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Acronyms

AACGM Altitude Adjusted Corrected GeoMagnetic coordinatsteyn

ACE Advanced Composition Explorer

AE Auroral Electrojet index
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CHAMP CHAllenging Minisatellite Payload

CIS Cluster lon Spectrometry experiment
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DF Divergence-Free

DNL Distant Neutral Line
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FUV Far UltraViolet

GEO GEOgraphic coordinate system

GSE Geocentric Solar Ecliptic coordinate system
GSM Geocentric Solar Magnetospheric coordinate system
HIA Hot lon Analyser

IGRF International Geomagnetic Reference Field

IMAGE Imager for Magnetopause-to-Aurora Global Explooati
IMAGE International Monitor for Auroral Geomagnetic Eftsc
IMF Interplanetary Magnetic Field

LT Local Time
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GeoMAgnetic coordinate system
MagnetoHydroDynamics
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Magnetic Local Time

National Aeronautics and Space Administration
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Plasma Sheet Boundary Layer

Steady Magnetospheric Convection
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Tsyganenko (1989) magnetic field model
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Solar Wind

Travelling Compression Region

Ultra High Frequency

Universal Time

Very High Frequency

Wideband Imaging Camera
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Symbols

og,0p

a

Y, Xp

vV

t

&, e

T, Y, %, €y, €y, &,
r, 9, Q5, ér, ég, é¢

Hall-to-Pedersen conductance ratio
Magnetic field

Electric field

Speed of light

Unit charge

Electric permittivity of free space

Electric current

Current density

Current density parallel tB

Curl of equivalent current density
Surface current density

Curl-free and divergence-free part of current density
Boltzmann constant

Magnetic permeability of free space
Elecron and ion mass

Number density

Electron-neutral and ion-neutral collision frequency
Cyclotron frequency for electrons and for ions
Pressure

Earth radius

Magnetic Reynolds number

Mass density

Electric conductivity

Hall and Pedersen conductivity
Conductivity parallel tdB

Hall and Pedersen conductance

Velocity

Time

Unit vectors parallel and perpendiculariBo
Cartesian coordinates and unit vectors
Spherical coordinates and unit vectors
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Coordinate systems

The coordinate systems described here are all geocentiichwneans that the
origin is at the centre of the Earth.

GEO

The z-axis of the geographic coordinate system is ghrtallthe Earth’s
rotation axis. The x-axis passes through the Greenwichdia@r{C longi-
tude), and the y-axis completes the right-handed orthdgat{l3].

MAG The z-axis of the geomagnetic coordinate system is ardifel to the Earth’s

magnetic dipole axis (the south pole of the dipole is in theheyn hemi-

sphere and the north pole in the southern hemisphere). Exisxpasses
through the meridian containing the south pole of the dipahel the y-axis
completes the right-handed orthogonal set [13].

GSE The z-axis of the the geocentric solar ecliptic coongiisgistem is parallel

GSM

CGM

AACGM

to the ecliptic pole. The x-axis points from the Earth toveatice Sun, and
the y-axis completes the right-handed orthogonal set [13].

The x-axis of the geocentric solar magnetospheric ¢oatel system points
from the Earth towards the Sun. The y-axis is perpendicoléingé Earth’s

magnetic dipole so that the x-z plane contains the dipole &tie z-axis is
positive towards the hemisphere containing the south piofleeomagnetic

dipole [13].

The corrected geomagnetic coordinates (latitude, tadg) of a point in

space are computed by tracing the IGRF magnetic field lineutiirahe

specified point to the dipole geomagnetic equator, themmigty to the same
altitude along the dipole field line and assigning the olgdidipole lati-

tude and longitude as the CGM coordinates to the starting f8ustafsson
etal., 1992).

The altitude adjusted corrected geomagnetic cootdsaf a point in space
are obtained similar to CGM coordinates, except that theleifeld line is
traced to zero altitude instead of the altitude of the stgntioint.
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Publications

This thesis consists of an introductory part and five re$eanticles. The introduc-
tion contains a brief background for the research and theé mygmrtant results
reached in the articles. Original abstracts of the pubboatare listed below.

PUBL. |

Juusola, L., Amm, O., and Viljanen, A., “1D spherical elettaen current
systems and their use for determining ionospheric currieata satellite
measurementsEarth Planets Space, 58,667-678, 2006.

Abstract. The method of 1D spherical elementary current systems (SECS)
is a new way for determining ionospheric and field-alignements in spher-
ical geometry from magnetic field measurements made by ahbivsatel-
lite. In contrast to earlier methods, the full ionosphenicrent distribu-
tion, including both divergence-free and curl-free honitad currents, as
well as field-aligned currents, can be determined. Plaaifigitely many
2D SECSs of identical amplitudes at a constant latitude t®sutwo types
of 1D SECSs, which are independent of longitude, and by sogéipn can
reproduce any ionospheric and field-aligned current systémthe same
property. One type of the 1D SECSs is divergence-free andtaraith a
poloidal magnetic field, and the other type is curl-free aoldijdal. Associ-
ated with the divergence of the curl-free type are radialenis. The mag-
netic field of the combined curl-free 1D SECS and field-aligoedents is
toroidal and restricted to the region above the ionospHerespheric cur-
rents are determined by placing several 1D SECSs at diffeagttdes and
choosing their amplitudes in such a way that their combinagmetic field
as closely as possible fits the one measured by the satdlhel1D SECS
method has been tested using both modeled and real datalfecGHAMP
satellite, and found to work excellently in 1D cases.
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PUBL. Il

Juusola, L., Amm, O., Kauristie, K., and Viljanen, A., “A meldor estimat-
ing the relation between the Hall to Pedersen conductanicearad ground
magnetic data derived from CHAMP satellite statistiés)h. Geophys., 25,

721-736, 2007.

Abstract: The goal of this study is to find a way to statistically estientite
Hall to Pedersen conductance ratidrom ground magnetic data. We use
vector magnetic data from the CHAMP satellite to derive teigtion. o

is attained from magnetic satellite data using the 1-D SpaEElementary
Current Systems (SECS). The ionospheric equivalent curemgity can
either be computed from ground or satellite magnetic dataded the re-
quired 1-D assumption, these two approaches are shown tquad, &hich
leads to the advantage that the statistics are not restiictareas covered
by ground data. Unlike other methods, using magnetic #atelleasure-
ments to determine ensures reliable data over long time sequences. The
statistical study, comprising over 6000 passes betweenari®d 76.5 north-
ern geomagnetic latitude during 2001 and 2002, is carri¢ceoyploying
data from the CHAMP satellite. The data are binned accordingctiv-

ity and season. In agreement with earlier studies, valuegees 1 and 3
are typically found foro. Good compatibility is found, when attained
from CHAMP data is compared with EISCAT radar measuremente Th
results make it possible to estimatefrom the east-west equivalent cur-
rent density.J, [A/km]: « = 2.07/(36.54/|Jy| + 1) for J, < 0 (west-
ward) anda = 1.73/(14.79/|J,| + 1) for J, > 0 (eastward). Using the
same data, statistics of ionospheric and field-alignedeotidensities as a
function of geomagnetic latitude and MLT are included. T&hase binned
with respect to activity, season and IMF, and B,. For the first time, all
three current density components are simultaneously euitiis way on

a comparable spatial scale. With increasing activity, thiee@cement and
the equatorward expansion of the electrojets and the R1 andifRnts is
observed, and in the nightside, possible indications of ali@gvehannel
appear. During southward IMB,, the electrojets and the R1 and R2 cur-
rents are stronger and clearer than during northumardMF B, affects the
orientation of the pattern.

PUBL. Il

Juusola, L., Amm, O., Frey, H. U., Kauristie, K., Nakamura, ®wen, C.
J., Sergeey, V., Slavin, J. A., and Walsh, A., “lonosphedoatures during
a magnetospheric flux rope evenyin. Geophys., 26,3967-3977, 2008.
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Abstract: On 13 August 2002, during a substorm, Cluster encountered two
earthward moving flux ropes (FR) in the central magnetotdile first FR
was observed during the expansion phase of the substornmhearsgcond
FR during the recovery phase. In the conjugate ionosphegion in North-
ern Fennoscandia, the ionospheric equivalent currents aleserved by the
MIRACLE network and the auroral evolution was monitored by \tiele-
band Imaging Camera (WIC) on-board the IMAGE satellite. Exitemthe
study of Amm et al. (2006), we examine and compare the p@&sgnlo-
spheric signatures associated with the two FRs. Amm et aliextuhe first
event in detail and found that the ionospheric footprint aistér coincided
with a region of downward field-aligned current. They suggeédhat this
region of downward current, together with a trailing regarupward cur-
rent further southwestward, might correspond to the endseofFR. Unlike
during the first FR, however, we do not see any clear ionospliesiures
associated with the second one. In the GSM xy-plane, theflisstrope
axis was tilted with respect to the y-direction by’ 2@hile the second flux
rope axis was almost aligned in the y-direction, with an arafl4 only.
It is possible that due to the length and orientation of theosd FR, any
ionospheric signatures were simply mapped outside themegpvered by
the ground-based instruments. We suggest that the grogndtares of a
FR depend on the orientation and the length of the structure.

PUBL. IV

Juusola, L., Kauristie, K., Amm, O., Ritter, P., “Statisticependence of
auroral ionospheric currents on solar wind and geomagmpetiameters
from 5 years of CHAMP satellite data&nn. Geophys., 27, 1005-1017,
20009.

Abstract: The effects of the solar wind dynamic pressupg, thez compo-
nent of the solar wind magnetic fiel@(), the merging electric fieldH,,.),
season and thk, index on R1 and R2 field-aligned currents are studied sta-
tistically using magnetic field data from the CHAMP sateltitging 2001—
2005. The ionospheric and field-aligned currents are détexdrfrom the
magnetic field data by the recently developed 1-D SpheritainEntary
Current System (SECS) method. During southward IMF, incneglds. |
is observed to clearly increase the total field-alignedenrrwhile during
northward IMF, the amount of field-aligned current remagugly constant
regardless of B.|. The dependence of the field-aligned current/nis
given by|I,[MA]| = 0.054 - B,[nT}*> — 0.34 - B,[nT] + 2.4. With increasing
P, the intensity of the field-aligned current is also foundorease accord-

14



ing to |I,[MA]| = 0.62 - P[nPd + 1.6, and the auroral oval is observed to
move equatorward. Increasirg, produces similar behaviour, described
by |I,[MA]| = 1.41 - E,,[mV/m] + 1.4. While the absolute intensity of the
ionospheric current is stronger during negative than dupiositive B, the
relative change in the intensity of the currents produced byore intense
solar wind dynamic pressure is observed to be approximételgame re-
gardless of thés, direction. Increasingds, from 0 to>5 widens the auroral
oval and moves it equatorward from betweefl-66* AACGM latitude to
57T latitude. The total field aligned current as a functiorigfis given
by |I,[MA]| = 1.1 - K, + 0.6. In agreement with previous studies, total
field-aligned current in the summer is found to be 1.4 timesnsfer than in
the winter.

PUBL. V

Juusola, L., Nakamura, R., Amm, O., Kauristie, K., “Conjugatespheric
equivalent currents during bursty bulk flows, Geophys. Res., 114,A04313,
doi:10.1029/2008JA013908, 2009.

Abstract: lonospheric equivalent currents related to bursty bulk$I(BBF)
during Cluster and the International Monitor for Auroral Gemgnetic Ef-
fects (IMAGE) magnetometer network conjunctions betwd@i2and 2006
are studied. A geomagnetically southeast-northwestedigrelatively nar-
row channel of northwestward equivalent current densitih wiownward
field-aligned current at its northeastward flank and upwaitd-aligned cur-
rent at its southwestward flank is confirmed as the ionosplseghature of
BBFs in the majority of cases, i.e., whenever an ionosphegicasure is
present. Unlike in previous event studies, all conjugate Bigfaeen 2001
and 2006 are analyzed and during 19 out of 22 BBFs, the chanoé} is
served in the ionosphere. The mean duration of the BBFs olzb&rizen
the footprint of Cluster is located close to the poleward loaump of the
auroral oval is clearly longer (17 min) than the that of the BBBserved
close to the equatorward boundary of the oval (3 min). A supszd epoch
analysis of the local IMAGEAE (I F) index reveals a stronger activity level
preceding a substorm-related than a nonsubstorm BBF. AiteBBF ob-
servation, however, the activity in both cases is on the dawed as that
preceding the substorm BBF observation. The observationeasubstorm
BBF coincides with a substorm-like disturbance of e, while the ob-
servation of the nonsubstorm BBF coincides with a step-likesiase of the
IE.
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In PUBL. |-V, the author performed the data analysis and wire@enanuscripts
with the assistance of the co-authors. PUBL. | was carriedocrding to guide-
lines given by the co-authors. The topics of PUBL. Il, Il anddame from the
co-authors, as well as help with the interpretation of theilts, but the analysis
and writing were mainly carried out according to the viewsh# author. The
topic for PUBL. V was suggested by the author.
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Chapter 1

Introduction

Space physics is the study of natural plasma environmeoétdd close enough
to the Earth that they can be probed by in-situ measurem8uot$h environments
encompass the Sun, solar wind and planetary magnetosreté@snospheres. A
magnetosphere is a cavity in the solar wind formed by theacten of the solar
wind with the intrinsic magnetic field or the ionised uppenasphere of a planet.
For the Earth, Jupiter, Saturn, Uranus, and Neptune, tieeaiction is dominated
by a strong intrinsic quasidipolar magnetic field. Venus tloa other hand, has
no instrinsic magnetic field, and Mars only has a small remafield, and there-
fore their magnetospheres are formed by the interactiomefatmosphere and
ionosphere with the solar wind flow. Mercury has a small ¢ field but no
atmosphere; there the solar wind interacts directly withdtirface (e.g., Pulkki-
nen, 2007). The manifestations of space physics phenonoenigiing at different
planets depend on the magnitude of the instrinsic magnetid, fihe existence
and characteristics of the planetary atmosphere and ibeos@and the properties
of the solar wind, determined by the distance from the Sure fMbst abundant
observations are naturally available of the terrestriaspla environment, which
can thus be regarded as a “laboratory” for the study the ptiegeof space plas-
mas. For instance, several impulsive energy release egewts as solar flares and
coronal mass ejections, share similar features with magpaeric substorms. Of
all these, the only one that can be investigated in detafil imisitu measurements
is the substorm. As mankind has become increasingly depéondeechnology,
also understanding of the effects of the space physics phem® on human tech-
nology, termed space weather, has become increasinglgsage A beautiful
manifestation of the space physics processes are the awararing in the high
latitude ionosphere.

In this thesis, we have treated the terrestrial plasma emvient, which is
characterized by a strong intrinsic magnetic field and a eletmosphere and
ionosphere. Moreover, we have concentrated on the iondspterents in the
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auroral region. The main scientific objectives to be reaatigiin the framework
of this thesis were:

1. To develop a new Spherical Elementary Current System dbas¢hod for
determining ionospheric currents from low-orbit satelitased magnetic
field measurements. Unlike previous techniques, the metioadd allow
for the determination of all three components of the ionesighcurrent
density (PUBL. I and II).

