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Abstract

The solar wind interaction with the magnetosphere-ionosphere system contin-
uously drives plasma convection in the polar regions of the ionosphere. The �ow
velocity and the shape of the convection pattern are closely dependent on the inter-
planetary conditions, in particular the direction of the interplanetary magnetic �eld
(IMF). The main driver of the system is considered to be magnetic reconnection
between the IMF and the terrestrial �eld, a process that is most e�cient during
southward IMF when the magnetic �elds at the dayside magnetopause are anti-
parallell, and less e�cient but still present when the IMF is northward. Additional
driving may be caused by waves at the magnetopause �anks, where viscous e�ects
can lead to an energy, momentum and plasma exchange across the boundary.

In this work, we make use of the characteristics of the ionospheric convection
and particle precipitation to investigate the nature of the driving dynamos, and
large statistical data sets for steady solar wind conditions are used to derive the
general behavior of the driving processes and their dependence on interplanetary
conditions. The results show that the primary dynamo responsible for the con-
vection in the boundary layer is closely dependent on the sign of the IMF Bz

component, the average potential over the boundary layer region increases from
< 1 kV for steady southward IMF up to the order of 10kV for strictly northward
conditions with reconnection poleward of the cusps, whereas the magnitude of mag-
netic �eld only has a minor in�uence at most. This could for example indicate that
the magnetopause is more unstable to Kelvin-Helmholtz waves for parallel rather
than anti-parallel magnetic �elds, or that magnetic reconnection on the dayside
suppresses other processes.

It is well known that the ionospheric potential drop saturates during strong
driving conditions and southward IMF. The results presented here also show that
the same phenomenon occurs when the IMF is northward. This gives additional
information on the physics governing the solar wind-magnetosphere-ionosphere in-
teraction, and may impose new restrictions on the theories explaining the satura-
tion.
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Preface

There is a continuously ongoing interaction between the solar wind and the magneto-
sphere-ionosphere system, with plasma, energy and momentum being transported
from the solar wind into the terrestrial environment. The nature of this interaction
is closely dependent on the interplanetary conditions, with the direction of the in-
terplanetary magnetic �eld (IMF) as the main controlling factor. For a southward
directed IMF, the interaction is dominated by magnetic reconnection on the dayside
of the magnetopause, a process which interconnects magnetospheric �eld lines with
the interplanetary medium and thereby allows a direct entry of solar wind plasma
into the magnetosphere. In addition to the plasma entry on the interconnected
(open) �eld lines, energy, momentum and plasma transfer can also take place on
the magnetopause �anks, mediated by waves driven by the velocity shear at the
boundary [Axford and Hines, 1961]. The interchange can either take place through
di�usion or localized reconnection processes as the waves develop into turbulent
rolled-up vortices. How often these occur and how much plasma they can trans-
port are yet unanswered questions, and their e�ciency as a dynamo for driving
convection inside the magnetosphere remains to be established.

Another unsolved issue in solar wind-magnetosphere-ionosphere interaction is
how the magnetosphere responds to strong driving conditions. Many studies have
presented evidence that as the interplanetary electric �eld (IEF) or similar coupling
functions grow large, the magnetosphere-ionosphere system goes into a saturated
state, as measured by the ionospheric convection potential. The idea of possi-
ble saturation was �rst suggested by Hill et al. [1976] as a result of a maximum
limit being imposed on the �eld-aligned currents connecting the ionosphere and
the magnetosphere, driving the ionospheric convection. Several other explanations
have emerged since, and presently there is no consensus on the actual cause of the
saturation.

The thesis is outlined as follows: Chapter 1 contains an introduction to space
plasma physics describing the basic concepts of interest for this work. Chap-
ter 2 gives an overview of the physical processes responsible for the solar wind-
magnetosphere-ionosphere interaction, and Chapter 3 describes their implications
on the plasma convection and particle precipitation in the ionosphere. Chapter 4
summarizes the essential results of papers that form the basis of the thesis, together
with some supplementary material. Finally, chapter 5 discusses the implications of
the results and presents suggestions for future work.
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Chapter 1

Introduction to space plasma physics

With the uncommon exception of the terrestrial planets such as Earth or Mars, the
universe is dominated by plasma (ionized gas), manifested in the forms of stars,
nebulae and even in gaseous planets such as Jupiter and Saturn.

A rari�ed plasma, the solar wind, also �lls the interplanetary medium of our
solar system. Emanating from the solar corona, hot solar electrons and ions escape
from the gravitational captivity of the Sun, forming a radial �ow out from the Sun
permeating the entire solar system. As is common for most space plasmas, the
solar wind can be assumed collisionless, meaning that the mean free path of the
particles is much larger than the scale size of the system of interest. In addition,
any velocity component perpendicular to the magnetic �eld will cause the particle
to gyrate around the �eld line, as a result of the Lorenz force:

F̄ = q(v̄ × B̄). (1.1)

where F̄ is the force experienced by the particle, v̄ the particle velocity and B̄ the
magnetic �eld strength. Any force applied perpendicular to the magnetic �eld will
cause the particles to drift in the direction perpendicular to both the force and the
magnetic �eld, as for example in the case of the E×B drift, see Figure 1.1.

