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Abstract

The auroral ionosphere is a dynamic plasma environment dominated by the coupling of
the solar wind plasma and magnetic field with the Earth’s magnetosphere. The auroral
displays, plasma motion and electric currents in the ionosphere are scaled and driven
by the dayside coupling and the frequent transient explosive events on the nightside
known as substorms. Historically, the electric currents in the polar ionosphere have
been understood by the deflection of the magnetic field measured on the ground, and the
overall auroral activity has typically been understood by the strength of this deflection.
However, physics constrains the application of ground magnetometers for the study of
the ionospheric electric currents. The magnetic field deflection underneath the layer
of electric currents represents only a portion of the horizontal electric current in the
ionosphere, typically referred to as the auroral electrojet. The advent of the space
age has introduced magnetic field measurements above this layer of horizontal electric
currents. Through these measurements, we can estimate the electric currents flowing
along the magnetic field lines, called Birkeland currents, and the remaining horizontal
current.

The work that makes up this thesis focuses on developing techniques that combine
magnetic field measurements into a full picture of the ionospheric electric currents.
In Paper I, we begin with combining measurements from ground magnetometers in
Fennoscandia to robustly and routinely estimate the auroral electrojet current and the
temporal derivatives of the magnetic field along a 1D slice where the estimations are
considered most accurate. We use a technique that was developed for the NASA EZIE
mission, that will be launched in the near future, and make remote measurements of
the electrojet using the Zeeman effect. This study provides a unique dataset of these
quantities between 2000 and 2020 to the scientific community. In this first paper, our
primary focus is on the statistics of the dataset. We begin by validating it through com-
parison with an empirical model. More importantly, we explore the dependencies on
local time, latitude and solar activity of large temporal derivatives in the radial magnetic
field, which, prior to this study, had seen little attention. Large temporal derivatives in
the magnetic field on ground have significant implications in terms of space weather as
they can lead to the damage and destruction of modern infrastructure, such as power
grids.

In Paper II, we continue with the dataset produced in Paper I, this time focusing on
the electrojet currents we have estimated. Paper II is largely motivated by the neces-
sity, for the field of space physics, of a global determination of the auroral oval, which
has historically and in recent times presented a significant challenge. We design a rou-
tine to extract the properties of the electrojet currents such as their latitudinal extent
and their total current strength. Using the latitudinal limits of the electrojets, we ex-
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plore the collocation of the auroral oval with the electrojet. In particular, we build up a
statistical picture in local time and latitude combining electrojet boundaries, measure-
ments of auroral precipitating particles and auroral oval boundaries determined from
satellite images. We conclude that there are clear trends between the auroral oval and
the electrojet boundaries. Paper II motivates future work of estimating the global elec-
trojet current and thus a global electrojet boundary. Such estimation is valuable for
improving the statistical comparison with auroral imagery and determining an auroral
oval proxy from electrojet boundaries.

In Paper III, we develop a robust and consistent methodology to directly estimate
the full ionospheric portion of the substorm current wedge (SCW) using magnetome-
ters on ground and on board the Iridium constellation of satellites. In contrast, previous
studies have investigated this current system using only ground-based magnetometers.
This is problematic as inferring the whole current system requires making the unreal-
istic assumption that gradients in the conductivity of the polar ionosphere in the region
of the SCW are small. We investigate the formation, evolution and structure of the
SCW to the extent permitted by the measurements. We also estimate the SCW using
only ground magnetometers and make those strict assumptions about the conductivity,
finding clear differences compared to the current wedge estimated from a combination
of space and ground magnetometers. This comparison analysis shows that around the
onset of a substorm the conductivity assumptions are invalid and the SCW structure
cannot be inferred solely from ground-based magnetometers. Furthermore, we demon-
strate that the intensification of the electrojet current, that is often used to infer the
formation of the SCW, can occur without the formation of the SCW due to changes in
the conductivity of the polar ionosphere associated with intense aurora. These results
may have implications for the NASA EZIE mission, which will measure magnetic field
perturbations that are located just beneath the ionosphere.



Abstrakt (Norsk)

Den polare ionosfaren er et dynamisk plasma-milj¢ dominert av koblingen mellom
solvinden og jordens magnetosfare. Nordlyset, plasma-bevegelsen og elektriske strgm-
mer i ionosfaeren er skalert og drevet av dagsidekoblingen og de hyppige, kortvarige
eksplosive hendelsene pa nattsiden kjent som substormer. Historisk har de elektriske
strgmmene i den polare ionosferen blitt forstatt gjennom forstyrrelser i det magnetiske
feltet malt pa bakken, og den generelle nordlysaktiviteten har vanligvis blitt forstatt
ved styrken pa denne forstyrrelsen. Fysikkens lover begrenser anvendelsen av bakke-
baserte magnetometre for studier av de ionosfariske elektriske stremmene. Magnet-
feltforstyrrelsene under laget av elektriske strgmmer representerer bare en del av den
horisontale elektriske strgmmen i ionosferen, vanligvis kalt electrojet. Romalderen
har gitt mélinger av magnetfeltet over dette laget av horisontale elektriske strgmmer.
Gjennom disse malingene kan vi estimere de elektriske strammene som flyter langs
magnetfeltlinjene, kalt Birkelandstrgmmer, og den gjenvarende horisontale strammen.

Arbeidet i denne avhandlingen fokuserer pa a utvikle teknikker som kombinerer
magnetfeltmalinger til et fullstendig bilde av de elektriske strgmmene i ionosferen. 1
Artikkel I kombinerer vi malinger fra bakkebaserte magnetometre i Fennoskandia for &
estimere electrojeten og den tidsderiverte av det magnetiske feltet pa en robust og ruti-
nemessig mate langs en meridian der estimatene anses som mest ngyaktige. Vi bruker
en teknikk som ble utviklet for NASA EZIE-misjonen, som vil bli skutt opp i verden-
srommet i neer fremtid, og gjgre fjernmalinger av electrojeten ved hjelp av Zeeman-
effekten. Denne studien genererer et unikt datasett av disse stgrrelsene mellom 2000
og 2020 tilgjengelig for det vitenskapelige samfunnet. I denne fgrste artikkelen er vart
hovedfokus pa statistikken til datasettet. Vi begynner med & validere det gjennom sam-
menligning med en empirisk modell. Viktigere er det at vi utforsker avhengighetene
av lokaltid, breddegrad og solaktivitet av store tidsvariasjoner i det radielle magnet-
feltet, som fgr denne studien hadde fatt lite oppmerksomhet. Store tidsvariasjoner i
magnetfeltet pa bakken er et viktig aspekt av romver ettersom de kan fgre til skade og
gdeleggelse av moderne infrastruktur, som strgmnett.

I Artikkel II fortsetter vi med datasettet produsert i Artikkel I, denne gangen med
fokus pa elektrojetstrgmmene vi har estimert. Artikkel II er i stor grad motivert av be-
hovet for en global bestemmelse av nordlysovalen, som historisk og i nyere tid har vist
seg a veere utfordrende. Vi utvikler en rutine for a4 bestemme egenskapene til electrojet-
strgmmene, som deres breddegradsutstrekning og deres totale strgmstyrke. Ved bruk av
breddegradsgrensene for electrojetene utforsker vi samlokaliseringen av nordlysovalen
med electrojetten. Spesielt bygger vi opp et statistisk bilde i lokaltid og breddegrad som
kombinerer electrojetgrenser, malinger av partikkelnedbgr og nordlysgrenser bestemt
fra satellittbilder. Vi konkluderer med at det er klare sammenhengenger mellom nord-
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lyovalen og electrojetgrensene. Artikkel II skaper grunnlag for fremtidig arbeid med &
estimere den globale electrojeten og dermed en global electrojetgrense. En slik estimer-
ing vil veere verdifull for a forbedre den statistiske sammenligningen med nordlysbilder
og bestemme en nordlysoval-proxy fra electrojetgrenser.

I Artikkel IIT utvikler vi en robust og konsistent metodikk for & direkte es-
timere den fullstendige ionosferiske delen av substorm-strgmkilen (substorm cur-
rent wedge, SCW) ved bruk av magnetometre pd bakken og ombord pé Iridium-
satellittkonstellasjonen. Tidligere studier har hovedsakelig undersgkt dette strgmsys-
temet kun ved bruk av bakkebaserte magnetometre. Dette er problematisk ettersom det
a avlede hele strgmsystemet krever urealistiske antagelser om ledningsevnen i ionos-
feeren. Vi undersgker dannelsen, utviklingen og strukturen til SCW sa langt som malin-
gene tillater. Vi estimerer ogsa SCW ved bruk av bare bakkebaserte magnetometre,
og finner tydelige forskjeller sammenlignet med SCW estimert fra en kombinasjon av
rom- og bakkebaserte magnetometre. Denne sammenligningsanalysen viser at rundt
begynnelsen av en substorm er ledningsevneantakelsene ugyldige og SCW-strukturen
kan ikke utledes utelukkende fra bakkebaserte magnetometre. Videre demonstrerer vi
at intensiveringen av electrojeten kan skje uten dannelsen av SCW pa grunn av en-
dringer i ledningsevnen til den polare ionosfaeren assosiert med kraftig nordlys. Disse
resultatene kan ha implikasjoner for NASA EZIE-satellittene, som vil male magnetfelt-
forstyrrelser fra et omrade rett under ionosferen.
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Chapter 1

Introduction

The heliosphere encompasses the solar system and is filled with a supersonic plasma
known as the solar wind, emanating from the solar corona, and an interplanetary mag-
netic field (IMF) which is frozen into the solar wind and dragged away from the Sun.
These elements collectively shape and control the Earth’s magnetosphere and plasma
environments. The dynamics of the solar wind and IMF and their coupling with
the magnetosphere-ionosphere system are responsible for space weather (Lockwood,
2022).

Space weather makes up a range of interconnected phenomena that have far-
reaching consequences on the technologies that make up the modern world. The longest
observed space weather phenomena are the brilliant displays that make up the aurora
borealis and aurora australis. These impressive lights are the result of energetic protons
and electrons flowing along magnetic field lines impacting and exciting gas in the up-
per atmosphere. The extent and location of the aurora is dictated by the coupling of the
IMF with the magnetosphere. For stronger coupling, the aurora reaches lower latitudes
and is brighter and more dynamic (Han et al., 2020).

When the IMF encounters the Earth’s magnetic field, it may connect with the mag-
netic field lines in the dayside magnetosphere. This opens the magnetosphere, allow-
ing solar wind plasma to enter the dayside polar atmosphere which typically generates
weak aurora (Mende et al., 2016). The solar wind remains frozen to the opened mag-
netic field lines and carries it into the nightside magnetosphere. This process stores
magnetic energy in the nightside magnetic field (Milan et al., 2007). This energy is
released when the magnetic field lines of the magnetosphere become "closed" where
they are no longer connected to the IMF. This allows the magnetic field lines to return
to the dayside magnetosphere. These steps, and thus the coupling of the IMF and the
Earth’s magnetic field, create a circulation of magnetic field lines through the polar at-
mosphere that in turn creates a circulation of plasma (Dungey, 1961). The motion of
magnetic flux and plasma and the solar wind coupling with the magnetosphere gener-
ates electric currents flowing horizontally through the polar atmosphere and vertically
along magnetic field lines in and out of the polar atmosphere (Milan et al., 2017).

The more intense and commonly observed aurora appears in the regions where the
magnetic field is no longer connected to the IMF and is circulating towards the dayside.
This aurora is a consequence of the processes surrounding the release of magnetic en-
ergy in the nightside magnetosphere, where charged particles are accelerated towards
the polar atmosphere. The region where these aurora occur is called the auroral oval.
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Its latitudinal extent holds key information on the opening and closing of magnetic flux
and the amount of magnetic energy stored in the magnetotail (Chisham et al., 2022; Mi-
lan et al., 2008, 2017). Furthermore, in this region space weather hazards are greater.
For example precipitating energetic particles may lead to a charge buildup in certain
regions of a spacecraft. Subsequent discharges from the resulting potential difference
may lead to minor and major failures in the satellite (Anderson and Koons, 1996).

The auroral oval is also the region where the electric currents and magnetic field
disturbances are strongest and can vary significantly. This creates another space
weather hazard. One immediately recognisable hazard is how the varying magnetic
field presents a challenge when using the magnetic field for navigation. Simply put, a
compass needle will no longer point towards magnetic north and the stronger the vari-
ation in the electric current the more variable the pointing of the needle. Furthermore,
Faraday’s law tells us that a varying magnetic field will induce a current in the ground
or conductive materials. Thus, variations of the ionospheric currents can also induce a
secondary current directly into networks of cables or an induced current in the ground
can short circuit through the cables (Boteler, 2019; Ebihara et al., 2021). Famously,
during intense auroral activity in 1859, telegraph workers disconnected the power from
the network to prevent any damage and found operators could still communicate up to
two hours using purely the current induced in the wires (Green et al., 2006). These cur-
rents have also been responsible for damage to power grids, degradation of pipes and
much more (Boteler, 2019; Taltavall, 1915) and are thus a significant space weather
hazard.

We can use measurements of the magnetic field to study ionospheric currents. At
high latitudes, the field-aligned current (FAC) and a portion of the horizontal current
create no magnetic field on the ground. The portion of the horizontal current that does
create a magnetic field on the ground is called the auroral electrojet. By combining
ground magnetic field measurements we can robustly estimate the auroral electrojet
and understand where the large-scale electrojet current is located with respect to the
auroral oval (Feldstein et al., 1999). We can also study the magnetic field responsible
for some of the space weather hazards described in the previous paragraph.

Using space-based magnetometers we can utilise the magnetic field measurements
to study the field-aligned and the associated part of the horizontal current. The Irid-
ium satellites are ideal for this due to their large coverage. The Active Magnetosphere
and Planetary Electrodynamics Response Experiment (AMPERE) project showed that
despite the noisy magnetic field measurements made by the Iridium constellation com-
pared to science grade magnetometers, the large-scale FACs can be estimated routinely
using a ten minute window of data (Anderson et al., 2000, 2014; Coxon et al., 2018;
Waters et al., 2020). However, the magnetic field from the auroral electrojets cannot
be measured using the magnetometers on board the Iridium satellites but by combining
space-based and ground-based magnetometers we can measure the total ionospheric
current (Green et al., 2007).

Explosive events known as substorms involve large releases of magnetic energy in
the nightside magnetosphere (Milan et al., 2006). The consequences are bright and dy-
namic aurora and a current system called the substorm current wedge (SCW). The SCW
consists of FACs connecting the polar atmosphere to the nightside magnetosphere and
horizontal currents in the polar atmosphere that connect the FACs (McPherron et al.,
1973). This current is poorly understood, and a number of competing theories about its



formation and structure exist (Gjerloev and Hoffman, 2014; Liu et al., 2013; McPher-
ron et al., 1973). Through using new techniques we can estimate in a consistent and
robust manner this full current system using a combination of magnetic field measure-
ments from the ground, to estimate the electrojet current, and Iridium, to estimate the
field-aligned and associated part of the horizontal current (Green et al., 2007).

There are two main objectives of this thesis. The first objective is to develop ro-
bust methodologies for estimating ionospheric currents using ground and space based
magnetometers. The second objective is, through these estimations, to understand the
extent to which ground magnetometers can be used to infer the properties of the SCW
and the auroral oval.

This introduction gives context and highlights the motivation of this thesis. The core
concepts and background theory are presented in Chapter 2 and 3. The core data used
in the papers constituting this thesis are introduced in Chapter 4 as well as the steps
that are taken from the raw measurements to the measurements used in the studies.
The methodology relevant to these studies is described in detail in Chapter 5. A brief
summary of the papers is provided in Chapter 6. Eventually, the studies and thesis are
concluded in Chapter 7. Further development and application of the work is described
in Chapter 8.

We conclude this introductory chapter by emphasising the purpose and objectives of
the three papers that make up this thesis. Paper I focuses on a high density network
of ground magnetometers in Fennoscandia using spherical elementary current systems
and a similar inversion scheme to Laundal et al. (2022), which was designed for es-
timating currents from noisy remote magnetic field measurements with the Electrojet
Zeeman Imaging Explorer (EZIE) satellite mission. We aimed to estimate the electro-
jet current along a magnetic meridian in Fennoscandia in a consistent and temporally
comparable manner. Producing a dataset that spans two decades we demonstrate the
advantages of combining magnetometers into a single inversion and how it can be used
to investigate the temporal derivative in the radial magnetic field. We aimed to find lat-
itude and local time hot spots for large temporal derivatives. We also aimed to show
how the solar cycle modulates the occurrence of these large temporal derivatives. We
also demonstrate how the dataset can be used to depict spatio-temporal variations of
waves in the magnetic field.

In Paper II our objective was to extract properties of the electrojet from the dataset
produced in Paper I, with particular focus on the boundaries of the electrojet. From
these boundaries we aimed to understand the collocation of the electrojets and the au-
roral oval by comparing the electrojet-derived boundaries with boundaries based on
auroral images and precipitation measurements. This work is relevant for a potential
future application in which ground magnetometers are used to infer the location of the
auroral zone globally.

One objective of Paper III is to estimate the full ionospheric current using ground
and Iridium satellite based magnetometers. Contrary to a number of other assimilation
techniques (such as Richmond (1992), Laundal et al. (2022) and Kamide et al. (1981))
we focus purely on magnetic field measurements and do not require estimates of the
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conductance. Making adaptions and developments to the inversion technique used in
Paper I, we aimed to investigate the SCW by analysing the full estimated current dur-
ing substorms with onset close to the centre of the analysis region. This allows us to
also investigate the limitations of ground magnetometers when describing FACs; hav-
ing estimated the FACs directly using space based magnetometers we compare them
with the equivalent FACs determined from ground magnetometers. Such equivalent
FACs have been interpreted as actual FACs in prior research (Nishimura et al., 2020;
Weygand and Wing, 2016; Weygand et al., 2021). We aimed to determine where and
when the equivalent FACs are a reasonable proxy for the FACs, and in particular how
well the SCW can be quantified using only ground based magnetometers (Gjerloev and
Hoffman, 2014). This is also relevant for the upcoming Electrojet Zeeman Imaging Ex-
plorer mission (EZIE), that will measure the magnetic field at approximately 80 km, as
it will only be able to study the SCW through the equivalent FAC method. We return
to the details of the relevance of the EZIE mission in Chapter 8.



Chapter 2

Space Physics Background

In this chapter we introduce the core theory of space physics applicable to this the-
sis, with particular attention to the nature and consequences of solar wind-IMF-
magnetosphere-ionosphere coupling. This chapter covers the background necessary
to understand the fundamental aspects of the current systems we discuss in Chapter 3,
and introduces core concepts in greater detail than is provided in the papers that make
up the main results of this thesis.

2.1 The Polar Ionospheric Plasma

The term ionosphere describes the portion of the atmosphere comprised of a quasi-
neutral plasma. The plasma is generated primarily through photo-ionisation and as such
the plasma density is strongly linked to solar illumination (Chapman and Bartels, 1962;
Rishbeth and Garriott, 1969). Globally this leads to variations in the plasma density
correlated with the solar cycle. In polar regions there are strong seasonal variations in
the plasma density due to prolonged solar illumination in the summer and the lack of
solar illumination in the winter.

