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Abstract 
 

 
This thesis addresses a central topic in auroral physics, namely particle acceleration 
producing intense aurora as well as energetic plasma outflow. Cluster satellite 
measurements of electric and magnetic fields, electrons and ions, collected across auroral 
field lines, are used to study various aspects of the quasi-static auroral acceleration 
region (AAR), its relation to the auroral density cavity, and the relative role of quasi-
static and Alfvénic acceleration for producing aurora. 
 
The acceleration potential structures and electro-dynamical features of a large-scale 
auroral surge is studied based on data from the Cluster satellites, crossing different 
magnetic local time (MLT) sectors of a surge-horn system. This allows snapshots of the 
acceleration potential structure and of the current systems to be provided, including the 
field-aligned current closure for the different segments of the surge-horn aurora. 
 
The relative role of quasi-static and Alfvénic acceleration for producing auroral arcs is 
addressed for the case of a large-scale substorm surge, crossed by the Cluster C2 satellite. The 
two contributions to the downward electron energy flux is estimated for each of the smaller-
scale arc structures crossed by C2 within and adjacent to the large-scale surge.  For these, the 
quasi-static acceleration typically dominates, except for the polar cap boundary arc, and in the 
surge head, where the Alfvénic contribution is significant. 
 
The occurrence of intense electric fields and associated plasma densities versus altitude and 
MLT is the subject of a statistical study based on 9.5 years of Cluster data, collected at 
altitudes between 2 and 4 RE. Intense arc-associated electric fields occur in two altitude 
regions, separated by a gap around 2.8 RE. The low-altitude fields are interpreted as mainly 
quasi-static and the high-altitude fields as mainly Alfvénic. The results which are supported 
by estimates of the (∆E/∆B)/VA ratio, indicate that, on the average, the quasi-static fields 
extend up to 2.6 RE, above which a transition to Alfvénic fields occur.  
 
The auroral density cavity, intimately associated with the auroral acceleration process, was 
the subject of a statistical study based on Cluster data, collected between 2002 and 2007, at 
altitudes between 2.0 RE and 5.5 RE. Decreasing electron densities are observed between 2 
and 3.3 RE, and between 4.6 and 5.5 RE, corresponding to climbing the parallel potential hill 
of the AAR. Furthermore, the density is found to decrease while ascending above the AAR, 
indicating that the cavities are not necessarily confined by it. 
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Sammanfattning 
 

 
Avhandlingen är fokuserad på en central frågeställning inom norrskensfysiken, nämligen 
accelerationen av laddade partiklar som ger upphov till intensiva norrsken och energirika 
utflöden av plasma. Satellitmätningar av elektriska och magnetiska fält, elektroner och 
joner, som gjorts från ESAs Clustersatelliter, används för att studera egenskaper hos 
norrskenets accelerationsområde, hur observerade plasmakaviteter relaterar till detta, 
samt för att klargöra det relativa bidraget från kvasi-stationär acceleration och 
vågacceleration för bildandet av olika norrsken. 
 
De elektriska potentialstrukturerna och strömsystemet associerat med en storskalig 
norrskensspiral har studerats med Clusterdata. De fyra satelliterna har en spridning i öst-
västlig riktning när de korsar norrskensovalen, vilket möjliggör återskapandet av 
ögonblicksbilder av potentialstrukturerna samt av hur strömslutningen ser ut för 
spiralstrukturens olika delar. 
 
Hur kvasi-stationär acceleration och vågacceleration bidrar till att skapa småskaliga 
norrskenbågar, som utgör delar av en storskalig norrskensstruktur, en sk ”surge”, 
behandlas i en annan studie. Beräkningar av bidragen till det nedåtriktade elektron-
energiflödet från de båda processerna görs för samtliga norrskensbågar intill och inom 
denna surge. Det kvasi-stationära bidraget visar sig generellt dominera, med undantag för 
den norrskensbåge som gränsar till polarkalotten, samt för centrum av surgen, där 
bidraget från vågacceleration är signifikant. 
 
Höjd- och lokaltidsfördelningen av intensiva elektriska fält och plasmatäthet ovanför 
norrskensjonosfären är föremål för en statistisk studie baserad på 9 år av Clusterdata, som 
insamlats på höjder mellan 2 and 4 jordradier (RE). De intensiva elektriska fälten är 
koncentrerade till två höjdområden, separerade av ett gap på höjden 2.8 RE. Låghöjds-fälten 
tolkas som huvudsakligen kvasi-stationära fält och höghöjdsfälten som vågfält (Alfvénic). 
Resultaten visar således att, i genomsnitt, kvasi-stationära fält dominerar upp till en höjd av 
2.6 RE, följt av ett övergångsområde till huvudsakligen vågfält. 
 
Kaviteter i plasmatätheten och deras koppling till norrskenets accelerationsområde undersöks 
i en statistisk studie av Cluster data, från 2002 tom 2007, på höjder mellan 2 och 5.5 RE. 
Plasmatätheten minskar med ökande höjd inom accelerationsområdet, speciellt inom två 
höjdområden (2-3.3 RE) och (4.6-5.5 RE).  Plasmatäthetsminskningen inom accelerationsområdet, 
relativt den omgivande plasmatätheten, kan uppgå till en faktor 10-100. Täthetsminskningen 
fortsätter i vissa fall ovanför övre gränsen av accelerationsområdet, vilket innebär att 
kaviteterna inte behöver vara begränsade till detta. 
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Chapter 1  

 

Introduction 
 
From East to West, Aurora as a bright natural light display in the high latitude night sky has 
been noticed for thousands of years. In ancient times, it was believed to be a sign from God, 
and aroused fear and interest in people. Within the recent century, the fear might have gone, 
but the interest continues. Today, more and more equipment and technologies are used to 
explore the mysteries of the aurora. In this thesis, we have mainly used in-situ data from the 
Cluster satellites and some optical data from the DMSP satellites to study the important 
process in the coupling of the ionosphere and the magnetosphere, which is called auroral 
particle acceleration. Electric potential drops and plasma wave activity in this region can 
accelerate electrons to higher energies before they collide with the particles in the atmosphere. 
What is the structure of this parallel potential drop? What is the relationship between the 
electric potential drop and the wave activity in this region? Where is the upper edge of the 
electric potential drop and what happens above this upper edge? These questions are the main 
topics of this thesis. 
 
Chapter 2 is a brief introduction to space plasma physics and covers the plasma physics basics 
and the solar-terrestrial environment. Chapter 3 is a summary of the instruments used here 
from the Cluster and DMSP spacecraft. Chapter 4 gives a brief introduction to auroral physics 
focusing on three topics: auroral characteristics, auroral acceleration mechanisms and the 
acceleration region density cavity. Chapter 5 is a summary of the papers included in the 
thesis.  
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Chapter 2  

 

Space plasma physics 
 

The universe is mainly made up of plasma, which can be thought of as the fourth state of the 
matter (solid, liquid, gas, plasma). Plasma is a gas in which some or all of its constituent 
atoms are split up into electrons and ions. These electrically charged particles in plasmas can 
be strongly influenced by electromagnetic forces, which can make the behavior of plasma 
very complex and interesting. In contrast to laboratory plasma physics, space plasma physics 
is the physics of particles and fields within the solar system and its immediate vicinity. The in 
situ measurement of space plasma is conducted by spacecraft and sounding-rockets; for near-
earth space research, ground-based measurements (such as by radars, cameras and 
magnetometers) can also provide very useful data. 
 

2.1 Plasma  
 
The Nobel laureate Irving Langmuir pioneered the scientific study of ionized gases, and gave 
this new state of matter the name ‘plasma’. In Greek πλασμα means ‘moldable substance’, or 
‘jelly’. To fit the definition of plasma, the system of ionized gas should have a size much 
larger than the Debye length. If the mobility of ions can be negligible compared to the 
process’s timescale, The Debye length  λD can be defined as: 
 

 𝜆D = ��
𝜀0𝑘B𝑇e
𝑛𝑒2

� , (2.1) 

 
and is a measure of how far the effects of an electric charge can be felt in a plasma, without 
being shielded.  𝜀0 is the vacuum dielectric constant, 𝑘𝐵 is the Boltzmann constant, 𝑇𝑒 is the 
temperature of the electrons, 𝑒  is the electron charge and 𝑛  is the number density of the 
electrons. In a plasma, the potential of a positively charged particle will be screened by the 
electrons in a sphere with the radius of a Debye length, looking from outside of which the 
system is quasi-neutral. Two more requirements are that the plasma parameter ND =
4πnλD3 /3  should be much greater than 1 and the collision frequency with neutral particles 
must be low enough, so that the electromagnetic force can be dominant in determining the 
motion of electrons and ions. 
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The aurora, which is the subject of this thesis, is a plasma phenomenon which is caused by the 
collisions of energetic charged particles with atoms in the high altitude atmosphere, so the 
understanding of the motion of charged particles is very important.  
 

2.1.1 Single particle motion 
 
In the following sections, we will introduce some of the basic properties of the motion of 
charged particles in an electromagnetic field. 
 
