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Abstract

The work presented in this thesis studies the high-latitude ionospheric current systems
in the North Hemisphere (NH) and South Hemisphere (SH). The main objective has been
to statistically investigate the effect of geomagnetic activity, season and IMF directions
on the currents, giving special emphasis on hemispheric asymmetry. The thesis makes
use of magnetic field data measured by the European Space Agency (ESA) Swarm-A and
-C satellites from both hemispheres. Based on the magnetic data, ionospheric currents
have been estimated using the spherical elementary current system (SECS) method. The
bootstrap statistical method was used to normalize the data from the two hemispheres
as far as possible. The detailed results are as follows.

On average, the currents are larger in the NH than in the SH. Hemispheric asymmetry
in the high-latitude ionospheric currents is larger during low geomagnetic activity (Kp<2)
than high geomagnetic activity (Kp � 2), with NH/SH field-aligned current (FAC) ratio
of 1.12 and 1.02. Asymmetry is also larger during local winter and autumn than local
summer and spring, with stronger currents in the NH than in the SH.

The role of background ionospheric conductances on the hemispheric asymmetry in
currents was studied. However, it does not show similar hemispheric asymmetry as
the high-latitude ionospheric currents, indicating that solar illumination difference does
not seem to be the reason for the asymmetry. It was also found that the ionospheric
conductivity calculation using the IRI and MSISE models did not show the auroral oval,
so the role of auroral precipitation could not be determined.

When making the statistical analysis for different IMF directions, it was found that
the orientation of IMF has strong influence on the hemispheric asymmetry in the high-
latitude currents, but this influence depends on local season. Hemispheric asymmetry in
the high-latitude currents is larger for IMF By+ in NH (By� in SH) than vice versa during
both Bz+ (northward) and Bz� (southward) IMF conditions. The strongest hemispheric
asymmetry occurred in local winter and autumn for IMF By+ in NH (By� in SH) and
IMF Bz+ with NH/SH FAC ratio of about 1.18.

The role of electric field on the hemispheric asymmetry in high-latitude currents was
studied using the cross polar cap potential (CPCP) difference values from the Super Dual
Auroral Radar Network (SuperDARN) dynamic model. The results suggested that the
convection electric field cannot explain the hemispheric asymmetry in the high-latitude
ionospheric currents.

The statistical results also indicated that the sign of IMF By affects the latitudinal
distribution and magnitude of auroral currents in a given hemisphere. This is known as
the ”explicit By effect”. On average By+ in the NH and By� in the SH causes larger
currents than vice versa. The By effect on auroral currents in a given hemisphere during
IMF Bz+ is in very good agreement with the By effect on the CPCP values, except during
SH equinox and NH summer.

The factors and physical mechanisms causing the observed hemispheric asymmetries
in the high-latitude ionospheric currents require still further investigations. In specific,
the effect of auroral precipitation induced conductivities for the hemispheric asymme-
try during different IMF conditions and different seasons should be studied by using
measurements and modeling.

Keywords: High-latitude ionosphere, hemispheric asymmetry, Auroral currents,
geomagnetic activity
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1. Introduction

1.1. Solar wind and the IMF

The Sun emits electromagnetic radiation and plasma into the interplanetary space.
The electromagnetic radiation ionizes the neutral atoms and molecules in the at-
mospheres of the planets in the solar system. The solar wind, which consists of
electrons and ions (mainly protons), is formed by the expansion of the solar corona
into the interplanetary space in all directions forming the heliosphere.

At the Earth’s orbit (at about 1.5·108 km from the Sun), the observed average
speed of the solar wind and proton number density are about 450 km/s and 6.6
cm�3 [Russell et al., 2016], respectively. Since the solar wind plasma is highly
conductive, solar magnetic field is frozen to it and carried to the interplanetary
space. This is called the interplanetary magnetic field (IMF). At the Earth’s orbit
the magnitude of the IMF reaches about 3-6 nT [Koskinen, 2011].

As the solar wind expands radially outward and drags the frozen-in magnetic
field, a heliospheric current sheet forms near the equatorial plane [e.g., Koski-
nen, 2011]. This current sheet separates the IMF coming from the northern and
southern hemispheres of the Sun. When the Sun rotates, the current sheet moves
alternately above and below the ecliptic plane, and depending on this, the IMF
can be directed toward or away from the Sun. As the Sun rotates and the radially
expanding solar wind drags the frozen-in magnetic field, the field lines take the
form of an Archimedean spiral, which is often called the Parker spiral.

At the Earth’s orbit, the IMF can be described with three mutually perpen-
dicular components using geocentric solar ecliptic (GSE) coordinates [e.g., Kelley ,
2009]. In GSE coordinate system, the x-axis points from the center of the Earth
to the Sun, the z-axis, positive toward the North, is perpendicular to the ecliptic
plane, and the y-axis makes the third mutually perpendicular right-handed system.
In this system, the z-component of the IMF (Bz) may be positive (northward) or
negative (southward). The x- and y-components of the IMF (Bx and By, respec-
tively) are roughly equal and usually have opposite signs. This is a consequence
of the Archimedean spiral shape of the IMF.
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1.2. Earth’s magnetosphere and solar wind interaction

1.2.1. Earth’s dipole magnetic field

The Earth’s magnetic field can roughly be approximated as a dipole, with its mag-
netic north pole located close to the geographic south pole and the magnetic south
pole close to the geographic north pole. The value of the tilt of the geomagnetic
dipole axis, which is the mean angle between the dipole axis and the Earth’s ro-
tation axis, changes with time. The predicted value of the dipole tilt for 20211 is
9.3�.

On the Earth’s surface, the magnetic field magnitude varies from 2.5·104 nan-
otesla (nT) in the South Atlantic region to about 6.5·104 nT in the polar regions
over Siberia in the north and over Antarctica in the South [Baker , 2019]. By far,
the largest part of the magnetic field (95% or more at Earth’s surface) is due to
a dynamo action in the core; magnetized material in the crust accounts, on av-
erage, for only a few percent of the total field but can locally reach magnitudes
of several hundreds or even thousands of nanotesla close to Earth’s surface [Olsen
and Stolle, 2012]. At satellite altitudes, the crustal field is much weaker (<30 nT
at 400 km altitude). The detailed structure and hemispheric asymmetry in the
Earth’s magnetic field are discussed in Section 3.4.

1.2.2. Magnetosphere of the Earth

The term magnetosphere describes the region around the Earth where the geomag-
netic field determines the motion of the charged particles. When the supersonic
solar wind approaches the dipole magnetic field of the Earth, a bow shock is formed
and the solar wind pushes the magnetic field on the dayside and stretches it to
a long tail on the nightside. In the first approximation, the ideal solar wind and
magnetospheric plasmas cannot mix and a well-defined boundary called the mag-
netopause forms to separate the magnetosphere from the solar wind [e.g., Kivelson
and Russell , 1995; Koskinen, 2011]. The distance from the center of the Earth to
the dayside magnetopause depends on the pressure balance between the magnetic
pressure inside the magnetopause and the solar wind dynamic pressure. On the
Sun-Earth line, a typical distance of the magnetopause is about 10 Earth radii
(RE=6371.2 km) from the center of the Earth, while on the night side of the
Earth, the magnetotail region extends to about 1000 RE [Cowley , 1991].

Figure 1.1 is a sketch of the magnetosphere and some of the large-scale magne-
tospheric current systems. As shown in the sketch, a large fraction of the volume
consists of the so-called tail lobes where magnetic flux is connected to the po-
lar region ionospheres, forming the polar caps. In the northern lobe, the magnetic
field points toward the Earth, in the southern away from the Earth. Consequently,
there must be a current sheet between the lobes, where the cross-tail current points

1http://wdc.kugi.kyoto-u.ac.jp/poles/polesexp.html
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from the dawn to the dusk.
The high-latitude polar ionosphere is characterized by two regions, the polar

cap, and the auroral oval. In the polar cap, the geomagnetic field lines are open,
whereas the field lines in the auroral oval are closed and map to the plasma sheet
and the plasma sheet boundary layer in the magnetosphere. The entire magnetic
flux poleward of the northern and southern auroral ovals extends to the tail lobes
encircled by the cross-tail and magnetopause currents. In the direction of the Sun,
each hemisphere has a peculiar point, called the polar cusp, which is connected
magnetically to the magnetopause. The polar cusps are regions where the total
magnetic field vanishes and through which solar wind plasma can flow directly to
the ionosphere and ionospheric plasma can escape to the solar wind [e.g., Koskinen,
2011].

Figure 4.0.2 World magnetic model – Epoch 2015.0 showing contours of the main magnetic !eld total intensity. From NOAA National
Geophysical Data Center (NGDC) and Cooperative Institute for Research in Environmental Science (CIRES).

Tail Current

Plasma Mantle

Northern LobeMagnetic Tail

Plasma Sheet
Plasma-
sphere
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Solar Wind
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Neutral Sheet Current 

Field-aligned CurrentRing Current
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Figure 4.0.3 A 3-D cutaway diagram showing the
principal current systems that together shape and modify
the Earth’s magnetic !eld and magnetospheric system.
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Fig. 1.1. Schematic diagram showing the structure of Earth’s magnetosphere and the
principal current systems. Figure from Baker [2019].
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1.2.3. Solar wind-Magnetosphere-Ionosphere Coupling

As the magnetized solar wind blows radially outward from the Sun, it generates
an electric field given by

Esw = �Vsw ⇥Bsw, (1.1)

where Esw, Vsw and Bsw are the solar wind electric field, velocity and magnetic
field (IMF), respectively. When the IMF has a southward component, the electric
field has a direction from dawn to dusk. In this case also the geomagnetic field
lines are connected to the solar wind in the way shown in Figure 1.2a. This electric
field generates about 3⇥105 volts of potential difference across the effective cross
section (about 20 RE) of the magnetosphere [e.g., Kelley , 2009].

Magnetic reconnection is the most important process leading to the flow of
energy from the solar wind into the magnetosphere, and then to the high-latitude
ionosphere. When the IMF is oppositely directed to the Earth’s magnetic field
(southward IMF) at the subsolar point, about 10% of the solar wind energy enters
the magnetosphere and powers magnetospheric processes, including the aurora and
currents in the auroral zone of the high-latitude ionosphere [e.g., Kelley , 2014].

Figure 1.2 is a schematic diagram showing how IMF connects to the Earth’s
magnetic field as first proposed by Dungey [1961]. When IMF is southward, it
merges with the Earth’s magnetic field on the dayside and produces open field
lines with one end connected to the Earth, and the other stretching out into the
solar wind. Subsequently, the solar wind will transport this field line down-tail
across the polar cap.

At the nightside end of the magnetosphere, around 100-200 RE down-tail, the
two open field line halves will meet again and reconnect, leaving a closed but
stretched terrestrial field line in the magnetotail and an open solar wind field
line down-tail of the magnetosphere [Baumjohann and Treumann, 2012]. Due
to magnetic tension, the stretched tail field line will relax and shorten in the
Earthward direction. During this relaxation, it transports the plasma to which it
is frozen toward the Earth. This is the reason for the Earthward convective flow
of plasma in the magnetotail.