Figure 2.1 shows the altitude profile of the conductivity of the ionosphere under
sunlit conditions. The Pedersen and Hall conductivity, which is the horizontal conduc-
tivity parallel and perpendicular to the electric field respectively, peak between 100 and
130 km. Therefore, the majority of the horizontal ionospheric currents flow at these
altitudes. The parallel conductivity is much higher (i.e., charged particles are much
more mobile along field lines). All of these conductivities are greatly diminished be-
low 80 km. Therefore, the majority of field-aligned currents diverge into the horizontal
current in the same 100 to 130 km segment. Due to the nature of how we typically
measure the auroral ionospheric currents, which we return to in Chapter 3, its three-
dimensional nature is hard to investigate. Therefore, we often describe the horizontal
ionospheric currents as being in a two dimensional sheet and the field aligned currents
as having an unchanging magnitude above this sheet and being zero below (Chapman
and Bartels, 1940; Green et al., 2007; Untiedt and Baumjohann, 1993; Vanhamdki and
Juusola, 2020). In this description conductivity is height integrated and referred to as
the conductance with the same Hall, Pedersen and field-aligned decomposition. These
details are returned to in section 3.1 where ionospheric Ohm’s law is introduced.
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Figure 2.1: Altitude profile of the Hall (0y ), Pedersen (op) and parallel (o)) conductivity at low latitude
during solar minimum. Dashed line shows the Pedersen conductivity at solar maximum. Figure taken
from Richmond (2007)
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Figure 2.2: Schematic of the Dungey cycle taken from Seki et al. (2015)

In the polar ionosphere there is another significant source of ionisation and conse-
quently a source of change in conductance (Robinson et al., 1987). Precipitating ener-
getic particles, which intensify during magnetic substorms that are discussed in section
2.3, impact and excite the auroral ionosphere. The relaxation of the exited atoms is
responsible for the famous auroral displays known as the aurora borealis and aurora
australis.

2.2 The Solar Wind Driving of the Magnetosphere and Po-
lar Ionosphere

The interaction and coupling of the solar wind and IMF with the magnetosphere heavily
dictate the dynamics of the polar ionosphere. In this section we summarise how the
solar wind driving controls motion of the ionospheric plasma and magnetic flux.

2.2.1 Solar Wind-Magnetosphere Coupling

The solar wind is a quasi-neutral supersonic plasma emanating from the solar surface
and due to certain magnetohydrodynamic (MHD) conditions the Sun’s magnetic field
is frozen into the solar wind and is dragged out into interplanetary space. Upon arrival
at the Earth’s magnetopause the orientation of the IMF is of significant importance
for the interaction between the IMF and the magnetopause. A purely southward IMF
is anti-parallel to the magnetosphere and, due to pressure from the solar wind and
pressure from within the magnetosphere, magnetic re-connection can take place. This
is a process where an in-flow of IMF magnetic flux re-configures to be connected to the
Earth’s magnetic field with orthogonal out-flowing reconnected magnetic flux. In space
plasma physics we use the term "open magnetic field" to describe magnetic field lines
connected to both the Earth’s magnetic field and the IMF. A "closed magnetic field" is
used to describe magnetic field lines with both footpoints on the Earth.
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There have been numerous attempts to describe the relative contribution of different
factors to the rate of magnetic re-connection at the subsolar magnetopause (Lockwood,
2022; Milan et al., 2012). A commonly used proxy is the Newell et al. (2007) coupling

function:
2/3
eN:v4/3(,/B§+Bg) sin®/3(6/2), 2.1)

where v is the solar wind speed, By and B, are components of the IMF in the geocentric
solar magnetospheric (GSM) co-ordinate system and 6 = arctan2(B,,B;) is the IMF
clock angle (Newell et al., 2007). Although gy is not a measure of the subsolar magne-
topause reconnection rate it is considered to be a good proxy. &y or similar functions
are used in numerous models and predictions of auroral ionospheric dynamics and as a
quantity to indicate activity levels. Given that the long term trends in IMF magnitude
and the solar wind speed are correlated with the solar cycle, the reconnection rate and
&y will also exhibit the solar cycle (Newell et al., 2007).

When the IMF is oriented northward, sin®3 (6/2) is zero and thus the rate of re-
connection at the subsolar magnetopause is zero. However, there is still a coupling
between the IMF and the magnetosphere. A northward oriented IMF can drape over
the dayside magnetosphere and reconnect with the magnetic field lines in the lobes.
Overall magnetic activity is significantly weaker during this coupling and has different
consequences on the ionosphere.

The coupling function has a number of further limitations. Firstly, there are chal-
lenges surrounding the measurements of the properties of the solar wind and IMF.
There are three solar wind monitors with halo orbits around the first Lagrangian point
approximately 230 RE away from the Earth (1.5 million km) in the direction of the
Sun. The Advanced Composition Explorer (ACE), the Deep Space Climate Observa-
tory (DSCOVR) satellite and the Wind satellite. The nature of the orbits move them
out of the Sun-Earth line: for Wind Rzy in geocentric solar ecliptic co-ordinates can
be up to 100 Rg, for DSCOVR 50 Rg and ACE 40 Rg (Borovsky, 2008; Lockwood,
2022). This presents the problem that regardless of whether the time shifting of the
measurements to the bow shock is accurate, the solar wind measured by these satellites
is not the same solar wind that reaches the bow shock. The time shifting of the solar
wind measurements is determined by the measured solar wind velocity, and is typically
40-50 minutes (King and Papitashvili, 2005). A second problem is what happens to
the solar wind between the bow shock and the subsolar magnetopause. This plasma
regime is turbulent and without measurements within this region we cannot always ac-
curately predict the IMF magnetosphere coupling due to variations in the orientation of
the IMF compared to what arrives at the bow shock.

2.2.2 Plasma Circulation in the Magnetosphere-Ionosphere
System

The Dungey cycle is a simplistic steady state model where flux is constantly opened

at the subsolar magnetopause by a southward oriented IMF and closed in the night
side at the same rate (Dungey, 1961). Figure 2.2 shows the stages of the Dungey cycle
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where 1 marks the beginning of the cycle as an opening of magnetic flux at the subsolar
magnetopause. This opening allows solar wind particles to enter the cusp, ionising a
portion of the dayside ionosphere and can create dayside aurora (Mende et al., 2016).
The opened flux is then pulled across the polar cap (steps 2 and 3), stimulating anti-
sunward plasma motion due to the frozen-in condition. The open flux is then dragged
into the magnetotail where it eventually reconnects (step 4). A plasmoid then moves
away from the Earth (step 5) while the closed magnetic field dipolarises (towards step
6) and the release of stored magnetic energy is transferred to the magnetotail plasma
which precipitates leading to the processes discussed in Section 2.1. Once dipolarised
(step 6) the magnetic flux convects across the dawn and dusk flanks to the dayside and
stimulates plasma motion (step 7). Since the space plasma and magnetic fields move
together in the magnetosphere, solar wind and the ionosphere, the global scale plasma
circulation at high latitudes resembles a footprint of the Dungey cycle as described in
the magnetosphere. This is shown in Figure 2.3 using black lines with arrows.

The plasma circulation during northward IMF is not captured by the Dungey cycle.
A northward IMF does not reconnect at the subsolar magnetopause. IMF field lines
are draped across the magnetosphere and reconnect with the field lines in the lobes as
they are anti-parallel along the Sun-Earth line. Such interactions drive much weaker
convection cells concentrated in the polar cap with anti-sunward motion at the centre
of the cap and sunward motion on the edges (Reistad et al., 2021).

The east-west component of the IMF also has a strong influence on the convection
pattern as it influences the location of reconnection. During a southward IMF this
compresses one cell and exaggerates the other. During a northward IMF a strong By
component can reduce convection to a single cell. The strength of convection is also
controlled by the dipole tilt due to effect on the location of reconnection and due to
changes in solar illumination (Pettigrew et al., 2010).

2.2.3 Expanding Contracting Polar Cap Paradigm

To maintain a steady state of opening and closing of flux in the Dungey cycle there has
to be a constant population of open field lines convecting across the polar cap and closed
field lines around the flanks. This description is not entirely accurate as it assumes a
constant southward IMF and simplifies the magnetotail behaviour; topologically there
is a distinct boundary that separates the open and closed field lines (OCB), shown as a
red line in Figure 2.4. The polar cap (P in Figure 2.4) is the area of open flux. There is a
second boundary in Figure 2.4 that describes the low latitude extent of auroral activity.
The region contained within these two boundaries is know as the auroral oval (A in
Figure 2.4) and describes the extent of energetic particle precipitation on closed field
lines. Precipitation in the auroral oval and polar cap are typically of different energies
as the magnetic field lines map to different regions of the magnetosphere and therefore
different plasma populations (Newell et al., 1996).

The typical description of the Dungey cycle assumes that the rate of reconnection
is the same at the subsolar magnetopause and in the magnetotail. However, in reality
they can be very different and this controls the latitude of the OCB. When reconnection
occurs on the dayside it can cause a protrusion of the polar cap into the auroral oval, as
shown by the hashed area in panel b of Figure 2.4, and when reconnection occurs on
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Figure 2.3: Figure demonstrating the Dungey cycle convection pattern (black arrows and lines) and
polar ionospheric current systems taken from Palmroth et al. (2021).

the nightside the auroral oval protrudes into the polar cap, as shown by the hashed area
in panel a of Figure 2.4. Over time, if the reconnection rate on the dayside is greater
than on the nightside the polar cap increases in size. For the reverse the polar cap
shrinks. Tracking the change in the area of the polar cap is considered to be currently
one of the most accurate ways of determining the difference between the dayside and
nightside reconnection rate. As we will discuss further in the Section 2.3, convection
of open flux into the tail does not immediately instigate reconnection on the nightside.
Therefore, calculating the amount of open flux can inform us of the extent of the loading
of magnetic flux in the magnetotail (Milan, 2004).

The equatorward boundary of the auroral oval is also an important quantity because
by defining the full extent of the auroral oval we describe the region of the magnetic
field that takes part in the high latitude electrodynamics, including strong energetic
particle precipitation and significant ionospheric currents (Burrell et al., 2020; Kilcom-
mons et al., 2017; Redmon et al., 2010). The equatorward boundary generally moves
similarly to the polar cap boundary, i.e. as the polar cap expands the equatorward
boundary of the auroral moves to lower latitudes and when it shrinks the equatorward
boundary moves to higher latitudes. However, their motion is not necessarily syn-
chronised. Typically the poleward boundary evolves on shorter time scales than the
equatorward boundary (Ohma et al., 2023). Defining the area covered by the auroral
oval informs us of where space weather hazards are heightened and thus is important
for managing a large variety of modern space- and ground-based technologies.
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Figure 2.4: Figure demonstrating the expanding contracting polar cap paradigm taken from Ohma
et al. (2023). Green represents closed magnetic flux and white represents open magnetic flux. A is
the auroral oval and P is polar cap. The red line is the open close field line boundary and blue is
equatorward boundary of the auroral oval.

2.2.4 Finding The Auroral Oval

Often, the poleward boundary of the global auroral oval can be a good proxy of the
OCB (Longden et al., 2010; Sotirelis et al., 2005). The most direct way to identify
the auroral oval is through measuring the precipitation as the plasma in different mag-
netosphere regions have significantly different precipitation characteristics (Andersson
et al., 2004; Kilcommons et al., 2017; Newell et al., 1996). Kilcommons et al. (2017)
used the special sensor J (SSJ) particle detector on the Defense Meteorological Satel-
lite Program (DMSP) satellites to define when the satellite was within the auroral oval.
They define auroral precipitation as an integrated energy flux of electrons with kinetic
energy between 1.3 and 30 keV that exceeds 10° eV/cm?/s/sr. The poleward and equa-
torward extent of regions comprised of auroral precipitation then defines the auroral
oval. However, the measurements by the DMSP satellites are 1-dimensional along the
satellite orbit with typically large temporal and spatial gaps and thus it is not possible
to use this approach to characterise the global auroral oval, except for in climatological
average models. Additionally, the orbits of the DMSP satellites have significant biases
in local times and there can be a large orbital angle with respect to the auroral oval or
even cases where they do not enter the polar cap leading to poor boundary detection
(Decotte et al., 2023).

Satellite based auroral imagery has significant advantages over the approach of mea-
suring the precipitation. The larger field of view can capture more of the auroral oval.
The missions with the largest advantage over other approaches are those than can im-
age the entire auroral oval within one image such as the Imager for Magnetopause-to-
Aurora Global Exploration (IMAGE) satellite and the Polar satellite.

Figure 2.5 shows the detection of the auroral oval based on images from the Wide-
band Imaging Camera (WIC) onboard the IMAGE satellite, which is most sensitive to
emissions due to electron precipitation, over a period of almost 7 hours (Ohma et al.,
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2023). The nature of the orbit allows for long periods of continual observation of the
polar ionosphere. This makes it ideal not only for capturing the entire auroral oval but
also to study its evolution throughout the period of a substorm (introduced in the next
section). The auroral boundaries identified through images are not exactly the same as
those obtained using particle precipitation measurements and in Longden et al. (2010)
they adjust these boundaries using a local time dependent systematic offset from those
obtained using DMSP based on statistics from conjunctions (Chisham et al., 2022;
Ohma et al., 2023). Despite the systematic differences, the auroral boundaries deter-
mined from global auroral imagery serve as a good proxy for monitoring changes in
the inferred polar cap and auroral zone extent with high temporal resolution.

Figure 2.5 shows that the auroral oval is not always clearly delineated in auroral
images, here based on WIC. The last two panels show that the auroral emissions are not
distinguishable above the dayglow on the dayside. When approached algorithmically,
studies such as Chisham et al. (2022); Longden et al. (2010) often discard dayside
boundary estimates. Particularly for the last two panels, where it would be challenging
to even draw boundaries by eye on the dayside. Figure 2.5 shows global boundaries
even for the last two images however this is due to the approach in Ohma et al. (2023)
which involves a global fit of initial boundaries determined from pixel intensity profiles.
As a result the dayside equatorward boundary is primarily dictated by a sophisticated
temporal and spatial interpolation from nearby boundaries.

The largest challenge for this approach to determining the auroral oval is the scarcity
of satellites capable of global auroral imagery. At the time of this thesis it has been over
a decade since the last mission to image the entire auroral oval. Furthermore, continual
global auroral imagery has not been available during any of the global auroral im-
agery missions. We discuss this challenge and investigate a different approach using
high latitude ground magnetometers that measure the ionospheric current in the auroral
ionosphere to obtain an auroral oval proxy in Paper II. An approach using ground mag-
netometers has a significant advantage over the others mentioned in this section due
to continual operation in the auroral zone, longevity of operation (ground magnetome-
ters are one of the oldest measurements of the polar ionospheric dynamics) and thanks
to large networks temporal and spatial data gaps have a limited impact. The largest
challenge is the indirectness of the measurement in relation to precipitation.

2.3 Substorms

While the Dungey cycle model can explain a large amount of polar ionospheric dy-
namics, its simplistic and steady state nature falls short of capturing several aspects of
the behaviour of the magnetotail. Open flux entering the magnetotail does not imme-
diately reconnect and close. The onset of a substorm is associated with the eventual
near Earth reconnection in the tail, leading to a release of energy and the dipolarisa-
tion of the stretched magnetic field lines (Angelopoulos et al., 2008; Juusola et al.,
2011). This has significant dynamic consequences on the auroral ionosphere in terms
of energetic particle precipitation, plasma convection and the ionospheric current sys-
tems. This section describes the typical substorm, highlighting how its progression has
historically been identified.
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Figure 2.5: Time evolution of the auroral oval using images from the IMAGE satellite taken from
Ohma et al. (2023). The red line is the poleward boundary of the auroral oval and the blue line is the
equatorward boundary.
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2.3.1 The Phases of a Substorm

Substorms are best explained through their phases. McPherron (1970) describes three
substorm phases: growth, expansion and recovery. Historically, the phases of sub-
storms have either been defined through observations of the visible aurora or the vari-
ation of the magnetic field measured on ground (Akasofu, 1964). The typical growth
phase diverges from the Dungey cycle. Instead of open flux moving into the magneto-
tail and there immediately undergoing reconnection, the magnetotail becomes loaded
with open flux. Typically there must be a southward IMF for around 30 minutes to load
enough flux into the magnetotail, however, the time history of the IMF may reduce the
necessary period (Juusola et al., 2011; Partamies et al., 2013). In auroral zone mag-
netometers on the night side the growth phase can be observed as a slight increase in
the northward component which is related to the thinning of the magnetotail current
sheet (Runov et al., 2021). In Figure 2.6 the increase in the northward component is
small and appears shortly before the onset. In visible aurora, observations of the growth
phase can be identified by the relatively slow equatorward motion of auroral arcs and
diffuse aurora (Akasofu, 1964).

The growth phase ends as reconnection begins in the magnetotail, closing the loaded
open flux. The onset is regarded as the singular point where the growth phase ends
and the expansion phase begins and is identified by the first signatures of the expansion
phase. This first signature varies in time depending on the chosen observational data
and thus the onset can be inconsistent (Juusola et al., 2011). In ground magnetometers
the signature is a sudden intensification of the westward electrojet which, as shown in
Figure 2.6, is observed as a sharp decrease in the northward component. Auroral ob-
servations show a sudden localised brightening at the equatorward edge of the auroral
oval. The onset marks the start of the expansion phase which covers the most dynamic
and intense auroral activity of the substorm. Figure 2.6 shows that the westward elec-
trojet continually strengthens during the expansion phase. Overall, the expansion phase
involves an intensification of ionospheric currents and numerous dynamic arcs with sig-
nificant motion (Akasofu, 1964). The most intense auroral precipitation is concentrated
within the auroral bulge. The expansion phase has a typical length of 20-30 minutes
(Partamies et al., 2013).

The recovery phase is the final phase and represents a relaxation of the magneto-
sphere. The magnetotail reconnection rate reduces, and auroral activity weakens (Ju-
usola et al., 2011). Figure 2.6 shows the recovery phase as a decaying northward
component and thus a decaying electrojet strength. In the recovery phase omega band
auroral structures can appear and the overall dynamics and brightness of the aurora also
decays (Akasofu, 1964). The recovery phase can last up to three hours. Typical lengths
are at least an hour (Partamies et al., 2013). The end of the recovery phase represents
a return of the system to the state before the substorm, as shown in Figure 2.6 where
the northward component approaches O nT. It is not uncommon that a new substorm
commences before the end of the recovery phase, particularly during periods of high
activity.
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Figure 2.6: Phases of a substorm detected by Forsyth et al. (2015) at 07:51 on the 1st of June 2011 at
the location of the magnetometer at Fort McMurray. The northward component of the magnetic field in
geographic co-ordinates is shown by a blue line.
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Figure 2.7: Schematic of the substorm current wedge (SCW) taken from McPherron et al. (1973)

2.3.2 Substorm Current Wedge

The expansion phase of the substorm marks a period of dipolarisation of magnetotail
flux which stimulate field aligned plasma flows into the aurora zone. The dipolarisation
front affects the cross tail current and causes it to short circuit along field lines that
map close to the substorm onset location (Clauer and McPherron, 1974; Kepko et al.,
2015). Figure 2.7 shows that the cross tail current flowing westward diverts along field
lines into the ionosphere where it flows westward and then flows out of the ionosphere
along field lines returning to the cross tail current. This current system is known as
the substorm current wedge (SCW) and it weakens and disappears during the recovery
phase.

