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ABSTRACT

Geomagnetically induced currents (GICs) result from the interaction of the tempo-
ral variation of the geomagnetic field with the deep electrical resistivity structure
of the Earth. These currents can pose hazards to grounded technological systems
during major disturbances of the geomagnetic field. A current methodology for sim-
ulating GICs in electric power transmission lines during geomagnetic storms was
implemented in this thesis to assess potential risks of these currents in Brazilian
power networks. It is based on the use of geomagnetic data measured at the surface,
3-D models of the electrical resistivity distribution inside the Earth and knowledge
of transmission line engineering parameters. The precise resistances of the network
components are unknown and therefore assumptions were made to calculate the
GIC fluxes from the derived geoelectric field. This methodology was used to sim-
ulate GICs during geomagnetic storms in simplified representations of real power
networks in the south-southeast and north-northeast regions of Brazil, affected by
the South Atlantic Magnetic Anomaly and the Equatorial Electrojet, respectively. In
the south-southeast region, two intense geomagnetic storms in June and December
2015 were chosen and geoelectric fields were calculated by convolution of a 3-D resis-
tivity model derived under the Parana basin with geomagnetic variations recorded
by magnetometers from the EMBRACE program. The largest GICs were modeled
in regions of high resistivity concentrated in an isolated substation at the north end
of the network and in a cluster of substations in its central part where the E-W
oriented transmission lines coincide with the orientation of the estimated geoelectric
field. The maximum magnitude of the modeled GIC was 9.08 A during the main
phase of the June storm, estimated at a northern substation, while the lowest mag-
nitudes were found over prominent crustal anomalies along the Parand basin axis
and bordering the continental margin. In the north-northeast region, three storms
recorded during the operation of a magnetometer array in 1990-1991 were modeled
using a 3-D resistivity model derived under the Parnaiba basin. The largest GICs
were modeled in substations of a central branch in the E-W direction of the trans-
mission network, located on more resistive blocks of the 3-D model and parallel to
the main direction of the estimated geoelectric currents. The maximum magnitude of
the modeled GIC at these substations was 6.24 A at one of these central grid stations
during an intense storm in November 1990. These simulation results will be used
by the EMBRACE to identify optimal substations for installing monitoring sensors
measuring real GIC values for validation efforts of the developed methodology.

Keywords: 3-D resistivity model. Geomagnetic storms. Geoelectric field. Power
transmission network. GIC modeling.
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MODELAGEM DE CORRENTES GEOMAGNETICAMENTE
INDUZIDAS EM REDES DE TRANSMISSAO DE ENERGIA
ELETRICA NO BRASIL USANDO MODELOS 3-D PARA
REPRESENTAR A ESTRUTURA DE CONDUTIVIDADE
ELETRICA EM SUBSUPERFICIE

RESUMO

Correntes induzidas geomagneticamente (GICs) resultam da interagdo da variacgao
temporal do campo geomagnético com a estrutura de resistividade elétrica profunda
da Terra. Essas correntes podem representar perigos para sistemas tecnoldgicos de
grande porte aterrados durante grandes distirbios do campo geomagnético. Uma
metodologia atual para simulacdo de GICs em linhas de transmissao de energia
elétrica durante tempestades geomagnéticas foi implementada nesta tese para avaliar
os riscos potenciais dessas correntes nas redes elétricas brasileiras. Baseia-se no uso
de dados geomagnéticos medidos na superficie, modelos 3-D da distribuicao de resis-
tividade elétrica no interior da Terra e conhecimento de parametros de engenharia
das linhas de transmissao. Valores precisos das resisténcias dos componentes da rede
nao sao conhecidos e, portanto, foram feitas suposi¢des para calcular os fluxos GIC
a partir do campo geoelétrico obtido. Essa metodologia foi utilizada para simular
GICs durante tempestades geomagnéticas em representacoes simplificadas de redes
elétricas reais nas regides sul-sudeste e norte-nordeste do Brasil, afetadas respecti-
vamente pela Anomalia Magnética do Atlantico Sul e pelo eletrojato equatorial. Na
regiao sul-sudeste, foram escolhidas duas tempestades geomagnéticas intensas ocor-
ridas em junho e dezembro de 2015 e os campos geoelétricos foram calculados por
convolucao de um modelo de resistividade 3-D derivado sob a bacia do Parana com
variagoes geomagnéticas registradas por magnetometros do programa EMBRACE.
As maiores GICs foram modeladas em regides de alta resistividade concentradas
em uma subestagao isolada na extremidade norte da rede e em um aglomerado de
subestagoes em sua parte central onde as linhas de transmissao orientadas na dire¢ao
E-W coincidem com a orientacao do campo geoelétrico estimado. A magnitude max-
ima da GIC modelada foi de 9,08 A durante a fase principal da tempestade de junho,
estimada em uma subestagao da regiao norte, enquanto as magnitudes mais baixas
foram encontradas sobre anomalias crustais proeminentes ao longo do eixo central
da bacia do Parand e margeando a margem continental. Na regiao norte-nordeste,
trés tempestades registradas durante a operagao de uma malha de magnetometros
em 1990-1991 foram modeladas usando um modelo de resistividade 3-D derivado
sob a bacia do Parnaiba. As maiores GICs foram modeladas em subestagoes de um
ramal central com sentido E-W na rede de transmissao, localizado em blocos mais
resistivos do modelo 3-D e paralelo ao sentido principal das correntes geoelétricas
estimadas. A magnitude maxima da GIC estimada nessas subestagoes foi 6,24 A em
uma dessas estacoes centrais da rede, durante uma intensa tempestade em novembro
de 1990. Esses resultados de simulacao serao usados pelo EMBRACE para identi-
ficar as subestagoes ideais para instalacdo de sensores de monitoramento medindo
valores reais de GIC visando esforcos de validagao da metodologia desenvolvida.
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Palavras-chave: Modelo 3-D de resistividade elétrica. Tempestades geomagneticas.
Campos geoelétricos. Redes de transmissao de energia. Modelagem de GIC.
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1 INTRODUCTION

Modeling geomagnetically induced currents (GIC) helps to understand risks in
grounded systems triggered by space weather events such as geomagnetic storms
(BOTELER; PIRJOLA, 2017). These induced currents derive from the coupling of
multiple non-stationary and transient processes, related to variations in the geomag-
netic field observed on the Earth’s surface, with stationary and relatively permanent
processes, such as the distribution of electrical conductivity within the Earth. The
characteristics and location of networks and grounded conductor systems in power
transmission networks have an impact as well. Thus, the accuracy in GIC modeling
requires monitoring the geomagnetic field and deepening knowledge of the local dis-
tribution of the Earth’s conductivity to estimate the induced geoelectric field and

provide realistic conditions to assess the GIC risk.

A great accuracy in determining these geoelectric fields is one of the most critical ob-
jectives in studies related to monitoring and evaluating risks derived from GICs. Be-
cause the most significant geomagnetic disturbances (GMD) are observed in regions
of high latitudes, these countries have led this area (PIRJOLA, 2000; PULKKINEN et
al., 2005; PULKKINEN et al., 2015). Working groups in North America (United States
and Canada) and Fennoscandia (Finland, Sweden, and Norway), in the first case
encouraged by the Federal Energy Regulatory Commission (FERC) of the United
States, were guided to establish requirements for optimal performance of electric
power transmission networks during significant GMD. Currently, even middle- and
low-latitude countries are concerned about the possible impact of GICs on their
grounded technological systems (TRIVEDI et al., 2007; NGWIRA et al., 2008; WATARI
et al.;, 2009; MARSHALL et al., 2012; TORTA et al., 2012; CARABALLO et al., 2013;
KELLY et al., 2017). In the case of Brazil, GIC studies were intensified after the
creation of its space weather program (EMBRACE) in 2008 at INPE (PADILHA et
al., 2008). Using existing scientific capabilities at INPE, this program monitors the
Sun and Earth’s space environment through different instruments (solar radio tele-
scopes, ionospheric sounders, GNSS receivers, magnetometer array, optical imagers,
radiofrequency radars) and also contemplates the impacts of this space environment

in ground-based technological systems.

Historically, the estimation of geoelectric field amplitudes used in GIC studies was
done using one-dimensional (1-D) conductivity models to represent the Earth’s inte-
rior. In that cases, the geomagnetic variation is assumed to be a plane wave propa-

gating from space to the Earth’s surface and subsurface conductivity is represented



by multiple horizontal layers of different conductivities and thicknesses (i.e. the con-
ductivity inside the Earth varies vertically but not horizontally). This is the basic
approach of the magnetotelluric (MT) method and results in horizontal electric
and magnetic fields without spatial variation (PIRJOLA, 2002). These were the only
models available for large physiographic regions for a long time and were useful in
comparison processes as they produced reasonable estimates of the GICs in various
regions, even though they did not reflect the values measured in regions with more
complex conductivity. In these 1-D models, the subsurface is smoothed by integrat-
ing along transmission lines (hundreds of kilometers) without considering crossing
regions with different conductivity (VILJANEN et al., 2012; BOTELER, 2015).

In the last decades, with the availability of 3-D inversion programs (MACKIE et al.,
2001; SIRIPUNVARAPORN et al., 2005a; EGBERT; KELBERT, 2012) and the increase
in MT data acquisition with stations arranged in grid form (KELBERT et al., 2011;
DONG et al., 2013; ROBERTSON et al., 2016), 3-D models of a non-uniform Earth
(in which the Earth’s conductivity varies vertically and horizontally) have become
more common. In particular, data availability from the EarthScope project, which
obtained MT transfer functions for almost the entire United States, made it possible
to carry out several studies comparing local geoelectric fields modeled by transfer
functions (impedances) derived from 1-D and 3-D conductivity distributions. It has
been shown that estimates of geoelectric magnitudes derived from 1-D models can
provide errors of more than one order of magnitude (possibly exceeding two orders
of magnitude in some cases) compared to more realistic results derived from 3-
D impedances (BEDROSIAN; LOVE, 2015; BONNER; SCHULTZ, 2017; WEIGEL, 2017;
CUTTLER et al., 2018; LOVE et al., 2018a; LUCAS et al., 2018). New approaches have
also been proposed to estimate the response functions of induced electric currents to
estimate GICs that could be used by electric grid operating companies as a real-time
GIC risk assessment (INGHAM et al., 2017; KELBERT; LUCAS, 2020). More globally,
focusing on strengthening the security of the critical infrastructure of countries,
initiatives have been proposed to encourage the study of GICs due to their socio-
economic impact (EXEC.ORDER, 2019).

Geoelectric field modeling to derive the amplitude of GICs during magnetic storms
in South America has used geomagnetic field variations with 1 min acquisition and
1-D models for the subsurface electrical conductivity distribution (TRIVEDI et al.,
2007; CARABALLO et al., 2013; BARBOSA et al., 2015; DIOGO, 2018; ESPINOSA et al.,
2019). In Brazil, GICs with amplitudes in the range 15 — 20 A were measured dur-
ing the November 2004 geomagnetic storm, with index Dst = —373 nT (TRIVEDI



et al., 2007). GIC estimates of about 25 A were modeled during other storms by
Barbosa et al. (2015), considering 1-D conductivity models. These currents of tens
of amperes are not enough to cause the collapse of a power transmission network,
but can still generate unwanted effects by causing substation instruments (mainly
power transformers) to operate for prolonged periods outside their ideal regime.
In this case, GICs can cause saturation, harmonic generation and consequent de-
crease in the useful life of this equipment. An aggravating factor is a trend in recent
years to build longer transmission lines to transport large amounts of power over
greater distances, trying to improve the robustness and capacity of these systems to
deliver power and minimize costs in order to obtain more competitive prices. The
problem here stems from the increased interconnectivity between different power
grids, which significantly increases their vulnerability to the occurrence of GICs
(ALVES; PADILHA, 2017). More importantly, there are also induction effects ampli-
fying ground-level electric fields in regions of complex Earth structure (KELBERT,
2020). These factors justify the increased monitoring and analysis of the various pa-
rameters involved in the occurrence and modeling of GICs in low- and mid-latitude
regions (GAUNT; COETZEE, 2007; MARSHALL et al., 2012).

On the other hand, studies carried out so far in South America have used a magnetic
field sampling period of 1 min to model GIC amplitudes (BARBOSA et al., 2015; ES-
PINOSA et al., 2019). This is known to cause significant attenuation in the estimation
of modeled peaks of the surface geoelectric field because the shorter period (higher
frequency) geomagnetic signals also contribute to the overall amplitude of the cal-
culated geoelectric field (PULKKINEN et al., 2006; GANNON et al., 2017; GRAWE et al.,
2018). The long-term collection of time series of 1 s cadence by fluxgate magnetome-
ters is relatively recent in most magnetic observatories. Consequently, comparisons of
geoelectric fields using geomagnetic time series of 1 min and lower periods have only
recently been presented (LOVE et al., 2018b), with significant differences observed
depending on geomagnetic activity and impedance tensor. More recent measures of
GICs with a sampling rate of 0.1 s (WATARI et al., 2021) suggest that samplings
intervals of geomagnetic fields shorter than 1-2 s are recommended to extend our

understanding of the frequency response of GICs.
1.1 Thesis outline

The main objective of this thesis is to estimate geomagnetically induced currents
that may affect electric power transmission lines in Brazil during geomagnetic distur-

bances, using 3-D models to obtain information about the distribution of subsurface



electrical conductivity. A secondary goal is to implement an operational methodol-
ogy for the EMBRACE program that can be used in different regions of the country
allowing to evaluate potential GIC hazards in the Brazilian power transmission
system and locate weak spots in the different grids, more susceptible to the risk
derived from these induced currents. At these substations will be installed sensors
measuring the real GIC values for further validation efforts of the methodology de-
veloped. This methodological procedure involves the interpolation of geomagnetic
variations data measured by some stations throughout the region where the GICs
are to be calculated, the convolution of these interpolated geomagnetic data with
3-D MT impedances derived from forward calculation of Earth resistivity models in
the study region to obtain the surface geoelectric fields and, finally, the combination
of these geoelectric fields with engineering parameters and topology of the power
transmission networks to simulate the resulting GICs at the nodes (substations) of
the grid.