2. To apply the new method to develop a way to statisticalliyrege the Hall-
to-Pedersen conductance ratio from ground-based magheiac(PUBL.

1.

3. To apply the new method to study statistically the deprodef the large-
scale ionospheric currents on solar wind and geomagnetoyers (PUBL.
[Iand IV).

4. To study the meso-scale (100—-1000 km) ionospheric cisreletermined
from ground-based magnetic measurements using the SphEtemen-
tary Current Systems, and their connection to magnetosppkasma sheet
structures. In particular, the typical ionospheric eqgi@atcurrent patterns
related to bursty bulk flows (PUBL. V) and flux ropes (PUBL. lllere to
be determined.

This Chapter contains an introduction to solar wind-magspgtere-ionosphere
coupling. We begin with a brief review of the basic plasmagity concepts rel-
evant to the topic, then move on to the properties of the suiad, the magne-
tosphere, the ionosphere, and their mutual interactian€hlapter 2, dynamical
processes, such as geomagnetic storms and substormsjieweere and Chapter
3 contains a brief description of the instruments whose Hate been utilised
in PUBL. I-V. In Chapter 4, the use of Spherical Elementary Gurf&ystems
for determining ionospheric currents from magnetic meaments is discussed,
and Chapter 5 presents features of the ionospheric currediféeaent spatial and
temporal scales. The final Chapter 6 contains conclusionsamieditiook.

1.1 Basic plasma physics

Plasma is quasineutral gas containing enough free changésatscollective phe-
nomena, controlled by electric and magnetic fields, beconpertant to its physi-
cal behaviour. Quasineutrality means that a macroscoasnm element contains,
on average, equal numbers of positive and negative charges.
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Macroscopic plasma physics is often described in terms gine@hydrody-
namics (MHD). In MHD, magnetized plasma is treated as a naontis medium
described by a single temperature, number density and leldicity. Ohm’s law
in MHD

E+V xB=j/o, (1.1)

whereE is the electric field,B the magnetic fieldV the bulk velocity of the
plasma,j the current density, and the conductivity, can be combined with the
Maxwell equations

V-B = 0 (1.2)
0B
E = - — 1.
V x T (1.3)
. 10E )
VxB = HoJ‘FgE%MoJ (1.4)

as the induction equation

%—]:’ =V x (VxB)+ NOLJVQB, (1.5)
which describes the temporal changes of the magnetic fiddalconvection and
diffusion. The relative strengths of convection and ditbusare described by the
magnetic Reynolds numbé&,, = uyoLgV, whereLp is the local magnetic field
gradient length scale.

In a collisionless plasma, — oo andR,,, > 1. Convection then dominates
over diffusion, and the magnetic field moves together withgglasma, such that
two plasma elements initially occupying a common field lind vemain on a
common field line. The magnetic field is said to be frozen-irh® motion of
the plasma. The identity of a field line is then determinedHgydhain of plasma
elements occupying it, and the motion of the plasma elemgsrisendicular to
the magnetic field can also be thought of as the motion of thet lfiee. In such
plasmas, the electric field is given by the ideal MHD Ohm'’s law

E=-V xB, (1.6)
and the plasma velocity by
ExB

This E x B-drift is independent of the mass and the charge of the pestand,
thus, does not create electric current.

Although the ideal MHD generally describes well the behawitthe plasma
in the solar wind, magnetosheath and outer magnetospheree are regions
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where the frozen-in condition breaks down. If the velocityttee plasma slows
down, or the local magnetic field gradient length scale bexsoemall, or some
process, such as collisions, wave-patrticle interactiopéasma turbulence, causes
resistivity, diffusion of the magnetic field becomes relgva

Reconnection is a local breaking of the frozen-in conditiod,dahus, requires
both convection and diffusion. Reconnection refers to agsscluring which two
plasma elements that initially occupied a common field lind ep on separate
field lines, that is, their magnetic connection is broken. Wiwveo initially sepa-
rate plasma populations frozen-in to oppositely orientadmnetic fields come into
contact with each other, a thin current sheet is formed batvtieem according to
Ampere’s law. In this limited diffusion region, the frozém-condition breaks
down. An X-line is formed in the middle of the region, where thhagnetic field
vanishes. In the reconnection process, magnetic energyneded to the kinetic
energy of the plasma so that reconnected plasma is expetiedthe diffusion
region as two oppositely directed plasma jets. A reverseqa®that generates
electromagnetic energy from plasma motion, on the othed hasncalled a dy-
namo.

1.2 Solar wind

The Sun controls the plasma physics of the entire solar systa addition to
emitting electromagnetic radiation that ionises the raattoms and molecules in
the atmospheres of the planets and the interstellar gdg,idnised, magnetised
plasma flows away from it in all directions. This flow is knowsitae solar wind.

The gravity of the Sun is not strong enough to maintain stdjailibrium
in the solar corona, which continuously expands outwarttsthre interplanetary
space as the solar wind. The temperature of millions of kel the corona is
high enough to strip hydrogen and helium completely of te&ctrons, and also
heavier elements to a large degree. Solar wind is thereforesa fully ionised
plasma, consisting mostly of protons and electrons, witbualthree percent of
a-particles and smaller amounts of multiply ionised heaglements.

Due to the high conductivity of the coronal plasma, the mégfiield freezes-
into it and is carried all the way to the outer reaches of tH@$fghere. The solar
magnetic field carried by the solar wind is called the int@ngltary magnetic field
(IMF). While the solar wind streams radially away from the Stive footprints
of the field lines are attached to the Sun and follow the 27 d#gtion. As a
consequence, the interplanetary magnetic field is twistedthe so-called Parker
spiral.

At the Earth’s orbit, the observed average speed of solad warabout 450
km/s, the proton number density 6.6 ththe electron number density 7.1 ci
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and the magnitude of the interplanetary magnetic field 7 ng.,(&ivelson and
Russell, 1995). On average, the Parker spiral forms an ahg® evith the Sun-
Earth-line. However, while the solar wind is flowing contiusly, the actual IMF
direction, as well as other solar wind properties, flucteatesiderably depending
on the solar activity level and coronal structure.

1.3 Magnetosphere

The Earth’s magnetic field or geomagnetic field is produced Bynamo process
in the Earth’s liquid outer core at a depth of 3000-5000 kme ifagnetic field
can roughly be approximated as a dipole, with its magnetithngole located
close to the geographic south pole and the magnetic souéhgimde to the ge-
ographic north pole. The angle between the Earth’s rotatiaos and the dipole
axis is about 11and the magnitude of the field ranges from abouj30at the
equator to 6QuT at the poles. The offset between the actual observed magnet
pole and the geographic pole is 11ib the northern and 14°5n the southern
hemisphere

The interaction of the solar wind with the Earth’'s magnetaidficreates the
magnetosphere. It is a cavity in the solar wind surroundireg Earth, where
the geomagnetic field dominates the motion of charged pestiastead of the
interplanetary magnetic field, and around which the soladviiow is deflected.
The boundary separating the magnetosphere from the sotat iwicalled the
magnetopause.

Moreover, since the solar wind speed exceeds that at whichnuation is
transferred in the plasma, a shock front is formed aroundnhgnetopause. This
bow shock separates the undisturbed solar wind from thekskoitow. On the
Sun-Earth line, the bow shock is located at the distance o@itab3 Earth radii
(Rg = 6371.2 km) from the centre of the Earth. Between the bow shock and the
magnetopause, the shocked solar wind flows in a region dhkeshagnetosheath.

Close to the Earth, the geomagnetic field still resembles al@ifput farther
away, the solar wind compresses the dayside magnetospharsilch a way that
the magnetopause forms at a distance where the dynamiupresisthe solar
wind balances the mainly magnetic pressure of the geomiagindt. Typical
solar wind conditions give to the sunwardmost point of thgnetopause, called
the subsolar point, a distance of H); upstream of the Earth, but under strong
solar wind driving the magnetopause can be pushed wellertbiel geostationary
orbit located at 6.62. At this distance, a satellite orbiting around the Earth has
a 24 hour rotation period, and thus remains at a constarntidocaith respect to
the Earth’s surface. On the nightside, the geomagnetic iBedtieched to a tail
longer than 10k, where the magnetopause is located on average abait; 30
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Figure 1.1: Reconnection and field line convection a) in thgmatéosphere and
b) in the ionosphere. lllustration by Minna Palmroth aftemey (1961).

from the Sun-Earth line.

1.3.1 Convection

Fig. 1.1a illustrates schematically field line convectiothe magnetosphere dur-
ing southward IMF. The regions where reconnection takesepéd the dayside
magnetopause and in the distant tail are marked by X. Whehwau IMF en-
counters the northward oriented geomagnetic field at theidaynagnetosphere,
reconnection occurs (field line 1 in Fig. 1.1a). The newlyorewected, so-called
“open” field lines have one end attached to the Earth and otfeetsolar wind.
Both halves of the reconnected dipole field line are draggktiaials, one across
the northern, the other across the southern polar cap vétedlar wind flow (2-5
in Fig. 1.1a). According to Eq. (1.6), the solar wind flow ingps a dawn-to-
dusk directed electric field across the polar cap. In theadidtil, the additional
magnetic flux forces the field lines to move towards the eqistplane, where
the oppositely directed field lines from the northern anditsen hemispheres re-
connect again at the so-called distant neutral line (DNLthatdistance of about
100-200R g from the Earth (6 in Fig. 1.1a). When the two open field linesgaer
the resulting closed, but far streched field line convectk lbaward the dayside
magnetopause (7-9 in Fig. 1.1a), while the other convedtisuamvard to rejoin
with the solar wind flow.

The solar wind energy enters the magnetosphere by mageetnmection
and viscous interaction (Dungey, 1961; Axford and Hine€§1)9but the loca-
tion where reconnection takes place on the dayside magmetepstill remains
unresolved. There are two main hypothesis that predict tieeteof the IMF
direction on the location: According to the component re@mion hypothesis
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Figure 1.2: Sketch of the Earth’s magnetosphere and lade sarrent systems.
lllustration by Teemu Mé&kinen.

(Sonnerup, 1974), reconnection is most likely to occur ocinepassing through
the subsolar point, where the solar wind dynamic pressumeosst intense. The
angle between the magnetosheath and the geomagnetic fieks iselevant: the
antiparallel components of the fields are reconnected dégss of the presence
of any parallel components. In contrast, the antiparalebnnection hypothesis
(Luhmann et al., 1984) states that the presence of paralheponents is enough
to prevent reconnection, which implies that reconnectian anly take place in
those regions on the magnetopause where the magnetosinelagfe@magnetic
fields are oppositely directed. Therefore, any IMF origatatan produce re-
connection, provided that there is a region where the twddiake antiparallel,
and that there is sufficient plasma convection towards #gibn to bring the two
field configurations in contact. During negative IMFE, (in GSM coordinates)
and zeroB,, both hypothesis predict a uniform reconnection line ateheato-
rial plane, but with increasing,, the antiparallel reconnection line breaks and
the ends move away from equator toward the cusps, while timpaoent recon-
nection line remains uniform and is merely tilted. Duringspwe B., parallel
reconnection is predicted to take place tailward of the susgile component
reconnection occurs mostly due &.
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1.3.2 Structure

Fig. 1.2 displays a sketch of the structure of the Earth’'smetmsphere and large
scale current systems. The magnetopause currents, whitle @ayside are also
called the Chapman-Ferraro currents, separate the maghetesrom the solar
wind.

For the closed magnetospheric configuration, the funnabath regions be-
tween the sunward and tailward directed field lines in bothispheres are called
the polar cusps. The cusps provide the shocked solar wisthplaf the magne-
tosheath a direct entry to the magnetosphere and to thepbaos For the open
magnetospheric configuration, the cusps are the narroangegif recently opened
field lines tailward of the last closed field line. The opendikhes of the cusps
are connected with those of the interplanetary magnetit, f@ld thus provide the
solar wind plasma access to the magnetosphere and to trsploere.

Most of the volume of the magnetosphere consists of magfexicubes that
are connected to the polar ionospheres at one end and tot¢nplametary mag-
netic field at the other end. These low density regions atedttie tail lobes. The
magnetic field lines of the northern lobe are connected twoithirity of the north-
ern magnetic pole, and directed towards the Earth, whehesg tof the southern
lobe are connected near the southern pole and directed Aveagucture like this
requires an electric current flowing in the equatorial planen the dawnside to
the duskside. This cross-tail current is closed via magretse currents encir-
cling both lobes. Over a large range of distances downst#ahout 20R 5, the
fields of the northern and southern tail lobes are nearlypardilel, and have an
almost constant magnetic field intensity of about 20 nT (€glkkinen, 2007).

Between the tail lobes lies the plasma sheet (PS), a regioansed plasma,
centered at the equator, and typically about Zz6thick. Plasma densities in the
plasma sheet are of the order of 1chand the magnetic field is weak, only a few
nT. Thus, while the ratio of plasma@j and magnetic pressurgs= 2u,P/B? is
very low in the tail lobes, it generally exceeds unity in tlemtal plasma sheet.
Field lines of the plasma sheet are closed to the Earth’delijpeld at both ends,
but streched far into the tail. The region of closed field difeetween the tall
lobe and the plasma sheet is called the plasma sheet bouaglarf{PSBL). The
ionospheric regions, where the plasma sheet and the pldsealsoundary layer
are connected are called the auroral ovals.

Inside the geosyncronous orbit at &&; from the centre of the Earth, the
geomagnetic field is almost dipolar. There are three paxérlapping plasma
populations in this region: the plasmasphere, the ringectirand the radiation
belts. The ring current (e.g., Frank, 1967), located apprately between 2—7
Rpg, is created by 10-200 keV ions and electrons trapped on dsedldipolar
field lines. Due to curvature and gradient drifts, positiwes of the ring current
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drift westward while the negative electrons drift eastwaesulting in a perma-
nent westward electric current. During strong magnetiwigtthe ring current
is amplified by injection of new particles, while during quienes the particles
slowly dissipate through different processes, and theeotitweakens.

The trapping regions of high-energy charged particlesosunding the Earth
are called the van Allen radiation belts (Allen et al., 198Ben and Frank, 1959).
The inner belt contains primarily protons with energiessmding 10 MeV, while
the outer belt consists mainly on electrons with energie® @gtoout 10 MeV.

The torus-shaped inmost part of the magnetosphere con$istéd (about 1
eV), dense plasma (10-1000 cth of subauroral ionospheric origin. While the
drift of the energetic particles is largely controlled by tmagnetic field geome-
try, the cold plasma particles are guided both by the eleatnd magnetic fields.
The Earth’s rotation sets up an electric field, which dragsdbld plasma into a
corotational motion. The competing effects of this and thkarswind-imposed
electric field create a boundary, inside of which particles teapped on closed
orbits around the Earth, while outside, particles follow thagnetospheric con-
vection. In the vicinity of this boundary, located at abou632; from the centre
of the Earth, plasma density has a sharp gradient. This ikras the plasma-
pause (e.g., Goldstein et al., 2003), and the region inside¢he plasmasphere.

