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Chapter 1

INTRODUCTION

Adapted from "‘Piled Higher and Deeper"’ by Jorge Cham (www.phdcomics.com).

The Sun is Earth’s primary source of energy. Along with light, the Sun

radiates a continuous stream of charged particles known as the solar wind.

As the Sun rotates the solar wind carries the solar magnetic field throughout

the Solar System forming the interplanetary magnetic field. Variations in the

solar wind and the interplanetary field are known as solar activity. The solar

wind is thought to have played a large role in the formation and evolution

of the Solar System as it blew the dense cloud of gas and dust surrounding

our newly formed Sun into interstellar space and ended the growth of the

planets. Solar activity and the understanding of the interaction between the

interplanetary media and planetary bodies remains until today one of the main

goals of space physics.

The Solar-planetary interaction have been studies extensively with in situ
measurements, i.e. by direct spacecraft observations of the plasma environ-

ment, since the beginning of the Space Era in 1957. Today, such in situ ob-

servations cover most of the heliosphere, ranging from numerous spacecraft

in the near-Earth vicinity to Voyager I at the border of our Solar System. In
situ space plasma observations can be complimented by remote observations,

i.e radar, magnetometer or telescope observations. Together they are powerful

tools for the study of processes in our natural plasma laboratory. Of special
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interest for Solar-planetary interaction are the plasma processes which allows

for the conversion and transfer of energy between the interplanetary media

and planetary environments. One key mechanism, particularly in the interac-

tion with planets with an internal magnetic field, such as Earth, is magnetic
reconnection. On small scales magnetic reconnection allows for plasma mass

transfer and energy conversion between two previously separated magnetic re-

gions. On a larger scale magnetic reconnection drives the global transfer of en-

ergy into the Earth magnetic cavity, the magnetosphere, responsible for inten-

sive energy release in the inner magnetosphere known as geomagnetic storms

and substorms. One can picture this global energy flow system of the Sun

and Earth’s magnetosphere and upper atmosphere as a gigantic domino chain.

An intensive release of energy at the Sun drives a chain of events throughout

the Solar System. Magnetic reconnection is a link connecting the chain be-

tween the interplanetary medium and planetary magnetospheres. This domino

effect has a direct practical influence on life at Earth as some parts, the re-
sponses, in the chain disrupt communications satellites and power systems,

affect Earth’s atmosphere, and even pose a threat to human health. Such con-

ditions are called Space Weather. Knowledge gathered from our near-Earth

space can also provide important information about other magnetized bodies

in the solar system as similar processes are thought to occur there.

In this thesis I study both the local and global flow of energy from the

solar wind to the magnetosphere as well as the subsequent dissipation of this

energy into the inner magnetosphere and upper atmosphere. The novelty of

this research is the utilization of three-dimensional measurements from the

four Cluster satellites to obtain direct observational estimates of the energy

conversion and transfer at the boundary between the solar wind and Earth’s

magnetosphere, the magnetopause. We complement the Cluster observations

with data from other spacecraft and ground-based instruments together with

global empirical and physical models in an attempt to investigate the global

characteristics of the coupled system.

This thesis is divided into two main parts, a comprehensive summary in

Part I and a series of papers in Part II. The remaining chapters of the summary

are aimed to provide the overall information which is needed for reading the

papers. Chapter 2 gives a brief introduction to the space environment and its

physics. Chapter 3 deals with the above mentioned domino chain of solar-

terrestrial coupling effects. In this chapter the main processes which provide

a link between the solar wind and the Earth magnetosphere are presented as

well as the response of the Earth system to various solar outbursts. A summary

of the series of papers in this thesis is given in Chapter 4 and a summary of

the thesis in Swedish in Chapter 5. Part I ends with a summary of the main

conclusions of the thesis together with an outlook on future work. The chap-

ters are aimed for an audience of physicists with basic knowledge of plasma

physics.
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Chapter 2

THE SPACE ENVIRONMENT

2.1 Physics of plasma

Plasma is by far the most ubiquitous state of visual matter in the Universe.

The interplanetary, interstellar as well as the intergalactic space are all mainly

dilute plasmas while the Sun and the stars are made of a dense plasma.

Plasma motion is governed mainly by electromagnetic forces rather than

hydrodynamic forces that control ordinary matter. In space plasmas the back-

ground magnetic field is often strong enough to significantly influence the

motion of the charged particles and it is said that the plasma is magnetized.
The relation between the electromagnetic fields (B, E) and the properties of

charged particles in a plasma are described by Maxwell’s equations

∇×B = μ0j+ ε0μ0
∂E
∂ t

, (2.1)

∇×E =−∂B
∂ t

, (2.2)

∇ ·B = 0, (2.3)

∇ ·E =
ρ
ε0

, (2.4)

where j is the electric current density in a plasma, ρ is the electric space charge

density, and ε0 and μ0 are the vacuum permittivity and permeability, respec-

tively. Maxwell’s equations show that the electric and magnetic fields are not

independent but coupled by their spatial and temporal variations.

Many important plasma phenomena can be explained by considering the

plasma to be composed of interpenetrating conducting fluids, one for each

species present in the plasma. A further approximation of this multi-fluid fluid

approach is magnetohydrodynamics (MHD) which treats the plasma as one

single fluid. This is the model that have been used throughout this thesis. The
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response of a fluid element to a given electric or magnetic field is given by the

single fluid momentum conservation equation,

nm
∂v
∂ t

+nm(v ·∇)v =−∇ ·P+ j×B. (2.5)

where n is the fluid number density, m, the fluid mass, P the fluid pressure

tensor and v the fluid velocity which can be approximated by the ion velocity.

The electric field does not appear explicitly as we consider a quasineutral

plasma. The difference between Equation 2.5 and the Navier-Stokes equation

in conventional hydrodynamics is the electromagnetic Lorentz force acting on

the plasma. The Lorentz force can be written as

j×B =− 1

μ0
B× (∇×B) (2.6)

using Equation 2.1. Applying some vector algebra we can further rewrite this

as

j×B =−∇
(

B2

2μ0

)
+

1

μ0
(B ·∇)B. (2.7)

This corresponds to the combined effect of the forces due to magnetic pressure

and magnetic tension which acts to reduce the curvature of the magnetic field.

For equilibrium conditions and isotropic pressure Equation 2.5 becomes

∇
(
p+

B2

2μ0

)
=

1

μ0
(B ·∇)B (2.8)

and the total pressure gradient is thus balanced by magnetic tension. The mag-

netic tension term on the right-hand side of 2.8 can be divided into a field-

aligned magnetic pressure component which cancels the field-aligned mag-

netic pressure component on the left-hand side. Thus, the total magnetic force

acts only perpendicular to the magnetic field. The ratio of the plasma pressure

to the magnetic pressure is called the plasma beta

β =
p

B2/2μ0
. (2.9)

Furthermore, the electric field is given by the generalized Ohm’s law,

E′ = E+v×B, (2.10)

where E′ is the electric field in the plasma reference frame given by,

E′ = ηj+
1

ne
j×B− 1

ne
∇ ·Pe +

me

ne2
∂ j
∂ t

, (2.11)

where e and me are the electron charge and mass, η the resistivity, and Pe

is the electron pressure tensor (see [64] for details). For slow variations and
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neglible pressure gradients the last two terms can be neglected. The second

term, the Hall term, can only be neglected when transverse currents are small.

Assuming the above terms to be neglible the electric field (E′) for an ideally

conducting plasma (η = 0) vanishes and Equation 2.10 reduces to

E+v×B = 0. (2.12)

which is the so-called ideal MHD limit. When Equation 2.12 is valid it is

possible to show that magnetic flux is frozen-in to the plasma fluid, i.e. the

magnetic field moves with the plasma (see Figure 2.1). One consequence of

the frozen-in concept is that plasma within one magnetic region cannot easily

transfer to another region with different magnetic topology. Thus the concept

of frozen-in flux leads to the formation of large, relatively uniform regions

of plasma separated from neighboring regions by rather thin current sheets.

Since both the Sun and our planet have strong internal magnetic fields, the

solar-terrestrial environment is divided into several different plasma regions.

Figure 2.1: Illustration of frozen-in magnetic field lines moving with the plasma

(Adapted from [64]).

2.2 The active Sun

Sunlight is Earth’s primary source of energy. The amount of power (incoming

electromagnetic radiation) that the Sun deposits per unit area at the top of the

earth’s atmosphere is given by the total solar irradiance (TSI). It is measured

by satellite to be roughly 1.4 kW/m2. This energy can be harnessed via a vari-

ety of processes, i.e. photosynthesis or direct heating or electrical conversion

by solar cells.

The Sun is a magnetically active star. It supports a strong varying mag-

netic field which reverses polarity with a periodicity of about 11 years, the
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solar cycle. The solar cycle was first discovered by observing that the number

of sunspots, observed in magnetically active regions on the Sun, vary being

more numerous during the intense phase of the solar cycle. This is illustrated

in Figure 2.2 showing the number of sunspots during the current solar cycle

which is the 23rd cycle recorded since regular sunspot observations began in

the 17th century. The Figure also shows selected images of the Sun from the

SOHO spacecraft where the rising and declining phase of the solar cycle can

be clearly seen.