Geomagnetically induced currents were estimated during geomagnetic disturbances
in two regions of the Brazilian territory, the south-central region affected by iono-
spheric particle precipitation in the South Atlantic Magnetic Anomaly (SAMA) and
the north-northeast region affected by the diurnal ionospheric currents of the Equa-
torial Electrojet (EEJ). Underground 3-D resistivity models for both regions were
derived through joint inversion of available GDS (Geomagnetic Deep Sounding) ar-
ray data and sparse MT soundings. South-central Brazil is almost entirely covered
by the sedimentary-volcanic package of the Parana Basin and the induced currents
were derived during two geomagnetic storms of solar cycle 24, using high-cadence of
geomagnetic variations (1 s) measured by magnetometers of the EMBRACE. The
area studied in the north-northeast Brazil covers a large portion of the sedimentary
Parnaiba Basin and used geomagnetic data collected during an old GDS survey with
acquisition every 1 min that sampled three periods with geomagnetic disturbances

in the solar cycle 22.

Chapter 2 presents the theoretical framework associated with the generation of GICs.
Section 2.1 describes the physical principles involved in the chain of processes that
result in the occurrence of GICs and introduces the methods used to directly mea-
sure and indirectly estimate these currents. Section 2.2 describes the conditions of
the interplanetary environment acting as a source of GICs and the characteristics of
variations in the geomagnetic field observed on the Earth’s surface, with emphasis
on peculiar phenomena of the geomagnetic field in Brazilian territory. Section 2.3

introduces electromagnetic methods that use natural sources to probe the distribu-



tion of conductivity within the Earth. The MT and GDS methods used in this study

to obtain 3-D subsurface resistivity models are briefly presented.

A more detailed description of the methodology used in this work to model GICs
in power transmission lines is presented in Chapter 3. The geomagnetic field inter-
polation method, a brief discussion of the procedure used to invert electromagnetic
geophysical data to obtain the distribution of 3-D resistivity and the method used
to estimate GICs in power transmission lines are presented. Tests to verify the reli-

ability of the algorithms developed for some of these procedures are also presented.

Chapter 4 shows two case studies of modeling GICs in Brazilian territory. Section 4.1
shows simulations of GICs in a simplified representation of the power transmission
network in the low latitude region of south-southeast Brazil. This was the first study
in the South American sector that used 3-D conductivity structure information and
high-cadence geomagnetic variations to model GICs, helping to identify substations
where to install monitoring equipment for future validation efforts. An article dis-
cussing the results shown in this section is currently submitted for publication in an
indexed journal (ESPINOSA et al., 2022). Similarly, Section 4.2 shows simulations of
GICs for the north-northeast region of Brazil, but using geomagnetic data with a ca-
dence of 1 min. Another scientific article with the results of this section is currently

being prepared for submission.

The last two chapters discuss the most salient results obtained in this study (Chapter
5) and the conclusions and future work planned to improve and implement the
methodology by the EMBRACE program (Chapter 6).






2 THEORETICAL BACKGROUND
2.1 Geomagnetically Induced Currents (GICs)

Transient variations due to interplanetary structures such as flares and coronal mass
ejections (CME) from the Sun alter the propagation of the solar wind and cause
changes in the magnetosphere. The geomagnetic field carried by the solar wind
and the incoming particles intensify the magnetosphere and ionosphere current sys-
tems, driving variations of the magnetic field on the Earth’s surface, dominated by
Ampere’s law (Equation 2.1). During geomagnetic disturbances, geomagnetic field
variations can reach thousands of nT at auroral latitudes and hundreds of nT at low
and mid-latitudes (PULKKINEN et al., 2012).

V x B = ppJ (2.1)

The electromagnetic signal, which propagates in all directions, reaches the Earth’s
surface and is mainly reflected by the transition between an insulating medium air
and a conducting medium, the solid Earth, with only a small proportion penetrating
the underground. Related to the rate of change of the geomagnetic field and the
conductivity distribution inside the Earth, a geoelectric field governed by Faraday’s

law will be induced in the subsurface (Equation 2.2).

0B

VxE= T (2.2)
Generation and propagation of this geoelectric field beneath the Earth are related to
changes in the subsurface electric resistivity structure (or its reciprocal conductiv-
ity &). The induced electric field conducts the electric (telluric) currents, expressed
in the constitutive relation J = & FE, which are the geomagnetically induced cur-
rents. In the case of an electric power transmission line, its grounding points and the
Earth’s surface form a closed path (Figure 2.1). Between the start and endpoint of
each transmission line, for a given length L, an electromotive force that acts as an
additional voltage source is induced. It will direct the geomagnetically induced cur-
rents along the lines that make up the electric power transmission system (BOTELER;
PIRJOLA, 2017).



Figure 2.1 - Schematic of the induced electric field in electric power transmission systems
along the closed path formed by the transmission line and the Earth’s surface.
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SOURCE: Adapted from Boteler and Pirjola (2017).

Thus, the induced geoelectric field endues the same amplitude and direction as the
electric field along the voltage lines and is responsible for the induced currents in
the transmission lines (BOTELER; PIRJOLA, 2017). Compared to the operational fre-
quency of electric power transmission grids (frequencies ranging from 50 — 60 Hz),
geomagnetically induced current frequencies are considered quasi-continuous vari-
ations (almost DC level) (PIRJOLA, 2007). When the offset is added to the alter-
nating current, the core operating point of the transformer may go into saturation;
the distorted waveform produces a harmonic current, which in turn produces local
heating and increase reactive power. It compromises the lifetime of the equipment
because of the cumulative effects and could even result in an early catastrophic
failure (KIRKHAM et al., 2011).

Hall-effect sensors are frequently used to directly monitor GICs, installed at the
neutral ground connection of a transformer in a power transmission substation.
This device converts the magnetic field generated by the current flowing in the
conductor (neutral copper cable) to a voltage proportional to the generated field.
Operating in balanced conditions, without GIC, the current flow at the neutral-
ground connection of a transformer will be zero. Under unstable conditions, AC
and quasi-DC currents (GICs) will be present at the neutral-ground terminal. The
AC currents can be filtered out with the knowledge of the typical GIC frequencies
(generally 0.001 — 0.1 Hz).



The indirect method for estimating GIC can be subdivided into two parts: geo-
physics and power system engineering. The geophysics part uses measurements of
magnetic field variations by magnetometers installed in the region where the GIC
is to be calculated to obtain a corresponding geoelectric field, using the plane wave
model for electromagnetic wave propagation and a geoelectric model of the distri-
bution of electrical conductivity (resistivity) inside the Earth. Next, an engineering
model transforms the geoelectric field to GIC on the transmission line. Thereupon,
it is necessary to have information about the transmission line that includes substa-
tion coordinates, transformer resistances, station grounding, possible reactors, grid
topology and configuration (line locations and connections), information about the
connections at the stations (auto-transformers, etc.) and the possible presence of
series capacitors. GICs are calculated using this data, plus Kirchhoff’s charge and
energy conservation principles. In this thesis, using the indirect method, the method-

ology applied to estimate GICs from geomagnetic data is described in Chapter 3.
2.2 GIC sources in the interplanetary medium

In polar regions, geomagnetic field lines merge with the IMF (interplanetary mag-
netic field) lines, approximating an "open" field line configuration that extends and
distorts the magnetic field in the opposite direction to the Sun. The solar wind
acts as the sourcing process that modifies the geomagnetic field and leads the flow
of momentum and energy to drive a convection motion governed by E x B (MI-
LAN et al., 2017). In this process, a magnetic field and plasma circulation are es-
tablished from the magnetosphere and directed toward the ionosphere (GANUSHK-
INA et al., 2018). Plasma motion, in the convection cycle in the magnetosphere,
has an associated electric field in the dawn-dusk (E,) direction, which is mapped
along the geomagnetic field lines to the ionosphere (MILAN et al., 2017). Thus, the
level of geomagnetic field perturbation recorded on the surface is a function of
this electric field in the E, direction (GONZALEZ et al., 1994). Field-aligned cur-
rents (FAC) are fundamental to understanding the energy exchange processes be-
tween the ionosphere and the magnetosphere in the so-called "convection circuit"
(solar wind — magnetosphere — ionosphere) because they depend on the intensity
of the convection phenomenon in the auroral region of the magnetosphere and the
conductance of the ionosphere (MILAN et al., 2017).

The principal characteristic of a geomagnetic storm is the decrease in the horizontal
H component of the geomagnetic field, which can last from one to several days.

Geomagnetic disturbances result from the passing solar wind effects, intensified by



extreme solar activity (mainly solar flares or CME) and the interaction processes
with the magnetosphere, controlled by the convection loop. In general, during a
strong magnetic storm, the IMF has a southward component, opposite to the di-
rection of the geomagnetic field (north-south) oriented to the south for sufficiently

extended intervals.
2.2.1 Variations of the geomagnetic field

Magnetic disturbances are caused by a sudden increase in the dynamic pressure
of the solar wind as high speed and high-density plasma from the Sun suddenly
arrive at the Earth. This increase in dynamic pressure compresses the magneto-
sphere, shrinking its size and pushing it earthward. In this way, all the boundaries
and regions of the magnetosphere play important roles in determining the type of
magnetic disturbances seen on the ground. The real magnetosphere is extremely
complex because of the asymmetric magnetic field with strong gradients in field
and plasma in every direction and its dimensions which are continually changing
in response to the solar wind (MCPHERRON, 2005). Thereby, at low latitudes the
magnetic field response to the solar wind pressure change is often step-like due
to the Chapman-Ferraro magnetopause currents and a propagating compressional
wave front. Geomagnetic variations at low latitudes can be considered as remote to
field-aligned, auroral ionospheric, and equatorial electrojet currents (VICHARE et al.,
2014).

An example of sudden changes in the horizontal component of the geomagnetic
field is the si (sudden impulse), commonly associated with the passage of tan-
gential discontinuities of the solar wind (JOSELYN; TSURUTANI, 1990). When this
event precedes a storm, it is usually observed as a positive variation in the mag-
netic field at the Earth’s surface (except for high-latitude regions, where neg-
ative variations are likely). In a geomagnetic storm, the si is identified as ssc
(sudden storm commencement) and marks the beginning of the storm. It is pro-
duced by the first impact of the solar wind on the magnetosphere, and it is due to
the front compression effect and the increase in the solar wind dynamic pressure. It
has been found that a geomagnetic SI at low latitudes is proportional to the change
of the square root of the solar wind pressure (VICHARE et al., 2014).

Generically, three well-defined phases are identified during a typical geomagnetic
storm: the initial, main, and recovery phases. As the prominent signature during
the main phase of the storm, a drastic decrease in the horizontal component of the

geomagnetic field is observed. This decrease is more substantial at low latitudes and
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can be explained by the intensification of the westward ring current in the inner
magnetosphere. This current produces a magnetic disturbance that is southward
along the Earth’s dipole axis, whereas the geomagnetic field itself is northward
(MCPHERRON, 2005). The north-south component of the IMF (GONZALEZ et al.,
1994), which results from the magnetosphere’s sufficiently strong and long-lived
interaction with the IMF of the solar wind, controls the ring current’s growth or

decay.

Figure 2.2 - Geomagnetic storm phases; Initial, main and recovery phases.
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SOURCE: Kasran et al. (2018).

The level of disturbance in the magnetosphere is quantified by geomagnetic indices,
which contain information on the geomagnetic activity and the current systems
flowing in the solar wind-magnetosphere system. Among the set of indices, the most
widely used for characterizing geomagnetically perturbed periods is the Dst index,

with 1 hour temporal resolution.

The Dst is calculated from measurements of the magnetic field at the Earth’s surface
(4 stations at mid-latitudes) and provides information on the increase or decrease
of the ring current. This index is meaningful since, during the main phase, the
most significant element of a geomagnetic storm is the ring current’s intensification,
which is the primary source of disturbance of the magnetic field recorded at the
surface for low latitudes. In the case of the dip equator, the diurnal amplification of
the magnetic field is attributed to the Equatorial Electrojet (EEJ) current system
(KIKUCHI; HASHIMOTO, 2016). The storm’s intensity is quantified using the Dst
index, which allows it to be classified as moderate, severe, intense, or great. Table 2.1

shows the classification of magnetic storms using the Dst index.
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Table 2.1 - Classification of geomagnetic storms according to the Dst index.

Storm type  Dst range (nT)

Moderate —100 < Dst < —50
Intense —200 < Dst < —100
Severe —350 < Dst < —200
Great Dst < —350

SOURCE: Adapted from Rathore et al. (2012).

2.2.2 Features of the geomagnetic field in Brazil

The Brazilian territory is characterized by two phenomena of the geomagnetic field:
the magnetic equator, with diurnal electric currents forming the equatorial electrojet
which crosses the country in the north region (FORBES, 1981), and the presence
of the South American Magnetic Anomaly (SAMA), with a minimum intensity of
the Earth’s magnetic field that covers much of the south-southeast region. These
conditions cause changes in electrodynamics processes in the ionosphere and are
also reflected in the characteristics of the local magnetic field variations observed on

the ground.

At the geomagnetic equator, the current system Sg¢ (solar quiet) in the southern
and northern hemispheres merge and are enhanced into a current in the E region of
the ionosphere. In addition to the Sq current, in the dayside equatorial ionosphere,
currents driven by tidal wind through the dynamo mechanism cause an accumulation
of charges, which are positive at dawn and negative at dusk terminators, resulting
in an eastward electric field along the magnetic equator. In this region, the magnetic
field lines are nearly horizontal and northward, orthogonal to the electric field. The
dynamo region is bounded by a non-conducting atmosphere below ~ 70 km and by
the effectively collisionless plasma above ~ 140 km. Electrons within ~ 70 — 140 km
drift upward relative to the ions, causing a vertical Hall polarization field, which
causes an additional eastward current. An abnormally large Cowling conductivity
is thus generated along a narrow channel at the dayside dip equator, resulting in
enhanced eastward electrical current termed the equatorial electrojet (CHAPMAN,
1951; BAKER; MARTYN, 1953).