1.4 lonosphere

The Earth’s ionosphere is the partially ionised upper apheee at about 70—1500
km altitude. Itis created by solar radiation and partickgipitation that ionise the
neutral atmosphere. The ionosphere is located approXynaithin the same alti-
tude range as the neutral atmospheric layer thermosphigrel(8), which thereby
provides a background energy and momentum sink for the ntagpleere-iono-
sphere coupling processes.

The strong geomagnetic field influences charged particles.a Aesult, the
ionospheric plasma is very anisotropic and the ionosphdoevg(0—30"), middle
(30°—60) and high latitude (60-90°) zones exhibits quite different phenomena.
At high latitudes, for instance, ionisation by particle iagpis important. In this
thesis, we have concentrated mainly on the auroral regiadhdnrhigh latitude
ionosphere.

1.4.1 Structure

Due to the ambient collisional neutral atmosphere, thespheric electron den-
sity profile is dependent on the balance between the creatidrdestruction of
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Figure 1.3: Left: Modeled neutral temperature as a function of altitude above
Helsinki on 22 September 2005 at 00 and 12 local time (fronj)[@dd the re-
sulting atmospheric layerdiddle: Modeled ionospheric electron density (from
[02]) and ionospheric layersRight: Modeled ionospheric conductivities (from
[03], see Sect. 1.4.2) and the main colors typically obskemeuroral light (see
Sect. 1.4.1). The dashed purple lines mark the altitudeerarigere the majority

of the perpendicular currents are concentrated (Sec)lathd the solid purple
line the thin sheet (Sect. 1.4.3).
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ions and electrons, that is, between ionisation and reatettibn. Most of the ion-
isation is caused by the solar EUV radiation at wavelengdhd.@0 nm. In the au-
roral region, another important source of ionisation,ipakarly during nighttime,

is the flux of energetic particles. This particle precipdatis highly irregular,

with large spatial and temporal variations.

Charged particles, mostly electrons, precipitating inBarth’s atmosphere
are also responsible for producing auroral light. Collisi@rnth precipitating par-
ticles excite atmospheric atoms and molecules to highegghevels, which then
relax by emitting auroral light. Most of the visible aurofigiht is typically pro-
duced by particles with energies of 0.5-20 keV, and is ethitietween 100-150
km altitude. The main colors observed in auroral light, amelrtpeak altitudes,
are red (630.0 nm) at 250 km altitude, green (557.7 nm) at M @lkitude and
blue (427.8 nm) at 90 km altitude (Brekke, 1997). Red are greztha most com-
monly occurring emissions, but the red emissions are oftechnwveaker than the
green ones. Red and green are produced by electron collsitimatomic oxy-
gen, and blue with nitrogen molecules. Green and blue eomssire caused by
higher energy particles than red emissions, capable oftfzeimg deeper into the
atmosphere.

The ionospheric electron density changes as a functiontitiide. The re-
sulting layers approximately between 60—90 km, 90-150 kch250-1500 km
are called the D, E and F regions (Fig. 1.3). The altitude wliee ionosphere
is transformed to the magnetosphere is not rigorously defimet in the magne-
tosphere the neutral density begins to be of the same ordaaghitude as the
electron density, which condition is approximately satidfat 1500 km altitude.
The E region is formed by a local electron density maximunt ihan the day-
side often produced solely by solar irradiation and on tlyitside enhanced by
electron precipitation. The global maximum of the altityatefile, on the other
hand, is generally located at about 250 km altitude in thegiore

The variation of the solar zenith angle causes both diunméksaasonal varia-
tion in the ionospheric electron density profile. For ins@rdue to the Z3tilt of
the Earth’s rotation axis, during summer solstice the ergturoral oval is sunlit,
while during winter solstice it is in the dark. In the absen€eolar radiation, the
density of free electrons decreases due to recombinattomeffect of the diurnal
and seasonal cycles and the about 11-year activity cycleeoStun on the three
ionospheric layers varies significantly. While the E regismiuch weakened at
night, and the D region disappears altogether, the F regitess affected. How-
ever, in the auroral region when particle precipitationwsat night, the D region
may exist and the E region is drastically increased with antedn density peak
occasionally larger than that of the F region.
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1.4.2 Convection and currents

The ionospheric electric field can originate from the solardimposed electric
field, the corotation electric field and the electric field guwoed by the neutral
wind dynamo. For now, however, further details of the origirthe ionospheric
electric field are omitted, and in this section we conceataat the effects it has
on the ionospheric plasma instead. We return to the quesfighe origin in
Sect. 1.5.1.

The effect the ionospheric electric field has on the plasnpeniés on alti-
tude (e.g., Schunk and Nagy, 2000). In the F region, the tysiofrequency
is greater than the collision frequency with neutrals fothbions and electrons,
which thereby mainly follow th& x B drift. As the altitude decreases, the colli-
sion frequency increases with increasing neutral deresitythus the drift velocity
rotates from thd x B direction toward<. In the E region, collision frequency
is still smaller than cyclotron frequency for electrons,ieththen mainly follow
the E x B drift, but ions are collisional and drift dominantly in thegettion of the
electric fieldE. In the D region, both electrons and ions are collisionaladdi-
tion to turning the drift velocities of ions and electronsaikel and antiparallel to
the electric field, the increasing collision frequences discrease the magnitudes
of these velocities.

The density of electrons\.) and ions and their cyclotron frequences.( w.;)
and collision frequences with neutrals,(, v;,,) determine the ionospheric electric
conductivity. Because of the effect of the geomagnetic figld,conductivity is
anisotropic, and therefore three conductivities are ddfiparallel conductivity
(o)), Pedersen conductivity ) and Hall conductivity ¢ )

1 v? 1 V2
op = 3 en 3 + 5 m 5 N662 (18)
MeVen Ve, + Wee MiVin Vip, + Wei
o 1 WeelVen - 1 WeilVin N 2 (1 9)
on = 2 12 2 o2 ) el '
MelVen Vep, + Wee MiVin Vin + wci

o = < ! + 1, > Neez, (1.10)
MeVen,  MVIN
wherem, andm; are the electron and ion masses, respectively,caadhe unit
charge. The Hall conductivity is the conductivity in theedition perpendicular
to both the magnetic and electric fields, the Pedersen camiym the direction
of the electric field component perpendicular to the magrfetid (E,) and the
field-aligned conductivity in the direction of the magndi®ld. The maxima of
the Hall and Pedersen conductivity profiles occur in the Eoregpproximately
at 110 km and around 120-130 km altitude, respectively (ER).

Although less than 0.1% of the atmospheric molecules arisednthe iono-
sphere is a relatively good conductor, and one of the mosifgignt feature of
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the ionosphere is its ability to conduct perpendicular telecurrents through a
medium of finite conductivity. The electric current arise®do the different drift
velocities of ions V;) and electrons\,)

j=eN.(V;— V). (1.11)

In the F region, both ions and electrdiis< B-drift in the same direction, and
therefore do not carry electric current. In this region hoibte Hall and Pedersen
conductivities decrease rapidly with increasing altitu@&nce charged particles
are free to move along magnetic field lines, but not acrosus ttiee field-aligned
conductivity is several orders of magnetide higher. Thaeefeven a very small
field-aligned electric field can result in significant fielilgaed current. In the E
region, the difference in the drift velocities of the domitlg collisional ions and
the collisionless electrons gives rise to an electric aurrdhe E x B-drift of
the electrons is accompanied by Hall current in the oppasiteztion, while the
ions carry Pedersen current in the direction of the pererali electric field. The
field-aligned conductivity is still much higher than the peadicular conductiv-
ity. In the D region, the ions drift parallel to the electrieli and the electrons
antiparallel, which should result in Pedersen currenttheielectron and ion den-
sities are so low and collision frequencies so high that #@ePsen conductivity
is small. Also the field-aligned conductivity is small, basa collisions dominate
the particle motion even along field lines. Hence, the mgjaf the perpendicu-
lar ionospheric currents flow in the relatively narrow reglmetween 90 and 130
km altitude (e.g., Kamide and Brekke, 1977), which have bearked in Fig. 1.3
by the dashed purple lines. In the polar regions, field-akbourrents from the
magnetosphere can be closed at this altitude via the paqesadcurrents. The
ionospheric current density in terms of conductances a@elictric field is de-
scribed by Ohm’s law

j:UpEJ_—i-OHéHXEJ_—O—UHEH, (112)

whereé,| is a unit vector in the direction of the geomagnetic field.

1.4.3 Thin-sheet approximation

Because the perpendicular ionospheric currents are coateshtin a relatively

thin layer between about 90-130 km altitude, they are oftedeted as a spherical
surface current distribution at a constant altitude of a0 km (marked in

Fig. 1.3 by the solid purple line). Assuming that the eledigld remains constant
as a function of altitude in this region, the perpendiculat pf Ohm’s law can be

written as

JJ_:EPEJ_—FEHéH XEJ_. (113)
J
=Jp :JH

29



Here,J, is the perpendicular sheet current density; and >, are the height-
integrated conductivities, called conductances, &pdandJp are the Hall and
Pedersen height-integrated current density componerssectively.

Above 90 km, the field-aligned conductivity is several osdef magnitude
larger than the perpendicular conductivities. Consequeifith parallel electric
field is set up, electrons moving along the field lines cantyneaincel it out. The
parallel electric field is therefore often assumed to varasid instead of Ohm’s
law, the ionospheric field-aligned current density is gilagrcurrent continuity

J=V-J. (1.14)

Thus, in the thin sheet approximation, there are two kindsuofents in the
ionosphere: perpendicular sheet currents at 100 km adtitdelscribed by Ohm’s
law, and field-aligned currents above 100 km altitude, dieedrby current conti-
nuity.

1.5 Magnetosphere-ionosphere coupling

In the previous section, the ionospheric electric fieldcjpigating particles, and
field-aligned currents were discussed regardless of thigmo but the electric

fields and the exchange of both charged and neutral partiolgde the magneto-
sphere and the ionosphere. Energy is transferred from tigmetasphere to the
ionosphere and atmosphere via particle precipitation ald-&ligned currents.
The conversion of electromagnetic energy associated hélpérpendicular Ped-
ersen currents to heat is called Joule, Ohmic or frictioealimg.

1.5.1 lonospheric convection electric field

As already mentioned briefly in Sect. 1.4.2, the ionosphaddctric field can orig-
inate from the solar wind-imposed electric field, the catiotaelectric field and
the electric field produced by the neutral wind dynamo. [ #ection, these
sources are discussed in more detail.

In the ionosphere, inductive electric fields, caused bydrégeal changes of
current systems and their magnetic fields, are generallgat®d to be unimpor-
tant and hence, for the electric field applies

OB
VxE=-"72=0. (1.15)

If it can further be assumed that the field-aligned electeldffz;, = 0, the highly
conducting geomagnetic field lines can be considered apeigumtials and the
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magnetospheric electric field (Sect. 1.3.1) can be mapped ttothe ionosphere
along them.

Although these assumptions provide a good starting poininfore detailed
interpretations, they are rarely exactly valid. Sateliteasurements have shown
that particularly in regions of upward field-aligned cumrempotential difference
is formed between the ionosphere and the magnetospherepotéetial differ-
ence corresponds to a very finely structured, upward dueglectric field. The
electric field accelerates electrons towards the ionogphenich causes narrow,
bright auroral arcs. In regions of downward current, on ttheeohand, a down-
ward directed electric field prevents the precipitatingetmns from reaching the
ionosphere, which causes dark stripes, “black aurorashdmliffuse background
glow. According to the observations, the field-aligned éretion takes place
between 3000-15000 km altitude. Moreover, Eq. (1.15) de¢spply in very
dynamical situations, when inductive effects become eele{(Manhamaki et al.,
2007).

In addition to the electric field mapped from the magnetosple the iono-
sphere, also other sources contribute to the ionosphegtrig field. For instance,
the tendency of the ionospheric plasma to corotate with #r¢hEgives rise to a
corotation electric field (e.g., Schunk and Nagy, 2000). iBm@spheric plasma
also interacts with the neutral atmosphere through particllisions. Due to the
frequent ion-neutral collision, the ionospheric plasmdragyged across magnetic
field lines by the neutral gas (Campbell, 1997). This neutiatvdynamo varies
with altitude and is often considered insignificant compdogthe magnetospheric
dynamo in the E region. It drives magnetic variation callgdor solar quiet
(Chapman and Bartels, 1940).

1.5.2 Conjugate magnetospheric and ionospheric regions

Conjugacy between a magnetospheric and an ionosphericreggans that they
are located on the same magnetic field line, since the aldodtd and current
between the magnetosphere and the ionosphere are mappedgalomagnetic
field lines. Besides magnetosphere-ionosphere coupliagahcept of conjugacy
can also be useful when comparing ionospheric observateuth as auroras,
occuring in both hemispheres simultaneuously. Naturaligh a comparison is
only meaningful in the closed field line region, since therofield lines only have
one footprint in the ionosphere. Furthermore, two magmétesc measurements
can also be compared, if they take place somewhere along maorield line.
The circular regions surrounding the magnetic poles ateatéhe polar caps.
The solar wind sweeping across the open magnetic field lioesected to these
regions creates an electric field according to Eqg. (1.6)s €lactric field, directed
from dawn to dusk, maps down to the ionosphere, where at di@utm altitude
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it causes electrons to drift from the dayside to the niglet§&d-5 in Fig. 1.1b) and
ions from dawn to dusk in both hemispheres. The polar capsameasure of the
magnetic flux within the tail lobes: increasing the amounopén flux increases
the size of the polar cap, while decreasing the amount of Gpemiecreases it.

The field lines equatorward of the polar cap are closed. Ttexnrediate
regions between the open field line regions of the polar caggtee low-latitude
region containing the dipolar field lines are called the aalrovals. The auroral
ovals encircle the magnetic poles and host continuoussdifwroral precipitation
in addition to the bright auroral displays associated wittngés of geomagnetic
activity. On the nightside, the field lines of the aurorallcv@ connected to the
plasma sheet. The boundary between the open field lines dblles and the
closed field lines of the plasma sheet, the plasma sheet boutayer, maps to
the poleward edge of the auroral oval. In the plasma sheetplsma flow is
directed towards the Earth, on average. Closer to the EaeH|dw is deflected
around the dipolar field line region of the inner magnetosplaad continues to
the dayside in the dawn and dusk sectors. In the ionosphlerenapped electric
field causes the antisunward electron flow of the polar caplibia two when
it reaches the nightside auroral oval, and return to theidaya the dawn and
dusk sector ovals (6—9 in Fig. 1.1b). The ions, on the othadhdrift from the
equatorward boundary of the oval towards the poleward baxyrwh the duskside,
and vice versa on the dawnside. On the nightside and on trsidgayhe ion drift
is from dawn to dusk. The field lines immediately polewardha awroral oval
centered at the local noon are connected to the polar cusps$-(@. 1.1b).