The collisionless nature of the plasma causes the magnetic �eld lines to freeze
into the plasma convection, as described by the criteria of frozen-in �ux:

µ0σlv � 1 (1.2)

where µ0 is the permeability of free space, σ is the conductivity, l the characteristic
length of the system and v the characteristic velocity. As long as the frozen-in �ux
condition is satis�ed, the plasma and the magnetic �ux are bound together. The
solar wind �ow will thus bring with it parts of the solar magnetic �eld, forming
the interplanetary magnetic �eld (IMF). At 1 AU, the distance from the Sun to
the Earth, the solar wind has an average ion and electron charge density of 7.1 e
cm−3, a radial velocity of 450 km/s, and an average magnetic �eld strength of 7 nT
[Kivelson and Russell, 1995]. The variability is large however, closely correlated to

3



4 CHAPTER 1. INTRODUCTION TO SPACE PLASMA PHYSICS

Figure 1.1: 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.

the solar cycle and the sunspot number. The solar maximums occurring roughly
each 11 years are associated with higher velocities and densities, whereas the solar
minimums are accompanied by a quieter solar wind.

As a consequence of the frozen-in �ux condition (1.2), the Earth's magnetic dipole
�eld acts as an obstacle to the solar wind, creating a cavity around the Earth, the
magnetosphere. The shape of the magnetosphere is mainly determined by a pres-
sure balance condition (1.3) between the dynamic pressure of the solar wind and the
magnetic pressure of the magnetosphere, where the magnetosphere is compressed
on the dayside and extended into a long tail on the nightside.

ρswv
2
sw = B2

m/2µ0, (1.3)

ρ and v represents the plasma density and velocity, and B the magnetic �eld. The
sw subscript refers to the value on the solar wind side of the magnetopause and
m the magnetospheric value. The magnetic pressure of the solar wind and the
dynamic pressure of the magnetosphere are both negligible in most cases.

The magnetospheric system can be divided into several fundamentally di�erent
sub-regions, with the most important for this work displayed in Figure 1.2. The
magnetosphere itself is bound by the magnetopause, with the solar wind plasma of
the magnetosheath �owing around it.

The magnetotail can be divided into a few separate regions: the plasma sheet,
a central region of hot magnetospheric plasma, the tail lobes, the two regions of
terrestrial �eld lines that are interconnected with the IMF, and the plasma mantle
which covers the very outermost part of the top and bottom of the magnetotail.
The low-latitude boundary layer is found inside the magnetopause at the dawn and
dusk �anks, as displayed in Figure 1.3.

All boundaries where the magnetic �eld changes size or direction are accom-
panied by a current sheet: The Chapman-Ferraro current on the dayside magne-
topause �owing from dawn to dusk, the nightside magnetopause current �owing
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Figure 1.2: An overview of the magnetosphere, adapted from Lui [2001].

from dusk to dawn around the tail, and the cross tail current, �owing from dawn
to dusk in the equatorial plane of the magnetotail.

The ionosphere is situated in-between the magnetosphere and the neutral atmo-
sphere, at altitudes of approximately 90-800 km, and is the result of a solar radi-
ation ionization of the atmospheric molecules. The charge density can be seen as
a function of the neutral density, decreasing with altitude, and the incoming solar
radiation, which is gradually absorbed by the atmosphere. This gives a layer of
maximum ionization at around 250 km altitude. In contrast to the magnetosphere
and the solar wind, the ionospheric plasma is not collisionless, which changes the
conductivity of the plasma and allows currents to �ow perpendicular to the mag-
netic �eld. In particular, the �eld-aligned currents close in the ionosphere and drive
the ionospheric convection.

The coordinate system used in this thesis is the Geocentric Solar Magnetospheric
coordinate system (GSM). It is de�ned with the x-axis in the direction towards the
Sun, the y-axis perpendicular to the magnetic dipole and the z-axis in the direc-
tion of the northern magnetic pole. In addition, magnetic local time (MLT) and
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Figure 1.3: The open (top) and closed (bottom) �eld line regions of the magneto-
sphere. The low-latitude boundary layer is marked in gray. From Crooker [1977]

magnetic latitude (MLAT) is commonly used, where 12h MLT is de�ned from the
magnetic axis towards the sun, and with 90◦ MLAT towards magnetic north.



Chapter 2

Solar wind-magnetosphere-

ionosphere interaction

As long as the frozen-in �ux condition is valid (Equation (1.2)), the magnetopause
acts as an impenetrable boundary and no mixing of the solar wind and the mag-
netospheric plasma can take place. There are a few physical processes which have
been suggested to lead to a break down of the frozen-in �ux in limited regions
in space, allowing for a plasma, energy and momentum transfer from the magne-
tosheath and into the magnetosphere-ionosphere system. These include for example
magnetic reconnection [Dungey, 1961], viscous interaction [Axford and Hines, 1961]
and impulsive penetration [Heikkila, 1982 ; Lemaire and Roth, 1991], where the �rst
two are the most commonly accepted and will be brie�y described here.