The most substantial influence of these electric currents around 100 km altitudes
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and approximately 600 km wide centered on the dip equator had been studied
from different approaches (HESSE, 1982; KANE; TRIVEDI, 1982; PADILHA et al., 1997;
PFAFF JR. et al., 1997; RIGOTI et al., 1999; DENARDINI et al., 2005). Moreover, different
studies have been carried out in terms of the geomagnetic variations observed on the
ground (TRIVEDI et al., 1997; SHINOHARA et al., 1998; ZANANDREA, 1999; PADILHA et
al., 2003), which are the most important for GIC generation. These studies provide
evidence that amplification of the northward component of a broad spectrum of
geomagnetic field variations within a zone of 5° on either side of the geomagnetic
equator during geomagnetically quiet days is one of the effects of the increased

Cowling conductivity in this region.

During geomagnetically disturbed periods, an alternative model was proposed by
Kikuchi and Araki (1979) to explain the diurnal amplification in geomagnetic vari-
ations caused by the local increase in the Cowling conductivity in the equato-
rial region. In the occurrence of interplanetary shocks, magnetospheric compres-
sion can increase the magnetospheric-ionospheric current system. The surface waves
(Alfven) generated by diurnal magnetosphere boundary instabilities (such as Kelvin-
Helmholtz instabilities) propagate directly along magnetic field lines into the high-
latitude ionosphere, generating large-scale oscillations in ionospheric currents at
these latitudes. These high-latitude currents propagate horizontally through the
atmosphere to low-latitude regions in a waveguide bounded by the conducting iono-
sphere and the ground and cause the geomagnetic variations observed at low lat-
itudes. The mechanism is also efficient enough to allow pole waves to travel near-
instantaneously to very low latitudes and be amplified suddenly by any localized
increase in ionospheric electrical conductivity, such as the increased Cowling con-

ductivity around the dip equator.

On the other hand, as a consequence of low magnetic field intensity at SAMA,
azimuthally drifting energetic particles trapped in the Earth’s inner Van Allen ra-
diation belt come closest to the Earth’s surface, interacting with the dense atmo-
sphere and producing enhanced ionization at ionospheric E layer heights (PAULIKAS,
1975). This extra ionization leads to the rise of the ionospheric conductivity, pro-
ducing conductivity gradient and creating a zonal electric field that changes the
way magnetospheric source fields interact with the local ionosphere, such as a pre-
existing pattern of geomagnetic disturbance. It will also modify the amplitude of
these geomagnetic variations, even during geomagnetically quiet times (ABDU et al.,
2005), the sudden impulses at the storm onset, and geomagnetic pulsations during
geomagnetically disturbed periods (TRIVEDI et al., 2005; SHINBORI et al., 2010). This
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amplification effect at SAMA occurs during the day and at night, more easily iden-
tifiable in the latter case. This increment in the amplitude of geomagnetic variations
can also influence the amplitudes of geomagnetically induced currents in the Earth

subsurface, as suggested by Trivedi et al. (2005).
2.3 The magnetotelluric (MT) method

Electromagnetic (EM) methods use a primary magnetic field that induces electrical
currents to flow in conductive rocks within the Earth. These currents drive secondary,
measurable EM fields, which allow to get deep and lateral conductivity information
over different lithospheric sections. While artificial sources, typically in the frequency
range 0.1 — 10 kHz (ZONGE; HUGHES, 1991), probe only a few kilometers deep in the
crust, passive techniques that use natural geomagnetic field variation (frequencies
of 1075 — 10* Hz (SIMPSON; BAHR, 2005), such as the MT method, allow studies
capable of reaching depths of up to hundreds of kilometers.

2.3.1 Natural electromagnetic sources

Two primary natural sources can generate an electromagnetic signal on the Earth’s
surface. The first, of meteorological origin and with frequencies approximately
> 1 Hz, is caused by electrical storms. In this case, the signal comes from light-
ning activity, mainly in the equatorial region. They give rise to the highest fre-
quency signals related to the reflection of the plane wave in the Earth-ionosphere
waveguide. The second source of electromagnetic variation comes from solar wind-
magnetosphere interactions (convection circuit) with frequencies below 1 Hz. The
amplitude of the variations can reach hundreds of nT due to interactions between
the Earth’s main magnetic field and the interplanetary magnetic field component.
This interaction gives rise to several current systems within the magnetosphere and
ionosphere, resulting in the temporal variations of the geomagnetic field recorded
on the Earth’s surface (SIMPSON; BAHR, 2005).

These natural electromagnetic sources are assumed by the MT method to be plane
waves and are modeled as time-varying magnetic fields produced at great distances
above the Earth’s surface. Most energy is reflected on the Earth’s surface because
of a high resistivity contrast between the air and the surface. A smaller amount of
the EM signal propagates vertically inside the Earth. A flexible dead band, around
0.5 Hz to 5 Hz, extends in the boundary between the variations of the magneto-
spheric source and those generated by electrical discharges from lightning. In this

range of periods (i.e., approximately between 0.2 — 2 s), the power spectrum of
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electromagnetic fields of natural origin presents a minimum. In practical situations,
this frequency range with a weaker natural signal leads to a reduction in the data
quality of MT soundings due to the decreased signal-to-noise ratio which is dealt
with through remote reference processing. Figure 2.3 shows the characteristic power
spectrum of natural magnetic variations, emphasizing the reduced signal power in

the dead band.

Figure 2.3 - Power spectrum illustrating period characteristics of natural magnetic varia-
tions. Inset shows the reduced signal power in the dead band.
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2.3.2 Theory of wave propagation inside the Earth

Maxwell’s equations describe the propagation and attenuation of EM fields to estab-
lish the relationship between spatial and temporal variations of electric and magnetic
fields. For an isotropic medium of conductivity o, magnetic permeability p and per-
mittivity e three fundamental constitutive relations (Equations 2.3, 2.4 and 2.5) are
established:

D =c¢E (2.4)
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where:

H the magnetic field vector in amperes per meter (A/m);

B is the magnetic induction vector in weber per square meter (Wb/m?);

D the electric displacement field vector in coulombs per square meter (C/m?);

E the electric field intensity vector in volts per meter (V/m);

J the electric current density vector in amperes per meter (A/m);

i the magnetic permeability in henry per meter (H/m);

e the electrical permittivity, in farad per meter (F/m);

o the conductivity of the medium in siemens per meter (S/m) (the resistivity p = 1/o

in Qm is also often used).

Since the variation of electric permittivity and magnetic permeability for most rocks
is minimal compared to electrical conductivity, the free space values (u ~ py =
47 x 107" H/m and € ~ ¢y = 8.854x 1072 F/m) are assumed. Then, electromagnetic

field propagation can be written using Maxwell’s equations in differential form as:

VxE= —88? (2.6)

V x B = uoeoa(f + poo B (2.7)
V-E=p/e (2.8)
V-B=0 (2.9)

The theory of electromagnetic induction considers that electric and magnetic fields
propagating inside the Earth exhibit temporal variations sufficiently slow to be con-
sidered quasi-static in their spatial distribution (CAGNIARD, 1953). When an elec-
tromagnetic signal diffuses through a conductive medium, Equations 2.6 (Faraday)
and 2.7 (Ampere) govern the propagation of the electric and magnetic fields. Thus,

Equations 2.6 to 2.9 can be rearranged to produce expressions to extract information
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about the subsurface.

Derivation of the mathematical expressions used by the MT method requires some
important assumptions about the source signal and the nature of electrical conduc-
tion on Earth. These are:

1. It is assumed that the electromagnetic signals are generated by magnetic sources
located at distances approaching infinity. As a consequence, electromagnetic signals
can be treated as uniform plane waves that propagate vertically downwards onto
the Earth’s surface. A plane electromagnetic wave with amplitude Ey and By at the

surface and angular frequency w is then given by:

E = Ey et (2.10)

B = Bye™! (2.11)

2. In Earth materials, the relatively low frequencies of electromagnetic fields used by
the MT method do not induce significant displacement currents relative to conduc-
tion currents. Displacement currents can then be neglected in Equation 2.7 which

becomes:

V x B = puwoE (2.12)

3. The conductivity contrast between two adjacent media (multidimensional Earth)
causes accumulation of charges at the interface between them (conductivity gradi-
ents) to ensure the principle of continuity inside the Earth (JIRACEK, 1990). This
is expressed by an equation derived by taking the divergence of Equation 2.5 and

solving for electric charge density ¢ using Equation 2.8:

¢=-2E. (Vo) (2.13)

o
2.3.3 The skin depth

For a homogeneous, isotropic medium with non-zero conductivity (¢ > 0), and
assuming a time variation of the form e™*, Maxwell’s equations produce Helmholtz

equations for the difusion of electric and magnetic fields:
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(V2—K)E =0 (2.14)

(V2—k*)B=0 (2.15)

These diffusion equations have the following simplified solutions:

E = E, " (2.16)

B = B, (2.17)

where E, and By are the electromagnetic fields at the Earth’s surface, z indicates

vertical propagation and k is the complex wave number given by k2 = iwpgo. Then,

Woo

&:\/iwuoa:\/;\/mzl\;;\/w: (1+14) 5 (2.18)

The real component of the propagation constant k can be written as

2
5=/ ~ 500,/ pT (2.19)
Woo

where § is known as the skin depth (in meters). It describes the depth at which

an inducing magnetic field decays in amplitude to 1/e of its surface amplitude,

approximately 37 % of its initial amplitude.

Note that skin depth depends on the frequency w (or the period T') and the con-
ductivity o of the medium. As the frequency and conductivity increase, J decreases.
This means that surveys in more resistive media tend to map deeper depths (EVANS,
2012). Similarly, the lower the frequency, the lower the signal attenuation, and con-
sequently, the greater the depth reached. This parameter is important because it
provides proxy estimates of the depth of investigation, related only to the medium
parameters (conductivity o and permittivity po) and the signal frequency (w). It also
demonstrates that altering the frequency of the signal aids in determining the dif-

ferences in conductivity within the Earth (higher frequency signals survey shallower
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depths, and lower frequency signals survey greater depths).
2.3.4 Apparent resistivity and phase

Expanding the curl operator in Equation 2.6 for three-dimensional Cartesian coor-

dinates gives the following relationships between electric and magnetic fields:

£, OB, .
5y 6n iwB, (2.20)
OE, OF, .

—_ = —jwB 2.21
0z ox By (221)
‘E, OE, 4
—_— — = —iwB 2.22
ox oy Rt ( )

A key assumption of the MT method is that the magnetic source signals behave as
plane waves vertically incident on the Earth’s surface. Since this B-field signal prop-
agates vertically downward, induced E-field signals do not have a vertical component
(E, = 0). Another implication of the plane wave assumption is that the B-field also
does not have vertical component for the Earth approximated by a conducting half-
space with a plane surface (B, = 0). Therefore, dE,/dy = dE,/dx = 0. Applying
these assumptions to Equation 2.20 and using Equations 2.16 and 2.17 gives:

— — = kEe " = —iwB, = —iwBye (2.23)

0z

The magnetotelluric impedance Z (in V/A) is then defined as the ratio of the electric

and magnetic fields measured at the surface:

Ey oW U low [How -
Z =X = _ = — = —/— 2.24
() B.o K Viw oo o Vi ( )

The apparent resistivity p, of the half-space in units of Qm at a given angular

frequency w can be derived by rearranging Equation 2.24:

pa(w) = — |Z(w)[* (2.25)



The apparent resistivity is equivalent to the average electrical resistivity of the Earth
over a hemispherical volume with a radius of one skin depth. Moreover, in the

frequency domain Z(w) is a complex number and has an associated phase ¢

YA
=argZ =tan"' [ == 2.26
o) =argZ = tan™ 37 (2:20
where 7 and RZ are the imaginary and real parts of the complex impedance,
respectively. In a homogeneous half-space the phase of the magnetic field lags the

orthogonal electric field by 45°.
2.3.5 MT impedance tensor

In a homogeneous half-space, measuring the transfer function of a pair of orthogonal
electric and magnetic fields at a single frequency would be sufficient to estimate
the apparent resistivity. A layered half-space would again require a single transfer
function, but measured at several frequencies to estimate apparent resistivity as a
function of depth. This is because in a one-dimensional domain, where resistivity
varies only with depth, the transfer function of one orthogonal pair, say B, and E,, is
equal and opposite in sign to the transfer function of the other pair, B, and E,. When
resistivity varies in two or three spatial dimensions, both pairs of orthogonal electric
and magnetic fields must be measured at several frequencies. In such situations, all
B-field and F-field components are coupled and the MT impedance is now expressed

as a tensor that links the horizontal components of these fields:

Ey(w) o \Zys Zy, B, (w)
Each component of the impedance tensor has apparent resistivity p, and phase ¢

given by:

Paij(w) = e |1Z;(w)] (2.28)
¢ij(w) = tan™! <m) (2.29)
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where the subscripts ¢ and j are indices for the rows and columns of the impedance

tensor.
2.3.6 Vertical magnetic transfer function

For the MT method, the horizontal components of the electric field and all three
orthogonal components of the magnetic field are measured at the Earth’s surface.
Thus, in addition to the impedance elements derived from the horizontal components
of the electric and magnetic fields, other transfer functions involving the vertical

magnetic field can also be defined.

Since lateral variations in Earth resistivity create vertical magnetic fields, the ratio
of the vertical component to the horizontal components of the B-field can be used
to depict lateral resistivity boundaries. This relationship is employed by the geo-
magnetic depth sounding (GDS) technique, which defines a dimensionless complex
transfer function T relating the amplitude and phase of the horizontal inducing field
and the vertical anomalous induced field for a given frequency w. Such a relationship

is written as:

B.=T.,B,+T.,B, (2.30)

For a laterally uniform resistive Earth and with a horizontal source field, there is no
anomalous induced B, field and T' = 0. Close to a boundary between low and high

resistivity structures, there is a strong B, field and T is correspondingly large.

