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Abstract

Large eruptions from the solar corona (coronal mass ejections) release massive amounts
of plasma, which �ow into interplanetary space at high speed. The interaction of this
plasma �ow (solar wind) with the Earth’s magnetosphere can lead to signi�cant spa-
tiotemporal disturbances of the magnetic �eld at the surface of the Earth, which are
known as geomagnetic storms and magnetospheric substorms. According to the principle
of electromagnetic (EM) induction, these space weather events generate a geoelectric �eld
(GEF) in the Earth’s subsurface, which in turn drives geomagnetically induced currents
(GIC) in ground-based technological systems such as power grids and pipelines. This
poses a signi�cant risk to the reliability and durability of such infrastructure.

The core task in quantitative estimation of the hazard to technological systems from
space weather is as realistic as practicable numerical modelling of GIC and, ultimately,
their forecasting. Ideally, to perform GIC modelling one needs the following components:
a) a realistic model of the source of geomagnetic disturbances; b) a comprehensive three-
dimensional (3-D) electrical conductivity model of the Earth’s subsurface in the region
of interest; c) a 3-D numerical solver, which allows for accurate and detailed modelling
of the GEF in a given conductivity model excited by a given source; d) the geometry of
transmission lines and system parameters that allow for the conversion of the modelled
GEF to GIC.

My thesis deals with the �rst three aforementioned components. Imprimis, I have
developed an approach allowing researchers to build a regional model of a realistic source
responsible for geomagnetic disturbances. The approach relies on the state-of-the-art 3-D
magnetohydrodynamic (MHD) simulations of near-Earth space and transforms one of the
outputs from these simulations, external magnetic �eld perturbations at the surface of
the Earth, into an equivalent current sheet �owing above the Earth. Secondly, I coupled
the MHD-based source with an innovative 3-D EM forward modelling code based on a
method of integral equations. Thirdly, using the developed tools, I carried out systematic
and detailed 3-D EM modellings for di�erent regions of the Earth (the British Isles, the
eastern United States, and Fennoscandia) for di�erent space weather events and ultimately
compared modelling results with observations. In particular, I explored the in�uence of
lateral conductivity contrasts on the behaviour of the GEF. Special attention was paid
to the so-called coastal e�ect (i.e., the anomalous behaviour of the GEF near the coasts).
Results of the 3-D modelling for the British Isles were compared to results of the thin-
sheet modelling, which is widely used for the coastal e�ect estimation. I conclude that
for this region the thin sheet is a reasonable approximation for periods longer than a
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few minutes. However, for shorter periods 3-D modelling is essential. Another inference
from this modelling is that the GEF in the British Isles is distorted by the coastal e�ect
practically everywhere on land.

I also explored e�ects from inland conductivity contrasts for various conductivity mod-
els of the eastern United States, including a 3-D model obtained from the inversion of
the EarthScope magnetotelluric data. As expected, the GEF in the region is subject to
a strong coastal e�ect. Remarkably, e�ects from landmass conductivity inhomogeneities
are comparable to the coastal e�ect. Moreover, these inhomogeneities signi�cantly a�ect
the integrated GEF. This result is of special importance since the computation of GIC
relies on integrals of the GEF (voltages) but not on the GEF itself.

Finally, using Fennoscandia as a study region, I compared results of the GEF (and
ground magnetic �eld) modelling obtained with the use of three popular source mod-
els. Two models represent the source as a laterally varying sheet current �owing above
the Earth. The �rst model is constructed using MHD simulations of near-Earth space,
the second one exploits ground-based magnetometers’ data and the Spherical Elementary
Current Systems (SECS) method. The third model is based on a plane wave approxi-
mation, which assumes that the source is locally laterally uniform. I showed that the
di�erence between the GEF modelled using laterally nonuniform sources and plane wave
approximation is substantial in Fennoscandia. As for laterally nonuniform sources, I con-
clude that ground magnetic �eld perturbations are reproduced much more accurately
using the source constructed via the SECS method. From this study, one may have a
biased impression that the SECS-based current system is an ideal source candidate for
the rigorous modelling (and, ultimately, forecasting) of the ground EM �eld due to space
weather events. However, each source setting has its own advantages and drawbacks. For
example, the MHD-based approach is the only one out of three, which allows researchers
to forecast the GEF and, consequently, GIC. This is possible because MHD simulations
are run on the basis of the satellite solar wind data collected at the L1 Lagrange point.
Another advantage of the MHD-based approach is the ability to construct an equiva-
lent current and, subsequently, compute the EM �eld for any point on Earth. It is also
noteworthy that this method is not dependent on the ground-based geomagnetic �eld
observations. However, MHD-based modelling results are still rather far from actual ob-
servations. Obviously, more e�orts are needed to improve the predictive power of MHD
models.

4



Zusammenfassung

Groÿe Eruptionen der Sonnenkorona (koronale Massenauswürfe) setzen massive Plas-
mamengen frei, die mit hoher Geschwindigkeit in den interplanetaren Raum �ieÿen. Die
Wechselwirkung dieses Plasmastroms (Sonnenwindes) mit der Erdmagnetosphäre kann
zu erheblichen räumlich-zeitlichen Magnetfeldsstörungen an der Erdober�äche führen, die
als geomagnetische Stürme und magnetosphärische Teilstürme bezeichnet werden. Nach
dem Prinzip der elektromagnetischen (EM) Induktion erzeugen diese Weltraumwetterer-
eignisse ein geoelektrisches Feld (GEF) im Erduntergrund, das wiederum geomagnetisch
induzierte Ströme (GIC) in bodengestützten technologischen Systemen wie Stromnetzen
und Pipelines antreibt. Dies stellt ein erhebliches Risiko für die Zuverlässigkeit und Lang-
lebigkeit einer solchen Infrastruktur dar.

Die Grundaufgabe bei der quantitative Gefährdungsbeurteilung technologischer Sy-
steme durch Weltraumwetter ist ebenso realistisch wie die praktikable numerische GIC-
Modellierung und letztendlich deren Vorhersage. Idealerweise benötigt man zur Durch-
führung einer GIC-Modellierung die folgenden Komponenten: a) ein realistisches Modell
der Quelle geomagnetischer Störungen; b) ein umfassendes dreidimensionales (3-D) elek-
trisches Leitfähigkeitsmodell des Erduntergrunds in dem Bereich von Interesse; c) einen
numerischen 3-D-Löser, der eine genaue und detaillierte GEF-Modellierung in einem ge-
gebenen Leitfähigkeitsmodell ermöglicht, das von einer gegebenen Quelle angeregt wird;
d) die Geometrie der Übertragungsleitungen und Systemparameter, die die Umwandlung
des modellierten GEF in GIC ermöglichen.

Meine Dissertation umfasst die ersten drei genannten Komponenten. Imprimis, habe
ich einen Ansatz entwickelt, mit dem Forscher ein regionales Modell einer realistischen
Quelle erstellen können, die für geomagnetische Störungen verantwortlich ist. Der An-
satz stützt sich auf die neuesten magnetohydrodynamischen (MHD) 3-D-Simulationen
des erdnahen Weltraums und wandelt eine der Ausgaben dieser Simulationen (nämlich
die Störungen des externen Erdmagnetfelds auf der Erdober�äche) in ein äquivalentes
Strömungssystem um, welches oberhalb der Erde in einer dünnen Schicht �iesst. Zwei-
tens, habe ich die MHD-basierte Quelle mit einem innovativen Code gekoppelt, welcher
der 3-D-EM-Vorwärtsmodellierung unter Benutzung der Methode der Integralgleichungen
dient. Drittens, führte ich mit den entwickelten Mitteln systematische und detaillierte 3-D-
EM-Modellierungen für verschiedene Weltraumwetterereignisse in verschiedenen Regionen
der Erde (die Britischen Inseln, die östlichen USA und Fennoscandia) durch und verglich
schlieÿlich die Modellierungsergebnisse mit Beobachtungen. Insbesondere untersuchte ich
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den Ein�uss lateraler Leitfähigkeitskontraste auf das Verhalten der GEF. Besonderes Au-
genmerk wurde auf den sogenannten Küstene�ekt gelegt (d.h., das anomale Verhalten
der GEF in Küstennähe). Die Ergebnisse der 3-D-Modellierung für die Britischen Inseln
wurden mit den Ergebnissen der Dünnschichtmodellierung verglichen, die häu�g zur Ab-
schätzung des Küstene�ekts verwendet wird. Ich bin zum Schluss gekommen, dass für
diesen Bereich die Dünnschicht eine vernünftige Annäherung für Zeiträume darstellt, die
länger als wenige Minuten sind. Für kürzere Zeiträume ist jedoch eine 3-D-Modellierung
unerlässlich. Eine weitere Schlussfolgerung aus dieser Modellierung ist, dass die GEF auf
den Britischen Inseln durch den Küstene�ekt praktisch überall an Land verzerrt wird.

Ich untersuchte auch die Auswirkungen von Leitfähigkeitskontrasten auf dem Land für
verschiedene Leitfähigkeitsmodelle im Osten der USA, einschlieÿlich eines 3-D-Modells,
das aus der Inversion magnetotellurischer EarthScope-Daten erhalten wurde. Wie erwar-
tet ist die GEF in der Region einem starken Küstene�ekt ausgesetzt. Bemerkenswerter-
weise sind die Auswirkungen von Inhomogenitäten der Leitfähigkeit der Landmasse mit
dem Küstene�ekt vergleichbar. Darüber hinaus beein�ussen diese Inhomogenitäten die
integrierten GEF erheblich. Dieses Ergebnis ist von besonderer Bedeutung, da die Be-
rechnung des GIC auf Integralen des GEF (Stromspannungen) beruht, nicht jedoch auf
dem GEF selbst.

Schlieÿlich verglich ich für Fennoscandia als Untersuchungsgebiet die Ergebnisse der
GEF-Modellierung (und der Modellierung des Bodenmagnetfelds), die unter Verwendung
von drei gängigen Quellmodellen erhalten wurden. Zwei dieser Modelle stellen die Quel-
le als einen seitlich variierenden Strom dar, welcher in einer dünnen Schicht über der
Erde �ieÿt. Das erste Modell basiert auf MHD-Simulationen des erdnahen Weltraums,
das zweite nutzt bodengestützte Magnetometerdaten und die Methode der sphärischen
Elementarstromsysteme (SECS). Das dritte Modell basiert auf einer ebenen Wellenannä-
herung, bei der davon ausgegangen wird, dass die Quelle lokal seitlich homogen ist. Ich
habe gezeigt, dass es einen erheblichen Unterschied zwischen der GEF, die mit seitlich
inhomogenen Quellen und die mit der Annäherung an ebene Wellen modelliert wurden, in
Fennoscandia gibt. In Bezug auf seitlich inhomogene Quellen komme ich zu dem Schluss,
dass Störungen des Erdmagnetfelds unter Verwendung der nach der SECS-Methode kon-
struierten Quelle viel genauer reproduziert werden. Anhand dieser Studie kann man einen
voreingenommenen Eindruck bekommen, dass das SECS-basierte Stromsystem ein idealer
Quellenkandidat für die genaue Modellierung (und, letztendlich, Vorhersage) des Boden-
EM-Feldes aufgrund von Weltraumwetterereignissen ist. Jede Quellenkon�guration hat
jedoch ihre eigenen Vor- und Nachteile. Beispielsweise ist der MHD-basierte Ansatz der
einzige von drei, mit dem Forscher die GEF und folglich den GIC vorhersagen können.
Dies ist möglich, weil MHD-Simulationen auf der Grundlage der am L1-Lagrange-Punkt
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gesammelten Satelliten-Winddaten durchgeführt werden. Ein weiterer Vorteil des MHD-
basierten Ansatzes ist die Fähigkeit, einen äquivalenten Strom zu konstruieren und an-
schlieÿend das EM-Feld für jeden Punkt auf der Erde zu berechnen. Es ist auch bemer-
kenswert, dass diese Methode nicht von den bodengestützten Beobachtungen des Erdma-
gnetfelds abhängt. MHD-basierte Modellierungsergebnisse sind jedoch noch weit von den
tatsächlichen Beobachtungen entfernt. O�ensichtlich sind weitere Bemühungen erforder-
lich, um die Vorhersagekraft von MHD-Modellen zu verbessern.
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Chapter 1

Introduction

1.1 Motivation

Space weather research is stimulated, on the one hand, by the fundamental scienti�c inter-
est in physical processes that drive the space environment around the Earth, and, on the
other hand, by the need to ensure the stable operation of the technological systems. One
of the most signi�cant manifestations of space weather are geomagnetically induced cur-
rents (GIC) that enter grounded technological conductors (electric power grids, pipelines,
cable networks) during periods of enhanced geomagnetic activity.

Strong GIC can a�ect the functioning of the man-made infrastructure. It was �rst
observed in 1847 and reported by Barlow (1849) that GIC can in�uence the operation
of the telegraph and that the strongest e�ects are correlated with the appearance of the
aurora. Widespread auroral displays and disruptions of telegraph transmissions were ob-
served in North America and Europe in September 1859, when a geomagnetic superstorm
(so-called Carrington event) took place (Boteler, 2006). In some cases, telegraph opera-
tors received electric shocks and telegraph paper was set on �re. Some telegraph operators
disconnected their batteries and were able to send and receive messages with the help of
telluric currents only (Loomis, 1860; Prescott, 1866).

GIC can also lead to severe damage to power networks. Such damage occurred in
March 1989, when the largest geomagnetic storm in the 20th century took place. Extreme
GIC caused saturation of transformers, overload of the equipment, tripping of the lines,
burn-out of transformers, and the collapse of the Hydro-Quebec power grid, leaving 6
million residents without power for over 9 hours (Allen et al., 1989; Boteler et al., 1998).
During this event power systems in the United States, United Kingdom, and Sweden
also experienced problems. Two transformers in the United States and two transformers
in the United Kingdom were found to be damaged after the storm (Boteler, 2019). In
October 2003 an ongoing geomagnetic storm (so-called Halloween storm) disabled a part
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12 Introduction

of the high-voltage power transmission network in southern Sweden (Pulkkinen et al.,
2005). The impact on technological systems during strong geomagnetic storms has been
documented in many countries (Eastwood et al., 2018), including those located in middle
latitudes, for example, in South Africa (Gaunt and Coetzee, 2007) and China (Liu et al.,
2009).

Besides a�ecting the operation of electric power transmission systems, GIC cause cor-
rosion in oil and gas pipelines (Pulkkinen et al., 2001b; Viljanen et al., 2006) and interfere
with railway automatic systems, which was observed in Russia during geomagnetic storms
(Sakharov et al., 2009; Eroshenko et al., 2010).

GIC are driven by the ground electric �eld (GEF) induced by the time-varying mag-
netic �eld according to Faraday’s law of induction. Figure 1.1 presents a schematic il-
lustration of GIC in an electric power transmission network. These currents in power
systems can be calculated on the basis of system topology, parameters of the network,
and the GEF data in the region (Pulkkinen et al., 2012). Moreover, as it was mentioned
by Pulkkinen et al. (2017), from the engineering point of view, the spatiotemporal charac-
teristics of the horizontal GEF provide the ideal description of a geomagnetic disturbance.
This makes rigorous modelling of the GEF a necessary prerequisite for the assessment of
the space weather hazard to ground-based technological systems.

It is worth mentioning that besides causing GIC, geomagnetic disturbances interfere
with orientation systems used for directional drilling since the Earth’s magnetic �eld is
used as a reference when navigating drilling equipment (Edvardsen et al., 2016; Reay
et al., 2005). Accurate modelling of the ground geomagnetic �eld can help to reduce
drilling errors and directional uncertainty.

As for geomagnetic disturbances, they can be subdivided into three main groups:
geomagnetic storms, magnetospheric substorms, and geomagnetic pulsations.

Geomagnetic storms are mid- and low-latitude phenomena. They typically last a few
days and have amplitudes up to a few hundreds nT. The source of geomagnetic storms
is a large-scale magnetospheric ring current (Gonzalez et al., 1994). The most intense
geomagnetic storms are driven by coronal mass ejections � huge eruptions of plasma from
the solar corona. Minor and moderate geomagnetic storms can also be caused by high-
speed streams emanating from coronal holes (Jordanova et al., 2009).

Magnetospheric substorms are high-latitude phenomena. They can be de�ned as in-
tervals of increased energy dissipation from the tail of the Earth’s magnetosphere to the
auroral ionosphere (Tanskanen et al., 2002). Substorms typically last a few hours and
their amplitudes can reach a few thousand nT, which usually happens, when a geomag-
netic storm is in progress (Tanskanen, 2009). Subsequently, the most intense GIC occur
at auroral latitudes during magnetospheric substorms. Electric currents responsible for
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Figure 1.1: Schematic illustration of GIC in an electric power transmission network.

ground magnetic �eld perturbations during substorms (auroral electrojet and associated
ionospheric and magnetospheric current systems) are much more variable both in time
and space when compared to a geomagnetic storm source. Furthermore, while large ge-
omagnetic storms are relatively rare events, substorms occur daily (Tanskanen et al.,
2005).

Geomagnetic pulsations are ultra-low frequency plasma waves in the Earth’s magne-
tosphere. These waves have frequencies in the range from 1 mHz to 10 Hz and appear as a
sequence of more or less regular oscillations in the geomagnetic �eld records (Glaÿmeier,
2007). The mechanisms of occurrence di�er for various types of pulsations, but, just
like for many magnetospheric phenomena, the solar wind provides the energy for them
(Glaÿmeier, 2007). It was recently demonstrated, that even though the largest magnetic
disturbances are produced by the auroral electrojet, rapid variations of the geomagnetic
�eld essential for GIC excitation are considerably determined by small-scale current sys-
tems associated with di�erent impulsive events (Belakhovsky et al., 2019).

To address the complex problem of the ground electromagnetic (EM) �eld modelling
due to geomagnetic disturbances, it is necessary to consider the spatiotemporal structure
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of the EM induction source in a realistic way. It is also important to take a realistic
three-dimensional (3-D) distribution of the Earth’s electrical conductivity into account
due to the fact that electrical conductivity plays a critical role in the amplitudes of the
GEF and GIC (Kelbert, 2020).

1.2 Current state of research in the �eld

Most previous studies of the GEF in connection with GIC operated with simpli�ed models
either of conducting Earth or the EM induction source or both (Thomson et al., 2009).

The most common and widely used approach to the GEF modelling is the plane wave
method (see, e.g., Cagniard, 1953; Pirjola, 1982), where the primary EM �eld is repre-
sented by the vertically propagating plane wave. Usually, the conductivity distribution in
the Earth is assumed to be one-dimensional (1-D), either uniform or vertically strati�ed.
This modelling technique was employed in many previous studies to estimate the GEF
values (in most cases for further GIC calculation) during space weather events in di�erent
countries and regions of the Earth: whole Europe (Viljanen et al., 2012, 2013, 2014),
Fennoscandia (Pulkkinen et al., 2005), Finland (Pulkkinen et al., 2001a,b; Viljanen et al.,
2006; Viljanen and Pirjola, 2017), Sweden (Wik et al., 2008, 2009), Norway (Myllys et al.,
2014), Canada (Boteler, 2001; Nikitina et al., 2016), South Africa (Ngwira et al., 2008,
2009), China (Liu et al., 2014), Ireland (Blake et al., 2016, 2018), Spain (Torta et al.,
2012, 2014), Australia (Marshall et al., 2013, 2017), North America (Wei et al., 2013),
Brazil (Barbosa et al., 2015a,b; Espinosa et al., 2019), Uruguay (Caraballo et al., 2013;
Caraballo, 2016).

To account for 3-D conductivity e�ects a plane wave approach with the use of exper-
imental (i.e., estimated from the data) 3-D magnetotelluric (MT) impedances has been
employed in a large number of recent studies. Many of those studies were conducted for
the territory of the United States (Kelbert et al., 2011; Bedrosian and Love, 2015; Gannon
et al., 2017; Lucas et al., 2018; Love et al., 2018a,b, 2019; Lucas et al., 2020) thanks to
the continental-scale EarthScope USArray MT program aimed at covering the continental
United States with MT observations. As for other regions, the study with the use of 3-D
MT (inter-site) impedances was carried out by Campanya et al. (2019) for Ireland and
the United Kingdom. The plane wave approach and 3-D MT impedances were used by
(Torta et al., 2017) to model GIC (through the GEF calculation) in Spain. Kelbert et al.
(2017) presented a methodology for time-domain estimation of storm time GEF using
the plane wave approach and 3-D MT impedances and validated it against the GEF data
measured at observatories in Japan.

To explore non-1-D conductivity e�ects Gilbert (2005, 2015) and Liu et al. (2019a,b)
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performed two-dimensional (2-D) modellings of the GEF using simpli�ed conductivity
distributions, imitating ocean-land interfaces or similar sharp conductivity contrasts, and
simpli�ed (uniform) inducing sources.

Another technique, which allows to investigate e�ects arising from non-1-D conductiv-
ity distribution, is the so-called thin-sheet modelling approach. Conductivity distribution
within this approach is represented by an in�nitely thin layer of laterally variable conduc-
tance on top of a strati�ed medium (see Price, 1949; Vasseur and Weidelt, 1977; Dawson
and Weaver, 1979; Fainberg et al., 1990; Kuvshinov et al., 1999, for more information).
This modelling approach was used in GIC studies of the United Kingdom with plane wave
excitation (McKay, 2004) and various simpli�ed laterally-nonuniform sources (Thomson
et al., 2005; Beggan et al., 2013; Beggan, 2015; Kelly et al., 2017). Thin-sheet modelling
with plane wave source of excitation was also carried out for New Zealand by Divett et al.
(2017, 2020) and for Austria by Bailey et al. (2017, 2018).

Fully 3-D regional GEF modelling with plane wave excitation was performed by
Beamish et al. (2002) for the British Isles region, by Wang et al. (2016) and Marshall
et al. (2019) for Australia, by Liu et al. (2018) for China, by Rosenqvist and Hall (2019)
and Dimmock et al. (2019, 2020) for Sweden and by Goto (2015) for a simpli�ed model of
the ocean-land interface. Nakamura et al. (2018) carried out time-domain EM modelling
for Japan using a 3-D conductivity model and a uniform ionospheric sheet current as an
external source. Pokhrel et al. (2018) performed time-domain modelling for the north-
western coast of the United States using a 3-D conductivity model of the region and a
synthetic electrojet as a source.