According to the direction of the IMF, reconnection on the/side magne-
topause can result in either symmetric or asymmetric cdinrepatterns in the
two hemispheres. When the IMF is southwafgl (< 0 in GSM coordinates),
plasma flows antisunward across the polar cap and sunwahe iauroral oval,
forming a two-cell convection pattern. Faé#, ~ 0, the pattern is symmetric.
For B, < 0, the dawn cell becomes rounder and the dusk cell crescapesh
whereas for3, > 0, the dusk cell becomes rounder and the dawn cell crescent-
shaped in the northern hemisphere. In the southern hemesgbea given sign of
B,, the behaviour of the cells is reversed. When IMF is northwatd> 0), the
convection patterns are more complex, for instance formindfiple cells (e.g.,
Schunk and Nagy, 2000). During strongly positi#¥g, the configurations in the
two hemispheres may be very different (Lu et al., 1994).

The drifting electrons carry Hall current in the oppositeedtion. The pre-
dominant features of this component are the regions of gteortisunward di-
rected currents in the dawn and dusk sector auroral ovdleddhe electrojets,
and the region on the nightside where they meet, called thartdadiscontinuity
(bottom row of Fig. 1.4). The Pedersen current carried byidhe mainly closes
the field-aligned currents flowing between the magnetospaied the ionosphere
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(middle row of Fig. 1.4).

Due to their larger mass, the number of precipitating ionsiigch smaller
than that of the quickly moving electrons, typically 1-2 erslof magnitude (e.g.,
Schunk and Nagy, 2000) and, therefore, upward field-alignedent is carried
mainly by the precipitating electrons. In a steady stat@smqeutrality is main-
tained by the positive ion background along the field linete Bownward re-
turn current is provided by upward flowing ionospheric elees. Statistically,
the large-scale field-aligned currents in the auroral reginsist of a pair of co-
centric rings, called the region 1 (R1) and region 2 (R2) systéop right hand
side panel of Fig. 1.4). The poleward R1 currents flow into tireosphere on
the dawnside and out of the ionosphere on the duskside, a$dre equatorward
R2 currents have an opposite polarity at a given local timjen@ and Potemra,
1976). In general, particle precipitation in the auroraheas highly structured
and time dependent.

The exact mapping of the R1 and R2 field-aligned currents to thgneto-
sphere is still unresolved. Since the R1 currents lie clofieetdvoundary between
the open and closed field lines, it seems likely that on theagial plane they
would map to the outer edge of the magnetosphere. The R2 tsireenthe other
hand, map to the region where the westward ring current laitesi around the
Earth.

1.5.3 Magnetospheric magnetic field models

Since the magnetic field plays a major role in determininggdiaoerties of the
geospace plasma, such as its anisotropy, observations imaiféerent regions
of space can be compared by mapping them along the geomagekti Hence,
knowledge of the structure and dynamics of the geomagnetcdinder different
conditions of the solar wind is required.

This knowledge can most usefully be expressed in terms afliated magne-
tospheric magnetic field models. In such a model, the Earitésnal field, given
by the International Geomagnetic Reference Field (IGRF) maslenodified by
adding external magnetospheric current systems. Theilootitn of the internal
field is important approximately up to the distance of thesgationary orbit, af-
ter which the external field dominates. The magnetic fieldsedby each major
current system is represented mathematically, after whieindividual contribu-
tions are added up. The representation includes the respdrise field to such
observable parameters as the orientation of the Earthielgxis, interplanetary
magnetic field, solar wind pressure and appropriate gedgddyiadices. Finally,
the model is calibrated against an extensive database cigae magnetic field
observations. In addition to the determination of conjagagions, such as the
ionospheric footprints of satellites, a model can help tdjot the magnetic field
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Figure 1.4: Average field-aligned current distributionp(taght), the perpendicu-
lar currents closing the field-aligned currents (middle] #re perpendicular cur-
rents causing the ground-based magnetic signaturesifijofldve average auroral
oval, marked by the black arcs between 04—06 and 18—-20 Mld¢aded between
62°—73 latitude. Figure from PUBL. IV.
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expected at a given time and location. The predicted valae$hen be compared
with actual observations, for instance to estimate whdtieemodel is applicable
for the event.

Presently, one of the most widely used models is the T89 @rssngko, 1989)
model. It only requires thés, index as input, which makes it easy to use, es-
pecially, when processing large amounts of events. Thelgmobf this kind of
models, however, is that they may work poorly for specificré\studies. There-
fore, event-oriented magnetospheric magnetic field mdumle been developed
(e.g., Kubyshkina et al., 1999). An event-oriented modebisstructed by mod-
ifying an existing model, such as T89. Free parameters aszrdmed for each
current system, which are then varied in order to get theftidsttween the model
and all available observations during the event.

1.5.4 lonosphere as a monitor

The spacecraft currently scattered across the magnetesph@ot come close to
covering the entire region. Moreover, the view one sagglids of its surroundings
is very limited, and without additional information, it igten difficult to distin-
guish whether an observed transient signature is causeddmg@oral change in
the ambient conditions or by a structure passing the spaite€he velocity, size
and lifetime of such a structure are impossible determiags ¢he spatial extent
of the temporal change. With a cluster of several space(@aft, the Cluster mis-
sion, Sect. 3.2.1), the situation is somewhat improved batemporal and spatial
changes can be told apart. Moreover, with some assumptiomg ¢he shape of
the passing structure, its velocity and size in the directbthe motion can be
calculated. The size perpendicular to the motion, on therdtland, can only
be estimated if it happens to be comparable to the distaretesebn the space-
craft. The same applies to the spatial extent of the tempbiige. However, the
lifetime of the moving structure is still likely to remain kimown.

lonospheric observations can be utilised to place spaitessaervations in
context within the large scale magnetospheric structuneista distinguish be-
tween spatial and temporal gradients in the satellite datee to its smaller size
and proximity to the Earth, monitoring the ionosphere is measier and can be
done using, for instance, ground-based networks or datefiagers. Apart from
plasmoids, magnetospheric field lines are generally cdaeddo the ionosphere,
which can thus be regarded as a monitor of the much larger ebagphere, pro-
vided that the implications of the observed signaturesrimseof magnetospheric
processes are understood.

The interpretation of ionospheric signatures in terms ofjmetospheric phe-
nomena is quite challenging, partly because the prop@tdthe magnetosphere
become severely distorted when projected on the ionosieng the geomag-
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netic field lines. The projection of the relatively small @inrmagnetosphere cov-
ers the unproportionately large region between the auowas, while the entire
plasma sheet, where the most interesting dynamics occegueezed into the
narrow ovals. While the GSM y-direction is still relativelyel represented in
the ovals, the x-direction is severely contracted. Moreamormation between
the magnetosphere and the ionosphere is carried by Alfveastteavelling at the
Alfvén speedVy = B/,/jop, Which is about 0.1-Rg/s. This means that, de-
pending on the location of the magnetospheric source anatiiéent conditions
along the signal path, it takes from seconds to minutes fositjnal to reach the
ionosphere. This time delay can cause further ambiguitgnatiying to couple
magnetospheric observations with their ionospheric anpatts.
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Chapter 2

Geomagnetic activity

Variations in the geomagnetic field caused by sources edtéornthe Earth are
generally referred to as geomagnetic activity, and inglfioleinstance, geomag-
netic storms, substorms and aurora. The practical impahtoéctivity on human
technology is termed space weather. The long term vartahilthe geomagnetic
activity has several sources. For instance, the varighifithe Sun itself that is
reflected on the solar wind causes the 11- and 22-year satlscywhile the ro-
tation of the Sun around its axis produces a periodicity oflays. The level of
geomagnetic activity is measured using different activitlices, such ady;, K,
and AFE, most of which are derived from ground-based magnetic fieddsure-
ments. The indices are also often used to bin observatidnrespect to the level
of geomagnetic activity.

2.1 Magnetic indices

Depending on the latitudinal locations of the magnetomstiions from which
the magnetic index is derived, different indices are slététr describing differ-
ent aspects of geomagnetic activity. For instance, thelébiwtde D,; index is
mainly affected by the ring current, and can therefore be& aigenonitor mag-
netic storms, while thel £ index obtained from the high-latitude auroral region
describes substorm activity. The mid-latituig index, on the other hand, is af-
fected by both current systems, and is therefore a more gleinelicator of the
global activity level.

2.1.1 D, index

The D, index (Sugiura, 1964) is derived from the horizontal congurof the
magnetic field measured by four ground-based low-latitudgmetometer stations
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distributed roughly evenly around the Earth. The baselm&uding the secular
variation, as a function of UT hour is computed as the annwedmof the five
guietest days of each month, and the solar quiet daily vanias a function of
UT hour is computed as the mean of the five quietest days of tréhm Secular
variation refers to the slow change of the Earth’s magnegic fon time scales
ranging from year to millennia, and the geomagnetic solaetqigily variation
field is a regular daily variation caused by ionospheric aagmetospheric current
systems. For each station, the baseline and the seculativarare subtracted
from the observed magnetic field antl; is computed as the average of the four
stations weighted inversely by the cosine of the dipoleéuds of the station.

The D,; index represents the axially symmetric disturbance magfietd at
the dipole equator on the Earth’'s surface. Major disturbann D, are nega-
tive, corresponding to decreases in the geomagnetic fieltes& decreases are
produced mainly by the ring current, but also the crossetaitent makes a small
contribution. Positive variations i, are mostly caused by the compression of
the magnetosphere due to solar wind pressure increases.

2.1.2 K, index

The K, index (Bartels et al., 1939) is obtained from 13 mid-latitgg®magnetic
observatories, eleven of which are located in the northedtwao in the southern
hemisphere. For each 3-hour interval, the local disturbdenels at each station
are determined by taking the largest excursion in the tw@zbotal components
with the effects of annual and daily variations eliminatdthe k&, index is ob-
tained as the mean value of these disturbances, placed @tearanging from O
to 9. Variations ink, are difficult to interpret physically since, depending oe th
level of magnetic activity, the stations are under the infaeeof different current
systems.

2.1.3 AF index

The auroral electrojetA E) indices (Davis and Sugiura, 1966) are derived as one-
minute values from the horizontal component of the magriegid measured by
10-13 ground-based magnetometer stations located aleraytoral zone of the
northern hemisphere. A monthly baseline value for eaclosta calculated by
averaging all data from the station on the five internatigngliietest days. The
baselines are subtracted from the observed data, and forgéa UT time, the
largest and smallest of the resulting values among allostatare selected. The
largest value is called théU index, the smallest the . index, and the difference
AU — AL the AE index.
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The AU and AL indices are intended to describe the strongest eastward and
westward current, respectively, while the general elget@ctivity is represented
by the AE index. However, the auroral oval can move considerably fitulde
and, hence, the electrojets are not well covered during greigt and very active
conditions.

The IE index is a local equivalent o £/, determined from IMAGE magne-
tometer network measurements (Sect. 3.1.1), and is prd\ademinute values.
Similarly, the/L and IU indices are the local equivalents of the globdl and
AU indices. These indices have been utilised in PUBL. V.

2.2 Substorm

Originally, Akasofu (1964) described the substorm in teahauroral dynamics,

and this ionospheric manifestation of the phenomenon enakferred to as the
auroral substorm. The substorm, however, is a process gasing the entire

solar wind-magnetosphere-ionosphere system. Substgpieally last 2—3 hours

and occur at a rate of about four per day (Borovsky et al., 1998}ing intense

solar wind driving, however, they take place more frequestid are more intense,
while during weak solar wind driving, long quiet periods carcur.

2.2.1 Auroral substorm

The auroral substorm is generally divided into three maiasgls: the growth
phase, the expansion phase, and the recovery phase (Ak&86#; McPherron,
1970). In addition to optical signatures, these phaseslsarba recognized from
ground-based magnetometer observations, such asihadex.

During the growth phase, the auroral oval moves equatonsadiparticularly
on the nightside, east-west oriented auroral arcs driillog/ly equatorward can
be observed. Thd E index starts to grow, indicating enhanced magnetospheric
and ionospheric convection.

The beginning of the substorm expansion phase is referrasl tioe substorm
onset. The onset is signified by an auroral breakup, durinighwtypically the
equatorwardmost of the equatorward drifting arcs intessiéind forms the so-
called auroral bulge. While several brightenings can octneady during the
growth phase, the onset is the intensification leading tduhescale dynamics.
The point where the activation is first observed is termedtiset location. Typ-
ically, the location varies between about 20—01 MLT an@l-622 invariant lati-
tude (ILat), with an average at 22.6 MLT and 66lBat (Gjerloev et al., 2007).

During the expansion phase, the auroras expand eastwastiyavd and pole-
ward from the onset location. The western edge of the expgrulilge is called

39



the westward travelling surge (WTS). The formation of a clehohintense west-
ward current inside the bulge, called the auroral or substlectrojet, is asso-
ciated with magnetic Pi2 pulsations with a period of 40-1%8a&to, 1969) and
a sudden increase of thel’ index. During the most intense substorms, the
index can exceed 1000 nT.

During the recovery phase, the activity shifts to the eartymng sector. At
the beginning of the recovery phase, the auroral oval is wéahg, and often splits
to form a double-oval (Elphinstone et al., 1993). The polelnedge of the oval
starts to retreat equatorward. Eastward drifting aurdracgures, called omega
bands due to their shape, are occasionally observed. Theshalectrojet decays,
causing thed £’ index to slowly decrease.

Typically, the growth phase continues for less than an hihr,expansion
phase for about 30 minutes, and the recovery phase for 1+2, faaounting to a
total substorm duration of about 2—3 hours. However, imlligi substorms often
differ considerably from each other. Particularly duringrs periods, the growth
phase of a new substorm may begin before the recovery ph#se pifevious one
has ended. The durations of the different phases vary cenadity, and the end
of the recovery phase is not always unambiguous. It is alsmhoan for several
activations to occur during one substorm. During the graguttase, smaller acti-
vations that do not lead to the expansion phase may take.glaese activations,
called pseudobreakups, are localized and only last for adaw of minutes (e.g.,
Koskinen et al., 1993).

2.2.2 Magnetospheric substorm

The solar wind energy, momentum and plasma enter the megpietee via mag-
netic reconnection and viscous interactions (Dungey, 19&ford and Hines,
1961). When the energy input is small, the energy is dissipatéhe ionosphere
and the magnetic flux opened by the dayside reconnectiorepsas closed by
the reconnection process in the distant magnetotail attdl®®+200R ;; from the
Earth. During enhanced energy input, however, the daysidenahtside recon-
nection rates are rarely balanced, although such Steadypétiagpheric Convec-
tion (SMC) events, lasting up to ten hours, have been obséBedeev et al.,
1996). More often, enhanced energy input from the solar wonihe magneto-
sphere leads to a loading-unloading sequence called a tosgheric substorm.
For instance, Kamide et al. (1977) showed that substorms @dth a 100% prob-
ability whenever the southward component of the 1-hourayed IMF exceeds
-3 nT.

