)
µo

−E · J− d

dt
(
ε0E

2

2
).

(2.14)

The second and fourth step utilize relations (2.6) and (2.8) respectively. The terms
on the right hand side are from left to right the generated Poynting �ux, the ohmic
heating of the plasma, and the rate of change of the electric �eld energy density
(negligible in most cases). In general, regions where the ohmic heating is negative,
E ·J < 0, are considered generators (kinetic energy is stored in the magnetic �eld).
Oppositely, regions with E · J > 0 are considered loads.
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2.5 The Solar Wind
One of the most fundamental plasma populations in our solar system is that of the
solar wind. Its properties are highly variable and closely correlated to the solar
cycle and the sunspot number. Solar maxima occur roughly each 11 years, and are
associated with higher solar wind velocities and densities, whereas the solar minima
are accompanied by a quieter solar wind. It has an average streaming velocity of
around 440 km/s, although during strong coronal mass ejections it can sometimes
exceed 1000 km/s.

The solar wind plasma is also accompanied by the interplanetary magnetic �eld
(IMF), an extension of the solar magnetic �eld which is frozen into the solar wind
�ow. With one end connected to the solar surface, the magnetic �eld is formed
by the plasma movement and the solar rotation, leading to an average magnetic
structure know as the Parker spiral [Parker, 1958], shown in Figure 2.4. The �gure
also gives a statistical overview of the magnetic �eld orientation in a coordinate
system aligned with the Parker spiral, where two peaks are visible in the parallel
(φ = 0) and anti-parallel (φ = 180) directions.

M
ercury

Earth

Venus
M

ars

PIONEER 10 and 11
All Data

 Angle in parker spiral coordinates 

0 90 180

 N
u

m
b
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o
f 

e
v
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n
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Figure 2.4: The Parker spiral. The left hand image shows the average magnetic �eld direction
in the ecliptic plane (dashed line). The right hand image shows the angular distribution of the
magnetic �eld in a coordinate system aligned with the Parker spiral [Thomas and Smith, 1980].

In general, high speed solar wind streams tend to conform more to the Parker
spiral pattern, whereas slow streams show a larger variation in the magnetic �eld
orientation [Thomas and Smith, 1980]. Typical average conditions for the solar
wind properties throughout the solar system are given in Table 2.1, along with their
respective radial scaling relations. The spiral pattern leads to an 1/r2 dependence in
the radial component of the magnetic �eld, and a 1/r dependence in the azimuthal
direction [Parker, 1958].
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Planet r (AU) np (cm−3) B (nT) angle (deg.)

Mercury 0.31 73 46 17
0.47 32 21 25

Venus 0.72 13 10 36
Earth 1.0 7 6 45
Mars 1.5 3 3.3 57
Jupiter 5.2 0.3 0.8 79
Saturn 9.60 0.07 0.44 84
Uranus 19.1 0.02 0.22 87
Neptune 30.2 0.01 0.14 88
Scaling relation r r−2 r−1

√
r−2 + 1 tan−1(r)

Table 2.1: Solar wind scaling relations [Slavin and Holzer, 1981; Fujimoto et al., 2007]. The
values are given for the radial distance from the sun, the typical proton number density, magnetic
�eld strength, and Parker spiral angle. Due to its highly elliptical orbit, the expected conditions
at Mercury are also dependent on its current position. This gives rise to an additional seasonal
variation in the solar wind-magnetosphere interaction at Mercury.





Chapter 3

The Terrestrial Magnetosphere

Earth's magnetic dipole �eld acts as an obstacle to the solar wind plasma and
forms a cavity around the Earth known as the magnetosphere (Figure 3.1). The
magnetosphere itself is compressed on the dayside by the solar wind plasma, and
extended into a long tail, the magnetotail, on the nightside. It can be divided
into several sub-regions with di�erent plasma and magnetic �eld properties. Of
particular interest for this work are the cusps, the plasma mantle, the tail lobes,
the plasma sheet, and the low-latitude boundary layer (LLBL), shown in Figure
3.2. The topology of the magnetosphere is closely linked to the IMF direction, with
major di�erences for northward and southward directed �elds.

cusp

tail lobe

plasma sheet

magnetopause

b
o

w
 s

h
o

ck

mantle

solar wind

magnetosheath

plasma sheet boundary layer

Figure 3.1: Overview of the terrestrial magnetosphere.

11



12 CHAPTER 3. THE TERRESTRIAL MAGNETOSPHERE

The magnetopause de�nes the outer boundary of the magnetosphere, the sepa-
rating surface between the magnetospheric and the solar wind plasma populations.
Due to the obstacle posed by the magnetosphere, there is a pile up of plasma
and magnetic �ux on the dayside, which leads to a region of sub-Alfvénic �owing
solar plasma known as the magnetosheath. This deceleration takes place at the
bow shock, located approximately 3-4 RE sunward of the subsolar magnetopause.
The plasma is then gradually re-accelerated towards solar wind velocities on the
magnetospheric �anks [Spreiter et al., 1966].

The shape of the magnetosphere is primarily determined by a pressure balance
between the dynamic pressure of the solar wind and the magnetic pressure of the
terrestrial dipole �eld, given in Equation (3.1).

ρswu2
sw = B2

m/2µ0, (3.1)

where ρ is the mass density, and the sw and m subscripts represents the solar wind
and the magnetosphere, respectively. The magnetic pressure of the solar wind
and the dynamic pressure of the magnetosphere are both negligible in most cases.
The sub-solar magnetopause is on average located ∼11 RE from Earth, and the
dawn and dusk side boundaries at ∼15�16 RE. Erosion of magnetic �ux through
reconnection may also play a minor roll in the magnetopause location [Aubry et
al., 1970].

The cusps are the main entry point of solar wind plasma into the magnetosphere,
where it has direct access to the upper layers of the atmosphere. These are located
in the separating regions between the dayside and nightside �eld lines, where the
magnetic �eld strength is low (centered at the magnetic null points) [Smith and
Lockwood, 1996]. The plasma entry process is described in more detail in Section
4.3. In the mantle, the outermost layers of the top and bottom magnetotail, the
plasma shows magnetosheath-like properties close to the magnetopause, but grad-
ually changes towards magnetospheric plasma characteristics as the mantle regions
transform into the tail lobes [Schopke and Paschmann, 1978], which are �lled with
only very tenuous plasma. Both the mantle and tail lobe �eld lines are open, mean-
ing that they have one end connected to the terrestrial �eld, and one end connected
to the IMF. In the vicinity of the equatorial magnetotail, we �nd the plasma sheet,
a region of closed magnetic �eld lines (both ends connected to Earth). The plasma
population here is much more signi�cant than in the lobes, with ion densities on
the order of 0.3-0.4 cm−3 and average ion temperatures of 25�50 MK [Baumjohann
et al., 1989]. The plasma sheet properties are also somewhat dependent on the
interplanetary condition, where long periods of northward IMF have been linked to
a more cold and dense plasma sheet, with ion densities up to ∼2 cm−3 [Terasawa
et al., 1997].

The LLBL is found just inside the magnetopause at the dawn and dusk �anks. It
consists of a mix of cold and dense plasma of magnetosheath origin, and relatively
hot and tenuous plasma from the plasma sheet. Whether the boundary layer is
found exclusively on closed �eld lines or if it is partly constituted of open �eld lines
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Figure 3.2: The open (left) and
closed (right) �eld line regions of
the magnetosphere. The low-latitude
boundary layer is marked in gray.
From Crooker [1977].

is unclear, and may be varying given the solar wind conditions. Some observations
of counter-streaming plasma populations with similar characteristics (indicative
of magnetic mirroring at both ends of the �eld line) [e.g., Eastman and Hones,
1979; Ogilvie et al., 1984; Phan et al., 1997] suggest a completely closed �eld line
topology, whereas other observations suggest a partly [e.g., Roeder and Lyons, 1992]
or completely open [e.g., Gosling et al., 1990; Fuselier et al., 1995] topology.

3.1 Coordinate Systems
The primary coordinate systems used in the near Earth space environment are
the geocentric solar magnetospheric (GSM) and the geocentric solar ecliptic (GSE)
coordinate systems. The GSM system is particularly useful when studying the
solar wind-magnetosphere interaction, as it is �xed by the direction of the magnetic
dipole moment. The x-axis is chosen in the direction of the Sun and the z-axis as
the projection of the magnetic dipole on the plane perpendicular to x-axis, positive
towards north. The y-axis completes the right handed system (positive towards
dusk). The GSE system is instead �xed to the ecliptic plane, with the x-axis in the
direction of the Sun, the y-axis in the direction opposite to the orbital motion, and
the z-axis towards north.

In addition, magnetic local time (MLT) and magnetic latitude (MLAT) are
commonly used to indicate spacecraft positions, where 12h MLT is de�ned from
the magnetic axis towards the Sun, and with 90◦ MLAT towards magnetic north.

3.2 Dayside Reconnection
The properties of the solar wind�magnetosphere interaction for southward IMF have
long been of primary interest in magnetospheric research, as these conditions have
most e�ect on the terrestrial system. Figure 3.3 portrays a simple global picture
of how magnetic reconnection drives the magnetospheric system during southward
IMF. As the magnetospheric �eld on the dayside is directed towards north, a re-
gion of anti-parallel �eld lines will establish at the sub-solar magnetopause. This
enables reconnection at the dayside magnetosphere and thus a continuous creation
of open magnetic �ux (marked in gray in Figure 3.3a). The newly open �eld lines
are dragged tailwards by the solar wind �ow, into the mantle and eventually be-
coming part of the magnetotail lobes. This builds up an energy reservoir (loading)
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Figure 3.3: A schematic of dayside reconnection. From the reconnection x-line at the subso-
lar magnetopause, the open �ux (marked in gray) convects tailward over the polar region and
eventually into the tail lobe. From Lockwood and Morley [2004].

which eventually can be released through reconnection in the equatorial magneto-
tail, which re-closes the open �eld lines (unloading). The newly closed �ux is then
convected back towards the dayside magnetopause, which completes the circulation
pattern. This is known as the Dungey cycle [e.g., Dungey, 1961; Cowley, 2000].

It still remains to be established whether reconnection is continuously ongoing
during southward IMF, or if it primarily is an intermittent process. Evidence
for pulsed reconnection, so called �ux transfer events (FTE), is ample. These
can be seen as bulges of magnetic �ux dragged along the magnetopause surface,
characterized by bipolar magnetic �eld signatures in the component normal to the
magnetopause [e.g., Russell and Elphic, 1978, 1979]. FTEs are also associated
with an increase in both magnetic �eld strength and total pressure. They have
been found to recur on time scales of roughly 5 to 20 minutes, with an average
�ux content approximately proportional to an ionospheric potential drop of 6 kV
(described in Chapter 4.1) [Rijnbeek et al., 1984, and references therein].