Püthe and Kuvshinov (2013) developed a numerical scheme, which aims to realistically
model the spatiotemporal behaviour of the EM �eld on a global scale. This modelling
technique was later supplemented by a distortion parameter �tting procedure and vali-
dated against GEF measurements in Japan by Püthe et al. (2014). The numerical scheme
allows to work with spherical Earth’s models with fully 3-D conductivity distribution,
but in the above-mentioned papers, authors employed a thin-sheet model. The source
of geomagnetic variations in this modelling approach is constructed on the basis of ge-
omagnetic observatories’ data and represented via spherical harmonics expansion. Since
observatories are sparsely and irregularly distributed around the globe, one can use the
approach of Püthe and Kuvshinov (2013) to reproduce the GEF induced only by large-
scale sources, for example, by those responsible for mid-latitude and low-latitude signals
during geomagnetic storms.

The approach presented by Honkonen et al. (2018) allows to simulate EM e�ects
from both large-scale and small-scale sources on a global scale. This approach also in-
volves 3-D EM numerical modelling. However, the source of geomagnetic disturbances
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is retrieved from the outputs of 3-D magnetohydrodynamic (MHD) physics-based sim-
ulations of near-Earth space, such as Space Weather Modeling Framework (SWMF,
Toth et al. (2005, 2012)), Lyon-Fedder-Mobarry (LFM) global MHD model (Lyon et al.,
2004), the Open Geospace General Circulation Model (OpenGGCM, Raeder et al. (2001))
and Grand Uni�ed Magnetosphere-Ionosphere Coupling Simulation (GUMICS, Janhunen
et al. (2012)). As in the case of the studies of Püthe and Kuvshinov (2013) and Püthe
et al. (2014), the simulations were carried out for a thin-sheet model of the Earth, al-
though the modelling approach allows working with 3-D conductivity models. It is also
relevant to note that the outputs from 3-D MHD simulations were used in the previous
studies of Pulkkinen et al. (2007) and Ngwira et al. (2013, 2014) for simpli�ed, 1-D, EM
modellings.

The �nal remark here is that MHD-based 3-D EM modelling by Honkonen et al. (2018)
was performed on a global scale using X3DG solver (Kuvshinov, 2008), which nowadays
is considered rather obsolete. X3DG code requires vast and practically unacceptable
computational resources in order to calculate the GEF in a complex and detailed 3-D
conductivity model of the Earth and for spatially complex sources. This did not allow
researchers to reproduce 3-D EM e�ects with a su�cient degree of accuracy.

1.3 Thesis goals and outline

The primary goal of my doctoral project is the development of an approach and tools
for regional high-resolution and computationally e�cient (in both frequency and time do-
mains) calculations of the EM �eld in given realistic fully 3-D conductivity models induced
by given realistic sources, including those responsible for magnetospheric substorms. One
of the important aspects of the project is the construction of the source using the outputs
of a 3-D magnetohydrodynamic (MHD) physics-based simulation of near-Earth space.
MHD modelling framework, which was used in this project, is discussed in Appendix D.
An overview of the 3-D EM modelling technique and an explanation of a scheme to con-
struct the source are presented in Chapter 2 and Appendices A, B, and C. Numerical
details of the scheme are discussed in Appendices E and F.

Using the developed tools, systematic and detailed model studies were performed for
di�erent regions of the Earth (the British Isles, the eastern United States, and Fennoscan-
dia) to explore di�erent aspects of realistic space weather 3-D EM modelling.

Chapter 3 discusses the results of a 3-D EM model study aimed at exploring the
so-called coastal e�ect (i.e., the anomalous behaviour of the GEF near the coasts) and
understanding the limitations of the thin-sheet model widely used for estimating this ef-
fect. This chapter also includes the validation of the approach to global geospace and
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regional 3-D EM modellings’ coupling for the British Isles region and the so-called Hal-
loween storm on 29 � 30 October 2003. The results described in the chapter have been
published as part of Ivannikova et al. (2018).

Chapter 4 presents the results of 3-D modelling of the GEF for the eastern United
States during the so-called St. Patrick’s Day geomagnetic storm on 17 � 18 March 2015. In
this chapter, the e�ects from conductivity contrasts for various conductivity models of the
region (including a 3-D model obtained from the inversion of the EarthScope MT data)
were examined. The �ndings of the study are summarised in Marshalko et al. (2020).

Further, Chapter 5 discusses the comparison of the GEF induced by three di�erent
models of the source in a 3-D conductivity model of Fennoscandia during the 7 � 8
September 2017 geomagnetic storm. The two source models are laterally varying sheet
currents: the �rst model is constructed on the basis of a 3-D MHD simulation of near-
Earth space and the second one is based on the ground magnetometers’ data and the
Spherical Elementary Current Systems (SECS) method (Vanhamäki and Juusola, 2020).
In the third approach, the GEF is calculated using the local plane wave approximation.
Note that in Chapters 3 and 4 results were obtained using an MHD-based source. The
results described in this chapter have been published as Marshalko et al. (2021).

Finally, Chapter 6 summarises the work presented in the thesis and provides an outlook
for future research.



Chapter 2

Methodology

This chapter is published as part of:
Ivannikova, E., Kruglyakov, M., Kuvshinov, A., Rastätter, L., and Pulkkinen, A. (2018).
Regional 3-D modeling of ground electromagnetic �eld due to realistic geomagnetic dis-
turbances. Space Weather, 16(5), 476�500. https://doi.org/10.1002/2017SW001793.

2.1 Sketch of the overall modelling scheme

The aim of the 3-D EM modelling is to compute ground electric, E(t; r), and magnetic,
B(t; r), �elds for a given Earth’s conductivity distribution �(r) and a given inducing source
jext(t; r), where t stands for time and r = (x; y; z) denotes the position vector. The Carte-
sian coordinate system in our modelling is left-handed with the x-axis directed northward,
the y-axis directed eastward, and the z-axis positive downward. In our problem setup, the
inducing source is responsible for geomagnetic storms or/and magnetospheric substorms
and is represented by a spatially distributed electric current �owing in a thin shell above
the Earth’s surface (see Appendix E for details). The �elds E and B obey Maxwell’s
equations, which are written in the time domain as

1
�0
r�B = �E + jext; (2.1)

r� E = �
@B
@t
; (2.2)

where �0 is the magnetic permeability of free space. Note that this formulation of
Maxwell’s equations neglects displacement currents that are irrelevant in the range of
periods considered in this study. We solve eqs (2.1) � (2.2) numerically using the follow-
ing three-step procedure:

1. The inducing source jext(t; r) is transformed from the time to the frequency domain
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by means of a fast Fourier transform (FFT).

2. Maxwell’s equations in the frequency domain

1
�0
r� ~B = � ~E + ~jext; (2.3)

r� ~E = i! ~B (2.4)

are numerically solved for the corresponding frequencies ! = 2�f . Frequencies f
range between 1

L and 1
2�t (Nyquist frequency), where L is the length of the (input)

times series of the inducing current jext(t; r) and �t is the sampling rate of this time
series. As a result ~E(!; r) and ~B(!; r) are obtained. Time dependence of the �elds
is accounted for by e�i!t, which reads, for example, for the electric �eld as

E(t; r) =
1Z

�1

~E(!; r)e�i!t d!: (2.5)

Note that further in the text we use the same notation for the �elds in the time and
frequency domains for brevity.

3. E(t; r) and B(t; r) are obtained by means of an inverse FFT of the corresponding
frequency-domain �elds.

2.2 Regional 3-D modelling of the EM �eld in the fre-

quency domain

To obtain the EM �eld modelling results presented in Chapters 3 and 4 of the current
thesis, i.e. to compute E(!; r) and B(!; r) induced by an electric source jext(!; r) �owing
in a thin sheet above the Earth (step 2 in Section 2.1), we extended the 3-D EM forward
modelling code extrEMe (Kruglyakov et al., 2016) to work with this type of source. Note
that extrEMe was initially developed to work with plane wave excitation only. The solver is
based on a method of volume integral equations (IE) with a contracting kernel (Pankratov
et al., 1995; Singer, 1995; Pankratov and Kuvshinov, 2016) and works in a Cartesian
coordinate system. Details on the contracting IE approach are given in Appendices A, B,
and C.

In the IE approach, the conductivity model consists of a 1-D background and an
anomalous 3-D structure embedded in this background. To obtain the results presented
in Chapter 5 we employed the 3-D EM forward modelling code PGIEM2G (Kruglyakov
and Kuvshinov, 2018), which is also based on the IE method. The distinction between
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the two codes lies in the di�erent piece-wise bases used to approximate the electric �eld
within the anomaly. PGIEM2G exploits a piece-wise polynomial basis whereas extrEMe
uses a piece-wise constant basis. We found that in order to properly account for the e�ects
(in the electric �eld) from extremely large conductivity contrasts in the Fennoscandian
region, extrEMe requires signi�cantly larger computational loads compared to PGIEM2G.
This is the reason why we used PGIEM2G code rather than extrEMe to obtain modelling
results presented in Chapter 5. Speci�cally, PGIEM2G was run with the use of �rst-order
polynomials in lateral directions and third-order polynomials in the vertical direction.

Note that both extrEMe and PGIEM2G solvers support massive parallelisation.

2.3 Constructing an equivalent current based on MHD

simulation outputs

To realistically model the regional EM �eld one has to determine a realistic regional
source jext. One of the most important outcomes of the current project is the development
of an approach to the construction of a source of the EM induction based on MHD
simulation outputs. This approach includes the following steps:

1. First-principle modelling of the global magnetosphere-ionosphere system, namely,
3-D MHD physics-based simulations of near-Earth space are performed for the event
of interest. In our case, the modelling is done using the Space Weather Modeling
Framework (SWMF, (Toth et al., 2005, 2012)), which takes as an input the solar
wind parameters (density, temperature, velocity, magnetic �eld) from satellites lo-
cated at the L1 Lagrange point, such as the Advanced Composition Explorer (ACE)
or the Deep Space Climate Observatory (DSCOVR). The other input is the F10.7
cm solar radio �ux. More information on this model is presented in Appendix D.

2. In the next step we use a postprocessing tool CalcDeltaB (Rastätter et al., 2014)
to calculate the external magnetic �eld perturbations Bext on the ground and on
a global scale from the outputs of the SWMF. The outputs of the SWMF used at
this step are time-varying 3-D currents in the magnetosphere, horizontal currents
in the ionosphere, and �eld-aligned currents �owing between the ionosphere and
magnetosphere. The calculation of the external magnetic �eld perturbations is
carried out using the Biot-Savart law:

Bext(ti; rs) =
�0

4�

Z

V

j(ti; r0)� r0

jr0j3
dV: (2.6)
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Here V is the volume occupied by the current, dV is the volume element, j is the
current density, rs is a point on the surface of the Earth, r0 is a vector from dV to
the observation point rs, ti is a time instant.

3. To obtain an equivalent current, global external magnetic �eld perturbations Bext

are at �rst converted into a global current function 	. We assume that the inducing
source jext has a form of a spatially distributed electric current �owing in a thin shell
just above the Earth. This means that jext degenerates to a sheet current density
Jext �owing in a shell r = a+:

Jext = �er �r?	; (2.7)

where er is the outward radial unit vector, r? stands for the angular part of the gra-
dient, and a denotes the mean radius of the Earth. The concept of the external mag-
netic �eld conversion into equivalent current function is discussed in Appendix E,
where we show how the representation of the current function via spherical harmon-
ics expansion can be transformed into its representation via integral operator. The
details on accurate numerical estimation of the corresponding integrals are discussed
in Appendix F.

4. A part of the current function 	 located above the studied region is converted from a
spherical to a Cartesian coordinate system using a map projection and the resulting
regional current function is interpolated on a regular grid.

5. Finally, the regional sheet current density Jext is obtained via numerical di�eren-
tiation of the regional current function by means of eq. (2.7). This sheet current
density is used in step 1 of Section 2.1 to form an inducing current jext as

jext = �(z � 0+)Jext; (2.8)

where �(z � 0+) is Dirac’s delta function.

It is important to note here that in our modelling the regional current sheet covers the
region that is twice as large in each lateral direction as the modelling region. This is done
to diminish edge e�ects that could arise due to cropping of the global source. To enforce
the separation of the source from the surface of the Earth by an insulator, in modelling
codes extrEMe and PGIEM2G, the electric current is placed at an altitude of 1 m above
the surface of the Earth.



Chapter 3

Comparing results of regional 3-D and
thin-sheet GEF modellings and
validating an approach to global
geospace and regional 3-D EM
modellings’ coupling

This chapter is published as part of:
Ivannikova, E., Kruglyakov, M., Kuvshinov, A., Rastätter, L., and Pulkkinen, A. (2018).
Regional 3-D modeling of ground electromagnetic �eld due to realistic geomagnetic dis-
turbances. Space Weather, 16(5), 476�500. https://doi.org/10.1002/2017SW001793.

Author’s contributions:
E. Marshalko (Ivannikova) developed a code for calculating the regional equivalent
current based on the global equivalent current function data and a code for convert-
ing the global bathymetry/topography data into 3-D conductivity model, added the dis-
tributed external current data upload functionality to the 3-D EM forward modelling
code extrEMe, prepared 3-D and thin-sheet conductivity models of the British Isles, con-
structed a source model based on the external magnetic �eld data, performed 3-D EM
modellings for plane wave and laterally varying source models, and analysed the results.
M. Kruglyakov developed an approach and the corresponding code for numerical calcu-
lation of the global current function based on the external magnetic �eld data, provided
extrEMe code, modi�ed it to allow the use of the external current as a source of excitation,
and assisted E. Marshalko with modelling. A. Kuvshinov created the concept of the
study and developed an approach to the representation of the current function via the
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ground external magnetic �eld. A. Kuvshinov, M. Kruglyakov, and A. Pulkkinen
supervised the work of E. Marshalko. L. Rastätter provided the external magnetic
�eld data calculated based on the outputs of the SWMF. E. Marshalko drafted the
manuscript. All authors read and approved the �nal manuscript.

Summary

In this chapter, we perform a 3-D EMmodel study using the British Isles as a test region in
order to explore in detail the so-called coastal e�ect (i.e., the anomalous behaviour of the
GEF near the coasts) and to understand the limitations of the thin-sheet model widely
used for estimating this e�ect. For this purpose, we compare results of 3-D and thin-
sheet modellings for plane wave source of excitation and di�erent periods of variations.
We conclude that for the British Isles the thin sheet is a reasonable approximation for
periods longer than a few minutes. However, for shorter periods 3-D modelling is essential.
Another inference from the results of 3-D modelling for plane wave and realistic sources is
that in the British Isles the GEF is distorted by the coastal e�ect practically everywhere on
land. Finally, we compare modelled and observed geomagnetic �elds at four observatories
in the region during the �rst day of the Halloween storm in 2003 and discuss the results
of this comparison. The 3-D EM forward modelling in this chapter is carried out via
extrEMe code (Kruglyakov et al., 2016).

3.1 Construction of 3-D and thin-sheet models

The British Isles were chosen for the study for several reasons. Firstly, they occupy lati-
tudes, where signals due to magnetospheric substorms are expected to be substantial. Sec-
ondly, the region has a potentially signi�cant coastal e�ect. Finally, four INTERMAGNET-
standard geomagnetic observatories (Lerwick, Eskdalemuir, Hartland, and Valentia) are
located in the British Isles, which allows us to compare modelling results with observa-
tions.

The 3-D conductivity model we are considering incorporates an anomalous 3-D struc-
ture, which approximates the bathymetrically non-uniform ocean/seas surrounding the
Isles and the Isles themselves. This 3-D structure is embedded in a 1-D background sec-
tion. As a 1-D section, we use a global 1-D conductivity pro�le (Figure 3.1), derived by
Püthe et al. (2015) from over 10 years of satellite and observatory magnetic �eld data.

The 3-D part of the model is constructed using publicly available bathymetry data
from NOAA’s ETOPO1 Global Relief Model (Amante and Eakins, 2011). The data are
provided in spherical coordinates with a resolution of 1 � 1 arc-minute (1 arc-minute
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corresponds to 1.86 km at the equator).
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Figure 3.1: 1-D conductivity pro�le derived by
Püthe et al. (2015) from over 10 years of satel-
lite and observatory magnetic data and used as a
background section in our modelling.

In order to obtain a Cartesian
model of the region of interest, we per-
form a Transverse Mercator map pro-
jection as it is described in Ordnance
Survey (2016).

To avoid edge e�ects during mod-
elling we construct a model, which
lateral dimensions signi�cantly exceed
the size of the British Isles region.
Speci�cally, bathymetry data from
40�N to 62�N and from �20� E to
15�W range are used.

After the map projection, we per-
form a linear interpolation on a regu-
lar grid. The resolution of the regular
(dense) grid is 1 km both in x- and
y-directions.

The interpolated data are used for the discretisation of the 3-D part of the model.
We specify a number of anomalous layers Nz and number of cells in lateral directions Nx

and Ny, where Nx and Ny are numbers of cells along x- and y-axis, respectively. Thus,
the 3-D structure is divided into Nx � Ny � Nz cells. Here it is assumed that the 3-D
structure lies between zero sea level and maximum depth of the bathymetry data. The
topography is not included in the conductivity model in this study, but, if needed, it can
be readily incorporated. Note that in our IE solution (Kruglyakov et al., 2016) the grid is
obligatory uniform in lateral directions and may be non-uniform in the vertical direction.

The conductivity of the landmass in the 3-D part of the model is set to 0.01 S/m. The
conductivity of the seawater is set to 3.2 S/m. The conductivities in border cells (where
one part of the cell corresponds to the sea and the other part to the land) are calculated
as integral averages along the vertical direction.

We considered two conductivity models of the region: a 3-D model (Figure 3.2) and a
thin-sheet model (Figure 3.3). Note that the thin-sheet model is widely used for the GEF
modelling in the context of space weather studies (e.g., Püthe and Kuvshinov (2013); Beg-
gan et al. (2013); Beggan (2015); Divett et al. (2017)). In the thin-sheet approximation,
the 3-D part of the model is represented by an in�nitely thin layer of laterally variable
conductance. It is worth mentioning that the landmass conductivity in thin-sheet models
used in the aforementioned studies is laterally heterogeneous. In the current study, we
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use a simpli�ed ocean-land model with homogeneous landmass.
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factor of 10 (540 m), and in which the sea water and landmass conductivities are corre-310
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Figure 2. Conductivity distribution[S/ m] in the model with 16 anomalous layers: a), b), c) plane view

of the Þrst (top), the fourth and the eighth layer, respectively; d) model side view. The thickness of the 3-D

structure (5.4 km) is multiplied by a factor of 100 in Þgure d).
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Figure 3.2: Conductivity distribution [S=m] in the model with 16 anomalous layers:
(a�c) map view of the �rst (top), the fourth and the eighth layer, respectively; (d) oblique
view of the model. The thickness of the 3-D structure in �gure (d) is 5.4 km. The vertical
exaggeration in �gure (d) is 100x.

Constructed models have 512�512 lateral discretisation with 3.4 and 3.7 km resolution
along x- and y-directions, respectively. Vertically the 3-D part of the model has a total
thickness of 5.4 km which corresponds to the maximum depth of the ocean within the
modelling region. It is discretised by Nz = 16 anomalous layers of uniform thickness for
the frequency-domain modelling (with plane wave excitation), and by Nz = 4 anomalous
layers for the time-domain modelling (with an excitation by a realistic source).

To mimic the thin-sheet model in our fully 3-D computations, we represent the 3-D
part of the model as one thin anomalous layer of 0.54 km. Its conductance coincides with
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the depth-integrated conductivity of the initial 3-D model.
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Figure 3.3: Distribution of vertically integrated conductivity (conductance) [S] in the
thin-sheet model: (a) model map view; (b) oblique view of the model.

3.2 Results

3.2.1 Frequency-domain results

The results presented in this section are obtained for plane wave excitation: a vertically
propagating uniform EM �eld of two di�erent polarisations.

At the surface of the Earth the primary plane wave GEF Ep and magnetic �eld Bp

for two polarisations are de�ned as:

x� polarisation :

8
<

:
Ep =< 1; 0; 0 >

Bp = �0 < 0; Z�1
1D ; 0 >

; (3.1)

y � polarisation :

8
<

:
Ep =< 0; 1; 0 >

Bp = �0 < �Z�1
1D ; 0; 0 >

; (3.2)

where Z1D is the MT impedance at the Earth’s surface for layered 1-D background media
(Dmitriev and Berdichevsky, 1979; Chave and Jones, 2012).

3.2.1.1 3-D versus thin-sheet modelling

In this section, we investigate whether the 3-D modelling is required to represent the e�ects
of the non-uniform distribution of the ocean and landmass by comparing the results of
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3-D and thin-sheet modellings.
A thin-sheet model is a period-dependent model, which requires ful�lment of a range

of conditions as discussed by Weaver (1982). The requirements for the thin-sheet model
are ful�led if the following conditions are met:

�
h
�

�2

� 1; (3.3)

h
�1D
� 1; (3.4)

where h is the thickness of the media, which is included in a thin sheet (5.4 km in our
case), � is the skin-depth (the depth, at which the amplitude of the GEF decreases e
times) in this media, and �1D is the skin-depth in the underlying layered structure.

Table 3.1 presents the values of �1D, h
�1D

, �s (the skin-depth in the sea water with con-

ductivity of 3.2 S/m),
�
h
�s

�2
, �l (the skin-depth in the media with conductivity of 0.01 S/m)

and
�
h
�l

�2
for our conductivity model setup and periods of excitation from 2 s to 1.7 h.

Table 3.1: The values of �1D [km] (the skin-depth in the layered structure under the
3-D part of the conductivity model), h

�1D
(where h is the thickness of the 3-D part of the

model), �s [km] (the skin-depth in the sea water with conductivity of 3.2 S/m),
�
h
�s

�2
, �l

[km] (the skin-depth in the media with conductivity of 0.01 S/m) and
�
h
�l

�2
. The periods

are from 2 s to 1.7 h.

Period �1D [km] h
�1D

�s [km]
�
h
�s

�2
�l [km]

�
h
�l

�2

2 s 8.4 0.64 0.4 184.2 7.1 0.58
10 s 18.7 0.28 0.89 36.8 15.9 0.12
50 s 42 0.12 1.99 7.3 35.6 0.02
4 min 93.8 0.06 4.36 1.5 78 0.005
20 min 217.2 0.02 9.75 0.3 174.4 0.001
1.7 h 459.2 0.01 22.01 0.06 393.7 0.0002

For land areas condition
�
h
�l

�2
� 1 is ful�lled starting from about 50 s, but for deep-

sea areas similar condition is still not ful�led even for the period of 20 min.
With these estimates in mind, one may conclude that the thin-sheet model cannot

be used for the calculation of the EM �eld in this region for periods shorter than a few
minutes.