When the interplanetary magnetic field is northward (see Figure 1.2b), recon-
nection can still occur but it has a different effect on the magnetosphere [Russell ,
2000]. For northward IMF, reconnection occurs at a location behind the cusps
when the IMF draped over the magnetopause merges with the already opened tail
lobe field lines [e.g., Burke and Doyle, 1986; Russell , 2000]. During this time the
amount of energy entering into the magnetosphere decreases.

Due to the high conductivity along magnetic field lines, the large scale magne-
tospheric convection electric field is mapped to the ionosphere along the field lines,
where it sets the ionospheric plasma into motion and creates large scale current
system in the auroral ionosphere [e.g., Cowley , 2000; Brekke, 2013], as illustrated
in Figure 1.3. In addition to the convection electric field, the magnetosphere is
coupled to the ionosphere via field-aligned currents.

The dawn-dusk directed polar cap electric field, which corresponds to the solar
wind electric field (see Equation 1.1), drives ionospheric plasma from the dayside
to the nightside across the polar cap with the E⇥B drift. The return flow takes
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Fig. 8. The Dungey model of the reconnecting magnetosphere for northward
(bottom) and southward reconnection (top).

lines, not connected to the Earth, with closed field lines, con-
nected to the Earth on both ends. The resulting V-shaped mag-
netic fields attempt to straighten and accelerate plasma (whose
origin is both in the solar wind and in the magnetosphere) in the
direction of the arrows shown. Then, the magnetic field slows
the plasma as the field lines are stretched behind the terminator.
Over the dayside, energy flows from the magnetic field into the
plasma, but in the tail, there is an electromagnetic flux of energy,
called the Poynting flux, into the magnetic field from the solar
wind plasma. This flux of energy is numerically equal to the
vector cross product of the solar wind velocity at the boundary
times the magnetic field crossing the boundary times the mag-
netic field parallel to the boundary divided by the permeability
of free space . This process slows the solar wind moving
along the boundary, extracting energy from it and storing it as
magnetic energy in the magnetotail. The addition of magnetic
flux to the tail by this process is illustrated at the top of Fig. 9.
This energy is in turn tapped at a reconnection point in the
tail, shown in the upper panel of Fig. 8, that causes the flow
of plasma into the magnetosphere proper and back down the
tail. The plasma and field continue to move toward the dayside
reconnection point, as illustrated by the dashed lines in Fig. 9,
where the cycle repeats. In this way, the magnetospheric plasma
can bemade to circulate even in a dissipative system as energy is
continually supplied by the solar wind. Estimates of the rate of
energy input into the magnetosphere during active times range
up to about 2 tW.
When the interplanetary magnetic field is northward, recon-

nection can still occur but it has a different effect on the magne-
tosphere. The panel on the bottom of Fig. 8 shows this situation.
The interplanetary magnetic field now reconnects with the ter-
restrial magnetic field above and behind the poles. The recon-
nected field line is added to the dayside, and a corresponding
flux tube is removed from the nightside and transported down
the tail. Effectively, this transports magnetic flux from the night-

Fig. 9. A cutaway diagram of the magnetosphere shows its plasma regions and
current system.

side to the dayside magnetosphere. The reconnected dayside
tube moves along the magnetopause boundary (in three dimen-
sions out of the plane of the page) and replaces the flux tube that
was lost down the tail. This mechanism makes a boundary layer
of plasma within the magnetopause and maintains circulation
of the plasma for the northward interplanetary magnetic field.
When the magnetic field is northward, but not due northward,
this process can still proceed, but the same flux tube is unlikely
to reconnect at both ends. This results in plasma circulation but
no change in the magnetic flux on open and closed magnetic
field lines.
Numerical simulations of the solar wind interaction with the

magnetosphere indicate that the conductivity of the polar iono-
sphere affects the rate of reconnection at the magnetopause [6].
This can be understood in terms of the tying of the polar cap
magnetic flux more firmly to the ionosphere and slowing mag-
netospheric convection. If convection over the polar cap were to
cease as the polar cap became evermore electrically conducting,
magnetic flux would build in the magnetotail to such an extent
that it formed the obstacle to the flow and then would cut off
subsolar reconnection. No observational data directly confirm
or deny this conjecture because the conductivity of the polar
cap is not readily observed. However, the ring current buildup
seems to depend principally on the solar wind and interplane-
tary magnetic field and not on changes that occur in the polar
ionosphere during storms.
The tangential stress in the outer magnetosphere must ulti-

mately apply stress to the ionospheric plasma as the ionosphere
is the ultimate site of dissipation in the magnetospheric system.
Although several ways exist for energy to be deposited in the
ionosphere from the magnetosphere, such as particle precipita-
tion, whereby energetic charged particles in the magnetosphere
enter the atmosphere and are lost, or as wave transport, in which
waves generated in the magnetosphere propagate into the iono-
sphere and heat it, the most significant energy dissipation mech-
anism is Joule dissipation in electric currents. Fig. 9 illustrates
where the current systems in the magnetosphere flow. In the

Authorized licensed use limited to: Oulu University. Downloaded on February 09,2021 at 11:43:25 UTC from IEEE Xplore.  Restrictions apply. 

(a)

(b)

Fig. 1.2. Schematics of magnetic reconnection on both the dayside and nightside of
the magnetosphere for southward (a) and northward (b) IMF directions. Figure from
[Russell , 2000].

place at lower latitudes in the auroral oval. On the night side, this plasma flow
diverges eastwards and westwards in the auroral oval. In the auroral oval, the
electric field is directed poleward on the dusk side and equatorward on the dawn
side. Convection forms two cells (see the black arrows), one on the dusk and one
on the dawn side, and instead of the simplified schematic Figure 1.3, the shapes
are affected by the IMF By component, which is discussed more in Section 1.3.2.

Generally, the southward IMF causes an enhanced reconnection at the front
of the magnetopause and at the magnetotail which allows a large amount of solar
wind energy to enter into the Earth’s magnetosphere, which subsequently increases
the magnitudes of currents flowing in the coupled auroral ionosphere [Paper III].
During northward IMF the amount of energy entering into the magnetosphere
decreases and thus the intensity of currents in the polar ionosphere weaken. In
Paper III, the high-latitude currents were studied separately during northward and
southward IMF conditions.
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8.3. FIELD ALIGNED CURRENTS IN THE IONOSPHERE 117

Region 1 currents

Region 2 currents

24

12

618 E
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Figure 8.3: Region 1 and 2 field aligned currents and their closure currents in the ionosphere.

Pedersen currents flow along the electric field and Hall currents opposite to the plasma flow

lines.

statistical maps of field aligned currents (FAC) in the ionosphere found by Iijima and Potemra

in 1976. The black regions indicate current into the ionosphere while the dotted regions de-

pict currents out of the ionosphere. One can see that the FACs form relatively thin sheets on

the dawn and dusk sides. The poleward current system, so called Region 1 currents, flow into

the ionosphere at dawn and out of the ionosphere in dusk. Another sheet of FACs at slightly

lower latitudes, so called Region 2 currents, behave oppositely and flow into the ionosphere in

dusk and out from the ionosphere at dawn. In the pre-midnight sector around 22-24 LT there

is a curious overlap between the Region 1 and Region 2 currents, which is called the Harang

discontinuity.

Figure 8.3 shows another picture, which also indicates how the field aligned currents in the

ionosphere are closed by horizontal currents that flow perpendicular to the field lines. The

FACs are closed by so called Pedersen currents that flow perpendicular to the magnetic field

and along the electric field. In the upper ionosphere (above some 125 km) both ions and elec-

trons follow the plasma flow lines due to E � B-drift, but the ion motion is also affected by

collisions between neutral atoms. These collisions disrupt the gyration of ions and allow them

to move also along the electric field and thus carry Pedersen current.

Below about 125 km the collisions increasingly reduce the ion mobility and there the cur-

rent is mainly carried by electrons, which drift in the E�B direction. Thus they carry electric

Fig. 1.3. Schematics of high-latitude ionospheric plasma flow direction (black arrows),
large scale Region 1 and 2 field-aligned currents, large scale auroral electrojet currents,
and convection electric field. Illustration by [Asikainen, 2019].

1.2.4. Currents in the magnetosphere

The reconnection of Earth’s magnetic field with the IMF allows the solar wind
particles to enter into the magnetosphere and leads to the generation of electric
currents which flow in the magnetosphere. The currents transport charge, mass,
momentum, and energy, and they themselves generate magnetic fields which sig-
nificantly affect the Earth’s background magnetic field.

The magnetospheric current systems which play a very important role in the
magnetosphere-ionosphere coupling are the field-aligned currents (FACs). FACs
are large-scale currents that flow parallel to the Earth’s magnetic field and connect
the higher altitude parts of Earth’s magnetosphere with the high-latitude iono-
sphere [e.g., Iijima and Potemra, 1976a]. Figure 1.4 presents a schematic view of
magnetospheric FACs and their closure in the high-latitude ionosphere and magne-
tospheric boundaries. The FACs flow on two shells completely surrounding Earth.
The higher latitude shell is usually referred to as region 1 (R1 FAC) and the lower
one as region 2 (R2 FAC).

The exact physical processes responsible for the formation of R1 FACs are still
unclear, and are believed to depend strongly on whether the associated magnetic
field line is an open (connects to the solar wind) or closed (connects to the other
hemisphere) field line [e.g., Ganushkina et al., 2015, and references therein]. The
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Fig. 1.4. Schematics of magnetospheric field-aligned current systems and their closure in
the high-latitude ionosphere and magnetospheric boundaries. Illustration by [Asikainen,
2019]

R1 FACs that reside on open field lines and connect to the dayside magnetopause
are believed to be driven by the solar wind, which acts as a generator [e.g., Cowley ,
2000; Iijima and Potemra, 1982; Ganushkina et al., 2015, 2018]. The formation of
part of the R1 FACs that are on closed field lines may be due to processes taking
place in either the boundary layer or in the plasma sheet [e.g., Ganushkina et al.,
2015, and references therein]. On the other hand, the source region of R2 FAC is
thought to be the ring current region, as reviewed by Cowley [2000].

As discussed above, the R1 and R2 FACs are caused by different physical mech-
anisms, but they are connected to the high-latitude ionosphere and form a single
current circuit. Large-scale FACs were first identified by Triad satellite observa-
tions [Iijima and Potemra, 1976a, 1978]. Figure 1.5 shows the average spatial
distribution of FAC in the NH high-latitude region determined from TRIAD mea-
surements during weakly disturbed and active geomagnetic conditions [Iijima and
Potemra, 1976a, b]. In the dawn (dusk) sector the R1 FACs flow into (out of) the
ionosphere at latitudes in the poleward part of the auroral oval, while R2 FACs
flow out of (into) the ionosphere at latitudes in the equatorward of the auroral
oval. In the midnight sector, there is an overlap between the R1 and R2 FACs,
which is called the Harang discontinuity [and references therein Amm et al., 2000].

The average pattern of FAC depends on magnetic activity, interplanetary mag-
netic field direction and magnitude, and season [e.g., Iijima and Potemra, 1978;
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Kamide, 1982; Weimer , 2001; Papitashvili et al., 2002; Christiansen et al., 2002;
Anderson et al., 2008; Juusola et al., 2014; Huang et al., 2017; Laundal et al., 2018,
and Paper I]. During magnetically active periods (see Figure 1.5b) both R1 and
R2 FACs expand to lower latitudes. The local time coverage of the Harang region
also increases to occupy the MLT region from 2200 to 0100 hours.