Figure 2.2: The Sun’s 11-year solar cycle as reflected by the number of sunspots dur-

ing the latest solar cycle (Courtesy of NOAA/SEC). Selected SOHO/EIT images dur-

ing the cycle clearly illustrates the increasing solar activity (Courtesy of SOHO/EIT

consortium. SOHO is a project of international cooperation between ESA and NASA).

The outer atmosphere of the Sun, the corona, extends in the form of a so-
lar wind throughout the solar system. The solar wind consist primarily of hot

electrons and protons with a small fraction of He2+ ions and some other heav-

ier ions. The radially expanding coronal gas drags the solar magnetic field,

which is frozen-in to the highly conductive plasma, outward forming what is

called the interplanetary magnetic field (IMF). As the Sun rotates approxi-

mately every 27 days the IMF, anchored in the Sun, is twisted around the Sun

into an Archimedean pattern called the Parker spiral (Figure 2.3).

While the TSI has varied greatly historically (4.5 billion years ago) due to

solar evolution the current variation is related to the solar activity cycle and is

only of the order ∼ 0.1 % on this time scale [15]. This variation is a result of

solar brightening with increasing sunspot number. The question whether the

effect of such small TSI variations or other changes in the solar output such as
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ultraviolet light and magnetic flux affect the global climate of Earth remains

a controversal subject [13] [34] [61]. However, the changes in the solar wind

and the IMF are known to greatly affect the geomagnetic activity at Earth.

Figure 2.3: The Sun’s spiraling magnetic field during (A) slow solar wind (typical

speed of 400 km/s) and (B) fast solar wind. Adapted from [42].

2.3 The Earth

2.3.1 The magnetosphere

The continuous flow of the solar wind collides with the Earth’s dipolar mag-

netic field forming a bullet shaped magnetic cavity surrounding our planet,

the so-called magnetosphere. Since the solar wind travels at supersonic speed

a bow shock is formed when it hits an obstacle such as the Earth. The solar

wind plasma is slowed down, thermalized, and deflected around the Earth in

the region behind the bow shock, the magnetosheath. The kinetic pressure of

the solar wind compresses the terrestrial field on the dayside while the night-

side magnetic field is stretched out into a longmagnetotail of several hundreds
of Earth radii. The boundary separating the solar wind from the terrestrial

magnetosphere is called the magnetopause. The location of the magnetopause

is strongly influenced by solar wind characteristics. This boundary plays an

important role in solar-terrestrial physics since the coupling between the solar

wind and the magnetosphere occurs through it. This is realized as the frozen-

in condition can locally break down on the magnetopause allowing for plasma

and energy exchange between the two regions. This happens during reconnec-

tion which we will discuss further in Chapter 3.2.

The bow shock, magnetosheath, magnetopause, and the magnetosphere

with some of its different plasma regimes are illustrated in Figure 2.4.
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The funnel-shaped regions called the polar cusps provide a direct entry

Figure 2.4: Topography and plasma structure of the Earth’s magnetosphere. Courtesy

of T. W. Hill, Physics and Astronomy Department, Rice University [24].

for high-speed, charged particles from the solar wind into the upper

atmosphere. The cusps are highly confined regions with a position strongly

dependent on the conditions of the IMF. They can be considered to be part

of a magnetospheric boundary layer system divided into the low-latitude
boundary layer (LLBL) and the plasma mantle.

The magnetotail consist of the tail lobe originating from high latitude open

polar cap field lines and the plasma sheet, a region of closed field lines concen-

trated around the tail mid plane. The plasma sheet maps down to the nighttime

auroral oval and is a very important region for auroral physics. The boundary

between the lobe and plasma sheet ends at the so-called distant neutral line
(DLN). This is a region located far downtail where lobe field lines recon-

nect. The high density plasma of ionospheric origin in the plasmasphere maps

to mid- and low-latitudes on closed field-lines and co-rotates with the Earth.

Overlapping the plasmasphere and the inner plasma sheet are the radiation
belts which consist of trapped, high-energy, charged electrons and ions. As

a consequence of the exposure to magnetic and electric fields ions will flow

westward and electrons eastward forming the ring current around the Earth at

radial distances of about 2-7 RE.

The ring current is only one of the different current systems in the magneto-

sphere as illustrated in Figure 2.5. The transition from a weakly magnetized,

compressed solar wind plasma to a strongly magnetized low density magne-

tospheric plasma across the magnetopause results in a duskward (Chapman-

Ferraro) current flowing along the dayside magnetopause illustrated in Figure

2.6. The thickness of the magnetopause in this simple model is approximately

8



Figure 2.5: The different current systems of the magnetosphere. Adapted from [64].

of the order of the ion-gyroradius, rgi = Mvsw
eB which is about 100 km for normal

solar wind conditions.
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Figure 2.6: Illustration of the origin of the magnetopause current. Ions and electrons

in the solar wind hit the magnetospheric field and perform half a gyro-orbit in opposite

directions inside the magnetopause before escaping back into the magnetosheath.

The cross-tail current flows in the dawn-to-dusk direction between the lobes

having magnetic field of opposite polarity and is closed by the magnetopause

tail current encircling the magnetotail lobes. Part of these current systems

close via upward and downward field-aligned currents in the low-altitude end

of the magnetosphere, the ionosphere.
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2.3.2 The ionosphere

The ultraviolet (UV) radiation from the Sun ionizes a fraction of the neu-

tral atmosphere and forms the ionosphere. The rates of photo-ionization and

recombination vary at different altitudes resulting in a highly structured elec-

tron density profile of the ionosphere known as the D, E, and F layers. Apart

from UV radiation, energetic particle precipitation from the magnetosphere

into the atmosphere also contributes to the variation of electron density with

local time, altitude and latitude. These precipitating particles arrive from dif-

ferent sources,

(i) the polar cusps (< 1 keV),

(ii) along field-lines originating in the tail plasma (∼ 0.5 to 20 keV),

(iii) and leakage from the ring current (> 20 keV).

The combined precipitation patterns form the auroral oval around the geo-

magnetic poles of Earth. In general, magnetic field lines poleward of the au-

roral ovals, in the region called the polar cap, are open while the field lines

inside the oval are closed. The diameter of the oval depends on the amount

of open flux within the polar cap which is related to the rate of opening of

field lines at the magnetopause and magnetotail (reconnection) and thus to

geomagnetic activity [31].

The plasma motion in the low-latitude ionosphere is governed by

co-rotation while at higher latitudes it is convecting under the influence of

the large scale magnetospheric electric fields. The motion of electrons and

ions in the partially ionized strongly magnetized ionosphere is affected by

collisions between charged and neutral particles. Figure 2.7 illustrates how

the E× B drift is disrupted by collisions which allows electrical currents

to flow perpendicular to the magnetic field in response to an electric field.

The current flowing in the direction of E⊥ is known as the Pedersen current

while the so-called Hall current flows in the E×B direction. While collisions

reduce the field-aligned conductivity compared to the ideally conducting

magnetosphere where no neutrals exist, they allow for transverse currents by

scattering particles which contributes to a perpendicular conductivity. Due

to the presence of collisions, ideal MHD cannot be applied but we use Ohm’s

law (Equation 2.10 and 2.11) but neglecting electron pressure and intertia.

The resistivity is the inverse of the plasma conductivity σ0 = nee2
meνc where νc is

the collision frequency. Assuming the current to be driven by the electrons

(the ion rest frame)

j =−eneve. (2.13)

Ohm’s law in the conducting ionosphere can be written as

j = σ0E− σ0

ene
j×B. (2.14)
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Figure 2.7: The electron and ion drifts without (top) and with collisions (bottom)

resulting in perpendicular current (from [45]).

From this expression the height-integrated current density can be deduced

J = ΣPE⊥−ΣH(
E⊥×B

B
)︸ ︷︷ ︸

J⊥

+Σ||E||︸ ︷︷ ︸
J|||

, (2.15)

where ΣP, ΣH , and Σ|| are the height-integrated Pedersen, Hall, and parallel

conductivities (see [45] for full conductivity expressions). The perpendicular

current plays an important role in the coupling between the magnetosphere

and ionosphere as it allows closing of field-aligned currents imposed from the

magnetosphere. Part of the dayside magnetopause current and cross-tail cur-

rent near the flanks connect to the ionosphere via poleward so-called Region

1 field-aligned currents. The ring current and nightside current originating

from the inner edge of the plasma sheet partially connect via the equatorward

so-called Region 2 field-aligned currents (see Figure 2.8). As a result of the

higher conductivity inside the auroral ovals compared to the polar cap (due

to precipitating particles) the high-latitude current flow is concentrated to this

region as illustrated in Figure 2.8. These currents, the auroral electrojets, are
primarily Hall currents flowing eastward in the dusk and westward in the dawn

ionospheric E-layer (∼ 100 km altitude).

2.4 The three-dimensional view: Cluster

The European Space Agency cornerstone mission Cluster [10] consists of four

identically equipped spacecraft flying in formation (Figure 2.9). The observa-

tions from four different points in space allow for a three-dimensional view of

the Earth’s magnetosphere and surrounding boundaries and allow, for the first

time, the separation of spatial and temporal variations.
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Figure 2.8: Structure of the conductivity, electric field, and Hall and Pedersen currents

in the auroral ionosphere. Adapted from from [64]. The closure of the Region 1 and

Region 2 current systems via the Pedersen and Hall currents are illustrated to the right

in the Figure. Adapted from [22]

.