The Lorentz force is the combination of electric and magnetic force on a point charge due 
to electromagnetic fields. If a particle of charge q moves with velocity v in the presence of an 
electric field E and a magnetic field B, then it will experience a force,  
 
 𝐅 = 𝑞(𝐄+ 𝐯 × 𝐁) , (2.2) 
 
From this we can see that the Lorentz force is a combination of two components, one is q ∙ E 
which is parallel to the electric field, another is 𝑞 ∙ 𝐯 × 𝐁  which is perpendicular to the 
magnetic field. If a charged particle has a velocity component v perpendicular to B, its motion 
in the plane perpendicular to the magnetic field can be divided up in a gyro motion and a 
slower drift motion. The drift velocity is given by 

 𝐯D =
𝐄 × 𝐁
𝐵2

 , (2.3) 

and the gyroradius and gyrofrequency are given by 

 𝑟g =
𝑚𝑣⊥
|𝑞|𝐵

 , (2.4) 

and 

 𝜔g =
|𝑞|𝐵
𝑚

  (2.5) 

respectively. 
 

 
 
Figure 2.1 Schematic figure of the E×B drift of an ion and an electron. The magnetic field is 
directed out of the plane, the electric field towards the top, the drift direction of both positive 

and negative particles are the same. 
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An important feature of the motion of charged particles in a collisionless plasma is that there 
is a quantity that will remain constant if the magnetic field changes slowly enough. Here, 
‘slowly enough’ means that the field change encountered by the particle during a single 
gyration is small compared to the initial field. If this condition is fulfilled, the particle’s 
‘magnetic moment’ will remain constant and is defined as 
 

 𝜇 =
1
2
𝑚𝑣⊥2/𝐵, (2.6) 

                              
The quantity 𝜇 is also called the first adiabatic invariant. Here the ‘adiabatic’ refers to the 
requirement of the parameters of the system to not change or change slowly. This means that 
if a charged particle moving in a non-uniform magnetic field, like the geomagnetic field, if 
𝐸∥=0, the total energy of the particle will not change. So when e.g. auroral particles move 
along the geomagnetic field towards the polar region, since the magnetic field is increasing, 
the perpendicular energy will also increase. Because the total energy of the particles is 
constant, the parallel velocity 𝑣∥ will decrease to 0 in a certain region, and the particle will 
turn around. This point is called the ‘magnetic mirror point’. The angle between the field line 
and the particle velocity is called the pitch angle and is defined as: 
 
 𝑎 = arctan (𝑣⊥/𝑣∥) , (2.7) 
 
The pitch angle is also an important concept in single particle motion. When the pitch angle is 
smaller than an angle called the loss cone angle it will be able to penetrate into the magnetic 
field maximum. The loss cone angle for particles on geomagnetic field lines is given by 
 
 

𝜃LC = arcsin�𝐵eq 𝐵i⁄  , 
(2.8) 

 
where Beq is the magnitude of a magnetic field line at the equatorial foot point, and Bi is the 
magnitude at the ionosphere along the same field line. If it is small enough, the effect of the 
magnetic field on the particle will be very weak, so the particles will reach the ionosphere. On 
auroral magnetic field lines, a quasi-static parallel electrical field is required to accelerate 
electrons to high parallel velocities, therefore decreasing the pitch angle and allowing the 
electrons to reach the ionosphere to create aurora. These processes have been observed and 
studied for a long time and will also be the main topic of this thesis.  
 

2.1.2 Magneto-hydrodynamics 
 
The aurora takes place within the magnetosphere, which is a large scale system. The large-
scale properties of the magnetosphere are often conveniently described and understood in 
terms of a conducting magneto-hydrodynamic fluid. Magneto-hydrodynamics (MHD) is a 
macroscopic theory, which is the electromagnetic extension of the hydrodynamic equations of 
ordinary fluids. Sine MHD is usually used to describe systems on rather large time-scales, the 
main approximation is that the displacement current can be neglected. The standard MHD 
equations consist of the basic conservation laws of mass, momentum and energy together with 
the induction equation for the magnetic field. The equations include the continuity equation 
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 𝜕𝜕
𝜕𝜕

+ 𝛁 ∙ (𝜕𝐮) = 0 , (2.9) 

 
where ρ is the mass density and u the fluid bulk velocity, and the momentum equation  
 
 

𝜕 �
𝜕𝐮
𝜕𝜕

+ 𝐮 ∙ 𝛁𝐮� = −∇𝑝 + 𝐣 × 𝐁 + ρ𝐅𝑔/𝑚𝑠 , (2.10) 

 
where p is the gas pressure, B is the magnetic field, j is the current density, 𝑚𝑠 is the mass of 
the particle and 𝐅𝑔  represents the non-electromagnetic forces. Instead of including the full 
energy conservation equation, often a state equation, relating the pressure and density is used: 
 
 𝜕𝑝

𝜕𝜕
+ 𝐮 ∙ 𝛁𝑝 = 𝑐𝑠2(

𝜕𝜕
𝜕𝜕

+ 𝐮 ∙ 𝛁𝜕) , (2.11) 

 
where 𝑐𝑠2 = 𝛾𝑝/𝜕 and 𝛾 is the ratio of the specific heat at constant pressure to the specific 
heat at constant volume, also called ‘adiabaticity coefficient’. Faraday's law 
 
 𝜕𝐁

𝜕𝜕
= −∇ × 𝐄 , 

(2.12) 

 
Ampère’s law (in the limit of slow temporal variations)  
 
 ∇ × 𝐁 = 𝜇0 𝐣 , (2.13) 
 
and Ohm’s law  
 
 𝐣 = 𝜎(𝐄 + 𝐮 × 𝐁) , (2.14) 
 
where 𝜎 is the plasma conductivity, complete the MHD equations. When the resistivity 𝜂 of 
the system is negligible (𝜂 = 1 𝜎⁄ ≈ 0), we have what is called ideal MHD. Equations 2.12-
2.14 can be combined into the so-called induction equation 
 
 𝜕𝐁

𝜕𝜕
= ∇ × (𝐮 × 𝐁) +

1
𝜇0𝜎

(∇2𝐁). 
(2.15) 

 
In equation 2.15, the second term on the right side vanishes for ideal MHD, and the magnetic 
field is coupled to the plasma fluid. This is described as the magnetic field being frozen into 
the plasma fluid. A requirement for this is that the magnetic Reynolds number, 𝑅𝑚  = 
𝜇0𝜎𝜎𝜎 ≫ 1, where l is the characteristic length scale of the system.  
 
In a warm plasma, where the ratio of plasma pressure and magnetic pressure is not much 
smaller than 1, three different MHD waves can occur. Two of the wave modes are called 
compressional wave modes, associated with changes in the plasma and magnetic pressures. 
The third wave mode only makes the field line bend, and is called the shear Alfvén wave. It 
propagates with a phase velocity 𝑉𝑝ℎ = 𝑉Acos𝜃, where 𝜃 is the angle between the wave vector 
k and B. 𝑉A is called the Alfvén velocity [Alfvén, 1942] and satisfies the relation:  
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 𝑉A =
𝐁

�𝜇0𝜕
 , (2.14) 

 
where 𝜕 is the mass density of the plasma. The Alfvén wave is a low-frequency (compared to 
the ion cyclotron frequency) oscillation of the plasma and the magnetic field. It can transport 
energy over long distances along the magnetic fields. The energy flux associated with the 
wave is given by the Poynting flux S, which is defined as 
  

 𝐒 =
δ𝐄 × δ𝐁 

𝜇0
, (2.15) 

 
where δ𝐄 and δ𝐁 are the perturbation electric and magnetic fields of the wave. 
 

2.2 The solar-terrestrial environment 
 
The solar-terrestrial environment, also called geospace, includes the upper part of the 
terrestrial atmosphere, the outer part of the geomagnetic field, and the solar wind. Within this 
region of space, the Sun is the main energy source of most of the phenomena taking place in 
this region, including Coronal Mass Ejections (CMEs), the solar wind, geomagnetic storms 
and the aurora. In this chapter, the relation between these phenomena will be discussed 
briefly.  
 

2.2.1 The solar wind 
 
The solar wind is a stream of plasma released from the outer atmosphere of the Sun. This 
constant outflow consists of electrons and protons of an average velocity of about 400 km/s 
and a temperature of 1.4-1.6×106 K at quiet times. The outer atmosphere of the Sun can be 
explosively blown into space ejecting billions of tons of plasma, in a process called a Coronal 
Mass Ejection (CME). The CME have their own magnetic field and can slam into and interact 
with the geomagnetic field, and is closely related to the fast solar wind and has a typical 
velocity of 750 km/s, and a temperature of its plasma of about 8×106 K.  
 
The solar wind exerts a kinetic pressure at 1 AU (Astronomical Unit, average distance 
between the Earth and the Sun) in the range of 1-6 nPa, which is a function of the solar wind 
speed and density. The balance between solar wind pressure and the magnetic pressure of the 
geomagnetic field is the key factor in forming the shape of the magnetosphere. Additionally, 
the nightside shape is also influenced by the drag of the solar wind, in a mechanism which is 
known as magnetic reconnection in which the magnetic field of the solar wind connects with 
the geomagnetic field. How the reconnection rate is controlled hasn’t been understood 
completely, but the direction of the frozen-in magnetic field, referred to also as the 
Interplanetary Magnetic Field (IMF), in the solar wind is the key factor which triggers 
reconnection at the dayside low-latitude magnetosphere.  
 