Enhancement of the energy input from the solar wind to thermegxgphere,
often caused by the southward turning of the IMF, initiates $ubstorm growth
phase, during which energy is loaded into the magnetothag. résulting increase
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of the magnetic flux in the tail lobes, which can be observethaequatorward
motion of the auroral oval in the ionosphere, streches tihama consequently
enhances the magnetospheric current systems and congptieegglasma sheet,
leading to the formation of a thin (down to OHlz), intense current sheet between
about 6-157; tailward from the Earth (Sergeev et al., 1990).

During the substorm expansion phase, the energy stored taitls unloaded.
According to satellite observations, the field lines of theaer magnetosphere re-
lax from their streched configuration to a more dipolar canfidion. During this
dipolarisation process, the plasma sheet expands, anelaidbtvard and tailward
plasma sheet plasma flows and particle injections at thetafemsary orbit are
observed. A portion of the plasma sheet magnetic field anshp@as detached
from the geomagnetic field, and this plasmoid is ejected dtneam to the solar
wind. The tail field reconfiguration is also associated wittorsg field-aligned
currents between the magnetosphere and the ionosphewd infpart contribute
to the energy dissipation in the ionosphere.

A part of the cross-tail current is disrupted, and it clode®ugh the iono-
sphere, forming a current loop called the substorm currexige (SCW, McPher-
ron et al., 1973). On the eastern edge of the substorm curesige, the cross-tail
current is diverted to the ionosphere via downward fieldradd current. In the
ionosphere, the current flows westward, forming the substdectrojet, and re-
turns to the magnetosphere via the upward field-alignecention the western
edge of the substorm current wedge. The westward travedlimge is then the
auroral signature of the upward field-aligned current. Adow to recent obser-
vations, however, the upward current of the WTS does not wloolginate from
the eastern edge of the SCW, but is partly closed by local dashfield-aligned
currents (Marklund et al., 1998; Amm and Fuijii, 2008).

At present, there are two main competing model to explairotiservations.
According to the near-Earth neutral line model (Baker etl®196), the thin cur-
rent sheet becomes unstable, possibly due to the tearing msi@bility, leading
to the formation of a reconnection region at about 20R30distance from the
Earth. Because the reconnection rate is proportional to ther speed of the
inflowing plasma, the process is relatively slow as long esrnitains on the closed
magnetic field lines where plasma is abundant. After thedasted field line is
reached, the reconnection rate increases abruptly, whiftan interpreted as the
onset of the expansion phase. The poleward expansion afaurtine ionosphere
then results from the sudden decrease of the open magnetiao filne tail lobes.
Dipolarisation and fast plasma sheet flows are explainethé&yttflow from the
reconnection region, while the plasmoid is formed betwéemear-Earth neutral
line and the distant neutral line, and released when reaionesevers the last
closed field lines and proceeds to the open field lines. The SCalo predicted
by the model. The plasma flows earthward from the X-line in mava channel.
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Because the channel is limited in the cross-tail directiba,ftow shear between
the fast flow and the ambient earthward plasma flow within taema sheet cre-
ates a pair of field-aligned current sheets with upward faigihed current on
the duskside and downward field-aligned current on the digl@rd the channel.
When the flow reaches the strong field in the inner magnetospitastows down

and splits in two in order to circulate around the Earth. kemnore, the recon-
nection process is associated with rapid and significamtersion of magnetic
energy in the magnetotail lobes to particle kinetic enemyy keat in the plasma
sheet.

According to the current disruption model (CD, e.g., Lui et 2008), on the
other hand, current disruption within about &% from the Earth causes the mag-
netic field to relax to a more dipolar configuration, whichegwvise to dipolari-
sation and fast flows. The current disruption process iastgfurther disruption
in the adjacent regions by thinning the plasma sheet andnemwathe cross-
tail current, which allows the current disruption to occoogressively down the
magnetotail. Later, magnetic reconnection may develomatas these current
disruption sites.

When the extra energy stored during the growth phase has kbansted, or
the energy input from the solar wind decreases, the maguietos starts to return
to its quiet state. During this recovery phase, the magaigitetches back to its
original form after the dipolarisation overshoot of the adpion phase. This can
be observed in the ionosphere as the equatorward retrda pbteward edge of
the oval, caused by the restoration of magnetic flux to théotaés. According to
the near-Earth neutral line model, the near-Earth neutr@ldropagates down the
tail to replace the distant neutral line that was lost at gtease of the plasmoid.

The size of the substorm is closely related to the energytifipm the solar
wind to the magnetosphere. If the IMF turns northward dutheygrowth phase
or near the onset, the ensuing substorm tends to be smalieasheontinuous
energy input throughout the entire expansion phase isyliiceproduce stronger
activity (Kallio et al., 2000).

During pseudobreakups, the expansion phase processésastice current
disruption, substorm current wedge, and dipolarisati@mupas localised versions
of the corresponding global scale substorm phenomenakipelk, 1996; Aikio
etal., 1999). Suggestions for the conditions that prevenpseudobreakups from
evolving into fully fledged substorms include too slow or tcansient energy in-
put from the solar wind to the magnetosphere, insufficiearbste of energy in the
magnetotail (Nakamura et al., 1994; Amm et al., 2001) andspheric conduc-
tivity, which is not high enough to close the substorm curregedge (Koskinen
etal., 1993).
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2.3 Magnetic storm

The magnetic storm is a geomagnetically disturbed peristinig from several
hours to several days, characterized by a decrease &f thedex (Chapman and
Bartels, 1940). Substorms require a period of enhanced eigrgt from about
30 minutes to an hour. If the energy input continues signifigalonger (over
three hours) a magnetic storm develops (Gonzalez et al4)1%8erefore, coher-
ent solar wind structures, such as coronal mass ejection&j@wd high speed
solar wind streams, are effective drivers of magnetic ssoMdhile substorms can
occur without magnetic storms, all storms include also subsactivity.

The magnetic storm begins with a sudden commencement (S&C)dfich
it can be divided into the initial phase, the main phase aedr¢icovery phase,
identifiably from a time series of thB,, index. The initial phase is characterized
by a positive excursion of thB, index, caused by the compression of the dayside
magnetopause as the CME or other structure hits it (ChapmaRearaio, 1931).
During the main phase, thB,, index decreases rapidly, the auroral ovals move
equatorward, and the occurence rate of substorms increabesmagnitude of
the decrease ib,; represents the severity of the disturbance. During the/exgo
phase, theD,, index slowly recovers and the auroral ovals retreat poldwar
their nominal locations. The decrease of thg index during the main phase is
caused by the increase of the ring current. Particularlindwsubstorm expansion
phases, charged particles are injected into the inner negpieere, where they
become trapped by the magnetic bottle. When the energy impnort the solar
wind decreases, and new particles are no longer injectedptinent slowly begins
to decrease.

2.4 Space weather

The term space weather refers to conditions on the Sun, solflae wind, magne-
tosphere, ionosphere, and thermosphere that can be haotéehnological sys-
tems or human health in space and on ground. Solar irradjagigergetic particle
fluxes from the Sun, and the solar wind with its various stres all drive geo-
magnetic activity and are thus potential sources for spaaiver effects, such as
disruption of satellite operations, communications, gation and electric power
distribution grids on ground.

The time scales of space weather processes vary from theat 5gkar cycle
and longer (long-term solar activity variations) to 27 dégcurrent solar activ-
ity), days (magnetic storms) and hours (substorms). The tie@e obtained by
prediction, on the other hand, depends on how long befohieg the Earth the
event can be observed. Electromagnetic radiation trabelslistance between
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the Sun and the Earth in about 8 minutes, while energeticcfest after their
release from the solar surface or an interplanetary shamk,freach the Earth
within about 20 minutes. The solar wind travel time from then$o the Earth is
of the order of 80 hours, and from the solar wind monitoresated at the first
Lagrangian point (L1), about an hour (Pulkkinen, 2007).

The final goal of space weather research is to be able to peaeliable fore-
casts and nowcasts of the state of the space environmentsagitects. In order
to reach this goal, it is first essential to learn to quartidy predict the state of
the magnetosphere and the ionosphere from the solar wireth@t®ons.
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Chapter 3

Measurements

In this chapter, the instruments that have produced theutiditeed in PUBL. I-V
are briefly described.

3.1 lonosphere

3.1.1 MIRACLE/IMAGE

The Magnetometers - lonospheric Radars - Allsky Cameras LBxgeriment
(MIRACLE, [04]) is a two-dimensional ground-based instrumeatwork com-
prising magnetometers, radars and all-sky cameras. Thwretovers an area
from subauroral to polar cap latitudes over a longitude easf@bout two hours of
local time (Fig. 3.1) and is maintained and operated asnaternal collaboration
under the leadership of the Finnish Meteorological Institu

The International Monitor for Auroral Geomagnetic Effe¢IAGE, [05])
magnetometer network of MIRACLE currently consists of 30 meigmeter sta-
tions maintained by 10 institutes from Estonia, Finland;rzaany, Norway, Poland,
Russia and Sweden. The network was designed mainly for twaskih stud-
ies: while the extensive coverage from°38 79 geographic latitude (5475
CGM latitude) favours electrojet studies, the 10 second teaipesolution and
the uniqgue mesoscale (10-1000 km) spatial resolution ateb$el for studies of
moving two-dimensional current systems. Particularlg, letitudinally extended
TAR-NAL chain is suitable for monitoring electrojet actiyitThe network utilises
fluxgate magnetometers (e.g., Campbell, 1997) to measutérée components
of the magnetic field. The disturbance magnetic field is olethiby subtracting a
baseline value from the measured field. The average madisdticiuring a quiet
period close to the event is generally used as the basel#&GE data have been
used in PUBL. I-lll and V.
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@ Magnetometer October 2004
O All-sky camera
O Magnetometer and all-sky camera

Figure 3.1: Magnetometers (IMAGE) and all-sky cameras efNHRACLE net-
work. lllustration by Lasse Hakkinen.
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3.1.2 CHAMP

CHAMP (CHAllenging Minisatellite Payload, [06]) is a Europeamall satellite
mission. It was launched on 15 July 2000 into an almost argulear polar
(z = 87°) orbit with an initial altitude of 454 km, but due to atmospkelrag, the
altitude had decreased to about 350 km by the end of 2005. CH#ddR period
of about 1.5 h, resulting in over 15 revolutions per day, dhtbeal time sectors
are covered in 131 days. The vector magnetic field is measwyrede fluxgate
magnetometer on board.

The 1 Hz data, which have been used in PUBL. |, Il and IV, comwaspto
about 7.5 km distance between successive measurementafiagon magnetic
field is obtained by subtracting from the measurements the 1@&8 field model
(Holme et al., 2003), employed up to degree and order 14, lamding current
effect (D4-correction) using the external set of coefficients of trasanodel.

3.1.3 EISCAT

The European Incoherent SCATter (EISCAT, [07]) Scientific dgsation is an
international research organisation operating threehemnt scatter radar sys-
tems in Northern Fennoscandia and Svalbard. It is fundedoaedated by the
research councils of Norway, Sweden, Finland, Japan, CtheaJnited King-
dom and Germany. The EISCAT Svalbard Radar (ESR) utilises 50@ Mikta
High Frequence (UHF) radio waves. The mainland radars cgmprtransmitter
site in Tromsg, Norway, consisting of a 931 MHz UHF system ar&24 MHz
Very High Frequency (VHF) system, and additional UHF reeesvocated in So-
dankyla, Finland, and Kiruna, Sweden.

The radar transmits a high power electromagnetic wave ofitabdMW to
the ionosphere, where it is scattered by electron densityuditions in the radar
beam. The basic microscopic mechanism is Thomson scattieam free elec-
trons, which, on the other hand, follow the thermal fluctoregi of the heavier
ions. The scattered signal is detected by a large antenna aedsitive receiver
system. Incoherent scatter is very weak: the received pmaarly aboutl(0—16
MW, but with advanced analysis methods (e.g., Nygrén, 198értron density,
ion drift velocity component, and electron and ion tempaned as a function of
altitude up to about 1000 km can be extracted.

In PUBL. I, the Hall-to-Pedersen conductance ratio meashyethe EISCAT
mainland radar was utilised. Using the MSIS-86 model (Hed®87) for the
ion-neutral collision frequency, the Hall and Pederserdoativities were calcu-
lated from the electron density, and the conductances waaned by height-
integration.
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3.1.4 IMAGE satellite

On 25 March 2000, the National Aeronautics and Space Adirétisn (NASA)
mission Imager for Magnetopause-to-Aurora Global Exglora(IMAGE, [08])
satellite was launched into an elliptical polar orbit (inettion 90) with an apogee
altitude of 7.2R, a perigee altitude of 1000 km, and a period of 14.2 hours. The
mission ended on 18 December 2005.

The Far Ultraviolet (FUV) instrument on-board IMAGE empéalythree de-
tectors, one of which was the Wideband Imaging Camera (WIC) égerauroral
emissions in the wavelength range 140-190 nm with a tempesallution of
about 2 minutes. These data are employed in PUBL. 111

3.2 Magnetosphere

3.2.1 Cluster

The European Space Agency (ESA) and NASA Cluster missionf@SJlaunched
in two phases on 16 July and on 19 August 2000 into an ellippo&ar orbit
with an apogee of 119 000 k-9 RE), a perigee of 19 000 kma-8 RE) and
a period of 57 hours. Cluster consists of four identical spadethat fly in a
tetrahedral configuration. The separation distances legtwlee spacecraft vary
between 600 km (0.Rg) and 20 000 km (3Rg). The aim of the mission is to
investigate in-situ the small-scale structure of the Earttagnetosphere. The four
spacecraft permit the study of three-dimensional and tiarging phenomena
and make it possible to distinguish between spatial and teahpariations. The
simultaneous four-point measurements also allow diffe@eplasma quantities
to be derived for the first time. For example, current densityerived from the
magnetic field measurements using Ampere’s law. The misgithrtontinue at
least until December 2009.

Each of the four spacecraft carries an identical set of lttuingents to inves-
tigate charged particles, electric and magnetic fieldsafraim two of them, the
Fluxgate Magnetometer (FGM, Balogh et al., 2001), with a t@mapresolution
up to 67 samples per second, and the Hot lon Analyser (HIAh@fGluster lon
Spectrometry experiment (CIS, Réme et al., 2001) have beksedtin PUBL.
[lland V.

The CIS/HIA instrument determines the ion velocity disttiba function and
its moments during each four second spin of the spacecrafiidicles with en-
ergies per charge of about 5 eV/e-32 keV/e. The energy range & few eV
to a few keV is sometimes referred to as the “hot plasma” regir8ince the
analyser does not distinguish between particles of diffeneasses, the velocity
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space distribution function is computed from the energygherge distribution
by assuming that the particles are protons.