However, the estimates presented in Table 3.1 are made in the assumption that the
Earth’s conductivity distribution is 1-D. In order to understand the actual limitations of
the thin-sheet approximation in a 3-D environment, we compare the results of 3-D and



28
Comparing results of regional 3-D and thin-sheet GEF modellings and validating an

approach to global geospace and regional 3-D EM modellings’ coupling

thin-sheet modellings for a wide range of periods of variation, starting with a period of 2
s.

Figure 3.4 presents the comparison between the results of 3-D and thin-sheet mod-
ellings at periods of 2 s, 10 s, 50 s, and 20 min. The models are excited by an x-polarised
plane wave and the results for the dominant x-component of the GEF are shown. The
strength of the primary magnetic �eld Bp is set to 1257 nT, which corresponds to 1 A/m
for magnetic �eld intensity Hp = Bp

�0
. The left column in Figure 3.4 demonstrates the

magnitude of the ground Ex �eld computed in the 3-D conductivity model. The right
column presents relative di�erences between the results obtained in 3-D and thin-sheet
models. Since we are interested in the analysis of ground �elds, the results in oceanic
regions are not shown in the plots.

It is seen from Figure 3.4 that the di�erence between 3-D and thin-sheet GEF is sub-
stantial for shorter periods (2 s and 10 s), reaching about 40% on land for the period of 2 s.
As expected, the di�erence decreases with the increase of the period and almost vanishes
for the period of 20 min. Note that similar results (not shown here) were obtained for
excitation by a y-polarised plane wave and for the corresponding dominant y-component
of the GEF. From this model study, we conclude that for the British Isles the thin-sheet
model is a reasonable approximation if variations with periods longer than a few minutes
are considered. However, when modelling shorter variations, 3-D modelling is essential.
We would like to emphasise that this conclusion is valid speci�cally for the British Isles.
To judge at what periods the thin-sheet model is an appropriate approximation, one
requires a dedicated modelling for the region under investigation.

3.2.1.2 Exploring the coastal e�ect in the frequency domain for plane wave
excitation

As is well known, the coastal e�ect is the anomalous behaviour of the EM �eld arising from
the lateral conductivity contrast between the ocean and the land. It was previously mostly
studied in the context of MT (Parkinson and Jones, 1979; Fischer and Weaver, 1986;
Weaver and Dawson, 1992, among others) and geomagnetic depth sounding (Kuvshinov
et al., 1999; Kuvshinov, 2008, among others) researches. This e�ect in the GEF was also
discussed in a number of studies in connection with space weather research (Gilbert, 2005;
Püthe and Kuvshinov, 2013; Liu et al., 2018; Honkonen et al., 2018; Nakamura et al., 2018,
among others).

In order to estimate the coastal e�ect quantitatively, the results of 3-D modelling
are compared to the results of local 1-D modelling, which implies the use of a local 1-D
structure of the 3-D model and an individual 1-D solution of Maxwell’s equations at each
grid point.
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Figure 4. Comparison of ground geoelectric Þelds calculated in 3-D and thin-sheet models. Left:x-

component modeled in 3-D conductivity model. Right: relative di!erences between results of modeling in

3-D and thin-sheet models. The model is excited by anx-polarized plane wave.The strength of the primary

magnetic Þeld is 1257 nT. From top to bottom we show the results for the following periods: a) 2 s; b) 10 s; c)

50 s; d) 20 min. Note the di!erent color scales of the Þgures.
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Figure 3.4: See the caption of this �gure on the next page.
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Figure 3.4: Comparison of the GEF calculated in 3-D and thin-sheet models. Left:
x-component modelled in 3-D conductivity model. Right: relative di�erences between
results of modelling in a 3-D and thin-sheet models. Models are excited by an x-polarised
plane wave. The strength of the primary magnetic �eld is 1257 nT. From top to bottom
we show the results for the following periods: (a) 2 s; (b) 10 s; (c) 50 s; (d) 20 min. Note
the di�erent colour scales of the �gures.

Figure 3.5 presents the comparison for periods of 2 s, 50 s, 20 min, and 1.7 h in the
form of relative di�erences between the GEF components calculated in 3-D and local 1-D
models. The left column in Figure 3.5 demonstrates the results for the x-component of
the GEF and excitation by an x-polarised plane wave. The right column shows the same
results for the y-component of the GEF and excitation by a y-polarised plane wave.

From the plots, one can deduce, that the longer the period the farther the coastal
e�ect penetrates on land. To demonstrate this e�ect clearer we also present the results
along two pro�les crossing Ireland; locations of the pro�les are shown in Figure 3.6. The
top plots in Figure 3.7 demonstrate the results along the east-west pro�le for excitation
by an x-polarised plane wave. The bottom plots in the same �gure show the results of the
GEF modelling along the north-south pro�le for excitation by a y-polarised plane wave.
The coloured lines in the plots indicate the relative di�erences between the results of 3-D
and 1-D modellings for periods of 2 s, 10 s, 50 s, 4 min, 20 min, and 1.7 h. The vertical
black dashed lines mark the coasts. Remarkably, the coastal e�ect for periods starting
with 50 s spreads all across Ireland. Another result is that the magnitude of the coastal
e�ect generally increases when the period increases.

3.2.2 Time-domain results

In this section, we present time-domain modelling results for excitation by a realistic
source responsible for geomagnetic disturbances. In addition, we compare modelled results
with observations. As an event, we consider the �rst day of the Halloween geomagnetic
storm in 2003 (29 � 30 October 2003).

3.2.2.1 Constructing the source for the 29 � 30 October 2003 event

Following the scheme discussed in Section 2.3 we �rst perform MHD modelling using
the SWFM for the time interval from 06:00 UT, 29 October 2003 to 05:59 UT, 30
October 2003. The SWMF run was performed at NASA’s Community Coordinated
Modeling Center (CCMC) at the Goddard Space Flight Center. The version of the
SWMF is v8.01. The details and results of the run are available at the CCMC website
(https://ccmc.gsfc.nasa.gov, run number CCMC_CCMC_102708_1). The results

https://ccmc.gsfc.nasa.gov
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Figure 3.5: See the caption of this �gure on the next page.
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Figure 3.5: Comparison of the ground GEF calculated in 3-D and local 1-D models.
Left: results for the x-component and excitation by an x-polarised plane wave. Right:
results for the y-component and excitation by a y-polarised plane wave. From top to
bottom are the results for the following periods: (a) 2 s; (b) 50 s; (c) 20 min; (d) 1.7 h.
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Figure 3.6: Locations of two pro�les along which the results are presented in Figure 3.7.
The locations of the four geomagnetic observatories in the British Isles region (Hartland,
Eskdalemuir, Lerwick, and Valentia) are marked with circles.

of the run were previously analysed by Pulkkinen et al. (2011) (event 1, model 3_SWMF).
More information on the SWMF is presented in Appendix D.

The ground external magnetic �eld perturbations are calculated from the outputs of
the MHD model on a regular global grid with 5� � 5� resolution. The time series of the
�eld are computed with a sampling rate of 1 min. Figure 3.8 shows the snapshots of
the external magnetic �eld components at two exemplary time instants (during the main
phase of the storm, according to the MHD modelling). As expected, the largest magnetic
disturbances are observed in the polar regions, reaching 1000 nT, and they align with
respect to the dipole structure of the main magnetic �eld as generating current systems
do. This, in particular, means that the eastward component of the magnetic disturbances
is the smallest among others. Note that the ring current is modelled by the Inner Mag-
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Figure 7. Comparison of ground geoelectric Þelds calculated in 3-D and local 1-D models along two pro-

Þles. Top: results along the(Deleted:x-proÞle)north-south proÞlefor excitation by anx-polarized plane

wave (Deleted:excitation). Bottom: results along the(Deleted:y-proÞle)east-west proÞlefor excitation by

a y-polarized plane wave(Deleted:excitation). The colored lines in the plots indicate relative di!erences be-

tween the results of 3-D and 1-D modeling for periods of 2 s, 10 s, 50 s,(Deleted:4.2min) 4 min, (Deleted:

20.8min) 20 minand 1.7 h. The vertical black dashed lines mark the coasts.
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Figure 3.7: Comparison of the ground GEF calculated in 3-D and local 1-D models along
two pro�les. Top: results along the north-south pro�le for excitation by an x-polarised
plane wave. Bottom: results along the east-west pro�le for excitation by a y-polarised
plane wave. The coloured lines in the plots indicate relative di�erences between the results
of 3-D and 1-D modelling for periods of 2 s, 10 s, 50 s, 4 min, 20 min, and 1.7 h. The
vertical black dashed lines mark the coasts.

netosphere module of the SWMF (see Appendix D.2), but its impact is hardly visible in
the plots as geomagnetic disturbances in high-latitude regions signi�cantly exceed those
in middle and low latitudes in magnitude.

The next step is converting the global external magnetic �eld at the surface of the
Earth into the global current function 	, which is carried out according to the math-
ematical formulation presented in Appendices E and F. Figure 3.9 shows the results of
the conversion for the discussed time instants. The images look smoother than those for
the external magnetic �eld since the current function is calculated at a grid with 1� � 1�

resolution. Further, the projection of the global current function onto a region of interest
is performed in the same manner as it was done for bathymetry data (see Section 3.1).
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Figure 3.8: Global snapshots of the external magnetic �eld components at the surface of
the Earth at 06:49 UT (left) and 08:04 UT time instants (right) on 29 October 2003. Bx,
By and Bz are northward-, eastward- and downward-directed components, respectively.

To avoid edge e�ects during modelling, the lateral extent of the source is made two times
larger than the lateral size of the conductivity model. Figure 3.10 presents the snapshots
of the current density components (in Cartesian coordinates) for the same time instants.
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Figure 3.9: Global snapshots of the current function 	 at the surface of the Earth at
06:49 UT (left) and 08:04 UT (right) on 29 October 2003.

3.2.2.2 Exploring the coastal e�ect in the time domain for excitation by a
realistic source

It is interesting to see how the coastal e�ect manifests itself in the time domain. Fig-
ure 3.11 presents the comparison between the results of 3-D and local 1-D modellings for
the discussed time instants. The left plots show the x- and y-components of the GEF
computed in the 3-D conductivity model and the right plots show relative di�erences
between 3-D and local 1-D results. One can see that the coastal e�ect (which we deter-
mine, as earlier, as the relative di�erence between 3-D and local 1-D results) is substantial
(reaching 100% for x-component of the GEF) in many land areas. It is worth noting that
the spatial structure of the e�ect varies signi�cantly with the component and/or time
instant. For example, for 06:49 UT time instant with larger values of the inducing current
components (Figure 3.10) the di�erence for x-component of the GEF appears to be very
high almost everywhere on land (Figure 3.11) indicating that the behaviour of the GEF
obtained using 3-D modelling is very di�erent from the one obtained using 1-D modelling.

3.2.2.3 3-D modelling versus observations

We compare the geomagnetic �eld variations modelled in the 3-D conductivity model at
the locations of geomagnetic observatories Hartland, Eskdalemuir, Lerwick, and Valentia
to the geomagnetic �eld variations recorded at these observatories during the �rst day of
the Halloween storm. The locations of the observatories are shown in Figure 3.6. The
geomagnetic �eld recordings were taken from the INTERMAGNET database in the form
of time series of magnetic �eld components with a 1 min sampling. The linear trend was
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Figure 3.10: Snapshots of equivalent current components at the surface of the Earth
in Cartesian coordinates at 06:49 UT (left) and 08:04 UT (right) on 29 October 2003.
The larger rectangle represents the boundaries of the whole conductivity model and the
smaller represents the boundaries of the British Isles region.

removed from observatory data before comparing them to the modelling results.
The left panels of Figure 3.12 � 3.15 show the comparison between observed and

modelled magnetic �eld variations at the selected observatories. As can be seen from
the �gures, for the second half of the simulated time interval, the agreement between
observations and modelling in all magnetic �eld components and at all observatories is
poor. Modelling is unable to reproduce the large amplitude variations in the observed
�eld. This disagreement is most likely caused by the MHD modelling not being able to
capture the source variations appropriately. Since the source determination is based on
the MHD modelling results, this also leads to less accurate 3-D EM modelling.

Another observation from Figures 3.12 � 3.15 is that during the �rst half of the day
the EM modelling reproduces the long period trend in the observations quite well, most
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Figure 11. Snapshots of ground electric Þeld, obtained in the 3-D model excited by a realistic source (left),

and relative di!erences between the results of 3-D and local 1-D modeling (right). The top four plots show

results for 06:49 UT and the bottom four plots show the results for 8:04 UT on 29 October 2003. Note the

di!erent color scales of the left Þgures.
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Figure 3.11: See the caption of this �gure on the next page.
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Figure 3.11: Snapshots of the GEF obtained in the 3-D model excited by a realistic
source (left) and relative di�erences between the results of 3-D and local 1-D modelling
(right). The top four plots show results for 06:49 UT and the bottom four plots show the
results for 8:04 UT on 29 October 2003. Note the di�erent colour scales of the left �gures.
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Figure 12. Results of 3-D modeling (red) and magnetic Þeld observations (black) at Valentia observa-

tory from 06:00 UT, 29 October 2003 until 05:59 UT, 30 October 2003. Left: comparison of modeled and

observed magnetic Þelds, right: modeled electric Þeld.
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Figure 3.12: Results of 3-D modelling (red) and magnetic �eld observations (black) at
Valentia observatory from 06:00 UT, 29 October 2003 to 05:59 UT, 30 October 2003.
Left: comparison of modelled and observed magnetic �elds, right: modelled GEF.
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Figure 13. The same legend as in Figure 12 but for Hartland observatory.533
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Figure 3.13: The same caption as in Figure 3.12 but for Hartland observatory.

notably in the horizontal components. Also, the modelled short period variations agree
rather well with observations in magnitude but disagree in terms of the exact timing
of oscillations. The reason for the disagreement in the timing is most likely caused by
the fact that the exact spatiotemporal structure of complex source variations is very
di�cult to capture accurately with the current global MHD models. Part of the disagree-
ment between the modelled and observed �elds can be attributed to the limitations of
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Figure 14. The same legend as in Figure 12 but for Eskdalemuir observatory.534
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Figure 3.14: The same caption as in Figure 3.12 but for Eskdalemuir observatory.

our 3-D conductivity model, for example, the lack of topography, lithological variations,
and geological features in the model. Also, the global 1-D pro�le used in this study may
not fully represent the conditions in the studied location. However, we believe, that the
main challenge is to specify the source of excitation as accurately as possible. Neverthe-
less, the agreement between observed and simulated �elds for the �rst part of the day is
encouraging, considering the complexity of the system modelled in this investigation.
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Figure 15. The same legend as in Figure 12 but for Lerwick observatory.535
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Figure 3.15: The same caption as in Figure 3.12 but for Lerwick observatory.

Right plots in Figures 3.12 � 3.15 show the modelled GEF only, since there were no
GEF measurements in 2003 at the considered observatories and no MT surveys were
conducted in the region in the time of the event. As expected, the GEF varies more
rapidly compared to the magnetic �eld, the eastward (y-) component dominates, and
the magnitude of the signal increases with latitude. Maximum values are observed at
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the most northern observatory (Lerwick), where the signal reaches 2500 mV/km in the
y-component.

3.3 Concluding remarks

In this chapter, using the approach to the regional 3-D EM forward modelling due to
geomagnetic disturbances presented in Chapter 2 and the British Isles as a test region,
we performed a 3-D model study in order to explore the coastal e�ect in detail and to
understand the limitations of the thin-sheet model widely used for estimating this e�ect.

The results of the EM modelling demonstrate that for the British Isles the thin sheet
is a reasonable approximation if variations with periods longer than a few minutes are
considered. However, the use of the 3-D modelling technique is required to deal with
variations with periods of a few seconds/tens of seconds. We would like to point out that
in order to judge at which periods the thin-sheet model is an appropriate approximation,
one needs a dedicated modelling for the region of his/her interest.

The coastal e�ect was investigated in both frequency and time domains. In the fre-
quency domain, the source was represented by a plane wave and in the time domain
by a realistic source, which was constructed using global MHD modelling. According to
the frequency domain modelling results, the propagation of the coastal e�ect depends on
the period of excitation: the longer the period the farther the coastal e�ect penetrates
on land and the larger the magnitude of the coastal e�ect is. It appears that starting
from the period of 50 s the GEF is distorted by the coastal e�ect practically everywhere
in the British Isles. The time-domain modelling results also indicate the presence of a
substantial coastal e�ect in the region.

The ultimate goal of the study was to compare 3-D modelling results with observa-
tions. We compared modelled and observed magnetic �elds at four observatories in the
British Isles region during the �rst day of the Halloween storm in 2003. We �nd that
the agreement (at least for the �rst part of the day) is rather encouraging, especially if
one recollects how many non-trivial steps were performed to obtain the modelling results.
However, it is clear that MHD models should be signi�cantly improved if one wishes to
predict EM e�ects realistically with the use of MHD simulations.

We did not compare the results of the GEF modelling with observations for the studied
event due to the lack of the GEF measurements in the region at this time. Continuous
measurements of the GEF are being made in the British Isles starting from 2012 and
these data can be used for validation of the modelling results for recent space weather
events. However, we would like to mention, that the actual GEF is subject to pertur-
bation by galvanic e�ects (Chave and Jones, 2012) arising from very local conductivity
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heterogeneities that usually cannot be accounted for during 3-D modelling. Thus, even
if the source of geomagnetic disturbances is accurately simulated, achieving a good �t
between the modelled and observed GEF usually requires additional steps to be made
(Püthe et al., 2014).
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Summary

In this chapter, we present the results of 3-D modelling of the GEF for the eastern United
States during a geomagnetic storm in March 2015. The external source responsible for
the storm is constructed using a 3-D MHD simulation of near-Earth space. We explore
e�ects from conductivity contrasts for various conductivity models of the region, including
a 3-D model obtained from the inversion of the EarthScope MT data. As expected, the
GEF in the region is subject to a strong coastal e�ect. Remarkably, e�ects from landmass
conductivity inhomogeneities are comparable to the coastal e�ect. These inhomogeneities
signi�cantly a�ect the integrated GEF. This result is of special importance since the
computation of GIC relies on integrals of the GEF (voltages) but not on the GEF itself.
Finally, we compare the GEF induced by a laterally varying (MHD) source with that
calculated using the plane wave approximation and show that the di�erence is perceptible
even in the regions that are commonly considered to be negligibly a�ected by lateral
non-uniformity of the source. Overall, the di�erence increases towards the north of the
model, where the e�ects from laterally variable high-latitude external currents become
substantial. The 3-D EM forward modelling in this chapter is carried out via extrEMe
code (Kruglyakov et al., 2016).

4.1 Construction of 3-D conductivity models

We construct a number of (Cartesian) 3-D models of the region with the aim to explore
how di�erent conductivity distributions in�uence the GEF in the region. The �rst model
includes a bathymetrically nonuniform ocean and landmass of uniform conductivity. Here
under the landmass we understand the upper crust, which goes down to the maximum
depth of the ocean (5.8 km in the considered region). The landmass and the ocean
comprise the 3-D part of the model, which is underlain by crust and mantle with a 1-D
conductivity distribution. The �rst model is used to study the so-called coastal e�ect.
Hereafter we will use the abbreviation UCL (Uniform Conductivity of Landmass) for
this model. To specify the conductivity distribution within the ocean we use publicly
available bathymetry data from NOAA’s ETOPO1 Global Relief Model (Amante and
Eakins, 2011). The data are provided in geographic coordinates with a resolution of 1� 1
arc-minute. The Transverse Mercator map projection is used to convert the data into
Cartesian geometry. Figure 4.1 demonstrates the topography/bathymetry map of the
region. The conductivity of the seawater in the model is set to 3.2 S/m and does not
vary in the course of modelling. What is varied during simulations in the UCL model is
the conductivity of the landmass and the 1-D conductivity distribution in the underlying
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crust and mantle. Three values of the landmass conductivity are considered: 0:1, 0:01,
and 0:001 S/m. As for the underlying crust and mantle, we tried two (global) conductivity
models that are shown in Figure 4.3. One is the model of Grayver et al. (2017) obtained
by joint inversion of tidal magnetic signals and C-responses. The other is the model of
Püthe et al. (2015) obtained by inversion of C-responses only. Note that di�erent data
sets and di�erent algorithms were used to obtain the corresponding C-responses.

WDC
NYC

OTT

FRD

Figure 4.1: Topography/bathymetry map of the eastern United States and surrounding
areas, constructed using NOAA’s ETOPO1 Global Relief Model. Locations of New York
City (NYC), Washington, D.C (WDC), and geomagnetic observatories Fredericksburg
(FRD) and Ottawa (OTT) are marked with circles. The bold black lines denote the
pro�les along which the results are demonstrated in a number of Figures.
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Figure 4.2: Conductivity distribution in the UCL model: (a) map view of the �rst layer
of the 3-D part of the model; (b) oblique view of the 3-D part of the model. The vertical
exaggeration in plot (b) is 100x.

Figure 4.3: Global 1-D conductivity pro�les derived by Grayver et al. (2017) and Püthe
et al. (2015) and used in this study.

More details on the UCL model construction are as follows. First, we note that as far as
we exploit the integral equation approach to calculate the EM �eld, the modelling domain
is con�ned to the 3-D part of the model only. The vertical size of the domain corresponds
to the maximum depth of the ocean in the considered region (5.8 km). Elevations above
sea level are ignored. The 3-D volume is discretised vertically by 8 layers of uniform
thickness of 0.725 km. Laterally it is discretised by 512�512 cells of uniform size: 5.1 km
in both directions. The 3-D part of the UCL model is shown in Figure 4.2. Outside the



48
Exploring the in�uence of lateral conductivity contrasts on the storm time behaviour of

the GEF in the eastern United States

3-D volume, at depths between 0 and 5.8 km, the conductivity is assumed to be uniform
and is set to the corresponding conductivity of the landmass.