Although there is yet no clear explanation why reconnection should exhibit only
bursty characteristics, few observations of long periods of continuous reconnection
have been reported. Continuous in-situ measurements in the reconnection region
over longer time scales are in general not feasible, as crossing satellites only tend
to stay on newly reconnected �eld lines for a brief moment of time. However, Phan
et al. [2004] presented a favorable case of Cluster data, where at least one of the
four satellites recorded jets of high energy particles associated with reconnection
for more than 2 hours. This would thus indicate the existence of continuous recon-
nection. Indirect evidence has also been presented by studying cusp proton auroral
emissions [Frey et al., 2003] and by remote sensing using data from the SuperDARN
incoherent scatter radars and DMSP satellites [Pinnock et al., 2003].
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3.3 Lobe Reconnection

When the IMF is northward the topology is much less favorable for reconnection.
There are two di�erent possibilities: through component reconnection on the day-
side [e.g., Cowley, 1976; Cowley and Owen, 1989], or lobe reconnection poleward
of the cusp [e.g., Dungey, 1963; Crooker, 1988, 1992; Gosling et al., 1991]. Com-
ponent reconnection, which does not require strictly anti-parallel �elds, but only
an anti-parallel component, is more frequent when the IMF By is large, whereas
lobe reconnection becomes dominant as the IMF turns increasingly northward. Fig-
ure 3.4 shows a schematic of lobe reconnection in the northern hemisphere. As the
northward directed IMF drapes around the magnetosphere, a region of anti-parallel
�eld lines forms on the tailward side of the cusp where reconnection can take place.
In practice, this means that the reconnection interconnects the IMF with the open
�eld in the tail lobe and leads to re-circulation of open magnetic �ux rather than
the loading-unloading process for southward IMF. A cross-section of the magne-
tospheric Dungey-cycle for lobe reconnection is illustrated in Figure 3.5. As the
newly open magnetic �ux stretches around the dayside magnetosphere, the solar
wind �ow will �rst produce a sunward movement of the ionospheric extension of the
�eld. The �ux is then diverted towards the �anks and pulled over the side of the
magnetosphere and up into the tail lobe, where the process starts again [Cowley,
2000].

IMF

Figure 3.4: Overview of lobe reconnection. Due to the draping of the IMF (marked by dashed
lines), a region of anti-parallel �elds is formed on the tailward side of the cusp. On the equatorward
side of the reconnection region, the newly open �eld lines are pulled sunward towards the dayside
magnetosphere. On the tailward side, the outermost layers of the tail are detached from the
terrestrial �eld (solid lines). After Gosling et al. [1991].
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Figure 3.5: The Dungey cycle for lobe reconnection. The �gure shows a cross section of the
northern hemisphere magnetotail. The reconnection site is marked by the dashed line, and the
blue arrows show the �ux tube motion. The magnetospheric currents (the nightside magnetopause
current, Imp, and the cross-tail current, Ict) are shown in black, and the ionospheric NBZ current
(present only for northward IMF) in orange. As the newly reconnected �eld lines are draped
around the magnetosphere, the magnetic �ux is dragged sunward and around the �anks of the
magnetotail. As the �eld lines become more and more stretched and younger open �ux is added
to the �anks, the �ux is pushed towards the upper side of the magnetotail and back towards the
reconnection region. After Cowley [2000].

3.4 Low-Latitude Dynamos
In addition to the solar wind-magnetosphere interaction through reconnection, it
is envisaged that plasma, energy and momentum may also be transferred through
viscous-like processes at the interface between the magnetosheath and the low-
latitude boundary layer, collectively referred to as viscous interaction. The global-
scale behavior of a viscous dynamo was �rst proposed by Axford and Hines [1961]
as an analogy to a hydrodynamic �ow, where the magnetosheath motion is sug-
gested to couple to a large-scale circulation of plasma in the magnetosphere, see
Figure 3.6. There is now evidence to believe that a part of the magnetospheric dy-
namics is indeed driven by low-latitude dynamos [e.g., Mozer, 1984; Newell et al.,
1991b; Lu et al., 1994; Blomberg et al., 2004], however, few details regarding the
nature of the coupling are fully known. There are several di�erent wave types or
instabilities that can develop at the �ankside magnetopause that all may contribute
to the interaction, for example the Kelvin�Helmholtz instability [e.g., Fair�eld et
al., 2000], drift-kinetic Alfvén waves [Johnson and Cheng, 1997; Sundkvist et al.,
2005] and the lower-hybrid drift instability [Gary and Eastman, 1979; Treumann et
al., 1992]. In general the Kelvin�Helmholtz instability is regarded as the primary
source of the viscous dynamo, but extensive work remains in order to establish its
true signi�cance as a magnetospheric driver.

Another suggested coupling-process is impulsive penetration of solar wind plasma
into the LLBL [e.g., Lundin and Dubinin, 1984; Lemaire and Roth, 1991]. In brief,
small-scale density irregularities in the magnetosheath will lead to local variations
in the pressure balance criterion at the magnetopause (Equation 3.1). If the local
penetration of such a plasma irregularity is deep enough, it may become usurped
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Figure 3.6: Schematic of viscous interaction. As the the solar wind �ow is diverted around the
edges of the magnetosphere, it transfers momentum to the plasma in the outer layers of the LLBL
and thus drives a large scale circulation in the magnetosphere. From Axford and Hines [1961].

in the magnetosphere and thereby provide a path for direct transfer of solar wind
plasma into the closed dayside magnetosphere.

Although not strictly a low-latitude process, lobe reconnection has also been
suggested as a source of the LLBL plasma. The idea was put forth by Song and
Russell [1992] that for northward IMF, lobe-reconnection may simultaneously be
active in both the northern and southern hemisphere. If a particular �eld line
undergoes reconnection at both locations (although not necessarily simultaneously),
the process will create newly closed �eld lines at the dayside magnetosphere with
both its ends anchored in the planetary dipole �eld. This scenario portrays a very
e�cient mechanism for the intrusion of solar wind plasma into the magnetosphere
during northward IMF, and may well be a dominant source for the plasma in the
LLBL [Imber et al., 2006; Øieroset et al., 2008].

3.5 Current Systems

All boundaries where the magnetic �eld changes direction or magnitude are accom-
panied by a current sheet. An overview of the di�erent large-scale current systems
in the magnetosphere is given in Figure 3.7. The most basic and essential of the
currents caused by the solar wind �ow are the Chapman-Ferraro current on the
dayside magnetopause (also referred to as the dayside magnetopause current), and
the cross-tail current in the equatorial magnetotail. Both of these �ow from dawn
to dusk, and they exist independently of the IMF direction. The Chapman-Ferraro
current is a direct consequence of the pressure balance criterion (3.1) at the magne-
topause, and the cross-tail current develops at the magnetic �eld reversal in center
of the stretched magnetotail. Both of these currents close over the nightside mag-
netotail. There is also a ring current encircling the Earth in the equatorial plane
at a distance of ∼2-9 RE. The current, which is carried primarily by a population
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of trapped protons of solar wind origin, is due to the gradient and the curvature
of the magnetic �eld in this region [Daglis et al., 1999]. It is always present in its
quiescent form, but it has a highly variable strength and can undergo a substantial
growth during magnetic storms, when highly energetic particles are injected into
the ring current region as the stretched magnetotail resumes its original dipolar
shape.

When the IMF is southward, reconnection at the equatorial magnetopause also
drives a �eld-aligned current (FAC) system that connects and couples the mag-
netosphere and the ionosphere, known as the Region 1 (R1) current [Iijima and
Potemra, 1976]. The R1 current �ows down into the ionosphere on the dawnward
side of the polar cap, and out towards the magnetosphere on the duskward side. At
the outerward edge of the R1 system we �nd the Region 2 (R2) currents [Iijima and
Potemra, 1976]. These are of opposite polarity to R1, �owing into the ionosphere
on the dusk side, and out towards the magnetosphere on the dawn side. The R1
currents partly close over the polar cap, and partly through the R2 system, which
is coupled to an asymmetry in the ring current in the inner magnetosphere [e.g.,
Tsyganenko, 2000] know as the partial ring current. On the magnetospheric side,
most simulations suggest that the R1 current �ows across the high latitude bound-
ary layer (HLBL) tailward of the cusp [e.g. Janhunen et al., 1996; Tanaka, 1995,
2000], drawing energy from the re-acceleration and tensioning of the open �eld lines
by the solar wind �ow. The reconnection current, �owing along the reconnection
x-line, is suggested to close through the bow shock, thus gaining energy from the
retardation of the plasma �ow as it enters the magnetosheath [Siebert and Siscoe,
2002].

Figure 3.7: The primary current systems in the magnetosphere. From Stern [1994].
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For strictly northward IMF, the situation is somewhat di�erent as the open �eld
lines in the mantle and the tail lobes are being re-circulated into the solar wind.
The reconnection current is still suggested to be connected to a similar bow shock
dynamo as for southward IMF [Siebert and Siscoe, 2002], however, the reversed
convection pattern will give rise to a current system of opposite polarity to R1, the
NBZ current system, with an average magnitude of approximately 0.5 MA [Iijima
et al., 1984]. The current closure of the NBZ system has been studied by Tanaka
[1995] and Siscoe et al. [2000], and both studies found that the current stretches
over the �ankside magnetopause and closes through the central current sheet. The
R1 and R2 currents also develop when the IMF is northward, although they are
signi�cantly weaker and their global geometry may be di�erent: Tanaka [1995]
reported that the R1 current is driven by a dynamo in the LLBL, rather than in
the HLBL as in the southward IMF case, based on MHD simulations.





Chapter 4

The Ionosphere

The incident solar radiation ionizes the particles in the upper part of the atmo-
sphere and creates the ionosphere, a conducting layer covering the Earth. The
ionosphere coexists with both parts of the thermosphere and the exosphere layers
of the atmosphere, ranging from an altitude of ∼65 km up to ∼1000 km. It is
closely interconnected with the magnetosphere and the solar wind, and its dynam-
ics is often a mirror of the magnetospheric topology. One such example is the bright
and vivid displays of the aurora (Figure 4.1), where incident energetic electrons,
accelerated in the magnetosphere during magnetic storms, collide with and excite
the molecules in the atmosphere, which in turn emit light in the visible spectrum.

Figure 4.1: Aurora at Poker Flat, Alaska. The oxygen emission lines at 5577 Å and 6300 Å give
rise to the green and red colors, respectively. The terrestrial magnetic �eld is visualized in the
rayed auroral arcs. Image credit: Hanna Dahlgren.

21
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The plasma density in the ionosphere is determined by a balance of the ultra-
violet radiation, the atmospheric density and the recombination rate. As the radia-
tion intensity decreases with altitude due to absorption in the atmosphere, and the
neutral density increases, the ion density exhibits a peak at altitudes of ∼200-300
km, see Figure (4.2). The presence of a large quantity of neutrals, primarily O,
N2 and O2 [Rees, 1979], leads to frequent collisions, which have important e�ects
on the conductivity. The ion and electron conductivity, σi and σe, can be de�ned
through the mean time between collisions, τe and τi,

σi =
ne2τi

mi
, σe =

ne2τe

me
. (4.1)

In addition, the gyro motion of the particles will be disturbed by collisions, and the
ions and electrons will begin to drift in the plane perpendicular to the magnetic
�eld. Their relative motion is determined by the Pedersen conductivity, σP , in the
direction of E⊥, and the Hall conductivity, σH , in the direction perpendicular to
both E and B, which gives rise to the Hall and Pedersen currents, respectively.

σ‖ = σi + σe (4.2)
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(4.4)

The dense ionospheric plasma thus acts as a conducting plane and provides a closure
path for the magnetospheric �eld-aligned currents.