When the solar wind encounters the geomagnetic field, it will be braked down from its 
supersonic flow to subsonic velocities. The resulting shock wave (which is stationary with 
respect to the earth) is called the bow shock. 

http://en.wikipedia.org/wiki/Ion
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2.2.2 The magnetosphere 
 
A magnetosphere is the area of space, around a planet, that is controlled by the planet’s 
magnetic field. In this thesis, we only discuss the magnetosphere of the Earth. The Earth’s 
magnetic field is to first approximation the field of a magnetic dipole tilted about 11 degrees 
to the rotational axis, with a dipole moment of about 8×1015 T·m3 or 30.4 𝜇T ∙ 𝑅𝐸3. Both the 
tilt and the moment change over time. At high altitudes, the magnetic field is significantly 
distorted by the solar wind. On the dayside of the Earth, the magnetic field is compressed by 
the solar wind plasma.  The resulting boundary is called the magnetopause, and the typical 
distance from the center of the earth to the magnetopause on the dayside is about 10 RE. On 
the nightside, the magnetosphere is extended into a long tail, with a length that can reach up to 
a few hundred Earth radii.  
 
The magnetosphere’s internal structure can be divided into several different regions with 
different plasma and magnetic field properties. Additionally, a number of current systems are 
present in the magnetosphere. An overview of the magnetospheric sub-regions and current 
systems are given in Figure 2.2.  
 

 
 

Figure 2.2 The magnetosphere sub-systems and current systems [from Kivelson et al, 1995] 
 

From the figure, we can see that the regions of the magnetosphere include the polar cusp, the 
plasma mantle, the magnetic tail, the tail lobe, the plasma sheet and the plasmasphere. The 
polar cusp is a region in which the magnetosheath (the region between the magnetopause and 
the bow shock) plasma has direct access to the ionosphere. The location and the size of it are 
related to the direction of the IMF By component, and the solar wind dynamic pressure 
[Russell, 2000]. The plasma mantle is the outermost layer of the northern and southern 
magnetotail, and is filled with a very tenuous plasma which is observed to have an anti-
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sunward flow at almost all times [Sckopke and Paschmann., 1978]. The direction of the field 
is parallel to the earth-sun line and in the anti-solar direction below the magnetospheric 
equatorial plane and in the solar direction above this plane [Ness, 1965]. It contains two lobes, 
referred as the northern and southern tail lobes. They have a very low plasma density of about 
0.01 cm-3.  A denser layer between the two lobes is the plasma sheet, where on the other hand 
the magnetic field is weaker than in the lobes. The plasma sheet is centered at the equator and 
is typically 2-6 RE thick. The plasmasphere is the inner part of the magnetosphere, and it is 
located just outside the upper ionosphere. It is a donut-shaped region of dense, cold plasma 
that surrounds the Earth. The particles are populated by the outflow of ionospheric plasma 
along mid- and low-latitude magnetic field lines.  
 
The transport of charged particles between the solar wind and the ionosphere and the 
magnetosphere results in a complex current system. The main current systems of the 
magnetosphere are the magnetopause current, tail current, neutral sheet current, ring current, 
and the Field-Aligned Currents (FACs) in the auroral region. The magnetopause current on 
the dayside confines the magnetosphere to the inside of a cavity in the solar wind, and is a 
current that flows on the surface of that cavity, from dawn to dusk. On the night side the 
corresponding current is called the tail current. The neutral sheet current flows across the 
plasma sheet from dawn to dusk, to close the circuit.  
 
The ring current encircles the Earth in the equatorial plane at a distance of 2 to 5 RE. It is 
mainly carried by the trapped protons from the solar wind, but also contains a certain 
percentage of oxygen ions which is similar to its proportion in the ionosphere of earth 
[Williams, 1980]. Sometimes the concepts of ‘trapped particles belts’ or the ‘Van Allen belts’ 
are used. There is no clear distinction between these belts and the ring-current particles.  
 
The FACs provide a channel for the transport of energy and particles between the 
magnetosphere and the ionosphere, and are also known as the Birkeland current system. The 
Birkeland currents consist of two pairs of FAC sheets. One pair extends from noon through 
the dusk sector to the midnight sector, and another pair from noon through dawn sector to the 
midnight sector. The sheet on the high latitude is referred as the Region 1 current and the one 
on the low latitude is referred as Region 2. A schematic of the FACs and closing ionospheric 
currents from Le et al. [2010] is given as Figure 2.3. 
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Figure 2.3 Schematic of field aligned currents and ionospheric closing currents [from Le et 
al., 2010]. 

 
The arrows in the figure give the directions of the field aligned currents, near the dawn side 
(dusk side) auroral oval, region 1 FACs flow into (out of) the ionosphere at the high-latitude 
edge of the oval, which originate from the magnetopause; region 2 FACs have the opposite 
polarity, and map to the ring current region in the inner magnetosphere [Le et al., 2010]. The 
figure only shows the current sheet near the dawn-dusk plane, together with the associated 
Hall currents and the Pedersen currents floating in the ionosphere.  

 
2.2.3 The ionosphere 
 
The ionosphere is the upper region of the atmosphere, and includes the thermosphere and 
parts of the mesosphere and exosphere, stretching from an altitude of about 85 km to more 
than 1000 km. The particles in this region are primarily ionized by solar radiation. The plasma 
density in the ionosphere is determined by the amount of radiation absorbed from the Sun, the 
atmospheric neutral density, the recombination rate and other losses. An empirical picture of 
the ion and neutral composition of the earth’s dayside atmosphere is given in Figure 2.4. 
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Figure 2.4 International quiet solar year (IQYS) daytime ionospheric and atmospheric 
composition based on mass spectrometer measurements [from page 6 of  Kelley, 2009]. 

 
Molecules such as N2 and O2 dominate the atmospheric composition at low altitude. With 
increasing altitude, the composition changes, and above 500 km altitude, electrons, O+ and H+ 
are the predominant species in the ionosphere. These particles are also the major species of 
the ionospheric outflow. 
 
The conductivity in the direction parallel to the magnetic fields decreases strongly at low 
altitudes due to the increasing collisions with the neutral gas. The perpendicular movement of 
charged particles depends on the ratio of the collision frequency ν to the gyro frequency 𝜔𝑔. If 
ν >>𝜔𝑔, then collisions prevent the particle from gyrating and the particles move in the 
direction of the electric field, as a Pedersen current. If ν << 𝜔𝑔 , then the particles 
predominantly drift perpendicular to the electric field. 
 
Above 70 km the electrons start to drift perpendicular to the electric field, while the ions are 
still mainly moving in the direction of the electric field. This separation in direction leads to 
net currents in this range. The relative importance of the motion of charges perpendicular and 
parallel to the electric field component perpendicular to the geomagnetic field is described by 
the conductivities in these directions. The Pedersen conductivity, 𝜎P, is related to the Pedersen 
current floating in the direction of E⊥, whereas the Hall conductivity, 𝜎H, is related to the Hall 
current, floating in the direction perpendicular to both E and B. The Pedersen conductivity 
can provide a path for the currents that close the Birkeland currents in the polar region. The 
East-West aligned auroral electrojet, on the other hand, is driven by a Hall current during 
geomagnetic substorms [Akasofu, 2013]. 
 
Figure 2.5 shows altitude profiles of three conductivities, where 𝜎0  is the parallel 
conductivity, σp the Pedersen conductivity, and 𝜎H the Hall conductivity.  
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Figure 2.5 Typical conductivity values for the mid-latitude daytime ionosphere. Notice the 
change of scale for σp and 𝜎H. The dashed curve is a typical nighttime profile of σp [from page 

46 of  Kelley, 2009]. 
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Chapter 3  

 

The Cluster and DMSP spacecraft and selected 
Instrumentation 
 

3.1 Cluster 
 
The Cluster mission was first proposed in November 1982 in response to the ESA Call for 
proposals for Horizon 2000 to study the Earth's magnetosphere, in particular the boundary 
regions. In February 1986, the Solar Terrestrial Science Programme (STSP), combining the 
Cluster and Soho missions, was selected by ESA Science Programme Committee. The four 
Cluster spacecraft were launched from Kourou on 4 June 1996 on the maiden flight of Ariane-
5, but due to a failure of the Ariane attitude control software, the spacecraft were lost. After 
intense negotiations between the scientific community and ESA, it was decided to rebuild the 
spacecraft using basically the same design as for the original Cluster mission [Escoubet et al, 
1997]. 
  
After four years, Cluster II was ready to be launched, consisting of one spacecraft largely built 
from spare parts of the original spacecraft and three completely new spacecraft. This time the 
spacecraft were launched in pairs on the Soyuz-Fregat launcher from Baikonur on 16 July and 
9 August 2000. After a 5 month payload commissioning period, the scientific mission started 
on 1 February 2001. The original mission was planned for two years, but thanks to the 
excellent performance of the spacecraft and most of the instruments, the mission has been 
extended several times, presently up to the end of 2016. 
  