The Cluster spacecraft fly in an elliptical polar orbit around Earth with a

separation distance that can be varied from hundreds to a few thousands of

km which is ideal for studying processes at different spatial scales. In this

thesis I focus on separation distances of a few hundred km as we are mainly

interested in the magnetopause boundary which is typically of the order of a

couple of ion-gyroradii. If the spacecraft separation is smaller than the thick-

ness of the boundary one can estimate the local current density by utilizing

simultaneous measurements of magnetic field from all four spacecraft. This

technique is called the curlometer technique [53]. Furthermore, the combi-

nation of four spacecraft allows to determine boundary properties via timing

[58] or minimum variance techniques [60].

As this thesis aims at investigating the global scale of the chain of solar-

terrestrial processes and to study local phenomena in more detail the Cluster

observations are complemented by data from a wide range of instruments.

They range from other in situ spacecraft observations from both the Inter-

planetary medium and the near-Earth environment to data from ground based

magnetometers and radars.
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Figure 2.9: Artist impression of the Cluster spacecraft. Adapted from [23].

13





Chapter 3

THE SOLAR-TERRESTRIAL

DOMINO EFFECT

The solar-terrestrial coupling can be illustrated as a gigantic domino effect.

A solar eruption acts as a driver which causes a chain of events throughout

the interplanetary medium and the Earth magnetosphere. As we have learned

from the previous chapter a plasma cannot easily transfer between two mag-

netically different regions and thus a link is needed between the solar wind

and Earth’s magnetosphere allowing for mass and energy transfer. There are

a number of proposed links where the most important one is considered to

be magnetic reconnection. The redistribution of the energy entering the Earth

magnetosphere causes a wide range of geomagnetic responses. It should be

noted that this is a complicated chain and indeed links can act as drivers and

drivers as responses and so on. However, for simplicity we have characterized

drivers as solar eruptions and links as energy converters and responses as their

magnetospheric effects.

3.1 Solar drivers

The Sun exhibits sudden releases of energy and mass. A solar flare occurs

when stored magnetic energy in active regions is suddenly released and radi-

ation is emitted across virtually the entire electromagnetic spectrum. A flare

is often associated with an ejection of material of the order of ∼ 1012 kg from

the solar corona known as Coronal Mass Ejections (CMEs). The intensity of

such eruptions are associated with the solar cycle, ranging from a couple per

week during solar minimum to several each day during solar maximum. Fig-

ure 3.1 shows a flare (left) and the associated CME (right) observed by the

SOHO spacecraft occurring on the 28th of October 2003. This period of solar

disturbance have been studied in Paper I and II.

CMEs erupted toward Earth (halo CME) such as the one in Figure 3.1 travel

across interplanetary space (Interplanetary CME or ICME) and collide with
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Figure 3.1: SOHO/EIT images of a flare (left) and associated CME (right) erupted on

the 28th of October 2003 (Courtesy of SOHO/EIT consortium. SOHO is a project of

international cooperation between ESA and NASA).

our planet. An ICME is often characterized by a so-called magnetic cloud or

flux rope formed by the magnetic field embedded in the solar plasma [29] [36]

(Figure 3.2a). Magnetic clouds are characterized by enhanced magnetic field

strength and a smooth rotation of Bz over a one day period following a turbu-

lent sheath region (Figure 3.2b). The field configuration appears to be a giant

flux rope. Thus the southward magnetic field component (Bz < 0) within the

flux rope can change from north-to-south (SN) or south-to-north (SN) direc-

tion. As we will show a southward IMF is an important criteria for enhanced

energy transfer between the solar wind and the magnetosphere. Thus, halo

CME’s often result in large geomagnetic activity on Earth and the eruptions in

Figure 3.1 had severe implications for both spacecraft and ground electronics

(see Section 3.3.3) [18].
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Figure 3.2: (a) Schematic view of a magnetic cloud and (b) a model profile of the

magnetic field magnitude (i), the z-component of the magnetic field (ii), and the angle

between the two (iii), for a spacecraft traversing the cloud.
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3.2 Links

3.2.1 Reconnection

Magnetospheric dynamics is driven by kinetic energy extracted from the so-

lar wind. However, if the frozen-in conditions holds, the plasma is ideal and

the magnetic topology and the connectivity of plasma elements remains un-

changed and no mixing can occur. A link between the solar wind and the mag-

netosphere can only exist where the frozen-in condition breaks down locally

which is probably realized via the magnetic reconnection process [8]. Recon-

nection is a universal process and occurs not only at the magnetopause. It has

also been observed in the solar wind [19], the magnetosheath [52], the mag-

netotail [4] and is thought to occur throughout the universe at other planets, in

solar flares and in planetary accretion disks to mention a few examples.

As the plasma becomes non-ideal the magnetic field starts to diffuse across

the plasma, and magnetic flux can be exchanged between different plasmas

in mutual contact. To illustrate this let’s study the transport of field lines and

plasma more quantitatively by studying the general induction equation for the

magnetic field,
∂B
∂ t

= ∇× (v×B)+
1

μ0σ0
∇2B. (3.1)

The first term on the right side of Eq. 3.1 is called the convective term and

implies that any field changes are such that the magnetic field are constrained

to move with the plasma, thus frozen-in. However, if the plasma conductivity

(σ0) is finite the magnetic field can also be changed by diffusion.

The relative importance of convection and diffusion in a certain plasma can

be investigated by the ratio of the terms in Equation 3.1, themagnetic Reynolds
number

Rm � μ0σ0Lv. (3.2)

Here, v is the average plasma velocity perpendicular to the magnetic field and

L is the characteristic length over which the field varies. For example, in the

solar wind Rm � 1 and thus diffusion can be neglected entirely. However, if

the length scales are small and/or the conductivity is reduced via collisions

(or non-linear interactions) diffusion becomes important. Thus, for such con-

ditions the previously unbreakable fieldlines can be re-ordered and the mag-

netic topology can be rearranged via reconnection.

Let’s consider the case of two approaching plasma flows with oppositely

directed field lines (Figure 3.3a). As plasmas approach each other the cur-

rent flowing in the y-direction in the current layer between the two magnetic

regions increases. This leads to an initial transverse current instability and dif-

fusion of magnetic flux with the formation of a neutral point or X-point. As

diffusion occurs for non-ideal plasma it is evident from Equation 2.12 that

parallel electric fields must arise in this diffusion region. As the magnetic field

starts to diffuse at the point of contact the field lines are reconnected in another

topology (Figure 3.3b). The Lorentz force (especially magnetic tension) in the
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Figure 3.3: Schematic diagram of the formation of current sheet and neutral point in

reconnection. Adapted from [63].

highly stressed reconnected field lines will transport the newly merged field

lines away from the X-point and accelerate the plasma attached to it (Figure

3.3c). Thus, reconnection allows previously unconnected regions to exchange

plasma readily as the merged field lines will be populated by a mixture of

plasma from both sides of the current sheet.

The process of rearranging magnetic flux during diffusion is generally too

slow to explain the efficiency of reconnection. However, in many models of

reconnection this process is speeded up by restricting the diffusion process to

a region of small spatial extent. One such model is the Sweet-Parker model

which permits for steady-state reconnection [44, 62] and is described below

based on [63]. In this model the diffusion region in Figure 3.3b has a length of

2L with a narrow width of 2δ . Thus the current flowing in the diffusion region

is given by Ampere’s law (2.1)

jdy ≈ B0z

μ0δ
. (3.3)

The force acting on the fluid element is given by the momentum equation (2.5)

(jdy×Bdx) · êz ≈ jdyBdx =
B0zBdx

μ0δ
(3.4)

assuming a general pressure balance provided the boundary is at rest. For

steady state this terms balances the convective term in Equation 2.5

nm(v ·∇)vdz ≈
nmiv2dz

L
≈ B0zBdx

μ0δ
. (3.5)

Equation 2.3 gives
B0z

L
≈ Bdx

δ
(3.6)

18



and the equation for the expelled plasma becomes

v2dz ≈
B2
0z

μ0nmi
= v2A0. (3.7)

Thus, during reconnection the magnetic tension force expels the plasma away

from the diffusion region at the Alfvèn speed which is the speed at which

magnetic signals in a plasma can be transported by waves.

The efficiency of the reconnection process can be estimated by defining the

dimensionless reconnection rate

R =
v0x
vdz
≈ v0x

vA0
= MA0 (3.8)

which equals the incident Mach number. Actually, the reconnection rate is the

rate of flux change at the X-point. As stationarity requires constant electric

field we have that the rate of flux change is given by

v0xB0z = jdyη =
B0z

μ0δσ
= Edy (3.9)

since the electric field in the diffusion region is dominated by the resistive

term in Equation 2.11 and the plasma in the inflow region is ideal. This is the

actual efficiency of reconnection. We recognize also that magnetic flux must

be conserved

v0xB0z = vdzBdx (3.10)

and the dimensionless reconnection rate can be expressed as

R =
Bdx

B0z
. (3.11)

As the medium is incompressible (∇ ·v = 0)

v0xL≈ vA0δ → v20x ≈
vA0

Lσμ0
. (3.12)

Thus the reconnection rate is

R =
1√

(Rm0)
(3.13)

and thus the speed at which the magnetic field can diffuse in and through the

diffusion region is determined by the magnetic Reynolds number and is low

for high values. So, the reconnection process for collisionless plasmas must be

very slow. As most space plasmas are collisionless anomalous effects must be

present which lower the conductivities and increase the rate of reconnection.