Moments are constructed from the velocity distributiondiion f (v) with the
maximum time resolution of one spin period or four secondeyTare defined as

Mn:/f(v)v”dv. (3.1

The moments include the number densiy(n = 0), the number flux density
vectorNV (n = 1), the momentum flux density tensbr (n = 2) and the energy
flux density vectorQ (n = 3). From these can be derived the average velocity
V = (NV)/N and the pressure tensBr = IT — m,NVV. Using the defini-
tion P = NkgT, the pressure tensor can be converted into a temperatwerten
Scalar pressures and temperatures can be obtained frora¢bef the associated
tensors:P = Tr(P)/3,T = Tr(T)/3 = P/(Nkg). Besides instrument sensitiv-
ity and calibration, the accuracy of computed moments imipaiffected by the
finite energy and angle resolution, and by the finite energgea

3.3 Solar wind

3.3.1 ACE

The NASA mission Advanced Composition Explorer (ACE, [10])swaunched
on 25 August 1997. ACE orbits the L1 Lagrange point, locatealia5.01 AU
from Earth on the Sun-Earth line. The orbit ranges betwa¥nRy < rgsp <

250 Rg, —40 R < Yase < 40 Rrpand—24 Ry < zase < 24 Rg. The inter-
planetary magnetic field is measured by the MagnetometeiGMAstrument on
board ACE and the Solar Wind Electron, Proton, and Alpha Mor{&WEPAM)
provides data on the solar wind density and velocity.

3.3.2 Wind

Wind [11] was launched November 1, 1994, as part of NASA<bution to the
International Solar Terrestrial Program. Since mid-2004as been in an L1 orbit
with —100 Rg < ygse < 100 Rg. Earlier phases include an interval spanning
the last third of 2000 through mid 2002 with200 Rr < ygse < 200 Rg and

an interval in late 2003 and early 2004 in orbit about the hage point on the
anti-sunward side of Earth. The interplanetary magnetid fiemeasured by the
Magnetic Fields Investigation (MFI) instrument and thegdVind Experiment
(SWE) instrument provides data on the solar wind density ahality.
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The interplanetary magnetic field and solar wind proton igasd flow speed
measurements utilised in PUBL. Il and IV were obtained fromm @SFC/SPDF
OMNIWeb interface at [12]. The ACE and Wind data accessibteugh the
interface were 1-min-averaged field and plasma data sdtedho the Earth’s
bow shock nose. Since the location of observation may be anumstream of
the magnetosphere, and several ten&gfremoved from the Sun-Earth line, it
is useful for solar wind-magnetosphere coupling studiesnte-shift the solar
wind data to a point closer to the magnetosphere, such asothiesbhock nose
determined from a model. The time shifting is based on therapson that solar
wind magnetic field values observed by a spacecraft at a dives and place
lie on a planar surface convecting with the solar wind, arad the same values
will be seen at a different place at the time that this phaset fsweeps over that
location. One of the primary shortcomings of time shifting aut-of-sequence
arrivals due to speed gradients or to variously oriented@péanes. The approach
was to accept all shifted data as belonging to the newly asdigime tags.
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Chapter 4

lonospheric currents from magnetic
measurements

In this Chapter, determination of ionospheric currents inesjgcal coordinates
(r,0,¢) from magnetic field measurementB,(By,5,) using the Spherical Ele-
mentary Current System (SECS) method is discussed. Sinceetjuges some
assumptions about the geometry of the currents, the tléatstpproximation and
the assumption of vanishing parallel electric field (Seet.d) is used. Hence, the
expressions below and above the ionosphere refer to astbdlow and above
100 km, respectively. This is feasible, since in regard ® ragnetic field at
about 100 km distance or more, the ionospheric currentstefédy look like a
surface current distribution. Furthermore, the geomagfietd lines are assumed
to be radial, that is¢|| is replaced by-é, in the northern hemisphere and &y
in the southern hemisphere. Moreover, the current digtabus assumed to be
stationary, so that the currents are given by Ampere’s lagv (E4).

During geomagnetically disturbed conditions, the timeygray magnetic field
of the ionospheric and magnetospheric currents inducesrieleurrents in the
conducting ground, which in turn contribute to the disturtxa magnetic field.
For instance, during highly dynamic substorm onset periabsut 40% of the
1L index can be of internal origin, but during quiet times, tbatcibution is only
about 10-20% (Tanskanen et al., 2001). These ground-iddoweents could
be modeled using the SECS method by placing a second curyentdalow the
surface of the Earth and expressing the current densityasatsuperposition of
the divergence-free SECSs (Pulkkinen et al., 2003), butignstindy this effect is
ignored.
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4.1 Spherical Elementary Current System (SECS)
method

The perpendicular ionospheric current densltylike any vector field, can be
divided into divergence-free (df) and curl-free (cf) compats

J(ev(b) = ch(9>¢)+']df(67¢) (41)
V.dy = 0 (4.2)
(VxJy) = 0. 4.3)

According to current continuity (Eg. 1.14), field-alignadients are related to the
divergence of the curl-free component, which thereby ddaeem. If only sub-
areas of a sphere are considered, an additional Laplacecrmnpof the current
density ;) may exist, for whichv - J, = 0 and(V x J.), = 0. This compo-
nent, which can be written ag, = V&, where® must fulfil the Laplace equation
V2® = 0, is caused by curls and divergencesJdbcated outside the observed
region.

411 2-D SECS

The 2-D Spherical Elementary Current System (SECS) methodm(A&997;
Amm and Viljanen, 1999) is a technique with whigly, J.; and;j, can be deter-
mined from vector magnetic field measurements. Accordingpi®omethod, the
perpendicular ionospheric current density is expressedsaperposition of curl-
free and divergence-free spherical elementary currenésyss with radial field-
aligned currents associated with the divergence of thefoesl SECSs (Fig. 4.1).
The locations of the SECS poles are distributed over the megfionterest, and
each SECS may have a different amplitude. The magnetic fiéttie SECSs can
be expressed analytically, which makes it possible to deter the ionospheric
current density, i.e., the SECS amplitudes, by optimallycmag the measured
disturbance magnetic field to the superposed magnetic fielldleoSECSs. Ei-
ther ground-based or satellite-based data can be usedsdpar, if available,
a combination of both. However, while the divergence-fr&€S causes a mag-
netic field both below and above the ionosphere, the magfiekicof the com-
bined curl-free SECS and field-aligned currents is confineithéoregion above
the ionosphere (Fukushima, 1976). Thus, only the divergdre= component
can be determined from ground-based magnetic field datée i@ full 3-D dis-
tribution, includingJ 4, J.r, andj,, can be derived from satellite-based measure-
ments. While deviation of the geomagnetic field from the radii@ction causes
the combined magnetic field df.; andj; to leak below the ionosphere, Untiedt
and Baumjohann (1993) have shown that in the region coveratiebyMAGE
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Curl-free elementary system .
(with associated FACs) Divergence-free elementary system

Figure 4.1:Left: The curl free 2-D SECS with associated field-aligned currents
Right: The divergence-free 2-D SECS. lllustration by Olaf Amm.

magnetometer network, for instance, where the geomagdintidines are on av-
erage inclined from the radial direction by°13he magnetic field of.; andy is
still hardly observable on the ground.

The locations of the SECS poles can be chosen freely to besinacodate
the location and density of the available measurement @ofty curls or diver-
gences outside the covered region, which is often extendtside the measure-
ment region, are thus assumed to vanish. Due to the stromguation of their
magnetic field, current structures with scale lengths sm#ilan about 50 km will
not be discernible on the ground. Therefore, ground-basaghstic field data
are suitable only for the determination of current systetrscale lengths larger
than 50 km. Furthermore, part of the smaller-scal@@ km) current systems can
close at higher altitudes than the larger-scale ones @rekke, 1997). Although
contribution from such smaller-scale structures can beguein satellite-based
magnetic field data, part of these current systems do nohréeec100 km alti-
tude, and therefore cannot be represented by the thin-sheent system. Plac-
ing the SECSs about 50 km apart assures that the currentusesict this and
larger scales will be optimally matched to the magnetic fukth.
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41.2 1-D SECS

If magnetic data are only available along a single line, sasla ground-based
magnetometer chain or the track of a low-orbit satellite, 2aD SECS method
cannot be used. Instead, assuming that the perpendicutantudlistribution is
one-dimensional, i.e., independent of theoordinate, the 1-D SECS method
(Vanhamaki et al., 2003) can be applied. With satelliteedagata, the additional
assumption of stationary current distribution during tkierflight is required. As
any 2-DJ(0, ¢) could be expressed as a superposition of 2-D SECSs, similarly
any 1-DJ(0) can be reproduced using a superposition of 1-D SECSs.

1-D variants of the divergence-free and curl-free SECSs gadebived by
placing the poles of infinitely many 2-D SECSs next to eachrogihe constant
g-coordinate. ThenJ.;(0) = Jy(0)&y andJ 4(0) = J4(0)é4. The magnetic field
caused byj,.(r, 0) andJy(0) is B = By(r, 0)é, and the magnetic field caused by
Js(0) is B = B,(r,0)&, + By(r,0)&. Jy andj, can be computed froms, using
the curl-free 1-D SECSs and similarly, could be determined fron®, and By
using the divergence-free 1-D SECSs. However, if dplys used instead and
is also computed from it, the difference between the medsamed computeds,
can be used to determine whether the current distributidrlsenough that the
results given by the method are reliable. In an ideal 1-D ,dasecomputed and
measured3, would be identical. Furthermore, the 1-D direction doesneztd to
be perpendicular to the satellite track or ground-basedetagneter chain. The
optimal 1-D direction can be determined by minimising thiéedénce between
the measured and comput&g.

The 1-D assumption is mostly applicable to electrojet dat@d cases. Al-
though the entire global current system cannot reasonabéxpected to be one-
dimensional, a local independence of theoordinate is sufficient, when currents
in a limited region are of interest. For instance, currertiese distances from the
IMAGE magnetometer region are larger than the diameterefégion (2000
km) will hardly be identifiable, for even if their intensitg large, they will create
a quasi-homogeneous magnetic field over the whole regiomed¥er, such fields
are usually quite small, no more than a few tens of nT (Untedt Baumjohann,
1993).

The 1-D SECS method for satellite use was developed and testedBL.

I and Il. Moreover, it was shown that in 1-D cases, theomponent of the
divergence-free current density determined from grouaskd IMAGE magne-
tometer network data using the 2-D SECS method correspomgsved! with .J;
determined from CHAMP satellite data using the 1-D SECS method

The 1-D assumption also produces other interesting tiditsductive effects
are assumed negligible, then, according¥ x E, (0, ¢)), = 0 (Eq. 1.15), in
a 1-D caseFy(#) = const./sin(f). SinceEy must remain finite also near the
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poles, the constant must be zero. Thls(f) = Ey(0), Jp = Iy = Jo(0)éy,
Ju = Jg = Js(0)&,, anda(0) = —Jy(0)/Js(0). This means that the Hall and
Pedersen conductivities can only vary in the directiofEof(Eq. 4.7 and 4.10),
which is anyway required in a 1-D case, and thaan be estimated from currents
or magnetic field data only, as was done in PUBL. II.

4.2 lonospheric equivalent currents

J 4 causes the same magnetic field below the ionosphere as tfieadB-D dis-
tribution, consisting ofl 4, J., andj, (Sect. 4.1.1), and is therefore also called
the equivalent current density.
Assuming that
a=Xg(0,0)/2p(0,6) = const. (4.4)
(VER(0.¢) x EL(0,0)), = 0 (4.5)

and using Ohm’s law (Eq. 1.13], andJ,; can be related to the Hall and Peder-
sen current densities by

[V xJ(0,9)], = [VxJIg(0,0)] (4.6)
= [VxJu(0,0), +[VEp(0.¢) xEL(0,9)]. (4.7)
0

= [V X Tu(6.9)) + ~[Vu(6,6) x BL(0.0), (48

= Jy(0,0) = Iu(0,0) (4.9)
V-J(0,0) = V-J(0,0) (4.10)
= V- Jp(0,0)+[VEu(0,0) x EL(0,0)],  (4.11)
= Jo(0,0) = Ip(0,9). (4.12)

The assumption of uniform conductances produces the sasué, reut is more
restrictive than Eqg. (4.4) and (4.5), which allow conducesto vary in the di-
rection of the elecric field, as long asis conserved. When Eq. (4.4) and (4.5)
are not valid, which, more or less, is always the case in g&cbothJ, and
Ju contribute toJ.;, and therefore participate in closing the field-aligned- cur
rents. Moreover, botll; andJ,., contribute toJ;, which flows in the opposite
direction from the ionospheric plasma convection.

4.2.1 Estimating field-aligned currents

Often ground-based magnetic field data alone are availabla, which only the
equivalent current density can be determined. Whjjealready provides infor-
mation on the magnetosphere-ionosphere coupling, it @aftore instructive to
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study the field-aligned currents, which can also be mordyeasmpared with
auroras. Therefore, it is useful to be able to estimate thee&isgned current den-
sity from the equivalent current density. Combining Eq. Y4(%.11), (1.13) and
(1.14) produces such an expression:

g (0.6) = =1V % 316, 6), (4.13)

(Amm et al., 2002).

To distinguish between the real field-aligned current dgnsiand the approx-
imate field-aligned current density computed frdg by assuming Eq. (4.4) and
(4.5), the latter is denoted here y, and called “curl of the equivalent current
density”. Untiedt and Baumjohann (1993) give some exampid¢seovariety of
possible field-aligned current systems corresponding toaarmel-like equivalent
current density pattern in their Fig. 13 and 14. Althougls itlear that in extreme
cases Eq. (4.4) and (4.5) would lead to erroneous field-adigurrent patterns, it
is often the best that can be achieved without additiona seis.

4.2.2 Estimating the Hall-to-Pedersen conductance ratio

Estimation of the field-aligned current density from theiegient current density
also requires an estimate of the Hall-to-Pedersen conagcetatioo. In PUBL.
I, a statistical relation betweenand.J, was derived:

2.07
(O T E— J¢ <0 (414)
— Ak L
| T [ATKIMY|
1.73
o= Jy >0, (4.15)

|7 [A/KM]]
whereJ, < 0 applies to the westward electrojet on the dawnside.and 0 to
the eastward electrojet on the duskside. Generally; 2 appears to be a good
estimate, except for very quiet cases whéy] is small (<100 A/km). « is also
slightly higher on the dawnside than on the duskside, pdaity during winter
and equinox.
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Chapter 5

lonospheric currents at different
spatial scales

The structures displayed by the ionospheric currents vaegraing to the spatial
and temporal scales at which they are being observed. IICtrapter, we discuss
the characteristics of the auroral region ionosphericeris; determined from
ground-based and low-orbit satellite-based magnetic fiatd using the spherical
elementary currents systems, on two different scales. ®Eiistical dependence
of the large-scale (lin latitude, 0.5 h in MLT) ionospheric currents on solar wind
and geomagnetic parameters have been determined from CHAdBurements.
Meso-scale ionosphere-magnetosphere coupling studietheoother hand, are
based on the simultaneous monitoring of the magnetospb&sma sheet by
Cluster and the ionospheric equivalent currents by the IMAG&fnetometers
at a spatial resolution up to about 50 km and a temporal résolaf 10 s.