High-Latitude Electrodynamics 419

persist at all times. In addition, the interplanetary magnetic field magnitude and
orientation introduce changes in the location and configuration of the current
systems. This should not be surprising, considering the intimate relationships
between currents and electric fields that were derived in Section 8.1. Since we
have established the basic magnetic field topologies associated with the electric
field configuration and given a qualitative description of the drivers that pro-
duce a dependence on the IMF orientation, we will confine ourselves here to a
description of the field-aligned current morphology. In the final section we will
describe the behavior of the horizontal currents.

8.5.1 Current Patterns for a Southward IMF

When the IMF has a southward component, Fig. 8.23 shows the most stable
features of the field-aligned current system seen during times (a) when the inter-
nal state of the magnetosphere is quiet and (b) when it is more disturbed. The
following features should be noted:

1. There exist essentially two concentric field-aligned current rings approximately the
same as those predicted from the simple considerations of Section 8.1.

2. The inner ring, which may be considered to contain the driving currents for iono-
spheric convection, has current directed into the ionosphere in the morning hemi-
sphere and away from the ionosphere in the evening hemisphere. These are the
Region 1 currents, identified in Section 8.1.
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Figure 8.23 Two overlapping rings of field-aligned currents always exist at high lat-
itudes. They occur at higher latitudes and have smaller latitudinal extent during quiet
times. The inner ring is termed Region 1 current and the outer ring Region 2. [After Iijima
and Potemra (1978). Reproduced with permission of the American Geophysical Union.]

Text Text

a) b)

Fig. 1.5. Statistical pattern of field-aligned currents in the polar ionosphere as originally
determined from satellite observations by Iijima and Potemra [1978] during (a) quiet and
(b) active geomagnetic conditions.

The general pattern of the FAC system is common to both NH and SH. However,
there is an additional current system that shows a strong dependence on the IMF
and has a polarity that for strong IMF By is opposite in the two hemispheres [e.g.,
Kelley , 2009; Huang et al., 2017]. This current is called Region 0 (R0) FAC and
lies poleward of the R1 FACs near local noon[e.g., Iijima and Potemra, 1978]. In
the NH, the R0 FACs flow into (out of) the ionosphere when IMF By� (By+),
while the flow direction of R0 FACs is opposite in the SH.

1.3. High-latitude ionospheric electrodynamics

Ionospheric electrodynamics are described by the electric field, conductivities and
currents. The background magnetic field affects the current flow and on the other
hand currents create magnetic perturbations. The following sections briefly de-
scribe the basic properties of Earth’s ionosphere and ionospheric plasma convec-
tion, conductivities, and currents.
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1.3.1. Basic properties of Earth’s ionosphere

The Earth’s ionosphere is a weakly ionized part of the upper atmosphere extending
from about 60 to 1000 km. Atmospheric neutral atoms and molecules are ionized
by solar extreme ultraviolet (EUV) radiation, soft X-rays, precipitating energetic
particles from the magnetosphere, and galactic cosmic rays [e.g., Brasseur and
Solomon, 1986; Schunk and Nagy , 2009]. The level of ionization depends not only
on the production rate of electron-ion pairs but also on the rate of recombination
and different transport phenomena [e.g., Schunk and Nagy , 2009].

The ionosphere is divided into different characteristic layers based on the mean
vertical profile of electron number density: D-, E- and F-regions (see Figure 1.6).
The D-layer is located between about 60 km and 90 km altitude. In the upper
part of the D-region the dominant ions are NO+ and O+

2
, and in the lower part

water cluster ions [e.g., Brekke, 2013].
The E-layer extends from about 90 km to 140 km altitude. It is produced by

ionization of O, O2 and N2, and the dominant ions in this region are NO+ and
O+

2
. Large electric currents flow in the E-region of the ionosphere, so most of the

results in this thesis deal with this region.

10
8

10
9

10
10

10
11

10
12

Electron density [m-3]

50

100

150

200

250

300

350

400

450

500

A
lt

it
u
d
e 

[k
m

]

Day
Night

Fig. 1.6. Altitude profiles of electron number density from the International Reference
Ionosphere (IRI) 2016 model for local noon and midnight on 21.6.2016 over Tromsø.

The F-region begins at about 140 km altitude and is sometimes subdivided into



20

two layers, F1 and F2. It is primarily produced by the ionization of atomic oxygen
and molecular nitrogen by extreme ultraviolet radiation (9-91 nm) and the O+

is the dominant ion. The electron number density attains its maximum in this
region at about 250-300 km altitude (see Figure 1.6). Above the F-region density
maximum, the topside ionosphere merges with the magnetosphere without any
clear upper boundary.

The ionospheric electron and ion densities vary with time, season, and solar
activity. During night photoionization by solar radiation stops, and recombina-
tion decreases the density of free electrons. Additionally, at the auroral regions,
magnetospheric particle precipitation shows large spatial and temporal variations,
which may lead to significant enhancements in the ionospheric electron density.

1.3.2. Ionospheric plasma convection

Plasma circulation in the high-latitude ionosphere is largely controlled by interac-
tions between the IMF embedded in the solar wind and closed geomagnetic fields of
the magnetosphere. Magnetic reconnection processes at the dayside magnetopause
and at the nightside magnetotail generate the convection electric field. This large
scale electric field is then mapped from the magnetosphere to the ionosphere and
drives plasma motion at ionospheric F-region altitudes. The global pattern of
convection is often represented by the electrostatic potential �. The convective
electric field is obtained from the gradient of the potential as

E = �r�. (1.2)

The cross polar cap potential (CPCP) difference is calculated as the difference
between the loci of the dusk and dawn convection cells.

Figure 1.7 shows the statistical convection patterns in the NH sorted by inter-
planetary magnetic field clock angle. For purely southward IMF conditions (see
middle panel in the bottom row), a symmetric two-cell convection pattern is often
observed with anti-sunward flow across the polar cap driven by dayside reconnec-
tion and sunward return flow at lower latitudes in the dawn and dusk auroral
regions [e.g., Dungey , 1961; Thomas and Shepherd , 2018]. However, asymmetries
in this two-cell pattern occur when there is an east-west (By) component of the
IMF as the dayside reconnection site is oppositely shifted toward dawn or dusk
of the subsolar point in the two hemispheres [e.g., Østgaard and Laundal , 2013;
Friis-Christensen et al., 2017]. In the presence of strong IMF By (By � Bz), the
convection pattern is most easily characterized by one small crescent-shaped cell
at dawn side and one large circular cell at the dusk side.

As discussed in Section 1.2.3, during northward IMF conditions, reconnection
occurs poleward of the cusp between open field lines in the solar wind and the lobe
cell of the Earth’s magnetosphere, driving sunward flow across the polar cap in the
form of reverse convection cells. For northward IMF, the sunward flows are often
observed at noon in the polar cap, and it has been shown that the sunward flows
are related to either distorted two-cell or four-cell patterns [Greenwald et al., 1995].
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Fig. 1.7. Statistical convection patterns in the NH sorted by interplanetary magnetic
field clock angle for 1.6 Esw<2.1 mV/m and neutral dipole tilt (equinox). The electric
potential is indicated by shadings in red (positive) and blue (negative). The contours are
the equipotential lines separated by 6 kV intervals beginning at ±3 kV. The patterns are
rotated so that noon (12 magnetic local time, MLT) is at the top with dawn (06 MLT)
on the right and dusk (18 MLT) on the left. All plots have a low-latitude boundary of
50� magnetic latitude. The locations of the potential maxima (+) and minima (-) are
marked, and the cross-polar cap potential (CPCP) difference is given at the bottom right
of each panel. Figure from Thomas and Shepherd [2018].

The four-cell pattern is mainly formed during purely northward IMF conditions
(see middle panel in the top row).

In Paper III, the cross polar cap potential (CPCP) difference is calculated using
the SuperDARN dynamical model [Cousins and Shepherd , 2010]. A more detailed
discussion about the model and model calculation is found in Section 2.4.3. The
overall convection pattern during northward IMF Bz in the NH and SH for both
IMF By signs is given in Figure 2.3.
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1.3.3. Ionospheric currents

As mentioned in Section 1.3.1, large ionospheric currents flow in the E-region of
the ionosphere, where significant ion-neutral collisions separate the direction of
motion of ions and electrons. Therefore, the ionospheric conductivity is very high
in the altitude range of 90 and 140 km. The ionospheric current density j is related
to the ionospheric conductivity and the electric field E via Ohm’s law

j = �PE? � �HE? ⇥ êB + �kEk, (1.3)

where E? and Ek are electric field components perpendicular and parallel to the
geomagnetic field B, respectively, êB is a unit vector in the direction of B, �P is
Pedersen conductivity along E?, �H is the Hall conductivity along E? ⇥ B and
�k is the parallel conductivity in the direction of geomagnetic field.

Altitude profiles of Pedersen and Hall conductivities, calculated from IRI and
MSISE models (see Section 2.4.2), are shown in Section 3.3. In the F-region
ionosphere (above 140 km), the conductivities decrease with altitude. There, the
atmospheric gas density is low and hence the collision frequencies are very low and
thus both the electrons and ions move in the same direction along the E⇥B drift
without carrying any net current [e.g., Richmond and Thayer , 2000]. The Pedersen
and Hall conductivities attain maximum values in the E-region ionosphere at about
90 -140 km altitude. In the D-region ionosphere (below 90 km), the electron and
ion densities are very small and the collision of electrons and ions with neutral
particles is very large, which leads to very small conductivities. Pedersen and
Hall conductivities for the E-region are calculated from models (Paper II) and
from EISCAT radar measurements (Paper IV). The conductivity calculation and
results will be discussed in more detail in Section 3.3.

The ionospheric Ohm’s law given in Equation (1.3) represents the fundamental
relationships between the convection electric field and ionospheric currents. Since
the ionospheric conductivity is a tensor with three different components, three
types of currents will be generated by the convection electric field [e.g., Baumjo-
hann and Treumann, 2012]. The first type is the field-aligned currents, �kEk,
which flow parallel to the magnetic field into and out of the high-latitude iono-
sphere (see Section 1.2.4). The other two currents are the Pedersen and the Hall
currents which flow perpendicular to the geomagnetic field.

At high-latitudes the geomagnetic field lines are nearly vertical and the hori-
zontal convection electric field, which is perpendicular to the geomagnetic field,
becomes altitude independent. Also, the E-region of the ionosphere where sub-
stantial horizontal currents flow perpendicular to the Earth’s magnetic field is re-
stricted to the range from about 90-140 km altitude. Integrating the perpendicular
component of Equation (1.3) we can find an expression for the height integrated
Ohm’s law for ionospheric horizontal currents

J? = ⌃PE? � ⌃H(E? ⇥ êB), (1.4)

where ⌃P and ⌃H are height integrated Pedersen and Hall conductances, respec-
tively. The calculation of these conductances will be discussed in more detail in
Section 3.3.
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The field-aligned current, FAC, is not specified by Equation (1.4), but it can be
calculated from the divergence of the integrated horizontal current

jk = �r? · J?, (1.5)

where r? denotes the vector derivative in the horizontal plane. Inserting Equation
(1.4) into (1.5) we have

jk = (r?⌃P) ·E?�(r?⌃H) ·(E?⇥ êB)+⌃P(r? ·E?)+⌃Hr? ·(E?⇥ êB). (1.6)

Assuming that r? ⇥ E? = 0 and E? · (r? ⇥ êB) = 0, the last term in Equation
(1.6) becomes zero, ⌃Hr? · (E? ⇥ êB)=0. Accordingly, Equation (1.6) shows that
FACs are generated at gradients of the Pedersen and Hall conductances, and in
regions where the divergence of the electric field is non-zero [e.g., Baumjohann
and Treumann, 2012]. The FAC flows along the Earth’s magnetic field connecting
electrodynamically the magnetosphere and the ionosphere as described in Section
1.2.4.