Let’s now consider the energy balance in the reconnection process. Equa-

tion 3.12 states that for L� δ then vA0 � v0x. Thus the inflowing rate of

19



magnetic energy, B0z
μ0

(v0xL) , is much larger than the inflowing rate of kinetic

energy
1/2nmiv20x
B2
0z/μ0

=
v20x
2v2A0

	 0. (3.14)

However Equation 3.10 states that B0z � Bdx if vA0 � v0x and thus the out-

flowing magnetic energy is much smaller than the inflowing magnetic energy.

This implies that magnetic energy is dissipated during the reconnection pro-

cess. Forming now the ratio of the outflowing kinetic power to the inflowing

magnetic power we get

nmiv2dz(vdzδ )
B2
0z(v0xL)/μ0

=
v3dz
2vv3A0

=
1

2
. (3.15)

During reconnection half of the inflowing magnetic energy is converted into

plasma bulk flow energy and the other half to thermal energy. This means that

reconnection generates high-speed plasma jets that are accelerated away from

the reconnection region and acts as a energy converter between magnetic en-

ergy and kinetic energy (bulk flow and thermal energy). Such high speed flows

have been detected by the Cluster spacecraft during dayside magnetopause

crossings [5, 47]. Figure 3.4 is a schematic illustration of such observations.

Figure 3.4: Schematic view of spacecraft observations of reconnection jets at the

magnetopause. As the spacecraft passes the reconnecting magnetopause illustrated in

the upper part it will observe a typical jet velocity (vd) profile shown in the lower part

of the Figure. Adapted from [63].
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The Sweet-Parker reconnection is still too slow to explain observations

of reconnection. By decreasing the diffusion region even further the process

becomes faster but more complicated. Such mechanism involve slow mode
shocks and are explained by e.g. the Petschek reconnection model [46] but

will not be treated further here.

3.2.2 Other mechanisms

The plasma, energy and momentum transport from the solar wind into the

magnetosphere is well explained by the reconnection process for southward

IMF. However, northward IMF conditions have long been associated with a

cold and dense plasma sheet [11] and the existence of a thick LLBL [21, 39].

Some of this transport can be explained by diffusive mechanisms such as e.g

viscous interaction [2] or high-latitude reconnection [59].

Another mechanism that may play an important role as a link during north-

ward IMF conditions is the Kelvin-Helmholtz (KH) mechanism. The KH in-

stability is an ideal MHD macroscopic instability that occur at boundaries of

velocity shears which excite Alfvèn waves by feeding surface waves from ex-

tracting energy out of the shear flow. The threshold for the linear stage of

the KH instability can be inferred from the dispersion relation as it yields an

unstable solution when

(k ·v0)2 >
n01 +n02
n01n02

[n01(k ·vA1)2 +n02(k ·vA2)2], (3.16)

where v0 is the constant streaming velocity at the boundary, n01,n02,vA1 and

vA2 are the densities and Alfvén speed in the non-streaming and streaming

region respectively. Equation 3.16 shows that the KH instability is stabilized

when the velocity shear is parallel to the magnetic field as this requires ad-

ditional energy to twist the magnetic field in the boundary. Thus at the mag-

netopause the KHI threshold is most easily satisfied at the interface between

the solar wind and the plasma sheet as the plasma energy dominates in both

these regions. It does not occur at the surface of the lobes where the magnetic

energy dominates and magnetic tension prevents it from deforming the mag-

netopause. Consequently, the KH vortices evolve only along the low-latitude

magnetopause (Figure 3.5). The nonlinear evolution of the KH instability has

been proposed as a mechanism of plasma and momentum transport as rolled-

up vortices can engulf plasmas from both sides of the magnetopause. Such

rolled-up vortices has been observed by the Cluster spacecraft along the flank

of the magnetopause for northward IMF [20]. The collapse of such a vortex,

or the reconnection within [43], could be responsible for the plasma transport

and replenishment of the LLBL.

The threshold for the KH instability suggests that it occurs for sufficiently

large streaming velocities in the magnetosheath. One cause of such high-speed

flows in the magnetosheath is the acceleration of plasma via magnetic field

line tension in the draped field configuration during northward IMF [7, 30].
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Figure 3.5: View of the Earth magnetosphere showing signatures of the KH vortices

at the duskside magnetopause. Adapted from [20].

3.3 Magnetospheric responses

3.3.1 Energy conversion/transfer

At the dayside magnetopause the magnetic fields of the solar wind and the

magnetosphere are antiparallel and thus allowed to reconnect if the IMF is di-

rected southward (see 1 in Figure 3.6). This results in a large-scale magneto-

spheric energy transport and conversion circuit. Let’s consider the individual

Figure 3.6: Field line merging and reconnection at the magnetopause (from [64]).
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equations that govern separate forms of energy (electromagnetic, thermal, and

bulk flow) and the transfer from one form to another.

The equation governing magnetic energy transport can be deduced from

taking the scalar product of Faraday’s law (2.2) with B and using Ampere’s

law (2.1)
∂
∂ t

(
B2

2μ0
+
ε0E2

2

)
+∇ ·

(
E×B
μ0

)
=−j ·E. (3.17)

This is the so-called Poynting theorem where electromagnetic energy flow is

contained in the Poynting flux vector S = E×B
μ0

. However as E
B = vsinφ in an

ideal MHD plasma where φ is the angle between v and B the ratio between

the electric and magnetic energy is

We

Wb
=

ε0E2/2

B2/2μ0
=

v2

c2
sin2 φ 	 1 (3.18)

for wave speeds well below the speed of light and the second term in Equation

3.17 can be neglected in these cases. Equation 3.17 can be rewritten using the

electric field in the plasma reference frame given by Equation 2.10

∂
∂ t

B2

2μ0
+∇ ·

(
E×B
μ0

)
=−v · (j×B)− j ·E′. (3.19)

The equation for thermal energy (u) transport is given by

∂u
∂ t

+∇ · [(u+ p)v] = v ·∇p+ j ·E′ (3.20)

and for the plasma bulk flow energy

∂
∂ t

nmiv2

2
+∇ ·

(
nmiv2

2
v
)

= v · (j×B−∇p) (3.21)

where u = 3
2
p is the thermal energy density of the plasma assuming isotropic

pressure [3].

The left-hand sides of Equation 3.19, 3.20, and 3.21 represent the conser-

vation of each of the different forms of energy while the right-hand sides rep-

resent the conversion (transfer) of one form to another. In Equation 3.17 the

j ·E term governs the conversion between magnetic and kinetic energy. It can

be divided into the term governing ideal MHD, v · (j×B) and non-ideal MHD

effects E′ · j, the so-called Joule dissipation. As Joule dissipation can be ne-

glected in many cases, plasma motion parallel to the Lorentz force converts

magnetic energy to kinetic energy. Such regions are called load regions. Op-

positely, plasma motion against the Lorentz force converts kinetic energy to

magnetic energy and are called generator regions.
Returning back to Figure 3.6 we note that reconnection produce two highly

stressed field lines where the Lorentz force expel them away from the recon-

nection point. The solar wind plasma flows essentially tangential to the mag-

netopause and parallel to the Lorentz force for fieldlines 2-4, thus the dayside
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magnetopause corresponds to a load region for southward IMF conditions.

Just as we have deduced in Section 3.2.1 the reconnection process acts as to

convert magnetic energy into kinetic energy in accordance to Equations 3.19,

3.20, and 3.21. The Joule dissipation term provides the direct transfer from

magnetic to thermal energy while the Lorentz force represents acceleration

and heating affecting the kinetic energy shown by Equations 3.20 and 3.21.

As the open field lines have crossed the polar cap the Lorentz force starts to

work against the solar wind flow and thus the magnetopause acts as a gener-

ator at fieldlines 4-7. In this region the magetosphere is loaded with magnetic

energy at the expense of the kinetic energy in the solar wind as the magne-

topause dynamo breaks the incoming solar wind flow. In the ideal MHD limit

the total power transferred into the magnetosphere is given by integrating the

local power conversion, F ·v, over the magnetopause area covered by fieldlines

4-7, Amp multiplied by the magnetopause width

U(W ) =
∫
A
dA︸ ︷︷ ︸

Amp

∫
(j×B) ·vvmpdt︸ ︷︷ ︸

Q(Wm−2)

. (3.22)

At the nightside end of the magnetosphere, two open field lines reconnect

to form a newly closed geomagnetic field line (field line 7) and a new purely

interplanetary field line (field line 8). The new geomagnetic field line marked

by 8 is stressed and will relax and shorten and plasma is accelerated toward

Earth.