Figure 4.2: Altitude pro�le for the atmospheric
temperature (left), ion density (middle) and neu-
tral density(right). The di�erent layers of the
Atmosphere are listed in the left panel. From
Dahlgren [2010] (after Rees [1979]).
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4.1 Ionospheric Convection
The Dungey cycle not only circulates magnetic �ux in the magnetosphere, but
it also drives large scale plasma convection in the ionosphere, mediated through
the E×B drift. Although the convection patterns are highly variable and exhibit
many small scale features, a few typical large-scale patterns can be discerned as a
function of the IMF orientation. The most common type is the 2�cell convection
pattern [e.g., Heelis, 1984; Heppner and Maynard, 1987], displayed in Figure 4.3.
This is the typical situation of a magnetosphere driven by southward IMF. Re-
connection on the dayside (marked by the ionospheric projection of the cusp, the
upper dashed line) drives anti-sunward �ow of open magnetic �ux over the polar
cap. The magnetic �eld is closed through reconnection in the tail (projected as the
lower dashed line) and recirculated towards the dayside on lower latitudes. The
pattern portrays a steady-state circulation. Figure 4.3 is highly idealized, however,
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Figure 4.3: An idealized steady state 2-cell
convection pattern. The dashed/solid cir-
cle marks the open-closed �eld line bound-
ary, with dashed lines marking the projec-
tion of the dayside and nightside reconnec-
tion regions. Reconnection on the dayside
drives anti-sunward plasma convection (white
arrows) over the polar cap, which is then
closed in the tail and recirculated towards
the dayside. Two additional viscous cells are
present on the outside of the polar cap. The
color scale symbolizes the corresponding po-
tential pattern in the northern hemisphere,
where the blue cells are negative and red cells
positive.

the peculiarities of the dayside throat region at the cusp [Rei� et al., 1978; Heelis et
al., 1982] and the Harang discontinuity [e.g. Maynard, 1974; Erickson et al., 1991]
on the nightside have been omitted for simplicity, and the e�ects of the co-rotation
electric �eld have been removed. The polar cap rarely reaches a steady state with
equal reconnection on the dayside and in the tail, it should rather be considered
as either expanding when dayside reconnection is the dominant factor (loading of
the magnetosphere), or contracting for dominant nightside reconnection (unloading
of the magnetosphere). In addition to the reconnection driven �ow, low-latitude
dynamos connected to the boundary layer may drive additional smaller convection
cells inside the reconnection cells, marked by 'V' in Figure 4.3. For a southward
IMF with a dominant By component, asymmetries will develop in the convection
pattern causing a shift in MLT and a stronger dawn (dusk) cell for positive (neg-
ative) IMF By in the northern hemisphere, and oppositely in the southern [e.g.,
Heppner, 1972; Heppner and Maynard, 1987].

For strictly northward IMF, the situation is somewhat di�erent. As a conse-
quence of the reversed Dungey cycle, the ionospheric convection exhibits a sunward
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Figure 4.4: An idealized 4-cell convection pat-
tern. The dashed line marks the ionospheric pro-
jection of the cusp, and the solid circle the polar
cap boundary. The white arrows show the direc-
tion of the plasma �ow. Two convection cells are
driven by reconnection in the polar cap, with sun-
ward convection on high latitudes, and an anti-
sunward return �ow on lower latitudes. Addi-
tionally, two viscous cells (marked by 'V') are
established equatorward of the polar cap, which
completes the 4-cell pattern. The color scale
symbolizes the corresponding potential pattern
in the northern hemisphere, where the blue cells
are negative and red cells positive.
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�ow over the polar cap, with two anti-sunward return �ow regions at lower lati-
tudes, see Figure 4.4. Note here that the convection is only the consequence of a
circulation of open �ux, which is marked by the projection of the single reconnection
line at the cusp (dashed line). Outside the polar cap, the low-latitude boundary
layer still drives convection cells on lower latitudes, resulting in the formation of a
4-cell pattern. In general, the convection patterns are less clear for northward IMF
as the average convection velocities are smaller [Cumnock et al., 1995], and they
are more sensitive to IMF By e�ects. In principle, a positive (negative) By leads
to a stronger dawn (dusk) cell in the northern hemisphere, but many variations of
the convection patterns exist [e.g., Rei� and Burch, 1985; Cumnock et al., 1995],
and the interpretation is not always straight-forward.

One commonly used measure of the present state of the magnetospheric sys-
tem is the maximum potential di�erence in the polar ionosphere. It has a varying
nomenclature in the scienti�c literature: the trans-polar potential, the cross-polar
potential drop, the cross-polar cap potential, the polar cap voltage or almost any
combinations of the above. In the present work, we will refer to the total potential
drop over 2-cell convection patterns as the cross-polar potential, in order to distin-
guish the total potential drop including low-latitude dynamos from the potential
drop over the open-�eld line region only, i.e., the cross-polar cap potential. As is
shown in Paper I, however, in most 2-cell cases the low-latitude contribution can be
assumed negligible. For the 4-cell convection patterns, the reconnection and low-
latitude dynamos are disconnected from each other, and are of opposite polarities.
The term ionospheric driving potential is here used to identify the sum of the two,
and the reverse convection potential to de�ne the sunward driven �ow in the polar
cap.

Using a simple approach, the measured cross-polar potential is considered as
a steady state function of solar wind parameters exclusively, and the in�uence of
variations in the nightside merging rate are considered negligible. One common
example is the parametrical expansion given by Boyle et al. [1997],

ΦPC = 10−4 u2
sw + 11.7 Bsw sin3(θ/2) kV, (4.5)
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where ΦPC is the cross-polar potential drop, and θ = sin−1(Bz/B) is the IMF clock
angle. In order to achieve a more dynamical model of the potential, the nightside
merging rate and the loading/unloading of the polar cap must be taken into account
as well. The potential drop across any section of the polar cap can be represented
by a linear combination in the dayside and nightside merging rates, ΦD and ΦN,
with a possible additional non-reconnection (viscous) contribution, ΦV [Lockwood
et al., 2009],

Φ = cΦD + dΦN + ΦV, (4.6)
where the coe�cients c and d are less than or equal to unity. Apart from the
merging lines, the polar cap boundary is adiaroic, meaning that no plasma can be
transported across it. Instead, if there is an imbalance in dayside and nightside
reconnection, this will result in either an expansion or contraction of the polar cap
area,

ΦD − ΦN =
d(πa2BI)

dt
, (4.7)

where a is the radius of the polar cap and BI is the magnitude of the magnetic
�eld in the polar ionosphere [Siscoe and Huang, 1985]. The expression assumes a
perfectly circular polar cap.

The dynamic response in the ionospheric convection to changes in the recon-
nection rate is subject to debate. It is well documented that the time required
for the polar cap convection to reach a steady state after a southward turning of
the IMF is on the order of 10-15 minutes [Freeman, 2003, and references therein],
but there are essentially two descriptions of how this steady state is reached: Cow-
ley and Lockwood [1992] suggested that the convection pattern evolves throughout
this time period, with the changes propagating as a travelling wave, whereas Ridley
et al. [1998] envisaged that the convection pattern for a speci�c IMF is in princi-
ple independent of the merging rate, and that only the magnitude of the �ow is
time-dependent.

4.2 Data Sources
The ionospheric convection and the associated potential drop can be measured in
several di�erent ways, all of which have their advantages: by satellites [e.g., Rei� et
al., 1981; Doyle and Burke, 1983; Rich and Hairston, 1994; Weimer, 1995; Hairston
et al., 1998], coherent and incoherent scatter radars [e.g., Shepherd et al., 2002,
2003], or by inference from geomagnetic indices such as AMIE (Assimilative Map-
ping of Ionospheric Electrodynamics) [e.g., Richmond and Kamide, 1988; Ridley et
al., 2000].

In Paper I-III we utilize data from the Defense Meteorological Satellite Program
(DMSP), primarily the F13 spacecraft, an ionospheric satellite in a sun-synchronous
polar orbit at 850 km altitude, �xed in local time approximately in the dawn-
dusk meridian. We also utilize supporting data from F15, which follows a post-
dawn pre-midnight orbit (approximately 9 - 21 MLT). The satellites both provide
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precipitating ion and electron data from the SSJ/4 instrument (measuring energies
from 30 eV to 30 keV) and the ion drift velocity from the SSIES sensor. The
electric �eld along the spacecraft trajectory is calculated with the assumption that
the plasma motion is exclusively due to the E×B drift, using the cross product of
the downward component of the modeled geomagnetic �eld and the measured ion
drift velocity perpendicular to the spacecraft trajectory.

The dawn-dusk aligned orbit of F13 makes it suitable for measurements of the
cross-polar potential, as each polar cap passage provides a spatial cut through the
convection pattern and a lower level limit of the potential drop. (The satellite
is likely to pass in the vicinity of the potential extrema, but will in general not
measure the full potential di�erence between the convection cells.) As a crossing
of the polar cap requires roughly 10-15 minutes, temporal variations on such time
scales will not be distinguishable from spatial variations in the convection pattern
and the potential drop. Such short time-scale variations are better determined
by the SuperDARN radar network, which can provide a compiled map of plasma
convection velocities on the order a few minutes. Unfortunately, the radar network
only gives information on the plasma convection in regions where radar backscatter
is received, the remaining convection pattern is normally derived by statistical
models and �tting techniques, as described by Ruohoniemi and Baker [1988].

4.3 Magnetosphere-Ionosphere Mapping

By comparing the characteristics of the low-altitude particle precipitation observed
in the ionosphere and the plasma characteristics in the magnetosphere, one can
derive details on how the �eld lines map from the di�erent magnetospheric re-
gions to the ionosphere. The interpretation is not always straight-forward, as the
boundaries are often di�use and e�ects such as �eld-aligned potential drops and
gradient or curvature drifts may a�ect the original phase space distribution. The
�eld-aligned particle population that enters the magnetosphere-ionosphere system
through newly open �eld lines in the exterior cusp region will precipitate down
towards the ionospheric extension of the cusp, creating a spatially limited region of
enhanced precipitation on the dayside. Due to their longer transit time, the pre-
cipitating ions also experience an E×B drift in the anti-sunward direction, where
low energy ions will be more a�ected by the drift motion and therefore in general
enter the ionosphere at higher magnetic latitudes. When seen from an ionospheric
point of view, this gives rise to a velocity �lter e�ect, where the main electron
precipitation and high energy ions mark the equatorward border of the cusp, as
they experience little or no drift during their transit into the ionosphere. The char-
acteristic energy of the ion precipitation then decreases in the poleward direction
[e.g., Rosenbauer et al., 1975; Rei� et al., 1977; Onsager et al., 1993], as is shown
in Figure 4.5. For higher magnetic latitudes where the �eld lines connect to the
distant magnetotail, there is no longer any pronounced plasma source available,
and only energetic solar wind electrons with �eld-aligned velocities greater than
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the convection velocity in the tail may successfully precipitate into the ionosphere,
forming a precipitation pattern known as polar rain [Fair�eld and Scudder, 1985].

Figure 4.5: The particle signature of a cusp crossing. The DMSP F15 satellite enters the cusp
at 21:06 UT. As the spacecraft moves poleward through the mantle, the average energy of the
precipitating ions decreases until the spacecraft reaches the polar rain in the tail lobe at around
21:09.

For the ionospheric projection of the LLBL, which maps to the �ank-side bound-
ary of the polar cap, a mix of cold and dense magnetosheath plasma and the hotter
and more rari�ed magnetospheric plasma is expected. An example of the ion energy
distribution, along with a comparison to high-latitude observations of the LLBL can
be seen in Figure 4.6.

In a series of papers, P.T Newell and coworkers [Newell and Meng, 1988, 1992;
Newell et al., 1991a, 1991b, 1991c] have developed automated identi�cation routines
for the ionospheric regions. In the dayside ionosphere, the de�ned regions are

Figure 4.6: A comparison between the high al-
titude particle spectrum measured by ISEE 1
(solid lines), and the low-altitude measurement of
DMPS (circles). LLBL is the low-latitude bound-
ary layer, MS the magnetosheath, and PS the
plasma sheet. The DMSP measurements con-
form well to the spectrum given by ISEE 1 for
the LLBL. The LLBL spectrum can be seen as a
gradual conversion between the MS and PS char-
acteristics. From Newell et al. [1991b].
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the following: Cusp, LLBL, Mantle, CPS (central plasma sheet), BPS (boundary
plasma sheet), polar rain and void. The regions are de�ned by energy distributions
similar to those generally seen in the respective regions, with additional constraints
on their spatial location. This does not always guarantee a corresponding mapping
to their respective high-altitude region, but it gives a general idea of the present
con�guration of the magnetosphere. A statistical map of the ionospheric projections
is shown in Figure 4.7.