The ionospheric horizontal currents consist of Hall and Pedersen currents (see
Equation (1.4)), which flow in the ionospheric E-region as a response to the con-
vection electric field imposed on the ionosphere by the ionosphere magnetosphere-
coupling [e.g., Richmond and Thayer , 2000]. Like for FACs, the ionospheric hor-
izontal currents are concentrated within the northern and southern auroral ovals
(see Figure 1.3).

Hall currents flow transverse to the electric and magnetic fields and to the first
approximation they are often considered equal to the divergence-free (DF) part
of the current. However, this is strictly valid only if the electric field has no
inductive (rotational) part, and the Hall and Pedersen conductance gradients are
parallel to the electric field. In general, DF currents are rotational currents that
are closed within the ionosphere. The eastward electrojet (EEJ) in the dusk sector
and westward electrojet (WEJ) in the dawn sector are the dominant features of
this component of the ionospheric horizontal current. Pedersen currents flow in
the direction of the electric field. They are roughly equal to the curl-free (CF)
part of the horizontal current (under the same conditions when Hall currents are
DF), and connect the R1 and R2 FACs in the ionosphere.



2. Data, measurements and models

2.1. Swarm satellite mission

Swarm is a constellation of three satellites flying in polar low-Earth orbits having
orbital periods of about 94 minutes [Friis-Christensen et al., 2006; Olsen et al.,
2013]. The three satellites have been in orbit since 22 November 2013. Two of
the satellites, called Swarm Alpha (A) and Swarm Charlie (C), hereafter called
Swarm-A and Swarm-C, fly side by side in a near-polar orbit of inclination 87.4�
with an east-west separation of 1.4� in longitude. The average orbital altitude of
Swarm-A and C on 15.04.2014 (beginning of the study period) was 475 km and at
the end of the study period (31.12.2019) it had decreased to 442 km. The third
satellite, called Swarm Bravo (B), has an orbital inclination of 88� and is flying
slightly higher at about 500-520 km altitude.

Each Swarm satellite has, amongst other instruments, a vector fluxgate magne-
tometer (VFM) which measures the three vector components of the magnetic field,
an absolute scalar magnetometer (ASM), which is used to calibrate the VFM, and
an electric field instrument (EFI). The magnetometers in each satellite measure the
magnetic field, which originates from sources in the ionosphere, magnetosphere,
and the Earth’s core, mantle and crust. The Swarm A and C calibrated 1 Hz mag-
netic field data are used in Papers I-IV. Also, in Paper IV, the 2-Hz cross-track ion
velocity (Vi) is used to calculate the electric field using the relation E=-Vi ⇥B,
where B is the measured magnetic field.

2.2. Incoherent scatter radar data

Incoherent scatter (IS) refers to a mechanism by which an incident electromagnetic
wave in a plasma medium is weakly scattered due to the random fluctuations of
the thermal plasma [Nygren, 1996]. The weak scattered signal is detected by a
large antenna and a sensitive receiver system, and from it electron density, ion
drift velocity component, and electron and ion temperatures as a function of al-
titude up to about 1000 km can be extracted using advanced analysis methods
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[e.g., Lehtinen and Huuskonen, 1996]. The international EISCAT (European In-
coherent SCATter) scientific association operates three incoherent scatter radars
in northern Scandinavia and on the Svalbard island. In Paper IV, we analyze data
measured by the Ultra High Frequency (UHF) and Very High Frequency (VHF)
radars located at Tromsø. The VHF and UHF radars were pointing along the
zenith and in the field-aligned direction (elevation 77.55� and azimuth 187.05�),
respectively, which allows us to detect latitudinally drifting structures. The VHF
radar was operated in a tri-static mode, where the additional receivers at Kiruna
and Sodankylä measured the scattered signal from the F-region ionosphere, making
it possible to derive the full ion velocity vector.

2.3. Kp index, IMF and solar wind data

Changes in the ionospheric and magnetospheric current systems have been mon-
itored by observing variations in the geomagnetic field on ground at various lo-
cations. Several early researchers have developed geomagnetic indices to quantify
different aspects of geomagnetic variability. Perhaps the most widely used geomag-
netic activity index is the three-hour planetary K-index, commonly called Kp index
[e.g., Mayaud , 2013]. It is the standardized mean of the maximum fluctuations
of horizontal components of Earth’s magnetic field observed by 13 mid-latitude
magnetic observatories during a three-hour interval. The Kp index quantifies the
magnitude of the magnetic disturbance in the range 0-9. It is traditionally rep-
resented in symbol notation as Kp = 0o, 0+, 1�, 1o, 1+, ..., 9�, 9, where o, +
and � represent the integer (0), plus one third (+1/3) and minus one third (-1/3),
respectively. In Papers I and II, we use the Kp index to bin the estimated FACs
and horizontal ionospheric currents into low (Kp<2) and high (Kp�2) geomag-
netic activity levels. This division was chosen so that the numbers of Swarm oval
crossings for the two activity levels are nearly equal.

The IMF and solar wind data with 1- min resolution (used in Paper III) are
provided by the OMNI database (http://omniweb.gsfc.nasa.gov). The data
have been delayed from the satellites to the Earth’s bow shock and are given in
the Geocentric Solar Magnetospheric (GSM) coordinate system. In Paper III, we
average the OMNI data over a 30-min period before the Swarm oval passes and then
use the average values to calculate the Newell solar wind coupling function. The
Newell coupling function represents the rate of dayside magnetic reconnection and
correlates best with 9 out of 10 indices of magnetospheric activity [Newell et al.,
2007] is calculated as

d�/dt = V
4
B

2/3

T
sin8/3 (✓c/2), (2.1)

where V is solar wind speed, BT=
q
B2

y
+B2

z
, By and Bz are the y- and z-

components of the IMF, and ✓c = tan�1 (By/Bz) is the so called IMF clock angle.
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2.4. Different models

2.4.1. CHAOS and POMME magnetic field models

To estimate ionospheric currents from magnetic field measurements one needs to
know the background field at the location of the measurement, so that the pertur-
bation �B due to the ionospheric currents can be extracted as follows

�Bionosphere = Bmeasured �Bmodel, (2.2)

where Bmeasured is the total magnetic field measured and Bmodel is the back-
ground magnetic field which originates from the Earth’s core, crust, magnetosphere
and induced magnetic fields.
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Fig. 2.1. Left panel: total magnetic field measured by Swarm-A satellite during a sin-
gle oval pass in the NH and the corresponding background field estimated by CHAOS-
6 model. Right panel: the magnitude of variation magnetic field (difference between
CHAOS model and Swarm-A measurement). The oval pass crossing date was 20.02.2020
from about 18:36:00-18:44:00 UT.

Different background magnetic field models have been developed, e.g., the In-
ternational Geomagnetic Reference Field (IGRF), the Potsdam Magnetic Model
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of the Earth (POMME) and CHAOS. The IGRF is a geomagnetic field model pro-
viding a slowly changing large-scale part of the Earth’s magnetic field of internal
origin. POMME Maus et al. [2006] and CHAOS Finlay et al. [2016, 2020] are
geomagnetic field models providing an estimate of the Earth’s core, crustal, mag-
netospheric, and induced magnetic fields. The POMME model series are derived
from CHAMP and Ørsted satellite magnetic data, while the CHAOS model series
are derived from ground-based and satellite (Swarm, CHAMP, Ørsted, SAC-C)
observations. In Papers I-III, CHAOS-6 and 7 series are used remove the back-
ground magnetic field from measurements, while POMME magnetic field model is
used in Paper IV.

Figure 2.1 shows the total magnetic field measured by Swarm-A, the total mag-
netic field estimated by the CHAOS model, and the magnitude of the difference
between measured and model values during one oval crossing in the NH.

2.4.2. MSISE and IRI models

The Mass Spectrometer and Incoherent Scatter Radar Exosphere (MSISE) is an
empirical model for the neutral densities and temperature in the Earth’s atmo-
sphere from ground to 1000 km. It is based on mass spectrometer data from
satellites and incoherent scatter radar data from several sites [Picone et al., 2002].
MSISE gives densities of 9 different species and neutral temperature.

The IRI (International Reference Ionosphere) model Bilitza et al. [2017] is an
empirical model for electron density, electron temperature, ion temperature, and
different ion compositions in the altitude range from about 50 km to about 2000
km. The IRI model is developed using data from the worldwide network of ionoson-
des, incoherent scatter radars, topside sounders, and in situ instruments on several
satellites and rockets. The input parameters to the IRI-2016 and MSISE models
are location, date and time, as well as the F10.7, F10.7a, Kp indices and the
sunspot number (Rz). In Paper II, the ionospheric background conductances are
calculated using neutral densities from the MSISE and ion and electron densities
from the IRI model, as described in Section 3.3.

Figure 2.2 shows altitude profiles of electron and ion densities from the IRI-
2016 model and neutral density from the MSISE model. The model results are
during June solstice at Tromsø (geographic latitude: 69.58�, geographic longi-
tude: 19.23�).
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Fig. 2.2. Left panel: altitude profile of electron density (Ne), atomic oxygen (O+), oxygen
dioxide (O+

2
) and nitric oxide (NO+) ion densities from IRI model at 12:00 UT on June

21, 2016. Right panel: altitude profile of density of atomic oxygen (O), oxygen dioxide
(O2) and nitrogen dioxide (N2) from MSISE.

2.4.3. SuperDARN dynamic model

The Super Dual Auroral Radar Network (SuperDARN) is an international scien-
tific collaboration that operates high-frequency (HF) radars located in the mid-
latitude to polar regions of both hemispheres [e.g., Greenwald et al., 1995; Nishitani
et al., 2019]. The radars measure plasma velocity, which is used to estimate the
convection electric field that is commonly expressed in terms of electric poten-
tial. The overall strength of the global convection field is commonly expressed in
terms of the cross polar cap potential difference (CPCP), which is the maximum
potential difference between the dawn and dusk-side of the polar cap.

The SuperDARN dynamic model (SDDM) is a statistical model for high-latitude
plasma convection. It is based on convection model coefficients derived from 8
years of measurements by 9 northern and 6 southern hemisphere SuperDARN
radars [Pettigrew et al., 2010; Cousins and Shepherd , 2010]. The SDDM gives the
electrostatic potential distribution for a wide range of solar wind, IMF, and dipole
tilt values [Cousins and Shepherd , 2010]. The convection electric field is closely
related to the high-latitude ionospheric currents via Ohm’s law, as discussed in
Section 1.3.3. In Paper III, the SDDM is used to calculate the cross polar cap
potential for different seasons and IMF clock angle sectors in the NH and SH.