The convection electric field associated with the motion of flux tubes maps

down to the high-latitude ionosphere creating horizontal E×B plasma drift.

The motion of the reconnected flux tubes across the polar cap corresponds

to flow from noon to midnight in the high-latitude ionosphere. Similarly the

Earthward convective flow in the magnetotail leads to a sunward convection

of the footpoints of these flux tubes in the dawn and duskside auroral oval.

Thus, during southward IMF there is a two-cell convection pattern in the po-

lar ionosphere (see Figure 3.7). The return flow in the auroral region produces

new ionospheric electric fields, poleward directed on the dusk side and equa-

torward directed on the dawn side. These electric fields will drive Pedersen

and Hall currents in the ionosphere and form the auroral electrojets. As the

ionosphere is only partly ionized the convecting ionospheric plasma will col-

lide with neutrals and convert some of the drift energy into thermal energy.

Thus, one part of the incoming magnetospheric energy is dissipated into the

ionosphere via Joule heating produced by the flow of electric currents. The

height-integrated Joule heating rate is proportional to the current flowing par-

allel to the electric field,

QJ(Wm−2) = J⊥ ·E⊥. (3.23)

Using Equation 2.15 and noting that the Hall currents flow perpendicular to

the electric field and thus do not contribute to frictional dissipation, Equation
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3.23 can be rewritten as

QJ(Wm−2) = ΣP|E⊥|2. (3.24)

Thus, the amount of Joule heating produced in the auroral ionosphere depends

on the level of convection and on the number of precipitating particles as they

influence the conductivity. It should be noted that the Joule heating should be

evaluated in the reference frame of the neutral atmosphere as neutral winds

can significantly alter the result.

Another dissipation mechanism of energy into the ionosphere is via colli-

sions of precipitating auroral particles with the neutral atmosphere. This pro-

cess is particularly important in the non-sunlit polar atmosphere where it may

be the principal cause of sudden changes in composition and temperature.

Figure 3.7: E×B drift trajectories (equipotential contours) in the polar ionosphere

during southward IMF. Adapted from [25].

During northward IMF, the energy transport circuit is more complex and

confined to higher latitudes as the amount of open flux is reduced and the

polar cap is decreased. During northward IMF reconnection is only possible

in the high-latitude lobes on open field lines of the magnetotail.

3.3.2 Geomagnetic activity

The solar wind energy extracted by the geomagnetic field is dissipated due to

a variety of dynamic processes that arise during enhanced energy input. The

two main categories are known as geomagnetic storms and substorms.

Geomagnetic storms
Geomagnetic storms are depressions of the geomagnetic field due to an en-

hancement of the trapped particle population and the associated ring current

intensification. Storm development is often monitored by the Dst-index divid-

ing them into weak (Dst < -30 nT), moderate (Dst < -50 nT), and intense (Dst

< -100 nT) storms.
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Storms are directly related to enhanced energy transfer from the solar wind

during intense and long-lasting interplanetary convection electric fields asso-

ciated with the passage of southward orientated IMF. One example of such re-

gions are magnetic clouds associated with transient solar eruptions discussed

previously in Section 3.1. Another example are so-called recurrent magnetic

storms associated with Corotating Interaction Regions (CIR) formed as high

and slow solar wind collide. These storms occur with a recurrent frequency of

the solar rotation period (about 27 days) especially during the declining phase

of the solar cycle.

Storms are typically divided into three distinct phases. The initial phase
often coincides with the arrival of an interplanetary shock structure together

with the onset of a period of increased ram pressure. If such a sudden impulse

precedes a magnetic storm it is called a storm sudden commencement (SSC).

The dayside magnetopause is compressed due to the increased pressure and

magnetohydrodynamic waves are launched which propagate into the magne-

tosphere. The main phase is associated with strong southward oriented inter-

planetary magnetic fields and a build up of the ring current. Strong cross-tail

electric fields push the plasmapause closer to the Earth and peel off the outer

layers of the plasmasphere. The recovery phase can last from hours to a week

during which the ring current ions are gradually lost and the magnetosphere

returns to normal conditions.

Auroral substorms
The term auroral substorm was first introduced by [1] and referred to mag-

netic field variations observed in the nightside high-latitude regions. These

variations are caused by fluctuations in different current systems within the

ionosphere and magnetosphere. Thus, substorm processes occur not only in

the polar regions but a substorm is a global magnetospheric disturbance with

the overall name magnetospheric substorm.

The dissipation of energy extracted by the solar wind via Equation 3.22

is divided into directly-driven and loading-unloading processes [55]. The

directly-driven process tracks variations in the solar wind and leads to growth

of the large-scale eastward and westward electrojets (see Figure 2.8) due to

enhanced magnetospheric and ionospheric convection. The other part of the

energy accumulates in the magnetotail in the form of excess magnetic energy

in the tail lobes until it is suddenly released when an internal catastrophic

instability is generated or external conditions change, the loading-unloading

component. The phase of a substorm can further be divided into the growth

phase, expansion phase and recovery phase [56].

The growth phase refers to the period when magnetic energy is stored in the

geomagnetic tail. This is a consequence of newly reconnected field-lines being

swept across the polar cap transporting flux into the tail. Thus it is considered

to start at the southward turning of the IMF. Part of this flux is reconnected

at the DNL and contribute to the directly driven convection as illustrated in
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Figure 3.6. However, if the reconnection rate at the DNL cannot match the

dayside reconnection rate, field-lines become added to the lobe increasing the

magnetic flux, the lobe cross-section and the size of the open field-line po-

lar cap. The magnetic signature of the growth phase [37] is the growth of the

directly-driven electrojet system which actually is indicative of energy dissi-

pation but can be considered to serve as a good proxy for storage of energy

in the tail. The increased lobe field compresses the plasma sheet as a conse-

quence of the vertical pressure balance between the low-β lobes and high-β
plasma sheet. The growth of the cross-tail current will stretch the plasma sheet

into a more tail-like configuration moving the inner edge of the plasma sheet

and tail current Earthward. This is illustrated in Figure 3.8.

Figure 3.8: The main magnetospheric features of the substorm growth phase. Adapted

from [28].

The substorm onset or expansion phase is related to the release of the en-

ergy stored during the growth phase. This onset can be visualized in the high-

latitude midnight sector as the most equatorward auroral arc suddenly bright-

ens and fills the sky. The lobe field magnitude decreases indicating reduction

of open field lines due to increased reconnection rates in the tail. This re-

connection is thought to start at a new neutral line Earthward of the DNL as

the near-Earth plasma sheet thins, the near-Earth neutral line (NENL). High-

speed plasma flows from the NENL are observed in the near-Earth plasma

sheet as the newly reconnected and sharply bent field line bounces back from

the tail and plasmoids consisting of the pinched-off field between the NENL

and DNL are ejected downtail. Spacecraft observations of such features have
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placed the NENL at typical downtail distances of 20-30 RE [41, 40]. The

near-Earth reconnection and associated fast flows and/or extreme plasma sheet

thinning may relate to the interruption of the near-Earth cross-tail current

(current disruption) by closing via field-aligned currents down to the iono-

sphere forming the substorm current wedge (SCW). The ionospheric part of

the SCW consists of the superposed westward directed substorm electrojet

which can be observed as a negative magnetic bay in the Bx-component of

ground-based magnetometers. Another consequence of the reduced cross-tail

current is the dipolarization of the near-Earth magnetic field which can be

observed by geosynchronous satellites. A feature of the substorm expansion

phase often related to local magnetic field dipolarizations is the injection of

particles seen close to the geosynchronous orbit. Simultaneous observations

of enhanced fluxes at all energies ranging from a few tens of keV to hundreds

of keV (dispersionless injections) indicate close vicinity to the onset location.

After typically 30-60 minutes the magnetosphere starts to return to its

ground state. During this recovery phase which lasts about 1-2 hours the

plasma sheet recovers and the aurora fades and retreats to higher latitudes.

Even though the recovery phase often returns the magnetosphere to a quiet

state it may coincide with the growth phase of another substorm, especially

during periods when the IMF has a stable southward orientation such as

during magnetic storms.

It has been proposed that substorms are spontaneously triggered due to an

internally driven instability in the magnetosphere. Another possible onset trig-

ger mechanism has been related to changes in the interplanetary medium,

either variations in the interplanetary magnetic field or changes in the solar

wind. Several studies have shown that northward turnings of the IMF can be

considered as possible triggers (e.g [54]; [35]). In addition, a reduction of the

magnitude in IMF By has been suggested as another possible trigger candidate

[65]. Several studies have also shown that Sudden Storm Commencements

(SSCs) or Sudden Impulses (SI) produced by solar wind shocks may lead

to the expansion phase onset of a substorm (e.g. [57] and [6]). The question

of whether substorms are always externally triggered remains a controversial

question in the scientific community. However, little has been done to sepa-

rate between non-storm and storm-time substorms in terms of the effectivity

of such various trigger mechanisms, and at the same time taking into account

different pre-conditioned magnetospheric states. This may be important, as it

can be expected that the magnetosphere reacts differently to one and the same

external trigger mechanism during storm times than during quiet conditions

due to the excessive energy loading into the magnetosphere prior to the sub-

storm onset.