2.1 Magnetic reconnection

The idea of magnetic reconnection, sometimes referred to as magnetic �eld merging,
was �rst proposed by Giovanelli [1946] as a possible explanation to how particles
are accelerated in solar �ares. The idea was later adapted by Dungey [1961,1963]
in a suggestion on how magnetic reconnection between the magnetosphere and the
IMF could a�ect and drive convection in the terrestrial system. In principle, mag-
netic reconnection can take place in regions where the magnetic �eld lines in the
two domains are anti-parallel, such as on the dayside magnetopause for southward
IMF, or at the magnetic null-points in the magnetospheric cusps. The �rst obser-
vational evidence for reconnection occurring between the interplanetary and terres-
trial magnetic �elds was presented by Paschmann et al. [1979], and has since then
become accepted as the main dynamo for magnetospheric convection. There are
numerous reconnection models available, most of them requiring a boundary cur-
rent sheet separating two regions of anti-parallel magnetic �elds. Figure 2.1 shows
an overview of reconnection at the magnetopause. A di�usion region, the reconnec-
tion x-line, is formed along the direction of the current, accompanied by an electric

7
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INTERACTION

Figure 2.1: Reconnection at the magnetopause. Magnetosheath and magneto-
spheric particles mix at the magnetopause, and are accelerated along the �eld lines.
From Gosling et al. [2000]

�eld parallel to the current sheet. As plasma �ows in from the magnetosheath and
magnetosphere, the magnetic �eld lines will interconnect and the magnetic �eld
line tension is transformed into kinetic energy, accelerating the plasma to the local
Alfvén velocity in the frame of the �eld line convection and in the direction parallel
to the magnetic �eld. The newly reconnected �eld lines will thus be connected to
the magnetosphere on one side, and to the interplanetary magnetic �eld on the
other.

Southward IMF

The properties of the interaction for southward IMF has long been of primary
interest in magnetospheric research, as these conditions have most e�ect on the ter-
restrial system. The constant input of new open magnetic �ux builds up an energy
reservoir in the magnetotail, which eventually may be released in form of magnetic
storms or substorms. These cause a drastic recon�guration of the magnetotail and
inject high energy particles into the ring current, and eventually into the ionosphere
in the shape of an auroral substorm. Figure 2.2 portrays a simple global picture of
magnetic reconnection for strictly southward IMF. At the sub-solar point, a region
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Figure 2.2: A schematic of dayside reconnection. From the reconnection x-line
at the subsolar magnetopause, the open �ux (marked in gray) convects tailward
over the polar region and eventually into the tail lobe. From Lockwood and Morley
[2004]

of anti-parallel �eld lines establishes, allowing a reconnection x-line to form. The
newly open �ux, marked in gray, is then dragged tailward by the solar wind �ow,
eventually becoming a part of the magnetotail lobes. In the distant tail, the open
�ux is re-reconnected to form new closed �eld lines.

Northward IMF

When the IMF is northward, the topology is less favorable for reconnection. There
are two di�erent possibilities however: component reconnection on the dayside [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]. The former is more
frequent when the IMF By is large, whereas the latter becomes dominant as the
IMF turns increasingly northward. A two-dimensional case for purely northward
IMF is depicted in Figure 2.3. As the IMF drapes around the magnetosphere, a
region of anti-parallel �eld lines forms on the tailward side of the cusps, allowing
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INTERACTION

Figure 2.3: Lobe reconnection tailward of the cusp. From Gosling et al. [1991]

for reconnection to take place.

Continuous reconnection and �ux transfer events

Despite the vast observational proof of reconnection at the magnetopause, it still
remains to be established whether reconnection intrinsically is an intermittent
(pulsed) or continuous processes.

The evidence for pulsed reconnection, or �ux transfer events, is ample. The �rst
observations were presented byRussell and Elphic [1978; 1979] using data from the
two ISEE spacecraft, identi�ed as a rotation of the normal magnetopause compo-
nent, corresponding to a bulge of reconnected magnetic �ux being dragged along
the magnetopause. Flux transfer events have been found to recur on time-scales
of roughly 5 to 20 minutes, and with an average �ux content approximately pro-
portional to an ionospheric potential drop of 6 kV (see Chapter 3) [Rijnbeek et al.,
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1984, and references therein].
In contrast, few observations of long periods of continuous reconnection have

been reported, as long term in-situ measurements in the reconnection region are in
general not feasible, 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 reconnection. Indirect evidence has also
been presented by studying cusp proton auroral emissions [Frey et al. 2003] and by
remote sensing using SuperDARN and DMSP data [Pinnock et al. 2003].