Figure 2.3 shows the ionospheric part of the SCW, demonstrating how the SCW
adds to the electrojet in this region. However, the exact nature of this we return to
in the next chapter where the definition of the electrojet is stated more precisely. In
the next chapter we also discuss how the ionospheric current systems can be measured
through the magnetic field and why the SCW cannot be measured directly using only
magnetometers below the ionospheric current layer.

The difficulties in measuring the ionospheric leg of the SCW have prompted the de-
velopment of new theories regarding its structure and formation. Gjerloev and Hoffman
(2014) suggested a double wedge structure closing in the ionosphere at two different
latitudes and with field lines mapping into different regions of the magnetotail. Another
theory is that the SCW is an ensemble of smaller scale "wedgelets" (Liu et al., 2013).
During the expansion phase of a substorm the magnetotail can dipolarise through lo-
calised dipolarisation flux bundles each triggering small SCWs that are referred to as
"wedgelets" (Juusola et al., 2011; Merkin et al., 2019). The sum of these wedgelets
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can show the same signatures as the double wedge or single wedge if the current can-
not be resolved at small enough scales to discern between the neighbouring upward and
downward FACs (Liu et al., 2015).
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Chapter 3

Understanding the Polar Ionospheric Cur-
rents

The most common means of estimating the polar ionospheric current is through their
magnetic field signature. However, this is not without its challenges. Understanding the
nature of these measurements is important when inferring the behaviour and structure
of the polar ionospheric currents. Moreover, the description of ionospheric currents
varies depending on the approach: some are simplified for ease of understanding, oth-
ers are based on assumptions about physics, and some depend on the type of available
measurements. In this chapter we discuss and describe strategies for interpreting the
ionospheric currents from magnetic field measurements and common ways the iono-
spheric currents are decomposed.

3.1 Ionospheric Ohm’s Law

The ionospheric Ohms law originates from the two-fluid momentum equation, assum-
ing that inertia, gravity, and plasma pressure gradients are neglected. With these as-
sumptions the electric current density can be related to the electric field in the reference
frame of the neutral atmosphere, via conductivity. This gives rise to a decomposition of
the current into components parallel and perpendicular to the electric field, the Pedersen
and Hall currents respectively (Bostrom, 1970; Vasyliunas, 2012). Under the assump-
tion of radial magnetic field lines, which is a close approximation in the auroral zone,
and zero electric field parallel to the magnetic field, the ionospheric Ohm’s law can be
height integrated:

B x E
B
where J is the height integrated ionospheric current density, Xp is the Pedersen

conductance, Xy is the Hall conductance, B is the Earth’s main magnetic field and E’

is the electric field in the frame of the neutral wind. The height integration becomes

useful at the altitudes of the conductivity peaks (as shown in Figure 2.1 and discussed
in section 2.1) as we can treat the horizontal ionospheric current as a sheet and the
field aligned currents as closing perfectly within the sheet. As we discuss further in
the remainder of the thesis, the three dimensional structure of the ionosphere (i.e. its
variation over height) is not possible to resolve when magnetic field measurements

J=3pE, + (3.1)
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originate above or below the current layer. Thus the currents must be treated as a

current sheet. In this description the horizontal current is the sum of the Hall and
Pedersen current, ZHBEE, and ZpE’L, respectively.

Solar quiet (Sq) currents make up a part of the Hall and Pedersen currents. They
are a result of solar irradiance driven neutral winds that have a local time dependence
and flow anti-sunward (Chapman and Bartels, 1962; Pedatella et al., 2011). They arise

through the electric field in the neutral frame:

E =E+uxB (3.2)

where u is the velocity of the neutral wind. The Sq currents have a seasonal and so-
lar cycle dependence and thus vary on much longer time scales than the solar wind
coupling driven component of the Hall and Pedersen currents, which vary greatly de-
pending on geomagnetic activity and thus on time scales of substorms. Consequently,
the Sq currents constitute a background onto which solar wind coupling driven compo-
nent of the Hall and Pedersen currents are superimposed. We return to the removal of
this background to more accurately investigate the geomagnetic activity related com-
ponents of the Hall and Pedersen currents in Chapter 4.

Figure 2.3 shows the polar ionospheric currents described as Hall and Pedersen
currents. The Hall current flows anti-sunward on the dawn and dusk flanks and sunward
across the polar cap. In Figure 2.3 the Pedersen currents are depicted as closing the
Region 1 FACs across the polar cap dawn to dusk and closing the Region 1 and 2 FACs
on the dawn and dusk flanks in the opposite direction. Although this is a common
description, it is only the case when the Pedersen currents are curl-free, which we
discuss further in the next section. Furthermore, Figure 2.3 describes the electrojets
as Hall currents, which also is a common approximation, but is only true if the Hall
currents can be considered to be divergence-free. We explain this further in Section 3.2
and 3.3.

3.2 Helmbholtz Decomposition

The horizontal ionospheric current can be subjected to Helmholtz decomposition
(Helmholtz, 1858) which means that it can be uniquely decomposed into a divergence-
free (DF) and a curl-free current (CF) component:

J=30 3 (3:3)

where JPF and J¢F are the DF and CF current respectively. The source and sink of the
CF current is the FACs into and out of the ionosphere (Vanhamdiki and Juusola, 2020).
Returning to ionospheric Ohm’s law and the Hall and Pedersen decomposition of the
horizontal current, the Hall current is typically dominated by the DF current and the
Pedersen by the CF current. When the conductance gradients parallel to the convection
(i.e perpendicular to the electric field) are zero and the magnetic field can be treated as
radial (which is a reasonable approximation at high latitudes) the Hall current can be
considered DF and the Pedersen current can be considered CF (Laundal et al., 2015,
2018). We return to this in more detail in the next section.
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3.3 The electrojet, equivalent current, and Fukushima’s the-
orem

The equivalent ionospheric current is another concept used in the study of ionospheric
currents that comes directly from measurements and from the long history of having
only ground magnetometers. The equivalent current is a horizontal ionospheric cur-
rent that is consistent with the magnetic field perturbations we measure on ground.
The orientation and relative magnitude of this equivalent ionospheric current is often
represented by the magnetometer measurements rotated 90° clockwise (Gjerloev and
Hoffman, 2014). Due to the vagueness of the term in literature, in this thesis we will
describe the equivalent ionospheric current as a horizontal current that is determined
from ground magnetometers once other non-ionospheric sources have been removed
(discussed further in Section 3.4). Given that historically the auroral electrojets have
been measured and understood through ground based magnetometers, the auroral elec-
trojets are an equivalent current. Thus, variations in the ground magnetic field during
substorms represent changes in the auroral electrojets. Indices such as the auroral lower
(AL) and auroral upper (AU) are based on auroral zone magnetometers and are used
to describe how the eastward and westward electrojet, respectively, are changing over
time.

It is important to understand the nature of the current systems we measure through
observations of the magnetic field. Fukushima (1994) and Bostrom (1964) both show
that the magnetic field measured on ground does not directly inform us of the full
ionospheric current system. Figure 3.1 shows that a current loop is not related to a
displacement of the magnetic field below the horizontal component. Thus a current
system composed of a radial FAC and a curl-free closure current through the ionosphere
cannot be measured through its magnetic field on ground. This is why the existence
of Birkeland currents could not be confirmed without satellite borne magnetometers
(Fukushima, 1994; Zmuda et al., 1966). If we combine this with the knowledge of
Helmholtz decomposition (section 3.2) we can conclude that in the polar ionosphere,
where magnetic field lines are closest to radial, the equivalent currents, and therefore
the auroral electrojet, can be considered to be the divergence-free component of the
total horizontal current.

Despite the availability of various space-borne magnetometers that can measure the
FACs, ground magnetometers are still more abundant and also located closer to the
horizontal current, with areas of high density coverage by networks such as the Inter-
national Monitor for Auroral Geomagnetic Effects IMAGE) network. Thus the un-
derstanding derived from ground based magnetometers still remains important for a
comprehensive view of the ionospheric current system.

To better understand how to interpret the equivalent current derived from measure-
ments below the ionosphere, we return to the ionospheric Ohm’s law and the Helmholtz
decomposition (equations 3.1 and 3.3). The curl of the horizontal current is the same
as the curl of the DF current. The last section showed that ground based magnetome-
ters at high latitudes measure only the DF current. Therefore, the curl of the horizontal
current can be found using only ground based magnetometers. Considering only the
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Figure 3.1: Schematic of Fukushima’s theorem, demonstrating that CF currents can not be measured by
their magnetic field on ground taken from Wikipedia (https: // en. wikipedia. org/wiki/File:
Fukushima-cancelation. svg)

field-aligned, which is assumed radial, component of the curl of the horizontal current:

F(VxJ)=-Viy-E -V -E - (E x VZp) (3.4)

leaves us with a quantity which we call the equivalent FAC (EFAC) (Amm et al., 2002)
because of its relation to the field-aligned current, discussed below.
The divergence of the horizontal current:

V.J=—j,=VEp-E +5pV-E —# (E x VEy) (3.5)

is the FAC. It is also the same as the divergence of the CF current which, as described
in the previous section, has no magnetic field signature below the ionospheric current
layer and thus requires space based magnetometers.

Using the notation in equation 3.4 and 3.5 one can recognise similarities. If we make
the assumption that the last term in equation 3.4 and 3.5 is zero (i.e. 7+ (E' x VEpy) =0)
then the FAC can be expressed by the radial component of the curl of the horizontal
current divided by the ratio of the Hall to Pedersen conductance (ot = é—‘;’):

1
jr:—V'J:af‘(VXJ) (3.6)

thus the polarity and structure of the FACs can be determined from the EFAC and thus
indirectly from ground magnetometers (Laundal et al., 2022). A number of studies
have used this approach to investigate the FACs (Nishimura et al., 2020). Weygand
and Wing (2016) confirmed the similarity between region 1 and 2 current boundaries
determined from the curl of the horizontal current and determined from magnetometers
on the DMSP satellites.
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The validity of the assumption of zero conductance gradient perpendicular to the
electric field is the biggest challenge of using the EFAC to study the FAC. In areas
of high energetic particle precipitation, such as the auroral bulge, conductance gradi-
ents are high (Aksnes et al., 2002), consequently the polarity and structure of the FAC
cannot be determined from the equivalent FAC. However, along auroral structures and
during low activity the conductance gradients perpendicular to the electric field are
small, therefore under these conditions the EFACs can be used to investigate the FACs
(Marghitu, 2013). The precise location and time at which these assumptions break
down and the degree to which this causes the equivalent FACs to differ from the FACs
has not been thoroughly investigated, especially around the time and location of sub-
storms. This is of particular importance for studying the substorm current wedge and
the inaccuracies in studying the ionospheric current leg of the substorm current wedge
from ground. Novel investigations of these limitations are carried out in Paper I1I.

3.4 Geomagnetically Induced Currents

There are a number of different currents which affect the magnetic fields we measure
that are not based in the ionosphere. Arguably, the most significant in the polar regions
are the geomagnetically induced currents (GICs), due to their influence on magnetic
field measurements taken on ground, at low Earth orbit, and altitudes in between. GICs
are currents induced in the ground due to the varying magnetic field associated with
varying ionospheric currents. GICs have such a large effect on the measured magnetic
field that during active periods they can contribute up to 40% of the AL index (7an-
skanen et al., 2001). This can lead to significantly over estimated ionospheric currents
if one does not account for the GICs. If we consider the ground conductivity to peak
at a certain depth and the horizontal conductivity distribution to be uniform, the GICs
can be considered a mirror of the ionospheric current at the depth of the peak (Juusola
et al., 2016). However, in areas with highly structured conductance this assumption
does not hold. One big example is the steep conductance gradient between the ground
and the sea. Figure 3.2 shows that there is a rapid change from crustal conductivity to
the highly conducting sea water and this has significant implications on coastal mag-
netic field measurements (e.g. Bjgrngya) in particular on the radial component (Juusola
et al., 2020). Furthermore, Figure 3.2 shows that there are large variations in the ground
conductance depending on depth (Korja et al., 2002). We describe methods to remove
the influence of GICs on magnetometers in detail in Section 5.3 as it has significant
importance for the research within this thesis.

3.5 Estimating Ionospheric Currents using Data Assimila-
tion

Combining magnetometer measurements can enable a more full understanding of the
ionospheric currents, which we will return to in Chapter 5. It is also possible to combine
magnetometer measurements with other measurements to estimate the full ionospheric
current. This is can be useful when the magnetometer measurement cannot measure the
full current. It can also help to deal with spatial gaps in data, or to use magnetometers to



24 Understanding the Polar lonospheric Currents

(a) S: 0-10 km (b) S: 10-30 km

ArcticlOcean

log [ Conductance in Siemens |

Figure 3.2: Conductance at various depths in the region of Fennoscandia taken from Korja et al. (2002)
where S is the depth range.
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help understand other parts of the ionospheric dynamics such as the plasma convection
velocity and the electric field. Data assimilation techniques can be used to accomplish
this by relating different measurements, such as measurements of the magnetic field and
electric field, through ionospheric Ohm’s law (equation 3.1). In this section we describe
three different techniques which require knowledge of the ionospheric conductance to
relate the measurements through ionospheric Ohm’s law.

The Kamide-Richmond-Matsushita (KRM) method uses only ground magnetometer
measurements and conductance as input, and outputs the electric field and the total
current system via ionospheric Ohm’s law (Kamide et al., 1981). The first step is to use
spherical harmonics to create a divergence-free horizontal current that fits the ground
based magnetic field measurements. Then by taking the curl of ionospheric Ohm’s
law, they derive a partial differential equation that only depends on the divergence-free
current and conductance. The electric field is found by solving this equation. Using
this derived electric field and the model of the conductance the field aligned and total
horizontal current can be found.

Another technique builds upon the KRM method. The Assimilative Mapping of
Tonospheric Electrodynamics (AMIE) project aims to estimate the electric field and
a 2D horizontal representation of the ionospheric current and field aligned currents
by fitting the available measurements, such as ground and space based magnetic field
measurements. In areas of few measurements, statistical expectations also contribute
to the fit (Knipp et al., 1994; Richmond, 1992; Richmond and Kamide, 1988; Richmond
et al., 1998). AMIE is a two-step procedure: The first step is to estimate the Hall and
Pedersen conductance using relevant measurements and statistics. The second step is
to relate magnetic field measurements, electric field measurements, and other relevant
measurements and statistical models through the ionospheric Ohm’s law to map the
electrodynamics.

In the first step the Hall and Pedersen conductance are found through a spherical cap
harmonic fit of statistical models. The second step involves a spherical cap harmonic
fit of the electric potential where coefficients are found through a least squares fit to the
weighted measurements, where indirect measurements of the electric field such as the
magnetic field are related through the conductance found in step one. The model then
can be evaluated at any latitude and local time. The horizontal current is then found
using the conductance and electric field, and the field aligned current is found through
the divergence of the horizontal current.

Finally, the Local mapping of polar electrodynamics (Lompe) method has a simi-
lar approach to AMIE, where the same types of measurements can be used to model
the polar electrodynamics by relating them through the ionospheric Ohm’s law (Laun-
dal et al., 2022). One distinct difference is the use of Spherical Elementary Current
Systems (SECS), which we will return to in Section 5.1, as these are the same basis
functions we use in this thesis. The benefit of SECS in this context is that they have a
short reach, making them ideal for regional analysis. Also unlike AMIE, Lompe does
not by default supplement the measurement with statistical models but rather uses reg-
ularisation to encourage physically realistic structures. We return to this in detail in
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Figure 3.3: Figure showing an example Lompe inversion from Laundal et al. (2022). Orange arrows
show the input measurements, black arrows show the estimated component and the Hall and Pedersen
conductance is through a model. The top right panel shows the location and extent of the regional
analysis.

Section 5.4.

Figure 3.3 shows an example of the application of the Lompe technique. The input
measurements are shown in orange. These measurements include line of site convec-
tion speed from SuperDARN radars (top left panel of Figure 3.3), space based magnetic
field measurements from Iridium (top second from left panel of Figure 3.3) and ground
based magnetic field measurements provided by SuperMAG (top second from right
panel of Figure 3.3). Lompe relates all measurements to the electric field. For mag-
netometers this is done through ionospheric Ohm’s law, via user-defined conductance
which may be based on a model, as is the case in Figure 3.3, or through optical obser-
vations of the aurora. Once the electric field is estimated, the magnetic field in space
and ground, ionospheric horizontal and field aligned current and convection velocity
can be calculated at any location in the analysis grid.

The measurement error can be provided to the Lompe inversion to weight the im-
portance of the data in the inversion. Furthermore, the weights can also be manipulated
to intentionally increase the impact of particular types of measurement. One example is
when focusing on convection velocities across the OCB. Ground magnetometer mea-
surements have an almost insignificant measurement error compared to SuperDARN
measurements, but are a much more indirect measurement of the convection, and there-
fore rely on an accurate conductance model. Therefore, one can increase the weighting
of the SuperDARN measurements so Lompe prioritises the fit of these measurements,
despite the measurement uncertainty, while still taking advantage of the ground magne-
tometer measurements to help produce realistic convection velocities in areas of little
or no radar backscatter. Thus this flexibility in Lompe allows us to focus on different
aspects of the polar ionospheric electrodynamics and produce more reliable estimates
of those quantities.

The regional approach, which we also use in this study, allows Lompe to focus on
regions of high measurement density to resolve smaller spatial structures (compared
to AMIE and KRM) while retaining the ability for global estimates of the polar iono-
spheric electrodynamics.
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The main caveat of all the methods described in this section is the reliance on conduc-
tance models/ measurements. Currently there is poor accuracy of conductance models
particular when modelling conductance during disturbed periods such as substorms.
Measurements of the conductance are also challenging, currently there are no global
auroral images to determine the conductance or other measurements that can retrieve
global conductance. Despite this common limitation, Lompe has an advantage over the
other methods because it can be applied regionally and therefore does not necessarily
require global conductance and could then fix its region to the field of view of auroral
imagery, for example the SSUSI instrument on some of the DMSP satellites (Carter
et al., 2023). As we return to in Chapter 4 and 5, in Paper I we focus only on ground
magnetometers and estimate the divergence-free current. In Paper III we use space and
ground based magnetometers to estimate the full ionospheric current such that we are
not limited by the need for conductance, while still taking advantage of high-density
measurement regions by using SECS as in the Lompe method.
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Chapter 4

Data

In the following chapter we introduce and describe the magnetic field measurements
we use in Papers I and III to estimate the ionospheric currents.