Figure 4.7: Average distribution of the particle precipitation regions on the dayside. The average
cusp is centered around 12 MLT at ∼ 78◦ MLAT. From Newell and Meng [1992]

4.4 Saturation
For low to intermediate values of the interplanetary electric �eld (IEF), the cross-
polar potential has been shown to have a roughly linear dependence on the IEF or
similar solar wind-magnetosphere coupling functions, such as the Boyle et al. [1997]
formulation given in Equation (4.5), or the Kan-Lee energy transfer function [Kan
and Lee, 1979; Rei� et al., 1981],

ΦM = usw Bsw sin2(θ/2) l0. (4.8)

Here, ΦM represents the available convection potential in the outer magnetosphere,
and l0 the length of the reconnection x-line.

For strong solar wind driving, the ionospheric potential tends to deviate from
the linear dependence towards a saturated state, where further increases in the solar
wind electric �eld only gives marginal increases in the cross-polar potential [e.g.,
Russell et al., 2001; Nagatsuma, 2002]. The possibility of a saturation was �rst
proposed by Hill et al. [1976] in a comparative study of the terrestrial, Martian and
Hermean magnetospheres. He suggested that the presence of a highly conducting
ionosphere on Mars would lead to a stable potential drop over the Martian polar
cap, whereas for Mercury, which lacks a conducting layer above the surface of the
planet, would have an uncapped potential solely determined by the strength of the
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solar wind dynamo. The suggested saturation mechanism was that feedback from
the R1 current system would reduce the magnetic �eld on the dayside magnetopause
and in that way limit the magnetic �ux available for reconnection. As a saturated
level is reached, further increases of the solar wind driving would no longer a�ect
the state of the ionosphere. This behavior can be described by the Hill model for
the cross-polar cap potential [Hill et al., 1976; Siscoe et al., 2002a],

ΦPC =
ΦMΦS

ΦM + ΦS
. (4.9)

As the convection potential in the outer magnetosphere approaches the limit of the
saturation potential, ΦS, the response function will �atten and eventually stagnate
at the value of ΦS.

There is ample observational evidence for saturation e�ects [e.g. Russell et al.,
2001; Nagatsuma, 2002; Shepherd et al., 2002, 2003; Ober et al., 2003; Raeder
and Lu, 2005; Hairston et al., 2005], and most simulations that have been look-
ing for the phenomenon have found it [e.g., Siscoe et al., 2004; Borovsky et al.,
2009]. In a study of some of the most extreme solar wind events, observed during
the October-November 2003 superstorms, Hairston et al. [2005] could determine
a saturation limit of 260 kV, which is on the order of a factor 3 smaller than the
linearly predicted potential. The reported onset value for the saturation varies both
with the measurement method used and the de�nition of the linear and saturation
regimes, where the suggested lower and upper limits of the IEF are around 3 to 10
mV/m, respectively [Russell et al., 2001; Liemohn and Ridley, 2002]. Even though
the saturation is a generally accepted phenomenon, there is no consensus on the
underlying cause and several di�erent theories have emerged over the years. The
main suggestions put forth in the literature so far are:

Dipole �eld reduction at the magnetopause. The magnetic �eld generated
by the R1 current grows in intensity, and weakens the dipole �eld at the
low-latitude dayside magnetopause. This will limit the amount of magnetic
�ux available for the reconnection process [Hill et al., 1976; Siscoe et al.
2002a]. This explanation has been questioned by Borovsky et al. [2009], on
the foundation that the pressure balance criterion must still be upheld at the
magnetopause. Although the magnetic �eld strength is reduced by the R1
current, this would lead to a earthward shift of the magnetopause location
rather than a decrease of the magnetic �eld strength at the sub-solar point.

Solar wind Alfvén Mach number dependence. In the papers by Lopez
et al. [2004] and Ridley [2005], it was observed that the solar wind density
and Alfvén mach number, MA = usw/VA, might have an e�ect on the energy
transfer into the ionosphere. A low mach number will lead to a less compressed
magnetosheath, which in turn will limit the rate of magnetic �ux that can
be transferred through magnetic reconnection [Lopez et al., 2004]. In the
events presented by Ridley [2005], it was reported that at all the occasions
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when a saturation was observed, the solar wind mach number went down
from nominal (∼8) to low (<3) values. Ridley [2005] found that the potential
could be well described by adding an additional factor of (1− eMa/3), to the
merging function.

Alfvén wave re�ections. The electric �eld is transmitted into the ionosphere
through Alfvén waves. If the di�erence in the Alfvén conductance between the
solar wind and the ionosphere grows large, which happens during periods of
strong IMF, parts of the incoming wave energy will be re�ected. As the trans-
ferred electric �eld is dependent on the amount of transmitted and re�ected
wave energy, this will lead to a reduction of the cross-polar cap potential
[Ridley, 2007; Kivelson and Ridley, 2008]. The criterion can be expressed as

ΦPC = 2ΦM
ΣA

ΣP + ΣA
, (4.10)

where ΣA = 1/(µ0VA) is the Alfvén conductance of the solar wind and ΣP

the height integrated Pedersen conductivity in the ionosphere [Kivelson and
Ridley, 2008]. The theory, which is based on Alfvén wave theory, has its
foundations in the work on the interaction of the Galilean moons with the
Jovian magnetosphere, as described by Neubauer [1980] and Southwood et
al. [1980]. The Alfvén wave re�ection will also lead to two regions of low �ow
velocities being set up behind the planet, the Alfvén wings.

Geometrical e�ects on the reconnection rate. Along with the theoretical
and observational work, several studies have interpreted the potential satura-
tion from a simulational perspective. The simulations allow for a geometrical
visualization of the phenomenon, as the solar wind parameters change and
the currents grow, the shape of the magnetosphere and the prerequisites for
reconnection will change as well. Some of these have been reviewed by Sis-
coe et al. [2004] and Borovsky et al. [2009]. In a simulation of the Bastille
day geomagnetic storm, Raeder et al. [2001], showed that they could make
a satisfactory reproduction of the magnetopause movement and the general
level of the cross-polar potential. They observed that when the solar wind
driving went up, the tail lobes started to bulge out and the magnetic �eld at
the sub-solar point reduced, giving rise to high latitude shoulders and a low
latitude dimple on the dayside magnetopause. This in turn leads to a stag-
nation region forming in front of the bulge with low �ow velocities, limiting
the amount of magnetic �ux available for reconnection. Similar results were
also shown by Ober et al. [2006].
Another explanation was proposed by Merkine et al. [2003] and Merkin et al.
[2005] based on simulations using di�erent ionospheric conductivities in the
Lyon-Fedder-Mobarry MHD code. The strength of the R1 current is closely
linked to the conductance over the polar cap, and as the conductance increases
due to the solar activity, so does the current. This in turn leads to a widening
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of the magnetosphere on the �anks and a larger stand of distance to the bow-
shock, while the distance to the subsolar point is maintained. In this way,
the convection in the subsolar magnetosheath and the available reconnection
potential are reduced.

Ram pressure saturation. Another interpretation was derived from the sim-
ulations by Siscoe et al. [2002b]. As the R1 current increased, it became
a part of the Chapman-Ferraro current on the dayside magnetopause, un-
til it eventually replaced this current completely. As the magnitude of the
Chapman-Ferraro is given by the pressure balance criterion between the mag-
netic dipole �eld and the solar wind pressure, it puts a limit to the maximum
possible R1 current as well. As an order of magnitude estimate, Siscoe et al.
[2004] stated that a solar wind pressure of 2 nPa would limit the R1 current
to a maximum of 3.5 MA.

Additional information on both observations, theories and modeling of the sat-
uration is given by Shepherd [2007].





Chapter 5

The Kelvin�Helmholtz Instability

The Kelvin�Helmholtz (KH) instability can develop at any boundary separating
two �uids of di�erent streaming velocities, where small perturbations can evolve
into large-scale rolled-up vortices. For example, Figure 5.1 shows an example of
Kelvin�Helmholtz waves in the neutral atmosphere of Saturn, where the counter-
streaming gas in the zones (bright bands) and belts (dark bands) can give rise to a
su�cient velocity shear to trigger the instability.

The conceptual formulation of the KH instability was �rst proposed in the late
19th century by Helmholtz [1868], and the fundamental mathematical treatment
was provided by Lord Kelvin soon thereafter [Thomson, 1871]. In its magneto-
hydrodynamic form, the instability is believed to be of importance in a variety of
space- and astrophysical contexts: in the evolution of galaxies and interstellar clouds
[e.g., Klein et al. 1994, Birk et al., 2000], as a mechanism for mass, momentum and
energy transfer from solar wind into the LLBL, and as a possible source of ultralow-
frequency (ULF) pulsations in the magnetosphere [e.g., Southwood, 1974].

Figure 5.1: Kelvin�Helmholtz waves on the surface of Saturn. The waves develop at the boundary
between the counter streaming gas in the zones (bright bands) and the belts (dark bands). Image
credit: NASA.
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5.1 Theory
The most fundamental theoretical work on the magneto-hydrodynamic Kelvin�
Helmholtz instability dates back to Chandrasekhar [1961], who derived the wave
equations and growth for a variety of situations, considering the e�ects of gravity,
magnetic �elds, surface tension, viscosity and a �nite width of the velocity shear
layer. Additional theoretical work has since then been performed by for example
Walker [1981], who extended the framework to include �nite gradients in magnetic
�eld, velocity, particle density and pressure, and Nagano [1978, 1979] who studied
the e�ect of the ion gyration on the instability. We here provide a simpli�ed deriva-
tion of the KH wave equation, adapted from Chandrasekhar [1961] and Sanghvi and
Chhajlani [1994], in order to establish the general growth rate of the instability. The
setup considers two regions of di�erent densities, ρ, and streaming velocities, U ,
separated by a sharp boundary at z = zs,

U, ρ =
{

U1, ρ1 if z < zs

U2, ρ2 if z > zs.

The velocity shear is de�ned by the tangential di�erence in the streaming velocity
in the two domains, ∆U = U1−U2. We further simplify by considering a situation
where no surface tension due to �uid viscosity is present (inviscid �uids), nor any
in�uence of an external magnetic �eld. The instability is initiated by a disturbance
in the �ow velocity in the x and z directions,

U = (U + ux, 0, uz), (5.1)

accompanied by a perturbation in the plasma density, δρ, and pressure, δp. We
further de�ne the medium to be incompressible, i.e., there is no net in�ow or out�ow
of plasma into any given �uid element:

∇ ·U = 0. (5.2)

Any perturbation in the position of the boundary surface, δzs, must follow the
plasma movement normal to the boundary, and the normal component of the plasma

Figure 5.2: De�ned quantities for the velocity
shear region. The dashed line marks the bound-
ary between domains 1 and 2. The �ow vectors
are de�ned in the positive x-direction. z
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motion must be continuous. This gives a continuity requirement at the surface
which relates the parameters in the two regions,

∂

∂t
δzs + Us

∂

∂x
δzs = uz(zs). (5.3)

We can determine the wave equation through the plasma equation of motion
(5.4) and continuity (5.5) by linearizing the perturbation and neglecting higher
order terms,

ρ

[
∂U
∂t

+ (U · ∇)U
]

= −∇P, (5.4)

∂ρ

∂t
+∇ · (ρU) = 0. (5.5)

Equations (5.2), (5.4), and (5.5) then yield

∂ux

∂x
+

∂uz

∂z
= 0, (5.6)

ρ
∂ux

∂t
+ ρU

∂ux

∂x
+ ρuz

∂U

∂z
= − ∂

∂x
δp, (5.7)

ρ
∂uz

∂t
+ ρU

∂uz

∂x
= − ∂

∂z
δp, (5.8)

∂

∂t
δρ + U

∂

∂x
δρ + uz

∂ρ

∂z
= 0. (5.9)

The �nal derivation makes use of incompressibility de�ned in (5.2). The ∂ρ/∂z
term in (5.9) shows up due to the discontinuity of ρ at the boundary. By assuming
that the x and t components of the wave can be represented in the form ei(kx+nt)

and including the additional simpli�cation d/dz = D, we can re-write the equations
(5.6)�(5.9) as

ikux = −Duz, (5.10)
iρ(n + kU)ux + ρuzDU = −ikδp, (5.11)

iρ(n + kU)uz = −Dδp, (5.12)
i(n + kU)δρ = −uzDρ. (5.13)

This system of equations allows us to establish a relation for uz. By multiplying
(5.11) with ik, and utilizing (5.10), we have

−iρ(n + kU)Duz + ikρuzDU = k2δp, (5.14)

which combined with (5.11) and (5.12) gives

D [−ρ(n + Uk)Duz + kρuzDU ] = −k2ρ(n + Uk)uz. (5.15)
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In regions of constant ρ and U, this expression reduces to the requirement

(D2 − k2)uz = 0. (5.16)

The general solution to (5.16) is given by uz = f(e±kz). Further, the restrictions
imposed by equation (5.3) translates to the requirement that w/(n + kU) is con-
tinuous at the surface, and we have a physical requirement that the perturbation
uz → 0 at z = ±∞. This gives the particular solutions:

uz1 = A(n + kU1)e+k(z−zs)+i(kx+nt) (5.17)
uz2 = A(n + kU2)e−k(z−zs)+i(kx+nt), (5.18)

where A is an arbitrary constant that de�nes the initial amplitude of the wave.
In order to determine the expression for n, we integrate equation (5.15) across

the boundary z = zs in the limit ε → 0,
[
−ρ(n + kU)Duz + kρuzDU

]zs+ε

zs−ε

= ρ2(n + kU2)kuz2 + ρ1(n + kU1)kuz1

=
[
−k2ρ(n + kU)uzz

]zs+ε

zs−ε

= 0.