2.2 Viscous interaction

Viscous interaction is a gathering name for a collective of wave-like processes that
may develop on the �anks of the magnetopause where the velocity shear is large.
Due to the viscous nature of the plasma, these processes may transfer momentum
into the magnetosphere and lead to a di�usion of particles across the boundary
or a local break-down of the frozen-in �ux condition. There are several types of
waves that may develop on the magnetopause, such as drift-kinetic Alfvén waves
[Johnson and Cheng, 1997; Sundkvist et al., 2005] or lower-hybrid drift instabilities
[Gary and Eastman, 1979; Treumann et al., 1992]. In general the Kelvin-Helmholtz
instabillity is regarded as the primary source of the viscous dynamo, and it has been
the subject of numerous simulational studies [e.g. Thomas and Winske, 1993; Otto
and Fair�eld, 2000; Nykyri and Otto, 2001 ; Takagi et al., 2006]. The instability
starts by an initial perturbation in the direction perpendicular to the boundary. If
the velocity shear is large enough, the wave will grow, fold up and eventually twist
into a vortex like patter at the leading edge of the wave, see Figure 2.4

In addition to the magnitude of the velocity shear, the instability criterion is also
dependent on the magnetic �eld con�guration. Magnetic components parallel to the
convection will act to stabilize the boundary for shears satisfying Equation (2.1),
whereas a perpendicular �eld will have no e�ect on the stability [Chandrasekhar,
1961]. U1 and U2 are the convection velocities on either side of the boundary, and
ρ1 and ρ2 are the plasma densities, and µ the permeability.

ρ1ρ2

(ρ1 + ρ2)2
(U1 − U2)2 ≤ B2

2µπ(ρ1 + ρ2)
(2.1)

Despite the number of simulations showing the possible development of Kelvin-
Helmholtz waves at the magnetopause, only a limited number of event studies are
available [e.g. Fair�eld et al., 2000; Owen et al., 2004; Hasegawa et al., 2004, 2006;
Fair�eld et al., 2007; Foullon et al., 2008] These can be divided into a few di�erent
wave types:

� A series of magnetopause crossings with well de�ned boundaries in the ion
density and temperature occurring with a stable frequency, as reported by
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Figure 2.4: Schematic of a rolled-up Kelvin-Helmholtz vortex. Localized reconnec-
tion inside the vortex leads to plasma transfer from the magnetosheath (MSH) into
the magnetosphere (MSP). From Otto and Fair�eld [2000]

Fair�eld et al. [2000]. The observations also report a steeper magnetopause
at the leading edge of the wave, as expected for Kelvin-Helmholtz waves.

� A roughly saw-tooth shaped wave as in the observations of Hasegawa et al.
[2004] and Fair�eld et al. [2007]. A clear inbound crossing from the mag-
netosheath into the magnetosphere is seen as a clear step in for example the
ion temperature, whereas the outbound crossing is replaced by a gradual de-
crease down to magnetosheath values. This signature is likely consistent with
a well-developed mixing region at the leading edge of the wave, whereas the
trailing edge is una�ected by the instability.



Chapter 3

Ionospheric convection

As mentioned in previous sections, the solar wind interaction drives the entire
magnetosphere-ionosphere system. In particular, the properties of the plasma con-
vection in the polar ionosphere are closely related to the interplanetary conditions
and the global topology of the magnetosphere. In general, reconnection drives con-
vection over the open polar cap, and processes in the boundary layer drives plasma
convection at lower latitudes. Assuming a negligible potential drop along the �eld
lines, the ionospheric measurements of electric �elds, currents and particle precip-
itation can be used as indicators of the properties of the dynamo regions. The
present chapter will deal with the general properties of the ionospheric convection
and particle precipitation signatures.

3.1 Convection patterns

The possible existence of a global magnetospheric convection driven by the solar
wind was �rst suggested by Axford and Hines [1961]. With the convection being
closely dependent on the interplanetary conditions, di�erent convection patterns
exist. In brief, these can be divided into a few di�erent categories, primarily depen-
dent on the IMF direction. Figure 3.1 displays a typical 2-cell convection pattern
southward IMF, with an anti-sunward �ow over the polar cap driven by dayside
reconnection, and two return �ow regions at lower latitudes [e.g. Heelis, 1984, Hep-
pner and Maynard, 1987]. 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. For a southward IMF but 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 (negative) IMF By [Heppner,
1972 ].

For northward IMF with reconnection taking place poleward of the cusp, the
convection cells will be reversed with sunward �ow over the polar cap and two anti-
sunward return �ow regions at lower latitudes. As the boundary layer still drives an
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Figure 3.1: Part of a 2-cell convection pattern, showing the reconnection driven
�ow in black and the viscous (low-latitude) �ow in blue. Adapted from Lockwood
and Moen [1999]

anti-sunward convection, a 4-cell convection pattern will form, see Figure 3.2, with
the two reconnection driven cells at high latitudes, and the boundary layer cells
on either �ank [e.g. Burke et al., 1979, Rei� and Burch, 1985]. The convection
patterns are in general less clear for northward IMF, as the average convection
velocities are smaller [Cumnock et al., 1995].