4.1 Ground Magnetometers

Ground magnetometers play an integral role in all the papers that make up this thesis.
As explained in Chapter 3, the magnetic field measured on ground can be interpreted
as the superposition of the magnetic field from an equivalent horizontal ionospheric
current and an equivalent ground current. At high latitudes the equivalent ionospheric
current can be considered to be the divergence-free part of the height-integrated hori-
zontal current, and thus ground magnetometer measurements can be used to reconstruct
the first term of the Helmholtz decomposition of the actual horizontal current given by
Equation 3.3.

4.1.1 SuperMAG Baseline Technique

In Paper I we use a fixed set of twenty ground magnetometers in Fennoscandia, shown
as green stars in Figure 4.1, to constrain a grid of spherical elementary current systems,
whose grid edges are shown with green lines in Figure 4.1. The magnetometer data
was obtained through the SuperMAG collaboration (Gjerloev, 2012) which has taken
steps to remove the background magnetic field.

There are many methods to remove the background magnetic field. Different mag-
netometer chains have different approaches, but SuperMAG applies the same method-
ology across all magnetometers to ensure a certain level of consistency. It is for this
reason and due to ease of data access that we obtain the data from SuperMAG rather
than directly from the individual providers. For the case of Paper I the magnetometer
providers are the International Monitor for Auroral Geomagnetic Effects (IMAGE) net-
work, the Danish Technical University (DTU) and the Institute of Geophysics, Polish
Academy of Sciences (IGF PAS).

Gjerloev (2012) describes the method used to calculate the background magnetic
field in order to study the polar ionospheric currents. The background is separated into
three components: (1) A slowly varying component that consists primarily of the main
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Figure 4.1: Geographic map of magnetometers available through SuperMAG. Orange stars show mag-
netometers that are not used in the papers of this Thesis. Red lines show the perimeter of the grid of
SECS used in Paper III and red stars show magnetometers that satisfy the location requirements of Pa-
per Il and are used in the study when data is available. Green lines show the perimeter of the grid of
SECS used in Paper I and the green stars show the fixed set of twenty magnetometers used in the study.
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magnetic field, (2) a diurnal component consisting of primarily the solar quiet current
system and temperature effects on the instruments and (3) a quiet time residual. To cal-
culate the slowly varying component first the daily typical value is calculated using a 17
day or more sliding window (the window is increased until the probability distribution
of the magnetic field measurements in the window is desirable, see equation 8 of Gjer-
loev (2012)). The definition of a typical value is explained fully in Gjerloev (2012). It
is designed to be a representative value for a set of values as an improved metric over
the mean or median and is defined either by the mode or the magnitude of a Gaussian
fit (criteria for choosing one or the other is explained in Gjerloev (2012)). Weighted
smoothing is then applied based only on data prior to the point being smoothed and
finally, the daily values are resampled to one minute resolution using the cubic convo-
lution interpolation method (Park and Schowengerdt, 1983). The result is the slowly
varying component (1).

The first step for calculating the diurnal component (2) is to determine daily typical
values and resample them to 1 minute resolution using the cubic convolution inter-
polation method. This is then subtracted from the dataset and diurnal variations are
determined from the residual. A window of at least 3 days (the window is increased
until the probability distribution is desirable, see equation 8 of Gjerloev (2012)) is used
to calculate the typical value every 30 minutes from the residual. A weighted fit is then
applied to the typical values where the larger the window needed the smaller its weight
in the fit. Finally, the 30 minute values are then resampled to one minute resolution
using the cubic convolution interpolation method. The result is the diurnal component
(2).

The quiet time residual is determined by removing the previous two background
components (1) and (2) during official quiet days. The typical value for these days is
assumed to be zero and the offset is the quiet time residual (3).

4.1.2 Pre-processing of the SuperMAG Data

SuperMAG provides data in a local magnetic co-ordinate system where the radial com-
ponent is oriented downwards and is directly determined from the magnetometer, the
northward component is oriented as the direction of the magnetic field during quiet pe-
riods and the orientation of the eastward component is orthogonal to the northward and
radial component. In Paper I we rotate the measurements from the SuperMAG local
magnetic co-ordinate system into the geodetic co-ordinate system using the CHAOS
magnetic field model (Finlay et al., 2020). We use CHAOS version 7.2 and incorpo-
rate both the core and crustal models to calculate the declination angle (i.e. the offset
between local magnetic north and geodetic north) at the magnetometer site and thus
rotate the horizontal component.

In Paper III we also obtain the magnetometer data from SuperMAG. The selection
of magnetometers is variable depending on those available at the time of the inversion
and is restricted to be within a spatial window that extends two grid points outside
the grid of SECS indicated by the red line in Figure 4.1. Magnetometers within the
spatial window are shown as red stars. By the time we started to work on Paper III,
SuperMAG began to also provide the measurements in the geodetic co-ordinate system,
rotated from their local co-ordinate system using the declination angle derived with the
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International Geomagnetic Reference Field (IGRF) (Alken et al., 2021).

4.2 Iridium Magnetometers

In Paper III we investigate the full ionospheric current. To do this we also need space-
based magnetometers to measure the CF current. The Iridium satellite constellation
consists of over 70 satellites, orbiting at approximately 780 km altitude and have mag-
netometers onboard for attitude control as part of their operation. Magnetic field mea-
surements are made with a resolution of 48 nT and 11 times per second but are reduced
to one per 19.44 seconds in the standard mode when sent to ground, however there is a
burst mode that is one per 2.16 seconds that is used infrequently (Anderson et al., 2000).
In 1999 JHU/APL received access to this data for scientific purposes and Anderson
et al. (2000) showed how they can be used to estimate the FACs. This and further stud-
ies developed into the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) project which provides FACs in both hemispheres based on
a spherical cap harmonic fit of the Iridium magnetic field measurements within a ten
minute window at 2 minute intervals. A key advantage of Iridium is the sheer num-
ber and density of satellites, and therefore magnetic field measurements. Despite the
magnetometers not being of the same quality and accuracy as those on board scien-
tific mission satellites the number of measurements allows the signal of the large scale
currents to be clear.

We only use the AMPERE FACs as a basis for comparison and as a form of validation
in Paper III. The AMPERE project also provides the Iridium magnetic field measure-
ments that we use in Paper III to derive the FACs and the CF current. These magnetic
field measurements have been pre-processed by AMPERE following the methodology
in Anderson et al. (2000). The first step of this methodology is to rotate the IGRF
magnetic field model into the spacecraft frame (i.e. along track, cross track etc) and
subtract it from the measurements. Secondly, a correction matrix is derived through the
correlation of measurements with the main field. Finally, long-term trends are removed
using a Fourier transform of the data and zeroing coefficients with periods longer than
26 minutes. After this pre-processing Anderson et al. (2000) used 3.5 times the me-
dian of the distribution of the absolute values as a threshold for insignificant magnetic
field measurements. Values below this threshold, which was typically in the range of
70 to 100 nT, were considered noise. AMPERE provide the measurements in the Earth
Centred Inertial (ECI) co-ordinate system so we use tools made available by astropy
(Collaboration et al., 2022) to convert the measurements from ECI into the geographic
system.

The spatial distribution is also challenging. Figure 4.2 shows the passes and mea-
surements of Iridium satellites, using different colours, during the window needed to
create the estimated currents seen in the left column of Figure 4 in Paper III. We can
see that the 10 minute window used by both Paper III and the AMPERE project is
necessary for good satellite coverage. There is still large spacing between the orbits
so a larger SECS grid with greater node spacing compared to Paper I was needed to
capture enough Iridium measurements for reliable estimates of the curl-free currents.
The orbital spacing also demonstrates why we must focus on the large scales FACs
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Figure 4.2: Map of the Northern Hemisphere showing the path of the Iridium satellites and their mag-
netic field measurements within a ten minute window centred at 05:19 UT, on the 12" of January 2011.

This is the same window as is used to estimate currents in the left column of Figure 4 of Paper IlI. Fig-

ure taken from Ampere site (https: // ampere. jhuapl. edu/products/).
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when using only Iridium magnetic field measurements. Furthermore, we elected to
place the grid of SECS over North America to reduce the gaps in the distribution of
ground magnetometers. (Much of this larger grid would be over the ocean if centred in
Fennoscandia.)



Chapter 5

Methodology

The development of inversion techniques that combine magnetic field measurements to
robustly estimate the divergence-free and curl-free ionospheric currents is integral to
the papers and the work that makes up this thesis. In this chapter we describe and dis-
cuss the basis functions used, inversion techniques used and how we limit the influence
of GICs on our estimations of the ionospheric current.

5.1 Spherical Elementary Current Systems

The SECS basis functions were initially designed to describe the ionospheric current
system, utilising Helmholtz decomposition, representing it as a superposition of appro-
priately scaled DF SECS and/or CF SECS on a 2D shell. The SECS technique was
first introduced by Amm (1997) and further elaborated on by Vanhamdki and Juusola
(2020). The elementary functions are expressed as:

IPfe, 6;

DF _ i ©o i
J7 (r)= E,- R <2> , (5.1)

IFeq 6;

CF _ i 0; 1
J(r)= E[ “inr <2) . (5.2)

where JPF is the DF current at location r, J¢¥ is the CF current at location r, I°F
and I°F are the amplitudes of the DF and CF SECS, respectively, and 6; is the angular
distance between the location of the i’th SECS pole and r. In the case of Paper I we
encounter a problem with singularities when evaluating currents along the meridian,
and implemented the modification of J2¥ within 50 km of a DF SECS as described by
Equation 2.44 in Vanhamdiki and Juusola (2020).

Given that the ionospheric current can be decomposed into DF and CF currents (see
Section 3.2), SECS can be used to model these components separately. For cases when
the full ionospheric current is desired one can take the sum of the DF and CF currents.
The amplitude of each SECS node also contains additional information about the iono-
spheric current system. The scale of a CF SECS represents its divergence and thus
when divided by the SECS grid area provides the FACs in and out of the 2D current
shell. On the other hand, the scale of the DF SECS represents its curl and when divided
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Figure 5.1: Figure showing the current of a curl-free (left panel) and divergence-free (right panel)
spherical elementary current system. Figure is taken from Vanhamdiki and Juusola (2020).

by the grid area provides the equivalent FACs (see Section 3.3 for a discussion about
when the equivalent FAC and FAC are equal).

One advantage of the SECS technique is the linear relationship between the ampli-
tudes of the SECS nodes and their magnetic field as described by Amm and Viljanen
(1999) and Vanhamdki and Juusola (2020):

s—cos 6; )
ABLG)F(G r) o _.u()IiDF \/141r3272s§056,- tcosh r<R (5 3)
i A 0 0. —scos 6; _ :
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r isT) = s _ .
anr \/14s2—2scos 6; s T>R
s = min(r,R)/max(r,R). (5.6)
oI |0 r<R
ABCF (6, r) = —HOl | 57
¢ (8:.7) 4mr cot(%) r>R (8-7)

where R is the radial distance from the centre of the Earth to the current shell and r
is the radius at which the magnetic field is evaluated.

5.2 SECS Grid

Where we place the SECS nodes has a large impact on the currents we can estimate.
The density of the grid of nodes sets a lower limit of the spatial scales of the currents we
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Figure 5.2: Two examples of mapping the cube surfaces to the globe for a low (left) and high (right)
density grid. Figure has been taken from Croisille (2013).

can resolve with the SECS representation. One common choice is to place the SECS
on a grid of constant longitude and latitude spacing (Vanhamdiki and Juusola, 2020).
However, this leads increasing SECS density at higher latitudes. A consequence is
a latitude dependence in the resolvable current structure that may not be justified by
measurements or the physical nature of the currents.

In this thesis we use the cubed sphere projection to create our grid of SECS. Intro-
duced by Sadourny (1972), developed by Ronchi et al. (1996) and implemented for the
use with SECS by Laundal et al. (2021), the cubed sphere projection places the Earth
at the centre of a cube (as shown in Figure 5.2) where locations can be mapped to a
cube face from the Earth and vice versa. In the global application the centre of one
cube face is aligned with the geographic pole. However, for the regional application in
this thesis we place the centre of one cube face in the centre of our analysis region and
its orientation can be specified as desired. An equally spaced grid on a cube face re-
lates to a quasi constant grid area on the Earth, unaffected by latitude. While there may
be other methods to create a constant grid density in physical space, our opting to use
the cubed sphere projection is also motivated by the ability to calculate gradient op-
erators through finite differences. The calculation of gradients is important in Section
5.4 where we discuss how we solve the SECS under-determined inverse problem. The
code for working with cubed sphere coordinates and projections has been provided by
Laundal and Reistad (2022) and its use in SECS has been demonstrated previously by
Laundal et al. (2021) and Laundal et al. (2022).

5.3 Accounting for Geomagnetically Induced Currents

In section 3.4 we introduced GICs and how they can affect the magnetic field measure-
ments. In this section we describe methods that have been used to account for these
currents to more accurately estimate ionospheric currents.

One method is to entirely ignore the GICs and assume that the magnetic field mea-
sured is purely a result of the ionospheric current. At high altitudes above the iono-
spheric currents the GICs have less influence, making it more appropriate to ignore
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their influence. Furthermore, above the ionospheric current layer a separation into
ionospheric and GIC contributions is not possible without assuming a relationship
between the ionospheric current and the GICs. However, for ground based magne-
tometers in particular, ignoring the contribution of GICs can cause significantly over
estimated ionospheric currents. During disturbed periods a significant portion of the
measured magnetic field is due to the GICs (Juusola et al., 2020; Tanskanen et al.,
2001). Ground-based magnetometer measurements are more susceptible to small-scale
structures in GICs than satellite-based magnetometer measurements purely by virtue of
proximity. Ignoring the GICs can alter the entire vector of the estimated ionospheric
currents rather than just the magnitude (Juusola et al., 2020).

Another method, which is common among the remaining techniques discussed in this
section, is to place a set of DF SECS in the ground as well as the ionosphere. The mag-
netic field is then said to be the superposition of the magnetic field from appropriately
scaled ionospheric and ground SECS. If the ground SECS pole amplitudes are treated
as independent variables, the size of the inverse problem increases as more SECS am-
plitudes must be estimated. This allows the solution to be malleable to complex ground
conductivity structure (e.g. Figure 3.2 shows large variations in ground conductance in
Fennoscandia).

The image current technique also places DF SECS in the ground to represent the
magnetic field of the GICs and treat the magnetic field measurements as a superposition
of the magnetic field from the ionospheric and ground SECS (Juusola et al., 2016). In
this method the ground conductivity is treated as uniform with a peak at a certain depth,
allowing the GICs to be considered as a mirror of the ionospheric current. To define
the relationship between the ground and ionospheric SECS the radial magnetic field of
the currents is assumed to cancel at a depth, R.. The scale of the ground SECS then
becomes a linear function of the ionospheric SECS (Juusola et al., 2016):

G IiIRI
Ii = ——
R,

where IiI is the amplitude of the i’th ionospheric SECS, II-G is the amplitude of the
i’th ground SECS and R; is the radial position of the layer of the ionospheric SECS.
The radial position of the layer of the ground SECS can be expressed in terms of the
cancellation depth and the radial position of the layer of ionospheric SECS:

(5.8)

_R

RC = —¢
R,

(5.9)
The magnetic field of the GICs can now be calculated from Equations 5.3 to 5.5, with
R = R and amplitudes expressed as functions of the SECS pole along the same radial
axis in the ionosphere.

The advantage of this method is that the problem remains the same size as only one
set of SECS amplitudes must be found. However, this methods neglects the complex-
ities of the ground conductivity. As mentioned above, ignoring these complexities not
only affects the accuracy of the magnitude of the estimated ionospheric current but also
to some extent the direction.
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The final method we describe is more physically realistic but also much more compu-
tationally arduous, and is not used in this thesis. To start with the ground conductivity
must be known, and thus the method is reliant on accurate 3D magnetotelluric surveys,
such as the one shown in Figure 3.2. Furthermore, the time history of the magnetic
field measurements must be known. This enables a 3D understanding of the GICs as
the strength and depth of the GICs is dependent on the frequency of the magnetic field
variations (Grayver et al., 2021). In order to realistically perform this approach, a sen-
sible limit for the time history must be chosen that includes the frequencies of magnetic
field variations that are responsible for the majority of the GICs.

This first method (completely ignore GICs) is not appropriate as the GICs are known
to have a significant influence on the ground magnetometers (Tanskanen et al., 2001).
The second method, which treats a set of ground SECS pole amplitudes as indepen-
dent parameters, can be problematic due to the distribution of measurements. Close
to magnetometers this approach may be sensible as shown by Juusola et al. (2020),
but away from measurements the freedom in this model can create unrealistically com-
plex GICs which in turn create poor estimates of the ionospheric currents. We use the
third method (image currents) as a sensible middle ground. The model solution is no
more computationally heavy than ignoring the GICs altogether. Treating areas of sea
as a mirror current is arguably sensible and the regularisation technique that we explain
in the next section helps the inversion ignore signatures of the magnetic field that are
due to highly structured currents in the ground. We set the cancellation depth (R,) at
500 km. The fourth method is most physical but is computationally heavy due to the
need of time history and is reliant on accurate magnetotelluric surveys.

5.4 Solving the Inverse Problem

In Paper I and III we describe the relationship between magnetic field measurements
and SECS amplitudes through linear relationship:

Gm =d, (5.10)

where G is the matrix relating the measurement location to the magnetic field produced
by the SECS through Equations 5.3-5.7, m is a vector containing the SECS amplitudes
and d is a vector containing the magnetic field measurements. In both Paper I and III
this linear relationship represents an under-determined inverse problem as we have a far
greater number of SECS nodes than measurements. We tackle this in very similar ways
in both Paper I and III by guiding the solution with prior expectations of the current
structure. In Paper I we are tasked with only estimating the DF current and follow on
from similar previous studies (Laundal et al., 2021) and use Tikhonov regularisation.
The implementation of regularisation is best illustrated via a cost function. Starting
with the standard least squares approach to the solution of an inverse problem, the cost
function f is:

f=|Gm—d|>? (5.11)

where the solution m can be found by minimising f, the squared difference between
the model and the data.
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With Tikhonov regularisation we apply extra components to the cost function that
are based on our understanding and expectation of the DF ionospheric currents. Firstly,
we minimise the complexity of the model solution, as ground based magnetometers are
110 km from the ionospheric currents, and the distance between magnetometers is even
greater, so we cannot resolve structures of smaller scales. Secondly, the electrojets are
typically aligned in the magnetic east-west direction with smooth gradients so we add
a term to the cost function to penalise solutions with large gradients of the DF currents
in the magnetic east-west direction. The cost function is thus:

f=1Gm—d|* +A[[Im|> + Az Lem|?, (5.12)

where [ is an N X N identity matrix (N is the number of SECS) and L, is an N X N
matrix that, when multiplied with m produces the directional derivative in the magnetic
east direction of the components in m (the SECS amplitudes). L. is calculated using
finite differences (Laundal et al., 2021). The first term remains the squared model
difference, the second term is the squared length of the model vector and the last term
is the sum of the squared magnitudes of the magnetic eastward gradients of the SECS
amplitudes. The regularisation parameters A; and A, are used to scale the importance
of the different terms in f. A careful balance must be found to encourage the expected
behaviour while ensuring that the total regularisation is not more important than the
difference between the model and data. A correct choice of regularisation parameters
will produce currents close to the expected structure when the data supports it while
also being able to disagree with the expected structure when an alternative structure
is indicated by the data. In Paper I we test a number of events in order to choose
appropriate values for A; and A, paying particular attention to events that disagree with
the expected current structure such as northward orientated DF current that is clearly
indicated by the magnetic field measurements.