The second 3-D conductivity model has laterally and vertically inhomogeneous land-
mass conductivity distribution. It mimics the 3-D conductivity distribution of the eastern
United States (APPL model, named after the Appalachian Mountains � the key geologic
structure of this region) recovered by the inversion of the EarthScope MT data. This 3-D
conductivity distribution was obtained by means of 3-D EM inversion code ModEM (Kel-
bert et al., 2014) using data from 240 EarthScope Transportable Array (TA) long-period
MT sites (Kelbert et al., 2019). The original APPL model �ts the MT data reasonably
well: the normalised root-mean-square mis�t achieved in the process of inversion is 1.5.
In the course of preparing the second model, the original APPL conductivity distribution
was downsampled in order to reduce computational loads: the resulting modelling region
goes vertically down to 400 km depth and is discretised vertically by 18 layers: 8 upper
layers of 0.725 km thickness, 4 intermediate layers of 23.5 km thickness and 6 lower layers
of 50 km thickness. The 3-D part of this model is shown in Figure 4.4. Laterally the
modelling region is, again, discretised by 512� 512 cells of uniform size: 5.1 km in both
directions.

We also construct two auxiliary conductivity models, APPL2 and APPL3, in order to
quantitatively study: a) the e�ects arising from landmass conductivity inhomogeneities
and; b) the coastal e�ect in the presence of a heterogeneous landmass. Speci�cally, the
APPL2 model consists of the layered structure coinciding with the background 1-D pro�le
of the APPL model (the initial strati�ed model of the APPL 3-D model) and bathymet-
rically nonuniform ocean. By comparing modelling results obtained in the APPL and
APPL2 models we are able to assess the e�ects arising due to 3-D landmass conductivity
distribution. The APPL3 model is constructed by replacing the ocean in the APPL model
with the APPL 1-D background conductivity distribution. By comparing modelling re-
sults from the APPL and APPL3 models the coastal e�ect in the APPL model can be
assessed. Figure G.1 in Appendix G demonstrates 3-D parts of these models.

4.2 Source model construction

We construct the source model (inducing current, jext(t; r), in eq. 2.1) for the two-day
time interval from 00:00 UT, 17 March 2015 to 23:59 UT, 18 March 2015 when the so-
called St. Patrick’s Day geomagnetic storm occurred. This is the largest geomagnetic
storm in the 24-th solar cycle: disturbance storm time (Dst) index reached -228 nT.
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Figure 4.4: Conductivity distribution in the APPL model: (a) map view of the �rst
layer of the 3-D part of the model; (b) oblique view of the 3-D part of the model; (c)
cross-sections through the model along NYC, WDC, and coastal pro�les. The vertical
exaggeration in plot (b) is 2x. Solid vertical lines in (c) mark the centres of the cities.
Dashed vertical black lines mark the coasts and the boundaries between shallow and deep
sea. For NYC pro�le: A � land part of the pro�le, B � shallow sea, C � deep sea. For the
WDC pro�le: D, F � land parts of the pro�le, E � Chesapeake Bay, G � shallow sea, H �
deep sea.
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The SWMF run, results of which were used in the current study, was performed
at NASA’s Community Coordinated Modeling Center (CCMC) at the Goddard Space
Flight Center. 1-min ACE satellite solar wind data were used as an input in this run.
The version of the SWMF is v20140611. Details and results of the run are available at
the CCMC website (https://ccmc.gsfc.nasa.gov, run number Lois_Smith_040815_
1). More information on the SWMF is presented in Appendix D. The snapshots of
the constructed sheet current system for 12:31 and 12:59 UT on 17 March 2015 (when
substantial intensi�cation of the electric �eld was observed) are shown in Figure 4.5.
Hereinafter the results are shown only for these time instants.

12:31 UT, 17 March 2015 12:59 UT, 17 March 2015

Figure 5. Snapshots of current systems in the form of vector Þelds at 12:31 UT (left Þgure) and 12:59 UT

(right Þgure) on 17 March 2015.
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168

12:31 UT, 17 March 2015 12:59 UT, 17 March 2015

Figure 6. Snapshots of current systems in the form of vector Þelds at 12:31 UT (left Þgure) and 12:59 UT

(right Þgure) on 17 March 2015.

169

170

Figure 4.5: Snapshots of the equivalent current magnitude and direction at the surface
of the Earth at 12:31 UT (left) and 12:59 UT (right) on 17 March 2015.

4.3 Results

Most of the results in this section are demonstrated along three pro�les. Two pro�les
(parallel to each other) go through New York City (NYC) and Washington, D.C. (WDC)
and are roughly perpendicular to the coastline (see Figure 4.1). Hereinafter we will denote
these pro�les as NYC and WDC pro�les, respectively. The third pro�le is roughly parallel
to the coastline (see, again, Figure 4.1). Henceforth we will refer to this pro�le as the
coastal pro�le. Moreover, in this chapter, we will demonstrate the GEF components
that are directed along these pro�les. The following nomenclature is then introduced for

https://ccmc.gsfc.nasa.gov
Lois_Smith_040815_1
Lois_Smith_040815_1
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these components: we denote the GEF component that is directed along NYC and WDC
pro�les as E? and the component directed along the coastal pro�le as Ek. Essentially, this
nomenclature means that E? and Ek are components roughly perpendicular and parallel
to the coastline. Complementary components, Ek for NYC and WDC pro�les and E? for
the coastal pro�le, are presented in Appendix G. Note also that all results are calculated
at the surface of the Earth.

4.3.1 Modelling coastal e�ect in a simpli�ed 3-D model

In this section, we perform 3-D modelling to study in detail the coastal e�ect � the
anomalous behaviour of the GEF arising from the conductivity contrast between the
ocean and the land. As it was discussed in Section 3.2.1.2, usually, it is quantitatively
assessed by comparing results of 3-D and 1-D computations, where 3-D modelling aims
at reproducing the e�ects from lateral ocean/land conductivity contrasts. Note that since
we are interested in exploring the coastal e�ect on land, the 1-D modelling exploits a
1-D conductivity pro�le (either from Püthe et al. (2015) or from Grayver et al. (2017))
overlain by a homogeneous upper layer of landmass conductivity. Since the ocean is not
included in 1-D conductivity models, the comparison of 3-D and 1-D modelling results
will be performed only for land areas. Note also that, in spite of the fact that a purely
1-D conductivity model is used during 1-D calculations, the lateral inhomogeneity of the
inducing current (source) makes the problem fully 3-D.

Left plots in Figure 4.6 show the spatial distribution of the GEF at 12:59 UT calculated
in 3-D UCL model with laterally homogeneous landmass conductivity of 0.01 S/m and
the 1-D conductivity pro�le from Püthe et al. (2015). Right plots present the di�erence
between 3-D and 1-D modelling results. As expected, the di�erence reaches its maximum
in the coastal areas and decreases on land farther from the coast. For this time instant,
the noticeable di�erence between 3-D and 1-D modelling results for the GEF component
parallel to the coastline extends over larger areas compared to the component perpendic-
ular to the coastline. The situation is, however, opposite at 12:31 UT (see Figure G.2 in
Appendix G).

4.3.1.1 Varying 1-D crust and mantle conductivity

To demonstrate the coastal e�ect in more detail, Figure 4.7 presents E? along NYC and
WDC pro�les and Ek along the coastal pro�le. The results are presented for two trial
1-D pro�les and two time instants. As is seen, the electric �eld is signi�cantly a�ected
by the ocean/land conductivity contrast. It is generally strongly ampli�ed at the coasts,
and the anomalous behaviour (coastal e�ect) propagates up to several hundred kilometers
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E! ,3D E! ,3D " E! ,1D

E#,3D E#,3D " E#,1D

Figure 1. Left Þgures: snapshots of electric Þeld components parallel (upper Þgures) and perpendicular

(lower Þgures) to proÞles through New York City and Washington, D.C. at 12:59 UT on 17 March 2015.

Right Þgures: the di!erence between the results of 3-D and 1-D modeling at 12:59 UT on 17 March 2015 (the

di!erence is demonstrated only for land areas). The calculations were carried out for a model with landmass

conductivity of 0.01 S/m.
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Figure 7 demonstrates the results of 3-D and 1-D geoelectric Þeld modeling along221

proÞles through New York City and Washington, D.C. for 2 time instances: 12:31 and222

12:59 UT on 17 March 2015. The results of 1-D modeling are demonstrated only for land223

areas. It is clear, that the geoelectric Þeld, shown in the plots, is signiÞcantly a!ected by224

lateral conductivity contrasts. The geoelectric Þeld is usually ampliÞed at the coasts, com-225

pared to the results of 1-D modeling, but the results of 1-D modeling can also exceed the226

results of 3-D modeling (see proÞle through Washington, D.C. at 12:59 UT on 17 March227

2015 in Figure 7). This depends on the geometries of the source and the coastline.228

Figure 4.6: Left: snapshots of the GEF components perpendicular (top) and parallel
(bottom) to the coastline calculated in the UCL (3-D) model. Right: the di�erence
between results of 3-D and 1-D modelling (the di�erence is demonstrated only for land
areas). The results are shown at 12:59 UT on 17 March 2015. The calculations were
carried out for models with homogeneous landmass conductivity of 0.01 S/m and 1-D
conductivity pro�le from Püthe et al. (2015). Note di�erent colour scales in left and right
plots.

on land. The actual behaviour apparently depends on the geometry of the coastline and
on the spatiotemporal behaviour of the source. Figure G.3 in Appendix G demonstrates
in a similar manner Ek along NYC and WDC pro�les, and E? along the coastal pro�le.
Large localised ampli�cations are usually absent in Ek, but signi�cant di�erences between
3-D and 1-D modelling results can extend even over larger areas on land compared to E?.
These features of the coastal e�ect in case of a nonuniform source are expectedly consistent
with the ones obtained for MT modelling in earlier studies (Weaver, 1963; Fischer, 1979).
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Figure 4.7: See the caption of this �gure on the next page.
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Figure 4.7: The GEF along three pro�les calculated using di�erent 1-D conductivity
models. Top and middle: the GEF component perpendicular to the coastline along NYC
and WDC pro�les, respectively. Bottom: the GEF component parallel to the coastline
along the coastal pro�le. GEFs are calculated in the UCL (3-D) and 1-D models. The
results are presented at two, 12:31 (left) and 12:59 (right), time instants. Green curves
represent the results obtained for models with 1-D conductivity pro�le from Püthe et al.
(2015); orange curves are for models with 1-D pro�le from Grayver et al. (2017). Solid
vertical lines mark the centres of the cities. Dashed vertical black lines mark the coasts
and the boundaries between shallow and deep sea. For NYC pro�le: A � land part of the
pro�le, B � shallow sea, C � deep sea. For the WDC pro�le: D, F � land parts of the
pro�le, E � Chesapeake Bay, G � shallow sea, H � deep sea. The results of 1-D modelling
are demonstrated only for land areas A, D, F, and the coastal pro�le. The calculations
were carried out for models with homogeneous landmass conductivity of 0.01 S/m.

The results for the two trial 1-D conductivity pro�les (shown in Figure 4.3) do not
signi�cantly di�er in terms of maximum amplitudes of the GEF due to the coastal e�ect,
but di�erences in the background model expectedly in�uence the behaviour of the GEF
farther from the coast (Figure 4.7). The magnitudes of the GEF for the 1-D model derived
by Püthe et al. (2015) usually exceed the corresponding magnitudes for the model derived
by Grayver et al. (2017) about 20-30%.

4.3.1.2 Varying the uniform landmass conductivity

In order to further study the in�uence of the lateral conductivity contrast between the
ocean and the continent on the intensity of the coastal e�ect, we carried out computations
in the models with three trial values of landmass conductivity: 0:1 S/m, 0:01 S/m, and
0:001 S/m. Note that, in this model experiment, the 1-D conductivity model which
underlies the ocean and the continent is that derived by Püthe et al. (2015).

Figure 4.8 shows E? along NYC and WDC pro�les and Ek along the coastal pro�le.
The results are presented for the aforementioned three conductivity models and, again,
for two time instants. There is almost no ampli�cation of the GEF near the coast in the
model with landmass conductivity of 0:1 S/m. For models with landmass conductivities
of 0:01 and 0:001 S/m, the GEF is noticeably ampli�ed at the coast, and, furthermore,
the peak coastal electric �eld values in the model with conductivity of 0:001 S/m are
about 1.5-2 times higher compared to that obtained from the model with conductivity of
0:01 S/m. Figure G.4 in Appendix G demonstrates in a similar manner Ek along NYC
and WDC pro�les, and E? along the coastal pro�le. Comparing results in Figure 4.8 and
Figure G.4, one can see that the coastal e�ect is in overall more pronounced in E? than
in Ek component.
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Figure 4.8: The GEF along three pro�les calculated using di�erent conductivities of
homogeneous landmass. The caption is similar to the one in Figure 4.7.



56
Exploring the in�uence of lateral conductivity contrasts on the storm time behaviour of

the GEF in the eastern United States

4.3.2 Coastal and landmass heterogeneities’ e�ects in a realistic

3-D model

So far we have discussed the coastal e�ect in the GEF using a simpli�ed 3-D model in which
the landmass conductivity does not vary laterally and vertically. In this section, we present
results calculated in the APPL 3-D model, which comprises a realistic inhomogeneous
landmass.

Left plots in Figure 4.9 show the spatial distribution of the GEF at 12:59 UT cal-
culated in the APPL model, whereas right plots present the di�erence between results
calculated in the APPL and APPL3 3-D models. Recall that the APPL3 model does
not contain the ocean (see details about both models in Section 4.1). It is apparent here
how sophisticated the GEF behaviour is with the realistic 3-D conductivity distribution
of the region. The di�erence between the APPL and APPL3 modelling results is far more
complex than the di�erence between 3-D and 1-D modelling results obtained in the ULC
model demonstrated in Figure 4.6. The coastal e�ect also propagates well inland, but the
largest di�erences between modelling results do not necessarily appear at the coasts. It
is clear that e�ects from landmass 3-D conductivity inhomogeneities interfere with e�ects
from the conductivity contrast between the ocean and the land. Figure G.5 in Appendix G
shows results at 12:31 time instant and reveals similar behaviour.

Figure 4.10 presents the GEF for three (APPL, APPL2, and APPL3) 3-D models along
NYC, WDC, and coastal pro�les for two time instants. Recall that landmass conductiv-
ity in the APPL2 does not vary laterally. The presence of landmass 3-D inhomogeneities
dramatically changes the behaviour of the GEF, which displays a large magnitude in a
short spatial scale. These variations are mostly due to subsurface local and crustal struc-
tures. Note that subsurface local inhomogeneities are introduced by 3-D MT inversion
to account for galvanic e�ects (Jiracek, 1990) in MT impedances. It is worth mentioning
here that a part of the NYC pro�le (the �rst 250 km) is located in the area unconstrained
by MT data, for which we do not have inversion results (see Figures 4.4a and 4.4c). That
is why the behaviour of the GEF for the APPL model for the �rst 250 km of the pro�le
is similar to the behaviour of the GEF for the APPL2 model. The di�erence between
APPL and APPL3 results re�ects the coastal e�ect in the presence of inhomogeneous
landmass. From results at NYC and WDC pro�les, one can deduce that the di�erence
between the APPL and APPL3 E? is substantial at a distance of approximately 100 km
from the coast, and this di�erence can be very large (for NYC pro�le the peak APPL E?
is a few (up to 5) times larger compared to the APPL3 E?). Ek along the coastal pro�le,
shown in the lower plots, is also a�ected by the presence of the ocean but seemingly not
as strongly as E? along NYC and WDC pro�les. Figure G.6 in Appendix G demonstrates
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Figure 3. Left Þgures: snapshots of electric Þeld components parallel (upper Þgures) and perpendicular

(lower Þgures) to proÞles through New York City and Washington, D.C. at 12:59 UT on 17 March 2015.

Right Þgures: the di!erence between the results of 3-D and 1-D modeling at 12:59 UT on 17 March 2015 (the

di!erence is demonstrated only for land areas). The calculations were carried out for a model with landmass

conductivity of 0.01 S/m.
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3.1.2 Varying the landmass conductivity256

In order to further study the inßuence of the lateral conductivity contrast in the 3-257

D part of the model on the intensity of the coastal e!ect we carry out computations for 3258

models with homogeneous landmass: with conductivity of the landmass set to! l = 0.1259

S/m, ! l = 0.01 S/m and! l = 0.001 S/m. The conductivity of the sea water in these260

models is set to! s = 3.2 S/m. The background conductivity model here and further is the261

one, derived byPŸthe et al.[2015].262

Figure 4.9: Left: snapshots of the GEF components perpendicular (top) and parallel
(bottom) to the coastline calculated in the APPL model. Right: the di�erence between
results for the APPL and APPL3 (no ocean) models (the di�erence is demonstrated only
for land areas). The results are shown at 12:59 UT on 17 March 2015. The calculations
were carried out for models with 1-D conductivity pro�le from Püthe et al. (2015). Note
di�erent colour scales in left and right plots.

in a similar manner Ek along NYC and WDC pro�les, and E? along the coastal pro�le.
It is seen that Ek along NYC and WDC pro�les is less a�ected by the coastal e�ect than
E? along the same pro�les.

To demonstrate the spatial distribution of the storm time GEF in the region in more
detail, we utilise the concept of maps of the GEF amplitude and direction used previously
by Love et al. (2018a,b, 2019). Speci�cally, we present the GEF at locations of MT sites
for time instants, when maximum amplitudes of the modelled GEF during the 17 � 18
March 2015 geomagnetic storm are detected. We chose MT sites, from which the data
were used to develop the APPL model and sites used in the study of Love et al. (2019).
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Figure 11. Comparison of 3-D electric Þeld modeling results for a model with homogeneous landmass

conductivity (! l = 0.001S/m Ð short-dashed blue curves) and the APPL model (solid red curves) along the

proÞles (see Figure??) through New York City (upper Þgure) and Washington, D.C. (lower Þgure) at 12:31

UT, 17 March 2015 (left Þgures) and 12:59 UT, 18 March 2015 (right Þgures). Solid vertical black lines mark

the centers of the cities. Dashed vertical black lines mark the coasts and the borders between shallow and

deep sea. In case of New York City proÞle: A Ð land part of the proÞle, B Ð shallow sea, C Ð deep sea. In case

of Washington, D.C. proÞle: D, F Ð land parts of the proÞle, E Ð Chesapeake Bay, G Ð shallow sea, H Ð deep

sea.
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Figure 4.10: See the caption of this �gure on the next page.
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Figure 4.10: The GEF along three pro�les calculated using the APPL, APPL2 (with
laterally homogeneous landmass conductivity), and APPL3 (no ocean) models. Top and
middle: the GEF component perpendicular to the coastline along NYC and WDC pro�les,
respectively. Bottom: the GEF component parallel to the coastline along the coastal
pro�le. The results are presented at two, 12:31 (left) and 12:59 (right), time instants.
Solid vertical black lines mark the centres of the cities. Dashed vertical black lines mark
the coasts and the borders between shallow and deep sea. In case of NYC pro�le: A �
land part of the pro�le, B � shallow sea, C � deep sea. For WDC pro�le: D, F � land
parts of the pro�le, E � Chesapeake Bay, G � shallow sea, H � deep sea. The results for
the APPL3 model are demonstrated only for land areas A, D, F, and the coastal pro�le.

Figure 4.11 demonstrates corresponding maps computed in the APPL and APPL2
models. Results for the APPL2 model show clear systematic behaviour: the GEF is driven
by the inducing current systems and in�uenced by the presence of conductivity contrasts
between the ocean and the land. The GEF is ampli�ed at the coasts and in the northern
areas, where the source of excitation is typically stronger. The coastal e�ect in the APPL
model is not as obvious as in the case of the APPL2 model. It manifests itself in the GEF
direction at the coasts rather than in the GEF ampli�cation. The GEF in the APPL model
is strongly in�uenced by large lateral contrasts in subsurface conductivity distribution:
very low conductivities beneath the Piedmont and Coastal Plain physiographic provinces
and high conductivities under the Appalachian Mountains (Murphy and Egbert, 2017;
Kelbert et al., 2019). These large-scale geologic structures have clear systematic control
over the GEF behaviour in this region. MT sites in Figure 4.11 are separated into 2 groups:
those that were used and those that were not used for the APPL model construction. In
general, our modelling results agree well with results of Love et al. (2019) in terms of
the GEF ampli�cation and direction for the sites that were used in both studies. The
GEF amplitudes in our case are smaller compared to results of Love et al. (2019) (in
their case magnitudes reach 40 V/km) due to the fact that we carried out modelling for a
single geomagnetic storm, whereas Love et al. (2019) performed their analysis for multiple
geomagnetic storms that occurred in 1983�2016, including stronger geomagnetic storms
in March 1989 and October 2003. Our modelling results also signi�cantly di�er from the
results of Love et al. (2019) for the northern MT sites that were not used for the APPL
model construction.

4.3.3 Modelling voltages

It is well known that computation of spatiotemporal evolution of the GEF is only a
prerequisite for quantitative assessment of space weather hazard to technological systems.
Ultimately, one has to calculate GIC �owing in these systems. Such calculations are
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APPL conductivity model

APPL2 conductivity model

Figure 18. Left Þgures: time series of absolute values of the integrated geoelectric Þeld along the whole

land parts of the proÞles through New York City (upper left Þgure) and Washington, D.C. (lower left Þgure)

for a model with homogeneous landmass (with conductivity of! l = 0.001S/m Ð blue curves) and the APPL

model (red curves). Right Þgures: the relation between the absolute values of the integrated geoelectric Þeld

along the whole land parts of the proÞles for the APPL model and relative di!erences between the results of

the geoelectric Þeld integration along the whole land parts of the proÞles through New York City (right upper

Þgure) and Washington, D.C. (right lower Þgure) for two aforementioned models.
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Figure 4.11: See the caption of this �gure on the next page.
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Figure 4.11: Maps of amplitude and direction of the GEF at locations of MT sites for
time instants, when maximum amplitudes of the modelled GEF during the 17 � 18 March
2015 geomagnetic storm are detected. Top and bottom: results computed for the APPL
and APPL2 (with laterally homogeneous landmass conductivity) models, respectively.
Sites that were used to construct the APPL model are marked with circles. Sites that
were not used for the APPL model construction are marked with squares. Locations of
WDC, NYC, FRD, and OTT are marked with asterisks.

based on the knowledge of the topology of transmission lines, their design parameters,
and voltages induced in the lines. The latter are calculated as integrals of the GEF
along these lines. Note that a rule of thumb is that the longer the lines the larger GIC.
In GIC research it is often assumed that e�ects arising from small-scale conductivity
inhomogeneities are unimportant because the integration of the GEF leads to smoothing
of these e�ects (at least for long enough lines), or, in the best scenarios, to their elimination
(Thomson et al., 2005; Viljanen et al., 2012). To question this statement, we integrated
the GEF obtained in the APPL model and in the APPL2 model along NYC, WDC,
and coastal pro�les (recall that these pro�les were chosen to imitate transmission lines;
obviously, in the case of NYC and WDC pro�les only their land parts are relevant for
voltage calculations).