Storm geoeffectiveness
For Space Weather prediction purposes it is of great importance to account

for the impact of various solar phenomena on our near-Earth system, in other
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words determine how geoeffective such structures are. Generally, sufficiently

long lasting solar wind convection electric fields are of most importance in

terms of geoeffectiveness. For example, a southward component of the IMF

greater than 10 nT for a duration Δt ≥ 3 hours results in an intense geomag-

netic storm [16]. However, the compressed southward field tends to have a

more prominent geoeffectiveness than its duration since it has been found

that a stronger convection electric field can produce a stronger storm whilst a

longer Δt can not [66]. The relative geoeffectiveness of the different sources

of southward IMF such as CMEs, solar flares, and interplanetary events dis-

cussed above have been extensively studied. For example, the geoeffective-

ness of the different regions of magnetic clouds, sheaths, leading and trailing

fields have been investigated by [69]. They found that the majority of mag-

netic clouds result in magnetic storms, but only about 30 % of all storms

are due to magnetic clouds. Furthermore, they found that the leading field

is the most geoeffective region of magnetic clouds with different geoeffec-

tiveness for "unipolar" and "bipolar" Bz clouds. Another study by [9] found

that compound structures of interplanetary shock waves, magnetic clouds, and

heliospheric current sheet sector boundary crossings are more geoeffective

than single interplanetary magnetic structures. The higher geoeffectiveness of

clouds fast enough to drive shocks are due to the combined effect of high

ejecta fields and draping/shock effects [17]. In addition, the interactions be-

tween successive halo CMEs originating from the same active region can lead

to a higher geoeffectiveness by enhancing their southward field interval in the

sheath region, ejecta or within magnetic clouds [67].

Even though many studies concerning the geoeffectiveness of interplane-

tary and geomagnetic disturbances have been published it should be noted

that many of the resulting values of storm effectiveness are in conflict with

each other [68]. The variety of methods used and the investigation of the geo-

effectiveness of separate phenomena rather than focusing on the entire chain

of events from the Sun (e.g. CMEs and solar flares) through interplanetary

space (e.g. magnetic clouds) and in the Earth’s magnetosphere (storms) are

suggested to result in strongly diverging estimations of the geoeffectiveness.

3.3.3 Space Weather

Geomagnetic activity, such as geomagnetic storms and substorms constitute

a range of phenomena that can influence our environment. Essentially, the

energy from solar activity such as flares and CMEs can be hazardous to tech-

nological and biological systems in space and on Earth. Such effects describe

our Space Weather1.

Space Weather has a direct consequence for

1Space Weather refers to conditions on the Sun and in the solar wind, magnetosphere, iono-

sphere, and thermosphere that can influence the performance and reliability of space-borne and

ground-based technological systems and that can affect human life or health.
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• spacecraft systems as high-energy particles from solar flares and CMEs can

damage satellite components,

• solar cells as high-speed ions degrade the semiconductor material which

can reduce the expected lifetime of a satellite,

• astronauts and passengers in high-flying aircraft at high latitudes exposed

to high radiation doses during solar particle events,

• radio communication as high-energy particles can absorb short radio waves

in the HF range and cause complete radio black out,

• navigations systems are affected by ionospheric disturbances,

• large-scale conductors on Earth (pipelines, transoceanic cables, power

lines) as Ground Induced Currents (GIC) can cause increased corrosion

of pipelines and power failures. This occurred in the city of Malmö

in southern Sweden during the Halloween storms when over 50000

inhabitants suffered a power loss [49],

• the atmosphere as it can heat and expand during geomagnetic storms (e.g.

Joule and particle heating),

• Global Positioning Systems (GPS) that are affected by changes in the total

electron content of the ionosphere along the path to the satellite which can

lead to positioning errors of up to 100 meters,

• plant growth that varies with the 11 and 22 year solar cycle as can be seen

in tree-ring records,

• animal species on Earth that use the internal magnetic field for navigational

purposes such as pigeons and whales,

• and the ozone layer as temporary decreases in ozone densities are seen

during solar particle events which allow increased amounts of harmful solar

UV radiation to reach Earth surface.

The growing amount of evidence of Space Weather effects summarized

above and shown in Figure 3.9 illustrates the need for better understanding

of our coupled Sun-Earth system. As the dependence on communication tech-

niques grow, spacecraft components become smaller and more susceptible to

damage, and long-term manned missions to extra-terrestrial planets such as

Mars are planned, there is an increased need for accurate and precise now-

casting and forecasting of Space Weather related phenomena. This need for

improved prediction cannot be fulfilled until we gain further understanding of

the entire coupled chain of solar-terrestrial events.
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Figure 3.9: A poster illustrating some of the Space Weather effects.
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Chapter 4

SUMMARY OF PAPERS

Paper I

L. Rosenqvist, H. Opgenoorth, S. Buchert, O. Amm, I. McCrea, C. Lath-

uillere

Extreme Solar-Terrestrial events of October 2003: High latitude and Clus-
ter observations of the large geomagnetic disturbance on October 30
Journal of Geophysical Research, 101, A09S23, 2005.

This paper aims at initially giving a global view of the solar eruptions oc-

curring on 28th and 29th of October especially focusing on the associated

so-called Halloween storms at Earth. We discuss similarities and differences

in terms of solar eruption, solar wind driver and geoeffectivness to lay a foun-

dation for a more detailed description of the period of major substormlike

disturbances occurring on October 30, 2003 above Scandinavia. Based on ob-

servations with a wide range of instruments we conclude that these major

substormlike disturbances are closely related to solar wind pressure pulses

several hours after the onset of the geomagnetic storm. Thus, after an ex-

tended period of strong solar wind pressure combined with a southward IMF

during which the magnetopshere appeared quasi-stable small-scale pressure

pulses can release extreme amounts of energy with virtually no time delay.

This raises the question whether the magnetosphere reacts differently to ex-

ternal substorm triggers in the solar wind after excessive energy loading into

the magnetosphere prior to substorm onset during storm times compared to

quiet conditions. This is important in terms of future predictions of such or

similar events.

My contribution to Paper I
I planned the study and analyzed the data. I wrote the paper. The other coau-

thors contributed to the planning of the study and to the data analysis.
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Paper II

L. Rosenqvist, S. Buchert, A. Vaivads, H. Opgenoorth, G. Lu

Magnetospheric energy budget during huge geomagnetic activity using
Cluster and groundbased data
Journal of Geophysical Research, 111, A10211, 2006.

This paper plunges more deeply into the energy flow system in the solar wind-

magnetosphere-ionosphere system during the substorm sequence studied in

Paper I. The Cluster spacecraft traversed the magnetopause at the duskward

flank of the magnetospheric tail during this time. At the same time the EISCAT

radar and ground-based magnetometers throughout the world monitored the

ionospheric dynamics. This setup allows to study the coupled energy system

utilising Cluster to estimate the flow of energy from the solar wind across the

magnetopause and ground-based instruments to evaluate the dissipation in the

ionosphere. The global input rate from the solar wind was found to be ∼ 17

TW. The corresponding empirical estimation from the ε-parameter is three

times larger than the value found with the observational method.

The ionospheric Joule heating can be obtained using EISCAT observations

and the global Real-Time Assimilative Mapping of Ionospheric Electrody-

namics (AMIE) modeling technique. The total Joule dissipation is found to

be 30 % of the total power input estimated by Cluster. This is in rather good

agreements with previous findings of a ratio of about 60 %. Empirical rela-

tions of Joule heating based on AE and AL indices provide a ratio of only 3

%. In summary, we find observationally that the power that enters the inner

magnetosphere is balanced to a rather large fraction (30 %) by the Joule heat-

ing deposition in the ionosphere. Empirical proxies seem to be an insufficient

tool for energy budget estimates during storm and substorms of this extreme

character.

My contribution to Paper II
I planned the study and analyzed the data. I wrote the paper. The other coau-

thors contributed to the planning of the study and to the data analysis.

Paper III

L. Rosenqvist, A. Kullen, S. Buchert

An unusual giant spiral arc in the polar cap region during the northward
phase of a Coronal Mass Ejection
Annales Geophysicae, 25, 507-517, 2007.

This paper investigates the cause of the chain of events that resulted in a giant

auroral spiral structure spreading across a large part of the polar cap. Dur-
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ing this period the IMF was dominantly northward combined with a strong

duskward component resulting in a highly twisted tail plasma sheet. The Geo-

tail spacecraft observed accelerated plasma flows as a result of a magnetic

sling shot effect in the equatorial tail magnetosheath. Such flows can give rise

to magnetopause surface waves which might have been additionally enhanced

due to external solar wind pressure changes. We believe that a combination

of the above effects resulted in a very extreme tail topology that lead to this

unique event.

My contribution to Paper III
I and the second author planned the study and analyzed the data. I wrote half

of the paper.

Paper IV

L. Rosenqvist, A. Vaivads, A. Retinò, T. Phan, H. Opgenoorth, I. Dandouras,

S. Buchert

Modulated reconnection rate and energy conversion at the magnetopause
under steady IMF conditions
Submitted to Geophysical Research Letters, 2007.