Induction arrows are a graphical representation of the GDS transfer function compo-
nents T',,, and T',,,. These have a real (in—phase) and a quadrature (out—of—phase)

part, with arrow lengths of the real (M,) and quadrature (M;) given by:

M, = \/RT2, + RT2, M; = \/ST2, + ST, (2.31)

Orientation of the arrows is similarly determined by:

T
0, = tan™* (9? Zy)

ST

Qo

(2.32)

where 6, and 0; are the orientations for the real and quadrature induction arrows,
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respectively. These angles are plotted clockwise from the z-direction.

When plotted on a map, the magnitudes and directions of the induction arrows
provide information about the lateral variation in subsurface resistivity. Using the
Parkinson convention (PARKINSON, 1962) to plot the arrows involves the reversal of
the real component, which results in arrows pointing toward regions of high conduc-
tance and away from regions of low conductance. It should be noted that the GDS
transfer functions do not have depth sensitivity, but are a useful tool of investigating
MT data in cases where 3-component magnetometer information is recorded. GDS
information can also be incorporated into 3-D inversion algorithms in addition to

the impedance tensor.
2.3.7 MT inversion

The transfer functions obtained from MT measurements can be transformed into re-
sistivity depth models by inversion methods. Inversion theory deals with estimating
model parameters (e.g. electrical resistivity) to approximate subsurface geological
structures from geophysical data measured at the surface. This is achieved by itera-
tively changing these model parameters so that the synthetic observations calculated
from the underground models approach the measured data. A fundamental part of
any inversion is therefore the solution of the 'forward problem", i.e. the computation
of synthetic data from a given underground model. Forward modeling is essentially
done by solving the laws of physics connecting subsurface properties with observed
properties (Maxwell Equations 2.6 to 2.9 and constitutive relations 2.3 to 2.5). This
approach produces a single, unique solution for a given subsurface model. On the
other hand, the inversion problem is non-unique because for any set of observations
there is a range of different models that can reproduce the observations with the
same degree of precision. This is further complicated by the fact that geophysi-
cal observations are always contaminated by noise and MT data are often sparsely

distributed and available only at the Earth’s surface.

All forward and inverse modeling presented in this thesis uses ModEM3DMT, a
freely available 3-D inversion code developed by Egbert and Kelbert (2012) and
Kelbert et al. (2014) at Oregon State University, USA. The software package uses a
nonlinear conjugate gradient scheme to minimize an objective functional formulated
in the least squares sense. The algorithm attempts to find a spatially smoothly vary-
ing resistivity model, preferably similar to the prior model, which also predicts the
measured data within the uncertainty of the estimated data. A roughness function

describing the degree of structural variation present in a model is also included in
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the inversion procedure. Like other gradient-based algorithms, a local rather than a
global minimum of the objective function will generally be achieved. The objective
functional (®) to be minimized then consists of data misfit and model regularization
given by (EGBERT; KELBERT, 2012):

® = (d— f(m))"Cy'(d — f(m)) + \(m —mo)" C., (m — my) (2.33)

where d is the experimental data, m is the earth resistivity model parameter, m
is the a priori model parameter, f(m) is the forward functional mapping, C} is the
data covariance matrix, and C, is the model covariance matrix. Note that the model
covariance matrix is often defined by C ;! = DT D, with D being, for example, the
derivative operator. However, ModEM3DMT builds the model covariance matrix
through a recursive autoregressive scheme (KELBERT et al., 2014). The trade-off
between data misfit and model regularization is controlled by the parameter .
ModEM3DMT uses a scheme where, during initial iterations, a relatively high A
parameter is used, but is reduced when the change in misfit becomes less than a

predefined threshold value between subsequent iterations.

The misfit between the measured data (d) and the predicted data (f) of a given

resistivity model is given by a normalized rms (root mean square):

1 & (di - £\
rms:JNZ< Adi> (2.34)

i=1

where N is the number of data points and Ad; is the prescribed uncertainty for
the 44, data. Thus, rms equals unit means that the model predicts the measured
data exactly within the prescribed uncertainties, on average. Ad; is the largest of
the uncertainty derived from the measurements (normally 95% confidence intervals)

and a selected error floor.
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3 METHODOLOGY

This chapter provides more details on the methodology applied in this work to es-
timate GICs, showing some examples used as validation tests at each stage. The
following block diagram describes the different steps of the implemented procedure
(Figure 3.1) and used generically in two regions of Brazil. The experimental data
(GDS and MT) constitute the input parameters to derive the 3-D subsurface resis-
tivity distribution by a data inversion method, later used to obtain the impedance
tensor at any location through forward modeling. In both cases, the ModEM3DMT
package was used for forward modeling and 3-D inversion of the measured data.
Furthermore, the measured geomagnetic variations were interpolated at any point
within the study region using SECS to allow projecting the magnetic field variations
on the impedance tensor Z;; and thus estimating the geoelectric field E(t). Finally,
this geoelectric field was used to estimate the GIC magnitudes in power transmission

lines following the Lehtinen & Pirjola method.

Figure 3.1 - Flowchart of the methodology used to calculate GICs. Input variables are
represented by green boxes, processing functions by white boxes and process
data by yellow boxes.
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3.1 SECS method for geomagnetic field interpolation

The Spherical Elementary Current System (SECS) is a suitable approach to obtain

variations of the geomagnetic field at the Earth’s surface as a function of a system
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of equivalent currents in the ionosphere (AMM, 1997; AMM; VILJANEN, 1999). In
this method, the ionosphere is considered a thin two-dimensional spherical shell of
radius R, in which a horizontal surface electric current density J(r) flows (PULKKI-
NEN et al., 2003). Considering the current density vector field (J), one can apply
Helmholtz’s theorem and rewrite it in terms of its curl-free (J ;) and divergence-

free (J4) components (AMM, 1997):

J(T) :ch+de (3.1)

The equivalent current system is composed of field-aligned currents (FACs), which
are compensated by currents uniformly distributed and flowing over the surface of

the ionosphere (Figure 3.2).

Figure 3.2 - Representation of the equivalent ionosphere current systems used in the SECS
method.
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b) Divergence-free elementary system

SOURCE: Vanhaméki and Juusola (2020).

The current density J.; is irrotational and has associated an aligned fundamental
current, of magnitude I, at its pole (Figure 3.2a). This current flows in the op-
posite direction to the distributed aligned currents to ensure that the network of
currents associated with the FACs in the ionosphere system is zero (PULKKINEN

et al., 2003). However, currents associated with the current density J4 form a uni-
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formly distributed rotational current throughout the surface of the ionosphere and

create a poloidal magnetic field (Figure 3.2b).

For a spherical coordinate system (7,0, ¢), the current density can be written in
terms of Equations 3.2 and 3.3 below. With R representing the radius of the iono-
sphere, where the elementary systems are placed, measured from the center of the
Earth, and I the equivalent system current amplitudes, called scale factors (AMM,
1997; AMM; VILJANEN, 1999), these equations in spherical coordinates express the

current distribution at the ionosphere surface:

I
= < 2 2
Jo = Ly cot(6/2) (3.3)
4T R

In a simplified geometry, cot(6/2) ~ (2/6) and RO =~ p, the Equations 3.2 and 3.3
can be rewritten in cylindrical coordinates (p, ¢, z), considering p = 0 to coincide
with the position of the elementary current system (pole). In this case in cylindrical
coordinates, the surface current density of the equivalent current system with ampli-
tude I, height A = 100 km and considering the distances in the Cartesian coordinate
system x(north — south),y(east — west) to determine p = /22 + y? will be given
by (PULKKINEN et al., 2003):

I
- 3.4
s (3.4)
Iy
Jgp=—" 3.5
b= oy (3.5)

The irrotational currents associated with the density J., are poloidal. They do not
generate a magnetic field below the ionosphere, while the solenoidal component J 4
considered in Equation 3.5 generates a poloidal magnetic field B (Equation 3.6). It
constitutes the equivalent current density capable of producing the same continua-
tion effect on the magnetic field perturbation below the ionosphere relative to real
three-dimensional current systems (BERNHARDI et al., 2008).
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B(p) = ’in (1 - \//%) (3.6)

3.1.1 Interpolation of the magnetic field from the equivalent current

systems

The procedure for interpolation starts with calculating the equivalent current system
within the ionosphere associated with the magnetic fields measured at the surface.
Once the current system is defined, it can be used to calculate the magnetic field
at any point on the Earth’s surface within the area where the equivalent currents
are defined. The horizontal magnetic fields (B,, B,) are obtained from the linear
Equation 3.7. This equation fits the horizontal magnetic field B, produced by the
equivalent current system, with the horizontal magnetic field measured in observa-

tories.

where M is given by:

Ho h
M = 1— :
%p( s hQ) (3.8)

Each element in Equation 3.7 is decomposed in the form shown in Equation 3.9.

B (z;,y;) M ... Mjig| |5

Bj(zn,yn) My ... Mjnk| Ik

where the column vector Bj(x;,y;) corresponds to the j temporal records of the
magnetic field in the N observatories, measured at locations given by x; and y;. The
components of the matrix M ; are obtained from geometric proportionality factors
(Equation 3.8), where p is the radial distance calculated between each observatory
with records and the point where the amplitudes of the equivalent currents (poles)

in the ionosphere will be calculated. Finally, the vector I i represents the amplitude
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of the equivalent current at each pole (BERNHARDI et al., 2008).

Thus, the initial problem is calculating the amplitude of the equivalent current
system (Equation 3.6) using the available magnetic field records. The B, and B,
components are then calculated using the equivalent current system at each site

where magnetic field variations are evaluated.

I=M'B (3.10)

Note that the linear system is indeterminate because the number of observatories is
less than the number of poles. Therefore, it is necessary to use the Singular Value
Decomposition (SVD) method to obtain an expression for the matrix M, which
allows the calculation of the equivalent current amplitudes I (JUUSOLA et al., 2006).
Furthermore, taking the inverse of singular values below a finite positive threshold
to zero guarantees that the positive-definite requirement for matrix inversion is
satisfied. This regularization method also eliminates higher-frequency information
in the final interpolation (RIGLER et al., 2019).

3.1.2 Test of the algorithm developed applying SECS

The equations described in the previous section were applied to calculate B,
and B, components at Kakioka station, Japan, as an example. The modeled re-
gion (Figure 3.3) encompasses an area of 21° x 21°, on a grid of equivalent cur-
rent poles (8 x 8, 64 poles). This area was chosen due to the quality of ac-
cessible geophysical data, which allowed an efficient test of the computational
method. The grid poles were uniformly dispersed to enable optimal coverage of
the study zone, with the ionosphere considered at a height of 100 km from the
surface and the estimated distance between adjacent poles being 333.4 km. In this
test, the magnetic field records correspond to the severe storm of March 17, 2015
(Dst = —223 nT). Magnetic field data provided by the Kakioka Magnetic Observa-
tory (http://www.kakioka-jma.go.jp/obsdata/metadata/en) for the Kakioka (KAK
36.23°N, 140.18°E), Memambetsu (MMB 43.91°N, 144.18°F) and Kanoya (KNY
31.42° N, 130.88°F) geomagnetic stations were considered. The values measured for
the additional station Chichijima (CBI 27.09°N, 142.18°FE)) were compared to those
generated by the SECS interpolation method for that same station. The effective-
ness of the field disturbance prediction can thus be evaluated using the B, and B,

components.
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Figure 3.3 - The 64-pole grid in the ionosphere used to obtain the equivalent current sys-
tem (SECS method) from three reference observatories (red) to interpolate
the magnetic field at a test observatory (green) in Japan.
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A comparison of the magnetic field variations observed on the surface with those
calculated by the SECS method at the CBI station is presented in Figure 3.4. Some
authors (WEIGEL, 2017; KELBERT et al., 2017) define the prediction efficiency by
the dimensionless equation PE =1 — ARV, where 1 is the perfect prediction, and
ARV (average relative variance) is defined by Equation 3.11. The variance can be
calculated using the measured records t, the interpolation results p, and the variance

of the measurement series oy, as follows:

% Z?:1(pi - ti)Q

ot

ARV = (3.11)
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Figure 3.4 - Comparison of the B, and B, components of the magnetic field obtained
from the SECS method with the data measured at the CBI magnetic station

in Japan.
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In this test, the B, component generated a PE ~ 0.89, while the B, PE ~ 0.87.
Once the equivalent current system results from strictly external perturbation
sources (calculated for the ionosphere at h = 100 km), geomagnetic field records
at locations separated by distances greater than 100 km should generally be ex-
pected to show significant variation (LOVE et al., 2018a). A threshold of 38% of
the maximum singular value was used to obtain the most reliable interpolation over
the considered geomagnetic storm. This SVD’s criteria automatically excludes those
critical components that do not contribute to a solution that best matches the avail-
able observations (RIGLER et al., 2019). The result obtained was acceptable, although
the construction of grids with better resolution is considered in the following case
study in southern Brazil (Subsubsection 4.1.2.1). The greater advantage of using
SECS is that the reference stations do not have to be uniformly distributed on the
grid, which allows applying it in most real situations with the current distribution of
stations in South America. On the other hand, it should be emphasized that equiv-
alent current systems are quite useful for reproducing geomagnetic disturbances at
the surface since, in the interpolation process, it is not necessary to know the origin
of the currents. However, the equivalent current system is not a real system and,
therefore, should be used with care to infer the real current systems in the iono-

sphere.
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In practice, as GMD reflect a highly complex process of magneto-hydrodynamic
waves in the ionosphere that give rise to these geomagnetic variations seen at ground
level, SECS may not properly simulate them. Additionally, SECS can introduce a
coarse spatial smoothing filter that can bypass the true complexity of ground-level
inducing magnetic fields. This is because the vertical scale length of ionospheric cur-
rent systems extends from approximately 100 km above ground level to hundreds
of km, while the scale length for induced fields in the Earth’s interior within the
frequency band of interest is several hundreds of km. Thus, the infinitely thin layer
approximation at 100 km above the Earth’s surface may imposes certain simplifica-
tions and restrictions. In the end, SECS interpolation is essentially just a method
for generating potential geomagnetic fields and it must constantly be adapted to

increase its value for tracking GIC-related geomagnetic disturbances.
3.2 Inversion and forward calculation using ModEM3DMT

A modular system of parallel computer codes for inversion of electromagnetic geo-
physical data was developed at Oregon State University, commonly referred to as
ModEM (EGBERT; KELBERT, 2012; KELBERT et al., 2014). The code is structured as
a flexible system, adaptable to a variety of EM geophysical data types and supports
a range of inverse problem solution strategies and regularization models. A version
of the code suitable for 3-D modeling and inversion of MT and GDS was made
freely available for academic use, called ModEM3DMT, and was used throughout
this thesis.