5.1 Statistics of the large-scale ionospheric currents

Since most geomagnetic activity is powered by energy immumfthe solar wind,

detailed understanding of the energy transfer processksnachanisms under
different conditions of the solar wind is needed. As at aryegimoment, the

solar wind interacting with the Earth is described by a samg#t of parameters,
such as velocity, number density and magnetic field, it isartgmt to know the

state of the system as a function of these parameters.

One way to approach the problem is through statistics. Algindhe statistical
representation does not give the exact state of the systanyagiven moment, it
is often the only way to accumulate enough data for a compsa¥e picture. Av-
eraging should also smooth out most of the effects produgexdher parameters
except for those under study.
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In PUBL. Il and IV, we have investigated statistically theeeffs of season, ge-
omagnetic activity, and several solar wind parameters erathoral region iono-
spheric currents. Unlike in previous studies, all three gonents §4,J.,j,) are
derived on a matching spatial scale containing scaledenigirger than or equal
to 50 km. The magnetic field measured by the satellite at ah00tkm alti-
tude also involves contributions from field-aligned cutrettuctures with scale
lengths smaller than 50 km. The field-aligned current dgrsintaining also
these smaller scale lengths could be determined, for iosteyy applying Am-
pere’s law, as demonstrated in Appendix B of PUBL. I. Howeiregrder to be
able to compare all three current density components mgaudiyat the 100 km
altitude, they must be resolved on a matching spatial séaalready discussed
in Sect. 4.1.1, scale lengths of the divergence-free coemtasmaller than about
50 km cannot be discerned at the distance of about 300 kmhanefore smaller
scale lengths should not be present in the curl-free anddigded components
either. Moreover, as part of the smaller-scale field-aligoerrent systems can
already close above the 100 km altitude (Sect. 4.1.1), Aatpéaw can only be
used to resolve the field-aligned current density contgisimaller scale-lengths
at the satellite altitude, not at the 100 km altitude.

5.1.1 Effect of geomagnetic activity
Effects of K,

The K, index (Sect. 2.1.2) is a widely used proxy for the level of magnetic
activity. The T89 magnetospheric magnetic field model (Sebt3), for instance,
usesk, as the only input parameter. In PUBL. IV, we studied the intgrend
location of auroral ionospheric currents as a function efAf, index. Fig. 5.1
displays how the the ionospheric current density depends,on

The AACGM latitude of the poleward boundary of the electr®jéhe pole-
ward black arc in the figure) as a functiongf, was given by

|lat[ded| = —0.71 - K, + 74.3, (5.1)
the location of the equatorward boundary (the equatorwkacklarc) by
|lat[ded| = —1.4 - K, + 66.3 (5.2)
and the amplitude of the total field-aligned current by
I, [MA]| =1.1- K,+ 0.6. (5.3)

In PUBL. 1V, it was also observed that the majority of the Redlarurrent on
the dawnside and on the duskside was closed by the oppoditelted Region
2 current on the same side. In the winter, for instance, ohbua15% of the
dawnside current crossed over to the duskside.
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Figure 5.1: lonospheric current density determined from @HPAmMagnetic field
data using the 1-D SECS method binned with respect tdsthandex. The pan-
els display the data point distribution (#), field-alignedrent density f., posi-

tive up),# component {,, north-south component, positive south), ancbmpo-

nent (/,, east-west component, positive east) of the perpendiculaent density.
The black dot denotes the average substorm onset locatem. (52.1). Figure
adapted from PUBL. IV.
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Substorm electrojet

The westward flowing auroral electrojet is a substorm-eeldarge-scale iono-
spheric current system (Sect. 2.2.1), which is often erpl&in terms of the sub-
storm currents wedge (Sect. 2.2.2). While the auroral elgsttis often identified
in ground-based magnetic data, the pair of downward and tepfield-aligned
currents closed in the ionosphere via mainly westward fted-current, is mag-
netically invisible below the ionosphere if the geomagniéld lines are assumed
to be radial. Therefore, the ground-based signature musabsed by westward
flowing divergence-free current.

The geometry of the currents agrees with an east-west dd&€xwling chan-
nel (e.g., Amm, 1997) with downward field-aligned currenitateastward end
and upward field-aligned current at its westward end. Ingidehannel, the iono-
spheric conductances are highly enhanced compared to thiernonosphere,
and the primary electric field is directed along the chanifi¢he closure of field-
aligned currents via the magnetosphere is inhibited aloaghannel, the primary
Hall currents will build up space charges at the flanks of tienoel perpendicu-
lar to the electric field. The secondary Pedersen currentseckby this secondary
electric field will cancel out the primary Hall currents sublat no further space
charges are accumulated, and a stationary situation isedaddence, the total
current, consisting of the primary Pedersen currents amdelsondary Hall cur-
rents, is directed along the channel. The equivalent cudistribution of such a
channel consists of westward flow inside the channel andlyneastward return
flow outside the channel.

In panels with/,, > 2 in Fig. 5.1, the black dot denoting the average substorm
onset location lies in the middle of the southern edge of areghere the total
current is westward, i.e.j, is much smaller thad,. This region becomes more
pronounced with increasing activity. North and west of theet location there is
upward field-aligned current, while north and east of theebiwcation the field-
aligned current is downward. These could be indications Gbaling channel.
However, while the Cowling channel plays an important roletfee equatorial
electrojet located in the low-latitude region where thergagnetic field is almost
perpendicular, its role in the auroral region, where thengggnetic field is nearly
vertical, has not yet been established (Amm and Fuijii, 2008)

5.1.2 Effects of solar wind parameters
IMF

The dependence of large-scale field-aligned currentsrdeted from satellite-
based vector magnetic field measurements on solar wind péeesnhas been
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studied extensively. Weimer (2001), for instance, used/gwor magnetic field
measured by the Dynamics Explorer 2 satellite to derive apirszal model that
produces maps of the large-scale field-aligned currentsarigh-latitude iono-
sphere as a function of the IMF, solar wind speed, solar wattsity and dipole
tilt angle. The model displayed a consistent evolution efdhroral and polar cap
current systems as the IMF rotated around the circle. FaativegB,, the model
included mainly the R1 and R2 systems, but for posifivean additional current
system appeared poleward of the R1 system. This RO or NBZ sysipgisted
of two regions of upward and downward field-aligned curreith\a polarity op-
posite to the surrounding R1 currents. For posifi¥g the upward R1 current on
the duskside wrapped through noon to become the dawnsiderRhtwvhile the
downward R1 current on the dawnside continued into the R2 cuorethe dawn-
side. The upward RO/R1 current encircled a small region of eavd current,
which appeared to be a remnant of the other pair in the NBZ sysi@oubling
the IMF magnitude intensified the currents.

In PUBL. IV we inferred that while there was only little vari@ in the inten-
sity of the auroral region field-aligned current for postand zerads., for nega-
tive B,, the intensity clearly increased with increasing ampktod B,. Accord-
ing to both the component and antiparallel reconnectiorothgsis, intensifying
negative IMFB, generally increases the reconnection rate. During pesiiy
component reconnection is caused®y which would imply that the intensity of
B. has no effect on the reconnection rate. According to theardllel hypothe-
sis, on the other hand, during positive IME, reconnection occurs tailward of the
cusps. While the reconnection rate should then depend oB tlsnplitude, the
ionospheric signatures would be mostly confined to high8(°) latitudes (e.g.,
Stauning, 2002), which have not been included in our stutigré@fore, our results
are in agreement with both hypothesis.

Solar wind dynamic pressure

Due to the pressure balance between the magnetic presshesrohgnetosphere
and the mostly dynamic pressure of the solar wind, a pregsuse in the solar
wind compresses the dayside magnetopause. The compreffgicintravels tail-
ward at the solar wind speed, causing strong auroral actiservable almost
instantaneously all around the auroral oval (Zhou and Tanru2001). Most
prominent effects are observed during steady southward(Béedouridis et al.,
2003).

In PUBL. IV, we found that with increasing solar wind dynamiegsure, the
poleward and equatorward boundaries of the auroral ovaetheguatorward and
the total field-aligned current intensified linearly witlcirasing dynamic pres-
sure. While the absolute intensity of the ionospheric cusramms stronger during
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southward than during northward IMF, the relative changi@intensity of the
currents produced by a more intense solar wind dynamic presgas observed
to be approximately the same regardless of the IMF directibnus, the most
intense currents were obtained with southward IMF and higtachic pressure.

Merging electric field

The electric field across the reconnected open field likes-(—V, x Bryr)
maps down to the ionosphere, where it affects the ionosphbarrents according
to Eq. (1.13) and (1.14)F could be enhanced by increasiBg,,  or V,,,. Thus,
a parameter combining bol;,,;» andV,, would be suitable for describing the
geoeffectiveness of the solar wind-magnetosphere cayplin

As shown in PUBL. IV, the merging electric field,, is such a parameter
(Ritter et al., 2004)E,,, is defined as

En = Viuy/ B2 + B2sin?(6/2), (5.4)

whereV, is the solar wind speed;, and B, are the GSMy andz components

of the IMF, andf = arctan(B,/B.,) is the IMF clock angle. The ratio of the
maximum to minimum field-aligned current in ti&, bins was 3.6, while for the
dynamic pressure and IMB, it was only 2.3 and 3.0, respectively.

5.1.3 Seasonal effects

Seasonal variations in local solar radiation affect th@spmeric conductivity and
thereby the intensity of the currents. The difference instblar radiation between
the winter and the summer hemispheres affects mostly cordyon the day-
side. Also particle precipitation varies with season: ggjiobal auroral images
from the Polar ultraviolet imager in the northern hemisgheuaring the winter
1996 and the summer 1997, Liou et al. (2001) have shown thapaced to winter
conditions, nightside auroral precipitation power is s@gged and dayside power
enhanced in the summer. Using an MHD simulation, Ridley (20@monstrated
that if only the solar driven conductance changes were tak®enaccount, the
ratio between the maximum summer field-aligned current aagimum winter
field-aligned current was about 4. Including a seasonalpeddent auroral pre-
cipitation to increase the auroral conductance in the winémisphere reduced
the ratio to 1.6.

Several studies have investigated the seasonal depenafdaoge-scale field-
aligned currents using satellite-based vector magnelitrieasurements. Weimer
(2001) observed the field-aligned current intensities taroeh stronger during
summer than winter. According to Papitashvili et al. (20GBg ratio of total
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summer/winter field-aligned current is 1.35 and, accordin@hristiansen et al.
(2002), 1.5-1.8. Fujii et al. (1981) and Wang et al. (200%)nid the seasonal
effect to be confined mainly on the dayside.

We studied the effect in PUBL. IV. In agreement with previotsdges, the
seasonal effects on the currents were found to be most peonon the day-
side, and the total field-aligned current in the summer wasddo be 1.4 times
stronger than in the winter. On the dayside (06—18 MLT), #immwas 1.7 and on
the nightside, 1.2.

Due to the effect of the dipole tilt on the magnetosphericfigamation, the
dayside field-aligned currents move poleward in the summetisphere and equa
torward in the winter hemisphere, while the nightside figlidgned currents have
the opposite seasonal dependence (Ohtani et al., 2005). te/eourse of the
year, also the orientation of the dipole axis relative to$he-Earth line changes.
During the equinoxes, when the dipole is tilted along thettiEsorbital track,
southward IMF is statistically more likely to occur than ishgr solstices. Hence,
the activity level is larger during equinoxes than duringssoes (Russell and
McPherron, 1973). In PUBL. V, however, we did not see thisaffprobably, be-
cause only measurements wif), < 6 were included. In PUBL. Il, on the other
hand, no such limit was set, and the effect was clear.

5.2 Meso-scale ionosphere-magnetosphere coupling

Now that the solar wind conditions producing geomagnetivi#g and the large-
scale features of substorm evolution are becoming rathdreswblished, the
significance of embedded meso-scale (10—1000 km in the piveos) structures
needs to be understood. In PUBL. Il and V, the ionospherinaigres related
to two such phenomena, magnetic flux ropes and bursty bulksflnave been
studied. As both are structures occuring in the plasma stiegtrequires simul-
taneous observations of conjugate magnetospheric andpbedc regions. Such
magnetosphere-ionosphere coupling studies also play eokejn the process of
learning to interpret the myriad of signatures on the iohesic monitor in terms
of magnetospheric phenomena.

Locating the ionospheric region conjugate with a magnétesp phenomenon
using a magnetospheric magnetic field model (Sect. 1.5a95@n important part
for magnetosphere-ionosphere coupling studies. In batbscave have used the
T89 model. While the average magnetospheric configuratienguite well rep-
resented by the statistical T89 model, the smaller spat@dtemporal scale varia-
tions associated with substorms cannot be produced (Gkinasat al., 2004).
Field-aligned currents, for instance, can modify the mégsgheric magnetic
field structure locally, which may change the mapped foatpriThe mapping
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can thus falil, if the large-scale magnetospheric configumat not sufficiently
represented by the model, or if the smaller-scale variatioot included in the
model shift the footprint too much.

However, due to the relatively small amplitude of the iorfasic meso-scale
field-aligned currents, any shift in the mapped footprimtsdoiced by them should
also be small. For instance, Opgenoorth et al. (1994) haredstrated that in
the presence of a localized field-aligned current of 0.3 M#&cpH around 66-6 7
latitude, the actual footprint was shifted a few degreeshof that given by the
T89 model. Therefore, the ionospheric signature could lpeeted to be found
near the T89 footprint, if not necessarily at the footpriMoreover, the spatial
and temporal development of the signatures can further bé tesconfirm the
connection.

5.2.1 Bursty bulk flows
Magnetospheric signatures

The plasma flow in the magnetotail plasma sheet is not lamilaile the ambi-

ent plasma velocity distribution is very nearly isotroglee net flow, imposed by
the large-scale convection pattern, is composed of sivad-bursts of fast flow.
These high-speed-400 km/s) flows typically appear in about 10-min sequences,
called bursty bulk flows (BBF). They consist of several aboutifi-velocity en-
hancements, termed flow bursts (Angelopoulos et al., 198B)st likely these
flows are caused by localized reconnection events. The ityajirthe flows
observed earthward of;q,y = —20 Ry are directed earthward, and between
—20 Rg < x < —10 Rg the occurence rate of BBFs decreases substantially with
decreasing distance from the Earth, indicating that thmiree is tailward of or
within x = —20 Ry, and that between20 Ry < x < —10 R flow braking takes
place (Baumjohann et al., 1990). BBFs have a limited dawn-dysaeof 1-3

Rp (Sergeev et al., 1996; Nakamura et al., 2004) and they aga aftcompanied

by transient magnetic field dipolarisations (Angelopowdbal., 1992).

The bubble model of Chen and Wolf (1999) describes the basierpaf how
the narrow bursts are connected to the ionosphere. FigllGs®ates schemati-
cally the plasma flow (black arrows) around a bubble in thempksheet and the
corresponding convection pattern in the ionosphere (aisgpitimere are no signif-
icant potential drops along the magnetic field lines). Altglo inside the bubble
the flow is earthward, the return flow at the dawn and dusk flamkailward.