The cross-polar potential

One commonly used measure of the present state of the magnetospheric system
is the maximum potential di�erence in the polar ionosphere, known under several
di�erent names in the literature: the trans-polar potential, the cross-polar potential
drop, the cross-polar cap potential, the polar cap voltage or any combinations of the
above. In the present work the nomenclature cross-polar potential will be used for
2-cell convection patterns, in order to distinguish the total potential drop including
low-latitude dynamos from the potential drop over the open-�eld line region of the
polar cap, i.e., the cross-polar cap potential. For 4-cell convection patterns with
sunward convection over the polar cap, the term reverse convection potential will
be used. The potential drop can be measured in several di�erent ways, all of which
have their di�erent advantages: satellites [e.g. Rei� et al., 1981; Doyle and Burke,
1983; Rich and Hairston, 1994; Weimer, 1995; Hairston et al., 1998], incoherent
scatter radars [e.g. Shepherd et al., 2002, 2003], or by inference from geomagnetic
indices such as AMIE (Assimilative Mapping of Ionospheric Electrodynamics) [e.g.
Richmond and Kamide, 1988; Ridley, 2000].

An ionospheric satellite passing through the polar cap in a roughly dawn-dusk
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Figure 3.2: 4-cell convection patterns for strongly and weakly northward IMF,
showing the viscous cells (V) and lobe reconnection cells (L and R). From Rei� and
Burch [1985]

aligned orbit will obtain a spatial cut of the potential pattern, providing a lower
level limit of the cross-polar potential as the satellite not likely will pass through
the true potential extrema. As a satellite at 800 km altitude requires roughly 10-15
minutes for the polar crossing, temporal variations on such time scales will not be
distinguishable from spatial variations.

The SuperDARN radar network can provide a compiled map of plasma convec-
tion velocities using incoherent scatter radars. These give snapshots of the present
state of the convection pattern in the regions where radar backscatter is received.
The remaining convection pattern is normally derived by statistical models and
�tting techinques, as described by Ruohoniemi and Baker [1988].

Using a simple approach, the measured cross-polar potential is usually consid-
ered to be a function of solar wind parameters exclusively. For a more dynamical
model of the potential, the amount of open �ux in the polar cap needs to be con-
sidered, as well as the rate of nightside merging [e.g. Siscoe and Huang, 1985;
Lockwood et al., 1990, Cowley and Lockwood, 1992]. For example, Lockwood et al.
[2009] considers the measured potential Φ as a linear combination of the current
rate of dayside reconnection, ΦD, and nightside merging, ΦN , with the possible
additional non-reconnection related contribution, ΦV .

Φ = cΦD + dΦN + ΦV (3.1)
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Figure 3.3: 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
and into the tail lobe, the average energy of the precipitating ions decreases.

Magnetosphere-ionosphere mapping

By comparing the characteristics of the particle precipitation observed in the iono-
sphere to the plasma characteristics in the di�erent magnetospheric regions, one can
derive details on how �eld lines map from the magnetosphere to the ionosphere.
The region interpretation is not always straight-forward however, as the bound-
aries are often of di�use type and e�ects such as �eld-aligned potential drops and
gradient or curvature drifts may a�ect the original phase space distribution.

The solar wind particles mainly enter the magnetosphere-ionosphere system
through the cusp region. The �eld-aligned population on the newly open �eld lines
will then precipitate into the ionosphere as well as drift anti-sunwards with the
E×B drift velocity. Due to their longer transit time, low energy ions will be more
a�ected by the drift motion and will therefore in general enter the ionosphere at
higher magnetic latitudes. When seen from an ionospheric point of view, one can
thus observe a velocity �lter e�ect, as shown in Figure 3.3. The particles with
the highest energies are located at the equatorward border of the open �eld line
region, with decreasing energies in the poleward direction [e.g., Rosenbauer, 1975 ;
Rei� et al., 1977; Onsager et al., 1993]. For high magnetic latitudes where the �eld
lines connect to the tail lobes, this implies that the ionosphere will basically be
void of precipitation as there is no longer any plasma source present, apart from
the possibility of polar rain: energetic solar wind electrons precipitating down the
open �eld lines of the tail lobes [Fair�eld and Scudder, 1985]. For the Low-Latitude
Boundary Layer (LLBL), located at the boundary of the polar cap, a mix of cold
and dense magnetosheath 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 3.4.
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Figure 3.4: A comparison of low- and high-altitude measurements by the DMSP and
ISEE spacecraft. From Newell et al. [1991b]. LLBL is the low-latitude boundary
layer, MS the magnetosheath and PS the plasma sheet.

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 rou-
tines for the ionospheric regions, mainly based on particle precipitation characteris-
tics. In the dayside ionosphere, the de�ned regions are the following: Cusp, LLBL
(low-latitude boundary layer), Mantle, CPS (central plasma sheet), BPS (boundary
plasma sheet), polar rain and void. It is important to note that the regions are de-
�ned by energy distributions similar to those seen in the respective regions, which
does not necessarily correspond to a mapping to their respective high-altitude re-
gion. The method does a fairly good job in general however, and a map of where
the di�erent regions are located on average can been seen in Figure 3.5.