(5.19)

If we again utilize the continuity in w/(n + kU) at the surface, we can reduce
expression (5.19) to a quadratic equation of n, with the solution

n = −k(
U1ρ1 + U2ρ2

ρ1 + ρ2
)± i

√
k2

ρ1ρ2

ρ1 + ρ2
(U1 − U2)2, (5.20)

which describes the temporal evolution of the wave. We can further divide the
expression into the real frequency, ω, and the growth rate, γ,

ω = −k(
U1ρ1 + U2ρ2

ρ1 + ρ2
), (5.21)

γ =
√

k2
ρ1ρ2

ρ1 + ρ2
(U1 − U2)2. (5.22)

Returning to a general expression for uz, we can now observe that there is always
an unstable wave solution corresponding to the wave growth eγt+iωt as long as γ is
real. The growth rate is linearly decreasing with increased wavelength, λ = 2π/k,
which means that the surface is more sensitive to shorter wavelengths. However, we
must remember that the present derivations include no stabilizing surface e�ects,
such as �uid viscosity, or magnetic �eld tension. For example, a magnetic �eld
parallel to the direction of the streaming will stabilize the surface for low velocity
shears,

ρ1ρ2(U1 − U2)2 ≤ 2B2

µ0
, (5.23)
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whereas a perpendicular magnetic �eld component will not have any e�ect on the
instability. (Equation 5.23 has been converted to SI units from Chandrasekhar
[1961].) However, if we take the full 3-D structure into account, perpendicular
�eld components will inevitably also lead to surface tension e�ects due to the �nite
extension of the vortices that will help stabilize the boundary. Additionally, a
broader velocity shear region will inhibit short wavelength perturbations, and the
fastest growing modes tends to occur for wavelengths on the order of the velocity
shear width [Miura and Pritchett, 1982].

5.2 Observations and Simulations
There is plenty of observational evidence to show that Kelvin�Helmholtz waves
can develop on the �anks of the magnetosphere, and additional events recorded
at the magnetopause of Saturn [Masters et al., 2009] and Mercury [Boardsen et
al., 2010] and at the ionopause of Venus [Pope et al., 2009] have shown that the
instability plays a key role in the solar wind interaction with many of the planetary
environments (Venus does not posses an intrinsic planetary magnetic �eld). At
Earth, reliable KH signatures have been reported from both the dawn and dusk side
of the magnetosphere, stretching from roughly the dawn-dusk meridian to -30 RE

down the tail. A typical example of a KH wave recorded by the Geotail spacecraft
is shown in Figure 5.3, and an overview of a large set of events is given in Figure
5.4 and Table 5.1. To date, the identi�cation of KH waves have primarily been
achieved through minimum variance analysis (MVA) [e.g. Sonnerup and Scheible,

Figure 5.3: Quasi-periodic oscillations at the
dawn magnetopause, observed by the Geotail
spacecraft on November 4, 1992. Panels 1-8 show
the total and boundary normal components of
the magnetic �eld and the plasma �ow velocity,
where N is the normal to the boundary (point-
ing outwards), and L and M are con�ned to the
boundary surface. L has a northward polarity
in the GSM system, and M is positive towards
west. The observations show the characteris-
tic saw-tooth wave form associated with Kelvin�
Helmholtz waves [e.g. Hasegawa et al., 2004a;
Fair�eld et al., 2007] in the magnetic �eld and the
tangential component of the plasma �ow. From
Kokubun et al. [1994].
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Kawano et al., 1994
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Chen et al., 1993
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Figure 5.4: An overview of the terrestrial wave observations listed in Table 5.1. The events with
northward IMF are printed in black, and those with southward IMF in gray.

1998] of a series of magnetopause crossings. The MVA allows the orientation of
the magnetopause current sheet to be determined, and in the case of a KH wave,
there should be clear steepening on the leading edge of the wave associated with
the development of the instability. As the wave structure develops further into
the non-linear domain and starts to roll up and form vortices, the magnetopause
boundary may become more and more gradual [Fair�eld et al., 2007].

It is di�cult to relate spacecraft measurements to the complete movement of the
magnetopause. In most events, the relative movement of the spacecraft compared
to the wave velocity can often be neglected; the spacecraft is rather to be considered
as a stationary object with series of magnetopause waves propagating over it. In
addition to the surface perturbations caused by the wave itself, variations in the
pressure balance will cause an overlaid breathing motion of the equilibrium position
of the magnetopause. This makes it di�cult to determine the spacecraft location
relative to the wave movement, but this can partly be compensated by tracking
the overall boundary motion of the magnetopause [De Keyser and Roth, 2003],
although there are several limitations to the method.

Extensive research has been performed on the properties of the KH instability
through computer simulations in order to better understand the spatial structuring
of the instability. Several di�erent types of codes have been employed, all with
their respective advantages: MHD codes [e.g Otto and Fair�eld, 2000] are useful
for studying the instability on large spatial scales, whereas kinetic simulations such
as particle-in-cell [e.g., Nakamura et al., 2000] or vlasov codes [Umeda et al., 2010]
are needed to resolve the small-scale behavior and the plasma transfer mechanisms.
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Study Flank Bz Period Wavelength
Aubry et al. [1971]1 dawn N→S 3:30-6 min 9 RE

Chen et al. [1993]2 both N 5 min 15 RE

Chen and Kivelson [1993] dawn N 3-8 min 3-8 RE

Kokubun et al. [1994] dawn N 2:40 min 3 RE

Kawano et al. [1994]3 dawn S 4-5 min 3-10 RE

Fair�eld et al. [2000] dusk N 2.5 min 4 RE

Farrugia et al. [2000]4 dusk N 5 min 13-14 RE
Hasegawa et al. [2004a]5 dusk N 3 min 6-8 RE

Fair�eld et al. [2007] dusk N 3 min 6 RE

Table 5.1: An overview of proposed KH events, showing the study in which they were presented,
the location of the waves (shown in greater detail in Figure 5.4). the direction of the Bz compo-
nent (North and South), the approximate periodicity of the waves, and the estimated wavelength.
1Short pulsations down to 10s were also reported for this event. The magnetic �eld in the mag-
netosheath was initially northward, but the large scale motion was reported to start at the time
of the �eld reversal. 2Simultaneous observations of waves on both �anks. 3The event was also
interpreted as a possible series of FTEs. 4Time period also studied by Stenuit et al. [2002] and
Fair�eld et al. [2003]. 5Also treated in Foullon et al. [2008] and Hasegawa et al. [2009].

5.3 Mass and Energy Transfer
Whether or not the Kelvin�Helmholtz instability is to be considered as an impor-
tant dynamo in the magnetosphere-ionosphere interaction at Earth is yet to be
determined. Simulations performed by Miura [1984] have indicated that the low-
latitude boundary layer may contribute 10-30 kV to the total ionospheric potential,
but statistical support is needed to clarify its true importance. How mass and en-
ergy transfer may be activated by rolled-up vortices is also still not clear. Several
di�erent mechanisms have been suggested:

Magnetic reconnection
In the simulations performed by Otto and Fair�eld [2000] and Nykyri and Otto
[2001], the rolled-up structure of the KH waves was shown to be associated
with a twisting of the magnetic �eld lines. Eventually, the vortex motion
starts forming sheaths of anti-parallel �eld lines (shown in Figure 5.5) and an
internal reconnection is enabled inside the vortex, with the consequence that
packets of plasma and magnetic �ux are transported between the two domains.
Similar observations have also been made by Nakamura and Fujimoto [2005]
among others.

Secondary instabilities and turbulence
As the vortex rolls up, the structure becomes very prone to turbulent �ows
and secondary instabilities [e.g., Nakamura et al., 2004]. For example, as
a consequence of the mass di�erence of the two regions and the centrifugal
force exerted by the vortex motion, the boundary inside the rolled-up vortex
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becomes sensitive to the Rayleigh-Taylor instability, which causes a plasma
transfer from dense to tenuous regions. Secondary, short wavelength KH
instabilities may develop at the boundary as well, which in turn leads to
increased turbulence and additional Rayleigh-Taylor instabilities [Matsumoto
and Hoshino, 2004; 2006].

Anomalous transport and di�usion
Miura [1984] showed using MHD simulations how the initial velocity shear
becomes widened as the instability evolves, and that there is an anomalous
di�usion of momentum and dissipation of vorticity that is enabled by the
magnetic stress. By tracking individual particle movements during MHD
simulations, Smets et al. [2002] could also show how the gyration of the ions
could give rise to non-adiabatic movements across the boundary surface.

Field aligned currents
Miura and Pritchett [1982] pointed out that the vorticity induced by the
instability will drive small scale �eld aligned currents inside the shear layer.
These are driven by the Alfvén mode component of the wave, which is present
whenever there is a magnetic �eld component perpendicular to the wave prop-
agation.

Coupling to kinetic Alfvén waves and ULF pulsations
The Alfvén mode component of the surface wave can also be converted into
kinetic Alfvén waves at the Alfvén resonance. This serves both to demagnetize
the ions and transport them across the boundary, and to provide �eld-aligned
bursts of electrons, leading to a transport of both mass and electromagnetic
energy across the boundary [Chaston et al., 2007]. There are also sugges-
tions that the instability may be a source for �eld-line resonant modes in the
magnetosphere [e.g., Southwood, 1974; Allan and Wright, 1997].

It should be noted that there is no clear distinction between the di�erent groups,
they all are intimately coupled and are in part describing similar e�ects from di�er-
ent perspectives. Another question that is yet undetermined is how the instability
is triggered. Two suggestions include the mirror-mode instability at the dayside
magnetopause [Hasegawa et al., 2009] and pressure variations in the solar wind
[Fair�eld et al., 2003].
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Figure 5.5: Magnetic reconnection inside a Kelvin�Helmholtz vortex. MSH denotes the magne-
tosheath (gray region) and MSP the magnetosphere (white region). As the wave starts to roll up,
the magnetic �eld becomes twisted with the vortex motion. Eventually, the rolled-up structure
of the magnetic �eld creates regions of anti-parallel �eld lines where reconnection can take place.
Reconnection inside the vortex can in this fashion produce localized plasmoids of dense plasma
and transfer plasma from one region to the other. From Nykyri and Otto [2001].