Generally, ModEM3DMT penalizes smoothed deviations from a prior model. Devi-
ations are penalized with a spatial covariance where small-scale features are more
heavily penalized. Choosing the best covariance is a trade-off between fitting the
data well and creating a geologically plausible model. The program is run by a
command-line interface that controls the program’s various options and specifies
the required and optional input and output files. These include the format of input
data files, model files, model covariance file, and forward and inversion modeling
options. Description of these options and files for performing the most common
modeling and inversion tasks are provided in the user manual (EGBERT et al., 2016).
All inversions and direct modeling in this thesis were carried out using computa-
tional clusters from the Embrace program of INPE, Oregon State University, USA,
and the Observatério Nacional (ON/MCTI), Rio de Janeiro, Brazil.

This section presents an overview of the procedure adopted to perform a 3-D inver-

sion in ModEM. As an example, the process carried out to obtain a 3-D resistivity
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model for the Parnaiba Basin region, north-northeast of Brazil, will be detailed. The
MT and GDS transfer functions were provided by INPE’s Geomagnetism group and
are part of joint MT and GDS surveys carried out by INPE and ON/MCTI (RIGOTI
et al., 1999; ARORA et al., 1999; SOLON et al., 2018; FONTES et al., 2022). In these sur-
veys, the time series recorded in up to five electromagnetic channels were processed
using a robust code (EGBERT, 1997) to estimate the complex MT tensor elements
and the GDS responses at varying periods for each recording location. To ensure
the plane wave hypothesis, only nighttime data from the GDS survey of the north-
northeast region of Brazil were used in the derivation of the transfer functions to
avoid possible effects generated by the diurnal currents of the equatorial electrojet.
Note that the MT data were measured approximately 30 years after the GDS survey.
Due to the continuous and slow westward drift in the main geomagnetic field at the
Earth’s surface, these MT data are not affected by the equatorial electrojet effects.
As ambient electromagnetic noise levels during the surveys were generally low, re-
liable response function estimates were obtained for the entire period range used.
Details about the data acquisition, its processing and the quality of the obtained

transfer functions were discussed in these works cited above.

Before starting the inversion, some preliminary tests were done to decide the ori-
entation for the grid coordinate system in which the Earth is discretized, the hor-
izontal widths of the cells in the area of interest, the uniform half-space resistivity
of the starting model, options for the error floors of impedance tensor and GDS
components, selection of periods to be used for data fitting, and model covariance
parameters (model smoothing) to obtain the best balance between roughness and

smoothness of the inverted model.

After this evaluation, the grid coordinate system was taken as aligned with the
geographic coordinates, with the x-direction of the model pointing to the north.
The study area was limited between latitudes 10°N to 18°S and longitudes 60°W
and 33°W, with the model center located at latitude 4.1°S and longitude 46.5°W.
In this region, the Earth was discretized into a grid containing 122 cells in the x-
direction, 102 cells in the y-direction, and 90 cells in the vertical direction. The
internal part of the model comprised a mesh of 90 x 70 x 90 cells, with edge lengths
of 10 km in both horizontal directions. To constrain modeling artifacts at the edges
of the model domain, this central part was filled on all four horizontal sides with
16 planes, where cell size increased laterally by a factor of 1.2. Cell sizes in the
z-direction started from 20 m for the first cell at the surface and the thicknesses

of subsequent layers successively increased by a factor of 1.1. This shallow starting
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layer for the vertical mesh was chosen to allow the inversion to generate shallow

structures to account for possible galvanic distortion effects.

A coarse 3-D bathymetry of the Atlantic Ocean was included as a priori information
and a resistivity of 0.3 2m was assigned to seawater. This part of the model domain
was kept fixed during the inversion procedure. In choosing the subset of data to be
used in the inversion, a distribution of periods was sought that would improve the
resolution of the deeper structure. Thus, the transfer functions were decimated into

12 target periods, evenly spaced on a logarithmic scale between 240 s and 10240 s.

A homogeneous 50 m half-space was chosen as the prior and starting model (a
value close to the average high frequency apparent resistivity in the Parnaiba basin),
and all impedance tensor elements and GDS responses were used to improve the
resolution of nearby structures (SIRIPUNVARAPORN et al., 2005b). Relative errors
were kept as small as possible to ensure that variations in all MT and GDS data were
reflected in the 3-D inversion process. Final error floors were assigned to 5% for off-
diagonal impedance elements (Z,, and Z,,), 10% for diagonal impedance elements
(Z,, and Z,,) and a constant value of 0.03 for GDS components. Measured data
errors were used only when greater than these relative error limits. Finally, it was
observed that the default value of 0.3 is the best choice for the model’s covariance
parameters in the three spatial directions. This gave us a rougher and not well

resolved shallow structure, but a smoother and more reliable deep structure.

To obtain a preferred model, the inversion was run in two steps. First, the inver-
sion was run using only the GDS transfer functions for the 29 available stations
(including GDS data from the 7 MT stations) with the error floor and covariance
values as indicated earlier, and the starting A value set to 1000 to get a relatively
smooth model. The inversion converged to a normalized rms misfit of 1.04 after 14
iterations in 5 days. The second step used this converged model as a prior model,
but incorporated the impedance tensor elements from 7 broad-band MT stations
located mainly on the east-central region of the Parnaiba Basin, together with the
data from the 29 GDS stations. Error floor was 5% for the off-diagonal and 10% for
the main diagonal impedance elements, covariance was 0.3, but the starting A was
set to 1 and GDS error floor was reduced to 0.02. The inversion started with an rms
of 16.66 for the initial model and converged to a normalized rms misfit of 2.12 after

98 iterations in 11 days.

A detailed comparison between the measured and predicted MT and GDS transfer

functions for the final inversion is shown in Figures 3.5-3.7. The discrete points
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represent the experimental data, with the vertical bars indicating their standard
deviation, and the solid lines are the corresponding results predicted by the inversion
model. In general, there is a good fit between experimental and theoretical data for
all components of the impedance tensor and magnetic transfer functions, indicating

that the model is adequate to represent the measured transfer functions.

Figure 3.5 - Comparison of measured (discrete marks) with predicted MT responses (con-
tinuous solid lines) from the 3-D inversion model. Transfer functions for the
real and imaginary Z,, (blue), Z,, (red), Z,, (green) and Z,, (magenta)
components of the impedance tensor are shown for the 7 stations. Error bars
are one standard deviation.
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Figure 3.6 - Comparison of measured (discrete marks) with predicted GDS responses
(continuous solid lines) from the 3-D inversion model. Real (blue) and imag-
inary (red) components of the T',, magnetic transfer function are shown for
the 29 stations. Error bars are one standard deviation.
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Figure 3.7 - Comparison of measured (discrete marks) with predicted GDS responses
(continuous solid lines) from the 3-D inversion model. Real (blue) and imag-
inary (red) components of the T, magnetic transfer function are shown for
the 29 stations. Error bars are one standard deviation.
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When evaluating the reliability of a 3-D model, an important aspect is to assess
how the misfits between measured and predicted data are distributed as a function
of the measurement period and at each station. This is done in Figure 3.8, which
shows the site-by-site distribution of rms misfits for all analyzed periods. In order to
have a regional image, only the vertical magnetic transfer functions are presented.
There are some high rms values randomly distributed, probably associated with
noise, but mainly in the central part of the model there is a good fit to the data. A
higher concentration of high rms misfits is observed in the stations of the extreme

southeast of the study area, where some MT stations included in the inversion are
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located.

Figure 3.8 - Site-to-site rms misfit distribution maps for different periods in the final
3-D inversion model. The rms (color coded) distribution is shown for GDS
responses only.
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The final 3-D inversion model is represented in Figure 3.9 by a horizontal slice
at the crustal depth of 25.6 km. The regions of higher conductivity in this model
section are represented by warm colors (red) and the regions of higher resistivity
by cold colors (blue). Also shown is the horizontal grid by which the Earth’s half-
space was subdivided for 3-D inversion and projections of some main structural
elements on the surface (continental margin and Parnaiba basin boundaries). A
preliminary geophysical interpretation of the conductivity anomalies detected by the
model will be discussed in Subsection 4.2.1.2 but they correlate with some structures
previously identified by thin-sheet modeling of these GDS data (ARORA et al., 1999)
and inversions along MT profiles across the basin (PADILHA et al., 2017; SOLON et
al., 2018).

Figure 3.9 - A horizontal slice of the 3-D conductivity model from joint 3-D MT and
GDS data at a depth of 25.6 km. Projections of the continental margin (black
contour line), Parnaiba basin limits (white contour line) and position of MT
(black dots) and GDS (white dots) sites on the surface are also shown. The
conductivity color scale is logarithmic and covers the range 0.001-1 Sm™!.
The horizontal grid used for 3-D inversion is also shown (black straight lines).
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From this 3-D resistivity model, the impedance tensor elements can be derived
anywhere in the model grid through forward calculation using the ModEM com-
putational package. These impedances can be convolved with geomagnetic fields
interpolated by the SECS technique during magnetic storms to allow obtaining the

geoelectric field at any location in the study area.

3.3 Test of the algorithm developed to calculate the geoelectric field

from the 3-D impedance tensor

MatLab computer codes were developed to estimate the geoelectric field from ge-
omagnetic field variation data and 3-D impedance tensors. The procedure adopted
is similar to that proposed by Kelbert et al. (2017), Love et al. (2018b), Lucas et
al. (2018) and uses interpolation methods for the transfer functions (Z) and the
Fourier transform of magnetic fields. The calculations are initially performed in the
frequency domain, bounded by the Nyquist frequency (1/2At) related to the data

acquisition rate.

Initially, the time series of the horizontal geomagnetic field (By(t)) are transformed
to the frequency domain (By(w)) using the Fourier transform. In this step, time
series with a duration of 1 to 3 days are normally considered, including the different
phases of the magnetic storms. It should be noted that the MT information from the
impedance vectors must be continuous in the frequency space to convolute with the
Fourier transform result of the magnetic fields. Thus, it is necessary to interpolate the
impedance tensor components (usually presented in discrete frequencies) to obtain
a continuous spectrum of these transfer functions. It is considered the real and
imaginary part of the full impedance tensor (Z,,, Z,;, Z,, and Z,,). The chosen
interpolation method is the cubic spline (AHLBERG et al., 1967), using polynomials of
degree 3 between contiguous discrete points and ensuring that the first and second
derivatives are continuous. In this way, the interpolation result does not show peaks
or abrupt curvature changes at the points where the experimental data (MT transfer

functions) are located.

Having the full impedance tensor (Z;;) and the geomagnetic field (By) with the
same frequencies, one can perform the basic tensor product of the MT method,
defined by Equation 2.27. In this way, the geoelectric field in the frequency domain
is determined. Then, the time series of the geoelectric field is obtained using the

inverse Fourier transform.

The developed code was validated using geomagnetic variations and MT transfer
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functions for the same region in Japan previously studied to validate the SECS algo-
rithm (Subsection 3.1.2). The choice of this region was motivated by the availability
of high-quality geoelectric data (available for over 70 years). Several observatories
provide long-term series of geomagnetic field variations covering several storms, in
addition to having long-period MT transfer functions (FUJII et al., 2015). This huge
database has been widely used in the literature to test GIC modeling processes (KEL-
BERT et al., 2017; LOVE et al., 2018b; LUCAS et al., 2018). The impedance tensor is
available for a wide range of periods (6.4 — 213,400 s), equispaced on a logarithmic
scale at 42 frequencies at the MMB observatory site (SCHULTZ et al., 2001-2011).
Also, magnetic field records (B, B,) acquired with a sampling frequency of 1 Hz
were used. The procedure for obtaining geoelectric fields from this dataset was de-

scribed above.

Figure 3.10 shows the geoelectric field estimates derived in this test using the mag-
netic disturbance records during the October 2003 severe magnetic storm "Hal-
loween" (Dst = —401 nT). The electric field measured at the observatory are di-
rectly compared with the geoelectric field derived from our modeling. In terms of
prediction efficiency, the test reached values of ~ 0.89 and ~ 0.83 for the components

E, and E,, respectively.

41



Figure 3.10 - Measured and estimated geoelectric fields at the MMB observatory during
the Halloween geomagnetic storm. Top, comparison between electric fields
estimated using developed computer code (red) and measured directly at
the observatory (blue). Bottom, difference between estimated and measured
electric fields.
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For comparison, Kelbert et al. (2017) calculated the geoelectric fields that would
have been obtained considering a 1-D model for the conductivity distribution under
the MMB observatory. The results are displayed in Figure 3.11 and again compared
with the measured data. The difference between the measured and calculated values
is significant in this case, as the region where the observatory is located is strongly
affected by a 3-D distribution of subsurface conductivity. This result justifies the
choice of this thesis to adopt the full impedance tensor (3-D information) to represent
the conductivity inside the Earth.
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Figure 3.11 - Comparison between measured electric fields at the MMB observatory dur-
ing the Halloween geomagnetic storm with estimated electric fields using
a 1-D resistivity model (KELBERT et al., 2017). Top, measured (blue) and
estimated (red) electric fields. Bottom, difference between estimated and
measured electric fields.
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The results of this validation test using the 3-D conductivity model are consistent
with goodness of fit between measured and estimated geoelectric field at the MMB
station for this same storm through computer codes produced by other authors
(KELBERT et al., 2017; NAKAMURA et al., 2018). These authors reproduce the electric
field measurements in MMB to within 15%, compatible with the result obtained
here. Thus, the code developed to calculate the geoelectric field can be considered
validated. Furthermore, depending on the characteristics of the local geology, the re-
sults show that the use of 3-D conductivity distributions instead of 1-D distributions

for the modeling of GICs is highly recommended.
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3.4 The Lehtinen & Pirjola (LP) method

Since the variation of the induced geoelectric field is rather slow, GICs can be ap-
proximated as quasi-direct currents (frequency ranges of decihertz or lower) super-
imposed on the 50/60 Hz power system currents. The induced geoelectric field can
be represented by a voltage source between two substations (e.g., ¢ and j) of a trans-
mission line. This voltage can be calculated by integrating the vector electric field

along the length between the substations and expressed as:

V;-Z»:/Edl:/JEdl (3.12)
C )

where the line integral is along each finite segment of the path C' between substations
i and 7, which takes into account the amplitude and direction of the electric field
(E), V;; represents the voltage source between substations ¢ and j, and dl represents

the incremental length of the line.