Cluster was launched into a polar orbit with perigee at 4 RE, apogee at 20 RE, and an orbital 
period of 57 hours. The aim of the mission was to study small-scale structures of the 
magnetosphere and its environment in three dimensions, and the target regions include the 
solar wind and bow shock, magnetopause, polar cusp, magnetotail and auroral zone. The four 
Cluster spacecraft carry identical instruments and fly in a tetrahedral configuration. Over the 
14-year operational period, gravitational perturbations have caused a long term change in the 
orbital parameters. In the end of 2008, the perigee had decreased to less than 1.5 RE, allowing 
for the first time multi-point studies of the Auroral Acceleration Region (AAR), something 
which was not foreseen in the scientific objectives of the original mission. Figure 3.1 shows 
the orbits of Cluster in 2001 and 2008. 
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Figure 3.1 The Cluster orbit in the GSE x-z plane in 2001 and 2008 [from Laakso, 2011]. 
 

The Cluster instrumentation has the capability to measure the electric and magnetic fields as 
well as electron and ion distribution functions. The four Cluster spacecraft are identical and 
each contains 11 instruments listed in table 3.1. 
 

Table 3.1 Instruments on cluster [from Escoubet et al., 1997] 
 

Acronym Instrument Original principal investigator 
FGM Fluxgate Magnetometer A.Balogh (IC, U.K) 

STAFF Spatio-Temporal Analysis of Field 
Fluctuation experiment 

N.Cornilleau-Wehrlin 
(CETP, France) 

EFW Electric Field and Wave experiment G.Gustafsson (IRFU, Sweden) 

WHISPER Waves of High Frequency and Sounder 
for Probing of Density by Relaxation 

P. M.E. Décréau 
(LPCE, France) 

WBD Wide Band Data receiver D. A. Gurnett (Iowa U., U.S.A) 

DWP Digital Wave Processing instrument L. J. C Woolloscrooft, H. 
Alleyne (Sheffield U., U. K.) 

EDI Electron Drift Instrument G.Paschmann (MPE, Germany) 

ASPOC Active Spacecraft Potential Control 
experiment W. Riedler (IWF, Austria) 

CIS Cluster Ion Spectroscopy experiment H. Rème (CESR, France) 
PEACE Plasma Electron and Current Experiment A.D. Johnstone (MSSL, U.K.) 

RAPID Research with Adaptive Particle Imaging 
Detectors B. Wilken (MPA, Germany) 

 
The main instruments used for studies included in the present thesis are FGM, EFW, CIS, and 
PEACE, described briefly below. 
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3.1.1 FGM 
 
The Fluxgate Magnetometer instrument (FGM) is designed to measure the DC magnetic field 
vector [Balogh et al., 1997, 2001]. Each instrument, in turn, consists of two triaxial fluxgate 
magnetometers and an onboard data processing unit. The magnetometers can measure the 
three components of the field in six ranges covering full scales from 65 nT to 65536 nT with 
the corresponding digital resolution.  
 
The sampling of the data from the primary sensor is done at a rate of 201.75 vectors/s. In 
order to match this to the available telemetry rate, the full-resolution magnetic field dataset is 
normally downsampled to either 22 or 67 vectors/s, for normal and burst modes, respectively 
[Carr et al., 2013]. 
 
The scientific FGM data products consist of magnetic field data at three different time 
resolutions. Each of the three data products is processed independently but calibrated using 
the same calibration file. All the data are in the Geocentric Solar Ecliptic (GSE) coordinate 
system, where the x-axis points from the Earth towards the Sun, the z-axis points towards the 
north ecliptic pole, and the y-axis completes the system and is thus positive towards dusk. 
 
The current sheet related changes of the geomagnetic field in the AAR are very small 
compared to the background geomagnetic field in this region, so in the study it is always 
necessary to remove the background geomagnetic field to see the small geomagnetic field 
changes. For this, the International Geomagnetic Reference Field (IGRF) model [Finlay et al., 
2010] was normally used as background. In paper 2 the FGM magnetic field data were also 
plotted as vectors along the spacecraft trajectory, with the variations of B corresponding to 
current sheets on both large and medium scales. 
 

 3.1.2 EFW 
 
The Electric Field and Waves instrument (EFW) consists of four spherical sensors deployed  
 

 
 

Figure 3.2 EFW probe configuration [from Lindqvist et al., 2013]. 
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orthogonally on 44 meter long wire booms in the spin plane of the spacecraft. Since there are 
four sensors, the full 2-D electric field in the spin plane is measured. The potential difference 
between each sensor and the spacecraft is measured separately, and is often used as a high 
time-resolution proxy for the ambient plasma density [Pedersen et al., 2008]. Details of the 
EFW instrument can be found in Gustafsson et al. [1997]. 
 
EFW measures the potential difference between selected probe pairs with a sampling 
frequency of 25 s-1 or 450 s-1 depending on the spacecraft operation mode, as well as the 
individual probe potentials with respect to the spacecraft at 5 s-1. 
 
The electric field is measured only in the spacecraft spin plane, so data for scientific studies 
are most often organized in a spin-plane oriented coordinate system, called ISR2 (Inverted 
Spin Reference). In this system, the x-axis is in the spin plane and pointing as near sunward as 
possible. The y-axis is in the spin plane, perpendicular to the sunward direction, positive 
towards dusk. The z-axis is along the (negative) spacecraft spin axis, positive towards the 
north ecliptic. The name "Inverted" comes from the fact that Cluster is "inverted" with the 
spin axis pointing towards the south ecliptic. 
 
In the Cluster Active Archive (CAA) data base, the electric field data is also available in GSE. 
In ISR2, the z-axis component of E is not actually measured, but computed from the 
assumption E·B=0, but only when the magnetic field direction is more than 15 degrees away 
from the spin plane and |BZ| is larger than 2 nT. The data in GSE is obtained by a coordinate 
transformation of the 3-D electric field in ISR2 and the (computed) z-component in ISR2 
enters mainly into the z-component in GSE, and to a lesser extent into the x- and y-
components. High quality measurements of the electric field in space are quite difficult and 
influenced by various types of problems, so in the CAA database, 2 quality indicators are 
stored together with the electric field data. The indicators are "E_quality", which is a number 
from 0 to 3, and "E_bitmask", which is a 16-bit integer where each bit is used to indicate the 
presence or absence of a particular problem with the data. Details can be found in the CAA 
EFW User Guide [Lindqvist et al., 2013]. It should be noted that these parameters are 
determined automatically and are not always accurate, a fact which is also discussed in paper 3. 
 

3.1.3 CIS 
 
The Cluster Ion Spectrometry experiment (CIS) is an ion detector capable of obtaining full 
three-dimensional ion distributions (from about 0 to 40 keV/e) with a time resolution of one 
spacecraft spin (4 sec). CIS consists of two different instruments: a time-of-flight ion 
Composition and Distribution Function analyser (CODIF, or CIS-1), and a Hot Ion Analyser 
(HIA, or CIS-2).  
 
In addition, in order to cover a dynamic range of about 7 orders of magnitude in particle flux, 
each of the two instruments provides two different geometric factors: a high-sensitivity side 
(HS) for measurements of low ion flux levels and a low-sensitivity side (LS) for 
measurements of high ion flux levels [Dandouras et al., 2014]. The ion species measured by 
CIS are typically H+, He+, He2+, and O2+, within the energy range from the spacecraft 
potential up to 40 keV/e. 
 
The CODIF (CIS-1) instrument combines ion energy per charge selection, by deflection in a 
rotationally symmetric analyser, with subsequent time-of-flight analysis after post-
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acceleration to about 15 keV/e. Ions are selected as a function of their E/q ratio, by sweeping 
the high voltage applied between the two toroidal hemispheres.  
 
The HIA (CIS-2) instrument is an ion energy-spectrometer, capable of obtaining full three-
dimensional ion distribution with good angular and time resolution (one spacecraft spin). HIA 
combines the selection of incoming ions, according to the ion energy per charge by 
electrostatic deflection in a quadrispherical analyser, with a fast imaging particle detection 
system [Rème et al., 1997]. 
 

3.1.4 PEACE 

 
The Plasma Electron And Current Experiment instrument (PEACE) consists of two sensors, 
HEEA (High Energy Electron Analyser) and LEEA (Low Energy Electron Analyser), and a 
data processing unit (DPU). The sensors are Top Hat electrostatic analysers. The basic 
measurement made by PEACE is the number of counted electrons per accumulation time. The 
energy range is from 0.6 eV to 26,460 keV. 
 
The LEEA sensor has a geometric factor appropriate for the higher electron fluxes usually 
found at lower energies (e.g., in the solar wind and magnetosheath). The HEEA sensor has a 
larger geometric factor, better suited to the lower densities occurring in the outer 
magnetosphere and magnetotail, which extends the dynamic range of the instrument. The 
HEEA sensor is usually used to measure higher energies than the LEEA sensor, which 
extends the energy coverage of the instrument.  
 