Absolute values of integrals of the GEF along the pro�les, or, in other words, absolute
values of voltages, jU j, versus distance along pro�les, d (or, in other words, versus interval
of integration), are shown in Figure 4.12. It is seen that the di�erence between results for
the APPL and APPL2 models varies with respect to pro�le and time instant, and generally
is not smoothed out with the increase of interval of integration; this clearly illustrates the
fact that 3-D conductivity inhomogeneities can signi�cantly a�ect the voltage. Figure 4.13
puts more weight on this inference. The left column in this �gure demonstrates the time
series of jU j along pro�les for two considered models. One can notice that, for many
time instants and all pro�les, jU j calculated in the APPL2 model exceed those for the
APPL model. Results in the right column of the �gure show the di�erence between
the APPL and APPL2 jU j in a more quantitative way. What is demonstrated here is
the absolute di�erences between jU j calculated in two models versus the APPL jU j. In
addition, lines in the �gure distinguish di�erent (from 10 to 50%) relative di�erences
between the APPL and APPL2 results. For example, for all (red) circles lying above 10%
line the di�erence between modelling results is larger than 10%. There is a clear trend
in the results: larger di�erences occur for smaller values of jU j. In contrast, for time
instants with maximum ampli�cation of the GEF (peak moments of the geomagnetic
storm, which are considered to be the most hazardous) the absolute di�erence diminishes.
However, there are time instants with both large values of jU j (> 60 V) and rather
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Figure 16. Comparison of the integrated geoelectric Þeld along land parts of the proÞles through New

York City (upper Þgure) and Washington, D.C. (lower Þgure) for a model with homogeneous landmass (with

conductivity of! l = 0.001S/m Ð blue curves) and the APPL model (red curves) at 12:31 UT, 17 March 2015

(left Þgures) and 12:59 UT, 18 March 2015 (right Þgures). Black dashed curves are the relative di!erences

between integrated geoelectric Þelds for two aforementioned models. Solid vertical black lines mark the cen-

ters of the cities. Dashed vertical black lines mark the coasts. A and D are land parts of proÞles through New

York City and Washington, D.C., correspondingly.
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Figure 4.12: See the caption of this �gure on the next page.
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Figure 4.12: Absolute values of voltages (integrated GEF), jU j, along three pro�les
calculated in the APPL and APPL2 (with laterally homogeneous landmass conductivity)
models, and their absolute di�erences. The results are presented as a function of interval
of integration, d, at 12:31 UT (left) and 12:59 UT (right), 17 March 2015. Top and
middle: jU j along land parts of NYC and WDC pro�les, respectively. Bottom: jU j along
the coastal pro�le. Solid vertical black lines mark the centres of the cities. Dashed
vertical black lines mark the coasts. A and D are land parts of NYC and WDC pro�les,
respectively. Note di�erent scales in all plots.

large (> 20%) relative di�erences. The pro�le parallel to the coastline is a�ected by
the presence of 3-D landmass inhomogeneities especially strongly. In some cases of large
values of the jU j (> 60 V) relative di�erences between modelling results for the APPL
and APPL2 exceed 40%. From this model study, we can conclude that e�ects originating
from 3-D conductivity inhomogeneities are not fully eliminated during the integration of
the GEF. Obviously, the strength of these e�ects depends on the actual geometry of the
transmission networks, which is far more complex than that considered in this chapter.

Nevertheless, our results agree with results of Lucas et al. (2018), who calculated volt-
ages across actual power transmission lines in the mid-Atlantic region of the United States.
They convolve experimental MT impedances (both regional 1-D scalar impedances, and
3-D tensor impedances estimated from the EarthScope MT data) to calculate the GEF
and then compute voltages from the GEF. Their results show that the use of 3-D impedances
(which allows to take e�ects from 3-D landmass inhomogeneities into consideration) pro-
duces substantially more spatially variable GEF than this calculated utilising regional 1-D
impedances, and that the integration of the GEF along power transmission lines does not
necessarily smooth out the variability of the GEF.

4.3.4 Spatially nonuniform versus plane wave source

All results presented in previous sections are obtained using a laterally varying (MHD)
source. One can argue that this is an unnecessary complication since the considered region
(eastern United States) mostly lies in mid-latitudes and the plane wave approach (Kelbert
et al., 2017; Torta et al., 2017; Lucas et al., 2018; Love et al., 2019; Campanya et al., 2019)
is su�cient to reproduce the GEF in the region. In this section, we explore whether this
is indeed the case by comparing the GEF calculated using the MHD source and the GEF
obtained using a plane wave concept. The plane wave results are obtained as follows.

1. 3-D EM forward modelling is carried out with two (laterally uniform) plane wave
sources at FFT frequencies corresponding to periods from 2 min to 48 h. Calcu-
lations are performed using the APPL 3-D conductivity model. 3-D MT inter-site
impedances Zi(!; rs; rb) (Hermance and Thayer, 1975; Kruglyakov and Kuvshinov,
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ProÞle parallel to the coastline
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Figure 17. Left Þgures: time series of absolute values of the integrated geoelectric Þeld along the whole

land parts of the proÞles through New York City (upper left Þgure) and Washington, D.C. (lower left Þgure)

for a model with homogeneous landmass (with conductivity of! l = 0.001S/m Ð blue curves) and the APPL

model (red curves). Right Þgures: the relation between the absolute values of the integrated geoelectric Þeld

along the whole land parts of the proÞles for the APPL model and relative di!erences between the results of

the geoelectric Þeld integration along the whole land parts of the proÞles through New York City (right upper

Þgure) and Washington, D.C. (right lower Þgure) for two aforementioned models.
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Figure 4.13: See the caption of this �gure on the next page.
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Figure 4.13: Left: time series of jU j along three pro�les calculated in the APPL and
APPL2 (with laterally homogeneous landmass conductivity) models. Right: absolute
di�erences between U calculated in the APPL and APPL2 models versus jU j calculated in
the APPL model. Lines marking relative di�erences (from 10 to 50%) between the APPL
and APPL2 modelling results are also demonstrated; for instance, for all the circles lying
above 10% line the di�erence between modelling results is larger than 10%.

2019; Campanya et al., 2019) that relate the surface horizontal electric �eld at each
grid point rs with the surface horizontal magnetic �eld at a �xed base site rb

Eh(!; rs) =
1
�0
Zi(!; rs; rb)Bh(!; rb); Zi(!; rs; rb) =

 
Zi
xx Zi

xy

Zi
yx Zi

yy

!

; (4.1)

are then calculated for each FFT frequency !. In this model study, rb coincides
with the location of the FRD observatory.

2. Time-varying horizontal magnetic �eld at the location of the FRD, which was cal-
culated earlier via 3-D EM forward modelling using the MHD source and the APPL
model, is Fourier transformed to obtain BMHD

h (!; rFRD). This �eld is considered as
a �true� magnetic �eld, thus mimicking the actual magnetic �eld measured at the
FRD observatory.

3. The (horizontal) GEF is calculated for each frequency and each grid point as:

Epw
h (!; rs) =

1
�0
Zi(!; rs; rFRD)BMHD

h (!; rFRD): (4.2)

4. Finally, an inverse FFT is performed for the frequency-domain GEF to obtain the
�plane wave� GEF in the time domain.

Left plots in Figure 4.14 show the spatial distribution of the GEF at 12:59 UT calcu-
lated using the plane wave approach described above, whereas the right plots present the
di�erence between results calculated using the MHD source and plane wave results. Inter-
estingly, the di�erence between results is large not only in the northern part of the model,
where the source reveals large spatial gradients (see Figure 4.5) but also in the southern
part, especially in the regions with large lateral contrasts of conductivity. Figure G.7 in
Appendix G shows in a similar manner the results at 12:31 UT.

Figure 4.15 demonstrates the comparison of the GEF time series at locations of two
observatories, FRD and OTT (see Figure 4.1), calculated using the MHD and plane wave
sources. It is seen that for FRD observatory location modelling results di�er insigni�-
cantly. The di�erence between modelling results for OTT observatory is expectedly large
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Figure 5. Left Þgures: snapshots of electric Þeld components parallel (upper Þgures) and perpendicular

(lower Þgures) to proÞles through New York City and Washington, D.C. at 12:59 UT on 17 March 2015.

Right Þgures: the di!erence between the results of 3-D and 1-D modeling at 12:59 UT on 17 March 2015 (the

di!erence is demonstrated only for land areas). The calculations were carried out for a model with landmass

conductivity of 0.01 S/m.
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results for models with landmass conductivities of! l = 0.01 S/m (Figures??.c) and??.d))272

and ! l = 0.001 S/m (Figures??.e) and??.f)). Surprisingly, when comparing the results273

for models with landmass conductivities of! l = 0.01 S/m and! l = 0.001 S/m we do274

not necessary see the ampliÞcation of the geoelectric Þeld for a model with more resistive275

landmass. But it is clear, that the behavior of the Þeld is much more complex for a model276

with ! l = 0.001 S/m and is characterized by the presence of extremely large vectors at the277

borders of conductivity contrasts, that are well visible in Figure??.f).278

Figure 4.14: Left: snapshots of the GEF components perpendicular (top) and parallel
(bottom) to the coastline calculated in the APPL model using the plane wave approach.
Right: the di�erence between results calculated using laterally nonuniform (MHD) source
and plane wave approach. The results are shown at 12:59 UT on 17 March 2015. Note
di�erent colour scales in left and right plots.

due to e�ects from noticeable lateral (see, again, Figure 4.5) variability of the MHD
source.

Similar results were reported by Love et al. (2019), who studied the GEF behaviour in
the northeastern United States using measured MT impedance tensors. They noted that
in this region it would be di�cult to map GEF variations over the course of an individual
magnetic storm using geomagnetic �eld data from sparsely distributed observatories and
exploiting a plane wave approach since storm-time signals are most probably not fully
consistent with the plane wave approximation.
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Fredericksburg observatory

Ottawa observatory

Figure 13. Comparison of 3-D electric Þeld time series for a model with homogeneous landmass conduc-

tivity ( ! l = 0.001S/m Ð red curves) and the APPL model (blue curves) for New York City and Washington,

D.C. locations from 00:00 UT, 17 March 2015 to 23:59 UT, 18 March 2015.
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Figure 4.15: Time series of the GEF at FRD and OTT observatories’ locations calcu-
lated using laterally nonuniform (MHD) source and plane wave approach. Simulations
were carried out for the APPL model. Results are demonstrated for GEF components
perpendicular and parallel to the coast. Absolute di�erences between results are also
shown (the second and the fourth rows).

Figure 4.16 is the analog of Figure 4.12 demonstrating jU j along three pro�les at two
time instants for plane wave GEF. jU j along the pro�le parallel to the coastline is not
strongly a�ected by the change of the source, at least for the selected time instants. The
di�erence between modelling results for the two aforementioned sources is especially large
for the NYC pro�le due to its more northern location.
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d: Distance along proÞle [km]

|U
(d

)|
[V

]

0 200 400 600 800
0

20

40

60

80

100

120

140

1 d: Distance along proÞle [km]

|U
(d

)|
[V

]

0 200 400 600 800
0

20

40

60

80

100

120

140

1

Figure 14. Comparison of the integrated geoelectric Þeld along land parts of the proÞles through New

York City (upper Þgure) and Washington, D.C. (lower Þgure) for a model with homogeneous landmass (with

conductivity of! l = 0.001S/m Ð blue curves) and the APPL model (red curves) at 12:31 UT, 17 March 2015

(left Þgures) and 12:59 UT, 18 March 2015 (right Þgures). Black dashed curves are the relative di!erences

between integrated geoelectric Þelds for two aforementioned models. Solid vertical black lines mark the cen-

ters of the cities. Dashed vertical black lines mark the coasts. A and D are land parts of proÞles through New

York City and Washington, D.C., correspondingly.
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Figure 4.16: See the caption of this �gure on the next page.
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Figure 4.16: Absolute values of voltages (integrated GEF), jU j, along three pro�les
calculated using laterally nonuniform (MHD) source and plane wave approach, and their
absolute di�erences. The results are presented as a function of interval of integration, d,
at 12:31 UT (left) and 12:59 UT (right), 17 March 2015. Modellings were carried out
for the APPL model. Top and middle: jU j along land parts of NYC and WDC pro�les,
respectively. Bottom: jU j along the coastal pro�le. Solid vertical black lines mark the
centres of the cities. Dashed vertical black lines mark the coasts. A and D are land parts
of NYC and WDC pro�les, respectively. Note di�erent scales in all plots.

Figure 4.17 is similar to Figure 4.13. Left plots demonstrate time series of jU j along
NYC, WDC, and coastal pro�les for two aforementioned sources. One can see that jU j
along NYC pro�le is strongly a�ected by the change of the source. For many time instants,
the voltages calculated with spatially nonuniform source are much larger than the voltages
calculated with plane wave source. The right plots in Figure 4.17 show the absolute
di�erences between jU j calculated with the MHD and plane wave sources versus jU j
calculated with the MHD source. As it was previously noted, the change of the source
dramatically a�ects jU j along NYC pro�le. The absolute di�erence between voltages
reaches almost 60 V. For many time instants with large jU j, the relative di�erence between
modelling results is larger than 20%. For the WDC pro�le the di�erence between jU j is
still quite large (maximum absolute di�erence exceeds 50 V) but smaller than in the case
of the NYC pro�le, which is also expressed in smaller values of the relative di�erences.
jU j along pro�le parallel to the coastline is not a�ected by the change of the source as
strongly as jU j along NYC and WDC pro�les. The absolute di�erence does not exceed 25
V; the relative di�erence for time instants of peak ampli�cation of the GEF usually does
not exceed 10%.

4.4 Concluding remarks

In this chapter, we used a 3-D EM forward modelling framework, as described in Chapter 2
of the current thesis, to explore the GEF behaviour in the eastern United States during
the St. Patrick’s Day geomagnetic storm in March 2015. The source that induces the
conducting earth during this event was retrieved from a dedicated MHD simulation. By
exploiting MHD models, one has an opportunity to specify both large-scale (mid-latitude)
and small-scale (high-latitude) inducing sources.

First, we explored the coastal e�ect using a 3-D model with laterally uniform landmass
conductivity. According to modelling results, and as expected, the coastal e�ect can pen-
etrate deep (several hundred kilometers) on land. The magnitudes of the GEF obtained
using 3-D modelling can exceed the results of 1-D modelling by about a factor of 2 � 3
in the coastal areas. The severity of the coastal e�ect strongly depends on the choice
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ProÞle through Washington, D.C.
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ProÞle parallel to the coastline
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Figure 15. Left Þgures: time series of absolute values of the integrated geoelectric Þeld along the whole

land parts of the proÞles through New York City (upper left Þgure) and Washington, D.C. (lower left Þgure)

for a model with homogeneous landmass (with conductivity of! l = 0.001S/m Ð blue curves) and the APPL

model (red curves). Right Þgures: the relation between the absolute values of the integrated geoelectric Þeld

along the whole land parts of the proÞles for the APPL model and relative di!erences between the results of

the geoelectric Þeld integration along the whole land parts of the proÞles through New York City (right upper

Þgure) and Washington, D.C. (right lower Þgure) for two aforementioned models.

375

376

377

378

379

380

381

Figure 4.17: See the caption of this �gure on the next page.
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Figure 4.17: Left: time series of jU j along three pro�les calculated using laterally
nonuniform (MHD) source and plane wave approach. Right: absolute di�erences between
U calculated using two aforementioned sources versus jU j calculated using the MHD
source. Modellings were carried out for the APPL model. Lines marking relative di�er-
ences (from 10 to 50%) between U calculated using two aforementioned sources are also
demonstrated; for instance, for all the circles lying above 10% line the di�erence between
modelling results is larger than 10%.

of the (homogeneous) landmass conductivity; the smaller the landmass conductivity the
stronger the e�ect. We analysed the GEF behaviour along a few pro�les that mimic
transmission lines in the region and found that the lines perpendicular to the coast are
more a�ected by the coastal e�ect than those parallel to the coast.

The incorporation of realistic landmass 3-D conductivity heterogeneities into the model
dramatically in�uences the GEF behaviour on land. E�ects originating from these het-
erogeneities appear to be comparable in magnitude to the coastal e�ect. These e�ects
can also signi�cantly in�uence the values of the integrated GEF (voltages). This result is
of special importance since the computation of GIC relies on voltages but not on GEFs
themselves. It emphasises the necessity of realistic 3-D regional conductivity models’
usage for rigorous geoelectric hazard assessment.

We also compare the GEF and voltages induced by a laterally varying (MHD) source
to those calculated using a plane wave method and show that the di�erence is noticeable
even in middle latitudes that are commonly considered to be negligibly a�ected by lateral
nonuniformity of the source. Overall, the di�erences in the GEF and integrated GEF
increase towards the north of the model, where, as expected, the e�ects from high-latitude
(laterally variable) external currents become signi�cant.

A �nal remark concerns the comparison of modelling results with observations. Such
comparison is omitted in the main text of the chapter and is available in Appendix G
(Figures G.8 and G.9 for FRD and OTT observatories, respectively; comparison is limited
to magnetic �eld only, since there were no electric �eld measurements at FRD and OTT
at the time of the event). The �t of the modelling results and observations is encouraging,
both in terms of amplitudes and long-period variations. However, so far it is most likely
not possible to reproduce the exact EM �eld variations using the MHD modelling. At
the same time, the use of the MHD modelling allows to simulate long-period trends in
the observations with a certain level of accuracy. Recently this was also demonstrated
by Liemohn et al. (2018), who were able to reliably reproduce the Dst index dynamics
during the 27-month time interval using the SWMF.
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Summary

In this chapter, we compare the results of the GEF (and ground magnetic �eld) simula-
tions using three di�erent source models. Two models represent the source as a laterally
varying sheet current �owing above the Earth. The �rst model is constructed using the
results of a physics-based 3-D MHD simulation of near-Earth space, the second one uses
ground-based magnetometers’ data and the SECS method. The third model is based
on a local plane wave approximation, which assumes that the source is locally laterally
uniform. Fennoscandia is chosen as a study region and the simulations are performed for
the 7 � 8 September 2017 geomagnetic storm. We conclude that ground magnetic �eld
perturbations are reproduced more accurately using the source constructed via the SECS
method compared to the source obtained on the basis of MHD simulation outputs. We
also show that the di�erence between the GEF modelled using laterally nonuniform source
and local plane wave approximation is substantial in Fennoscandia. The 3-D EM forward
modelling in this chapter is carried out via PGIEM2G code (Kruglyakov and Kuvshinov,
2018).

5.1 Construction of a 3-D conductivity model

The 3-D conductivity model of the region was constructed using the SMAP (Korja et al.,
2002) � a set of maps of crustal conductances (vertically integrated electrical conductiv-
ities) of the Fennoscandian Shield, surrounding seas, and continental areas. The SMAP
consists of six layers of laterally variable conductance. Each layer has a thickness of 10 km.
The �rst layer comprises contributions from the seawater, sediments, and upper crust.
The other �ve layers describe conductivity distribution in the middle and lower crust.
SMAP covers 0�E � 50�E and 50�N � 85�N area and has 50 � 50 resolution. We converted
the original SMAP into a Cartesian 3-D conductivity model of Fennoscandia with three
layers of laterally variable conductivity of 10, 20, and 30 km thicknesses (Figures 5.1 a �
c). This vertical discretisation is chosen to be compatible with that previously used by
Rosenqvist and Hall (2019) and Dimmock et al. (2019, 2020) for GIC studies in the re-
gion. Conductivities in the second and the third layer of this model are simple averages of
the conductivities in the corresponding layers of the original conductivity model with six
layers. To obtain the conductivities in Cartesian coordinates we applied the Transverse
Mercator map projection (latitude and longitude of the true origin are 50�N and 25�E,
correspondingly) to original data and interpolated the results onto a regular lateral grid.
The lateral discretisation and the size of the resulting conductivity model were taken
as 5 � 5 km2 and 2550 � 2550 km2, respectively. Deeper than 60 km we used a 1-D
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conductivity pro�le obtained by Grayver et al. (2017) (cf. Figure 5.1 d).
manuscript submitted to Space Weather

a) depth: 0-10 km b) depth: 10-30 km

c) depth: 30-60 km d) 1-D conductivity proÞle

Figure 1. Conductivity distribution [S/m] in the model: a)Ðc) Plane view on 3 layers of the

3-D part of the model; d) global 1-D conductivity proÞle derived by Grayver et al. (2017) and

used in this study. Locations of geomagnetic observatories Abisko (ABK), Uppsala (UPS) and

Saint Petersburg (SPG) are marked with circles in plot (a).

Flight Center. The version of the SWMF is v20140611. Details and results of the run153

are available at the CCMC website (https://ccmc.gsfc.nasa.gov , run number Naomi154

Maruyama011818 1).155

2.3.2 Construction of the source using the SECS method156

The second approach to the EM induction source setting is the construction of the157

equivalent current using the SECS method (Vanham¬aki & Juusola, 2020). In this ap-158

proach the elementary systems form a set of basis functions for representing two-dimensional159

vector Þelds on a spherical surface. An important application of the SECS method, which160

is relevant for this study, is the estimation of the ionospheric current system based on161

the magnetic disturbance Þeld it creates on the ground. Elementary current systems, as162

applied to ionospheric current systems, were Þrst introduced by Amm (1997).163

Ð5Ð

Figure 5.1: Conductivity distribution [S/m] in the model: (a�c) plane view on 3 layers
of the 3-D part of the model; (d) global 1-D conductivity pro�le derived by Grayver et al.
(2017) and used in this study. Locations of geomagnetic observatories Abisko (ABK),
Uppsala (UPS), Saint Petersburg (SPG), and P1, P2, and P3 points are marked with
circles in plot (a).