Figure 2.3 show maps of the electric potential from SDDM during local winter
under IMF Bz+ condition. In the SDDM seasons are parameterized by dipole tilt
angle values. Here, the values of input variables are -15� dipole tilt for winter,
+2.0 nT for IMF Bz+, 400 km/s for the solar wind velocity and ± 3 nT for IMF
By. These are the median values of the dataset used in Paper III. The top and
bottom panels of Figure 2.3, respectively, show the electric potential for IMF By

+
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Fig. 2.3. Distribution of electric potential in the NH (left panels) and the SH (right
panels) for IMF By+ (top panels) and IMF By� (bottom panels) under IMF Bz+ con-
dition in local winter. Colour indicates the electric potential, with red and blue shades
corresponding to positive (+) and negative (-) potentials, respectively. All plots have
a low-latitude boundary of 60� AACGM latitude. The values of the cross polar cap
potential (CPCP) are given in the bottom right of each plot.

and By� condition both in the NH (left) and in the SH (right). As clearly seen, the
IMF By components produce a dawn-dusk asymmetry of the potential patterns.
In the NH, the dusk cell is more round (crescent) shaped during By

+ (By�), and
the value of CPCP is larger during By+ (24 kv) than By� (19 kv). In the SH,
the shapes of cells are opposite to the NH: the dusk cell is more crescent (round)
shaped during By

+ (By�), and the value of CPCP is larger during By� (22 kv)
than By+ (16 kv). Hemispheric comparison of CPCP is discussed in Section 4.3.



3. Data analysis

3.1. Coordinate Systems

There are many different coordinate systems designed for different purposes and
regions based on the structure of the Earth’s magnetic field, e.g., the centered
dipole (CD), the Magnetic Apex (MA), altitude adjusted corrected geomagnetic
(AACGM), and GSM coordinate systems [e.g., Shepherd , 2014; Laundal and Rich-
mond , 2017b, and references therein]. The CD coordinate system has its origin
at the center of the Earth and represents a shift of the poles from the rotational
axis to the dipole axis. At ionospheric heights, however, the Earth’s magnetic field
deviates significantly from a centered dipole. At these heights better accuracy can
be achieved by taking the non-dipole features of the Earth’s field into account
[Laundal and Richmond , 2017b], as in the case of AACGM and MA coordinate
systems.

Currently, a commonly used coordinate system to represent ionospheric obser-
vations is the AACGM coordinate system [Shepherd , 2014]. The AACGM coor-
dinate system is based on tracing along magnetic field lines in the International
Geomagnetic Reference Field (IGRF) model. All points on a given field line are
magnetically connected and have the same AACGM coordinates, with a change
of sign in latitude between NH and SH. Contours of the AACGM latitude at
±60�,±70�,±80� from Northern (blue) and Southern (red) hemispheres in the
geographic coordinate system are shown in Figure 3.1 (a). The geographic loca-
tions of the poles of the AACGM coordinate system in NH and SH in 2016 were
[83.30�N, 85.29�W] and [74.32�S, 125.53�E], respectively.

The AACGM coordinate system is not spherical and thus it is difficult to define
vectors using AACGM coordinates. We need a spherical coordinate system for
Swarm/SECS analysis method which is discussed in Section 3.2. For this reason,
we define a spherical coordinate system centered on the poles of the AACGM
coordinate system, which is referred to as SPH-AACGM [Paper I]. As the AACGM
NH and SH poles are not located at geographically conjugate points, the SPH-
AACGM coordinate system is defined separately for NH and SH as shown in
Figure 3.1 (b).
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Fig. 3.1. The AACGM (a) and SPH-AACGM (b) latitude circles at ±60�,±70�,±80�

of NH (blue) and SH (red) projected on NH in geographic coordinates. The North and
South poles, respectively, of the AACGM and SPH-AACGM coordinate systems, are
marked by blue and red dots (from Paper I).

3.2. Swarm SECS method

The horizontal ionospheric currents and FACs at high magnetic latitudes can be
estimated from the magnetic field they produce. For this, several estimation tech-
niques have been developed [e.g., Olsen, 1996; Ritter et al., 2013; Amm et al.,
2015]. Olsen [1996] developed a method used to determine ionospheric currents
from satellite measurement. In this method, it is assumed that only horizontal,
not field-aligned currents, contribute to the magnetic field component parallel to
the geomagnetic field. The horizontal ionospheric currents are modeled as a set
of infinitely long, straight line currents flowing perpendicular to the satellite orbit
plane at a constant height.

The Spherical Elementary Current System (SECS) method Amm et al. [2015]
is based on the principle that any horizontal ionospheric current system, together
with its FACs can be uniquely constructed as a superposition of two basis vector
functions, one curl-free (CF) and one divergence-free (DF). The principle is based
on Helmholtz’s theorem, stating that any vector field can be decomposed into an
irrotational (curl-free) and solenoidal (divergence-free) component. So, the CF
SECS represents a current system which is curl-free and poloidal, and causes a
toroidal magnetic field, while the DF SECS represents a current system which is
divergence-free and toroidal and causes a poloidal magnetic field.

The Swarm/SECS method is the specific application of the SECS method to
the magnetic field measurements by Swarm A and C satellites. The Swarm/SECS
analysis method yields two-dimensional (latitude-longitude) maps of the iono-
spheric currents in a limited region around the Swarm satellite’s paths. The ad-
vantages of using the Swarm/SECS method include adjustable grid resolution and
no requirement for explicit boundary conditions [Vanhamäki et al., 2020].

The Swarm/SECS method takes as input the coordinates of the measurement
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location and the magnetic variation components obtained by subtracting the back-
ground main field from Swarm magnetic field measurements. The variation mag-
netic field components are fitted with the 1-dimensional (1-D) and 2-dimensional
(2-D) SECS [Vanhamäki and Amm, 2011]. The 1-D SECSs describe only latitu-
dinal variations, while the 2-D SECSs describe both latitudinal and longitudinal
variations (Paper I).

In the Swarm/SECS analysis, the 1-D/2-D and CF/DF SECSs fitting is done
following four analysis steps for the two satellites simultaneously.

1. The parallel component (B||) of the measured variation field is first fitted
with the 1-D DF SECS. The parallel component is calculated from the mea-
sured variation field (B) and background magnetic field from CHAOS model
(BModel): Bk= (B ·BModel)/|BModel|.

2. The field explained by 1-D DF SECS in step 1 is subtracted from the mea-
sured variation field and the remaining �B|| is fitted with the 2-D DF SECS

3. The magnetic field produced by the 2-D DF SECS is subtracted from the
remaining variation field and the residual eastward B� is fitted with 1-D CF
SECS

4. Finally, the contribution from 1-D CF SECS is subtracted from the remaining
variation and the remainder is fitted with 2-D CF SECSs.

The motivation for fitting the 1-D SECS first is that they capture the large-scale
electrojet-like structures so that the remaining 2-D structures are easier to fit with
the 2-D SECS. Similarly, the parallel magnetic disturbance B|| is insensitive to
FAC, so it can be used to fit the DF currents before estimating the FAC [Paper I].

Each of the above steps results in a matrix equation between the variation field
components and the unknown SECS scaling factors given by

B = MI, (3.1)

where B is a vector containing the magnetic field components and I is a vector
containing the CF or DF SECS scaling factors. M is a known matrix, which
depends only on the geometry, i.e., locations of the measurement points and the
SECS poles. The truncated singular value decomposition (SVD) technique is used
to invert Equation (3.1) for the unknown vector I.

After all the scaling factors I of the different SECSs have been determined,
the ionospheric horizontal current J can be calculated as a sum of the individual
elementary systems. The FAC can be calculated either directly from the scaling
factors of the CF SECS, which describe the divergence of the current within the
grid cells, or by numerically estimating the divergence of the horizontal current as

FAC = ±r · J, (3.2)

where the positive (+) and negative (-) signs are for SH and NH, respectively, so
that positive values of FAC correspond to downward current in both hemispheres.
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An example of the two dimensional Swarm/SECS analysis results of FAC, CF,
and DF horizontal currents from Swarm A and C measurements during one oval
crossing in the NH is shown in Figure 3.2. The Swarm/SECS analysis result shows
that the FAC (right panel) consists of upward (-) and downward (+) FACs. The
CF current (middle panel) connects the upward and downward FACs. The DF
horizontal current which is dominated by the electrojet currents is shown on the
left panel.

In the statistical analysis, results only between the satellite tracks are taken
and binned to an AACGM latitude by Magnetic Local Time (MLT) grids in each
hemisphere.

Fig. 3.2. Distribution of divergence-free (JDF) current, curl-free (JCF) current and field-
aligned current (FAC) calculated from Swarm A and C measurements during one oval
crossing. The black lines are tracks of the two Swarm satellites.
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3.3. Ionospheric conductivity calculation

The Pedersen and Hall conductivities for different seasons in Paper II and for an
event study in Paper IV are calculated using the following formulae
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where e is the electron charge, B is the magnetic field, Ne is the electron density,
⌦e is the electron gyro frequency (qeB/me), ⌦i is the ion gyro frequency (qiB/mi),
⌫en is the electron-neutral collision frequency and ⌫inj are the ion-neutral collision
frequencies for three ion species j = 1, 2, 3, which are NO+, O+

2
and O+, respec-

tively. The altitude-dependent relative abundances of ions are ri1 = [NO
+]/Ne,

ri2 = [O+

2
]/Ne and ri3 = [O+]/Ne, where the square brackets indicate number

densities of corresponding ions. The CHAOS-6 model is used to calculate the
magnetic field. The electron-neutral and ion-neutral collision frequencies are cal-
culated using the formula given by Schunk and Nagy [2009], where only the three
most important neutral species, O2, N2 and O, are considered.
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where ⌫in1, ⌫in2 and ⌫in3, respectively, are collision frequencies of NO+, O+

2
and

O+ with neutrals. [N2], [O2] and [O] indicate number densities in (m�3) of the
corresponding neutral species. Tr = Ti+Tn

2
, and Te, Ti and Tn are electron, ion

and neutral temperatures in K, respectively.
The Pedersen and Hall conductances are height integrated as

⌃P =
NX

k=1

�P (zk)�z (3.9)
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and

⌃H =
NX

k=1

�H(zk)�z (3.10)

where N is the number of altitudes between 90 and 200 km and �z is the altitude
resolution (2 km in Paper II). Note that in Paper II the conductivity calculation is
entirely model based, while in Paper IV the electron density is taken from EISCAT
data.

Figure 3.3 shows the altitude profiles of Pedersen and Hall conductivities cal-
culated by using Equations (3.3) and (3.4). The electron, ion and neutral density
profiles shown in Figure 2.2 are used for calculation. In order to see the role of back-
ground conductivity in the observed hemispheric asymmetry in the high-latitude
ionospheric currents during different seasons, similar calculations have been done
for the auroral oval region in both NH and SH [Paper II],
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Fig. 3.3. Altitude profile of the ionospheric Pedersen (�p) and Hall (�H) conductivities
at 12:00 UT on June 21, 2016
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3.4. Asymmetries in the near Earth space

One could assume that under similar local seasons and solar wind conditions, the
large-scale processes leading to the flow of high-latitude ionospheric currents should
be rather similar in the two hemispheres. However, previous studies, e.g., Coxon
et al. [2016]; Milan et al. [2017]; Smith et al. [2017] and results in papers I-III,
have shown that this is not always the case, suggesting that the currents in the
two hemispheres can be substantially modified by mechanisms affecting the con-
jugate hemispheres differently. Below, hemispheric differences in the background
magnetic field intensity and configuration, and hemispheric differences in the solar
illumination are briefly discussed.