Chapter 6

Mercury's Magnetosphere

The �ve �y-bys by the Mariner 10 and MESSENGER spacecraft that have passed
through Mercury's magnetosphere have revealed a small but yet complex system
with many similarities to that of Earth, much to the surprise to the scienti�c com-
munity. Mercury has previously been considered too small and cold to be able to
maintain the internal convection su�cient to produce the dipole �eld observed. It
is currently undecided whether the planet possesses a currently operating inter-
nal dynamo, or if the �eld is in reality frozen into the outer crust of the planet
[Stephenson, 1976]. Mercury is a small but extremely dense object, its radius is
only about a third of that of Earth (1 RM = 2440 km), and the core of the planet
likely consists of more than 60% iron. The silicate regolith surface, shown in Figure
6.1, provides a continuous source of sodium to magnetosphere, both in the form of
Na+ ions and as a long tail of sodium neutrals.

Figure 6.1: Mercury's regolith surface. The image shows the highly cratered surface, with a
series of bright rays that extend away from the Hokusai impact crater on the horizon, some
of them up to 1000 km long. Image credit: NASA/Johns Hopkins University Applied Physics
Laboratory/Carnegie Institution of Washington.
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6.1 The MESSENGER mission
The MErcury Surface, Space ENvironment, GEochemistry and Ranging (MESSEN-
GER) spacecraft was launched on August 3, 2004. During it's voyage through the
inner solar system, it has performed one �yby of Earth, two �ybys of Venus, and
three �ybys of Mercury before the orbit insertion on March 18, 2011 (see Figure
6.2). It carries a set of research instruments in order to investigate the formation
and geological history of the planet, the composition of the planetary core, the
nature and origin of the planetary magnetic �eld, the exosphere and the properties
and dynamics of the magnetosphere [Solomon et al., 2001]. Of particular interest
here is the Magnetometer (MAG) instrument, a tri-axial �uxgate magnetometer
mounted on a 3.6 m long boom, which can measure the magnetic �eld with high
accuracy (0.047 nT resolution) and a high temporal resolution (20000 samples/s)
[Anderson et al., 2007].

Figure 6.2: MESSENGERS trajectory from launch to orbit insertion. Image Credit: NASA/Johns
Hopkins University Applied Physics Laboratory/Carnegie Institution of Washington

MESSENGER's three �ybys of Mercury (M1, M2 and M3) have provided the
�rst in-situ measurements of the Hermean magnetosphere since 1975. At all three
occasions, MESSENGER passed through the magnetosphere in the ecliptic plane,
entering on the dusk side of the magnetotail and exiting on the dawnward side of the
dayside magnetopause, see Figure 6.3. The �gure is given in Mercury Solar Orbital
(MSO) coordinates, where x is directed from the center of the planet toward the
Sun, z is normal to Mercury's orbital plane (positive towards north) and y completes
the right-handed system. The IMF was primarily northward during M1, southward
during M2, and had a strong equatorial component with a varying north-south
direction during M3.
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Figure 6.3: The trajectories of the �rst, second and third MESSENGER �yby of Mercury. The
horizontal axis shows the spacecraft position in XMSO axis and the vertical axis in the absolute
magnitude of YMSO and ZMSO components. The triangles and squares shows the bow shock
and magnetopause encounters, respectively, made by the Mariner 10 and MESSENGER missions.
From Slavin et al. [2000].

6.2 The Dynamic Magnetosphere

Mercury's close proximity to the Sun together with the comparatively weak plan-
etary magnetic �eld creates a very dynamic system, where the relatively strong
IMF drives intense and frequent substorms, and the loading-unloading periodicity
may be as short as 2-3 minutes [Slavin et al., 2010]. The reconnection rate is also
∼10 times greater than what is typically seen at Earth [Slavin et al., 2009]. The
magnetosphere closely resembles a scaled-down version of the terrestrial one, but
with a few fundamental di�erences:

(1) The lack of a conducting ionosphere. Whether �eld-aligned currents (FACs)
can close through the regolith and the thin layer of photoelectrons above the plan-
etary surface is uncertain, information regarding the conductance of the planet is
sparse and only speculative values are available so far [e.g., Ip and Kopp, 2004;
Baumjohann et al., 2006, and references therein]. This may potentially a�ect many
of the various magnetosphere-ionosphere coupling phenomena that we know from
Earth. FACs possibly associated with either the Region 1 current or a substorm
current wedge have been detected at Mercury by Mariner 10 [Slavin et al., 1997],
which indicates that they may at least at times be present in the Hermean mag-
netosphere, but whether large scale FAC patterns similar to those found at Earth
are present or not is yet to be resolved. Lyatsky et al. [2010] suggested an alterna-
tive model for how FAC may be set up between the magnetosphere and the planet
even if its conductivity is too low to allow currents to �ow across the surface. If
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the magnetospheric convection is fast enough, the re�ection of Alfvén waves at the
surface can establish a current system where the inbound and outbound paths are
separated by the convective motion of the �ux tube.

(2) Solar wind impact on the dayside surface. The close stand-o� distance of
the magnetopause makes the Hermean surface vulnerable to direct impact of solar
energetic particles. The magnetosphere compression during periods of enhanced
solar wind pressure in combination with the substantial reduction of magnetic �ux
in the sub-solar magnetosphere through reconnection may completely remove the
dayside magnetosphere and open up the planetary surface to the solar wind �ow,
which can then sputter neutrals from the surface into the exosphere [e.g., Killen
et al., 2001]. If the reduction of magnetic �ux is complete, then the northern
and southern cusps will join into a single equatorial cusp, as is shown in Figure
6.4. Even during periods of moderate loading, the average solid angle of Mercury's
polar cap has been estimated to around 6-7 times of that of Earth [Fujimoto et al.,
2007], which still enables sputtering of sodium from the planetary surface at the
location of the cusps [Baumgardner et al., 2008]. Even if the dayside �eld is not
fully compressed, high energy particles may still be lost to the surface if the Larmor
radius of the particle is larger than the magnetopause distance to the surface [Siscoe
and Christopher 1975; Slavin and Holzer 1979].

Figure 6.4: Mercury's magnetosphere in its ground state (left), moderately loaded (middle), and
heavily loaded (right). As the amount of open magnetic �ux is increased, the tail �aring angle
increases, and the cusps move equatorward. If the reduction is complete, they will transmogrify
into a single equatorial cusp where the solar wind has direct access to the planetary surface. From
Slavin et al. [2010].

(3) The mass loaded magnetosphere. In contrast to the other terrestrial planets
in the solar system, Mercury does not possess any substantial collision-dominated
atmosphere, but rather a very tenuous exosphere of planetary atoms and molecules.
The high solar radiation leads to very e�ective photo-ionization, which creates an
ionized extension of the exosphere with a signi�cant fraction of heavy ions (primar-
ily Na+) throughout the magnetosphere. Abundance ratios of the main species are
given in Table 6.1. The presence of heavy ions is expected to have an impact on the
dynamics of many of the magnetospheric processes, introducing kinetic e�ects into
the system as the gyro radii become non-negligible when compared to the scale size
of the magnetosphere. For example, both theoretical analyses [e.g., Nagano, 1979;
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Mass/charge (amu/e) Particle species Abundance ratio*
23-24 Na+, Mg+ 1.00
32-35 S+, O+

2 , H2S+ 0.67± 0.06
28 Si+, Fe++ 0.53± 0.06
39-40 K+, Ca+ 0.44± 0.05

Table 6.1: Accumulated count rates from the Ultraviolet and Visible Spectrometer (UVVS) during
the �rst MESSENGER �y-by through Mercury's magnetosphere, 8 Jan 2008. The abundance ratio
is given relative to the count rate in the Na+ and Mg+ channel [Zurbuchen et al., 2008].

Glassmeier and Espley, 2006] and simulations predict a di�erence in the growth
rates for the dusk and dawn �anks due to the opposite vorticity of the KH waves in
comparison to the ion gyration. In addition, the presence of heavy ions with larger
gyro radii and lower gyro frequencies may complicate the instability even further,
a signi�cant fraction of ionized sodium would provide a broadened shear layer, and
in case the ion gyro frequency and the timescale of the KH growth become com-
parable, the Larmor radius e�ects are expected to become even more pronounced
[Nakamura et al., 2010]. Finite Larmor radius e�ects are also of importance at
the magnetopause and the cusp, and can lead to deterministic chaos e�ects in the
magnetotail current sheet [Stasiewicz, 1994].

A large variation in the magnetospheric sodium emission has been observed,
depending on Mercury's position in orbit. The Doppler shift of the solar radiation
acceleration experienced by the sodium ions creates a positive feedback when the
planet is outbound (towards aphelion) and increases the ion emission, whereas the
feedback is negative in the inbound orbit [Potter et al., 2007]. In the case of M2
and M3, this gave rise to an enhancement of the observed sodium emission with
almost a factor of 20, as seen in Figure 6.5.

Figure 6.5: The observed sodium emission in Mercury's magnetosphere during MESSENGER's
second (left) and third �yby (right) of the planet. From Vervack et al. [2010].





Chapter 7

Summary

This chapter summarizes the main scienti�c advancements presented in Papers I-V,
and provides some additional aspects and supporting data that were not included
in the papers. Papers I-III focus on the statistical properties of the solar wind-
magnetosphere-ionosphere interaction at Earth, whereas Paper IV and V investigate
the Kelvin�Helmholtz instability at Mercury.

7.1 Paper I

�Statistical analysis of the sources of the cross-polar potential for southward IMF,
based on particle precipitation characteristics�

Magnetic reconnection is generally considered as the main process by which the
solar wind drives the magnetosphere-ionosphere system, whereas other proposed
drivers such as viscous interaction or impulsive penetration are expected only to
have a minor in�uence. However, few studies have attempted to classify their impor-
tance, and then only in the form of theoretical predictions [Sonnerup, 1980] or case
studies on limited data sets [e.g., Mozer 1984, Newell et al. 1991b]. The purpose of
this paper is to provide the �rst large-scale statistical analysis of the dynamo regions
behind the cross-polar potential, and an estimate of their respective importance as
drivers of the ionospheric convection. As the solar wind-magnetosphere-ionosphere
interaction is heavily dependent on the solar wind conditions, the analysis is limited
to steady southward IMF and stable 2-cell convection patterns typical for dayside
reconnection.

The classi�cations of the high-latitude polar cap and low-latitude boundary layer
regions utilize data from the DMSP F13 precipitating electron and ion spectrometer
(SSJ/4), together with the particle precipitation region de�nitions provided by P.
T. Newell and coworkers [Newell et al., 1991c]. The electric �elds are derived from
the F13 ion drift meter (SSIES).
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In order to obtain an increased reliability of the source region classi�cations and
to ensure a straight-forward data interpretation without ambiguities, additional
restrictions are applied to the data set:

1. A southward IMF Bz component should be continuously present for one hour
preceding the event.

2. The potential pattern should correspond to a general 2-cell convection pat-
tern.

3. The satellite trajectory should closely follow the 6-18 MLT meridian.

The �rst two criteria are to ensure that the global topology of the magnetosphere-
ionosphere system is stable and governed by dayside reconnection. The third cri-
terion �lls two purposes: (1) The automated region classi�cations will be more
reliable. As the reconnected �eld lines are almost exclusively connected to the tail
lobes and thus void of plasma, the transition into the low-latitude region is clearly
marked as a step in the particle precipitation. (2) The estimates of the total cross-
polar potential will be closer to the true value, as the trajectory is expected to pass
in vicinity of the potential extrema.

The reported results show that the low-latitude dynamo is in general insignif-
icant, on average contributing less than 2 kV to the total potential, with the ex-
ception of a few rare events in the range 10-25 kV. These measurements should be
compared to a mean value of roughly 65 kV for the high-latitude dynamo (recon-
nection). In comparison to previous low-latitude dynamo estimates of 5-10 kV, the
levels reported in the study are even lower, and no solar wind parameter seems to
have any signi�cant in�uence on the boundary layer potentials.