5.2 EM induction source settings

In this section, we discuss the construction of two models of a laterally variable source
and also explain how the EM �eld is calculated in the framework of plane wave (laterally
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uniform source) concept. The sources are set up for the geomagnetic storm on 7 � 8
September 2017, more speci�cally, for 8 hours time period from 20:00 UT, 7 September
2017 to 03:59 UT, 8 September 2017, thus, before and during the main phase of the storm.
The Dst index during this geomagnetic storm reached -124 nT according to the World
Data Center of Kyoto (http://wdc.kugi.kyoto-u.ac.jp/dstdir/). More details on
the September 2017 storm can be found in Linty et al. (2018) and Dimmock et al. (2019).

5.2.1 Construction of the source on the basis of an MHD simu-

lation

The SWMF run, results of which are used in the current study, was performed at NASA’s
Community Coordinated Modeling Center (CCMC) at the Goddard Space Flight Cen-
ter. The version of the SWMF is v20140611. 1-min OMNI solar wind data were used
as an input in this run. The F10.7 cm �ux was set to 130.4. Details and results of
the run are available at the CCMC website (https://ccmc.gsfc.nasa.gov, run num-
ber Naomi_Maruyama_011818_1). More information on the SWMF is presented in Ap-
pendix D.

Figure 5.2 demonstrates snapshots of the external magnetic �eld components (ob-
tained based on MHD simulation outputs) at 23:16 and 23:52 UT on 7 September 2017
(during the main phase of the geomagnetic storm). Note that the ring current is mod-
elled by the Inner Magnetosphere module of the SWMF (see Appendix D.2), but its
impact is hardly visible in the plots as geomagnetic disturbances in high-latitude regions
signi�cantly exceed those in middle and low latitudes in magnitude.

We would like to note that we also performed two additional SWMF simulations with
the same input parameters as were used in the CCMC Naomi_Maruyama_011818_1 run
but with di�erent spatial resolutions at the inner boundary of the modelling domain,
namely, 0.125 and 0.0625 RE (where RE is the Earth radius). External magnetic �elds
(not shown in the chapter) from higher-resolution MHD simulations appeared not to di�er
signi�cantly from those obtained on the basis of Naomi_Maruyama_011818_1 run in the
region of our interest. Taking into account that small di�erences in the external magnetic
�eld should not notably a�ect modelling results, we construct the �MHD-based� source
using Naomi_Maruyama_011818_1 simulation outputs.

5.2.2 Construction of the source using the SECS method

The second model of the source was constructed using the SECS method (Vanhamäki and
Juusola, 2020). In this method, the elementary current systems form a set of basis func-
tions for representing 2-D vector �elds on a spherical surface. An important application of

http://wdc.kugi.kyoto-u.ac.jp/dstdir/
https://ccmc.gsfc.nasa.gov
Naomi_Maruyama_011818_1
Naomi_Maruyama_011818_1
Naomi_Maruyama_011818_1
Naomi_Maruyama_011818_1
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Bx

By

Bz

Figure 2. Global snapshots of the external magnetic Þeld components at the surface of the

Earth computed on the base of the SWMF outputs at 23:16 and 23:52 UT on 7 September 2017.

Bx , By and Bz are northward, eastward and downward directed components, respectively.

the magnetic disturbance Þeld it creates on the ground. Elementary current systems, as162

applied to ionospheric current systems, were Þrst introduced by Amm (1997).163

With the help of the SECS technique it is possible to separate the measured Þeld164

into external and internal parts, which can be represented by two layers of equivalent165

currents placed in the ionosphere and underground (Pulkkinen et al., 2003). In this study166

we employ this technique to simulate the external current (j ext (t, r ) in eq. 1) dynamics167

during 8 h of the 7-8 September 2017 geomagnetic storm.168
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Figure 5.2: Global snapshots of the external magnetic �eld components at the Earth’s
surface computed based on the SWMF outputs at 23:16 and 23:52 UT on 7 September
2017. Bx, By, and Bz are northward, eastward, and downward directed components,
respectively.

the SECS method is the estimation of the ionospheric current system from ground-based
measurements of magnetic �eld disturbances. Note that elementary current systems, as
applied to ionospheric current systems, were �rst introduced by Amm (1997).
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With the help of the SECS technique, it is possible to separate the measured mag-
netic �eld into external and internal parts, which are represented by two equivalent sheet
currents placed in the ionosphere and underground (Pulkkinen et al., 2003; Vanhamäki
and Juusola, 2020; Juusola et al., 2020).

To construct the external sheet current we used IMAGE 10 s vector magnetic �eld
data from all available stations, except for Rłst and Harestua, for which the baselines are
not yet determined. Baselines are subtracted from variometers’ measurements according
to the method of van de Kamp (2013). Ionospheric current density is computed using the
2-D SECS method (Vanhamäki and Juusola, 2020) with the following parameters:

� Altitude of the ionospheric equivalent current sheet: 90 km;

� Depth of the induced telluric equivalent current sheet: 0.001 km;

� Latitude resolution of the SECS grid: 0:5�;

� Longitude resolution of the SECS grid: 1�;

� Latitude range of the grid: from 52�N to 79�N;

� Longitude range of the grid: from 4�E to 42�E;

Note that extrapolation of the equivalent current density up to 42�E is performed
in order to cover the whole region of Fennoscandia, even though the estimates of the
equivalent current far from the stations are less reliable. This applies not only to estimates
in areas outside the region covered by the stations but also to estimates within this region
at locations where the distances between stations are large.

Figure 5.3 demonstrates snapshots of equivalent current components at 23:16 and
23:52 UT on 7 September 2017.

We further perform the equivalent current extrapolation in order to ensure its smooth
decay outside the region covered by the data. This is done to avoid the occurrence of
artifacts from the edges of the current sheet. We also reduce the temporal resolution of
the estimated equivalent current from 10 s to 1 min in order to perform a comparison of
modelling results obtained via the MHD- and SECS-based sources. We then project the
current density onto a region of interest and perform vector rotation, which is required
for the results’ transition from spherical to Cartesian coordinate system. After that, we
interpolate the current density onto a regular Cartesian grid.

5.2.3 Local plane wave modelling

The scheme of the GEF calculation via the plane wave approach di�ers from the one
described in Section 4.3.4. The local plane wave modelling results are obtained as follows:
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¥ Altitude of the ionospheric equivalent current sheet: 90 km;175

¥ Depth of the induced telluric equivalent current sheet: 0.001 km;176
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¥ Longitude resolution of the output grid: 1! .180

¥ Latitude range of the grid: from 59! N to 79! N;181
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23:52 UT on 7 September 2017.189
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Figure 3. Snapshots of the equivalent current components computed using the SECS method

at the surface of the Earth at 23:16 and 23:52 UT on 7 September 2017. j x and j y are northward

and eastward directed components, respectively.

We further perform the data extrapolation in order to ensure smooth current at-190

tenuation outside the region covered by the data. This is done to avoid the appearance191
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Figure 5.3: Snapshots of the magnitude and direction of the equivalent current computed
using the SECS method at an altitude of 90 km above the surface of the Earth at 23:16
and 23:52 UT on 7 September 2017. Locations of IMAGE magnetometers (including
Abisko (ABK) and Uppsala (UPS)), the data from which were used for the equivalent
current construction, are marked with squares. The location of the Saint Petersburg
(SPG) geomagnetic observatory is marked with a circle. Note that SPG is not a part
of the IMAGE magnetometers network and its magnetic �eld data were not used for
the equivalent current construction. The data from Rłst and Harestua magnetometers
were not used in the equivalent current construction. That is why their locations are not
marked in the �gures.

1. 3-D EM forward modelling is carried out with two (laterally uniform) plane wave
sources for the SMAP conductivity model at FFT frequencies corresponding to
periods from 2 min to 8 h. 3-D MT impedances Z(!; r) (Berdichevsky and Dmitriev,
2008) that relate the surface horizontal electric �eld with the surface magnetic �eld
at each grid point r

Eh(!; r) =
1
�0
Z(!; r)Bh(!; r); Z(!; r) =

 
Zxx Zxy
Zyx Zyy

!

; (5.1)

are then calculated for each FFT frequency !.

2. We then consider the magnetic �eld modelled using the PGIEM2G code and the
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SECS-based source as the �true� magnetic �eld, thus mimicking the actual magnetic
�eld in the region.

3. Further, the horizontal GEF is calculated for each frequency and each grid point r
as

Epw
h (!; r) =

1
�0
Z(!; r)BSECS

h (!; r): (5.2)

4. Finally, an inverse FFT is performed for the frequency-domain GEF to obtain the
�plane wave� GEF in the time domain.

5.3 Results

5.3.1 Comparing results at a number of locations in the region

We �rst compare modelled and recorded magnetic �eld variations at locations of geomag-
netic observatories Abisko (ABK), Uppsala (UPS), and Saint Petersburg (SPG) during
the considered event. Observatories’ locations are shown in Figure 5.1. The sampling
rate of time series is 1 min. The linear trend was removed from observatory data before
comparing them with modelling results.

Three upper plots in Figures 5.4 � 5.6 demonstrate time series of (total, i.e. exter-
nal + induced) magnetic �eld modelled using MHD- and SECS-based sources (hereinafter
to be referred as MHD-based and SECS-based magnetic �elds), as well as time series of
the observed magnetic �elds. We do not show �plane wave� magnetic �elds in these plots
because by construction they coincide with the SECS-based magnetic �eld (see the second
item in Section 5.2.3). It is seen that the agreement between SECS-based and observed
magnetic �elds for ABK and UPS observatories is very good in all components. This
is not very surprising because magnetic �eld data from these observatories were used to
construct the SECS source. As the construction is based on the least-square approach, it
inevitably attempts to make predictions close to observations. In this context probably
the most interesting comparison is for the SPG observatory, since this observatory is not
a part of the IMAGE array and its data were not used for the SECS source construction.
Remarkably, the agreement between SECS-based and observed magnetic �elds for SPG is
also good, except for By component. The disagreement in By may be due to a localised
geomagnetic disturbance, which is not accounted for in the SECS source model. Table 5.1
supports quantitatively the above observations by presenting correlation coe�cients be-
tween corresponding time series and the normalised root-mean-square errors (nRMSE),
which are de�ned as
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Table 5.1: Normalised root-mean-square errors and correlation coe�cients between
SECS-based and observed magnetic �elds at Abisko (ABK), Uppsala (UPS) and Saint
Petersburg (SPG) geomagnetic observatories. The results are shown for a time window
from 20:00 UT, 7 September 2017 to 03:59 UT, 8 September 2017.

ABK UPS SPG
nRMSE(Bx;SECS,Bx;obs) 0.14 0.52 0.34
nRMSE(By;SECS,By;obs) 0.32 0.5 1.17
nRMSE(Bz;SECS,Bz;obs) 0.28 0.27 0.31
corr(Bx;SECS,Bx;obs) 0.99 0.92 0.95
corr(By;SECS,By;obs) 0.95 0.93 0.39
corr(Bz;SECS,Bz;obs) 0.97 0.98 0.95

Table 5.2: The same caption as in Table 5.1 but for the MHD-based magnetic �eld.

ABK UPS SPG
nRMSE(Bx;MHD,Bx;obs) 0.78 0.77 0.73
nRMSE(By;MHD,By;obs) 1 1.25 1.06
nRMSE(Bz;MHD,Bz;obs) 0.81 0.81 0.76
corr(Bx;MHD,Bx;obs) 0.67 0.72 0.7
corr(By;MHD,By;obs) 0.15 0.28 0.18
corr(Bz;MHD,Bz;obs) 0.62 0.8 0.78

nRMSE(a; b) =

vuut
nP

i=1
(ai � bi)2

n

,
vuut

nP

i=1
b2
i

n
; (5.3)

where a and b are modelled and observed time series, respectively, ai and bi are elements
of these time series, and n is the number of these elements.

An nRMSE of zero indicates that the agreement between two time series is perfect.
An nRMSE above one indicates that one time series signi�cantly diverges from the other.

It is also seen from Figures 5.4 � 5.6 and Table 5.2 that the agreement between MHD-
based and observed magnetic �elds is signi�cantly worse for all considered observatories
and all components. The agreement is especially bad in the By component. On the whole,
the magnitude of MHD-based magnetic �eld perturbations is underestimated (compared
to the SECS-based and observed magnetic �eld perturbations). Moreover, MHD-based
magnetic �eld captures less of the short-period variability. These results are consistent
with results of Kwagala et al. (2020), who carried out SWMF simulations for a number of
space weather events and compared SWMF-based (external) magnetic �elds with observed
ones at a number of locations in northern Europe. According to their modelling results,
the SWMF predicts the northward component of external magnetic �eld perturbations
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ABK (latitude: 68.358, longitude: 18.823)

Figure 4. Results of 3-D modeling on the base of an MHD simulation (red), with the help of

the SECS method (blue), using the plane wave approach (green, only electric Þeld components)

and magnetic Þeld observations (black) at Abisko (ABK) geomagnetic observatory from 20:00

UT, 7 September 2017 to 03:59 UT, 8 October 2017. 3 upper plots: comparison of modeled and

observed magnetic Þelds; 2 lower plots: modeled electric Þeld.

According to our modeling results values of the horizontal GEF magnitude com-258

puted using the SECS method strongly exceed those calculated on the base of MHD sim-259

ulation outputs throughout the Fennoscandian region.260

3.3 Comparison of the GEF calculated using the SECS and plane wave261

methods262

The plane wave approximation is commonly used for the GEF estimation in the263

GIC research. However, the ionospheric current systems in high-latitude regions are spa-264
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Figure 5.4: Three upper plots: modelled and observed time series of magnetic �eld at
Abisko (ABK) geomagnetic observatory. Two lower plots: modelled time series of hori-
zontal electric �eld. The results are shown for a time window from 20:00 UT, 7 September
2017 to 03:59 UT, 8 September 2017. Vertical dashed lines mark time instants (23:16 and
23:52 UT 7 September 2017), for which the results in Figures 5.2, 5.3, and 5.8 � 5.9 are
shown.

better than the eastward component in auroral and subauroral regions, which is also
the case in our modelling of the total magnetic �eld. As it was mentioned by Kwagala
et al. (2020), poor prediction of the eastward component of magnetic �eld perturbations is
directly related to the northward current density in the ionosphere and may arise from the
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UPS (latitude: 59.903, longitude: 17.353)

Figure 5. The same legend as in Figure 4 but for Uppsala (UPS) geomagnetic observatory.

tially variable, and it is generally accepted that the application of the plane wave method265

is limited in these regions. In this section we examine how large the di!erence between266

GEFs computed with nonuniform and plane wave sources actually is in the Fennoscan-267

dian region.268

Left plots in Figure 10 show snapshots of the horizontal GEF magnitude computed269

using the EM induction source constructed via the SECS method. Middle plots in this270

Þgure demonstrate snapshots of the horizontal GEF magnitude computed using the plane271

wave method. Right plots show the absolute di!erences between magnitudes of the GEF272

calculated using these two methods. Modeling results are again demonstrated at two time273

instants: 23:16 (upper plots) and 23:52 (lower plots) UT 7 September 2017.274
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Figure 5.5: The same caption as in Figure 5.4 but for Uppsala (UPS) geomagnetic
observatory.

misplacement of the currents in the SWMF with respect to the magnetometer stations.
Finally, two lower plots in Figures 5.4 � 5.6 show plane-wave-, SECS- and MHD-based

horizontal GEF. Note that long-term continuous observations of GEF are absent in the
region, thus only modelling results are shown in the plots.

Similar to the MHD-based magnetic �eld, the MHD-based GEF is underestimated
compared to the SECS-based GEF. The correlation between these modelling results is
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SPG (latitude: 60.542, longitude: 29.716)

Figure 6. The same legend as in Figure 4 but for Saint Petersburg (SPG) geomagnetic obser-

vatory.

It is clear that the di!erence between the GEF modeling results for laterally nonuni-275

form source and plane wave excitation is signiÞcant in the Fennoscandian region. The276

largest di!erences occur in areas of strong lateral contrasts of conductivity (e.g., at the277

coasts) and at higher latitudes.278

4 Discussion and Conclusions279

In this work we performed 3-D modelings of the EM Þeld in the Fennoscandian re-280

gion during the 7-8 September geomagnetic storm in 2017. We used three di!erent meth-281

ods for the EM induction source setting. The Þrst technique is based on the retrieval of282

the equivalent current from the dedicated MHD simulation, as described in Ivannikova283
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Figure 5.6: The same caption as in Figure 5.4 but for Saint Petersburg (SPG) geomag-
netic observatory.

very low and nRMSE are high (see Table 5.3).
On the contrary, SECS- and plane wave-based electric �elds are rather close to each

other, especially at locations of UPS and SPG observatories; Table 5.4 illustrates this
quantitatively. Correlation between modelling results at ABK observatory is lower and
nRMSE is higher most likely due to the fact that this observatory is situated in the region
with high lateral conductivity contrasts (resistive landmass and conductive sea). To put
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Table 5.3: The same caption as in Table 5.1 but for the horizontal electric �eld.

ABK UPS SPG
nRMSE(Ex;MHD,Ex;SECS) 1.05 1.16 1.06
nRMSE(Ey;MHD,Ey;SECS) 1.05 1.29 1.24
corr(Ex;MHD,Ex;SECS) 0.001 0.12 0.06
corr(Ey;MHD,Ey;SECS) 0.09 0.05 0.06

Table 5.4: The same caption as in Table 5.1 but for the horizontal electric �eld, SECS-
and plane-wave-based results and for three extra locations.

ABK UPS SPG P1 P2 P3
nRMSE(Ex;SECS,Ex;pw) 0.42 0.16 0.17 0.85 0.81 0.83
nRMSE(Ey;SECS,Ey;pw) 0.54 0.12 0.2 0.79 0.75 0.78
corr(Ex;SECS,Ex;pw) 0.94 0.99 0.99 0.53 0.58 0.57
corr(Ey;SECS,Ey;pw) 0.86 0.99 0.98 0.62 0.66 0.63

more weight on this inference last three columns of Table 5.4 and Figure 5.7 demonstrate
SECS- and plane-wave-based results for three �sites� also located in the regions with high
lateral conductivity contrasts (their locations are shown in Figure 5.1). Now we observe
that the di�erence between the results is even more pronounced which is, in particular,
re�ects in lower correlation coe�cients and higher nRMSE.

5.3.2 Comparing results in the entire region

In contrast to the previous section, where we compared modelled and observed time series
of the EM �eld at a number of locations, in this section, we compare MHD-, SECS- and
plane-wave-based electric �elds in the entire region for two time instants discussed earlier
in the chapter.

Top and middle plots in Figure 5.8 show magnitudes of respective SECS- and MHD-
based GEF. Bottom plots show the absolute di�erences between corresponding GEF mag-
nitudes. It is seen that the SECS-based GEF signi�cantly exceeds the MHD-based GEF
throughout the Fennoscandian region and for both time instants. The largest di�erences
occur in areas of strong lateral contrasts of conductivity (e.g., at the coasts) and at higher
latitudes.

In a similar manner, Figure 5.9 presents the comparison of the SECS- and plane-
wave-based GEF. In contrast to MHD-based results, at a �rst glance magnitude of the
plane-wave-based GEF is in overall comparable with the SECS-based GEF (cf. top and
middle plots in the �gure). However, bottom plots show that the di�erence is substantial
but more localised (compared with the di�erence between SECS- and MHD-based results)
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occurring, again, in areas of strong lateral contrasts of conductivity and increasing towards
higher latitudes.

5.4 Concluding remarks

In this chapter, we performed 3-D modelling of the EM �eld in the Fennoscandian region
during the 7 � 8 September geomagnetic storm in 2017. The goal of this model study
was to explore to what extent the resulting EM �eld depends on the setup of the exter-
nal source, which induces this �eld. We have used three di�erent approaches to the EM
induction source setting. The �rst technique is based on the retrieval of the (laterally
variable) equivalent current from the dedicated MHD simulation. In the second method,
the laterally variable equivalent current is constructed on the basis of IMAGE magne-
tometers’ data using the SECS approach. The third technique exploits the local plane
wave concept, which implies that the source is laterally uniform locally.

Two main �ndings of the chapter are as follows. Magnetic �eld perturbations in
Fennoscandia are reproduced much more accurately using the SECS-based source rather
than the MHD-based source constructed using the SWMF. The di�erence between the
GEF modelled using the SECS-based laterally varying source and the plane wave exci-
tation is substantial in Fennoscandia, especially in areas of strong lateral contrasts of
conductivity (e.g., at the coasts), and at higher latitudes, where lateral variability of the
source becomes more pronounced.

From our study the reader may have a biased impression that the SECS-based current
system is an ideal source candidate for rigorous modelling (and eventually forecasting) of
the ground EM �eld due to space weather events. However, our vision of the problem is
that each source setting discussed in this study has its own advantages and drawbacks.

The MHD-based approach is the only one out of the considered three, which allows
researchers to forecast the space weather impact on ground-based technological systems.
This is possible due to the fact that MHD simulations are run on the basis of the satellite
solar wind data collected at the L1 Lagrange point. The solar wind has a typical speed of
300�500 km/s and, thus, the geomagnetic disturbance observed at the Earth’s surface is
usually lagged compared to the L1 point in the range of 30�90 min (Cameron and Jackel,
2019). This time is, obviously, reduced for fast coronal mass ejections. The initial speed
of one of the fastest recorded coronal mass ejections, which occurred on 23 July 2012
(but was not Earth-directed), was estimated as 2500 � 500 km/s (Baker et al., 2013).
Another advantage of the aforementioned method is the ability to compute the equivalent
current and, subsequently, the EM �eld for any point on Earth. It is noteworthy that this
method is not dependent on ground-based geomagnetic �eld observations. The drawback
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of the approach is that it is currently the least accurate among the considered modelling
techniques. Moreover, signi�cant computational resources (in terms of CPU time and
memory) are required to carry out MHD simulations. In spite of the fact that these
simulations are still rather far from reproducing actual ground geomagnetic disturbances
(as is shown once again in this chapter), there are continuing e�orts to improve the
predictive power of MHD models (e.g., Zhang et al. (2019)).

The SECS-based approach uses ground magnetometers’ data and, thus, does not have
forecasting capabilities. However, this method is the most accurate among all the con-
sidered approaches, but in order to properly capture the spatiotemporal evolution of the
source it requires a dense grid of continuous geomagnetic �eld observations in the region
of interest.