Fig. 3.4. Distribution of background magnetic field intensity (a) in the NH and (b) in
the SH in AACGM coordinate system. Panel (c) shows the relative percentage difference
between the hemispheres: �B [%]= BNH-BSH/max(BNH, BSH).

The differences in magnetic field strength can lead to a number of effects that
will be different in the two hemispheres as e.g. ionospheric conductivity (see Sec-
tion 3.3). Generally, the ionospheric Pedersen and Hall conductivities are depen-
dent on the magnitude of the magnetic field (see equation 3.3) with associated
effects on the ionospheric currents.

Figure 3.4 shows distribution of the total magnetic field intensity in the NH
and SH from CHAOS-7 model (see Section 2.4.1), and the corresponding relative
hemispheric difference in the AACGM coordinate system (see Section 3.1). The
structure of the magnetic field is different between the two hemispheres. The
magnetic field in the NH has two maxima around -30� and 180� AACGM longitude,
while in the SH the field has one maximum covering a relatively large area between
about -60� and 180� AACGM longitudes. In Figure 3.4c, the relative hemispheric
difference at each location is calculated as the hemispheric difference divided by the
value of the strongest field at that location multiplied by 100: positive (negative)
values signify stronger field values in the NH (SH). The values of the relative
difference show that in the polar cap region poleward of 80� and between -80�
and 120� AACGM longitude, the field is stronger in the SH by about 5%-20%.
Equatorward of 80� AACGM latitude, the field is stronger in the NH everywhere
except for the quadrant between about -90� and 180� AACGM longitude.
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Background ionospheric conductivities are affected by the magnitude of the
magnetic field, electron density, neutral density and ion-neutral collision frequency
(see Equations (3.3) and (3.4)). At a given magnetic latitude, the different off-
sets between magnetic and geographic poles give rise to different daily variations
in the solar illumination, which largely determines the background ionospheric
conductivity on the dayside ionosphere.

Figure 3.5 shows distributions of height integrated Pedersen and Hall conductiv-
ities calculated using the IRI and MSISE models (see Section 2.4.2) in the NH and
SH high-latitude regions during different local seasons averaged over 00–24 UT.
Similar plots were used in Paper II (see Figure 8), but there the conductances were
shown only in the areas of large currents. In both hemispheres, the conductivities
due to solar EUV are highest at low latitudes on the day MLT sector (06–18 MLT)
and lowest on the night MLT sector (18–06 MLT) at all latitudes. The magnitudes
of conductances are smallest in local winter and largest in local summer, while the
magnitudes in spring and autumn are somewhere in between. In the local winter
solstices, the conductances are very small and in the night sector both Pedersen
and Hall conductances are  0.1 S. Crucially, there is no indication of an auroral
oval in the night sector.

The hemispheric difference in the solar EUV produced conductances, which
seem to dominate the IRI results, can be attributed to several factors. One of
the factors is that the Earth receives more sunlight in the December solstice (NH
winter/SH summer) than in the June solstice (NH summer/SH winter) due to
the change in the Sun-Earth distance. The Earth receives about 7% more solar
radiation flux in December solstice than in June solstice, which leads to about
3 % difference in the E-region electron density (assuming ↵-type recombination),
and would result in the NH/SH ratio of 1.03 for winter and 0.97 for summer. As
discussed above, the SH magnetic pole lies at a lower geographic latitude than
NH magnetic pole, which results in different daily and yearly variations in solar
illumination. As shown in Figure 3.4c, equatorward of 80� AACGM latitude the
magnetic field is stronger in the NH everywhere except for the quadrant between
about -90� and 180� AACGM longitude. The weaker magnetic field strength in
the SH high-latitude region (60�- 80�) also results in larger conductance in the SH
than in the NH for similar solar zenith angles (see Equations 3.3 and 3.4).
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Fig. 3.5. Distributions of height integrated Pedersen (a-d) and Hall (e-h) conductivities
for all local seasons. Note that the color scales for Pedersen and Hall conductances as
well as for different seasons are different.

3.5. Bootstrap resampling

Bootstrapping is a statistical sampling method that relies on random sampling
with replacement from the original data [Chernick and LaBudde, 2011; Dekking
and Meester , 2005]. This method resamples data over and over with substitution
to create many copies of the original data. Each of these samples has its own
properties, such as the mean, median, or standard deviation.

In Papers I-III, the estimated ionospheric currents are binned into low and
high Kp conditions (Paper I), four local seasons and Kp conditions (Paper II),
and seasons and four IMF sectors (Paper III). Since the data are from a limited
study period (about 6 years of Swarm data in Paper III), dividing it based on
the above mentioned parameters creates differences in the number of Swarm oval
passes between the two hemispheres, local seasons and IMF sectors. So, before
making hemispheric comparisons of ionospheric currents, corrections are made to
the hemispheric difference in the data distribution using bootstrap resampling.

Figure 3.6 shows the distribution of the number of Swarm oval crossings as a
function of Kp index in each local season. Here, for local winter (summer) seasons
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during low Kp conditions the number of oval crossings in the SH is larger (smaller)
than that of the NH, while the difference is vice versa during high Kp conditions
[Paper II]. This and similar other hemispheric differences in the data need to be
corrected before making seasonal comparisons of auroral currents.

The hemispheric and seasonal differences in the data distribution are corrected
by using bootstrap resampling. Since the objective here is to make the data distri-
bution in all local seasons similar, a common sampling distribution (or bootstrap
distribution) is defined for all local seasons according to which one can randomly
take samples from the original data distributions (see the red dashed line in Figure
3.6). The sampling distribution is defined in such a way that the total number of
Swarm oval crossings in each Kp bin is the same for the four seasons and the two
hemispheres. This is done by averaging the total oval crossings in each Kp bin
during the entire study period to the four local seasons. Then, bootstrapping is
done in such a way that the number of Swarm oval crossings in each Kp bin is the
same for the four local seasons in both hemispheres. For each local season, a total
of 1000 bootstrap samples are randomly taken with replacement from the original
data. Each bootstrap sample has the same number of oval crossings as the original
dataset.

Fig. 3.6. Distribution of number of Swarm oval crossings as a function of Kp index in
the NH (blue histogram) and SH (yellow histogram). The red asterisk line shows the
sampling distribution. Figure is taken from Paper II.



4. Hemispheric asymmetry in auroral currents

4.1. Background and motivation

The current systems in the NH and SH high-latitude ionosphere are often assumed
to be symmetrical. This is a very natural assumption, based on the high degree
of symmetry in the Earth’s magnetic field, in magnetospheric dynamics, and in
the interaction between the solar wind and magnetosphere. The other reason is
that the global understanding of how Earth is coupled to space is largely based
on observations only from the NH, which has much more extensive instrument
networks than the SH. Indeed, in order to increase the amount of available data,
some authors have combined measurements from magnetically conjugate points
at both hemispheres in their statistical studies [e.g., Juusola et al., 2009; Gjerloev
et al., 2011].

However, the hemispheric differences in the Earth’s magnetic field structure,
intensity, and offset in the magnetic and geographic poles (see Section 3.4) suggest
that the NH and SH should be viewed as two separate regions when investigating
how the ionospheric electrodynamic parameters respond to different conditions
such as seasons, geomagnetic activity and solar wind.

Previous studies, e.g., Coxon et al. [2016]; Milan et al. [2017], show that based on
satellite measurements of currents, there is an indication of hemispheric asymme-
try. Typically, both the FACs and horizontal currents have been found on average
to be more intense in the NH than in the SH. However, the role of data coverage
and data analysis methods in obtaining some of the results has been questioned
[e.g., Milan et al., 2017; Laundal et al., 2017].

This thesis makes use of magnetic field measurements by the European Space
Agency (ESA) Swarm-A and -C satellites from both hemispheres to statistically
investigate the auroral current systems. Using Swarm magnetic measurements,
statistical picture of all current components (FAC, CF and DF currents) was found,
and bootstrap statistical method (see Section 3.5) was used to normalize the data
from the two hemispheres as far as possible. In Papers I-III, the effects of different
conditions are studied to see where the currents from the two hemispheres are most
symmetric or asymmetric. In particular, the effect of the following conditions on
the current system in the two hemispheres was investigated:
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• Geomagnetic activity conditions averaged over all seasons

• Local seasons during different geomagnetic activity conditions

• IMF directions during different seasons

The hemispheric difference in FACs and ionospheric horizontal CF and DF
currents during different geomagnetic activity levels, seasons and IMF conditions
is quantified by calculating the total integrated FAC values, the average horizontal
CF and DF currents, and the North to South (NH/SH) ratios.

4.2. Geomagnetic activity and seasonal effect

The effect of geomagnetic activity and season in the high-latitude ionospheric
currents have been studied extensively using ground-based magnetic observations,
either in the form of magnetic indices or equivalent currents [e.g., Guo et al.,
2014; Gjerloev and Hoffman, 2014; Juusola et al., 2015, and references therein]. In
contrast to ground-based magnetometer studies, magnetic measurements from low-
Earth orbiting satellites can be used to estimate all the 3 parts of high-latitude
ionospheric current systems (CF, DF and FAC) simultaneously from the same
dataset [e.g., Juusola et al., 2009; Laundal et al., 2018].

Figure 4.1, taken from paper I, shows the mean FACs in 1� AACGM latitude
by 0.5 hr MLT grid cells. The results are presented for both the NH (left) and
SH (right). The top row (panel a) shows the results using data for low Kp (Kp<
2), while the bottom row (panel b) results during high Kp (Kp� 2) conditions. In
both activity conditions, the well-known R1 and R2 current systems are clearly
seen. In line with previous studies, the amplitude of R1 current density is larger
than that of the R2 current. In both hemispheres, the mean FACs are larger and
auroral ovals are wider during high Kp conditions.

Overall, results in Paper I indicated significant hemispheric asymmetry during
low activity conditions, with about 10% more intense currents in the NH than
SH. The hemispheric asymmetry was not statistically significant during high ac-
tivity conditions. In that paper, it was speculated that the occurrence of larger
hemispheric asymmetry during low than high activity conditions might be due to
differences in the local ionospheric conditions, such as background conductivity
and differences in the magnetic field strength and configuration.

In Paper II, the analysis carried out in Paper I was extended by investigating
the seasonal dependence of hemispheric asymmetry in currents under different
geomagnetic activity conditions. Five years of Swarm data, about 16 months more
than in Paper I, is divided into four local seasons in each hemisphere. This helps
in the search of the possible mechanisms of hemispheric asymmetry in currents.

Figure 4.2, taken from paper II, shows the distributions of the median DF
currents during low (i, j) and high (k, l) activity conditions in the NH and SH
during winter and summer. In both hemispheres, the westward electrojet (WEJ)
intensifies more than the eastward electrojet (EEJ) as the activity changes from low
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Figure 5. Distribution of mean FACs during (a) low Kp (Kp <2) and (b) high Kp (Kp ! 2) conditions in the Northern
Hemisphere and Southern Hemisphere. FAC = field-aligned current; MLT = Magnetic Local Time.

locations of the peak R1 and R2 FACs are approximately the same for both hemispheres during low and
high Kp conditions at both MLTs. For example, the locations of R2 (R1) peaks at 18 MLT are 68! (74!)
during low Kp condition, and these locations move equatorward to 65! (71!) AACGM latitudes during high
Kp condition. Hence, as the activity level changes from low to high Kp, both the R2 and R1 peak locations
change by about 3! at 18 MLT. During both Kp conditions, the R1 variability is greater than R2 variability at
a given MLT in both hemispheres. During low magnetic activity conditions, the mean values and variability
of FACs are higher in the NH than SH at these two MLT sectors. During high-activity conditions, the peak
values of currents are somewhat higher in the NH than SH, but outside of the peak, SH currents may be
more intense; see, for example, 06 MLT and latitudes ! 73!.