This paper investigates a period of multiple dayside magnetopause crossings

observed by Cluster during a period of steady IMF. The energy conversion as

a result of the reconnection process for southward IMF is found to be consis-

tent with the observation of high-speed reconnection jets. Furthermore, a new

method to determine the reconnection rate from the magnitude of the local

energy conversion is developed. The advantage of this method as compared

to previous methods lies in the elimination of large uncertainties in determin-

ing small quantities when using multispacecraft techniques. The reconnection

rate as well as the energy conversion is found to vary during the course of the

eleven complete magnetopause crossings. This supports the previous interpre-

tation that reconnection is continuous but its rate is modulated. Furthermore,

the reconnection rate is systematically higher for the inbound crossings during

magnetosphere compression which is an important observation in terms of the

understanding of the modulation.

My contribution to Paper IV
I planned the study and analyzed the data. I wrote the paper. The other coau-

thors contributed to the planning of the study.
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Paper V

L. Rosenqvist, H. Opgenoorth, L. Rastaetter, A. Vaivads, I. Dandouras,

S. Buchert

Comparison of local energy transfer estimates from Cluster with global
MHD simulations
Submitted to Geophysical Research Letters, 2007.

This paper compares the observations from Paper IV with a global

magnetohydrodynamic simulation. This event corresponded to a load region,

a conversion from magnetic to particle energy. For comparison and contrast

another magnetopause crossing of the dawn flank is studied corresponding

to energy conversion from particle to magnetic energy (generator). The

global simulation was found to correctly describe the local characteristics

of the magnetopause as a load and generator region, respectively. The

magnitude of the estimated energy conversion from Cluster and the model

are in rather good agreement, especially for the less dynamic load event.

The model cannot reproduce reconnection related accelerated plasma and

some topological differences occur between the observations and the model.

The results may be used to validate the use of global magnetohydrodynamic

models for space weather purposes.

My contribution to Paper V
I planned the study and analyzed the data. I wrote the paper. The other

coauthors contributed to the planning of the study.
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Chapter 5

SAMMANFATTNING PÅ

SVENSKA

Ett vanligt svensk ordspråk är att "även solen har sina fläckar" för att referera
till något som inte anses vara helt perfekt. Det uttrycket kan härledas tillbaka

tillGalileo Galilei. Han upptäckte år 1612 att solen inte var den perfekta kropp

som tidigare hävdats av Aristoteles. Istället hade dess yta fläckar som både

varierade i antal och storlek. Antalet solfläckar är den visuella manifestationen

av solens magnetiska aktivitetscykel på ungefär 11 år. Det blåser en ständig

solvind i alla riktningar från solen i from av laddade partiklar. När antalet

solfläckar är som störst maximeras även solens aktivitet och solen kastar ut

enorma mängder energi och massa i form av soleruptioner. Dessa störningar

i solvinden ger upphov till en mängd effekter på jorden och även på andra

planeter i solsystemet.

För att bättre förstå uppkomsten av dessa effekter måste vi veta att större

delen av den materia vi kan se i universum befinner sig i ett plasma tillstånd,

dvs. en gas bestående till huvuddelen av elektroner och joner. Vi bor i den

lilla del av universum där plasma inte förekommer naturligt förutom i from

av till exempel eldslågor eller atmosfäriska urladdningar (blixtar). Däremot

joniserar solens UV-strålning våran atmosfär och redan på 80-100 km höjd är

luften delvis i ett plasmatillstånd. På grund av att partiklarna i ett plasma är

laddade påverkas det av elektromagnetiska krafter utöver de hydrodynamiska

krafterna för ordinär gas. Många objekt i universum är magnetiserade, tex

solen och andra stjärnor, planeter såsom Jorden, Jupiter, Saturnus, Uranus

och Neptunus, samt hela galaxer. Därför beskriver plasmafysiken, koppligen

mellan laddade partiklar och elektromagnetiska fält, ett stort antal processer i

vårat universum.

En egenskap hos ett plasma med mycket hög elektrisk ledningsförmåga,

eller konduktivitet, är att magnetiska fält är "infrusna" i plasmat. Det bety-

der att magnetfälten och plasmat rör sig tillsammans. Det innebär att energi

och massa inte kan överföras så lätt mellan två områden med olika magnetisk

struktur. Eftersom solens magnetfält är infruset i solvinden kommer det att
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dras med då solvinden kastas ut i rymden och forma det interplanetära mag-
netfältet. Jordens magnetfält, våranmagnetosfär, omger oss som en magnetisk

sköld och avskärmar den yttre atmosfären från bombarderingen från solvin-

den och de kolossala plasmamoln som solen kastar ut. Utan vårat magnetfältet

skulle atmosfären eroderas, och vår planet skulle gå samma öde till mötes som

Mars, som kanske en gång härbärgerade villkor för uppkomsten av liv. Även

om skyddet från vårat magnetfält är bra så kan vårat magnetfält kopplas ihop

med solvinden och utbyta energi och massa under vissa förhållanden. Denna

process kallas magnetisk omkoppling och sker när magnetfälten i två olika

områden är antiparallela. Magnetisk omkoppling är en universell process som

sker såväl i laboratorie plasman, i solvinden, på solen, som i gränsskiktet mel-

lan solvinden och jordens magnetfält, magnetopausen. Man tror att det är den

viktigaste processen som tillåter ett varierande energiutbyte mellan solvinden

och jordens närområde vars omfattning beror på solens aktivitet.

Magnetisk återkoppling är mest effektiv när det interplanetära fältet

är sydriktat eftersom det då är antiparallelt med jordens magnetfält på

dagsidan. De stora plasmamolnen som solen kastar ut är ofta associerade med

långvariga perioder av sydriktat fält. Därför optimeras energi kopplingen

mellan solvinden och magnetosfären när dessa strukturer träffar oss. Den

energi som utvinns ur solvinden ger upphov till en mängd olika processer som

kan påverka teknologiska samt biologiska system i rymden och på jorden.

Förutom vackra norrsken orsakar detta till exempel radiostörningar, induktiva

strömmar på jorden som kan skapa strömavbrott, samt uppvärmning och

expansion av atmosfären. Sådana effekter beskriver vårat Rymdväder. De två

huvudsakliga processerna som fördelar den inkommande energin i jordens

närområde är såkallade geomagnetiska stormar och substormar. Det är

globala komplicerade processer som överför energi från en form till en annan.

Förstålsen för hur energin från solen förs in till jordens magnetfält både på

global och lokal skala och hur detta i sin tur påverkar våran närrymd, vårat

samhälle, och livet är ett av de stora målen inom rymdforskningen. Då vi i allt

större utsträckning blir beroende av kommunikation i samhället, som styrs i

huvudsak av satelliter och radiosignaler, samt att tekniska komponenter blir

allt mindre och mer utsatta för yttre påverkan ökar vårat behov av att förstå

de processer som ger upphov till rymdväder. I den här doktorsavhandlingen

undersöker vi de processer som ansvarar för cirkulationen av energi i jordens

magnetosfär och atmosfär som resultat av solens varierande aktivitet.

I Artikel I och II undersöker vi hur magnetosfären och den joniserade övre

delen av atmosfären, jonosfären, påverkas av krocken med två enorma plas-

mamoln som kastats ut från solen. Båda soleruptionerna observerades med

satelliten SOHO varav den ena kan ses i Figur 3.1. I den första artikeln visar vi

att den enorma mängd energi som dras från solvinden fördelas när tryckförän-

dringar i solvinden trycker ihop magnetosfären och utlöser två stora substor-

mar. I den andra artikeln undersöker vi den lokala energi överföringen mel-

lan solvinden och magnetosfären i mer detalj. En ny metod för att bestämma
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den totala inkommande effekten med hjälp av Cluster satelliternas magnetfält-

och plasma mätningar visar att så mycket som 17 TW överfördes från solvin-

den till jordens magnetosfär under stormens kraftigaste fas. Det är över tusen

gånger mer än Sveriges genomsnittliga elenergiförbruking under samma år.

En bråkdel av den inkommande energin hamnade i elnätet och resulterade i

att 50 000 hushåll i Malmö blev strömlösa under ungefär en timme.

I Artikel III undersöker vi en annan period av extrem solaktivtet. Den här

gången fokuserar vi på den fasen av eruptionen som inte lika effektivt över-

för energi som den fasen som undersöks i Artikel I och II. Vi visar att dessa

förhållande kan ge upphov till accelererade flöden längs magnetopausen som

i sin tur kan generera energikoppling mellan solvinden och magnetosfären. Vi

diskuterar huruvida dessa förhållanden kunde ha givit upphov till en storskalig

norrskens spiral som observerades samtidigt som dessa snabba flöden.

För att komplettera dessa studier under extrema förhållanden har vi i Artikel

IV undersökt en period då det interplanetära fältet är stadigt sydriktat under en

längre period. Magnetopausen oscillerar över Cluster satelliten under den här

perioden och vi kan visa att energiöverföringen mellan solvinden och magne-

tosfären varierar trots att ingen variation från solvinden existerar. Vi härleder

även ett nytt uttryck för att bestämma hastigheten av magnetisk återkoppling

med hjälp av den observerade energiöverföringen.