7.2 Paper II
�The Reverse Convection Potential: A Statistical Study of the General Properties
of Lobe Reconnection and Saturation E�ects During Northward IMF�

In Paper II the general properties of the ionospheric potential associated with lobe
reconnection, the reverse convection potential, are established. In order to achieve
this, a well-de�ned data set is derived with the following restrictions:

1. The IMF should be steady northward with Bz > |By| for two hours preceding
the event.

2. The ionospheric convection pattern should correspond to a stable 4-cell pat-
tern, with the reverse convection potential unambiguously de�ned.

3. The satellite trajectory should pass above 80 degrees MLAT on the dayside,
to ensure a passage through or poleward of the cusp.



7.2. PAPER II 51

Figure 7.1: A quasi-simultaneous polar cap crossing by DMSP F15 (top) and F13 (bottom) during
an extended period of northward IMF. A reversed cusp signature can be observed in the F15 data
on the dawnside at 86-83◦ MLAT. A clear 4-cell convection pattern is visible in the following F13
crossing, together with cusp precipitation at the same MLT and MLAT.
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Conditions 1 and 2 are to ensure a global magnetospheric topology dominated by
lobe reconnection rather than component reconnection, and condition 3 is to ensure
that the satellite gives an adequate measure of the lobe reconnection potential. As
the data selection criteria are stricter than Paper I in terms of the solar wind con-
ditions, less strict criteria must be imposed on the orbit selections in order to retain
a su�cient data base for statistical purposes. To verify that the observed potential
signatures are indeed to be interpreted as large-scale reverse convection regions,
data from quasi-simultaneous passages of the F15 satellite have been studied for
the cases available, in search for reversed cusp signatures equatorward of the F13
crossing, as displayed in Figure 7.1. This has in general provided extra credibility
to the initial interpretation of the convection pattern.

The �nal data set derived covers 271 events over the time period 1996-2004.
Figure 7.2 displays a scatter plot of the reverse convection potential against the
interplanetary electric �eld. For low to medium IEF, the data suggest a general
linear dependence between the two variables, including a pressure correction factor,
p−1/6, likely related to a decrease in the length of the reconnection x-line due to
compression of the magnetosphere [Siscoe et al., 2002a; Ridley, 2005]. For high IEFs,
a saturation tendency becomes clear in the data much similar to the e�ects observed
during periods of southward IMF and strong IEF. The idea that saturation exists
also for lobe reconnection is a relatively novel concept, which was �rst reported in
a SuperDARN study by Wilder et al. [2008]. A closer analysis of the nature and
implications of reverse convection saturation is given in Section 8.2.
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Figure 7.2: A scatter plot of the reverse convection potential against the solar wind electric �eld.
A saturation level at around 50 kV is visible in the data.
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7.3 Paper III

�Properties of the Boundary Layer Potential for Northward Interplanetary Magnetic
Field�

Paper III provides an extension of the study in Paper I, treating northward IMF
conditions. A method for statistical estimates of the boundary layer potentials for
steady northward IMF conditions and general 4-cell ionospheric convection patterns
is presented, together with a detailed study of the general properties and the solar
wind dependence functions using the data set de�ned in Paper II.

Due to the di�erent nature of the particle precipitation regions, boundary def-
initions using particle data becomes more di�cult for the 4-cell case. The polar
cap is often �lled with heavy polar rain, sometimes accompanied by ion precip-
itation [Shinohara and Kokubun, 1996]. Even at high latitudes, the boundaries
between the ion precipitation regions are gradual, making unambiguous de�nitions
of the polar cap boundary impossible. The presented method considers instead the
potential pattern as a steady state pro�le of the convection cells. As the reverse
convection electric �eld is oppositely directed to that in the boundary layer, it is
possible to derive the total boundary layer potential drop directly from the po-
tential pattern, as the di�erence between the reverse convection potential and the
potential drop over the two regions of anti-sunward convection. An overview of the
di�erent regions of the 4-cell convection pattern is found in Figure 7.3.

Figure 7.3: A general 4-cell convection pattern (top) and the corresponding potential de�nitions
for a dusk-dawn satellite trajectory in the northern hemisphere (below). The white cells represent
reverse convection cells, whereas the gray cells are boundary layer cells. The boundary layer
potential, ΦBL, can be derived as the di�erence between the potential over the anti-sunward �ow,
ΦBL+ΦRCRF , and the reverse convection �ow, ΦRC .
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In theory, it would be possible also to use the potential di�erences over the
boundary layer return �ow regions to determine estimates of the dawn and dusk
side boundary layer dynamos individually, however, as these are regions of weak
electric �elds, the derived values are sensitive to the o�set removal procedure, and
the measured potentials thus often have a low physical signi�cance when treated
separately.

In contrast to the results presented in Paper I, the boundary layer is found to
contain a substantial amount of the potential drop generated by the solar wind
interaction, averaging around 10 kV, or 30-35% of the total. The method should
be adequate for statistical treatment of the data, as no bias is expected in the
measurements. Note that care should be taken when the method is applied to
individual trajectories, as a large error variance is expected due to deviations from
the steady state assumption. Figure 7.4 depicts how the relative strength of the
regions of anti-sunward convection are in�uenced by the solar wind By component.
A clear linear increase is evident from the scatter plot, indicating a relative growth of
the dawn (dusk) side return �ow region in the northern hemisphere for increasingly
positive (negative) IMF By.

A regression analysis indicates that the boundary layer potentials have a depen-
dence on the viscous parameters in the solar wind data, i.e., the density, velocity
and/or pressure, with the function suggested by Newell et al. [2008], √nv2, giving
one of the best �ts with a correlation coe�cient of 0.5. The electric �eld does not
provide any further explanation to the model. This likely means that the measured
potentials have a physical signi�cance, and that the convection is not driven by
reconnection but rather by viscous forces.
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Figure 7.4: Scatter plot showing the relative growth of the dawn (dusk) side anti-sunward con-
vection region in the northern (southern) hemisphere for increasingly positive IMF By .
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7.4 Paper IV
�The Kelvin�Helmholtz Instability at Mercury: An Assessment�

The relatively weak magnetic dipole at Mercury in combination with the dense
solar wind plasma is expected to provide perfect conditions for Kelvin�Helmholtz
waves at Mercury's magnetopause. In Paper IV we assess in detail what implica-
tions the conditions at Mercury may have on the instability, and analyze a series of
quasi-periodic waves observed inside the dusk-side boundary layer during the �rst
MESSENGER �yby of the planet, possibly related to the Kelvin�Helmholtz insta-
bility [Slavin, 2009]. Finite Larmor radius e�ects are known to a�ect the growth
rate of the instability and give rise to a dawn-dusk asymmetry due to the opposite
vorticity on the two �anks, although the exact implications in the published results
are in contradiction: Nagano [1978, 1979] suggests the dusk �ank to be the more
unstable of the two, whereas Glassmeier and Espley [2006] predict the opposite.
In Paper IV, we derive the KH growth rate including �nite Larmor radius e�ects,
taking into account both di�erences in the density and viscosity of the two media.
The derived growth rate is found to contain three terms as function of the wave
number k: a negative term in k4, a k3 term that is dependent on the sign of ∆U ,
which is positive on the dusk side magnetopause and negative on the dawn side,
and a positive term in k2,

γ =

s
− (ρ1ν1 − ρ2ν2)2

(ρ1 + ρ2)2
k4 − 2ρ1ρ2

(ρ1 + ρ2)2
(ν1 + ν2)(∆U)k3 +

ρ1ρ2

(ρ1 + ρ2)2
(∆U)2k2. (7.1)

The k4 factor has a stabilizing e�ect for short wavelength perturbations on both
sides of the magnetosphere, whereas the k3 term acts to stabilize the dusk side and
destabilize the dawn side for intermediate wavelengths. Utilizing the derived growth
rate, a numerical analysis is performed using estimated characteristic properties of
plasma and the magnetic �eld in the magnetosheath and the magnetosphere at
aphelion and perihelion. The results, shown in Figure 7.5, predict a more unstable
magnetopause when the planet is closer to the Sun, with the e�ect of the orbit
ellipticity primarily being important on the dawn side magnetopause.

The wave signature recorded by MESSENGER during M1 showed three rota-
tions in the X and Y components of the magnetic �eld. This event is compared to
a selection of previously reported KH waves at Earth [Fair�eld et al., 2000, 2003,
2007; Hasegawa et al., 2004a], but no clear similarities were found. Additionally, a
minimum variance analysis is performed in order to establish whether or not the
magnetopause deviated from the expected quiet-time orientation, but no signs of
any surface perturbation were found. The observed magnetic �eld rotations were
therefore not considered directly related to the Kelvin�Helmholtz instability.
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Figure 7.5: Calculated KH growth rates for the dawn and dusk �ank for estimated perihelion and
aphelion conditions. The blue lines mark the region of maximum growth rate. The black line on
the top left plot marks the estimated wavelength of the observed wave pattern during M1.

7.5 Paper V

�Reconstruction of propagating Kelvin�Helmholtz vortices at Mercury's magnetopause�

During MESSENGER's third Mercury �yby on 29 September 2009, the space-
craft recorded a series of quasi-periodic crossings of the dusk-side magnetopause.
Boardsen et al. [2010] performed an MVA on these crossings and constructed a
smooth wave �t of the magnetopause to the wave pattern, shown in Figure 7.6.
They concluded that the observed structure was due to a train of highly steepened
surface waves propagating over the surface, driven by the KH instability. However,
the analysis left unresolved the internal structure of the waves, which is of major
physical importance as the vortical structure of the instability controls the main
transfer of energy, momentum, and plasma across the magnetopause.

In Paper V, we revisit the M3 wave observations and show that MESSEN-
GER's rapid traversal of Mercury's magnetopause permits, by the application of a
novel analysis technique, the reconstruction of the internal structure of a rolled-up
KH vortex directly from magnetic �eld measurements. In contrast to terrestrial
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observations where the spacecraft is practically stationary in respect to the wave
propagation and magnetopause movements, the 3 minute long MESSENGER cross-
ing shows a clear transition from magnetosheath to magnetospheric properties, see
Figure 7.7. With the assumption of a quasi-stationary wave pattern, the MESSEN-
GER measurements can then be utilized to map the general vortex structure of the
wave, shown in Figure 7.8.

The pattern derived is consistent with all large-scale variations in the magnetic
�eld observations, and it bears general similarities with simulational results, such as
those by Nykyri and Otto [2001], shown in Figure 5.5. The suggested wave geometry
may provide insights to where the plasma transfer takes place inside a rolled-up KH
vortex; the reconstruction indenti�es two possible mixing regions in each vortex,
situated at the leading edges from the perspectives of both the magnetosphere and
the magnetosheath. These are marked by dashed lines in Figure 7.8. These results
deviate from the single mixing region that has previously been suggested [Fair�eld
et al., 2007].

Figure 7.6: The smooth wave reconstruction by Boardsen et al. [2010]. The horizontal axis is
aligned with the predicted unperturbed magnetopause direction (dashed line), and shows the
relative propagation of the wave train (VP represents the phase velocity of the wave), and the
vertical axis shows the relative spacecraft motion (VSC represents the spacecraft velocity). The
red curve shows the reconstructed magnetopause surface.
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Chapter 8

New Perspectives on Solar
Wind�Magnetosphere Coupling

The results presented in the �ve papers highlight some important issues regarding
the driving dynamos of the magnetosphere in general, and the Kelvin�Helmholtz
instability in particular. This chapter contains a brief summary of the collective
results, a deeper discussion on their implications, together with an outline for future
work.

8.1 Boundary Layer Dynamos
The main results on the driving dynamos connected to the low-latitude boundary
layer presented in Paper I and III can be summarized as follow:

1. When the IMF is southward, the boundary layer is in general an insigni�cant
driver of magnetospheric convection, responsible only for a few percent of the
total driving.