Following Kirchhoff’s laws, Lehtinen and Pirjola (1985) proposed an approach (LP
method) to calculate earthing currents flowing in or out of the system at substation
locations. In this case, the network is considered as a set of discrete grounded nodes,
connected by the transmission line through a path (i — j). Using this method, the

GIC flowing through n earthed substations can be calculated as

L= (U+YZ) ", (3.13)

where [, is a n x 1 vector of GICs flowing into the Earth, U is the n x n unit
matrix, Y represents a n x n network admittance matrix that mainly depends on
the resistance of the conductors, Z,, represents a n X n matrix containing earthing
impedance, and J, is a n X 1 column vector with the induced nodal current sources.
The elements of the nodal admittance matrix Y are defined by the resistance per
unit length of the transmission lines (R;;) interconnecting the substations, which

are represented by

1
Rij

Y = ‘ i F Yij:Z
£

i=j (3.14)
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Also, based on the calculated voltage using Equation 3.12, the elements of the column
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matrix .J, can be obtained through

Vii

R;

(3.15)

j#i T
A computer code was written to calculate GICs at each node (substation) of a
transmission line using the matrices of Equation 3.13. It was previously validated
by comparing estimated amplitudes with direct measurements at a substation during

a magnetic storm that occurred on October 8, 2013 (ESPINOSA et al., 2019).
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4 MODELING GEOMAGNETICALLY INDUCED CURRENTS -
CASE STUDIES IN BRAZIL

This chapter addresses two case studies of modeling GICs in simplified power net-
works operating at 525 kV in Brazilian territory . In the southern region, mea-
surements with high cadence (1 s) of three magnetometers from the EMBRACE
program are used to interpolate geomagnetic variations by the SECS method. In
the north-northeast region, geomagnetic variations observed during an old GDS
campaign through magnetometers installed around the dip equator with a resolu-
tion of 1 min are used. In both cases, 3-D models were derived to represent the
underground electrical conductivity structure and the modeling process to estimate
GICs during magnetic storms was carried out by applying the previously described

methodology.
4.1 GIC estimation in a power network of southern Brazil

This section reviews the paper "Estimation of geomagnetically induced currents in
the electrical grid of southern Brazil using a 3-D terrestrial resistivity model" by
Espinosa et al. (2022) currently submitted for publication. It presents the first GIC
study in a South American power grid using 3-D subsurface resistivity structure and
high-cadence geomagnetic variations to derive geoelectric fields during geomagnetic

storms.

For this study, geomagnetic data with resolution of 1 s provided by the EMBRACE
magnetometer network (DENARDINI et al., 2018) were interpolated in southern Brazil
during two geomagnetic storms using SECS. 3-D impedance tensor elements were
obtained from forward calculation using an Earth resistivity model for the study
region. Following the procedure described earlier in this thesis, the surface geoelec-
tric fields were derived using the interpolated geomagnetic data and the 3-D MT
impedances, following the plane-wave assumption (Equation 2.27). Finally, using
the LP approach, these local geoelectric fields and a simplified model of the 525 kV
transmission network in southern Brazil were combined to estimate GICs at each
substation (node) of the network. This modeling sought to locate weak spots in
the considered grid, which would be more susceptible to the risk derived from in-
duced currents. Another objective is to implement an operational methodology for
the EMBRACE program to assess potential GIC hazards in the Brazilian power

transmission system.

!This section is an adapted version of Espinosa et al. (2022).
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4.1.1 Data sources

The information available for southern Brazil and necessary to simulate GIC magni-
tudes during the two selected geomagnetic storms is described in this section. Details
are presented on the local geology, Earth’s resistivity structure, magnetic field ob-
servations and a representation of the high voltage transmission system, considering

its topology, network resistance and location of the substation grounding points.
4.1.1.1 Geological background and available geoelectrical information

The South American platform is characterized by a central core formed by sev-
eral Archean to Mesoproterozoic cratonic nuclei from earlier supercontinents welded
together during the Neoproterozoic Brasiliano/Pan African Orogeny in the final as-
sembly of West Gondwana (ALMEIDA et al., 2000). Intracratonic basins cover an
extensive segment of this Precambrian framework. The study area in south-central
Brazil (Figure 4.1a) is marked by the presence of the Parana basin, a large intracra-
tonic feature deposited from Late Ordovician to Late Cretaceous in response to a

geological stabilization after the Brasiliano Orogeny.

The basin consists of a thick and vast sedimentary-magmatic sequence covering
about 1,700,000 km?, mainly in southern Brazil and Uruguay, Paraguay, and Ar-
gentina. The stratigraphic succession in the study area outlines successive episodes
of subsidence and uplift, with a thickness of up to 7000 m in the central depocen-
ter (ZALAN et al., 1990). Just before the breakup of the supercontinent Pangaea in
the Early Cretaceous, one of the most voluminous volcanic events in the Earth’s
history covered the basin with basaltic lava flows, while many dykes and sills also
intruded the sedimentary sequence (MELFI et al., 1988). After basaltic volcanism,
the northern part of the basin subsided and a thin layer of continental sediments
was deposited in the Late Cretaceous, ending the depositional history of the basin.
Below the basin, the basement structure remains uncertain with different proposed
lithospheric models, such as a single cratonic block underneath the axial region of
the basin surrounded by mobile belts of the Brasiliano age (MANTOVANTI et al., 2005)
or a collage of fragmented blocks separated by interposed suture zones (MILANI;
RAMOS, 1998).

The 3-D deep electrical resistivity structure of this region was previously investigated
using 63 regional-scale GDS data with an average site interval of ~ 100 km (see
GDS station distribution in Figure 4.1a), but constrained by different MT datasets
(PADILHA et al., 2015; MAURYA et al., 2018). These MT data were mainly from broad-
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band soundings positioned along profiles in the central part of the basin. These two
studies generically modeled the same resistivity distribution at medium-to-lower
crustal and upper mantle depths, which are represented in Figure 4.1b through a
horizontal resistivity map at a lower crustal depth (33 km) of the model by Padilha
et al. (2015). It shows that the crust below the basin consists of several quasi-linear

highly conducting channels of limited lateral extent.

Figure 4.1 - Regional geology and 3-D resistivity models for the study area. (a) General-
ized geological map of southern Brazil, with emphasis on the Brazilian part
of the Parand basin (modified from Bizzi et al. (2001)). Locations of GDS,
long-period MT, and EMBRACE magnetic stations are shown. Geological pe-
riods of outcrops are: CZ = Cenozoic; K = Cretaceous sediments; SG = Early
Cretaceous basalts; TC = Triassic to Cambrian sediments; PZ = Proterozoic;
and AR = Archean. The inset shows the study area with the full areal extent
of the Parand Basin (PB) and contiguous Chaco-Parand basin (CP) in north-
eastern Argentina. (b) A horizontal section at a depth of 33 km from the 3-D
resistivity model of Padilha et al. (2015), derived from GDS data alone. The
position of the GDS sites (dots) and Parana Basin boundaries (white dashed
lines) is shown. (c¢) Same as (b) from the 3-D resistivity model derived for this
thesis using joint GDS (dots) and long-period MT (triangles) data.
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A new 3-D resistivity model was derived for this thesis incorporating 13 new long-
period MT stations distributed over different regions of the Parana basin to the GDS

array data. The procedure was generically the same described in Section 3.2. The
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parallel 3-D inversion code ModEM3DMT was used for data inversion that included
all four components of the impedance tensor of the MT sites (periods from 300
to 10,000 s and error floors of 5% for the off-diagonal and 10% for the on-diagonal
impedance elements) and vertical magnetic responses of GDS and MT sites (periods
from 300 to 3,000 s and a constant error floor of 0.02). The model grid was the same
as that of Padilha et al. (2015), with a covariance value of 0.3 applied once in all
directions and the Atlantic Ocean (0.3 Qm seawater resistivity) included as a priori

and fixed structure.

The previous model of Padilha et al. (2015) was used as the starting model and
after 77 iterations in 9 days the inversion converged to a normalized rms of 2.8.
The final 3-D inversion model is represented in Figure 4.1c by a horizontal slice at
a depth of 33 km. The same elongated major conductivity anomalies are observed
when comparing the previous (Figure 4.1b) and current (Figure 4.1c) 3-D resistivity
models. However, the new model features a more resistive crustal core, especially in
the northern portion of the basin where most long-period MT soundings are con-
centrated. This new 3-D model will be used to obtain the full impedance tensor and
geoelectric field amplitudes across the study area during the selected geomagnetic

storms.
4.1.1.2 Geomagnetic field variations

Two intense geomagnetic storms that occurred in the decreasing phase of sunspot
cycle 24, on 21-23 June 2015 (minimum Dst of —204 nT) and 19-21 December 2015
(minimum Dst of —175 nT), were chosen for GIC modeling. Of the 16 magnetic
stations currently operated in the EMBRACE array, 3 were selected based on data
availability for the two events and geographic distribution in the study region (see
Figure 4.1a). Details about the stations are presented in Table 4.1, where geomag-
netic information was obtained using IGRF-13 coefficients (ALKEN et al., 2021).
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Table 4.1 - Geographic and geomagnetic coordinates and total geomagnetic field
strength at the selected EMBRACE stations for 2015.

Geographic Geomagnetic
Code  Lat. Lon. Lat. Lon.  Total field (nT) Inclination(°)
CXP 22.70S 4501W 194985 2241 E 23,085 -37.56
JAT 1793S 51.72W 1261S 1777 E 23,024 -25.37
SMS 2944 S 53.82W 21.62S 1350 E 22,477 -37.18

SOURCE: Author production.

EMBRACE magnetometers produce digital samples at a rate of one sample per
second, which are averaged to 1 min resolution for data distribution (DENARDINI
et al., 2018). Specifically for this study, the 1 s time resolution raw measurements
were accessed and the first derivatives of the horizontal (H) and declination (D)
magnetic vector components were used to identify local spikes and other artificial
disturbances. The H and D geomagnetic time series were converted into northward
(B,) and eastward (B,) data, using B, = HcosD and B, = HsinD. Following, a
low-pass filter with a cutoff frequency of 100 mHz (equivalent period of 10 s) was
chosen to remove high-frequency components in the raw magnetic data (B, By).
This is in line with previous studies arguing that the geomagnetic field variations
that generate the greatest risk for high voltage power grid transformers occur in
periods of about 10 to 1000 s (BEDROSIAN; LOVE, 2015; CUTTLER et al., 2018).

The magnetic signature of the two geomagnetic storms is shown in Figure 4.2, which
plots the northward (AB,) and eastward (AB,) components of the horizontal mag-
netic field at the three EMBRACE stations. As a typical result for low geomagnetic
latitudes, the magnetic field variation of the northern component is much greater
than that of the eastern component. Furthermore, the recorded geomagnetic varia-
tions are very similar in the 3 stations, despite the large separation between them
(maximum distance of 1300 km between JAT and SMS) and possible effects that
could be attributed to the South Atlantic Magnetic Anomaly (SAMA). This re-
gion of global minimum geomagnetic field strength leads to enhanced precipitation
of energetic particles in the local ionosphere and increased amplitudes in horizon-
tal magnetic components have been reported in the center of the anomaly during
magnetic storms (TRIVEDI et al., 2005). However, the similarity between the ground
geomagnetic variations shown in Figure 4.2 does not indicate that SAMA ionospheric

effects contributed significantly during the two analyzed storms.
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Figure 4.2 - Low-pass filtered geomagnetic field time series for northward (AB,) and east-
ward (AB,) components at the three EMBRACE stations during the geomag-
netic storms of June (left panels; from 12 UT on 21 June to 18 UT on 24 June
2015) and December (right panels; from 08 UT on 19 December to 20 UT on
21 December 2015).
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However, GICs are commonly associated with rapid temporal variations of the ge-
omagnetic field during magnetic storms and therefore more directly related to high
frequency signals. Figure 4.3 compares the Fourier spectral power of the time deriva-
tive of the geomagnetic field during the two magnetic storms at the three EMBRACE
stations shown in Table 4.1. Each panel presents a snapshot of the dB/dt spectro-
gram around (120 s) selected time instants. The distribution of signal energy across
frequencies was obtained through the Parseval relation (SMITH, 2013). Panels in the
horizontal direction correspond to instants in the time derivative of the geomagnetic
field (6 snapshots in each storm) that correspond to some selected peaks during the
storms to be listed in Table 4.2. As much of the geomagnetic field variation that
drives GICs is at the higher end of the spectrum, in this case from 10 s to 100 s, it is
critical to determine whether the spectra of these time series exhibit the same behav-
ior visually observed in Figure 4.2. The results in Figure 4.3 do not show substantial
changes in signal power throughout the entire frequency range when comparing the
same time instant in the three magnetic stations. As a consequence, geomagnetic

field disturbances at the three widely separated sites in Figure 4.2 have similar mag-
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nitudes and power spectra, indicative of the homogeneity of the magnetic signal in

our study region during the two magnetic storms.