In Paper III we also make use of Tikhonov regularisation in the application of DF and
CF SECS with one modification, the first regularisation term is replaced with a forward
difference matrix in both the directions in the cubed sphere grid. This adaptation gave
the solution the freedom for larger model amplitudes within coherent structures. Paper
[T is focused on estimating the full ionospheric current during substorms and compar-
ing the FACs with the equivalent FACs. The regularisation approach allowed for the
encouragement of the electrojet structures in the DF currents and region 1 and 2 cur-
rent systems in the CF currents. Furthermore, we are able to focus on currents of the
scale of the substorm current wedge and the use of a consistent regularisation approach
for both DF and CF SECS, with the same scale of importance, allowed for a coherent
full ionospheric current to be estimated and for a substantiated comparison of the FACs
and equivalent FACs.



Chapter 6

Summary and Discussion of Papers

In this chapter we summarise the three papers that constitute the research of this the-
sis. Each paper has a focus on the development of inversion techniques and datasets to
unravel the nature of the polar ionospheric currents through measurements of the mag-
netic field. The overarching objective is the development of robust inversion techniques
for estimating the divergence-free and curl-free ionospheric currents, using them to ex-
plore the limits of what can be understood of the entire polar ionospheric current system
and the auroral oval from ground-based magnetometers. We eventually discuss the un-
certainties related to the data and techniques used in this thesis.

6.1 Summary of papers

Paper I: Statistical Temporal Variations in the Auroral Electrojet Estimated With
Ground Magnetometers in Fennoscandia

S.J. Walker, K.M. Laundal, J.P. Reistad, A. Ohma, S.M. Hatch (2023), Space Weather,
volume: 21

Paper I focuses on estimating the DF current using SECS and twenty ground magne-
tometers in Fennoscandia. Consistency in the model inversion is key in Paper I for
ensuring temporal comparability. We choose a fixed set of ground magnetometers and
do not estimate the DF current if any are missing. As a consequence there can be
large data gaps but we are able to make estimates spanning from 2000 to 2020 due to
the longevity of the operation of the chosen magnetometers. The fixed set of magne-
tometers coupled with a geographically fixed grid of DF elementary systems ensures
constant model geometry. Without such restrictions, changes in the estimated parame-
ters could be attributable to changes in magnetometer distribution and model geometry
rather than being solely attributable to changes in the ionospheric current system.

We also highlight the importance of the placement of the elementary systems. We
follow the example of Laundal et al. (2022) and use a cubedsphere grid that has nearly
constant spacing in distance. Prior studies have often placed elementary systems with
constant latitude and longitude spacing, however, this creates a problem of increasing
grid density at higher latitudes (Vanhamdiki and Juusola, 2020). Another reason we use
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a cubedsphere grid is related to how we solve the inverse problem. Section 5.4 demon-
strates that SECS manifests as an under-determined linear inverse problem between the
scales of each system and the magnetic field measurements. How we solve this in-
verse problem will shape the currents we estimate and as such it is vital that we impart
prior knowledge of the structure of the ionospheric currents to encourage realistic so-
lutions. The cubedsphere grid allows us to easily calculate the gradient of the scales
of the elementary systems and, just like the implementation in Laundal et al. (2022),
we utilise this to impart the expectation of magnetically east-west aligned structures.
This is achieved by penalising solutions that have large gradients in the magnetic east-
west direction. Additionally, we penalise solutions with a large euclidean norm of the
elementary system scales vector to encourage smaller model complexity.

Using this SECS inversion scheme we evaluate the DF current and radial magnetic
field along the 105° magnetic meridian for every minute the twenty magnetometers
are available concurrently. This meridian is chosen as it passes through the region of
highest magnetometer density, ensuring high confidence in the estimated parameters.
The first result of Paper I is the dataset of 1-minute resolution DF currents and ground
magnetic field along the magnetic meridian spanning 2000-2020 and totalling approx-
imately eleven years, due to data gaps in the magnetometers. We then validate the
dataset by comparing average maps of the DF currents and radial magnetic field with
those produced by the Average Magnetic Field and Polar current Systems (AMPS) em-
pirical model (Laundal and Toresen, 2018).

We go on to explore the temporal derivative of the radial magnetic field, a key aspect
of this dataset in contrast to empirical models. When focusing on the latitudinal profile,
we find two clear peaks in the probability of large derivatives. The largest is close to
the coast of Norway and the other is in the region of Svalbard. Being coastal there is a
distinct possibility that these are related to the sharp conductance gradients that occur
between the highly conducting sea and land. Furthermore, the lack of magnetometers
between the Norwegian coast and Svalbard could be the cause of a reduced probability
of large derivatives in this area, as the regularisation will impart small gradients in the
absence of data. However, these are not the only possible hypotheses; the high latitude
peak can be created by the high latitude return currents and the second peak by the
electrojets. An analysis of a local and latitude distribution of derivatives of a magnitude
greater than 25 nT/min shows that the latitude of the peaks is consistent for all local
times but their magnitude is local time-dependent. The low latitude peak shows the
highest occurrence probability pre-midnight, which is consistent with the occurrence
of substorms where large variations in the electrojet are expected. The high latitude
peak shows the highest probability pre-midnight and around 9 MLT. The first could
again be explained by substorms but the second is not easily explained. We propose
two hypotheses: (1) ULF waves have been shown to occur more frequently in this area
by Nosé et al. (1995). We show in Paper I that ULF waves persist in our dataset and
therefore it may be the cause of the large derivatives. (2) Madelaire et al. (2022) showed
that current vortices are created in this region by rapid solar wind pressure increases and
thus these currents could be the cause of the occurrence of large derivatives.
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The key components of Paper I are the production and validation of the dataset of
DF currents and magnetic field perturbations and the demonstration of how it can be
used to improve our understanding of the polar electrojets, with special emphasis on its
temporal variation.

Paper II: A comparison of auroral oval proxies with the boundaries of the auroral
electrojets

S.J. Walker, K.M. Laundal, J.P. Reistad, A. Ohma, S.M. Hatch, G. Chisham, M. Decotte
(in review as of October 2023), Space Weather

The main goal of Paper II is to estimate the boundaries of the auroral electrojet using
the dataset produced in Paper I and to understand its limitations as an auroral oval
boundary proxy.

Boundaries of the auroral oval have long been sought after as they contain a sig-
nificant amount of information about the magnetospheric and ionospheric state with
descriptive capabilities for the location and strength of space weather hazards. The
poleward boundary is particularly important as it can be used to infer the boundary be-
tween open and closed magnetic flux and thus allows us to calculate the amount of open
flux in the polar cap. The expanding contracting polar cap paradigm explains in detail
how changes in the open closed boundary (OCB) can tell us about the loading and un-
loading of magnetic flux in the magnetotail (see Section 2.2.3) (Cowley and Lockwood,
1992; Lockwood and Cowley, 1992; Milan, 2013).

The boundaries of the auroral oval have commonly been measured using auroral im-
agery or by directly measuring precipitating auroral energy particles. Chisham et al.
(2022) found boundaries of the auroral oval from global satellite imagery and Kilcom-
mons et al. (2017) and Decotte et al. (2023) demonstrate how to detect the auroral
oval from DMSP particle precipitation measurements. The challenges of these two ap-
proaches are global coverage and longevity. Satellite global auroral imagery has not
existed anywhere near as long as ground magnetometers and there are significant gaps
due to a lack of overlapping missions and due to satellite orbits. Additionally, observa-
tional challenges such as dayglow can render the task of estimating global boundaries
from imaging impossible. The DMSP satellites have existed since the 1960s but they do
not have global coverage or continual auroral observations and their sun-synchronous
orbits provide poor coverage of some local times. These difficulties motivate an inves-
tigation of an auroral oval proxy from the dataset produced in Paper 1. The dataset in
Paper I is restricted to a magnetic meridian and thus a global auroral oval proxy cannot
be inferred from the dataset. However, if a comparison with other auroral oval proxies
indicates that an auroral oval proxy based on the electrojets is feasible, in the future a
global estimation of the electrojet could be produced. Furthermore, the temporal cover-
age of ground-based magnetometers can reveal patterns and trends that are not so clear
in other datasets and allow for robust statistics.
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We analyse the eastward component of the DF current found in Paper I. We identify
boundaries of eastward and westward sections of the current for each minute of data us-
ing a set of gradient and absolute value criteria. This allows us to produce a new dataset
containing the boundaries, the total current and the peak value of up to three eastward
and three westward current sections. We then define the electrojet as the current sec-
tion with the greatest absolute total current. These electrojet boundaries are compared
with the electron precipitation auroral oval, as detected by DMSP and by the SI13 im-
ager on the IMAGE satellite, and with the proton precipitation auroral oval, as detected
by DMSP and by the SI12 imager on the IMAGE satellite. We produce average local
and latitude maps of the different boundary datasets and analyse two events where a
DMSP satellite is in close proximity to the magnetic meridian. On average the proton
auroral oval is a closer match to the electrojet boundaries than the electron auroral oval.
One event agrees with this statement and the other is only a match for the equatorward
boundaries, demonstrating that the average maps do not tell the whole story. Further-
more, with increasing proximity to the discontinuities of the electrojets (pre-midnight
and pre-midday) we find the boundary distribution becomes more bimodal. Therefore,
the electrojet boundaries in these regions are not easily defined. Hence, subsequent in-
ferences about the auroral oval from the electrojet in these regions should be be done
with great care.

This study not only identifies challenges with determining the extent of the auroral
oval from the boundaries of the electrojet but also demonstrates the value of creating
this boundary dataset. We also find that the auroral oval varies depending on the cho-
sen dataset, most clearly in the comparison between the electron and proton auroral
oval. This variation can affect the description of the polar ionospheric dynamics. In
particular, for this study we find the electrojet can often exist outside the limits of the
electron auroral oval but on average remains inside or close to the proton auroral oval.
This finding contradicts the description found in previous work where the auroral oval
is determined from electron precipitation and the electrojet is simply assumed to ex-
ist inside the auroral oval (Feldstein and Starkov, 1967, Johnsen, 2013; Newell et al.,
1996). Finally, Paper II highlights the importance of understanding the location of the
electrojet and provides a more detailed description of the electrojet in comparison to
the auroral magnetic indices. With and without global auroral imagery the electrojet
boundaries can inform us of the strength and location of space weather hazards and are
a valuable tool for understanding the polar ionospheric dynamics.

Paper III: The Ionospheric Leg of the Substorm Current Wedge: Combining Irid-
ium and Ground Magnetometers

S.J. Walker, K.M. Laundal, J.P. Reistad, S.M. Hatch, A. Ohma, J. Gjerloev (In review
as of January 2024), JGR Space Physics

Paper III aims to resolve the full ionospheric current through the sum of the DF current,
CF current and FAC to study the ionospheric portion of the substorm current wedge and
explore the limitations of understanding the full ionospheric current from ground-based
magnetometers.
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Just like in Paper I we use ground magnetometers to constrain a cubedsphere grid of
DF SECS. We also place CF SECS on the same cubedsphere grid and constrain them
using magnetic field measurements from the Iridium satellites. We calculate equiva-
lent FACs (described in section 3.3) by dividing the amplitude of each DF SECS pole
by the corresponding grid area, and calculate FACs by dividing the amplitude of the
CF SECS by the grid area. We focus on a larger region in North America to capture
more Iridium measurements and for the same reason we use a window of ten minutes to
capture more data. The ground magnetometer measurements are averaged across this
window. We also modify the inversion scheme for Paper Il compared to Paper I by re-
placing the zeroth order Tikhonov term with a forward difference matrix to minimise
the difference in the amplitude of neighbouring SECS. Similar spatial scales for the DF
and CF currents are important to coherently estimate the full ionospheric current and
make justified comparisons between the equivalent FACs and the FACs. Therefore, the
inversion and scaling of the regularisation is consistent for the DF and CF SECS. Fur-
thermore, it is kept consistent across time and events to enable comparison of different
events.

We compare the FACs produced by the AMPERE project and by our CF SECS ap-
proach as a form of validation. Finding that although AMPERE can produce greater
spatial variability, there is enough similarity to prove our approach is a valid interpreta-
tion of the Iridium magnetometer data. We then create an events list of 18 substorms to
study. These are selected because they occurred in three substorm lists: Forsyth et al.
(2015); Newell and Gjerloev (2011); Ohtani and Gjerloev (2020) and occurred close
to the centre of the grid of SECS during the years 2011 and 2012. We separate these
events into typical and atypical depending on the current structure, where typical is a
clear current wedge structure by Epoch +20 min from substorm onset. Out of the 18
events 12 are considered typical and 6 atypical.

We pick one typical event to analyse a time series of the full current (DF + CF) and
an equivalent full current surrounding the onset. The equivalent full current is found by
treating equivalent FACs as the FACs (i.e. setting oo = 1 in equation 3.6) and interpret-
ing the CF current from this. Thus the equivalent full current is purely determined from
ground magnetometers. We do the same for the remaining 17 events but show only
substorm Epoch 20. We find that the equivalent FACs become increasingly dissimilar
to the FACs closer to the onset location. Temporally they become more dissimilar post
onset time. We attribute this increasing dissimilarity to a change in the Hall and Ped-
ersen conductance that leads to the assumption, 7- (E X VEpg) = 0, becoming more
invalid. The SML index and enhancement of equivalent FACs show that for all these
events there is a strengthening of the westward electrojet despite the lack of SCW in
the atypical events.

To investigate how the change in conductance alters the relationship between the
equivalent FACs and the FACs we use a combination of Lompe and AMPS (Laundal
and Toresen, 2018). We supply the AMPS FACs under typical conditions to Lompe
and then calculate the equivalent FACs for two different conductance scenarios. The
first conductance scenario is purely solar EUV-driven. The second scenario is solar
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EUV-driven plus a Gaussian around the substorm onset to mimic the auroral bulge. We
find that an enhancement of equivalent FACs and therefore the westward electrojet can
occur with no change in the FACs and purely due to the change in conductance. This
explains the results we see but raises concerns for studies that interpret the enhancement
of the westward electrojet as the creation of the closure current of the SCW.

The key findings of Paper III are that the FACs should not be interpreted from the
equivalent FACs, and thus from ground magnetometers, surrounding substorms without
measurements of the conductance. Additionally, the enhancement of the westward
electrojet can be a false indicator of the formation of the SCW.

6.2 Discussion of Uncertainties

Uncertainties are a big challenge in under-determined inverse problems. In our case
there are multiple sources of uncertainty, some of which are hard or even impossible to
quantify.

The first source of uncertainty is within the data. Ground magnetometers are con-
sidered to have a low measurement error but beyond the uncertainty inherent in the
instrument there are several ways the uncertainty enters the measurements prior to the
inversion. One example is the uncertainty in the baseline subtraction (described in sec-
tion 4.1.1). If the main field is over- or under-determined there will be a constant offset
in the measurements. Furthermore, while we only describe one method for the removal
of a baseline, there are a large number of different techniques that settle on different
values (Janzhura and Troshichev, 2008; Van De Kamp, 2013). Transient external noise
such as short-lived magnetic field sources (e.g. passing electrical devices) would not
be captured by baseline determination due to variations on similar time scales as those
of ionospheric current origin.

The Iridium magnetometers have the same source of uncertainty through baseline
determination, and the AMPERE project distributes the data with the baseline, deter-
mined through their method, already removed. Iridium magnetometers were not de-
signed for scientific application, and so are not as accurate. They have a resolution of
48 nT and the threshold for noise can vary between 70 and 100 nT (Anderson et al.,
2000).

In linear inverse problems the measurement error can be carried through the inver-
sion using the covariance matrix. In techniques such as Lompe, the covariance matrix
weights the measurements such that the fitting of more accurate data is prioritised. The
covariance matrix can then be carried through to an uncertainty in the model parame-
ters, in this case the amplitude of the SECS, and consequently through to the estimated
quantities. In a well-determined problem with a uniform distribution of magnetome-
ters such uncertainties may be an indicator of the accuracy of the model compared to
the real currents. However, we do not have this situation and must impose prior in-
formation to aid the solution. We achieve this by employing Tikhonov regularisation
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where the regularisation parameters are chosen through a trade-off between expected
structure and data fit. Therefore our inversion does not match the data perfectly. The
higher the amount of regularisation (A; and A, in equation 5.12) the greater its impor-
tance compared to the data model fit and therefore less of the measurement uncertainty
carries through to the model variance. In fact, the model variance decreases with in-
creasing regularisation. Yet increasing regularisation will typically lead to a poorer
data-model misfit. At high enough regularisation the model variance approaches zero
but the magnetic field measurements no longer have influence over the estimated cur-
rents. To know the true accuracy of the estimated parameters one must also know the
reality; this would only be possible with, for example, a synthetic MHD model.

Using an MHD model to obtain the model accuracy is unrealistic as the model ac-
curacy will vary depending on the differences between the currents and the expected
structure encouraged through regularisation. Moreover, current MHD models are inca-
pable of generating realistic ground-induced currents. Thus true model accuracy is not
viable.

In Papers I and 11, we outline our steps to reach the chosen regularisation scaling and
these steps describe a sensible approach to understanding the model accuracy. They
entail achieving a careful balance between data model misfit and the encouragement
of expected structure. While this does not provide a numerical model accuracy, one
can understand that in high-density measurement regions the model accuracy is high
while in less dense regions the model is the product of measurement extrapolation and
expected structure and thus must be interpreted with care.

For the estimation of the divergence-free currents in Papers I and III there are uncer-
tainties due to the separation of the contributions of ionospheric currents and GICs on
the measurements at ground magnetometers. Placement of the magnetic contributions
into the wrong system will lead to incorrect estimations of the ionospheric current.