In the ionosphere, electric Hall current flows in the opposiirection from the
plasma convection. Because the reconnection region ielihmtthe cross-tail di-
rection, the flow shear between the fast outflow from the reeotion region and
the ambient earthward plasma flow within the plasma sheatese pair of field-
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Figure 5.2: Sketch of the plasma flow (black arrows) aroundilgble in the

plasma sheet and the corresponding convection patterreifottosphere. Cor-
responding to the convection, there is upward field-aligni@uents (red) on the
duskside and downward field-aligned current (blue) on tivendade of the bub-
ble. Figure from PUBL. V.

aligned current sheets with upward field-aligned curresd)on the duskside and
downward field-aligned current (blue) on the dawnside ofthigble.

Conjugate ionospheric signatures

Auroras are probably so far the most extensively studieu fairionospheric phe-
nomena related to BBFs. Two main kinds of auroral signaturge baen ob-
served during BBFs: pseudobreakups and auroral streamekar(tivaa et al.,
2001). Pseudobreakups show in global auroral images aglat Bpot. The auro-
ral brightness lasts only a few minutes and then fades, ghtans intermittently.
Auroral streamers, on the other hand, are approximatebyp+smuth aligned, lon-
gitudinally narrow auroral forms that first appear at theep@rd boundary of
the auroral oval and from there expand equatorwards. Ad#aching the equa-
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torward boundary of the oval, they decay by evolving into &lpaf diffuse or
pulsating aurora. Streamers occur when the auroral ovalde,vboth during
substorm and non-substorm periods. Both substorm and rustesm streamers
frequently occur in several longitudinal locations of thalssimultaneously, and
are often tilted from northwest to southeast (Amm and Kaieri2002). Hemi-
spheric north-south conjugacy of streamer-associatagigitation was confirmed
by Sergeev et al. (2004). In the schematic picture, the alstreamer would be
associated with the region of upward field-aligned current.

In PUBL. V, we analysed ionospheric equivalent current pagteelated to
BBFs during Cluster and IMAGE magnetometer network conjunstibetween
2001-2006. In order to test the generality of the resultsredipus event stud-
ies (e.g., Kauristie et al., 2003; Hubert et al., 2007; Nakearet al., 2005), we
searched systematically all Cluster-IMAGE conjunctionsveen 2001-2006 and
analysed all 22 BBFs observed during them. The mean duratitredBFs was
8 min. However, the mean duration of the BBFs observed wherotie@spheric
footprint of Cluster was located close to the poleward boundéthe auroral oval
was clearly longer (17 min) than that of the BBFs observed dioske equator-
ward boundary of the oval (3 min). This is in agreement with $higgestion that
braking of high-speed flows takes place betwe&d Rr < © < —10 Rg: the
longer and more efficiently the braking has continued, thalkemthe portion of
the original high-speed flow which continues to satisfy tleérdtion for a BBF,
resulting in shorter observation times.

During 19 out of 22 BBFs, a geomagnetically southeast-noghakgned,
relatively narrow channel of northwestward equivalentent density with down-
ward field-aligned current at its northeastward flank andarpMield-aligned cur-
rent at its southwestward flank was observed in the ionosp(fég. 5.3). During
the remaining three BBFs, the ionospheric conditions werg geiet and no re-
lated signatures were observed.

12 of the BBFs were categorized as substorm-related and 1(hasuhstorm-
related. A superposed epoch analysis of the IE index redeatronger activity
level preceding a substorm than a non-substorm BBF. After the @BErvation,
however, the activity in both cases was on the same levelagtieceding the
substorm BBF observation. The observation of the substorm BBi€ided with
a substorm-like disturbance in tli&’, while the observation of the non-substorm
BBF coincided with a step-like increase of the. While BBFs could be observed
during all phases of the substorm, the superposed epocysaagreed with the
result of Hubert et al. (2007) that auroral streamers appian shortly after the
substorm onset.

The ionospheric conditions preceding the three BBFs withelated iono-
spheric signatures were clearly more quiet than for therdidd&BFs. Therefore,
it was suggested that if the ionospheric conductivity is Isntide cross-tail cur-
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Figure 5.3: lonospheric equivalent current density, diget by the black arrows,
and its curl, displayed according to the color palette. S&&.1 outlines the
conditions under which the curl (with the Hall-to-Pedersenductance ratia =
2) would correspond to the field-aligned current densityhwibsitive currents
directed out of the ionosphere. The four dots denote the €ldsbtprints and
IMAGE magnetometers have been marked by the grey dots. é-fgum PUBL.
V.

rent that under normal conditions would close through thegphere, forming the
pair of upward and downward field-aligned current at the #awfikhe ionospheric
equivalent current channel, might instead prefer to closthé magnetosphere.
Normally, the cross-tail current would close partly througe BBF bubble and
partly through the ionosphere, depending on their relatareductivities. If the
ionospheric conductivity is very smal, however, space ghavill accumulate at
the flanks of the bubble until the electric field in the bublslstrong enough that
the current can close through it. Such a bubble would thebally fill up and
disappear quickly.
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5.2.2 Fluxropes
Magnetospheric signatures

In the magnetotail plasma sheet, magnetic field signatumesving a bipolar
perturbation in GSMB,, centered on a unipolar perturbation fifj, have been
observed. First-north-then-souf signatures are often observed at the leading
edge of tailward fast plasma flows, while first-south-thentim signatures are ob-
served at the leading edge of earthward flows. The amplitoidiée perturbations
are of the order of about 10 nT, and their duration varies feofew tens of sec-
onds to minutes (Slavin et al., 2003). The sighatures aendassociated with
substorm activity. In the plasma sheet boundary layer atitgifobes, bipolaB.,
perturbations without the peak i, have also been observed. The two kinds of
signatures have been suggested to be related to each oliéan (& al., 2005),
and indeed have been observed simultaneously (Amm et 8620

The perturbations in the plasma sheet are often interpreteadims of helical
magnetic field structures called flux ropes. A flux rope caaskxalized bulge
in the plasma sheet. Pinched between the bulging plasma ahé¢he magne-
topause, the lobe magnetic field intensifies. The regionl mompression then
travels along with the motion of the bulge. These bipolatybations are called
traveling compression regions (TCR).

The formation of flux ropes can most easily be understood'mg@f multiple
reconnection X-lines in the near tail, where the simultarse@connection of tail
field lines atV + 1 X-lines leads to the generation of flux ropes. The recon-
nection at these multiple X-lines at first involves only @dsplasma sheet flux
tubes. However, eventually one of the X-lines will outpaoedthers and begin to
reconnect first the outer plasma sheet, then the plasmalstheedary layer, and
finally open lobe flux tubes. This X-line has the role of thesslaal near-Earth
neutral line in the substorm evolution model of Baker et 89@). At that point,
everything earthward of that X-line will be carried towathle Earth, while every-
thing tailward of it will be swept down the tail (Slavin et g2003). The tailward
moving flux ropes are often called plasmoid-type while theheeard moving flux
ropes are termed BBF-type. According to Hughes and Sibeck7j19&en IMF
B, is positive, also the taib, tends to be positive, and the formed flux ropes will
have core fields parallel to GSW On the other hand, flux ropes formed during
negative tailB, tend to have their core fields antiparalleitoThe central current
in the flux ropes has been suggested to flow from dawn to dudkilas neutral
sheet current were locally filamented (Kivelson et al., 1996

The connection of BBF-type flux ropes to the other parts of thgmato-
sphere-ionosphere system is still an open question. How tth@ecurrent through
the flux rope close? Through the ionosphere, within the magpéere, or in-
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terplanetary space? The results of Amm et al. (2006b) inelicthat currents in
the flux rope and in the ionosphere were in the same direcBorce neither the
flux rope nor the ionosphere are current generators, thesentsimust have been
generated elsewhere, possibly in an active reconnectiporréailward of the flux
rope.

Conjugate ionospheric signatures

Although the ideal force-free flux rope would be detachednftbe surrounding
geomagnetic field lines, a flux rope occurring earthward @c@nnection X-line
is embedded in an environment that maps to the ionospheraddition to any
disturbances caused by the presence of the flux rope on isusgiings, there
might be possible ionospheric signatures related to the ehd non-ideal flux
rope.

In PUBL. Ill, extending the study of Amm et al. (2006b), we exaed and
compared the possible conjugate ionospheric signatusesiased with two flux
ropes. Amm et al. (2006b) had found that during the first flyxerathe iono-
spheric footprint of Cluster coincided with a region of dovard field-aligned
current. They suggested that this region of downward ctrtegether with a
trailing region of upward current further southwestwardgim correspond to the
ends of the flux rope. Unlike during the first flux rope, howewer did not see any
clear ionospheric features associated with the secondinribe GSMxy-plane,
the first flux rope axis was tilted with respect to theirection by 29, while the
second flux rope axis was almost aligned in théirection, with an angle of4
only. Therefore, it was suggested that the ground signaitafra flux rope depend
on the orientation and the length of the structure.
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Chapter 6

Conclusions

6.1 Results

In this thesis, we have studied observationally the solardwnagnetosphere-
ionosphere coupling, with the main focus on the ionospharcents in the auro-
ral region. The observational data were acquired by the IMAGgnetometers,
CHAMP, the IMAGE satellite, EISCAT, Cluster, ACE and Wind.

Within the framework of this study, a new method for detelimgnthe iono-
spheric currents from low-orbit satellite-based magniid data was developed
(PUBL. I and Il). In contrast to previous techniques, all theeirrent density com-
ponents can be determined on a matching spatial scale, endlttity of the nec-
essary 1-D approximation, and thus, the quality of the tesubn be estimated
directly from the data. The method is applicable mostly ec&bjet-dominated
current distributions, which are inherently 1-D. Such ¢semere shown to be
quite common (PUBL. IV).

The new method was employed to derive a way for estimatingHiéto-
Pedersen conductance ratio from ground-based magneticdeh (PUBL. II).
The method of characteristics (Amm, 1995), for instanceiciviis a technique
for obtaining ionospheric conductances and currents fraangd-based magnetic
and ionospheric electric field data, requires an estimatheotonductance ratio.
« also provides information on the altitude-dependence @p#rpendicular cur-
rents: a smallv indicates that the ionospheric currents consist mainlyeofdPsen
currents, while a large indicates Hall currents. Since Hall currents peak around
110 km altitude and Pedersen currents around 120-130 kimd&fiionospheric
currents are thus located on average higher for small thalafge o. In addi-
tion, the precipitation-related part afcan be used to determine the characteristic
energy of electron precipitation in the ionosphere (Robirstoal., 1987).

The 1-D SECS method was also used to investigate the statidépendence
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of the large-scale ionospheric currents on solar wind andggnetic parameters.
Equations describing the amount of field-aligned currenth auroral region,
as well as the location of the auroral electrojets as a fanaif the K, index,
IMF B,, solar wind dynamic pressure and the merging electric fieédte derived
(PUBL. IV).

The meso-scale ionospheric equivalent currents relatad/@omagnetotail
plasma sheet phenomena, bursty bulk flows (PUBL. V) and fluesdpUBL.
1), were studied using the 2-D SECS method. Based on the sisaif22 events,
the typical equivalent current pattern related to bursti Bows was established,
and it was suggested that the preceding ionospheric condifplay a role in
determining the amplitude of the signature. Based on the diexnthe bursty
bulk flows were categorised either as substorm or non-substelated. How-
ever, if all the observed earthward bursty bulk flows origgdarom a near-Earth
X-line, they would all by definition have been produced dgrinagnetospheric
substorms. Whether the related ionospheric dynamics ceulddognised as sub-
storms might then depend on the preceding ionospheric cbirdy for instance.
On the other hand, if some of the bursty bulk flows originatedifa distant X-line
and some from a near-Earth X-line, then the flows could gestyime divided into
two classes: non-substorm related bursty bulk flows ortgigdrom a distant X-
line and substorm related bursty bulk flows originating framear-Earth X-line.
However, further investigation is needed to either confimsantradict this. For
the flux ropes, on the other hand, only two conjugate events feeind. As the
equivalent current patterns during these two events wetrsinolar, it was sug-
gested that the ground signatures of a flux rope depend onithgation and the
length of the structure, but analysis of additional evesteguired to determine
the possible ionospheric connection of flux ropes.

6.2 Future directions

Presently, several missions suitable for the study of magpéere-ionosphere
coupling and ionospheric electrodynamics are either bepeyated or planned.
Several of these produce magnetic measurements that ec@alugbysed using the
SECS-based analysis techniques.

NASAs Time History of Events and Macroscale Interactionsinlg Sub-
storms (THEMIS, [14]) is a two-year mission launched in kely 2007 con-
sisting of 5 identical spacecraft. The aim of the missiomidistinguish between
competing models of substorms. A complementary 2-D grcueskd array con-
sists of 20 stations equiped with all-sky imagers and magneters is used to de-
termine the location and timing of substorm events. Thugtiedution of the dis-
turbance can be followed in space and time. The 2-D Sphetieahentary Cur-
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rent System method can be applied to resolve the ionospbeuivalent current
density from ground-based magnetometer measurements. iiogpn@HEMIS
stations with other existing networks brings the total nemiif available magne-
tometers up to about 100.

The launch of ESA's magnetic field mission Swarm [15], caivsgsof a con-
stellation of three satellites, is anticipated in July 20T&o of the satellites will
orbit the Earth side-by-side with a 160 km separation at 48(akitude, and the
third satellite at 550 km altitude. All three satellites mprovide vector mea-
surements of the magnetic and electric fields. Satellitesténl closeby will al-
low for gradients of the fields to be inferred and, thus, tHaxaion of the 1-D
requirement towards 2-D, when computing ionospheric cusrérom satellite-
based magnetic field. With only two or three satellites, haxehe data coverage,
particularly in the direction perpendicular to the orbttalcks, may be insufficient
for the determination of an arbitrary current system. Tfuees a combination of
the 1-D and 2-D SECS techniques, for instance, could be usgetitee the iono-
spheric current density (Amm et al., 2006a). Together wWithelectric field mea-
surements, the currents can then be used obtain ionosmiweritictances from
Ohm’s law.

With the Cluster mission, the three-dimensional probingpaice plasma pro-
cesses has only begun. Cluster will continue examining ttgnetasphere at least
until the end of 2009 but, with inter-spacecraft distanaetsvieen 100 and 10 000
km, it was not designed to study interaction on small scalesthe interaction
between different scales. NASA's Magnetospheric Mullis¢MS, [16]), con-
sisting of four identical spacecraft in a variably spaceadateedron (from 1 km
to severalRy), is intended for probing magnetic reconnection sites. mission
confirmation is targeted for July 2009, and the launch isiarfor 2014. ESA's
Cross-Scale [17], on the other hand, is a candidate missioimfestigating the
nonlinear dynamics of multi-scale plasma processes, sushacks, reconnection
and turbulence, by simultaneously measuring the spacenplabaracteristics at
the three dominant length scales: electron kinetic seal®m), ion kinetic scale
(~100-1000 km) and MHD-scale-6000—10 000 km). The optimum scientific
configuration would be a set of three concentric tetraheglroone for each scale.
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