The sensors can each be used to make measurements at any of 88 distinct non-zero levels. The 
first 16 energy levels are equally spaced linearly in the range from 0.6 eV to 9.5 eV. Levels 16 
to 87 are equally spaced logarithmically over the rest of the range [Johnstone et al., 1997; 
Fazakerley et al., 2013].  
 

3.2 DMSP 
 
The Defense Meteorological Satellite Program (DMSP) is run by the US Air Force Space and 
Missile Systems Centre (SMC). In paper 2, the almost simultaneous UV and visible channel 
images from DMSP17 were used for the studies of ionosphere-magnetosphere (I-M) coupling. 
DMSP designs, builds, launches and maintains satellites monitoring the meteorological, 
oceanographic and solar-terrestrial physics environments. Each DMSP satellite has a 101 
minute, sun-synchronous near-polar orbit at an altitude of 830 km. The visible and infrared 
sensors (Operational Linescan System, OLS) collect images across a 3000 km swath, 
providing global coverage twice per day. Data from 4 satellites (3 day/night, 1 dawn/dusk) are 
added to the dataset each day [Davis, 2007]. 
 
The OLS instrument consists of two telescopes and a photo multiplier tube (PMT). The 
visible telescope is sensitive to radiation from 0.40 - 1.10 μm (0.58 - 0.91 μm FWHM) and 10-3-
10-5 Watts per cm2 per steradian. The infrared telescope is sensitive to radiation from 10.0 - 
13.4 μm (10.3 - 12.9 μm FWHM) and 190 to 310 Kelvins. The PMT is sensitive to radiation 
from 0.47 - 0.95 μm (0.51 - 0.86 μm FWHM) at 10-5-10-9 Watts per cm2 per steradian.  
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Visible and infrared imagery from the DMSP-OLS instruments are used to monitor the global 
distribution of clouds and cloud top temperatures twice each day. The archive data set consists 
of low resolution global and high resolution regional imagery recorded along a 3000 km scan, 
satellite ephemeris and solar and lunar information. Infrared pixel values correspond to a 
temperature range of 190 to 310 Kelvins in 256 equally spaced steps. Onboard calibration is 
performed during each scan. Visible pixels are relative values ranging from 0 to 63 rather than 
absolute values in Watts per m2 [Doll, 2008]. 
 
The low resolution DMSP Infrared Channel and Visible Channel data are available in the 
"Space physics interactive data resource" which can be accessed through the web at 
http://spidr.ngdc.noaa.gov/. Here one can obtain images of every 1/8 orbit in both channels 
for all the available DMSP Satellites. To get full resolution and geolocated images, guests 
need to contact the Earth Observation Group of the National Geophysical Data Center 
(NOAA), at the web site http://ngdc.noaa.gov/eog/dmsp.html.   
 
When a DMSP satellite passes the polar region, the night side imagery can record the aurora 
within the spectrum of the onboard sensor. Combined with simultaneous or comparable data 
from other satellites, such as Cluster, a detailed picture of the auroral distribution can be 
obtained, providing valuable support for the interpretation of in situ satellite measurements.
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Chapter 4  

 

Auroral physics 
 

Aurora is a visual manifestation of the solar wind-magnetosphere-ionosphere interaction 
chain. It is caused by Earthward precipitating energetic electron beams, colliding with atoms 
and molecules in the upper atmosphere.  Photons released from the collisions build up the 
auroral spectrum. A brief introduction on the auroral phenomenon and substorms is given in 
Section 4.1. The following sections give some background on the part of the auroral physics 
which is focussed on in this thesis, namely auroral particle acceleration, needed to produce 
intense auroral displays and energetic plasma outflow (section 4.2), and the auroral density 
cavity, which is associated with and a consequence of the acceleration process (section 4.3). 
 

4.1   Auroral characteristics 
 

4.1.1 Auroral emissions 
 
Auroral emissions are electromagnetic radiation emanating from high latitudes of the Earth as 
well as of many other planets. They are generated through the excitation of upper atmospheric 
atoms and molecules by energetic electrons and ions precipitating down from the Earth’s 
magnetosphere along high latitude magnetic field lines [Bhardwaj and Gladstone, 2000]. 
Auroral emissions are produced over a wide range of wavelengths, from X-rays to radio 
wavelengths. There are three main emission lines of the aurora within the visible part of the 
spectrum. 
 

       
 

Figure 4.1 Aurora at Tromsø (left) and Svalbard (right), Norway.  
(pictures taken by the author) 
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(1) The Oxygen 6300 Å emission, the ‘red line’, can be seen clearly in the upper limits of 
the auroral arcs under special circumstances such as strong substorms (see Figure 4.1 
right). The excitation energy is about 6 eV. It is emitted by the transition from O(1D) 
to O(3P2), has a radiative lifetime of 107s and a peak altitude of 230 km. The low 
atmospheric density at high altitudes and the low sensitivity of eyes at this wavelength 
make it often hard to be seen.  
 

(2) The Oxygen 5577 Å emission, the ‘green line’, has a peak altitude of 110 km, i.e. 
much lower than for the 6300 Å emission. The excitation energy is about 10 eV and 
the lifetime of the excited state is about 0.7s. It is the brightest emission, and results 
from the transition from O(1S) to O(1D).  
 

(3) The 4278 Å emission, the ‘blue line’, has a peak altitude of about 90 km, near the 
minimum altitude where auroral emissions can be seen. It requires an excitation 
energy of about 100 eV. It is emitted by the transition from 𝑁2+(𝐵2 ∑ )+𝑢  to 𝑁2+(𝑋2 ∑ )+𝑢 , 
and the lifetime is very short, about 70 ns.  

 
Emissions at other wavelengths can also be observed. The 4861Å Hβ and 6563Å Hα emissions 
stem from excitations of neutral hydrogen. They are commonly used to depict the ionospheric 
footpoint of the dayside cusp. On the nightside, the emissions can be used as a tool to infer the 
plasma sheet thickness and the location of the depolarization front [Donovan et al., 2012]. 
Long wavelength emissions, such as the atomic oxygen emission lines 7319 Å, 7774 Å or 
8446 Å are used to characterize the low energy precipitation in the aurora. Shorter wavelength 
emissions such as from molecular oxygen 4709 Å, 5620 Å, or molecular Nitrogen 6730 Å are 
used to characterize the high energy precipitation. 
 
In addition to the visible light, aurora emits infrared and ultraviolet rays as well as X-rays. 
The visible light emissions can be observed on the ground, whereas the UV and X-ray 
emissions are best seen from space, since the Earth’s atmosphere tends to absorb and 
attenuate these emissions.   
 
The Ultraviolet part of the spectrum corresponds to a broad wavelength band between 10 nm 
and 400 nm. However, satellite imagers or cameras aiming for a high sensitivity focus on 
certain wavelengths and pass-bands. For example, the atomic oxygen (OI) line at 130.4 nm, 
the molecular nitrogen (N2) emissions in the Lyman-Birge-Hopfield LBHS (140-152 nm), and 
LBHL (165-180 nm) bands [Laundal and Østgaard, 2009], and Ly α (119 -124 nm), 130.4 
(128-132 nm), 135.6 (134-137 nm) bands.  
 
Auroral X-rays are due to bremsstrahlung emitted at about 90-100 km altitude, which is 
basically at the minimum altitude of the auroral displays. The most prominent emissions are 
seen in soft X-rays, but event detection can be made up to 1 MeV. X-ray observations can be 
made by balloon-borne detectors, like on PoGoLite, or higher up from space, such as by the 
Polar Ionospheric X-ray Imaging Experiment (PIXIE) on board the NASA/GGS POLAR 
spacecraft [Larsson et al., 2007]. The X-ray measurements are not contaminated by sunlight, 
so they can be used to study the energetic electron precipitation also on the dayside of the 
Earth. 
 
In addition, aurora is also found to be associated with several radio emissions, like MF auroral 
radio emissions (referred to as auroral roar and MF burst) in the polar ionosphere, which can 
be detected at ground-level as well as in space by satellite observations. The most important 
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of the radio emissions is the Auroral Kilometric Radiation (AKR) which has a very high 
radiation energy [Sato et al., 2008]. The radio emissions carry information from the complex 
auroral potential structures in the AAR and associated density cavities, which are related to 
inverted-V electron and ion fluxes [Shepherd et al., 1999] as will be discussed in section 4.2 
and section 4.3. 
 

4.1.2 Auroral morphology 
 
Aurora has been observed and recorded by mankind from the very beginning of the history of 
man. The ancient people were awed by the aurora. Some northern cultures considered it as the 
dancing spirits or blood raining from the clouds, based on the observed rapid motions of the 
aurora and on the sudden changes in their appearance. Today, scientists use very advanced 
methods to observe and study the aurora from the ground and space. Although there are still 
many unsolved issues on the aurora, almost five decades of observations from space and the 
ground of the aurora have led to a general consensus on many of the fundamental features of 
the aurora. Auroral morphology covers the auroral forms, their motions and locations. In this 
section, a brief introduction is given. 
 