2. The anti-sunward convection in the boundary layer is substantially more
prominent when the IMF is northward, when it on average constitutes on
the order of a third of the total solar wind driven convection.

3. For northward IMF, the potential drop over the boundary layer is primarily
dependent on the viscous parameters in the solar wind, i.e., the density, veloc-
ity and/or pressure. (Note: this does not necessarily mean that the boundary
layer is driven by viscous interaction.)

In absolute numbers, the boundary layer potential increases from a fraction of a
kilovolt for southward IMF to almost 10 kV for steady northward IMF, as shown in
Figure 8.1. Conclusions 1 and 2 show that the direction of the IMF is an important
factor in the driving of the boundary layer, which is also in agreement with several
studies of the plasma properties in the boundary layer and the plasma sheet [e.g.,
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Mitchell et al., 1987; Terasawa et al., 1997; Hasegawa et al. 2004b]. This, together
with conclusion 3, then gives:

4. The direction of the IMF is important for the boundary layer dynamo, but
the magnitude is not.

We can thus conclude that the primary dynamo responsible for the plasma
convection in the boundary layer is either signi�cantly strengthened for northward
IMF, for example by making the magnetopause more unstable to Kelvin�Helmholtz
waves [e.g., Miura, 1995], or inhibited for southward IMF, where ongoing magnetic
reconnection may decrease the size of the viscous interaction region [Burch at al.,
1985].

In order to gain full understanding of the boundary layer driving, the statistical
analyses should ideally be accompanied by an event study of some of the more
extreme events presented in the data sets. As noted in Paper I, there were a few
occasions when a substantial boundary layer was recorded also for southward IMF.
To understand how these were formed, or how they are to be interpreted, is of
major importance for understanding the underlying physics. One such event is
shown in Figure 8.2. Extra care must be taken with the interpretation of these
events, as the selection criterion applied on the IMF do not necessarily mean that
the magnetospheric system is in a stable steady state; the requirement of long
term dayside reconnection leads to a continuous input of open magnetic �ux, and
eventually to magnetic storms or substorms. Such events may have an e�ect on
the convection pattern and the particle precipitation observed. In Figure 8.2, the

Figure 8.1: Histograms showing the derived boundary layer potentials for southward (top) and
northward (bottom) IMF.



8.2. SATURATION 61

Figure 8.2: A DMSP F13 event showing clear boundaries between the low- and high-latitude
regions at 15:21 and 15:27 UT, present in both the particle data and the electric �eld (seen here
as a change in the gradient of the potential). The event occured after a long period of southward
IMF.

boundaries between the low- and high-latitude regions are clearly de�ned not only
in the particle precipitation, but also by a change in the magnitude of the convection
electric �eld. The potential drop over the tail lobe region is here extremely low,
around 6 kV. This is likely due to a period of enhanced reconnection in the tail
during the substorm recovery phase, shrinking the polar cap. This interpretation
is veri�ed by the AU-AL index for the time period of interest, shown in Figure 8.3.

8.2 Saturation
There are still many open issues regarding the terrestrial response to strong solar
wind driving. The issue has received much attention in the scienti�c literature the
last decade, primarily for dayside reconnection, but in the last few years also for lobe
reconnection [Wilder et al. 2008, 2009, 2010; Lopez et al., 2010]. The observational
studies of the reverse convection potential by Wilder et al. [2008, 2009, 2010] utilize
SuperDARN convection data in order to derive potential patterns and estimates of
the potential drop. In comparison to the results presented here, they found a lower
saturated level of the reverse convection potential, ∼20 kV, and a saturation onset
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Figure 8.3: The AU and AL index for October 28, 2000. The event in Figure 8.2 occurred at
15:24 UT. The slow recovery of the AL index towards unperturbed values during this time period
shows that the event took place during the substorm recovery phase.

at ∼3 mV/m. However, direct comparisons between satellite and radar data have
been proven di�cult, comparative studies performed by Drayton et al. [2005] and
Xu et al. [2008] have shown that SuperDARN tends to yield lower velocity estimates
compared to DMSP, with a varying scaling factor on the order of 0.3�0.7. Previous
studies of the cross-polar potential with DMSP and SuperDARN have also given
di�erent levels on the saturated potential [e.g., Shepherd et al. 2002, Hairston
et al., 2005]. Although Paper II established a methodology for making reliable
estimates of the reverse convection potential and the general properties of the 4-
cell convection pattern, and identi�es the saturation tendency in the potential, it
does not, however, provide su�cient data to determine the nature of the saturation
to any satisfactory extent. For this to be feasible, a large data set is required.
We will here present a simplistic analysis of a less restrictive data set, where the
criterion for the IMF has been reduced from 2 hours of strictly northward IMF to 1
hour. This selection criterion should in principle still be su�cient to eliminate most
remnants of previous southward reconnection, but a more thorough veri�cation of
the data should be performed to verify the overall data quality.

The relaxed selection criteria give a data set of 483 events during the period
1996�2004, shown in Figure 8.4a. While still present, the saturation is here less
pronounced than in the previous data set, as several events with potentials above 80
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kV are present for very strong driving conditions (IEF>10 mV/m). If we in addition
utilize the pressure scaling relation derived in Paper II, it becomes clear that the
saturation may be explained almost in full by a compression of the magnetosphere
due to the dynamic pressure of the solar wind, shown in Figure 8.4b. We can thus
determine that the size of the magnetosphere a�ects the e�ective length for the
energy transfer and thereby the ionospheric potential. In Figure 8.4, the reverse
convection potential is compared to estimates of the available merging potential in
the solar wind, ΦM, which is determined using the solar wind electric �eld and a
mean e�ective length of the reconnection x-line, l0, calculated to 1.06 RE for the
present data set. Example data from the most extreme event is shown in Figure
8.5, which veri�es that a 4-cell convection pattern is visible in the data, and that
strong lobe reconnection was ongoing at the time of the event.
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Figure 8.4: Figure (A) shows the data set derived from the relaxed selection criteria described in
the text against the estimated merging potential in the solar wind, determined from the IEF and
the mean e�ective length of the reconnection line for the data set, l0=1.06. Figure (B) shows the
same, but including a pressure compensation term, where P0=2.5 nPa is the mean pressure for
the data set.
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Figure 8.5: An event showing extreme lobe reconnection with a reverse convection potential of ∼90
kV, which is larger than the typical cross-polar potential for southward IMF. A 4-cell convection
pattern clearly is visible in the ion drift velocity.

Knowledge regarding the terrestrial response for strong northward IMF does also
provide valuable information on the physics behind the saturation for southward
IMF. Several of the theories presented in section 4.4 may be adapted and tested on
lobe reconnection, which allows the reasoning provided to be assessed for di�erent
scenarios.

Compression and �ux reduction
Although compression of the magnetosphere alone can not explain the sat-
uration for southward IMF, it is clear that the size of the magnetosphere is
a factor that should be included in the analysis. The �ux transport from
the dayside magnetosphere to the magnetotail during the loading phase of
the Dungey cycle can signi�cantly reduce the size of the dayside magneto-
sphere. For example, Russell and McPherron [1973] reports one event when
the nose of the magnetopause moved 2 RE towards the Earth over a period
of roughly 2 hours. This erosion of the dayside magnetosphere has so far not
been considered in any larger extent in the saturation literature. Additional
e�ects may also strengthen this behavior, for example the reduction of the
magnetopause �eld strength by the region 1 current, as proposed by Hill et
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al. [1976]. Although the argumentation by Borovsky et al. [2009] that the
magnetic �eld strength at the sub-solar point will not be a�ected by the �eld
reduction by the current due to the pressure balance criterion is in principle
correct, it will still lead to a compression of the magnetosphere, and thus a
reduction of the length of the x-line.

Geometrical e�ects
In principle, one would also expect geometrical e�ects on the reverse con-
vection potential using similar arguments as for southward IMF (although
the data set in Figure 8.4 does not show any indications of such). Excessive
reconnection equatorward of the cusp should tend to build up high latitude
shoulders on the dayside and reduce the �ux content in the mantle and the
tail lobes, which in turn would lead to a reduced in�ow of magnetic �ux to
the reconnection region. This may however require a higher reconnection rate
than has been observed here. A similar e�ect should also be superposed by
the magnetic �eld from the NBZ current, leading to a increase of magnetic
�ux on the dayside of the cusp, and a reduction on the nightside.

Alfvén wave re�ection
The physics behind the Alfvén wave re�ection model is in itself independent on
the IMF direction, as the re�ection coe�cient in Equation 4.10 is dependent
only on the Alfvén conductance in the solar wind and the height-integrated
Pedersen conductivity in the ionosphere. If we assume that ionization from
solar radiation is the dominant factor for the polar cap conductivity, we can
expect a height-integrated conductivity for northward IMF, ΣN , in the re-
gion ΣS/2 < ΣN < ΣS , where ΣS is the typical height-integrated Pedersen
conductivity for southward IMF. The higher value of ΣS is expected due to
additional ionization from the increased plasma precipitation. The main in-
crease in conductivity should be found at the dawn and dusk side auroral
oval when the Kp index is high (>3) [Aikio and Selkälä, 2009], whereas the
polar cap conductivity remains roughly at the same level [Hardy et al., 1987].
If we further assume Alfvén wave re�ection to be the primary factor for the
polar cap saturation, we would expect to see a clear saturation of the reverse
convection potential at IEFs of ∼ 5�10 mV/m. The data set presented here
does thus not give any support for the Alfvén wave re�ection model.

In summary, the data set for lobe reconnection does not give any particular
support for any of the explanations above, but suggest rather that the e�ect of
�ux reduction through magnetic reconnection should be explored as a �rst step
towards saturation, and that more elaborate theories should be utilized to re�ne
the picture. The argumentation presented here is somewhat simplistic, however,
and should preferably be conducted in more detail, with additional support from
simulations and theoretical models.
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8.3 The Kelvin�Helmholtz Instability
The Kelvin�Helmholtz analysis provided in Paper IV and V only give a preview
of what we might expect from the continuous in situ data that will be provided
throughout MESSENGER's orbital phase. The methodology employed in Paper V
shows the advantages of the spacecraft's unique trajectory, and the reconstructed
schematic provides a �rst step towards unlocking the spatial structure of the in-
stability, but the conclusions drawn must be veri�ed and corrected by extensive
statistics. As MESSENGER only provides high resolution magnetometer data, a
framework for reliable interpretation of the wave patterns must also be established,
both by comparative studies between observations and simulations, and by learn-
ing to interpret the twists and twirls in the magnetic �eld data from terrestrial KH
observations.

What e�ects heavy ions may have on the vortex development at Mercury still
needs to be fully determined. The analytic derivations presented in Paper IV pro-
vide a small step towards identifying the �nite Larmor radius e�ects, but the analy-
sis is limited only to the linear growth of the instability, which may play a minor roll
when the rolled-up vortices are considered. The growth rate speci�ed in Equation
5.22 should also be adjusted to include additional ion species using the dielectric
tensor given by Glassmeier et al. [2003]. A conceptual interpretation of the ef-
fects of gradients in the convection electric �eld on the ion gyration on scale sizes
smaller than the gyro radius was given by Kaufman [1960], who showed that the
gyro motion of the particles will become elliptical, and that the gyro frequency will
be modi�ed. For particles at the magnetopause of Earth or Mercury, this is will
lead to a compression of the ion gyration on the dawn side, and an elongation on
the dusk side. In a full particle simulation, Nakamura et al. [2010] showed that this
leads to lower growth rates on the dusk side due to the broadened velocity shear
region. For rolled-up vortices on the other hand, they found the opposite e�ect: the
fully developed vortex is strengthened on the dusk side and reduced on the dawn
side due the centrifugal drift of the ions.
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