The plane wave method is most probably an optimal choice for the EM modelling (due
to space weather events) in low- and mid-latitude regions, provided MT impedances are
estimated in these regions on as regular and detailed grid as practicable. The plane wave
approach is the least computationally expensive among the three methods considered in
this study as MT impedances can be computed/estimated in advance and then convolved
with magnetic �eld which, again, requires a network of continuous geomagnetic �eld
observations in the region. However, the violation of the plane wave assumption in high
latitudes leads to signi�cant di�erences between the GEF modelled with the use of the
SECS-based laterally varying source and the plane wave approximation.
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P1 (latitude: 61.489, longitude: 7.495)

P2 (latitude: 61.905, longitude: 21.723)

P3 (latitude: 68.292, longitude: 36.696)

Figure 7. Results of 3-D modeling with the help of the SECS method (blue) and using the

plane wave approach (green, only electric Þeld components) at P1, P2 and P3 points from 20:00

UT, 7 September 2017 to 03:59 UT, 8 October 2017.
Ð16Ð

Figure 5.7: SECS- and plane-wave-based GEF modelling results at three �sites� located
in the regions with high lateral conductivity contrasts; locations of these sites are shown
in Figure 5.1.
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2017/09/07 23:16 UT 2017/09/07 23:52 UT
|Eh,SECS|

|Eh,MHD |

||Eh,SECS| ! | Eh,MHD ||

Figure 7. Snapshots of the horizontal GEF magnitude calculated in the SMAP model.

(left) The GEF magnitude computed using the EM induction source constructed via the SECS

method. (middle) The GEF magnitude computed on the base of MHD simulation outputs.

(right) Absolute di!erences between magnitudes of the GEF calculated using two aforementioned

methods. The results are shown at 23:16 (upper) and 23:52 (lower) UT 7 September 2017.

Ð16Ð

Figure 5.8: Top and middle: magnitudes of respective SECS- and MHD-based GEF.
Bottom: absolute di�erences between corresponding GEF magnitudes.
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2017/09/07 23:16 UT 2017/09/07 23:52 UT
|Eh,SECS|

|Eh,pw|

||Eh,SECS| ! | Eh,pw||

Figure 8. Snapshots of the horizontal GEF magnitude calculated in the SMAP model.

(left) The GEF magnitude computed using the EM induction source constructed via the SECS

method. (middle) The GEF magnitude computed using the plane wave approach. (right) Abso-

lute di!erences between magnitudes of the GEF calculated using two aforementioned methods.

The results are shown at 23:16 (upper) and 23:52 (lower) UT 7 September 2017.
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Figure 5.9: The same caption as in Figure 5.8 but for SECS- and plane-wave-based
GEF.



Chapter 6

Conclusions and outlook

This doctoral project aimed at developing an approach and tools for regional 3-D mod-
elling of EM �elds due to realistic geomagnetic disturbances with high spatial and tem-
poral resolution. To achieve this goal, I utilised state-of-the-art 3-D EM solvers allowing
to work with high-contrast 3-D conductivity models of the Earth and to use laterally
nonuniform current systems as sources of the EM induction.

During the course of this work, an approach to geospace and 3-D EM simulations’ cou-
pling was developed. This modelling concept involves four main steps: 1) running a global
MHD model of near-Earth space for geomagnetic disturbance of interest; 2) obtaining the
spatiotemporal distribution of the external magnetic �eld for this event on a regular grid
at the surface of the Earth on the basis of MHD modelling outputs; 3) converting the
external magnetic �eld into an equivalent current; 4) obtaining the spatiotemporal distri-
bution of the ground EM �eld for a given source and a given 3-D conductivity model of
the Earth in the region of interest via the 3-D EM forward modelling.

Using the developed approach, a series of model studies was performed.
The �rst study was carried out for the British Isles region. The main part of this study

aimed at exploring the coastal e�ect in detail and understanding the limitations of the
thin-sheet model widely used for estimating this e�ect. The results of the EM modelling
demonstrate that for the British Isles the thin sheet is a reasonable approximation if
variations with periods longer than a few minutes are considered. However, the use of
the 3-D modelling technique is required to deal with variations with periods of a few
seconds/tens of seconds.

The coastal e�ect was investigated in both frequency and time domains. It appears
that starting from the period of 50 s the GEF is distorted by the coastal e�ect practically
everywhere in the British Isles.

The ultimate goal of this study was to compare 3-D modelling results with obser-
vations. The comparison of modelled and observed magnetic �elds was carried out for

90
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four observatories in the British Isles region during the �rst day of the Halloween storm
in October 2003. It became clear that MHD models should be signi�cantly improved if
one wishes to predict EM e�ects realistically with the use of MHD simulations.

The second study was performed for the eastern United States and surrounding areas.
In this study, the inducing source model was constructed on the basis of MHD simulation
outputs for the so-called St. Patrick’s Day geomagnetic storm in March 2015. The e�ects
arising from conductivity contrasts were explored in detail for various conductivity mod-
els of the region, including a 3-D model obtained from the inversion of the EarthScope
project MT data. As expected, the GEF in the region is subject to a strong coastal
e�ect. Remarkably, e�ects from landmass conductivity inhomogeneities turned out to be
comparable to the coastal e�ect. These inhomogeneities signi�cantly a�ect the integrated
GEF. This result is of special importance since the computation of GIC relies on integrals
of the GEF (voltages) but not on the GEF itself. Finally, the GEF induced by a laterally
varying (MHD) source was compared with that calculated using a plane wave approxima-
tion. It was demonstrated that the di�erence is perceptible even in the regions that are
commonly considered to be negligibly a�ected by the lateral nonuniformity of the source.
Overall, the di�erence increases towards the north of the model, where the e�ects from
laterally variable high-latitude external currents become substantial.

The third study was performed for the region of Fennoscandia. In this study, the com-
parison of the GEF (and ground magnetic �eld) simulated using three di�erent source
models was carried out. Two models represent the source as a laterally varying sheet
current �owing above the Earth. The �rst model is constructed using results of a physics-
based 3-D MHD simulation of near-Earth space, the second one uses ground-based mag-
netometers’ data and the SECS method. The third model is based on the plane wave
approximation which assumes that the source is locally laterally uniform. The simula-
tions were performed for a geomagnetic storm, which occurred in September 2017. It was
demonstrated that ground magnetic �eld perturbations are reproduced more accurately
using the source constructed via the SECS method compared with the source obtained on
the basis of MHD simulation outputs. It was also shown that the di�erence between the
GEF modelled using laterally nonuniform source and local plane wave approximation is
substantial in Fennoscandia, especially in areas of strong lateral contrasts of conductivity
(e.g., at the coasts) and at higher latitudes, where lateral variability of the source becomes
more pronounced.

In this project, I did not compare modelled and observed GEF. As it was demon-
strated, the capabilities of coupled geospace and 3-D EM modellings in reproducing the
geomagnetic �eld at the surface of the Earth are limited and one should not expect a
good agreement between the observed GEF and GEF obtained on the basis of MHD
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simulation outputs. On the contrary, 3-D EM modelling with the use of the equivalent
current constructed on the basis of magnetometers’ data via the SECS method gives good
results in terms of the �t between modelled and observed magnetic �elds. Thus, this ap-
proach can be used to try to reproduce the GEF. In the future, I plan to perform such a
comparison for the Fennoscandian region utilising the GEF measurements made during
various MT surveys in the region, for instance, the Baltic Electromagnetic Array Re-
search (BEAR) project (Lahti et al., 2005) and MT soundings of the Ladoga conductivity
anomaly (Zhamaletdinov et al., 2019).

It should be noted that the actual GEF could be subject to strong galvanic distortions
(Chave and Jones, 2012) arising from very local conductivity heterogeneities that usually
cannot be accounted for during the 3-D modelling. However, galvanic e�ects can be
accounted for by estimating a so-called distortion matrix in a manner, which was proposed
by Püthe et al. (2014).

The �nal step of the space weather modelling pipeline, the calculation of GIC in the
actual power network, also was not considered in the current project. I plan to perform
such a calculation for the Kola Peninsula and Karelia, where the Polar Geophysical Insti-
tute and the Centre of Energy Problems of the Russian Academy of Sciences have been
performing GIC measurements since 2010. These data are available to the scienti�c com-
munity (Belakhovsky et al., 2019) and I am going to exploit them to validate my GIC
modelling.

I plan to continue working on the simulations of the EM �eld spatiotemporal evolution
and GIC in technological networks in high-latitude regions on the basis of advanced high
temporal and spatial resolution �rst-principles-based models’ outputs. Continuous e�orts
are being made to improve the performance of these models. One of the aspects requiring
improvement is the estimation of the ionospheric conductance in the auroral regions. The
impreciseness in estimating the auroral conductance impedes both the understanding
and predictive capabilities of the magnetosphere-ionosphere system during extreme space
weather events. Very recently a new advanced Conductance Model for Extreme Events
that estimates the auroral conductance from �eld-aligned current values was presented by
Mukhopadhyay et al. (2020). It was demonstrated that incorporation of this model within
the Ridley Ionosphere Model (Ridley et al., 2004) of the SWMF signi�cantly improves the
prediction of ionospheric currents, resulting in substantial improvement in the prediction
of the space weather impact on the ground. In the future, it would be possible to carry
out modelling of the ground EM �eld based on the outputs of the SWMF with an updated
model of ionospheric electrodynamics.

In my doctoral project, I used the SWMF simulations to construct the source, but in
the future, I envisage the work with the newly developed MHD code GAMERA (Zhang
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et al., 2019). This code carries on the legacy of its predecessor, the LFM MHD code
(Lyon et al., 2004). GAMERA preserves the core numerical philosophy of the LFM
while also incorporating numerous algorithmic and computational improvements. I have
already conducted a preliminary study using the LFMmodel coupled to the global 3-D EM
induction solver, X3DG (Kuvshinov, 2008), and obtained promising results (in terms of
the �t between modelled and observed magnetic �elds) for a magnetospheric substorm
event.

The �nal remark concerns the real-time modelling of the EM �eld for forecasting pur-
poses or, in other words, fast (tens of seconds) calculation of the EM �eld spatiotemporal
evolution based on the continuously augmented forecasted source data. This task seems
feasible if one invokes the concept of precomputed time-domain impulse responses of a 3-D
conducting medium. The methodology can be considered as an adaptation of the formal-
ism discussed in Grayver et al. (2021) to space weather applications. An implementation
of this technique is subject of my current work.
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Appendix A

Green’s function concept

The presentation in this section follows Section 2 in Kruglyakov et al. (2016).
In order to solve Maxwell’s equations (2.3�2.4), let us �rst consider a solution of

Maxwell’s equations in a 1-D background conductivity model �b � �b(z):

r�Hb = �bEb + jext; (A.1)

r� Eb = i!�0Hb: (A.2)

Eb and Hb = Bb
�0

will be further called the background electric and magnetic �elds,
respectively.

From these equations, by applying r� to (A.2) and using (A.1), we obtain the second-
order partial di�erential equation with respect to Eb:

r�r� Eb � i!�0�bEb = i!�0jext: (A.3)

Now let us introduce the �current-to-electric� Green’s function (dyad), Gej
�b

(r; r0),
which can be represented (in the Cartesian coordinate system) as a 3� 3 matrix

Gej
�b

(r; r0) =

0

BB@

Gej
xx Gej

xy Gej
xz

Gej
yx Gej

yy Gej
yz

Gej
zx Gej

zy Gej
zz

1

CCA ; (A.4)

where each column is a respective vector solution of the following equations:

r�r�Gej
x � i!�0�bGej

x = i!�0�(r� r0)ex; (A.5)

r�r�Gej
y � i!�0�bGej

y = i!�0�(r� r0)ey; (A.6)

r�r�Gej
z � i!�0�bGej

z = i!�0�(r� r0)ez: (A.7)
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Here r 2 IR3; r0 2 V ext, V ext is the volume occupied by jext, ex, ey, and ez are
orthonormal vectors of the Cartesian coordinate system, �(r�r0) is Dirac’s delta function,
Gej
x = (Gej

xx; Gej
yx; Gej

zx), Gej
y = (Gej

xy; Gej
yy; Gej

zy), Gej
z = (Gej

xz; Gej
yz; Gej

zz). Note that it is
assumed that for each solution the following behaviour on in�nity holds:

Gej
x ! 0; Gej

y ! 0; Gej
z ! 0; jrj ! 1: (A.8)

Note also that elements of the Green’s function depend not only on r and r0 but also
on the frequency ! and conductivity distribution �b(z):

Gej
�b

(r; r0) � Gej
�b

(!; r; r0; f�bg): (A.9)

Let us assume that we can compute/construct the solutions of equations (A.5�A.7) (see
Kruglyakov et al. (2016), Appendix A). Then we can determine the solution of equations
(A.1�A.2) via the following integral:

Eb(r) =
Z

V ext

Gej
�b

(r; r0)jext(r0) dv0: (A.10)

Here dv0 means that integration is performed with respect to r 0.
Two remarks are relevant at this point. First, with known source and Green’s function

one can compute Eb for any position r. Second, the background magnetic �eld, Hb, can
be computed as

Hb(r) =
Z

V ext

Ghj
�b

(r; r 0)jext(r0) dv0; (A.11)

where Ghj
�b

is the �current-to-magnetic� Green’s function.
Note that electric and magnetic �elds Eb and Hb depend not only on the position

vector r but also on the frequency ! and 1-D conductivity distribution �b(z):

Eb(r) � Eb(!; r; f�bg); (A.12)

Hb(r) � Hb(!; r; f�bg): (A.13)



Appendix B

Integral equation approach

The presentation in this section closely follows Section 2 in Kruglyakov et al. (2016).
By subtracting equations (A.1�A.2) from equations (2.3�2.4), one can obtain Maxwell’s

equations in the following form:

r� (H�Hb) = �E� �bEb; (B.1)

r� (E� Eb) = i!�0(H�Hb): (B.2)

Let us call the di�erence �elds �scattered� �elds and denote them as Es = E�Eb and
Hs = H�Hb. Also let us rewrite the right-hand side of equation (B.1) as

�E� �bEb = �E� �bEb + �bE� �bE = �bEs + jq (B.3)

and introduce �quasi-extraneous� current jq as

jq = (� � �b)E = �aE (B.4)

With this in mind equations (B.1�B.2) can be rewritten as

r�Hs = �bEs + jq; (B.5)

r� Es = i!�0Hs: (B.6)

Note that Es, Hs, and jq are complex-valued functions of !, r, and conductivity
distribution �(r).

When comparing equations (A.1�A.2) with equations (B.5�B.6), one can notice that
they are very similar. The di�erence is that instead of �elds Eb, Hb, and jext �elds Es, Hs,
and jq are considered. In analogy with (A.10) and (A.11), Es and Hs can be calculated
as
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Es(r) =
Z

V a

Gej
�b

(r; r0)jq(r0) dv0; (B.7)

Hs(r) =
Z

V a

Ghj
�b

(r; r0)jq(r0) dv0; (B.8)

where r 2 IR3; r0 2 V a, and V a is a modelling region, where �a(r) = �(r)� �b(z) di�ers
from 0, i.e. a volume occupied by anomalies.

We introduce the �scattered� current as

js = (� � �b)Eb = �aEb; (B.9)

and rewrite equation (B.4) in the following form:

jq = �aEs + js: (B.10)

If we restrict ourselves to r 2 V a, we obtain from equation (B.5) an IE with respect
to the unknown scattered electric �eld, Es

Es(r)�
Z

V a

Gej
�b

(r; r0)[�(r0)� �b(z0)]Es(r0)dv0 = E0(r); (B.11)

where the free term, E0(r), is given by

E0(r) =
Z

V a

Gej
�b

(r; r0)js(r0)dv0: (B.12)

Note that in Cartesian geometry (which is our case) an action of Green’s operator is
a convolution with respect to horizontal coordinates, which means that

Gej
�b

(r; r0) � Gej
�b

(x� x0; y � y0; z; z0): (B.13)

After discretisation, equation (B.11) can be solved using Krylov subspace iterations
(Greenbaum, 1997). However, for high-contrasting models the resulting system of linear
equations is poorly conditioned, which makes the numerical solution of equation (B.11)
unstable. The remedy to overcome this problem is discussed in Appendix C.



Appendix C

Contracting integral equation in a
nutshell

The presentation in this section closely follows Appendix D of Pankratov and Kuvshinov
(2016).

Let us represent IE (B.11) in the following operator form:

Es = AEs + E0; (C.1)

where
A = Gej

�b
� �a: (C.2)

Note that the composition operator A = Gej
�b
� �a acts on Es as AEs = Gej

�b
(�aEs).

The solution of eq. (C.1) can be written in the following form:

Es = (1� A)�1 E0; (C.3)

where 1 is a unit operator. If operator A is contracting (which means that kAk < 1) then
(1� A)�1 can be represented as

(1� A)�1 = 1 + A+ A2 + ::: ; (C.4)

and, thus, the solution of eq. (C.3) reads as the following Neumann series:

Es = (1� A)�1 E0 = E0 + AE0 + A(A(E0)) + ::: : (C.5)

Generally, contracting properties of operator Gej
�b
��a are not known to us. In Pankra-

tov et al. (1995), it is shown that the energy inequality for Maxwell’s equations can be
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expressed as
kK�bk � 1; (C.6)

or in an alternative form:

kK�b(�)k � k�k; for any vector �eld �; (C.7)

where
K�b = 1 + 2

p
�b �Gej

�b
�
p
�b: (C.8)

Energy inequality (C.7) is sharp in the following sense: it turns into equality for a
reference model with real-valued conductivity, which is our case. Using inequality (C.6)
it is possible to obtain a new scattering equation with contracting operator. Let us �rst
rewrite the scattering equation (C.1) in the form

x = Ax+ b; (C.9)

where x = Es, A = Gej
�b
� �a, and b = E0. Let us renormalise it as

x = P�+Q (C.10)

and
x+ �x = Ax+ �x+ b; (C.11)

with some unknown multipliers P (r), Q(r), �(r). Such renormalisation transforms the
scattering equation (C.9) into a new scattering equation

� = B�+ � (C.12)

with a new linear operator
B =

1
P

1
1 + �

(�1 + A) � P (C.13)

and a new source term

� =
1
P

1
1 + �

(AQ�Q+ b): (C.14)

Let us then demand the new scattering operator B to be expressed as a composition
of K�b with some multiplication operator R

B = K�b �R; (C.15)
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and, hence, we obtain

P (r) =
2g
p
�b

� + �b
; Q(r) = g

jext

� + �b
; �(r) =

� � �b
2�b

; R(r) =
� � �b
� + �b

: (C.16)

Here g 6= 0 is an unde�ned constant. Thus, we can assign

g = 1; (C.17)

as it is done in all works on contracting IE. Deducing that 1
P

1
1+� =

p
�b and substituting

expressions (C.16)-(C.17) into eqs. (C.10) and (C.14), we get the expressions for Es and
� as follows

Es =
2
p
�b�+ jext

� + �b
; (C.18)

� =
p
�b
�

E0 �
jext

� + �b
+ Gej

�b

�
� � �b
� + �b

jext
��

: (C.19)

It is proven in Pankratov et al. (1995) that

kRk � max jR(r)j = q < 1; (C.20)

for feasible conductivity distributions (� > 0, �b > 0). Thus, together with eq. (C.7) it
implies that new scattering operator (C.15) is contracting

kBk � q < 1; (C.21)

and, thus, the Neumann series for eq. (C.12)

� = (1�B)�1� = � +B� +B2� + ::: ; (C.22)

is always convergent. We call new scattering equation (C.12) the contracting IE.



Appendix D

Space Weather Modeling Framework

The Space Weather Modeling Framework (SWMF) developed at the University of Michi-
gan (Toth et al., 2005, 2012) is a �exible platform for physics-based space weather simula-
tions, as well as for various space physics applications. The SWMF integrates numerical
models of the Solar Corona, Eruptive Event Generator, Inner Heliosphere, Outer He-
liosphere, Solar Energetic Particles, Global Magnetosphere (GM), Inner Magnetosphere
(IM), Radiation Belts, Plasmasphere, Ionospheric Electrodynamics (IED), Polar Wind,
Upper Atmosphere and Lower Atmosphere into a high-performance coupled model (Gom-
bosi et al., 2010). Parts of the framework relevant for this project are GM, IM, and IED
modules. These modules were exploited to carry out simulations, the results of which
are used in this thesis. All these simulations were carried out at NASA’s Community
Coordinated Modeling Center (CCMC) at the Goddard Space Flight Center.

D.1 Global Magnetosphere

Earth’s geomagnetic �eld shields geospace (the region of outer space near the Earth, in-
cluding the upper atmosphere, ionosphere, and magnetosphere) from the solar wind and
the interplanetary magnetic �eld carried with it. The solar wind compresses the geomag-
netic �eld and stretches it on the night side into a long tail (also called magnetotail).
The region of space where the geomagnetic �eld exerts the dominating in�uence is called
the magnetosphere (Figure D.1). The magnetopause is the outer boundary of the geo-
magnetic �eld, and the current �owing at the magnetopause is such that its magnetic
�eld cancels the geomagnetic �eld outside the boundary. A shock front (bow shock) is
formed in the solar wind 2 or 3 RE upstream of the magnetopause. In the region between
the shock and the pause, which is known as the magnetosheath, the plasma is turbulent
(Hargreaves, 1992b).
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Figure D.1: Schematic representation of the Earth’s magnetosphere, demonstrating
major distinct regions and large-scale electric current systems (adapted from Pollock
et al. (2003)).

The GM domain of the SWMF contains the bow shock, magnetopause, and magneto-
tail of the planet.

The GM module of the SWMF is based on the University of Michigan’s Block-
Adaptive-Tree-Solarwind-Roe-Upwind-Scheme (BATS-R-US) MHD code (Powell et al.,
1999). The highly parallel BATS-R-US code uses a 3-D block-adaptive Cartesian grid,
high-resolution shock-capturing schemes, and explicit and/or implicit time stepping (Toth
et al., 2006).