In Paper I we are strict in our estimation of the divergence-free current and ground
magnetic field perturbations by evaluating along a single magnetic meridian which has
a high magnetometer density to produce a solution well constrained by data. The spac-
ing of the evaluation points in latitude reflects the limits in the spatial resolution of
the model and reduces the effect of current location uncertainty. This plays an im-
portant role in Paper II, where the electrojet boundaries are identified along with the
total current and other properties. Where in Paper II the resolution of the evaluation
points along the meridian limits the freedom of boundary locations preventing unre-
alistic accuracy of the electrojet boundaries with respect to the magnetometer dataset
used. Furthermore, the magnetometer density reduces at the latitudinal limits of the
data set produced in Paper 1. This implied decrease in model accuracy leads us to ig-
nore boundaries close to these limits in Paper II.
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Chapter 7

Conclusions

This thesis has focused on the development of new inversion schemes for combining
magnetic field measurements to produce robust estimates of the ionospheric current.
A primary goal has been to use the estimated ionospheric current to understand the
appropriateness of studying the substorm current wedge from ground magnetometers
and the feasibility of a ground-based magnetometer proxy of the auroral oval.

Paper I demonstrates the advantages of an inversion combining magnetic field mea-
surements and the temporal extent of ground magnetometers for the statistical analysis
of the temporal derivatives of the magnetic field. The availability of ground-based
magnetometer measurements over multiple decades allowed for robust statistical deter-
mination of the occurrence of large temporal derivatives in the radial magnetic field, a
quantity that identifies hot spots for GICs. Furthermore, the mapping technique allowed
us to determine latitudinal variations beyond what can be inferred from individual mag-
netometers. Additionally, we show that our dataset is a great tool for visualising and
investigating magnetospheric waves with periods greater than 1 minute, such as ultra-
low frequency waves.

In Paper II we show that the electrojet profiles we estimated in Paper I can provide
information about variations in the auroral oval. We derive electrojet boundaries that
show similarity with the auroral oval boundaries, in particular the boundaries of the
proton aurora. Given that estimates of global auroral boundaries derived from global
auroral imagery are relatively scarce, any information about the auroral oval that we can
obtain from the electrojet is invaluable. The dataset we create includes, in addition to
boundaries, the total current of the electrojet and its peak value. While global electrojet
boundaries were not produced in this study, the statistical analysis motivates such a
future study, which we return to in chapter 8. Paper II demonstrates that we can produce
more detailed metrics on the electrojet on a routine basis in comparison to the auroral
magnetic indices (e.g. AL and AU).

In Paper IIT we developed on the inversion techniques to robustly estimate the to-
tal ionospheric current based on space and ground magnetometers. We show that the
ionospheric leg of the substorm current wedge can be estimated by taking the sum
of independently estimated divergence-free and curl-free currents. We show that FAC
structure, polarity and strength cannot be inferred from ground-based magnetometers
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through the EFAC technique (the curl of the divergence-free current) during substorms
and in regions surrounding the onset. We also conclude that intensification of the west-
ward electrojet can occur without the intensification of FACs and therefore without the
formation of the substorm current wedge. This is due to changes in the conductance
associated with increased energetic particle precipitation. Additionally, we find that de-
spite taking strict measures to ensure the validity of our substorm events (the substorm
must be present in three ground-based magnetometer substorm lists) the substorm cur-
rent wedge was only present in two-thirds of the events. Therefore, substorms identified
using ground-based magnetometers do not guarantee the presence of the substorm cur-
rent wedge. These results are relevant for interpreting the magnetic field measurements
from EZIE in terms of the substorm current wedge, which we return to in Chapter 8.

In summary, we have developed a robust methodology to routinely estimate the auro-
ral electrojet, its boundaries, peak intensity, and total current. The dataset of estimated
currents and ground magnetic field has been shown to be a valuable asset to study statis-
tical trends in the auroral electrojet and to gauge the hot spots of space weather hazards.
The boundaries of the electrojets are shown to hold key information about the location
of the auroral oval, demonstrating ground magnetometers can be used in isolation to in-
fer the extent of the auroral oval when more direct proxies are not available. Despite the
historical use of magnetic field measurements made below the ionospheric current in
the study of the substorm current wedge, and consequently, in the development of the-
ories surrounding its structure, we have also demonstrated that when used in isolation,
these measurements can lead to incorrect inferences about the substorm current wedge.
In fact, for a significant number of events studied in Paper III, the same ground-based
signatures appear with or without the occurrence of the substorm current wedge.
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Future Prospects

A number of components of the work and papers that make up this thesis can be con-
tinued, built upon and applied in new ways. In this chapter we introduce some of these
future prospects and why they would be beneficial.

8.1 Expanding upon the new methodology developed

Paper I and III focus on the application and development of inversion techniques for
estimating the ionospheric currents. The clearly outlined methodology and publicly
available code make the work repeatable. As such the approach in Paper I can be
applied to other regions of ground magnetometers and this will allow us to discern what
features of the statistics are due to geographical effects and which are the result of the
ionospheric currents. For example we are unable to determine whether the peaks in the
occurrence of large temporal derivatives of the radial magnetic field are a result of the
steep ground conductance gradients or variations in the equivalent current. Repeating
this study in a new region, such as north America, could help us to understand and
separate the different contributions.

Paper II estimated the boundaries of the auroral electrojet which informs us where
there is an increase in GIC related space weather hazards. The electrojet boundaries
were shown to often be close to the auroral oval, particularly when described by pro-
ton precipitation, away from the pre-midday and pre-midnight electrojet discontinu-
ities. This paper motivates the creation of a global electrojet boundary. One potential
way to do this would be to repeat Paper I evaluating at a set increment of magnetic
longitude, until 360° are covered, and with a new grid of SECS for each meridian us-
ing the available magnetometers and applying the electrojet algorithm from Paper II.
Another option is a global fit of the ground magnetometers to estimate the electrojet
current using spherical harmonics or applying SECS globally, similar to how Lompe
is used in Hovland et al. (2022). A global electrojet boundary would expand the ba-
sis for comparison with global auroral boundaries derived from auroral images, such as
those presented by Chisham et al. (2022) and Ohma et al. (2023), both event-wise and
statistically, to obtain offsets for an electrojet based auroral oval proxy and for an im-
proved understanding of what conditions prevent a reasonable auroral oval proxy based
on the electrojet. This approach might provide an alternative means for estimating the
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boundaries of the auroral oval when a more established approach, such as estimation
via global images, is impossible due to either a lack of data (e.g., there is currently no
global auroral imagery mission) or challenges associated with the methodology (e.g.,
dayglow removal). In addition, global properties of the electrojet such as the latitudinal
integral of the eastward vector of the electrojet or its peak value can describe the elec-
trojet in greater detail than compared to the auroral magnetic indices (e.g. AL/SML,
AU/SMU).

Paper III successfully estimated the large scale substorm current wedge but demon-
strated that estimates of the full current made exclusively via magnetic field measure-
ments below the ionospheric current layer are not reliable without knowledge of the
ionospheric conductance. The future mission Electrojet Zeeman Imaging Explorer
(EZIE) satellites, that we discuss further in the next section, will resolve the meso-
scale divergence-free current but cannot directly measure the curl-free current. The
spatial scale of the estimated currents in Paper III is mostly limited by the spacing of
the Iridium satellites orbits rather than the ground based magnetometers. On an event
by event basis the Iridium satellites could be supplemented by including other satellite
based magnetometers. As examples there are the Swarm collection of satellites, DMSP
satellites, @rsted and many more. An advantage of the lowest flying LEO satellites
such as Swarm is that they can be used to constrain both the DF and CF currents. With
this approach we would have a better chance of discerning between the single substorm
current wedge, double wedge, or ensemble of wedgelets (Gjerloev and Hoffman, 2014;
Liu et al., 2013; McPherron et al., 1973). If we find such events where spaced-based
magnetometer density is sufficiently high that the distribution of the ground based mag-
netometers or their distance to the ionospheric current layer is the limiting factor in the
resolvable scale size then the EZIE mission may be of greater use. However with cur-
rently available space-based magnetometers such an event is unlikely.

The KRM method described in section 3.5 uses only ground-based magnetometers
to interpret the full ionospheric current by relating the equivalent current to the electric
field through the conductance using ionospheric Ohm’s Law. Given that Paper I has
provided the equivalent current along a single meridian, we suggest that it may be ad-
vantageous to incorporate this dataset into a 1D approach similar to the KRM method.
In this way also the FAC and electric field could be obtained along this meridian when
the conductance can be defined either through measurements or statistical models.

8.2 Future Magnetic Field Measurements

Magnetic field measurements for estimating ionospheric currents are continually im-
proving. The global network of ground based magnetometers has increased immensely
in density and coverage over the last two decades and longer, primarily in the northern
polar ionosphere. Furthermore, the temporal resolution of the available measurements
has been improving: While the default globally is typically one minute, the IMAGE
network provides measurements at a resolution of at least 10 s from all 58 magnetome-
ters (for 53 of those magnetometers measurements are provided at a resolution of 1
s). Similarly, in recent years the SuperMAG collaboration has begun to provide a data
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product with a temporal resolution of 1 s for a selection of magnetometers. Space-
based magnetometers are also seeing an increase in coverage which has made studies
like Paper III possible. In this section we will discuss where magnetic field measure-
ments for estimating the ionospheric current are going in the future and could go in the
future and the implications for the progression of the studies within this thesis.

The Electrojet Zeeman Imaging Explorer (EZIE) satellites will be the first of their
kind. They are designed to study the magnetic field below the ionospheric current layer
through remote measurements (Laundal et al., 2021; Yee et al., 2021). They will mea-
sure the spectra of Oxygen emissions from about 80 km and how it is affected by the
magnetic field through the Zeeman effect. The change in the spectra of the Oxygen
emissions and their polarisation can be used to retrieve the magnitude and orientation
of the magnetic field at around 80 km. This approach yields magnetic field measure-
ments that are very noisy; however, Laundal et al. (2021) has shown that the techniques
used in Paper I can be applied to the simulated EZIE magnetic field measurements to
produce accurate estimates of the divergence-free current. There will be three satellites
each with four beams (i.e. four tracks of measurements per satellite) in a "pearls on a
string" orbit essentially measuring the magnetic field vector at approximately 80 km.
This will allow the estimation of significantly smaller scale divergence-free currents
compared to ground magnetometers and LEO satellites due to the physical spacing of
the measurements and the proximity to the ionospheric current layer. These measure-
ments have implications for Paper I and II. The electrojet current can be estimated at a
greater spatial resolution leading to more accurate estimates of the electrojet boundaries
and the other properties estimated in Paper II. The influence of GICs on the measure-
ments is reduced due to the distance to the ground; these measurements are thus less
affected by the steep conductance gradients between the sea and land. As previously
mentioned, these measurements have little impact on Paper III as the spatial resolu-
tion of the full current of the ionospheric leg of the substorm current wedge is limited
by the measurements of the curl-free current and EZIE will not be capable of such
measurements.

The distance from the ionospheric current layer to the ground based magnetometers
is a physical limitation of the scale sizes of the divergence-free currents that can be re-
solved using such measurements. There are few regions in the world that have such
high density of magnetometers that the distance from the ionospheric current sets the
limit of the scale sizes that can be resolved in the equivalent current. Increasing the den-
sity of ground magnetometers is obviously the solution for improving the spatial scales
in the estimated divergence-free currents in Paper I and III, however, this is costly for
conventional magnetometers. Low-cost magnetometers have been introduced as a part
of an outreach concept for the EZIE mission, called "EZIE mags". They incorporate
Raspberry Pi technology and will be distributed to a selection of high schools as not
only a tool for learning, but also as a contribution to science. While these lost-cost mag-
netometers are not as accurate as the conventional ground magnetometers, preliminary
tests have shown comparable signals to nearby observatory magnetometers. Introduc-
ing these magnetometers in the auroral zone can enable the estimated divergence-free
currents to be at the finest possible spatial scales at which can be achieved from ground
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and will be more financially achievable than with current magnetometers. This is di-
rectly applicable for Paper I and II allowing the current to be resolved at smaller spatial
scales and thus more accurate and higher resolution electrojet boundaries can be re-
trieved. There are still benefits for having an even greater density of magnetometers
beyond what is necessary to resolve the divergence-free current at the highest reso-
lution achievable from ground. This can help with identification and elimination of
anomalous measurements, a greater understanding of the background magnetic field,
such as magnetic anomalies, and deal with periods when magnetometers are not avail-
able which has limited the temporal coverage of the dataset produced in Paper 1.

As demonstrated by Paper III and AMPERE, The Iridium constellation has shown
that commercial satellite programs with magnetometers on board for operational pur-
poses can be a significant contribution to science. If similar agreements with other
such satellite programs could be reached to obtain magnetometer measurements, the
FAC resolution could be significantly improved. This would have direct implications
for Paper III allowing us to resolve more detail of the substorm current wedge and
to better address the different theories on the formation and structure of the substorm
current wedge.
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Abstract We present the implementation of an improved technique to coherently model the high-latitude
ionospheric equivalent current. Using a fixed selection of 20 ground magnetometers in Fennoscandia, we
present a method based on Spherical Elementary Current Systems (SECS) to model the currents coherently
during 2000-2020. Due to the north-south extent of the magnetometers, we focus on the model output along
the 105° magnetic meridian. Our improvements involve fixed data locations and SECS analysis grid and

using a priori knowledge of the large-scale currents improving the robustness of the inverse problem solution.
We account for contributions from ground induced currents assuming so-called mirror currents. This study
produces a new data set of divergence-free (DF) currents and magnetic field perturbations along the 105°
magnetic meridian with 1-min resolution. By comparing averages of the data set with an empirical model of
the ionosphere we demonstrate the validity of the data set. We show how our data set, in particular its temporal
nature, is distinct from empirical models and other studies. Not only can the temporal evolution of the DF
currents and magnetic field perturbations be investigated, but the time derivative of said quantities can be
analyzed. For application in ground induced currents, we present the statistical properties of where (in magnetic
latitude and local time) and at what rate (0B,/0r) the radial magnetic field component fluctuates, a temporal
derivative that has received very little attention. We show that dB,/ot is dependent on latitude, local time, and
solar cycle. We present other applications such as Ultra Low Frequency Waves monitoring.

Plain Language Summary A number of Sun driven processes that can lead to phenomena such

as the northern and southern lights, generate electric currents within the ionosphere, an ionized part of the
atmosphere. We use a fixed set of ground magnetic field measurements in Fennoscandia to robustly map these
currents. Taking advantage of the regularity of the measurements, we not only produce a 20 year time series of
the currents and magnetic field but also present statistics of the temporal change of disturbances in the radial
magnetic field. This derivative is an important property in understanding the impacts of space weather on
modern infrastructure, in particular it can cause large current spikes that disrupt power grids over a relatively
large area.

1. Introduction

The link between the Sun and geomagnetic field disturbances has been reported for a long time. In 1852 Sabine
identified a link between the number of sunspots, which is an indicator of solar activity, and geomagnetic field
disturbances. He found that during a minimum in the sunspot number we experience a reduction in geomag-
netic field disturbances (Cliver & Cliver, 1994). Historical reports have shown that for centuries large scale
features on the photosphere have coincided with observations of significant, intense geomagnetic activity in the
form of low latitude aurora (Schove, 1983), however the mechanisms behind this were not understood. With the
arrival of work by Chapman and Birkeland in the late 19th and early 20th century, the description of the Earth's
magnetosphere immersed within the solar wind came into focus. Birkeland's early work introduced a current
system, which bears his name, flowing in and out of the polar ionosphere. Despite his initial theories involving a
stream of high velocity electrons being emitted from the Sun, he moved to the realization of a neutral solar wind
made up of both electrons and positively charged ions (Birkeland, 1908; Chapman & Ferraro, 1931). Although
a different current system and theory outlined by Chapman prevailed for some time, with the arrival of space
based magnetometers Birkeland's theory proved fruitful as it explained the magnetic field perturbations observed
(Zmuda et al., 1966). Chapman and Ferraro's work transformed the field of space physics when they described
how magnetic storms are manifested through introduction of the magnetosphere and how it interacts with the
solar wind (Chapman & Ferraro, 1931; Siscoe, 2001).
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In more modern times we know that the solar wind is a quasi-neutral supersonic plasma streaming out of the Sun
dragging with it the Sun's magnetic field, due to the frozen-in effect, into interplanetary space. How this interplan-
etary magnetic field (IMF) couples with the Earth's magnetic field holds particular importance for the dynamics
of the polar ionosphere and magnetosphere. This can be described by the Dungey cycle. The Dungey cycle is
a generalized, simplified, steady-state description of how, during periods of a southward oriented IMF, dayside
geomagnetic flux is opened and reconnected with the IMF before being dragged over the polar cap, subsequently
stimulating preexisting open flux in the magnetotail to reconnect. This newly closed flux then convects to the
dayside magnetosphere (Dungey, 1961). In the region of the ionosphere, plasma flows are driven by the motion
of magnetic flux around the ionosphere. At certain altitudes these plasma flows create a current system due to
collisions between ions and neutrals causing a differential motion between the ions and electrons. Currents along
the dawn and dusk flanks are referred to as the westward and eastward electrojets respectively. Ground magneto-
meters have been historically used to study the strength and extent of these electrojets. Such measurements are
not affected by the magnetic field of the field aligned Birkeland currents and their associated connecting currents,
a realization made by Fukushima and thus has been named Fukushima's theorem. Fukushima's theorem states
that under the approximation of a radial magnetic field (which is most valid in the polar regions), the magnetic
signature of curl-free (CF) currents, whose source and sink are the Birkeland currents, cancel below the current
layer (Fukushima, 1976). Conversely, the magnetic signature of the divergence-free (DF) currents are observable
above and below the current layer. Fukushima's theorem shows us why we needed space based magnetome-
ters for Birkeland's theories to be confirmed (Fukushima, 1994; Zmuda et al., 1966). Harang utilized ground
based magnetometers to identify a discontinuity between the westward and eastward electrojets (Harang, 1946;
Koskinen & Pulkkinen, 1995). This discontinuity commonly coincides with the location of substorm onsets
(Weygand et al., 2008), consequently relating the electrojets to the closure of magnetotail flux described in the
Dungey cycle.

There is an abundance of ground based magnetometers providing good coverage of measurements of the auroral
electrojets, particularly in regions such as North America and Fennoscandia. Spherical harmonic analysis has
been a core part of modeling DF ionospheric currents using ground based magnetometers. More recent tech-
niques still have the methodology of Chapman and Bartels (1940) at their core (Laundal et al., 2016, 2018).
However, the meaning of the spherical harmonic model output in regions where magnetometer coverage is sparse
is often unclear and difficult to interpret. Amm (1997) introduced a technique called spherical elementary current
systems which focuses on modeling limited regions. This approach models the DF and CF components of the
ionospheric currents on a 2D spherical shell independently using two different spherical elementary currents
systems (SECS). Amm and Viljanen (1999) derived the magnetic field from the current a SECS produces. There-
fore, we can recreate the magnetic field measured on ground using a weighted sum of DF SECS and consequently
find a current that produces those magnetic field perturbations.