The quiet auroral arc is a commonly observed auroral form. It is produced by a thin sheet of 
precipitating electrons, carrying an upward directed field-aligned current. Current continuity 
is maintained by downward acceleration of the electrons by an upward directed quasi-static 
electric field and associated potential drop. Beside or between the arcs, a downward field-
aligned current can exist which is carried by up-going electrons of ionospheric origin. The 
ionospheric footpoint of the downward current channel is characterized by a density cavity 
and a void of light, sometimes referred to as black aurora [Marklund et al., 1997]. The auroral 
arcs can extend for thousands of km in east-west direction (or longitude). The latitudinal or 
north-south width may range from a few hundred meters up to several 100 km. The arc has a 
relatively sharp lower boundary at about 100 km altitude. The altitude extent and the colourful 
displays depend on the energies of the precipitating electron fluxes, and on the altitude 
variation of the atmospheric composition. In general, the aurora becomes fainter with 
increasing height, mainly because of the exponential decrease of the particle density with 
altitude. Usually the visible altitude extent of the aurora occurs between 100 and 300 km. 
 
Aurora or auroral forms are, however, often very dynamic, exhibit considerable fine structure, 
distorting into more complex shapes. The spiral arcs are typically observed during active 
geomagnetic conditions. They have a clockwise sense of rotation (looking up in the northern 
hemisphere). The size of the spirals can range between a few hundred km to over 1500 km. 
Large-scale spiral arcs occur particularly during auroral breakup conditions, as exemplified by 
the, so called, ‘Westward Travelling Surge, or WTS’. The magnetic shear instability resulting 
from the intense upward field-aligned current associated with the arc, has been suggested to 
explain this type of structure by Hallinan [1976]. 
 
Aurora can appear in many other forms, such as loops, folds, curls, pulsating patches and 
spots. The loops might be a transition phase between a spiral and an arc, but sometimes it can 
be rather stable and last for tens of minutes [Snyder et al., 1974]. Omega bands, with an 
appearance similar to the Greek letter Ω, are usually observed in the morning local time sector 
and to drift towards East. They typically last for only a few minutes [Akasofu, 1974]. Auroral 
folds may be subject to compressional shears, whereas curls are believed to originate from the 
Kelvin-Helmholtz instability [Wagner et al., 1983]. Flickering aurora appears and disappears 
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with a frequency of about 5-15 Hz, corresponding to the gyro frequency of an electromagnetic 
O+ ion cyclotron wave at about 1 RE altitude [Lund et al., 1995; Arnoldy et al., 1999]. 
 
The large-scale morphology and motions of the aurora are mainly controlled by the auroral 
substorm process. The auroral substorm can be characterized by three distinct phases [Akasofu, 
1964], named: (1) growth phase; (2) expansion phase and (3) recovery phase. In the growth 
phase, the magnetosphere accumulates magnetic energy and the magnetic field of the 
magnetospheric tail becomes stretched. The dissipation rate in the ionosphere is during this 
phase relatively weak, and the aurora is characterized by one or more relatively stable arcs 
extending in the east-west direction. When the accumulated energy in the magnetosphere 
reaches or exceeds about 1023 ergs, the magnetosphere attempts to stabilize itself by releasing 
the accumulated energy in a pulse-like manner. The field-aligned current and the dissipation 
rate in the ionosphere increases significantly during this phase, the auroral oval widens in the 
nightside magnetic local time sector, extending both in latitude and longitude, and the 
westward electrojet in the ionosphere intensifies and broadens, towards west and poleward. 
The duration of this phase varies from one event to another, and is determined by W/𝛿, where 
𝛿 is the dissipation rate and W the accumulated energy. During this phase there are also other 
important features, such as a current reduction in the current sheet caused by plasma 
instabilities, and a breakdown of the ‘frozen-in’ field condition, having consequences on the 
auroral display. Although the substorm scenario has been studied extensively for more than 
50 years, there are many remaining open issues on the detailed chain of events associated with 
substorms.  In a recent study, Akasofu introduced a magnetospheric dynamo (The DD 
dynamo) current and the substorm dynamo (the UL dynamo) current system to understand the 
substorm processes [Akasofu, 2013], as illustrated in Figure 4.2. 
 

 
 

Figure 4.2 Conceptual circuits for the three phases of auroral substorms  
[from Akasofu, 2013]. 

 
In this model, the growth phase is controlled by the DD dynamo. An accumulation of 
magnetic energy takes place within the magnetospheric current loop, and the conductivity is 
relatively low in the ionosphere; in the expansion phase, a UL substorm dynamo builds up, 
driving a strong current between the dynamo and the ionosphere, increasing the level of 
ionisation and associated conductivity. In the recovery phase, the UL dynamo disappears, but 
the ionospheric conductivity remains high, requiring some time to recover from the previous 
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phase. This enables the DD dynamo to drive a relatively strong current to the ionosphere. The 
corresponding large-scale auroral morphology is characterized by the disappearance of the 
Westward Travelling Surge and a poleward motion of the Polar Cap Boundary.    
 

4.2 Auroral acceleration mechanisms  
 
Acceleration processes behind the discrete aurora and associated energetic plasma outflow 
have long been a key issue in magnetospheric and auroral physics. The source particles are 
typically electrons of plasma sheet origin, moving towards Earth, guided by the geomagnetic 
field, with initial energies of about 1 keV. However, intense discrete auroral arcs are known to 
be caused by precipitating fluxes of electrons, with characteristic energies of several keV, up 
to 10 keV. What mechanisms are responsible for the change in energy from the 1 keV plasma 
sheet electron beams, to the several keV electron beams hitting the ionosphere and creating 
the intense auroral display and where do these acceleration processes occur? 
 
Hannes Alfvén [1958] was the first to come up with the suggestion that magnetic field-
aligned electric fields (often referred to as parallel electric fields) accelerate particles 
producing aurora. Since then observations from numerous spacecraft and rockets have 
confirmed this experimentally. The quasi-static parallel electric fields are typically related to 
converging or diverging electric fields, perpendicular to the magnetic field, within U-shaped 
potential structures [Carlqvist and Boström, 1970; Mozer et al., 1980] or to monopolar 
electric fields within S-shaped potential structures [Mizera et al., 1982; Marklund et al., 1997]. 
The nomenclature “quasi-static” for these electric field structures, requires the electric field to 
be stable on a time scale exceeding the transit time for the charged particle as they pass 
through the associated potential drop. Negatively charged potential structures form in the 
upward current region. These are associated with upward pointing electric fields, accelerating 
electrons downwards, producing intense displays of aurora, and energetic ion beams moving 
upward, away from Earth. Positively charged potential structures may develop in the adjacent 
downward current region. These are associated with a downward parallel electric field 
[Marklund et al., 1994, 1997, 2001], accelerating electrons away from, and ions towards Earth, 
with energies ranging up to a few thousand eV. The altitude where this type of acceleration 
takes place is significantly lower than for the upward current region, and ranges typically 
between 1000 km and 4000 km [Marklund et al., 1997].   

 
To maintain the parallel electric fields, various mechanisms have been proposed, such as 
strong double layers [Block, 1972], weak double layers [Temerin et al., 1982], Alfvén waves 
[Song and Lysak, 2001], magnetic mirror supported fields [Knight, 1973; Chiu et al., 1978] 
and anomalous resistivity [Hudson and Mozer, 1978]. Experimental evidence of parallel 
electric fields has been presented from both sounding rockets [Mozer and Bruston, 1967] and 
satellite missions, such as Polar [Mozer and Kletzing, 1998] and FAST [Ergun et al., 2000, 
2002; Andersson et al., 2002], including the first experimentally verified strong double layers.  
 
There are many unresolved issues on the nature of the parallel electric fields and potentials, 
such as how they are distributed in altitude within the AAR, their upper extent, and how 
stable they are in space and time. This cannot be determined from single satellite 
observations, but require multi-point measurements, such as from different altitudes of the 
AAR to be resolved.  
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Technically, the parallel electric field is very hard to measure. Normally, the intense parallel 
electric field forms on auroral field lines at a relatively low altitude (between 1 and 2.5 RE). 
At low altitudes, the spin plane of many satellites is nearly perpendicular to the local 
geomagnetic field, and hence a direct measurement of the parallel electric field is not possible. 
The parallel potential drop below the spacecraft, can, however, be inferred from the 
perpendicular electric field, integrated across the structure. Another fact that contributes to the 
difficulty to measure the parallel electric field is that it is typically much weaker than the 
perpendicular field, being distributed over an altitude range on the order of 1-2 RE. Another 
way to infer the parallel potential drop in the AAR is from the energy distribution of the 
accelerated electrons and ions passing through the AAR. For example, the characteristic 
energy of inverted-V distributions of down-going electrons provides a measure of the 
acceleration potential above the spacecraft. Similarly, the characteristic energy of up-going 
Inverted-V ions can be used to infer the acceleration potential below the spacecraft. The latter 
estimate should ideally be similar to the parallel potential drop inferred from the electric field 
data, from crossings through the AAR, although in reality the two estimates may in many 
cases differ. 
 