3.2 Saturation

For low to intermediate values of the interplanetary electric �eld, 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 Kan-Lee energy transfer
function [Kan and Lee, 1979 ; Rei� et al., 1981]. As the solar wind driving becomes
strong, the measured cross-polar potential tends to deviate from the linear relation
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Figure 3.5: Average distribution of the particle precipitation regions. From Newell
and Meng [1992]

and stagnate at a saturated value, a behavior commonly approximated by the Hill-
Siscoe saturation model [Hill et al., 1976; Siscoe et al., 2002a].

Φ =
ΦMΦS

ΦM + ΦS
(3.2)

The model postulates that as the available convection potential ΦM approaches the
limit of the saturation potential ΦS , the linear increase will �atten and eventually
reach the saturated value.

There is ample observational evidence for the saturation [e.g. Russell et al.,
2001; Nagatsuma, 2002; Shepherd et al., 2002, 2003; Ober et al., 2003; Raeder and
Lu, 2004; Hairston et al., 2005], and most simulations that have been looking for
the phenomenon have found it. The values of the IEF for when the saturation
tendency becomes observable is varying however, ranging from 3 mV/m [Russell
et al., 2001] to 10 mV/m [Liemohn and Ridley, 2002]. Part of the discrepancies
may be attributed to how the saturation onset value is de�ned, and part to the
di�erences in satellite and radar measurements. In a study of the most extreme
events found in the DMSP data, Hairston et al. [1995] showed that cross-polar
potential may reach values up to 260 kV, but that no values above this level where
recorded.

There are several suggestions for the cause of the saturation, most of them
indirectly related to the Region 1 �eld-aligned current being limited in strength.

1. Dipole �eld reduction at the magnetopause [Hill et al., 1976]
The magnetic �eld generated by the Region 1 current opposes the dipole �eld
at the dayside magnetopause at low latitudes. As the Region 1 current grows
large, this will limit the amount of magnetic �ux available for the reconnection
process. [Hill et al., 1976]
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2. Dimple formation at the stagnation point [Siscoe et al., 2004, and references
therein]
The in�uence of the Region 1 current will perturb the dipole �eld at the
magnetopause and form a dimple in the reconnection region at the sub-solar
magnetopause. The dimple will �ll with stagnated plasma, which limits the
in�ow into the reconnection X-line and reduces the rate of reconnection.

3. Widening of the magnetosheath [Merkine et al., 2003]
Instead of forming a dimple, the magnetic �eld associated with the Region 1
current will lead to a blunter magnetosphere with a larger stand-o� distance
between the magnetopause and the bow shock. This allows the solar wind
plasma to decelerate further before reaching the magnetopause.

4. Ram pressure saturation [Siscoe et al., 2002b]
As the Region 1 current grows large, it may completely take over the role
of the dayside magnetopause current. As this current is determined by the
solar wind ram pressure, an upper limit is also imposed on the ionospheric
currents.

5. Solar wind Alfvén Mach number dependence [Ridley, 2005]
Conditions of high IEF are in general associated with low solar wind Alfvénic
Mach numbers. By including a factor depending on the Mach number, Ma,
in the model, i.e. (1 − e−Ma/3), most of the over prediction of the potential
by linear models may be explained.

6. Alfvén wave re�ections [Kivelson and Ridley, 2008]
Increased Alfvén velocities in the solar wind lead to an increase of wave re-
�ections in the ionosphere and thereby a lower ionospheric potential drop.
The available reconnection potential and the ionospheric convection potential
are related by 2ΣA/(ΣP + ΣA), where ΣA =

√
(ρsw/µ0)/Bsw is the Alfvén

conductance in the solar wind, and ΣP the Pedersen conductance in the iono-
sphere. As Bsw increases, the cross-polar potential becomes increasingly de-
pendent on the solar wind dynamic pressure.

The �rst four explanations are listed and tested by global magnetohydrodynamic
(MHD) modeling by Siscoe et al. [2004], with the conclusion that all are feasible
explanations of the saturation, supported by the simulation results.





Chapter 4

Summary

4.1 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 mi-
nor in�uence. Few studies have attempted to classify the importance however, 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 Paper I is
to provide the �rst large-scale statistical analysis of the dynamo regions behind the
cross polar potential that can provide 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 conditions of steady southward IMF and with 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). To obtain an increased reliability of the source region
classi�cations, additional restrictions are applied to the data set in order to ensure
a straight-forward data interpretation without ambiguities. This has been achieved
by imposing the following main selection criteria on the data set:

1. A southward IMF Bz component should be continuously present for one hour
preceding the event
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2. The potential pattern should correspond to a general 2-cell convection pat-
tern, typical for dayside reconnection

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 crite-
rion �lls two purposes: (1) the automated region classi�cations will be more reliable.
As the reconnected �eld lines are almost exclusively connected to magnetospheric
tail lobe region and thus void of plasma, the transition into the low-latitude re-
gion 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 the 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 (dayside
reconnection). 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.