Slutligen i Artikel V undersöker vi huruvida en global magnetohydrody-

namisk modell kan återge de detaljerade observationerna av energiöverförin-

gen som vi gör med Cluster. Vi undersöker två fall, överföring av energi från

magnetfältet till plasmat och vice versa. Vi visar att trots vissa brister i mod-

ellen överstämmer modellen och observationerna väl. Resultatet kan användas

för att bekräfta användningen av modeller i syfte att förutsäga och tolka rymd-

väder.
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Chapter 6

SUMMARY AND OUTLOOK

Adapted from "‘Piled Higher and Deeper"’ by Jorge Cham (www.phdcomics.com).

The main motivation of this thesis lies in the understanding of the complex

coupling between the Sun and magnetized bodies in the solar system. By uti-

lizing in-situ observations from the numerous satellites in our near-Earth envi-

ronment we can reach increased knowledge about processes occurring at much

further distances where such observations is not yet possible or available. Fur-

thermore, the combination of the four Cluster spacecraft provides a unique

opportunity to study the three-dimensional nature of the solar-terrestrial envi-

ronment.

We have presented evidence of the importance of medium-scale pressure

pulses in the solar wind as a release of enormous amounts of previously stored

energy in the magnetosphere. The associated energy dissipation in the iono-

sphere was amongst the largest ever recorded and geomagnetically induced

currents were responsible for overheating of an electric network transformer

in Malmö causing a power loss for 50 000 inhabitants. This period were also

responsible to numerous other space weather effects at a total estimated cost of

several million dollars. Thus, the prediction of such events is a major goal for

space weather researches. This study shows that solar wind pressure pulses

can be used as an important indicator of such effects, at least after several

hours of previous magnetospheric energy loading. However, it is necessary to
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now how common this effect is. Is the substorm energy release always sus-

ceptible to increases in solar wind pressure or only when the magnetosphere

is in an overcritical state? In that case, what is the threshold for the release?

What is the difference in triggering substorms during quiet solar wind periods

versus disturbed storm time periods? Why does the magnetosphere maintain

a quasi-steady state even after excessive energy loading during several hours?

How common is this? Numerous questions illustrate the need to perform sim-

ilar studies during geomagnetic storms of varying intensity and to investigate

further the difference between non-storm time and storm-time substorm trig-

gering. Maybe the ongoing multisatellite mission THEMIS (Time History of

Events and Macroscale Interactions during Substorms) can shed new lights on

these issues.

We have developed an observational means to determine the local

and global energy conversion/transfer between the solar wind and the

magnetosphere with the Cluster spacecraft. Previously the global energy input

to the magnetosphere have been determined by the use of empirical proxies

or coupling functions developed by comparing solar wind characteristics

with the total magnetospheric and atmospheric consumption and dissipation.

However, the determination of the energy consumption and dissipation

are based on using different ionospheric and magnetospheric indices as

proxies. Our technique can be used as an important complement to these

and to test the quality of such proxies. Actually, we show that one such

coupling function largely overestimate the estimated energy input during

a storm of very extreme character. However, there exist a large number

of different coupling functions and a recent study have shown that other

coupling functions perform better than the one investigated [12]. This raises

the question whether our observations can be better explained by other

correlation functions? Furthermore, a large set of Cluster observations at

various locations and for various interplanetary conditions could provide a

coupling function based entirely on observations without having to rely on

uncertainties in derived dissipation proxies. Also, the technique could be

extended to study the solar-wind magnetosphere coupling at other planets.

For example the kronian magnetosphere (Saturn) has been shown to be

significantly driven by solar wind interactions [27] [26] which could be

further investigated with the in-situ Cassini observations together with the

techniques presented in this study.

The northward phase of ICME’s have not gained as much interest as the

southward phase due to the decreased energy coupling with the solar wind

and thus lower geomagnetic activity at Earth. However, the magnetosphere

does not automatically get into a quiet steady state but is connected to strong

activity in the polar cap during such conditions. We investigate the northward

phase of a CME when a large scale auroral spiral with a diameter of thou-

sands of km developed in the polar cap (see Figure 6.1a). This is to our knowl-

edge the first observation of such an unusual structure. We observe accelerated
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plasma flows in the magnetosheath close to the magnetopause boundary as a

result of a magnetic sling shot effect as magnetic fields pile-up at the day-

side magnetopause in the absence of reconnection. We argue that these flow

may provide a means of magnetospheric energy coupling with the solar wind

in the initiation of large scale Kelvin Helmholtz waves. The combination of

several effects, such as a highly twisted tail, pressure pulses, and high-speed

flows may, are identified as possible candidates for the formation of the auro-

ral spiral. However, the physical mechanism behind the observations remains

unanswered. This event opens many unanswered questions. How common are

such events? As periods of northward IMF are common, high speed flows

along the magnetopause would excite KH waves rather frequently and thus

this cannot be the only mechanism behind the formation of the spiral due to

its rarity. What is interesting is that during another observation of accelerated

magnetosheath flows during very similar conditions to our event [30] a large

scale spiral structure rather similar to ours also formed in the polar cap (see

Figure 6.1b). One important difference is that the spiral in Figure 6.1b was
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Figure 6.1: a) The spiral structure in Paper IV observed by the Polar UVI instrument.

b) A similar spiral observed with the IMAGE WIC instrument during another event

with similar characteristics [30]. Courtesy of S. Mende at UC/Berkeley/SSL.

not associated with an extreme tail twist due to a strong IMF By component

which raises the question of it’s importance for the spiral formation. Further-

more, the link between KH waves at the magnetopause and the spiral is still

missing. Recent new modeling results show that not only the magnetopause

becomes highly affected by high solar wind speed but also the inner magneto-

sphere becomes highly dynamic [50]. This is the region which is topologically

connected to the nightside auroral regions where the spiral is observed. Thus,

such observations may shed new light on a possible link between the spiral

and magnetopause boundary modulations.
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We presented evidence that reconnection is continuous but modulated in

time during a period of steady southward IMF. The question whether re-

connection is continuous in time or taking place as a series of discontinu-

ous events (intermittent reconnection) give important information about the

physics of reconnection as well as the dynamics of the magnetosphere. A re-

lated question of continuous reconnection is whether it operates at a variable

rate (un-steady) or if the fluctuations are small (steady). In-situ observations

have shown continuous reconnection for several hours during both southward

[47] and northward [51] IMF. Furthermore, remote observations of the proton

aurora have provided evidence of continuous and quasi-steady reconnection

for many hours during northward IMF [14]. Also, during southward IMF the

combination of radar measurements and in-situ observations have provided

evidence of continuous reconnection but with a rate that varied in time [48].

The above findings are in contrast to observations of flux transfer events and

ground-based or in-situ observations of ionospheric signatures of reconnec-

tion which have often been interpreted as evidence for intermittent reconnec-

tion [32] [33] [38]. Thus, evidence of both continuous and intermittent recon-

nection exist in the literature. Our results indicate that there is a possibility

that these intermittent observations can be explained via continuous recon-

nection but with a modulated reconnection rate. However, the observation of

a modulated reconnection rate during steady IMF opens the question about the

role played by non-external drivers of reconnection. What other mechanisms

apart from fluctuations in the solar wind can modulate the reconnection rate?

Can the transition of the solar wind between the bow shock and the magne-

topause be responsible for such a modulation? Moreover, the observation of a

systematically higher reconnection rate during the inbound crossings (magne-

tospheric compression) raises several questions. Is the magnetopause rippled

by large scale surface waves with different reconnection rate at the leading

and trailing edges? Can this be indicative of Kelvin Helmholtz waves along

the magnetopause? Many open questions remain unanswered and more ob-

servations under different boundary conditions is necessary to answer these

questions. This study also indicate that the ideal MHD energy conversion

dominates during these magnetopause crossings, however, due the limitations

of the observations the evidence is inconclusive. A better time-resolution and

a means to determine the parallel electric field would be needed to investigate

this further. Ongoing and future missions such as THEMIS and MMS (The

Magnetospheric MultiScale) could be used to investigate this further.

Finally, we demonstrate that a global magnetohydrodynamic simulation can

reproduce the local observations of energy conversion with Cluster. While in-

situ observations of reconnection and energy conversion is limited, as it can be

observed only during the short time interval when the spacecraft crosses the

magnetopause, global magnetospheric models provide continuous direct esti-

mates around the entire magnetopause. However, as such models are limited

both by the MHD approach as well as solving the governing equations on a
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finite-resolution grid they should be continuously verified by in-situ observa-

tions. While this study shows two examples were the model and observations

are in good agreement there is a need to perform a more rigorous statistical

analysis at different locations and during different interplanetary conditions.

Such a result can be used to scale global MHD models to the observations to

obtain a more accurate global estimate of the total extraction of energy from

the solar wind which is of importance for space weather purposes. Further-

more, this paper illustrates the weaknesses of the model as it cannot correctly

reproduce neither the topological observations with Cluster nor the reconnec-

tion jets as ideal MHD breaks down in the region of interaction with two

different plasmas. Another important question which arises is the relative im-

portance of the different sources of the energy conversion, such as due to com-

pression and relaxation of the magnetopause, contributions from normal and

tangential forces, and the relative importance of magnetic stress and magnetic

pressure. Future studies are needed to investigate this in more detail.
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