In all simulations, results of which were used in the current thesis, the outer boundaries
of the GM domain are set at 32 RE in the +x upstream direction, 224 RE in the �x
downstream direction, and 128 RE in the �y and z directions (Geocentric Solar Magnetic
coordinates). The inner boundary is located at a distance of 2.5 RE from the Earth’s
centre. The size of the smallest cells is 0.25 RE close to the inner boundary of the
modelling domain. The size of the largest cells is 8 RE (close to the outer boundary
in the distant tail). The computational domain consists of 1 million grid cells in all
simulations, except for the one used to obtain modelling results presented in Chapter 3.
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In this simulation, the computational domain consists of 2 million cells.
The upstream boundary conditions can be obtained either from the IH module or

from satellite measurements. In the case of simulations used in this project, the up-
stream boundary conditions were obtained from satellite measurements. At the other
outer boundaries, one can usually assume zero gradient for the plasma variables since
these boundaries are far enough from the planet to have no signi�cant e�ect on the dy-
namics near the planet. The inner boundary conditions are partially determined by the
IED, which provides the electric potential at the inner boundary of the GM. The poten-
tial is used to calculate the electric �eld and the corresponding plasma velocities, which
are used as the inner boundary condition for the GM. The GM component also receives
pressure and possibly density corrections from the IM along the closed magnetic �eld lines
(�eld lines connected to the planet at both ends) (Toth et al., 2005).

The GM component provides the �eld-aligned currents to the IED component. These
currents are mapped from the GM down to the ionosphere along the magnetic �eld lines.
The GM provides the IM with the �eld line volume, average density, and pressure along
closed �eld lines. Depending on the needs of the IM component, the GM could also
provide the geometry of the closed �eld lines and the distribution of plasma parameters
along �eld lines (Toth et al., 2005).

Figure D.2 demonstrates the magnitude of the current density, plasma velocity, and
magnetic �eld lines in the GM and IM domains modelled using the SWMF. The CCMC
simulation number is Naomi_Maruyama_011818_1 (the one used to obtain modelling re-
sults presented in Chapter 5).

D.2 Inner Magnetosphere

The IM domain of the SWMF consists of the closed �eld line region around the planet.
It is represented by the Rice Convection Model (RCM) (e.g. Wolf et al., 1982; To�oletto
et al., 2003) coupled to BATS-R-US (De Zeeuw et al., 2004). The RCM is a bounce
averaged-drift kinetic model of the ring current and inner plasma sheet and their coupling
to the ionosphere.

The ring current is formed by ions (most notably by protons and oxygen ions) and
electrons in the 10-300 keV energy range. It is usually located between 2 to 7 RE and
produces a magnetic �eld disturbance, which, at the equator, is opposite in direction to
the Earth’s dipole �eld (Gonzalez et al., 1994).

The plasma sheet is associated with the magnetotail, essentially with the central region
where the magnetic �eld reverses direction. Plasma sheet particles are energised within
the magnetotail and they are important in auroral activity and the behaviour of the

Naomi_Maruyama_011818_1
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Figure D.2: The magnitude of the current density, plasma velocity, and magnetic �eld
lines in the GM and IM domains at 23:30 UT on 7 September 2017 computed using
the SWMF. The CCMC simulation number is Naomi_Maruyama_011818_1. The plot was
generated using the CCMC visualisation tool.

high-latitude ionosphere (Hargreaves, 1992b).
The IM module of the SWMF obtains the geometrical and plasma information about

the closed �eld lines from the GM. It also obtains the electric potential solution from the
IED module. The IM component provides the density and pressure corrections along the
closed �eld lines to the GM component (Toth et al., 2005).

D.3 Ionospheric Electrodynamics

The Earth’s ionosphere is a region of atmosphere extending from 60 to 1000 km (Cai,
2016). The ionosphere is formed by the ionisation of atmospheric gases such as N2 and O2.
At middle and low latitudes the energy required comes from solar radiation in the extreme
ultra-violet and X-ray parts of the spectrum (Hargreaves, 1992a). At high latitudes, the
particle precipitation is another source of ionisation. The high-latitude ionosphere is one
of the key regions in the solar-terrestrial environment. In this region, the ionosphere is
not only a�ected by the background atmosphere but also connected to the outer part of
the magnetosphere via the geomagnetic �eld (Cai, 2016).

The IED domain of the SWMF is a 2-D height-integrated spherical surface at a nominal
ionospheric altitude (at around 110 km above the Earth). The IED domain is represented

Naomi_Maruyama_011818_1
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by the Ridley Ionosphere Model (RIM) (Ridley et al., 2004), the height-averaged electro-
static potential solver, which uses the �eld-aligned currents obtained from the GM and
the F10.7 cm solar radio �ux (set as an input parameter for each event) to calculate parti-
cle precipitation and conductances based on empirical relationships. The IED component
provides the electric potential to the GM and IM components.

Figure D.3 demonstrates the magnitude of the ionospheric current sheet density com-
puted using the RIM. The CCMC simulation number is Naomi_Maruyama_011818_1 (the
one used to obtain modelling results presented in Chapter 5).

Figure D.3: The magnitude of the ionospheric current sheet density at 23:30 UT on
7 September 2017 computed using the RIM. The CCMC simulation number is Naomi_
Maruyama_011818_1. The plot was generated using the CCMC visualisation tool.

Naomi_Maruyama_011818_1
Naomi_Maruyama_011818_1
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Appendix E

Representation of the current function
via the ground external magnetic �eld

The approach was developed by Alexey Kuvshinov.

This appendix is published as part of:
Ivannikova, E., Kruglyakov, M., Kuvshinov, A., Rastätter, L., and Pulkkinen, A. (2018).
Regional 3-D modeling of ground electromagnetic �eld due to realistic geomagnetic dis-
turbances. Space Weather, 16(5), 476�500. https://doi.org/10.1002/2017SW001793.

The method of representing the current function via the ground external magnetic
�eld presented below works for both time- and frequency-domain problem setups, but for
the sake of simplicity we explain it using the frequency-domain framework.

Above the surface of the Earth and in the electrically insulating atmosphere, the �rst
Maxwell’s equation reduces to r � B = 0 due to the vanishing conductivity and the
absence of the source currents. B is, thus, a potential �eld and can be written as the
gradient of a scalar magnetic potential V , i.e.

B = �rV: (E.1)

Since B is solenoidal (i.e., r �B = 0), V satis�es Laplace’s equation

r2V = 0: (E.2)

The solution of Laplace’s equation can be represented as a sum of external (inducing)
and internal (induced) parts

V = V ext + V int; (E.3)
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with
V ext(r; !) = a

X

n;m

"mn (!)
�r
a

�n
Smn (#; ’): (E.4)

Here, a is the Earth’s mean radius, and "mn (!) is the spherical harmonic (SH) expansion
coe�cients of the external part of the potential. Smn is the SH of degree n and order m,

Smn (#; ’) = P jmjn (cos#)eim’; (E.5)

with P jmjn (cos#) being (Schmidt quasi-normalised) associated Legendre functions.
Note that hereinafter we adopt the following convention for the summation

X

n;m

=
1X

n=1

nX

m=�n

: (E.6)

Taking eqs (E.1) and (E.4) into account, one can write the external part of the radial
magnetic �eld component at the Earth’s surface of as

Bext
r (a; #; �; !) = �

X

n;m

n"mn (!)Smn (#; ’): (E.7)

Let us assume that the source current �ows in an in�nitely thin shell of radius a+,
and this shell is surrounded by the insulator. Then jext degenerates to the sheet current
density Jext. Making the assumption that the current density is a solenoidal �eld, one
can write it in the form of the current function 	

Jext = �er �r?	; (E.8)

where er is the outward radial unit vector, � stands for the vector product, and r?
stands for the angular part of the gradient, i.e.

r? = e#
@
@#

+ e’
1

sin#
@
@’

: (E.9)

The current function 	 in terms of coe�cients "mn is written as

	 = �
1
�0

X

n;m

2n+ 1
n+ 1

"mn (!)Smn (#; ’): (E.10)

Note that Jext produces exactly the same external magnetic �eld Bext at the surface of
the Earth, as was originally given as an input to our procedure of representing the current
function via the ground external magnetic �eld (consult Appendix G of Kuvshinov (2012)
for details).
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Converting the external magnetic �eld given at a regular grid into 	 is usually per-
formed using a two-step procedure. First, coe�cients "mn (up to some degree n) are esti-
mated as the integral (E.11), and secondly, 	 is calculated as a truncated series (E.10).
This scheme is known to produce artifacts due to the Gibbs phenomenon. To overcome
this problem we present another technique which avoids the calculation of "mn , and, thus,
truncation of the series (E.10).

Using the orthogonality of Smn (#; ’), the coe�cients from eq. (E.7) can be expressed
as

"mn (!) = �
1

nkSmn k2

Z




Bext
r (a; #0; �0; !)fSmn (#0; �0)d
0: (E.11)

Here 
 is the complete solid angle and d
0 = sin#0d#0d’0, fSmn stands for the complex
conjugate of Smn , and kSmn k2 denotes the squared norm of Smn .

Substituting eq. (E.11) into eq. (E.10) we obtain the following expression for 	

	 =
1
�0

X

n;m

(2n+ 1)Smn (#; �)
n(n+ 1)kSmn k2

Z




Bext
r (a; #0; �0; !)fSmn (#0; �0)d
0 =

Z




G(#; #0; �� �0)Bext
r (a; #0; �0; !)d
0:

(E.12)

Here

G =
1

4��0

1X

n=1

(2n+ 1)2

n(n+ 1)
Pn(z); (E.13)

where
z = cos# cos#0 + sin# sin#0 cos(’� ’0); (E.14)

and Pn(z) is the Legendre polynomial of degree n. Note that in order to obtain eq. (E.13)
we used the summation theorem for SH

1X

n=1

nX

m=�n

Smn (#; ’)fSmn (#0; ’0)
kSmn k2 =

1
4�

1X

n=1

(2n+ 1)Pn(z): (E.15)

To express the series from eq. (E.13) in closed form, we use a standard approach based
on a concept of the generating function, w(z; t), for Legendre polynomials

w(z; t) =
1

p
1� 2zt+ t2

=
1X

n=0

Pn(z)tn: (E.16)
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Let us represent the series from eq. (E.13) as

1X

n=1

(2n+ 1)2

n(n+ 1)
Pn(z) =

1X

n=1

�
4 +

1
n
�

1
n+ 1

�
Pn(z): (E.17)

This series converges point-wise for z = (�1; 1).
From eq. (E.16) it immediately follows that

1X

n=0

Pn(z) = w(z; t)jt=1 =
1

p
2(1� z)

; (E.18)

1X

n=0

1
n+ 1

Pn(z) =
1Z

0

w(z; t)dt = � ln
r

1� z
2

+ ln

 

1 +
r

1� z
2

!

: (E.19)

Taking into account that our sums start from n = 1, we have

1X

n=1

Pn(z) =
1

p
2(1� z)

� 1; (E.20)

and, after some algebra

1X

n=1

1
n+ 1

Pn(z) = � ln
r

1� z
2

+ ln

 

1 +
r

1� z
2

!

� 1; (E.21)

1X

n=1

1
n
Pn(z) =

1Z

0

1
t

(w(z; t)� 1) dt = � ln
r

1� z
2
� ln

 

1 +
r

1� z
2

!

: (E.22)

Substituting eqs (E.20)�(E.22) into eq. (E.17) and then the resulting equation into
eq. (E.13) we �nally obtain

G(#; #0; ’� ’0) =
1

4��0

"
4

p
2(1� z)

� 2 ln

 

1 +
r

1� z
2

!

� 3

#

: (E.23)

Function G has an integrable singularity at z = 1. For correct treatment of this
singularity see Appendix F.



Appendix F

Numerical calculation of the current
function

The approach was developed by Mikhail Kruglyakov.

This appendix is published as part of:
Ivannikova, E., Kruglyakov, M., Kuvshinov, A., Rastätter, L., and Pulkkinen, A. (2018).
Regional 3-D modeling of ground electromagnetic �eld due to realistic geomagnetic dis-
turbances. Space Weather, 16(5), 476�500. https://doi.org/10.1002/2017SW001793.

Let us assume that Bext
r is a piece-wise constant function de�ned on a grid. Then,

taking into account (E.12), to compute 	 one needs to compute integrals of the following
type

#2Z

#1

’2Z

’1

G(#; #0; ’� ’0) sin#0d#0d’0; (F.1)

where the limits of integration are the coordinates of the end points of a cell of the
considered grid. Following eq. (E.23) one can see, that integral (F.1) contains a weak
singularity at z = 1, i.e., when ’ = ’0, # = #0, and, thus, one needs a method to compute
(F.1) accurately. Since this singularity comes from the �rst term G1(z) = 4p

2(1�z)
of eq.

(E.23), special treatment is needed only for the following integral:

I(#; ’) =
#2Z

#1

’2Z

’1

G1(#; #0; ’� ’0) sin#0d#0d’: (F.2)

This integral can be estimated using the approach presented below.
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Remembering the explicit form of z from eq. (E.14), G1 can be expressed as follows

G1(#; #0; ’� ’0) =
2

��sin
�#�#0

2

���
r

1 + sin# sin#0

sin2(#� #0
2 ) sin2 �’�’0

2

� : (F.3)

Let us consider the internal integral in eq. (F.2), i.e., integral of G1 over the [’1; ’2]

I1(#; #0; ’; ’1; ’2) =
’2Z

’1

G1d’0 =

2��sin
�#�#0

2

���

’2Z

’1

d’0
r

1 + sin# sin#0

sin2(#� #0
2 ) sin2 �’�’0

2

� :
(F.4)

The integral on the right-hand side (RHS) of eq. (F.4) can be expressed in terms of
incomplete elliptic integrals F (�; k)

I1 =
4��sin
�#�#0

2

��� (F (�2; k)� F (�1; k)) ; (F.5)

where
�1 =

’1 � ’
2

; �2 =
’2 � ’

2
; (F.6)

and
k = �

sin# sin#0

sin2 �#�#0

2

� : (F.7)

Using the following property of incomplete elliptic integrals

F (�1;2; k) =
F (�1;2; l)p

1� k
;

l = 1�
1

1� k
;

sin �1;2 = sin�1;2

p
1� k

p
1� k sin2 �1;2

;

cos �1;2 = cos�1;2
1

p
1� k sin2 �1;2

;

(F.8)

one obtains

I1 =
2

q
sin# sin#0 + sin2 �#�#0

2

� (F (�2; l)� F (�1; l)) ;

l =
sin# sin#0

sin# sin#0 + sin2 �#�#0

2

� :
(F.9)
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After some algebra, based on the properties of the elliptic integrals, one has

F (�2; l)� F (�1; l) = F (�; l);

sin � = q

s
sin2 �#�#0

2

�
+ sin# sin#0

1 + sin# sin#0q2 ;

q =
�1 � �2

sin2 �#�#0

2

�
+ sin# sin#0 sin2 �1 sin2 �2

;

�1 = cos�1 sin�2

s

sin2
�
#� #0

2

�
+ sin# sin#0 sin2 �1;

�2 = cos�2 sin�1

s

sin2
�
#� #0

2

�
+ sin# sin#0 sin2 �2:

(F.10)

Hence,

I1 = 2
F (�; l)

q
sin# sin#0 + sin2 �#�#0

2

� : (F.11)

The form (F.11) is more useful for numerical calculations, than (F.5), because jlj < 1
for any # 6= #0, and one needs to compute only one elliptic integral F (�; l) instead of two
in eq. (F.5).

Substituting eq. (F.11) into eq. (F.2) one obtains

I(#; ’) =
#2Z

#1

I1(#; #0; ’1; ’2) sin#0d#0 =

#2Z

#1

2 sin#0F (�; l)
q

sin# sin#0 + sin2 �#�#0

2

�d#
0:

(F.12)

The integrand in eq. (F.12) is bounded for any ’ 62 [’1; ’2], # 62 [#1; #2]. However,
when using simple quadratures for its calculation, two special cases may lead to inaccurate
results. These cases are: 1) when we compute 	 at the poles, i.e., sin# = 0, and 2) when
’ 2 [’1; ’2] and # 2 [#1; #2].

If sin# = 0, the integral (F.12) can be taken analytically

I(#; ’)j#=0;� = 4
�

sin
#2

2
� sin

#1

2

�
(’2 � ’1) : (F.13)

In the second case, when ’ 2 [’1; ’2] and # 2 [#1; #2], the following asymptotic of
incomplete elliptic integrals can be used

F (�; k) =
log(�k)
2
p
�k

+O
�

1
p
�k

�
; as k ! �1; � > 0: (F.14)
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Using eqs (F.5) and (F.14) and taking into account that �1�2 < 0, one obtains

I = �4
#2Z

#1

log
����sin

�
#� #0

2

�����

r
sin#0

sin#
d#0 + J

J =
#2Z

#1

0

@ 2 sin#0F (�; l)
q

sin# sin#0 + sin2 �#�#0

2

� + 4 log
����sin

�
#� #0

2

�����

r
sin#0

sin#

1

A d#0:

(F.15)

The second integral J in eq. (F.15) can be computed numerically because it does not
contain any singularities.

Assuming that the cell size #2 � #1 is not very large, one can use the following linear
approximation, based on the Taylor series

r
sin#0

sin#
� 1 +

#0 � #
2

cos#
sin#

+O
�
(#0 � #)2� : (F.16)

Substituting eq. (F.16) into the �rst integral in eq. (F.15), one obtains

I � �4
#2Z

#1

log
����sin

�
#� #0

2

����� d#
0 � 4

cos#
sin#

#2Z

#1

log
����sin

�
#� #0

2

�����
#0 � #

2
d#0 + J: (F.17)

Integrals in eq. (F.17) can be expressed in terms of the Clausen functions Cl2;3 of
orders 2 and 3 in the following way:

I � 4(#2 � #1) log 2 + (#2 � #1)(#1 + #2 � 2#)cot# log 2

+ 4 [Cl2(#2 � #) + Cl2(#� #1)]

+ 2 [(#2 � #)Cl2(#2 � #)� (#� #1)Cl2(#� #1)] cot#

+ 2 [Cl3(#2 � #)� Cl3(#� #1)] cot#

+ J:

(F.18)
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Supporting information for Chapter 4

This appendix is published as supporting information for:
Marshalko, E., Kruglyakov, M., Kuvshinov, A., Murphy, B. S., Rastätter, L., Ngwira, C.,
and Pulkkinen, A. (2020). Exploring the in�uence of lateral conductivity contrasts on
the storm time behavior of the ground electric �eld in the eastern United States. Space
Weather, 18(3), e2019SW002216. https://doi.org/10.1029/2019SW002216.
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Figure G.1: Conductivity distribution in the APPL2 and APPL3 models: (a) map view
of the �rst layer of the APPL2 model; (b) oblique view of the APPL2 model; (c) map
view of the �rst layer of the APPL3 model; (d) oblique view of the APPL3 model. The
vertical exaggeration in plots (b) and (d) is 2x.
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Figure G.2: Left: snapshots of the GEF components perpendicular (top) and parallel
(bottom) to the coastline calculated in the UCL (3-D) model. Right: the di�erence
between results of 3-D and 1-D modelling (the di�erence is demonstrated only for land
areas). The results are shown at 12:31 UT on 17 March 2015. The calculations were
carried out for models with homogeneous landmass conductivity of 0.01 S/m and 1-D
conductivity pro�le from Püthe et al. (2015). Note di�erent colour scales in left and right
plots.
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Figure G.3: See the caption of this �gure on the next page.
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Figure G.3: The GEF along three pro�les calculated using di�erent 1-D conductivity
models. Top and middle: the GEF component parallel to the coastline along NYC and
WDC pro�les, respectively. Bottom: the GEF component perpendicular to the coastline
along the coastal pro�le. GEFs are calculated in the UCL (3-D) and 1-D models. The
results are presented at two, 12:31 (left) and 12:59 (right), time instants. Green curves
represent the results obtained for models with 1-D conductivity pro�le from Püthe et al.
(2015); orange curves are for models with 1-D pro�le from Grayver et al. (2017). Solid
vertical lines mark the centres of the cities. Dashed vertical black lines mark the coasts
and the boundaries between shallow and deep sea. For NYC pro�le: A � land part of the
pro�le, B � shallow sea, C � deep sea. For the WDC pro�le: D, F � land parts of the
pro�le, E � Chesapeake Bay, G � shallow sea, H � deep sea. The results of 1-D modelling
are demonstrated only for land areas A, D, F, and the coastal pro�le. The calculations
were carried out for models with homogeneous landmass conductivity of 0.01 S/m.
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Figure G.4: The GEF along three pro�les calculated using di�erent conductivities of
homogeneous landmass. The caption is similar to the one in Figure G.3.
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Figure G.5: Left: snapshots of the GEF components perpendicular (top) and parallel
(bottom) to the coastline calculated in the APPL model. Right: the di�erence between
results for the APPL and APPL3 (no ocean) models (the di�erence is demonstrated only
for land areas). The results are shown at 12:31 UT on 17 March 2015. The calculations
were carried out for models with 1-D conductivity pro�le from Püthe et al. (2015). Note
di�erent colour scales in left and right plots.
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Figure G.6: See the caption of this �gure on the next page.
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Figure G.6: The GEF along three pro�les calculated using the APPL, APPL2 (with
laterally homogeneous landmass conductivity), and APPL3 (no ocean) models. Top and
middle: the GEF component parallel to the coastline along NYC and WDC pro�les, re-
spectively. Bottom: the GEF component perpendicular to the coastline along the coastal
pro�le. The results are presented at two, 12:31 (left) and 12:59 (right), time instants.
Solid vertical black lines mark the centres of the cities. Dashed vertical black lines mark
the coasts and the borders between shallow and deep sea. In case of NYC pro�le: A �
land part of the pro�le, B � shallow sea, C � deep sea. For WDC pro�le: D, F � land
parts of the pro�le, E � Chesapeake Bay, G � shallow sea, H � deep sea. The results for
the APPL3 model are demonstrated only for land areas A, D, F, and the coastal pro�le.
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Figure G.7: Left: snapshots of the GEF components perpendicular (top) and parallel
(bottom) to the coastline calculated in the APPL model using the plane-wave approach.
Right: the di�erence between results calculated using laterally nonuniform (MHD) source
and plane-wave approach. The results are shown at 12:31 UT on 17 March 2015. Note
di�erent colour scales in left and right plots.
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Figure G.8: 3-D EM modelling results for the APPL model (red) and magnetic �eld
observations (black) at the Fredericksburg geomagnetic observatory from 00:00 UT, 17
March 2015 to 23:59 UT, 18 March 2015.
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Figure G.9: 3-D EM modelling results for the APPL model (red) and magnetic �eld
observations (black) at the Ottawa geomagnetic observatory from 00:00 UT, 17 March
2015 to 23:59 UT, 18 March 2015.
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