Figure 4.3 - Comparison of instantaneous dB/dt power spectra at the three geomagnetic
stations during selected peaks of the two magnetic storms. Panels in the top
three rows correspond to the June storm spectrograms with the day and time
of each snapshot identified in the top two rows, respectively. Panels on the
bottom three rows correspond to the December storm spectrograms with the
day and time of each snapshot labeled analogously to the June storm.

21 Jun 22 Jun 22 Jun 23 Jun 23 Jun 23 Jun

0.2 1 0.2
i

- 0.6 jat

=2,

& 04 04
0.2

16:49:50 18:35:14 20:01:04 02:58:10 14:16:43 20:10:59
1 02

18 ,,m 3 o B 06
sms —o dB,/dt—s dB, Jat ’
0.4 | 0.4

0.2

0.6

6 0.4

19 Dec 20 Dec 20 Dec 20 Dec 21 Dec 21 Dec
1 0.2

06 06
=
5 04 - ! 04
16:18:32 03:31:29 07:18:08 17:26:37 06:07:53 13:36:42
02 ! 02

- II& o060 K000 B89 06
—o dB,/dt—o dB,/dt|

04
0.2

L .

0 30 60 900 30 60 90 30 60 90 30 60 900 30 60 900 30 60 90
flmH?Z] flmHz]

SOURCE: Author production.

4.1.1.3 High-voltage power transmission lines of south-southeast Brazil

South-southeast Brazil is the most populous and industrialized region in the country,
thus presenting the largest number of high voltage networks and power plants. The
high-voltage network in this region consists of transmission lines with a voltage level

of up to 765 kV. A simplified representation of the grid is shown in Figure 4.4, where
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network branches with different operating voltages are presented with colored lines
(red = 765 kV, blue = 525 kV and green = 440 kV). Lower voltage elements of the
power network (mainly 345 kV and 230 kV) are not included in the figure, which
also shows the layout of the Bolivia-Brazil gas pipeline (Gasbol).

Figure 4.4 - Map with straight-line approximations of the three main high-voltage trans-
mission lines in south-southeast Brazil and the path of the Gasbol pipeline.
The region covering the Parané basin in Brazil is shown in pink.
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For the GIC simulation, only the 525 kV network was considered as it is located
within the region where the 3-D resistivity model is available and the geomagnetic
interpolations are more reliable. Low-voltage networks were ignored in these calcu-
lations as more intense GICs are expected in the high voltage branch due to longer
line sections and lower line resistances (ZHENG et al., 2014). However, several studies
have shown that neglecting the low voltage portion of a network can lead to over-
estimated GICs (TORTA et al., 2014; BLAKE et al., 2018), particularly in substations
with direct connections to the lower voltage elements. Our modeling is justified be-

cause we are at this stage mainly looking for the nodes most susceptible to large
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increases in GIC for installing monitoring equipment, rather than trying to make an
accurate GIC magnitude prediction. The simplified network 525 kV is composed of
31 transmission lines and 23 substations, each one corresponding to a ground node
represented by a single conductor. This means that a three-phase power transmis-
sion line is connected to a transformer with a neutral point on ground, with the
total resistance given by the sum of the transformer resistance and the earthing

resistance.
4.1.2 Estimates of geoelectric fields during the 2015 geomagnetic storms

Together with the 3-D resistivity model for the region encompassing the Parand
basin in southern Brazil, the geomagnetic field variations recorded by EMBRACE
magnetometers can be used to estimate geoelectric fields during the 2015 storms. The
procedure involves interpolation of the magnetic field in the region of interest using
SECS and its convolution with the impedances derived through forward calculation

of the resistivity model.
4.1.2.1 Interpolating the geomagnetic field variations

The SECS interpolation method has shown good results at high latitudes (PULKKI-
NEN et al., 2003; VANHAMAKI; AMM, 2011; WEYGAND et al., 2011; RIGLER et al., 2019),
where near-vertical FAC flowing radially along the geomagnetic field and connecting
ionospheric currents to the magnetosphere is a reasonable approximation. At lower
latitudes, where magnetic field lines are tilted, this approximation is more problem-
atic and the use of this technique for magnetic field interpolation purposes during
disturbed periods has been questioned (MCLAY; BEGGAN, 2010; TORTA et al., 2017).
However, other studies have shown very reasonable interpolation results in low lat-
itude regions of South Africa (BERNHARDI et al., 2008), Uruguay (CARABALLO et
al,, 2013) and Brazil (DIOGO, 2018). In particular, this last study was carried out
in the central region of Brazil, adjacent to the area where GICs are being here es-
timated. Diogo (2018) showed that a large density of poles and an extrapolation of
the SECS equivalent current system to an area much larger than the region cov-
ered by the data must be used to avoid the occurrence of artifacts and improve the

interpolation accuracy.

In line with this approach, Figure 4.5a displays the area of analysis over which the
elementary ionospheric current poles were placed to interpolate geomagnetic fields in
southern Brazil. The altitude of the ionospheric equivalent current sheet was 100 km

and the distances of the poles in the grid (marked as brown dots) were 0.4° and
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0.6° in the longitudinal and latitudinal directions, respectively. Elementary current
intensities during magnetic storms were determined to provide minimal error match
with EMBRACE magnetometer records. The magnetic field was then interpolated

on the Earth’s surface to the locations of the 63 GDS stations shown in Figure 4.1a.

An essential role in the different stages of GIC studies is played by validation tests
that aim to verify the capacity, precision and limitations of the modeling. Due to
our limited dataset and lack of GIC measurements in substations, we opted for a
qualitative evaluation, verifying the physical reasonableness of the magnetic field
inputs and outputs and observing the robustness of the modeling in not generating
interpolation artifacts in the calculated geomagnetic field. From the results shown
in Figure 4.2, no significant variations in the interpolated fields between nearby sites
are expected. Furthermore, due to its greater sensitivity to spikes and because it is
commonly used as an indicator of the level of geomagnetically induced electric field
at the Earth’s surface (VILJANEN et al., 2001), the time derivative of the magnetic

field (dB/dt) was chosen to compare observation and model data.
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Figure 4.5 - SECS interpolation of geomagnetic field variations. (a) Equivalent ionospheric
current grid (brown dots) to estimate the elementary current amplitudes. Red
closed triangles indicate where the SECS amplitudes are calculated on the
surface, with the inset showing the GDS site names and the chosen profile.
(b) dB,/dt observed at geomagnetic stations (jat-green, cxp-red, and sms-
blue) and interpolated at the selected profile sites from 12 UT on 21 June to
20 UT on 23 June 2015. (c) Same as (b) for dB,/dt.
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Figure 4.5 exemplifies our validation of the interpolated dB/dt fields by showing
a comparison of these fields predicted by the SECS model with the available ob-
servations. The NE-SW profile highlighted in the central part of the Parana basin
(Figure 4.5a) was selected for comparison and will also be used in the next sec-
tions when discussing the calculated geoelectric field. The dB/dt values during the
June storm are shown in Figure 4.5b-c, as measured at the 3 EMBRACE stations
and derived by SECS at the selected profile sites. A threshold of 23% of the maxi-
mum singular value was used to obtain the most reliable interpolation over the June
storm. The results are in accordance with the assumptions previously established
to consider adequate the interpolation of the magnetic field by SECS. There are no
anomalous spikes in the interpolated fields and the dB/dt varies smoothly between

the interpolated sites and the measured stations. In fact, the interpolation results
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across the profile resemble a latitudinal weighted average of observed data. It can be
then assumed that SECS model geomagnetic field variations change smoothly de-

pending on latitude during the studied magnetic storms in this low-latitude region.
4.1.2.2 Synthetic test of geoelectric field calculation

To calculate the geoelectric fields, 345, 535 points of the interpolated magnetic field
time series were computed at each GDS survey site for the June storm (from 00 :
00 : 13 UT on June 21 to 23 : 59 : 07 UT on June 24, 2015) and 338,400 points
for the December storm (from 23:59:44 UT on December 18 to 21:59:43 UT on
December 22, 2015) with a sampling interval of 1 s. A Hann window function was
applied to the time series to minimize spectral leakage in the FF'T calculation. The
1-D magnetic field spectra were calculated for the components B, and B, in the
bandwidth 0.1 — 0.0001 Hz (periods of 10 — 10,000 s) at each site.

Due to the limited period range of the MT and GDS data used to obtain the 3-
D resistivity model, only periods above 300 s (frequencies below 0.0033 Hz) were
considered for calculating the geoelectric field. The MT transfer functions (tensor
impedances) of the 3-D resistivity model were derived at each GDS site over the
same interval of 0.0001 — 0.0033 Hz, with 10 estimates per frequency decade equally
spaced in a logarithmic scale, through forward calculation using the ModEM soft-
ware package. In order to have the same frequency spectra in the magnetic field
and in the MT model response, the real and imaginary parts of all impedance ten-
sor components were interpolated to have a continuous spectrum of the transfer
functions. The geoelectric field spectra were then computed by convolving the MT
tensors with the magnetic fields as in Equation 2.27. The geoelectric field time series

were finally derived by inverse FFT and removing the window effect.

To validate the developed computer code and perform a simple examination of the
effects of Earth’s resistivity structure, synthetic geoelectric fields that would be
induced by a geographically uniform reference geomagnetic signal were calculated.
A peak recorded at 5:48 UT on June 22 storm in component B, was chosen and
its spectrum is defined here as By(w). Three hypothetical scenarios were considered,
with the magnetic field polarized in the directions south (—B,(w) = By(w), By (w) =
0), west (B;(w) = 0, —By(w) = By(w)) and southwest (—B,(w) = —By(w) =
V2Bo(w)).

Figure 4.6 shows maps during the chosen time instant with the spatial change in

magnitude and direction of the derived 2-D vector geoelectric field compared to mag-
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netic variations AB and time derivative dB/dt for the three different polarizations of
the magnetic field. A rough orthogonality between the magnetic and electrical vec-
tors can be seen for the different polarizations. However, there are few sites showing
a typical 1-D resistivity structure with the geoelectric field vectors really orthogo-
nal to the direction of the polarized geomagnetic field and have almost the same
magnitude, regardless of the direction of the inducing geomagnetic vector. In most
cases, geoelectric vectors have different magnitudes from one site to another and are
oriented at acute and obtuse angles in relation to the inducing geomagnetic vector.
These site-to-site differences are due to local differences in the impedance tensor,

related to the Earth’s 3-D resistivity structure

Figure 4.6 - Snapshots of the modeled geoelectric field (red arrows) for three different
magnetic field polarizations compared to magnetic variation B (blue arrows)
and time derivative dB/dt (green arrows). (a) Magnetic field polarized in the
NS direction; (b) magnetic field polarized in the EW direction, with reference
arrows corresponding to 90 nT for B, 0.1 nT/s for dB/dt and 30 mV /km for
E; and (c) magnetic field polarized in the SW direction.
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The more significant changes in vector direction and the largest amplitudes of syn-
thetic geoelectric fields are observed in the central and northeastern portions of the
Parana basin, where the 3-D model shows high resistivities. On the other hand,
the entire eastern part of the GDS array shows low amplitudes of the geoelectric
field regardless of the polarization of the magnetic field. This is an unpredicted

result as it would be expected that for some polarizations the coast effect would
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predominate in this region. This effect is related to a concentration of induced cur-
rents in the ocean where the conductivity is much higher than that of surrounding
coastal rocks. In a 2-D context, the geoelectric field would be amplified or damped
depending on whether the inducing geomagnetic field is parallel (H-polarization or
TM-mode) or normal (E-polarization or TE-mode) to the coastline, respectively.
The magnetic field polarized in the north-south (Figure 4.6a) and south-west (Fig-
ure 4.6¢) directions correspond to the TM-mode in relation to different regions of
the coast and should lead to an amplification of the synthetic geoelectric vectors
at sites approaching the coast. Unobservance of these amplification effects in the
south-southeast region of Brazil is interpreted as due to the presence of high con-
ductivity anomalies bordering the entire coastline (see Figure 4.1b-c). Also, due to
the shallow waters in this part of the South Atlantic Ocean (seafloor bathymetry
less than 200 m up to 200 km from the coast), coast effects are relatively weak and

do not extend over great distances onshore.
4.1.2.3 Geoelectric time series during the 2015 geomagnetic storms

The same procedure of the synthetic test was used to derive the geoelectric fields
from the interpolated geomagnetic variations during the two magnetic storms. Fig-
ure 4.7 presents the geoelectric field time series estimated in the north-south (£;)
and east-west (E,) directions during the June storm at the 8 chosen sites of Fig-
ure 4.5a. Stronger geomagnetic variations are usually observed in the S-N direction
(B:), close to the Earth’s magnetic meridian, and cause the geoelectric field to have
a much larger magnitude in the E-W direction (E),) than in the S-N direction (E,).
Also, considering the same polarization for the magnetic field, the greatest mag-
nitudes of the geoelectric field are observed in more resistive regions. This can be
seen, for example, when comparing the magnitude of the geoelectric field £, mod-
eled for station apg33 with its neighboring stations apg48 and apgb4. The peak
magnitudes of the £, field for these three sites observed around 20:01 UT on June
22 was —46.7 mV /km (apg48), —142.2 mV /km (apg48) and —61.0 mV /km (apg54).
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Figure 4.7 - Geoelectric field E, (red) and E, (blue) time series for the storm of 21-24
June 2015 for each of the GDS locations of Figure 4.5, derived using the 3-D
modeled impedance tensors from resistivity model in Figure 4.1c and filtered
geomagnetic variations of Figure 4.2a-b.
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Geomagnetic storms are transient phenomena that cause high rates of change in
horizontal geomagnetic components observed on the Earth’s surface. These stormy
disturbances often vary over a wide range of frequencies and as a consequence give
rise to geoelectric fields with very different spectral content. Geoelectric fields with
different frequencies of oscillation can also affect technological systems on the surface
differently. Thus, an important aspect in GIC studies is to correlate the main peaks
of geoelectric field variation with the characteristics of the rate of change of the

magnetic field.