In previous studies DF SECS has proven to have a vast array of applications. Weygand et al. (2012) used DF
SECS and ground magnetometers to produce estimates of the DF currents and compare them with measurements
of convection with SuperDARN. During the summer they show that the DF currents can be used to predict the
ionospheric convection, without the necessity of conditions for backscatter that limits the SuperDARN data
set. In another study, the SECS amplitudes are compared with measurements of the region 1 and 2 currents
using magnetometers on board the DMSP satellites (Weygand & Wing, 2016) and a significant resemblance is
found. Many studies of the DF currents have focused on magnetospheric and ionospheric dynamics due to solar
wind driving conditions and addressed questions of substorm onset phenomena (Vanhamiki & Juusola, 2020;
Weygand et al., 2011, 2021). By placing SECS at both the ionospheric current layer and at a certain depth within
the ground, the SECS method has been useful for separating observed magnetic perturbations into telluric and
ionospheric sources (Juusola et al., 2020; Pulkkinen, Amm, Viljanen, et al., 2003).

In this study we build upon the DF SECS method and incorporate a new SECS inversion technique introduced
by Laundal et al. (2021) for use with data from the Electrojet Zeeman Imaging Explorer (EZIE) mission, which
will be launched in 2024. EZIE will be capable of making remote measurements of the magnetic field using the
Zeeman effect (Yee et al., 2021). The inversion technique, used by Laundal et al. (2021), involves a priori infor-
mation about the structure of the electrojet. Here we apply this technique to 20 ground magnetometers in Fennos-
candia that were simultaneously available at 1-min resolution for a total of approximately 11 years between 2000
and 2020. The technique produces 2D maps of the electrojet and associated magnetic field, but we focus on an
output along a 1D slice along the 105° magnetic meridian, in quasi-dipole co-ordinates, which is particularly
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Figure 1. (Left panel) Monthly data coverage of each chosen magnetometer and their availability concurrently. (Right panel) Spherical Elementary Current Systems
pole locations as red dots, orange stars to show the location of the magnetometers used in this study and a green line that is the 105° magnetic meridian that the model

is evaluated along.

well covered by the magnetometers. The resulting data set, which is publicly available (Walker et al., 2022b),
consists of ground magnetic field perturbations and ionospheric sheet current densities along this meridian. We
also highlight the interpretation of the time derivative of the radial magnetic field dB, /dt as the radial component
of the curl of the geomagnetically induced electric field (GIE) (Vanhamiki et al., 2013) and present a statistical
analysis of the properties of this quantity. This analysis stands in contrast to the analysis of the time derivative
of the horizontal magnetic field (often denoted 0H/or), which has received comparatively much more attention
(Dimmock et al., 2020; Juusola et al., 2020; Rogers et al., 2020; Schillings et al., 2022; Tanskanen et al., 2001;
Viljanen et al., 2001; Weigel et al., 2003).

In Sections 2 and 3, we respectively present the data and our application of SECS to derive the DF currents. In
Section 4 we demonstrate the validity of the approach by comparing the large scale statistics of the DF current
and associated radial magnetic field structure with those of an empirical model (Laundal et al., 2018). We also
present our statistical analysis of B /ot. In Section 5 we discuss our findings, and in Section 6 we conclude the

paper.

2. Data

We use data with 1-min time resolution from 20 magnetometers in Fennoscandia obtained through the Super-
MAG collaboration (Gjerloev, 2012), see Figure 1. SuperMAG has its own method of subtracting the baseline
of the magnetic field from the magnetometer measurements. As outlined in Gjerloev (2012), there are three core
components of the calculated baseline: the diurnal variations, the yearly trend and the remaining residual during
quiet periods. The diurnal variations aim to include contributions from the solar quiet (Sq) currents and variations
with a local time dependence, such as temperature effects on the instruments. The yearly trend primarily consists
of the Earth's time dependent magnetic field. The residual component is determined by the remaining magnetic
field during official magnetic quiet periods. It is unlikely that baseline methodology is able to remove all the
influences listed, in particular those that vary on shorter time scales, such as the Sq currents, however considering
the high latitude of observations we can be confident that their magnetic signature is small in comparison to that
of the electrojets.
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The SuperMAG data is provided in local magnetic co-ordinates, in which the northward component points along
the quiet-day horizontal component of the main magnetic field. This study uses the geodetic co-ordinate system
and as such the data needs to be rotated into this system. To rotate the horizontal magnetic field, a declination
angle between the local magnetic north and geodetic north is required. We choose to use the CHAOS-7 core and
crustal magnetic field model (Finlay et al., 2020) to find the declination angle at each station and rotate the
vectors into the geodetic system.

To reduce ambiguity as to what causes variations in the modeled DF currents, we require that all the magneto-
meters that are chosen for the SECS inversion are available at the same time. Figure 1 shows how often our 20
magnetometers are available individually and simultaneously (thick blue line). This combination of stations
has been chosen to maximize the total coverage of simultaneous measurements, approximately 11 years over a
period from 2000 to 2020. We find a dip in coverage during the summer months in a number of magnetome-
ters that impacts the overall concurrent coverage. We are also aware that there is little concurrent data in 2015
due to a drop in the availability of data from Hankasalmi and Muonio. Figure 1 also shows the grid that we
use in our analysis (discussed in Section 3), and the 105° magnetic meridian, where we evaluate the currents
and magnetic field components. We see from the figure that this meridian passes through a high density of
magnetometers.

3. Method

In this study we apply a recently developed Spherical Elementary Current System (SECS) inversion technique to
ground magnetometers. SECS analysis represents ionospheric and telluric currents as the weighted sum of multi-
ple small-scale currents. The weights are determined from magnetometer measurements. It can thus be used as a
way to interpolate magnetic fields and currents from a set of individual non-uniformly distributed magnetometers
to a continuous map. Here we give a brief overview of the SECS analysis technique, describe our methodology
and highlight how this methodology addresses problems within previous work.

Magnetic fields on ground can be modeled as 2D horizontal DF currents that flow on spherical shells above and/
or below the Earth's surface (Chapman & Bartels, 1940). Such modeling has historically been accomplished
using spherical harmonic analysis. Amm (1997) presented DF basis functions that are more suitable for regional
analyses, which he called SECS. The SECS basis functions are global but with a short reach. Placed sufficiently
dense, and scaled appropriately, they can be used to represent any well-behaved 2D vector field on a sphere
(Vanhamiki & Juusola, 2020). With these basis functions, a DF surface current density J at a radius R can be
written as

= I, 'éb. 0;
= ——cot( =
() Z wr(3) W
where F is the position where J is evaluated. The sum is over a set of DF SECS with amplitudes I.. 0, is the

angular distance from the SECS to 7, and é’¢, is an eastward unit vector in a coordinate system where the SECS
is at the pole. In Equation 1 R could be above ground (above R, radius of the Earth), for modeling ionospheric
currents, or below ground, for modeling telluric currents.

The magnetic field of one single DF SECS was calculated by Amm and Viljanen (1999) through the Biot-Savart
law. The analytic expressions for the & (southward), ¢ (eastward), and r (radial) magnetic fields, in a local system
centered on the SECS pole, are:

s —cos 0;
- +cos 6; r<R

—puol; 2 _ )
ABy,(0.7) = Ho V1+s2—2scosb; @

47rsin6; 1 —scosb; _1 >R

V1+s2—2scosb;

ABy,(6:.1) =0 3)
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In our case, we use magnetometers on ground, so » = R,. However, we model currents both in the ionosphere
(R=R,> R;) and below ground (R = R, < R,), so both versions of the equations are needed. These expressions
are for a single elementary system, and the total magnetic field at 7 is the sum over all. This gives a linear rela-
tionship between magnetic field measurements and SECS amplitudes:

Gm=d, (6)

where 7 is a vector that contains the SECS amplitudes, d is a vector that contains all 60 magnetic field compo-

nents from the 20 magnetometers, and G is a matrix that relates /7 and d according to the equations above. We
return shortly to how we solve this system of equations for 7.

The grid of SECS can be as dense or as sparse as desired. Although a more dense grid of systems can capture
finer structure, two points must be considered: (a) whether the measurements can resolve so fine a structure (for
magnetometers one must take into account the spacing of the magnetometers and the smoothing of the magnetic
signal with increasing distance from the source (Laundal et al., 2021)); (b) a denser grid requires more model
parameters, therefore solving for these parameters becomes more computationally expensive. Furthermore,
a number of previous studies have placed the elementary systems in a regular grid in longitude and latitude
Vanhamiki and Juusola (2020), Juusola et al. (2006, 2016, 2020). This leads to a more dense grid in physical
space at increasing latitudes. We choose to place our elementary current systems above and below the ground in
a grid that is regular in cubed sphere coordinates (Ronchi et al., 1996; Sadourny, 1972). The cubed sphere grid is
regular in physical space and does not have the same problem. The grid is displayed in the right panel in Figure 1,
in a Lambert Conformal projection. The grid has been chosen with an average spacing of 50 km, positioned so
that the magnetometers are not within 10 km of a SECS pole and oriented toward approximately magnetic north
in magnetic Quasi-Dipole (QD) coordinates (Richmond, 1995), using an epoch of 2008. Furthermore, the radial
placement of the elementary systems is an important consideration, as we model the ionospheric and telluric
currents as two shells of sheet currents, we must pick an altitude and depth that can mimic the magnetic field
created from the 3 dimensional ionospheric and telluric current systems. In total we have N = 2,814 grid cells,
with 2N elementary currents, one set above the ground at 110 km altitude, and one set below the ground, where
the chosen depth is introduced later in this section. However, a fixed depth for the telluric currents is either more
problematic due to the variability in the 3 dimensional ground conductance and the variability in the temporal
scales of variations in the ionospheric inducing current which results in the induction peaking at varying depths.

We clearly have many more elementary current systems than data points, which means that the inverse problem
of finding the SECS amplitudes from a small set of measurements is severely under-determined. This can be
partly rectified by using a simplifying assumption about how the ionospheric currents are related to their induced
counterpart in the ground. We choose that the radial magnetic field perturbations from the ionospheric and
telluric currents exactly cancel at a 500 km depth (the telluric poles are placed at a depth derived from Equation
AS in Juusola et al. (2016) that depends on the altitude of the ionospheric poles and the cancellation depth). Then,
as detailed by Juusola et al. (2016), the mirror current magnitudes are precisely determined by the ionospheric
current magnitudes, reducing the number of unknowns from 2N to N. This method ascribes the term “image
currents” to the currents modeled by the telluric SECS poles. This name comes from the assumption that the
telluric currents will mirror the ionospheric currents.

Even with this simplification, the problem remains under-determined; there are an infinite number of SECS
amplitude combinations that will fit the observations within some fixed precision. In this section we address
the criteria in which we choose the solution to the inverse problem. Most recent studies that use SECS anal-
ysis (Amm, 1997; Pulkkinen, Amm, & Viljanen, 2003; Pulkkinen, Amm, Viljanen, et al., 2003; Vanhamiki
& Juusola, 2020; Weygand et al., 2021) handle this problem by using truncated singular value decomposition
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(TSVD). By zeroing singular values below a certain cutoff, the spatial structure of the DF current is encouraged
to be less complex. However, this approach implements very little prior knowledge of DF currents. In contrast,
in this study we implement Tikhonov regularization, similar to a recent study by Laundal et al. (2021), who
presented a technique for SECS analysis for mesospheric magnetic field data from the upcoming EZIE satel-
lite mission. Using regularization we aim to encourage electrojet like structures, which exhibit small current
gradients in the magnetic east-ward direction, and, much like TSVD, encourage reduced current complexity,
something we expect due to the distance of the measurements from the source and the need for multiple magneto-
meters to measure the structure to resolve it. Following Laundal et al. (2021)'s approach, we find the set of SECS
amplitudes, m, that minimizes:

f =G —dI> + Al + Al L], ©)

where / is the N X N identity matrix, and L, is an N X N matrix that, when multiplied by 1, yields the gradient
of the SECS amplitudes in the QD eastward direction. The first term in Equation 7 is the sum of squared errors.
If we only minimized this term, 7 would be the least squares solution. The second term represents the squared
length of the model vector, multiplied by the parameter 4,. Increasing A, will limit the overall magnitude of the
components in the solution vector, effectively decreasing the spatial complexity of the solution. Increasing 4, has
a similar effect as increasing the cutoff value in a TSVD inversion. The third term in Equation 7 describes the sum
of the squared magnitudes of the magnetic eastward gradients in the SECS amplitude, scaled by 4,. Increasing 4,
limits the eastward gradients. The rationale for including this term is that ionospheric electrodynamics tends to
be structured east-west (Harang, 1946).

Since the location of our magnetometers and SECS poles are fixed, we choose a constant set of values for 4, and
A,. If A, is too much larger than 2, the amplitudes no longer have a smooth gradient in the magnetic east-west
direction. If 4, is too much larger than 4, the amplitudes become thin bands in the east-west direction because
there is no restriction in the variation in the north-south direction. Furthermore, even if the 4 values are well
balanced, if both are too large the model will not represent the data because the first term (the data-model misfit)
will not be significant enough. With these things in mind, and after inspecting a great number of cases, we chose
2, = 1072 and 4, = 1072!. These numbers are based on the use of SI units. Since the magnetometer locations,
SECS locations, and regularization parameters are all fixed, our inversion results are directly comparable across
the whole data set.

3.1. Examples

Figures 2 and 3 show two examples where the technique described above was applied. The left panels show the
magnetic field on the ground, where the background color represents the modeled radial magnetic field pertur-
bations, and black the arrows represent the modeled horizontal component. The orange stars show the locations
of the magnetometers. The red arrows represent the measured horizontal magnetic field and the colored dot in
the center of the star the radial component. The second panels from the left shows the SECS pole amplitudes in
color. In the third panels, the arrows represent the modeled ionospheric currents and the color its magnitude. The
final panel shows a slice of the ionospheric currents along the 105° magnetic meridian, which is particularly well
covered by data. The publicly available data set, Walker et al. (2022b), includes the ground magnetic field and
equivalent current along this meridian, with spacing ~70 km.

With Equation 1, the DF current can be calculated at, in principle, any location. However, very close to a SECS
pole, the magnitude approaches infinity. Therefore, we follow Vanhamiki and Juusola (2020) and introduce a
correction (see their Equation 2.44) closer than 50 km from the SECS poles. This correction is only applied when
evaluating the DF current, and not to the magnetic field, which is not as severely affected by the singularity due
to the distance between the currents and the ground.

Figure 2 is based on 1 min of data taken at 22:34 UT on the 5th of February 2000. By looking at the left panel, we
see that the model and the measurements are in good agreement. The second panel clearly shows that the SECS
amplitudes have small gradients in the east-west direction and shows large areas of similar amplitude. This is a
clear case of a strong east-west electrojet. Figure 3 shows another example, based on 1 min of magnetometer data
at 20:25 UT on the same day. Again, the model and the measurements are in good agreement. Here, on the other
hand, we see a strong northward current. This shows that the 4 values in Equation 7 are not so large as to prevent
north-south structures when the data indicates that such structures exist.
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SECS Solution for One Minute of Data

Magnetic Field on Ground SECS Amplitudes lonospheric Current Magnetic Meridian (105°)
Py h T\ \ / -
/ j//. L\ \ // /\///T A \ \ / lx//mm*//HT \/\\
4 X Y4 ) \
) Y o N
\ L] | e\ \

©
o
ARRRR

X

Surface Current
Density
500 Akm~*

Modelled

Measured 250 Akm~!

mmmm 105° meridian

I D G WD — Magnetometer sies
—200 -100 100 200-10 =5 5 10 100 200 300 400 500

Modelled and Measured Br (nT) Amplitudes (kA) lonospheric Current Magnitude Akm~!

Figure 2. The figure shows the application of the methodology described in Section 3 where the currents and magnetic field are estimated by fitting Spherical
Elementary Current Systems (SECS) amplitudes using magnetic field measurements. The left panel shows the estimated horizontal magnetic field as black arrows, the
estimated radial magnetic field as the background color, the location of the magnetometers as orange stars, the measured horizontal magnetic field as red arrows and
measured radial magnetic as colored dot in the center of the stars. The second panel from the left shows the SECS pole amplitudes as the background color. The third
panel from the left shows the estimated divergence-free currents as black arrows and the magnitude of the currents with the background color. The third panel from the
left also shows the location of the magnetometers as orange stars. The right panel shows the estimated divergence-free currents along the 105° magnetic meridian, at
different magnetic latitudes, as black arrows. The location and extent of the 105° magnetic meridian, where the model is evaluated for every minute of data, is shown as
a green line in the first panel and third panel from left. The time in UTC of the magnetometer data used for this inversion is 22:34 05/02/2000. £
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With the methodology tested through the use of case studies, we apply it to every instance where SuperMAG
provides data from all 20 magnetometers. At each instance we calculate an independent set of model ampli-
tudes and use them to estimate the DF currents in the ionosphere and the ground magnetic field along the 105°
magnetic meridian. The resulting data set is N, independent instances of currents and magnetic fields at 50
points, evenly spaced, between 49° and 81° mlat, where N, is the total number of minutes where data from all 20
magnetometers has been provided.

4. Results

We now present results based on our data set, minute-cadence magnetic field perturbations and associated east-
ward and northward sheet current density along the 105° QD meridian. First we compare the currents and radial
magnetic field from an empirical model to a large-scale average based on our data set. This comparison is used
as validation. The data set's relatively high time resolution enables investigation of spatiotemporal structures in a
way that is not possible with empirical large-scale, average models. We therefore subsequently present an analysis
of the temporal changes in the radial magnetic field (0B /0r).

4.1. Large-Scale Average Current Structure

Here we compare a large-scale average current and radial magnetic field pattern to predictions from the Average
Magnetic field and Polar current System (AMPS) model. The AMPS model (Laundal & Toresen, 2018; Laundal
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Figure 3. This figure uses the same set up as Figure 2. The time in UTC of the magnetometer data used for this inversion is 20:25 05/02/2000.

et al., 2018) is an empirical model of the ionospheric magnetic field and current system generated using magnetic
field measurements from Swarm and the Challenging Minisatellite Payload (CHAMP) satellites. AMPS takes
user inputs of solar F10.7 cm flux, solar wind speed, IMF B, and B, and the Earth's dipole tilt.

To compare our data set to AMPS prediction it is important to make a selection of our data set that is restrictive
enough for the average to be a good general description of the range of data within that selection, while having
enough data to produce a reliable average. We have tested a variety of selections but for the purpose of paper we
present three clock angles, —135°, 180°, and 135°. For each angle we select instances when the IMF clock angle
is within a 45° wide window centered at that clock angle. To reduce the effects of extreme events and produce
the typical electrodynamics expected from the Dungey cycle (i.e., the two cell convection pattern) we select our
electrojet and radial magnetic field estimates when they occur during the following conditions: IMF B, is between
—10 and 10 nT, IMF B_ is between 0 and —10 nT, and the dipole tilt angle is less than 0°. Further measures are
taken to ensure that the data selected is under the influence of these conditions by using a similar approach to
Haaland et al. (2007): We apply a 30-min rolling average to OMNI data (King & Papitashvili, 2005), that is time
shifted to the bow shock, and associate it with our data set by having the average made up of OMNI data 20 min
prior and 10 min after the SECS meridian was evaluated. Furthermore, we calculate the circular variance of IMF
B, and B_ in the same windows as a measure of how stable the conditions are. We then add a further selection
criteria that the circular variance associated with our data set must be less than 0.04.