3.2. Horizontal Currents
Figure 7 shows the distribution of the mean JCF (both intensity and vectors) for low and high Kp conditions.
Individual values of the north-south and east-west components of the CF current with magnitudes greater
than 1,000 mA/m in 1! latitude bins are excluded from mean calculation. This threshold is used to remove
outliers due to possible data and/or analysis errors. The intensity of CF current is calculated as the square
root of the sum of squares of the meridional (north-south) and zonal (east-west) components. The R1 and R2
FACs (see Figure 5) in the evening (morning) sector are connected by the poleward (equatorward) flowing
JCF currents. Part of the JCF current flowing across the polar cap (from morning to evening) connects the
downward R1 (morning sector) current to the upward R1 (evening sector) current. In the midnight sector,
the JCF current is directed westward and on the dayside eastward. Again, the hemispheric asymmetry is
more evident during low Kp than high Kp conditions, with larger CF current intensities in the NH (top left)
than SH (top right).
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Fig. 4.1. Distribution of mean FACs during low Kp (<2) and high Kp (� 2) conditions
in the NH (left) and SH (right). Figure from paper I.

to high conditions. Like for FACs, clear hemispheric difference in the median DF
currents occurs in winter under low activity conditions, with larger current density
in the NH than SH. Apart from the hemispheric differences in the magnitudes of DF
currents, a clear winter-summer difference is observed in both hemispheres between
19 and 23 MLTs, which is the Harang discontinuity region. In the local winter,
an overlap between EEJ and WEJ with sharp latitudinal separation occurs during
both low and high activity conditions and in both hemispheres, with the WEJ
extending to the pre-midnight sector poleward of the EEJ. In contrast, during
summer the EEJ and WEJ are separated longitudinally, and there is no clear
overlap between EEJ and WEJ around the Harang discontinuity region. These two
configurations may correspond to the expansion-type and rotation-type Harang
discontinuities discussed by Amm et al. [2000].

Figure 4.3 quantifies the magnitudes of currents and NH/SH ratios. Figure 4.3a
and Figure 4.3b show the seasonal variations of integrated FACs in the NH and
SH during low (a) and high (b) activity conditions for all four seasons. In both
activity conditions, the seasonal variation of FAC is clearly seen with the largest
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Fig. 4.2. Distributions of median DF current density for the local winter and summer
seasons during low (Kp <2, left panels) and high (Kp � 2, right panels) activity conditions
in the NH and SH. The magnitudes and flow directions of median DF currents are shown
in color and arrows, respectively. Note that the color scales for low and high activity
levels are different. Figure from Paper II.

and smallest currents in the local summer and winter, respectively. During low
activity conditions, there is a clear hemispheric difference in all local seasons apart
from the local summer, with larger FAC flowing in the NH than SH. On average,
the hemispheric difference is larger during low Kp than high Kp conditions as
found previously in Paper I. In the NH, FACs tend to be stronger in autumn than
in spring for both activity levels, while in the SH such an effect is not visible.

Figure 4.3c shows the seasonal variation of the median NH/SH ratios and the
corresponding 90% confidence range of FACs obtained from bootstrapping for both
low (solid line) and high (dashed line) magnetic activity conditions. Hence, the
curves in panel (c) are not directly the ratios of the curves in panels (a) and
(b), but medians from the bootstrap distribution of ratios (for detailed discussion
see Section 2.3 in Paper II). The hemispheric ratios in panel (c) show significant
hemispheric differences during low activity conditions and less significant during
high activity. Similar seasonal variation patterns and hemispheric asymmetries are
seen on the ionospheric horizontal CF (see Figures 4.3d–f) and DF (see Figures
4.3g–i) currents. Note that the spring and autumn equinoxes show asymmetric
behavior for NH/SH ratio, with autumn having higher values than spring for high
Kp conditions.

Overall, the hemispheric asymmetry in currents is largest during local winter
and local autumn and smallest during local summer and local spring. Low Kp
conditions show the strongest asymmetry in local winter, with currents in the NH
are 10%- 21% stronger than the currents in the SH. A more detailed investigation
of the MLT distribution carried out in Paper II (see Table 1) indicates that currents
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in the evening sector contribute more to the hemispheric asymmetry than currents
in the morning sector.
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Fig. 4.3. Median values of integrated FAC (a, b), average CF (d, e), and average DF (g,
h) currents with 90% confidence limits as a function of season during low (Kp <2, upper
panels) and high (Kp � 2, middle panels) activity levels. The bottom panels show the
median NH/SH ratios of FAC (c), CF current (f), and DF current (i) for the four local
seasons during low Kp (solid lines) and high Kp (dashed lines) conditions. Figure from
Paper II.

In Paper II, the role of local background ionospheric conductances on the hemi-
spheric asymmetry in currents during low magnetic activity conditions was studied
using the IRI, MSISE, and CHAOS models as discussed in Section 3.3. Distribu-
tions of conductances are shown in Figure 3.5. Hemispheric comparison of con-
ductances was done on auroral regions where large horizontal current is flowing,
see Figure 8 in Paper II. The results indicated that background Pedersen and Hall
conductances do not explain the hemispheric asymmetry on currents. Note that
the background ionospheric conductance calculation includes the effects from the
geomagnetic field, solar illumination, and the neutral atmosphere. However, the
auroral oval is not reproduced by the IRI model during any local season, and hence
the role of auroral conductance due to precipitation remains unknown.
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4.3. Interplanetary magnetic field effect

The effect of IMF on high-latitude electrodynamics has been studied extensively.
For example, Juusola et al. [2014]; Reistad et al. [2014]; Milan et al. [2017]; Huang
et al. [2017]; Smith et al. [2017]; Laundal et al. [2018] investigated the effect of
IMF on the high-latitude ionospheric currents, while Ruohoniemi and Greenwald
[1996]; Pettigrew et al. [2010]; Cousins and Shepherd [2010] studied its effect on
convection pattern and Newell et al. [2004] on precipitation. Most of the studies of
the solar wind effect on the ionospheric currents have been on the current pattern
and intensity in either hemisphere separately, or just in the NH, but the effect on
hemispheric asymmetry has not been systematically investigated. In paper III,
nearly 6 years of Swarm data (8 months more than in Paper II) was used to study
how the IMF affects the asymmetry. In this type of comparison, it is important
to switch the sign of By in the two hemispheres as it twists the convection pattern
to opposite directions in the NH and SH, as in Figure 2.3.

Figure 4.4 quantifies the magnitudes of FACs and NH/SH ratios during IMF
Bz+ (panels: a–e) and IMF Bz� (panels: d–f) under opposite IMF By directions
in the NH and SH. The top (a, d) and middle (b, e) panels show the seasonal
variations of integrated FACs during IMF By+ in NH (By

� in SH) and IMF By
�

in NH (By+ in SH), respectively.
During IMF Bz

+ and for By+ in NH (By
� in SH), hemispheric difference in FAC

occurs in local winter and local autumn, with the NH/SH ratios being 1.18±0.09
and 1.17±0.09, respectively (see Figure 4.4c). In contrast, during local spring and
local summer, the currents in the two hemispheres are equal within the confidence
limits. When By� in NH (By

+ in SH), the seasonal behavior is very different (see
Figure 4.4b), where the integrated FAC increases from local winter to spring and
then decreases in local autumn and again reaches its peak value in local summer.

Comparison of Figure 4.4a and Figure 4.4b indicates that IMF By has a strong
effect on the seasonal variations of FAC during IMF Bz

+, especially during the
equinoxes. In the NH, the integrated FAC is larger in autumn than in spring for
By+, and vice versa during By�. In the SH the By effect on FAC is opposite.

During IMF Bz� and when By+ in NH (By� in SH), hemispheric difference
occurs in local autumn and in local summer, with stronger currents in the NH
than in the SH (see Figure 4.4d). Similar seasonal variation pattern is observed
when By� in NH (By+ in SH) as shown in Figure 4.4e. Unlike for IMF Bz+
conditions, the FAC values in local spring and local autumn are equal within the
90% confidence ranges in each hemisphere.

Figures 4.4c and 4.4d show the seasonal variation of the median NH/SH ratios
of FACs obtained from bootstrapping for opposite IMF By directions in the two
hemispheres during IMF Bz

+ and IMF Bz
� conditions, respectively. For By

+

in NH (solid lines), statistically significant asymmetry occurs in local winter and
autumn during IMF Bz+ and in local winter, autumn and summer during IMF
Bz� conditions. Hemispheric asymmetry in FACs is also seen for By

� in the NH
(dashed lines), but on average the hemispheric asymmetry is smaller. Note that
during spring under Bz

+ and By� in NH (By
+ in SH) we have again oppositely

directed hemispheric asymmetry in FAC, as previously seen for horizontal currents
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Fig. 4.4. Median values of integrated FAC currents as a function of season for opposite
IMF By directions in NH and SH during IMF Bz+ (left panels) and IMF Bz� (right
panels). The bottom panels are the median NH/SH ratios of FAC. The error bars are
the 90% confidence ranges. Figure from Paper III.

in Figure 4.3.
In Paper III, the role of the convection electric field on hemispheric asymmetry

in currents was studied using the SuperDARN Dynamical Model (SDDM), as
discussed in Section 2.4.3. The SDDM is used to calculate the cross polar cap
potential difference (CPCP) for different seasons and IMF clock angle sectors in
both hemispheres. The NH/SH ratios of CPCP suggested that the convection
electric field cannot explain the hemispheric asymmetry in auroral currents.

4.4. The explicit IMF By effect on currents and CPCP

It is well known that the solar wind-magnetosphere-ionosphere coupling is largely
driven by the southward IMF Bz component and by the magnitude of IMF By



47

component. The effect of the sign of IMF By on the coupling process has been
given little attention [e.g., Holappa and Mursula, 2018]. However, recent studies
have reported the effect of IMF By sign on the geomagnetic activity and fluxes
of high energy electron precipitation, e.g., Holappa and Mursula [2018]; Holappa
et al. [2020], substorm occurrence rates, e.g., Liou et al. [2020]; Ohma et al. [2021].
Holappa et al. [2020] studied the effect of IMF By, also called an explicit IMF By

effect, on the fluxes of high energy electron precipitation (>30 keV) in the auroral
region. They found larger precipitation fluxes for IMF By+ than IMF By� in NH
winter (SH summer), and vice versa in NH summer (SH winter). Liou et al. [2020]
investigated the effect of IMF By polarity on the substorm occurrence rate and
found about 33% more substorms for By

+ than for By�. Recently, Ohma et al.
[2021] reported a similar By effect on substorm activity. More specifically, they
found that substorms occur more frequently when By and the dipole tilt angle
have different signs (By

� during summer and By+ during winter) as opposed to
when they have the same sign.