4.2 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 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, to ensure a pas-
sage through or poleward of the cusp
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Criteria (1) and (2) are to ensure a global magnetospheric topology dominated
by lobe reconnection rather than component reconnection, which is more likely
when |By| > Bz for northward Bz. Condition (3) is to ensure that the satellite gives
an adequate measure of the lobe-reconnection potential. To verify that the observed
potential signatures are 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 4.1, which in general has provided extra credibility
to our initial interpretation of the convection pattern.

The �nal data set derived covers 271 events over the time period 1996-2004.
Figure 4.2 displays a scatter plot of the reverse convection potential against the
interplanetary electric �eld. For low to medium IEF, the data suggests a general
linear dependence between the two variables, however with a pressure correction
factor P−1/6 most likely corresponding to a magnetospheric compression of the solar
wind dynamic pressure [Siscoe et al., 2002a; Ridley, 2005], leading to a decrease of
the length of the reconnection line.

For high IEFs, a saturation tendency becomes clear in the data much similar
to the e�ects observed for dayside reconnection during periods of strong IEF and
southward IMF. The idea that a saturation tendency exists for lobe reconnection is
a novel concept, previously only reported in a recent SuperDARN study by Wilder
et al. [2008]. This result may bring a new perspective on the nature and cause
of the saturation e�ect, leading to a revision of several of the previously proposed
explanations of the saturation. A more detailed discussion of the consequences of
lobe reconnection saturation can be found in Chapter 5.

4.3 Paper III: Properties of the Boundary Layer Potential

for Northward Interplanetary Magnetic Field

Paper III provides a complementary study to Paper I for northward IMF condi-
tions. A method for statistical estimates of the boundary layer potentials for steady
northward IMF conditions and general 4-cell ionospheric convection patterns is pre-
sented, together with a detailed study of the general properties and the solar wind
dependence functions using the data set de�ned in Paper II. As the data selection
criteria are stricter in terms of the solar wind conditions, less strict criteria can
be imposed on the orbit selections in order to retain a su�cient data base for sta-
tistical purposes. Due to the di�erent nature of the particle precipitation regions,
boundary de�nitions 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
precipitation [Shinohara and Kokubun, 1996]. Even at high latitudes, the bound-
aries in the ion precipitation are gradual, making unambiguous de�nitions of the
polar cap boundary impossible.

The presented method is instead to consider the potential pattern as a steady
state pro�le of the convection cells. As the reverse convection electric �eld is op-
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Figure 4.1: A quasi-simultaneous polar cap crossing by DMSP F15 (top) and F13
(bottom) during a period of extended 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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Figure 4.2: 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.

positely directed to that in the boundary layer, it is possible to derive the total
boundary layer potential drop directly from the potential pattern, as the di�erence
between the reverse convection potential and the potential drop over the two re-
gions of anti-sunward convection. An overview of the di�erent regions of the 4-cell
convection pattern is found in �gure 4.3.

In theory, it would be possible to use the potential drops 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.

Figure 4.4 depicts how the relative strength of the regions of anti-sunward con-
vection 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.

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 however 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. A regression analysis indicates that the boundary
layer potentials have a dependence 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],

√
(n)v2, giving one the best �ts with a correlation coe�cient of 0.5.
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Figure 4.3: A general 4-cell convection pattern (top) and the corresponding po-
tential 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 . From Sundberg et al. [2009]

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 4.4: Scatter plot showing the relative growth of the dawn (dusk) side anti-
sunward convection region in the northern (southern) hemisphere for increasingly
positive IMF By.





Chapter 5

Discussion and conclusions

5.1 Boundary layer formation

Given the main results of Paper I and Paper III, 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 5.1. As the statistical analysis of the
northward IMF data indicated a dependence on viscous parameters rather than the
magnitude of the IMF, one can draw the conclusion that the direction of the solar
wind Bz is a controlling factor in the formation of the boundary layer, however
the magnitude plays only a minor part at most. The primary dynamo responsible
for the transfer of energy, plasma and momentum into the boundary layer is thus
either signi�cantly strengthened for northward IMF, for example by making the
magnetopause more unstable to Kelvin-Helmholtz waves [Miura, 1995], or inhibited
for southward IMF, where ongoing magnetic reconnection may decrease the size of
the viscous interaction region [Burch at al., 1985].

There are a few events in Paper I where the presence of a substantial boundary
layer is recorded for southward IMF as well. The question of how these are formed,
or how the data are to be interpreted for these events, is of importance to fully un-
derstand the underlying physics. Extra care must be taken with the interpretation
of these events, as the selection criteria 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 �ux, and eventually
magnetic storms or substorms. This may have an e�ect on the convection pattern
and the particle precipitation observed.

Figure 5.2 shows an example of one such event. The boundaries between the low-
and high-latitude regions are clearly de�ned not only in the particle precipitation,
but are accompanied by a change of magnitude in the measured electric �eld as well.
The potential drop over the open polar cap is extremely low, around 6 kV, 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
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Figure 5.1: Histograms showing the derived boundary layer potentials for southward
(top) and northward (bottom) IMF.

for the time period of interest, shown in Figure 5.3.
How the boundary layer precipitation and convection are generated for this

type of event needs to be analyzed in detail for a full understanding of the results
presented in Paper I.