With the launch of the four identical Cluster satellites in year 2000, the first multi-point 
measurements became available from auroral field line crossings near perigee at about 4 RE 
geocentric altitude, typically above the AAR. Since 2008, the Cluster satellites have slowly 
drifted away from their initial polar orbits. Meanwhile, the perigees have decreased from 
19,000 km to just a few hundred kilometres, giving Cluster access to new regions of near-
Earth space. In early 2009, scientists could make use of this natural orbital drift to obtain 
simultaneous multi-probe measurements of the AAR, the first of their kind. 
 
One open issue on the AAR is the altitude distribution of the parallel electric field and the 
associated potential structure, and the related issue of how stable these structures are. These 
issues were addressed in a paper by Marklund et al. [2011]. A detailed reconstruction was 
made of the 2-D morphology of the AAR, presenting an experimentally verified altitude and 
latitude distribution of the acceleration (electric) potential. Two broad U-shaped potential 
structures at higher altitude were combined with a narrow, S-shaped potential structure below. 
The structure was found to be stable on a time scale of about 5 min or more. Another finding 
from Cluster AAR studies is that the growth of the quasi-static potential drops occurred 
preferentially at lower altitudes [Mozer and Hull, 2001; Sadeghi et al., 2011], and that part of 
the total potential drop can be located inside the AAR away from the upper and lower 
boundaries [Forsyth et al., 2012].  
 
Whereas the lower altitude part of the quasi-static acceleration region is relatively well 
investigated, usually quoted to have a lower boundary at 0.5-1 RE [Karlsson, 2012], the high 
altitude extension of AAR is still an unresolved issue. Figure 4.3 summarizes estimates of the 
altitude distribution of the auroral acceleration potential reported on by various authors.  
Lindqvist and Marklund [1990] presented results from a statistical study of the electric field 
measured by the Viking satellite, showing that the average perpendicular electric field 
increased up to an altitude of about 1.7 RE. The results claimed by other reports are also 
around this region, with a lower boundary at about 1 RE and an upper boundary varying 
between 1.8 RE and 2.5 RE. More information on this can be found in Karlsson [2012]. 
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Figure 4.3 Altitude distribution of the auroral acceleration potential reported by various 
authors. Hatched regions denote uncertain or time-variable measurements.  

[from Karlsson, 2012]. 
 

In addition to the classical “inverted-V” type or quasi-static acceleration, auroral electron 
spectra are often broad-band in energy (between 10 eV up to a maximum of 3 keV), with flux 
enhancements both in the up-going and down-going electrons. Such acceleration is clearly 
different from the quasi-static acceleration, and suggests a wave acceleration of the auroral 
electrons, the energy of which is provided by the Poynting flux, carried by the Alfvén waves. 
For a traveling Alfvén wave, the ratio of the oscillating electric and magnetic fields should 
equal the local Alfvén speed, a criterion often used to verify the Alfvénic nature. 
 
Alfvén waves have been observed in situ by numerous spacecraft, such as DE-2 [e.g., 
Menietti et al., 1984] and FAST [e.g., Chaston et al, 2002] at low altitudes, and Polar [e.g., 
Keiling et al., 2002] and Cluster [e.g., Johansson et al., 2006; Streltsov and Karlsson, 2008] at 
high altitudes. Broad-band electron spectra are a common feature observed by the Cluster 
PEACE instruments on auroral field lines at high latitudes, especially during substorms. 
Hasegawa [1976] suggested that Alfvén waves with small perpendicular scale lengths could 
be responsible for providing a small, but finite, fluctuating parallel electric field in the 
magnetosphere above the aurora. This will accelerate the particles and push them into the loss 
cone to be dissipated and lost in the ionosphere [Watt and Rankin, 2012]. 
 
The boundary between the auroral oval and the polar cap, being the transition between open 
and closed geomagnetic field lines, is a region where Alfvénic auroras frequently occur [e.g., 
Keiling et al, 2005, 2009]. Among these, polar boundary intensifications (PBIs) and 
subsequent plasma flows have been suggested to act as a substorm trigger [Mende et al., 
2011]. Newell et al. [2010] developed statistics of the substorm cycle dependence of the 
various types of acceleration processes. He found that the broad-band acceleration occurred 
particularly during the first 10 min or so after substorm onset. The Alfvénic nature of polar 
boundary aurora was proposed by Hull et al. [2010] to be a transitional stage in the 
development of quasi-static auroral arcs.  
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The interaction of and relative role of quasi-static and Alfvénic acceleration has been the 
subject of a series of event studies using Cluster data. Marklund et al. [2012] reports on 
Cluster observations of two large-scale quasi-static inverted V arcs, separated from the polar 
cap by a boundary region of mainly Alfvénic nature, observed by the C1 spacecraft. As the 
C3 and C4 satellites cross the same structures a few minutes later, the poleward of the two U-
shaped potential structures had intensified and extended well into the boundary layer. This 
development was confirmed by the up-going ions measured by C3 within the layer, showing a 
dramatic increase in the ion energy consistent with the parallel potential extending into this 
region. These observations illustrated that initially, the quasi-static and Alfvénic acceleration 
were confined to two separate regions, whereas a few minutes later, the two processes 
overlapped in the boundary layer, acting jointly to accelerate the ion and electron population 
there. Characteristics and the relative role of quasi-static and Alfvénic acceleration are 
addressed in papers 2 and 3, summarized in Chapter 5.  
 
Figure 4.5 is shown to illustrate the quasi-static and Alfvénic acceleration signatures in the 
data obtained by the FAST spacecraft from an auroral pass. The top panel shows the 
magnetic-field perturbation relative to the IGRF magnetic field model, with the inferred FACs 
indicated in green (downward) and blue (upward), and the Alfvénic currents in red. The 
second panel shows the electric field component along the spacecraft trajectory. The next four 
panels show ion and electron spectrograms, versus energy and pitch-angle. The third panel 
from bottom shows the integrated ion outflow. The bottom two panels show wave activity 
from near-DC to MHz frequencies.  
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Figure 4.5 Quasi-static and Alfvénic acceleration signatures in the data [from Paschmann et 
al., 2002, page 96 (the figure was provided by C. W. Carlson) ].  

 
Two pairs of up- and downgoing FACs sheets and an Alfvénic boundary region, adjacent to 
the polar cap can be seen. In the region of the large-scale upward FACs (blue), seen between 
16:45 UT and 16:47 UT, the electron data in panel 3 show the classical signatures of the 
quasi-static acceleration, namely high-energy Inverted-V electrons. Within the polar cap 
boundary region (red), between 16:49 and 16:50 UT, the intense fluxes of broad-band (in 
energy) electrons are the typical signatures of Alfvénic acceleration.  Similar characteristics 
can also be seen in the ion spectrograms.  
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4.4 The auroral density cavity and its association with the AAR. 
 
Block and Fälthammar [1968] proposed that a field aligned current of either sign would lead 
to a substantial erosion of the topside ionosphere, both the total electron content and the 
maximum density would have a reduction. In 1981, Calvert [1981] introduced the notion of 
an auroral plasma cavity on the basis of Hawkeye data. The plasma depletion was found to 
extend downward to 2000 km altitude. Figure 4.6 shows the auroral plasma cavity as a 
function of geomagnetic latitude and radial distance. A region of decreased plasma density 
was found to occur at the source of auroral kilometric radiation (AKR). The density within 
this auroral plasma cavity, determined from the limited Hawkeye wave data, was less than 1 
cm-3 from 1.8 to 3 RE geocentric at 70° ± 3° invariant magnetic latitude. This result is highly 
consistent with the Cluster statistical results in paper 3. 
 

 
 

Figure 4.6 The auroral plasma cavity as a function of geomagnetic latitude and radial distance 
[from Calvert, 1981]. 

 
Based on Freja observations, Lundin et al. [1994] pointed out that the transverse ion 
energization is associated, but not always collocated, with large-scale inverted-V electron 
acceleration regions. In fact, most of the transverse energization is not collocated with the 
Inverted-V electron precipitation, but rather with regions characterized by wide-energy field-
aligned electron beams, and also with upper hybrid waves and low frequency fluctuations 
[Persoon et al., 1988; Janhunen et al., 2002].  
 