Figure 4 (top row) shows the average horizontal sheet current and radial magnetic field based on this data selec-
tion, on a grid of magnetic latitude and local time. A corresponding AMPS prediction is shown on the bottom row,
using the median conditions of the solar wind, IMF, solar flux and dipole tilt of the times selected to make the
SECS based map. Figure 4 shows that the general shape of the radial magnetic field perturbations and electrojet
are similar in the two approaches. This demonstrates that the technique produces results that are consistent with
expectations from earlier studies. However, in Figure 4 there are some notable differences between the two plots
particularly in terms of the magnitude of the currents and the radial magnetic field. We also see a difference in
the shape and location of the cells of the radial magnetic field that are most prominent at higher latitudes. One
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Figure 4. The figure shows three plots ct

—150

—200 A/km

ontaining an average of each instance of the Spherical Elementary Current Systems (SECS) model output along the 105°

meridian, that occur under different criteria, and three plots with a corresponding output from the Average Magnetic field and Polar current System (AMPS) model. The

top row shows a polar view of the averag

e divergence-free sheet current density in the ionosphere and radial magnetic field perturbations on the ground, modeled along

the 105° meridian for each minute of simultaneous measurements from all 20 magnetometers, occurring under the range of conditions specified in Section 4.1 and have
a clock angle that is within a window centered at —135°, 180°, and 135° respectively and with a width of 45°. The bottom row shows a polar view of the divergence-free

sheet current density and radial magnetic
median conditions for the selected instan

field output from the AMPS model when run with each set of the conditions specified in the conditions box, which are the
ces of each of the SECS model outputs.

difference between the two approaches is that the AMPS current by definition is DF, while our average current
pattern in general is not. Our technique enforces DF currents at any given time, but averages composed of several
meridians do not have this constraint. We reiterate that the main advantage of our approach over average models
is that it allows analyses of spatio-temporal variations. We explore this further in the rest of this section.

4.2. Occurrence Rate of Large Magnetic Field Variations

Temporal variations in the radial component of the magnetic field (0B,/0r) are equivalent to the radial component
of the curl of the purely induced (DF) electric field, otherwise known as the GIE (Vanhamiki et al., 2013). The
large amount of data (11 years' worth of 1-min data, spanning 20 years), and the consistency in the technique
makes our data set ideal for analyzing how GIEs in Fennoscandia vary in relation to other parameters. This is also
important for space weather applications, since variations in the magnetic field cause ground induced currents
(GICs), which have negative consequences for human infrastructure, such as the electrical power grid (Albertson
et al., 1993; Molinski, 2002; Oliveira & Ngwira, 2017).

Figure 5 shows the likelihood of observing temporal variations of the radial magnetic field perturbations (or
equivalently, the radial component of the curl of GIEs), the difference in the radial magnetic field between two
instances along the 105° meridian separated by 1 min, above a certain magnitude for the entire data set produced
but excluding instances with a gap greater than 1 min. The y axis shows the magnetic latitude, and the x axis
shows the threshold for a positive detection. Negative x corresponds to decreases in B, and positive x corresponds
to increases. The color and contours show the number of occurrences divided by the number of observations.
The occurrence is presented in a logarithmic style where 10737 is an occurrence of once per year. The figure is
approximately symmetrical suggesting that large increases and large decreases are just as common at similar lati-
tudes. Two peaks, identified by red ellipses in Figure 5, stand out, the first occurs at approximately 67° latitude,
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Figure 5. A plot of the statistics of fluctuations of the radial component of the magnetic field evaluated on the ground along
the 105° mlon meridian. The contours and color are the cumulative probability of getting increases (decreases) in B, that are
at least the fluctuation indicated on the positive (negative) part of the x axis. Red ellipses highlight the two main peaks in the
occurrence of a large derivative of B,.

close to the northern most coast of Norway, and the second at approximately 77° latitude, close to Ny—;\lesund.
The larger of the two is near the average latitude of substorm disturbances and the location of the electrojets. The
smaller of the two may be related to high latitude return currents. Explanations for the double peak are explored
further in Section 5.2.

Figure 6 shows the occurrence probability of large fluctuations as a function of magnetic local time and magnetic
latitude for the entire data set produced but excluding instances with a gap greater than 1 min. We choose to
regard fluctuations greater than 25 nT min~! as large based on Figure 5. We see two peaks, the largest again at
approximately 67° latitude, close to the northern coast of Norway, and the second at approximately 77° latitude,
near to Ny—./u\lesund‘ The strongest peak forms a smooth circle at similar latitudes for all MLTs, however, exhib-
iting higher occurrence probability in the pre-midnight sector. This is the typical location for substorm onsets
(Frey et al., 2004). The high latitude peak is strongest in the pre-midnight
and pre-noon regions. The pre-midnight high-latitude peak may also be asso-
ciated with substorms. We discuss the occurrence probability distribution in
greater detail in Section 5.2 and pay particular focus to the mechanisms that

0.0200 may be the cause of the pre-noon high latitude peak.

0-01755 Figure 7 shows how the probability of large fluctuations in the radial

0.01 50% magnetic field perturbation varies over the solar cycle. The occurrence prob-
Q ability is calculated by finding the meridians that have 6B /ot greater than

0.0125 g 25 nT/min at any latitude. The occurrence probability shows an approximate

0.0100 8 3 year offset with the peak in sunspot number and peaks during the declining
c phase. This is the same behavior recorded in the solar wind velocity. This

0.0075 g observation is in agreement with current literature where both wave phenom-
3 ena and substorm occurrence statistics show a correlation with solar wind

0-00508  velocity (Dimmock et al., 2016; Hynonen et al., 2020; Newell et al., 2016;

0.0025 Nosé et al., 1995; Nykyri et al., 2017; Tanskanen et al., 2005).

0.0000

5. Discussion

We have presented a technique to derive magnetic fields and equivalent

mlit-mlat space where the color represents the occurrence probability. currents along the 105° magnetic meridian, based on measurements from 20
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Figure 7. Figure showing the sunspot number, the solar wind speed, and the probability of observing fluctuations in B, greater than 25 nT/min anywhere along the
meridian. The quantities are first grouped into 27 days (one Carrington rotation), taking the mean, and then a 365 day window rolling mean is applied to remove

relatively short time scale fluctuations.

magnetometers in Fennoscandia. Currents and magnetic field perturbations along this meridian are released in
accompaniment with the paper (Walker et al., 2022b). The data set is not without limitations due to the decisions
made in magnetometer choice, SECS grid choice and methodology. The temporal coverage of the magnetome-
ters has a bias toward winter months and their spatial distribution impacts the scale size of currents that can be
resolved, which we describe in Section 2 and discuss further in Section 5.4. The varying ground conductivity over
the region, in particular between ground and sea water, can cause a bias in the magnetic field perturbations at a
magnetometer and is another aspect of the impacts of choice of magnetometers. We discuss and explore impacts
of this on the data set later in Section 5.2. As we discussed in Section 3, the ionospheric and telluric currents
are simplified as two dimensional shells and the radial placement of these shells and the coverage of the grid
limits its ability to create suitable current structures that are representative of the magnetic perturbations from
the three dimensional DF currents. Different values for the regularization parameters, A, and 4,, that are chosen
in Section 3 could yield different data set. Although repetition of the steps taken to reach said parameters, in
particular by different users, may yield different values, the differences are likely small, if the criteria in Section 3
are met, and, therefore, will have little impact on the data set. Of course different regularization schemes, such as
one in the temporal domain, will have implications on the data set produced and we return to the discussion of
methodology development in further studies section, Section 5.4.

5.1. Relevance of the New Data Set and Technique

In this section we summarize the data set and the model introduced. We discuss the advantages of the approach
used and the avenues of research where the data set can contribute.

A comparable study is Aakjer et al. (2016) that utilizes the magnetometers on board the European Space Agen-
cy's Swarm satellites. By using a similar approach to Olsen (1996), the auroral electrojet is modeled for each
pass of a Swarm satellite by fitting a series of line currents orthogonal to the satellite track using the meas-
ured magnetic field magnitude. The use of satellites in Aakjer et al. (2016) has the advantage that they cover
regions inaccessible to ground magnetometers. However, the Swarm satellites orbit above 2450 km which means
that their distance from the ionospheric current layer will limit the resolvable electrojet structure, compared to
what can be achieved with a dense ground network. The constant location of measurements, the longevity of
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magnetometer operation and constant high latitude observations enables a much larger data set bringing greater
confidence to the statistics produced and the ability to tackle temporal phenomena.

Compared to previous SECS based analyses of ground-based magnetometer measurements (Marsal et al., 2017;
Vanhamiki et al., 2003; Weygand & Wing, 2016; Weygand et al., 2011, 2012), the present study is distinct in
a number of ways: We keep a constant selection of ground magnetometers and SECS poles, thus keeping a
constant model geometry, which allows us to produce a consistent data set that spans 20 years. This enables
the study of long-term temporal variations and structures in the magnetic field, as demonstrated in Section 4.1.
Also our application of Tikhonov regularization to solve the SECS inverse problem, in particular the use of first
order Tikhonov regularization, is different to the more commonly applied, TSVD since it implies knowledge of
electrojet structure to encourage solutions that are aligned in the magnetic east-west direction unless the data
indicates otherwise.

In this study we use the regularization approach introduced by Laundal et al. (2021) for the application to the
EZIE satellites that are planned for launch in 2024. EZIE will remotely detect the magnetic field at ~80 km
altitude using the Zeeman effect (Yee et al., 2021). At this altitude the influence of telluric currents is negligible.
The high density of measurements and their vicinity to the electrojet will allow EZIE to resolve fine structures
in the electrojets. One application of EZIE, as a continuation of this and other studies, is to utilize two layers of
measurements (EZIE and ground magnetometers) to improve the separation of magnetic fields from telluric and
ionospheric currents. Combining EZIE measurements at 80 km altitude with both ground and low Earth orbit
measurements of magnetic perturbations will allow for further investigation of large and small scale features with
unprecedented 3D coverage.

There are many avenues to developing this technique further. First, the methodology by Juusola et al. (2020) can
be used to improve upon the approach used to account for the influence of telluric currents, thus modeling the
ionospheric currents more accurately. Second, much like Green et al. (2007) did with spherical cap harmonics, we
can use a combination of ground and satellite measurements of the magnetic field to constrain a superposition of
DF and CF SECS (Amm, 1997; Amm & Viljanen, 1999). This allows us to take advantage of a regional approach
to estimate currents with finer structure than is achieved by the Active Magnetosphere and Planetary Response
Experiment (AMPERE) (Anderson et al., 2014). Furthermore, we can now use shorter data windows than Green
et al. (2007). We can then analyze the ionospheric currents at time scales closer to substorm dynamics. Unlike
other studies (Laundal et al., 2022) we will estimate the ionospheric currents based only on the magnetic field
data, without further knowledge of the ionospheric state.

5.2. OB Jor

Figures 5 and 6 show that there are two clear peaks in the probability of large temporal variations in B,, one at
auroral latitudes and one at higher latitudes. There are several possible explanations for the latitudinal distribution
of the occurrence of large fluctuations in the radial magnetic field: The density of magnetometers is necessarily
smaller in the ocean region between northern Norway and Svalbard, with a single magnetometer at Bjgrngya.
This may increase the relative importance of the damping terms in our cost function (Equation 7), leading to a
smaller B, and thus smaller 0B /dt. Another explanation is that the peak coincides with the peak in the latitudinal
distribution of electrojets.

An alternative geological explanation for the double peak is that the difference between the high conducting
sea water and less conductive ground around coastal magnetometers leads to an enhanced radial magnetic field
from the induced currents, as discussed by Juusola et al. (2020). The method that we use to take into account
ground-induced currents is incapable of accounting for this effect of varying conductivity. While this does not
affect our estimates of the magnetic field it will affect our estimates of the DF ionospheric current. A repeat of
this study on magnetometers in other regions may allow us to eliminate the effects of geography in the model by
comparing the occurrence distributions from the different data sets. Improved techniques in accounting for the
influence of telluric currents, such as that presented by Juusola et al. (2020), can be used in future research to
perform a better separation of the ionospheric and telluric contributions to the magnetometer measurements. In
any case, improving our model of the telluric currents is not likely to have any influence on the results shown in
Figures 5-7 as we are fitting B,, and either approach will be a similar interpolation of the measurements of the
radial magnetic field perturbation.
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Figure 8. Time series of the data set with sheet current density vectors reduced to a cadence of 5 min and 25 data points along the meridian. The data is from the
morning sector on the 28th of January 2000.

While the latitudinal distribution, in Figures 5 and 6, may be influenced by geological effects unique to our data
set (i.e., the local effect of the coastline), the MLT distribution, in Figure 6, is less affected. Therefore the MLT
distribution and latitudinal distribution, excluding the region between the Norwegian coast and Svalbard, can
be interpreted in terms of ionospheric dynamics. Figure 6 shows that there is a peak in the occurrence of large
0B /ot at the common location of substorm onsets, 23 hr MLT, with a second peak at high latitudes at around
9 hr MLT. We also observe but have not presented that the time derivative of the horizontal magnetic field, as =
reported by Viljanen et al. (2001), evinces a similar MLT and MLAT distribution. In Figure 6 we also see a peak
in the occurrence probability at high latitudes in the pre-noon sector. This peak may be associated with the current
driven by a rapid solar wind pressure increase as described by Madelaire et al. (2022). This hypothesis can be
addressed in future work by reproducing these statistics under common favorable conditions, such as a northward .
orientated IMF, to see if the features in the statistics become enhanced. Another theory is that the peak is related
to a high occurrence of ULF waves. Conditions are known to be favorable for ULF waves in the solar wind on the
dawn side of the magnetosphere (Plaschke et al., 2018). Nosé et al. (1995) identified a distribution in ULF waves,
from the magnetometer on-board Dynamics Explorer 1, that also peaks pre-noon at a high latitude. Furthermore,
Weigel et al. (2003) investigated the time derivative of the horizontal magnetic field and found the occurrence of
strong 6H/dt at a similar location, attributing this peak to the influence of ULF waves. Section 5.3 shows that the
SECS methodology implemented in this study does reproduce waves and can be used to investigate such phenom-
ena. The hypothesis, in regards to the distribution of ULF waves, can be addressed in future work by analyzing
the periodicity of these fluctuations and their contribution to the presented statistics.

SUONIPUOD) PUE SUHAL A1 208 “[£202/11/17] U0 AIRIqIT QUHUQ KOJIAN

Koy uo (suor

Sojru 1oy Aswaqr ourp

5.3. ULF Wave Visualization

Figure 8 shows an example of the magnetic field and DF current at the 105° meridian as a function of time and
MLT. The color shows the radial magnetic field on ground, including both ionospheric and internal contribu-
tions. The vectors show the equivalent current corresponding to the ionospheric contribution to the observed
magnetic field. The figure was produced by stacking vertical latitudinal profiles horizontally. The lower x-axis
shows the universal time, and the top x-axis shows the magnetic local time of the 105° meridian. This “magnetic
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field keogram” shows how the electrojet can change over time and how the zero point of the radial magnetic field
perturbations tracks the center of the electrojet.

Figure 8 shows clear evidence of ULF waves in periodic fluctuations of the radial magnetic field perturbations.
This is most clearly seen between 2:10 and 3:00 universal time (UT). The figure illustrates that the 1-min reso-
lution magnetic field model, evaluated along the 105° meridian allows easy visual identification of waves, and
wave characteristics such as amplitude, phase and frequency. An investigation into the occurrence and magnitude
of ULF waves could help test the hypothesis presented in Section 4.2, that the pre-noon high latitude peak may
be explained by such phenomena.

5.4. Future Studies

The technique presented here is also applicable with other data sets. A number of magnetometers have higher
cadence measurements than are used in this study. The IMAGE chain has a 10-s cadence for all their magnetome-
ters, some even have 1-s cadence. Using these magnetometers, this study could be repeated and higher frequency
waves in the magnetic field evaluated along the meridian could be resolved. Furthermore, we show that in
Section 2 and Figure 1 that there is a seasonal bias in our data set due to the availability of some magnetometers
selected, a selection of magnetometers could be made with the reduction of data availability bias in mind rather
than to maximize the overall data, as was done in this study. Additionally, as stated previously, the methodology
could be applied to different regions and the study repeated. For example, North America has great coverage
on magnetometers; performing a similar study using those magnetometers could allow us to verify or refute the
geological hypotheses surrounding the peaks in the latitudinal distribution of the occurrence of large 0B /ot. The
study can also be repeated for conjugate chains of magnetometers, such as those in Greenland and Antarctica, to
investigate inter-hemispheric differences. Finally, the inversion methodology could have additional regularization
parameters, where further expectations could be imposed on the electrojet structure, for example, a temporal
regularization parameter could be used to imply a degree of smoothness in the evolution of the electrojet struc-
ture. However, in this case one must consider the impact on the validity of the derivative statistics investigated
in this study.

6. Conclusions

We have presented a new technique for the application of DF SECS and applied it to 20 ground magnetometers
in Fennoscandia. This has yielded a new data set of DF currents along the 105° magnetic meridian covering the
period of 2000-2020, with the total amount of data being 11 years at 1-min cadence. The data set is publicly
available (Walker et al., 2022b). It has been demonstrated that large scale average patterns of this data set follow
expected behavior. Furthermore, the ability to represent the large scale currents, and their magnetic perturbation
on ground is advantageous for interpreting the magnetospheric sources of the changes in the magnetic field on
ground. This new data set sets itself apart from empirical models with its temporal nature. Consequently, we have
investigated the temporal and spatial variations in the auroral electrojets and the radial magnetic field. We also
take advantage of the ability to derive the temporal derivatives by presenting and investigating the time deriva-
tive of the radial magnetic field, which has seen little attention in comparison to the horizontal component. The
occurrence of stronger time derivatives of the radial magnetic field is shown to have peaks in magnetic latitude,
at approximately 67 and 77 magnetic latitude, and the occurrence of a time derivative greater than 25 nT is shown
to have peak locations in magnetic local time and magnetic latitude. We suggest that the latitudinal distribution is
due to a common latitude of the electrojets or because of the distribution of the magnetometers or due to conduc-
tivity effects on coastal magnetometers. We attribute pre midnight peaks in the occurrence of time derivatives
greater than 25 nT to the occurrence of substorm onsets and the high latitude peak centered on 9 MLT we suggest
is due to PC5 waves, of which our data set is well suited to investigate, or current vortices.

Data Availability Statement

The code for producing Figures 4-6 and Figure 8 is available at Walker et al. (2022a). The data set of
divergence-free currents and ground magnetic field perturbations created in this study is publicly available at
Walker et al. (2022b). The ground magnetometer data has been retrieved from the SuperMAG collaboration:
https://supermag.jhuapl.edu/mag, where data from all stations were downloaded as yearly files, in June 2020 and
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