5.2 Saturation

The fact that the reverse convection potential saturates for high IEFs is not only
a novel concept in itself, but it may also provide additional valuable information
on the physics behind the saturation of the cross-polar potential. The similarity
in the response for southward and northward IMF makes it plausible that the
two phenomena are related, which in turn would impose new restrictions on the
current saturation theories. Most explanations involving geometrical alterations
of the dayside magnetopause region, such as a dimple formation [Siscoe et al.,
2004 and references therein] or an increased stand-o� distance to the bow-shock
[Merkine et al., 2003] are not applicable to the lobe reconnection case due to the
change in location of the reconnection line. Theories proposing a limit on the
�eld-aligned currents, for example due to a limited ionospheric conductivity, are in
general applicable for both cases.
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Figure 5.2: A DMSP F13 event showing clear boundaries between the low- and high-
latitude regions in both the particle data as well as the electric �eld magnitude.
The event occured during a period of extended southward IMF.

The �eld-aligned currents for northwardBz (NBZ) are of opposite polarity to the
Region 1 current and should not close through the dayside magnetopause current
as proposed for southward IMF, but likely over the lobe-reconnection X-line. The
magnetic �eld of the NBZ current system may thus counteract lobe reconnection
in a similar way as proposed by Hill et al. [1976].

Generalized arguments such as Alfvén mach number e�ects [Ridley, 2005] and
Alfvén wing re�ections [Kivelson and Ridley, 2008] are acceptable explanations for
both types of saturation.

Even though the qualitative results of Paper II are in agreement with the Wilder
et al. study, the results di�er quantitatively. As the energy transfer function used
in the two papers are di�erent, the derived saturation onset values are not directly
comparable. Figure 5.4 shows the DMSP and the SuperDARN data set using the
energy transfer function de�ned by Wilder et al., given in kV/RE , where RE is the
Earth radius. The DMSP data show a larger spread than against the IEF used in
Paper II, however a saturation onset seems to be present at 50 kV/RE . This is a
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Figure 5.3: The AU and AL index for October 28, 2000. The event in Figure 5.2
occurred during the substorm recovery phase, at 15:24 UT.

signi�cantly higher value than the 18-30 kV/RE reported byWilder et al.. Whether
or not the SuperDARN reverse convection potential follows a linear behavior in the
non-saturated regime is also less clear, as no values are reported in the ERC = 6-10
kV/RE region, corresponding to approximately 1-1.5 mV/m. As all data points
are statistical averages without any information on the standard deviation, the re-
liability of a linear �t in the 0-20 kV/RE regime is unknown. For the saturation
level however, the two data sets become more consistent when previous studies of
SuperDARN and DMSP data are taken in consideration. Comparative studies of
DMSP and SuperDARN convection velocities by Xu et al. [2008] and Drayton et
al. [2005] have shown SuperDARN to yield lower velocity estimates in general, and
in particular for high convection velocities. The scaling factors derived were on the
order of 0.3 and 0.7, respectively. Applying these values to the 20 kV saturation
level reported in the SuperDARN study, it scales to a span of 28-67 kV, values that
correspond well to the results in Paper II.

5.3 Cross-polar potential models

Most models of the cross-polar potential are divided into two di�erent regimes, a
linear regime for low to moderate IEF, and a saturated regime for high IEF, where
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Figure 5.4: Comparison of the reverse convection potential observations by DMSP
and SuperDARN. Adapted from Wilder et al. [2008]

the former usually is o�set from the origin by a factor Φ0. The nature of the o�set
has in general been attributed to viscous contributions to the cross-polar potential,
either in the form of a constant or as a function of solar wind parameters, for
example the linear �t found by Boyle et al. [1997], Φ = 10−4v2 + 11.7Bsin3(θ/2),
where θ is the IMF clock angle.

The Boyle et al. formulation predicts a Φ0 of 16 kV for a solar wind speed of
400 km/s. Other estimates predict a Φ0 of 32-38 [Burke et al., 1999], 37-43 [Bristow
et al., 2004], and a linear regression of the data set in Paper I on the IEF gives a
Φ0 of approximately 35 kV. Given the fact that the values are signi�cantly higher
than most estimates of the viscous potential, in particular the results presented in
Paper I, the explanation of Φ0 being solely a viscous contribution must be revised
and the behavior of the linear regime more closely examined. Non-linear functions
starting at the origin, such as that suggested by Morley et al. [2007], may be more
appropriate for a physical description of the potential function, and event studies of
prolonged periods of low IEF are of interest. Note that the case of the reverse con-
vection potential roughly starts at the origin for zero IEF, as can be seen in Figure
5.4. There are a few fundamental di�erences between the two measurements: the
reverse convection potential should not contain any traces of a viscous contribution
as they are oppositely directed, and as the ongoing reconnection is primarily a re-
reconnection of previously open �eld lines, nor are the measurements a�ected by
any nightside merging, as in Equation (3.1) for southward IMF.
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