In Paper III, the explicit By effect on high-latitude ionospheric currents and the
CPCP values from SDDM was studied during each local season under northward
and southward IMF Bz. In order to see the influence of IMF By on currents and
CPCP during each local season more clearly, the ratios of the currents and CPCP
between the two IMF By directions are calculated for each hemisphere separately.

It was found that the IMF By has strong influence on auroral current systems
in both hemispheres, but this influence depends on the local season and IMF Bz
direction. In the NH during IMF Bz+ conditions, the largest IMF By effect on
ionospheric currents occurs in local winter and autumn (see Table 1a in Paper
III). In NH winter all the current components (FAC, CF and DF) are about 20-
35% larger for IMF By+ than By�, while in autumn the effect is even larger,
about 35-70%. In contrast, during NH spring and NH summer, the effect is much
smaller. Similar IMF By effect and seasonal pattern are visible also during IMF
Bz� conditions, but the effect is smaller, with the maximum enhancement of 15-
20% during winter. Similar IMF By effect is seen in the SH (see Table 1b in Paper
III), but for opposite IMF By signs. The seasonal and IMF Bz variations are
similar to the NH, with the IMF By effect being larger during IMF Bz

+ and local
winter and autumn. In contrast to NH, a large effect is also seen in local spring
during IMF Bz+ conditions, when the currents are 25-30% smaller for IMF By

�

than for IMF By
+. Overall, the IMF By effect tends to be stronger during IMF

Bz+ than IMF Bz� conditions in both hemispheres.
The largest explicit By effect on CPCP occurs in local winter and equinox

during IMF Bz+ conditions in both hemispheres when the CPCP values are 13-
24% larger for IMF By+ in NH and IMF By� in SH than vice versa (see Table 3 in
Paper III). In the NH summer, the CPCP value is larger for By

� than vice versa,
while in SH summer the By effect is not statistically significant. Similar IMF By

effect is visible also during IMF Bz
� conditions, but the effect is smaller, with the

maximum enhancement of 8% in SH equinox.
Figure 4.5 shows comparison of the effect of IMF By on CPCP and on the

horizontal DF current, which can be assumed to represent the auroral electrojets.
During IMF Bz+, the explicit By effect on CPCP and DF current is similar in
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winter and equinox for NH (Figure 4.5a), and in winter and summer for SH (Figure
4.5b). During IMF Bz�, in NH the seasonal behavior is rather similar both for
CPCP and DF (Figure 4.5c), but in SH the pattern is not very clear (Figure 4.5d).
Altogether, the ratios for Bz� are smaller than for Bz+. The largest differences
occur during equinoxes in SH for both signs of Bz, but we should keep in mind that
the SDDM doesn’t make a difference between spring and autumn, as the seasons
are represented by the dipole tilt angle. In both hemispheres, the maximum By

effect on both CPCP and DF current occurs in local winter during IMF Bz+
conditions, when for both the CPCP and DF current the By+/By� ratios are
about 1.18 in NH and By�/By+ ratios are about 1.20–1.30 in SH. Overall, the
results indicate that the explicit IMF By on DF current is in very good agreement
with the SuperDARN dynamic model CPCP during IMF Bz+ in winter for both
hemispheres, at equinox for NH and in summer for SH.
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Fig. 4.5. Ratios of CPCP (solid line) and DF current (dashed line) for opposite IMF By

directions in NH (a, c) and in SH (b, d) during IMF Bz+ (a, b) and Bz� (c, d) conditions.
Figure from Paper III.
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4.5. Plasma flow channel

In paper IV, a detailed multi-instrument study of a plasma flow channel event is
carried out by using data from Swarm A and C satellites, the EISCAT incoherent
scatter radars, ground-based magnetometers, and all-sky cameras (ASCs). Con-
trary to the events studied by Archer et al. [2015, 2017], this event occurs during
disturbed conditions shortly after a beginning of a substorm, where the AE index
reaches 500 nT.

Paper IV showed that the flow channel contained eastward plasma velocities
up to 3,300 m/s, which were located in the poleward part of the post-midnight
auroral oval. The flow velocities derived from the tristatic EISCAT measurements
and the EFI instrument onboard Swarm-A were in good agreement. Also, the
measured ion temperature increase during the Swarm overpass agreed nicely with
theoretical estimates based on ion-neutral frictional heating. The formation of the
observed flow channel was associated with the onset of a small substorm. It was
suggested that the role of the flow channel was to accommodate enhanced plasma
convection produced by increased reconnection rate at the near-Earth neutral line
in the magnetotail during a magnetospheric substorm.

Detailed electrodynamic structure of the flow channel is shown in Figure 4.6.
Panels (a) and (b) show Swarm/SECS mesoscale current latitude profiles at the
grid points in the middle of the tracks of Swarm A and C satellites. Panel (a)
shows that the total westward current (blue solid line) is mostly divergence-free
(red dashed line). Panel (b) shows that the southward-directed current is mostly
the curl-free part (solid blue line) of the current system, and it connects the down-
ward and upward FACs. Panel (c) shows the FACs from the Swarm/SECS method
at the grid points along satellite A track (blue solid line) and for comparison the
single-satellite FACs from satellite A (gray dashed line). Since the resolution of
the Swarm/SECS method is about 60 km, the upward and downward sheet cur-
rents associated with arcs 20 km or less wide are not well resolved but are strongly
smoothed. However, the advantage of SECS is that it gives a self-consistent hori-
zontal and FAC system and can separate the currents into divergence- and curl-free
parts. Mesoscale upward FAC dominates in the southern part of the oval, where
several auroral arcs with associated intense FAC structures are located, whereas
mesoscale downward FAC dominates in the poleward part of the auroral oval.

Figure 4.6d shows the Swarm EFI measurement of the meridional electric field,
pointing mainly in the southward direction. The plasma flow channel is located in
the region of downward FAC between 69.6� and 71� ggLat, marked with dashed
lines. The majority of the westward current (panel a) flows at latitudes lower than
69.6�, but a small part of the WEJ flows in the region of the flow channel. Panel
(e) shows the electrical potential, which is obtained by integrating the meridional
electric field component along the satellite orbit starting from 64� ggLat. The
total potential difference within the morning convection cell is about 32 kV, and
the flow channel within 1.5� ggLat contains 13 kV of that.
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Fig. 4.6. Panels (a) and (b): Latitudinal profiles of Swarm/SECS mesoscale current
between satellites A and C. (a) zonal total current (blue line) and divergence-free part of
the zonal current (red dashed line), positive in the eastward direction, (b) meridional total
current (red dashed line), and curl-free part of the meridional current (blue line), positive
in the northward direction. Panel c: Swarm/SECS field-aligned current (FAC) along
Swarm-A orbit (blue line) and Swarm-A FAC (gray dashed line, positive in the upward
direction). Panels d and e: Swarm-A electric field instrument (EFI) measurement of the
northward component of electric field and electrical potential integrated along Swarm-A
orbit. The flow channel region is marked with vertical dashed lines. The horizontal axis
is geographic latitude (ggLat) mapped to the ground. Figure from Paper IV.



5. Summary and Outlook

The main topic of this thesis has been to investigate the effect of geomagnetic
activity, season, and IMF directions on high-latitude ionospheric currents mea-
sured by the Swarm satellites in the two hemispheres, with special emphasis on
hemispheric asymmetry. Below the main findings of this work are summarised.

1. Hemispheric asymmetry in the high-latitude ionospheric currents is larger
during low geomagnetic activity (Kp<2) than high geomagnetic activity (Kp
� 2), and during local winter and autumn than local summer and spring,
with stronger currents in NH than in SH.

2. The background ionospheric conductivity does not show similar hemispheric
asymmetry as the high-latitude ionospheric currents. Moreover, ionospheric
conductivity calculation using IRI and MSISE models does not show the
auroral oval.

3. Hemispheric asymmetry in high-latitude currents is larger for IMF By
+ in

NH (By� in SH) than vice versa during both Bz+ (northward) than Bz�
(southward) IMF conditions.

4. The hemispheric asymmetry in auroral currents is larger during Bz+ (north-
ward) than Bz� (southward) IMF conditions in local winter, irrespective of
the IMF By sign.

5. In a given hemisphere, the sign of IMF By affects the latitudinal distribution
and magnitude of auroral currents. On average By+ in the NH and By� in
the SH causes larger currents than vice versa.

6. The By effect on auroral currents in a given hemisphere during IMF Bz
+

is in very good agreement with the By effect on the cross polar cap poten-
tial (CPCP) from the Super Dual Auroral Radar Network (SuperDARN)
dynamic model, except during SH equinox and NH summer. However, the
CPCP does not show similar hemispheric asymmetry as the high-latitude
ionospheric currents
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As summarized above, the magnitude of the observed hemispheric asymmetry
on high-latitude ionospheric currents depends on the geomagnetic activity condi-
tions, seasons, and IMF directions. However, the physical mechanisms by which
the geomagnetic activity, season and IMF directions affect the observed hemi-
spheric asymmetry in currents are not yet known.

Several physical processes may contribute to the observed hemispheric asym-
metry in the high-latitude ionospheric currents: hemispheric difference in the off-
set between the magnetic and geographic poles, the magnitude and structure of
Earth’s magnetic field in the ionosphere as well as possible differences in the mag-
netospheric configurations. Asymmetries in the magnetic field may imply that
the magnetosphere-ionosphere-thermosphere coupling is different in the two hemi-
spheres. This may lead to differences in the background ionospheric conductivity,
plasma convection, neutral winds, and auroral precipitation.

In Paper II, the role of background ionospheric conductances on the hemispheric
asymmetry in currents was studied. The neutral atmosphere and magnitude of the
Earth’s magnetic field were included in the conductance calculation. However, the
background ionospheric conductivity does not show similar hemispheric asymme-
try as the high-latitude ionospheric currents, indicating that solar illumination
difference does not seem to be the reason for the asymmetry. It was also found
that the ionospheric conductivity calculation using IRI and MSISE models did not
show the auroral oval. Therefore, the role of precipitation on hemispheric asymme-
try in currents was not investigated. In Paper III, the role of electric field on the
hemispheric asymmetry in currents was studied using the CPCP values from the
SuperDARN dynamic model. The results suggested that the convection electric
field cannot explain the hemispheric asymmetry in the high-latitude ionospheric
currents.

One factor that was not examined in the thesis is the possible hemispheric asym-
metry in ionospheric conductivities produced by particle precipitation. Moreover,
even though CPCP does not seem to explain the hemispheric asymmetry in cur-
rents, it should be noted that the total potential difference doesn’t give information
on the spatial distribution of the ionospheric electric field (see Figure 2.3).

Recently Ivarsen et al. [2020], using Swarm A magnetic and electric field mea-
surements, investigated the relationship between precipitation induced conduc-
tance and Alfvén wave reflection. They found a larger Alfvén wave reflection
coefficient in the NH than in the SH, which they interpreted as a consequence of
hemispheric asymmetry in the precipitation induced conductance, with the largest
hemispheric asymmetry seen during local winter. This is in line with the hemi-
spheric asymmetry in the auroral currents observed in this thesis.

The factors and physical mechanisms causing the observed hemispheric asym-
metries in the high-latitude ionospheric currents require still further investigations.
In specific, the effect of auroral precipitation induced conductivities for the hemi-
spheric asymmetry during different IMF conditions and different seasons should
be studied by using measurements and modeling.
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