To relate the plasma density distribution in the cavity with respect to the quasi-static AAR, 
Alm et al. [2013] introduced the Pseudo Altitude (PA) concept. A Pseudo-altitude of 0.5 
corresponds to an equal acceleration potential above and below the spacecraft, PA=0 
corresponds to the bottom of the potential structure, i.e. all the acceleration potential being 
above the spacecraft, and PA=1 corresponds to the top of the AAR. Seven Cluster crossings 
through the AAR from 2008 were selected for this study. All of the events exhibit a consistent 
anti-correlation between the pseudo altitude and the electron density. No clear upper limit of 
the density cavity was observed, while all cavities have a lower limit above PA= 0.33. The 
observations show that the auroral density cavity is predominately concentrated to the upper 
parts of the quasi-static potential structure.  To investigate, in more detail, the plasma density 
variation near the top of the AAR and above, Alm et al. [2013] present observations from two 
Cluster crossings of auroral flux tubes, taking place near the top of the AAR. These 
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observations show that the density cavity is not confined by the AAR but extended some 
distance above it. This is in contradiction to the proposed idea that the density cavity is 
separated from the magnetosphere by a double layer [Ergun et al., 2002, 2004]. The statistical 
plasma density variation relative to the intense perpendicular electric fields characteristic of 
the AAR is further studied in papers 3 and 4 of this thesis. In paper 3, the statistical results 
show that during events characterized by an intense electric field (above 100 mV/m, mapped 
to the ionosphere), there is a large-scale plasma density cavity in the midnight sector for 
altitudes above 2.8 RE. In paper 4, the auroral density cavity was the subject of a statistical 
study based on Cluster data. Summaries are given in Chapter 5, and more details can be found 
in papers 3 and 4. 
 
There are many methods to measure the plasma density in space. In the papers referred to 
here, the plasma density was measured by combining data from the instrument Waves of High 
frequency and Sounder for Probing Electron density by Relaxation (WHISPER) and 
spacecraft potential data from the Electric Field and Wave experiment (EFW) on Cluster. The 
WHISPER instrument is primarily designed for studying wave activity and the WHISPER 
data can be used to derive the local electron density from the wave spectrum. The electron 
density can be determined from the cut-off frequency of the natural wave spectrum. But the 
WHISPER electron density data has one limitation for the study of the AAR density cavity, 
the bad time resolution of 52s, which does not allow the density variation across a typical 
density cavity (crossing times of a few minutes) to be captured sufficiently well. In papers 3 
and 4 of this thesis, the plasma density is instead inferred from the spacecraft potential data 
obtained at a time resolution of 4s, which allows the large-scale density cavities to be 
resolved, using the method described below. 
 
The relation between the electron density and the spacecraft potential is determined by the 
balance between the plasma current density and photoelectron current density, described by a 
sum of two exponential functions [Alm et al., 2013]. 
 
 𝑛𝑒 = 𝑐1 ∙ exp(𝑐2 ∙ 𝑃𝑠𝑠) + 𝑐3 ∙ exp(𝑐4 ∙ 𝑃𝑠𝑠), (3.1) 
   
where Psc is the spacecraft potential, ne is the electron density, and c1 through c4 are the 
coefficients. The four coefficients are dependent on environmental factors such as the solar 
flux and the plasma temperature [Pedersen et al., 2008]. In paper 3 these coefficients are 
calculated by fitting every 105 days of WHISPER density data to the spacecraft potential 
within that time period, to be used only for the events within this particular time period.   
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Chapter 5  

 

Summary of papers  
 

5.1 Paper 1 
 

Cluster multipoint study of the acceleration potential pattern and electrodynamics of an 
auroral surge and its associated horn arc 

 
In paper 1, Cluster results are presented from the acceleration region of an auroral surge and 
connected horn arc, observed during an extended time period of substorm activity. The 
Cluster spacecraft crossed different magnetic local time (MLT) sectors of the surge and horn, 
with lag times of 2–10 min. Acceleration potential patterns are derived for the horn arc and 
for the double arc (surge and horn) at the surge front and deeper into the surge. The parallel 
potential drop of the horn arc ranged between 4 and 7 kV.  
 
At the surge front, two weakly coupled U-potentials with parallel potential drops of 8 (7) kV 
and 7 (5) kV were derived for the surge and horn, respectively, from the C3 (C4) data. A 
similar, more coupled pattern was derived for the region deeper into the surge. The paper also 
addresses how the FACs of the surge and horn system close in the ionosphere. The Cluster 
data allow almost simultaneous estimates of the latitudinal current closure at various MLT 
sectors. Significant net upward currents are derived for the horn and surge, whereas the 
currents at the surge front were found to be balanced. The net upward horn current is 
proposed to be fed by the zonal divergence of the westward Pedersen current in the horn, 
consistent with the acceleration potential decrease in the westward horn direction. The net 
upward surge current is proposed to be fed by the divergence of a westward electrojet and by 
localized downward currents adjacent to the surge 
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5.2 Paper 2 
 

Inverted-V and low-energy broadband electron acceleration features of multiple auroras 
within a large-scale surge 
 
In paper 2, results are presented from a Cluster C2 satellite crossing through the acceleration 
region of multiple auroral structures within a large-scale surge, simultaneously monitored by 
DMSP F17 imager data. The visible channel and UV channel images are shown in Figure 5.1, 
the orbit plot in Figure 5.2 was created by SSC 4D Viewer, available at the web site 
http://sscweb.gsfc.nasa.gov/tipsod/  

 
Figure 5.1 Visible channel (top, left) 
and UV (top, right) images from the 
DMSP F17 satellite around 09:09UT on 
22 May 2009. 

 Figure 5.2 The orbits of Cluster C2 and 
DMSP F17 between 09:00-09:25 UT 22 
May 2009, the relative geo-location of the 
left zoom-in image is shown as the yellow 
dashed rectangular areas. 
 

The magnetic and electric field data are consistent with the auroral distribution at large and 
medium scales. We identify the quasi-static acceleration above and below C2 orbit by down-
going inverted-V electrons and parallel electric potential drops, respectively.  
 
In the poleward surge region, within or adjacent to the inverted-V arcs, intense low-energy 
(broadband) electron fluxes are seen as well as a rough equality between ΔE/ΔB and the 
Alfvén velocity, suggesting that these are of Alfvénic origin. The most poleward and 
equatorward auroral structures are found to be Alfvénic and quasi-static, respectively. In 
between, the structures are of mixed origin. We estimate the relative role of the acceleration 
processes by the contributions to the downward electron energy flux by electrons above and 
below 1.62 keV. Although these are local estimates, they should be representative also below 
Cluster altitude, except for two regions of intense downward Poynting flux, the power of 
which will be dissipated at lower altitudes and increasing the Alfvénic contribution. This is 
also supported by intense fluxes of low-energy, broadband, up-going electrons observed 
within these regions. Otherwise, the inverted-V contribution dominates for most of the auroral 
structures observed by Cluster. The Alfvénic contribution to the mixed arc emissions is to 
extend these to higher altitudes, as shown by numerical simulation results. 
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5.3 Paper 3 
 

Statistical altitude distribution of Cluster auroral electric fields, indicating mainly quasi-
static acceleration below 2.8 RE and Alfvénic above 
 
In paper 3, results are presented from a statistical study of high-altitude electric fields and 
plasma densities using Cluster satellite data collected during 9.5 years between 2 and 4 RE. 
The average electric fields are most intense on the night-side and associated with an extensive 
plasma density cavity, with densities of 1 cm-3 or less. The intense electric fields are 
concentrated in two regions, separated by an altitude gap at about 2.8 RE. Below this, the 
average electric field magnitudes reach about 50 mV/m (mapped to the ionosphere) between 
22 and 01 Magnetic Local Time (MLT). Above 3 RE, the fields are about twice as high, and 
spread over a broader MLT range. These fields occur in a region where the (ΔE/ΔB)/VA ratio 
is close to unity, which suggests an Alfvénic origin. The intense low-altitude electric fields 
are interpreted to be quasi static, associated with the AAR. This is supported by their location 
in MLT and altitude, and by a (ΔE/ΔB)/VA ratio much below unity. The local electric field 
minimum between the two regions indicates a partial closure of the electrostatic potentials in 
the lower region. These results show similarities with model results of reflected Alfvén waves 
by Lysak and Dum [1983] and with the O-shaped potential model, with associated wave-
particle interaction at its top, proposed by Janhunen and Olsson [2000]. 
 

5.4 Paper 4 
 

Statistical altitude distribution of the auroral density cavity 
 
The statistical altitude distribution of auroral density cavities is investigated using in-situ 
observations from flux tubes exhibiting auroral acceleration, at altitudes between 2.0 and 5.5 
RE. In addition to altitude, the location of the observations is described using a pseudo altitude 
derived from the distribution of the parallel potential drop above and below the satellite. 
Between 3.25 and 4.5 RE, several observations of the upper edge of the AAR were made. 
Above 5.0 RE, none of the events exhibit precipitating inverted-V electrons, though the 
upward ion beam can be observed, indicating that the satellites are located inside the same 
flux tube as, but above, the AAR. Spacecraft potential and pseudo altitude are anti-correlated, 
the electron density decreases as we move higher into the acceleration region. The spacecraft 
potential continues to decrease above the acceleration region, indicating that the density 
cavity extends above the acceleration region. The pseudo altitude exhibits three regions. From 
2.0 to 3.375 RE the pseudo altitude increases by 0.20 per RE, consistent with a distributed 
parallel potential. Between 3.375 and 4.725 RE the pseudo altitude increases much less, by 
0.0093 per RE. The increase is due to an increasing number of events located above the 
acceleration region. Above 4.725 RE the pseudo altitude increases by 0.28 per RE, due to a 
rapid increase in the number of events located above the acceleration region, indicating that 
the remaining parallel potential drop is concentrated in a narrow region at the upper edge of 
the acceleration region. 
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