A comparison of the estimated geoelectric field time series during the two storms at
apg33 with the time derivative of the magnetic field (dB/dt) and its Fourier spectral
power at selected instants is shown in Figure 4.8. In the upper and intermediate
panels are identified instants in the geoelectric field time series and in the magnetic
field time derivatives (6 vertical dashed lines in each storm) that correspond to some
chosen peaks in the geoelectric field. These time instants are presented in Table 4.2
and include the storm sudden commencement (ssc), another CME impact and the
maximum geoelectric field of the June storm (snapshots 1, 2 and 3, respectively)
and the ssc of the December storm (snapshot 1). At the bottom of Figure 4.8 are
snapshots of dB/dt spectrograms around (120 s) each of the time instants. Parseval’s
relation (SMITH, 2013) was used to indicate how the signal energy is distributed over

frequencies.
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Figure 4.8 - Comparison of calculated geoelectric field, dB/dt and instantaneous dB/dt
power spectra at site apg33. The upper graphs show estimated geoelectric
field time series (E, and E,) during the two magnetic storms. Intermediate
graphs show the corresponding dB, /dt and dB,/dt during that time period.
At the bottom are snapshots of dB,/dt and dB,/dt power spectra at the time
instants identified by vertical dashed lines in the graphs above.
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SOURCE: Author production.

Table 4.2 - Time instants of the selected snapshots presented in Figure 4.8.

June 2015 December 2015
Snapshot Date Time (UT) Snapshot Date Time (UT)
1 21 Jun 16:49:50 1 19 Dec 16:18:32
2 22 Jun 18:35:14 2 20 Dec 03:31:29
3 22 Jun 20:01:04 3 20 Dec 07:18:08
4 23 Jun 02:58:10 4 20 Dec 17:26:37
5 23 Jun 14:16:43 5 21 Dec 06:07:53
6 23 Jun 20:10:59 6 21 Dec 13:36:42

SOURCE: Author production.
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Contrary to what would be expected during magnetic storms for the spectral power
to be distributed in different directions and over a wide range of frequencies, the
spectral content of all selected peaks shows a significant predominance of dB, /dt
amplitudes and of low-frequency components (generally less than 10 mHz). The
only exception is the peak amplitude dB,/dt in the June storm, identified as snap-
shot 2 in that storm. It presents the highest spectral power at low frequencies but
also has important high-frequency spectral components. For the December storm,
the highest dB/dt and spectral power are observed at peak 1 (ssc). Low energy at
higher frequencies is typical of low latitude regions and is related to the correla-
tion between geomagnetic latitude and increased dB/dt levels (PULKKINEN et al.,
2012). On the other hand, longer-period disturbances with larger amplitudes can be

effective drivers of sustained and significant geoelectric fields and GICs.

It is not only the magnitude of the geoelectric field that is important for GIC model-
ing, but the orientation of the vector relative to a power network also plays a critical
role (VILJANEN; PIRJOLA, 2017; DIMMOCK et al., 2020). Thus, different patterns of
field vectors in a given area with the same regional mean can produce very different
GICs. An accurate determination of the spatial structure of the geomagnetic varia-
tions and inferred geoelectric fields must then be taken into account with the scale
of the network, which is usually done in the form of snapshots of both parameters

during the most intense events.

Figure 4.9 shows the vector form of the resulting geoelectric fields at all GDS sites
during three representative snapshots of each storm. Snapshots of the interpolated
dB/dt for all sites at the same time instants are also shown for comparison. As
expected from the larger dB, /dt magnitudes shown in Figure 4.8, the dB/dt vector
direction is preferably oriented in the NS direction. The main exception is in the
ssc of the December storm (panel Figure 4.9d) where a NE direction is observed.
On the other hand, the direction and magnitude of the geoelectric field vector vary
greatly for different time instants of the magnetic storms, not necessarily following
the instantaneous direction and magnitude of the dB/dt vector. In fact, the rough
orthogonality between the geoelectric field vector and the dB/dt vector observed in
the synthetic test in Figure 4.6 is not observed in the real situation during the two
storms. Likewise, the magnitudes of the dB/dt vectors do not necessarily correspond
to the magnitudes of the geoelectric field at the same time instants. This can be
seen by comparing snapshots 2 and 3 of the June storm. The large NS-oriented
dB/dt of snapshot 2 has an associated geoelectric field vector of small magnitude

approximately parallel to this same direction. In contrast, the smallest magnitude
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dB/dt of snapshot 3 is associated with a very large magnitude geoelectric field vector

in the orthogonal direction.

Figure 4.9 - Selected snapshots of the modeled geoelectric field (red arrows) and interpo-
lated dB/dt (green arrows) during the two storms. Time instants for the June
storm (upper panels) and the December storm (lower panels) can be identified
by the snapshot number in Table 4.2.
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These apparent discrepancies can be explained by the fact that the instantaneous
geoelectric field is not only a function of the instantaneous dB/dt, but also embeds
information from the preceding magnetic field. This can be shown analytically for
a simplified, fully homogeneous Earth by equations relating the S-N (E,) and E-W
(E,) components of the geoelectric field to the time derivative of the E-W (B,) and
S-N (B,) geomagnetic field components, respectively (PIRJOLA, 2002):

1 dB,(u)

¢ 1
E()-—— [
®) ToO J—co \/t —u  di

du (4.1)

64



1 /t 1 dB.(u)
Too J—co /t —u  di

E,(t) = du (4.2)

where o represents a uniform conductivity of the Earth at the studied location.
These equations indicate that the electric field depends not only on the time deriva-
tive of the geomagnetic field (shown inside the integral), but also on the previous
values of the magnetic field. The weighting of the previous values of the magnetic
field decreases with time by the v/t — u factor in the denominator. For a fully 3-D
Earth, this is equivalent to decompose the complex impedance into a real apparent
resistivity (magnitude) and a phase, where the phase describes the time lag (or lead)

of the electric field relative to the magnetic field.

For snapshot 2 of the June storm, it can be seen in Figure 4.8 that the geoelectric
field E, just before the dB,/dt peak was oscillating around —50 mV /km due to two
previous CME impacts during this storm. The large positive spike in dB,/dt from
the arrival of a third CME (secondary ssc) causes this geoelectric field to shift to
approximately —5 mV /km. For the E, geoelectric field, the effect of the negative
dB,/dt peak was to reduce the geoelectric field from 25 nT/km to 10 mV /km. Due
to the inverted polarization of the dB/dt large spike in relation to the preceding
values of the geoelectric field, the magnitude of the instantaneous geoelectric field

vector resulting in this snapshot is low (Figure 4.9).

On the other hand, Figure 4.8 also shows that the negative spike in dB,/dt from
snapshot 3 of the June storm follows a sequence of several negative spikes in dB,./dt
during the magnetic storm main phase. This causes an excursion of the geoelectric
field E, to values below —120 mV /km before that time instant (long period varia-
tion). Thus, the large negative magnitude of the geoelectric field E, in snapshot 3
is associated with the cumulative effects of all these several dB, /dt with the same
negative polarity giving rise to a long period undulation. Similarly, the geoelectric
field E, is enhanced in the same snapshot by an earlier positive dB,/dt sequence.
The result is the large magnitude observed in the instantaneous geoelectric field
vector seen in Figure 4.9, even though the dB/dt vector magnitude is not significant

at that time instant.

Due to the close link between the time derivative of the geomagnetic field and the
level of the induced geoelectric field, dB/dt has been proposed as a reasonable proxy
for GIC activity (VILJANEN et al., 2001). However, some examples are found in the

literature indicating the inadequacy of the dB/dt metric to characterize these in-
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duced currents (TRICHTCHENKO; BOTELER, 2006; WATARI et al., 2009). The June
2015 storm discussed in this thesis represents another case study where the dB/dt
metric fails, in this case associated with the relationship of the geoelectric field to
previous values of the magnetic field. In fact, the unusual characteristics of this
storm had a major impact on this relationship between instantaneous dB/dt and
geoelectric field vectors. A similar result on the inadequacy of dB/dt as a proxy for
GIC activity during this storm was obtained by Heyns et al. (2021) when analyz-
ing long-period pulsations. It should also be considered that the linear relationship
between the local dB/dt and the local geoelectric field, or the power-line average of
the ground-level geoelectric field (which determines the GICs), breaks down in the
presence of significant spatial heterogeneity in the Earth’s electrical conductivity. A
general discussion of the effects of 3-D variations in Earth’s resistivity on the ground

geoelectric field and the GICs can be found in Kelbert (2020).
4.1.3 GIC estimation

Following the LP method, the calculation of GIC in transmission lines requires the
values of the geoelectric fields in each cell of the ground resistivity model where the
substations are located and also in those through which the transmission lines pass.
Although the geoelectric field can be computed for each horizontal cell of the 3-D
model (10 x 10 km scale), our choice was to use the derived values in the observed
data cells (~ 100 x 100 km scale) and fill in the necessary empty cells with an
interpolation technique. As a first approximation, the nearest neighbor method that
produced reliable interpolation results between cells containing measurement sites

and extrapolated fields with apparently less significant errors was chosen.

Accurate values of the power network elements for GIC calculations are not available
and therefore estimates of substation grounding and transformer winding resistances
had to be made. According to the bidding terms and prescribed technical require-
ments for transmission line installations in Brazil, the resistance per unit of length
must range from 0.0174 Q/km to 0.028 2/km for a 525 kV power grid (ANEEL,
2003-2019). As we mainly look for the most vulnerable regions in the network, the
minimum value (0.0174 €2/km) was used to obtain the maximum GIC magnitudes.
Furthermore, according to the ANSI/IEEE80 norm (IEEE, 2007) that electricity
companies in Brazil must comply with, the maximum recommended grounding re-
sistance is 1 2. Based on the best fit for GICs measured in previous studies of a
Brazilian network (ESPINOSA et al., 2019), a value of 0.43 2 was assumed for all

grounding resistances.
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The instantaneous GIC magnitudes calculated by the LP method on the network
nodes during the six selected snapshots are represented by green circles in Fig-
ure 4.10. The geoelectric field vector centered on the corresponding GDS site loca-
tion is also shown (same as Figure 4.9). The maximum magnitudes of the modeled
GICs are observed in snapshots that are representative of the main phase of both
storms (snapshot 3 for June and 4 for December). Two substations stand out as
those with the highest GIC magnitude. One corresponds to node 2 in the northern
part of the network, which is located in the region where the greatest geoelectric
field magnitude is observed and its vector direction is approximately parallel to the
transmission line direction. The other corresponds to node 12 located in the central
part of the Parana basin, a substation connecting several mainly E-W branches of
the grid and also a region with a strong geoelectric field. Modeled GIC magnitudes
were 9.08 A (node 2) and 7.69 A (node 12) for the June storm and 4.75 A (node
2) and 5.03 A (node 12) for the December storm. The minimum magnitudes were
modeled for substation 6, located on the high conductivity anomaly along the basin
axis, and substations 16-20 and 22-23, located on the strong conductors bordering
the continental margin. The maximum GIC magnitudes for these substations were

observed in the June storm, but were less than 2.5 A.
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Figure 4.10 - Geoelectric field and GIC were calculated during the selected snapshots for
the June and December 2015 storms. Red arrows show the instantaneous
vector geoelectric field, highlighting those chosen for the GIC calculation.
Green circles are the instantaneous GIC modeled on the 525 kV transmission
line substations (in blue). GIC magnitude is proportional to the diameter of
the circles, with the highest value at substation 2 for snapshot 3 of the June
storm corresponding to 9.08 A.
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Figure 4.11 shows time series of GIC magnitudes calculated for each substation in
the simplified power grid during the June storm, the strongest of the two storms
analyzed. Two effects are highlighted in this figure: substations with opposite GIC
polarity and substations with large GIC. Substations with opposite GIC polarity to
the remaining substations are concentrated along a NE-SW branch on the north-
ern edge of the power grid (substations 1-5). The inverted GIC polarity is likely
associated with the edge effect whereby the GIC typically flows to/from the ground
through substations at the edge of the network (BOTELER; PIRJOLA, 2017).
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Figure 4.11 - Time series of the resulting GIC modeling at the 23 substations of the sim-
plified 525 kV transmission line during the June storm. Substations with
the highest GIC magnitudes are highlighted in yellow and indicate possible
nodes for future installation of GIC sensors.
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On the other hand, it would be expected that geometric properties of the grid (edge
effect) would cause large GICs to occur at the corners of the grid and this is observed
in many studies worldwide (TORTA et al., 2014; ZHENG et al., 2014). However, Figures
4.10 and 4.11 show that the substations experiencing large GICs are found in the
central part of the network, where the transmission lines are oriented mainly east-
west and a higher concentration of substations is observed, and in the localized
region of high resistivity under substation 2 of the northern branch. The possibility
of larger GICs concentrated in the inner parts of the grid rather than its edges was
pointed out in simulation studies for the Japanese network (NAKAMURA et al., 2018).
They indicated that the topology of the network, its relationship to the direction
of the geoelectric field and localized effects of ground resistivity can generate larger
GICs in different parts of the network.

The substations with the highest GIC in Figures 4.10 and 4.11 can then be related

to various effects, including the predominantly E-W direction of the geoelectric
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field with higher magnitude, the concordant E-W direction of transmission lines in
the central part of the grid, and lower subsurface conductance values in the same
region beneath the Parand basin. Furthermore, the 3-D model shows strong crustal
high conductivity anomalies along the coastline, which contributes to dampening
GIC estimates in this area. More importantly, these figures indicate possible
substations where to install GIC sensors to validate the modeling methodology. It
should be noted, however, that the results were based on a simplified power grid
network topology and configuration (i.e., the equivalent electrical circuit). This
type of GIC estimation, which assumes an average grounding resistance, neglects
knowledge of the power grid as a complete equivalent electrical circuit (i.e., with
time-varying complex admittance to represent all branches, generators and loads, as
well as details of transformer windings, etc.). There may therefore be an unknown
significant impact on both the magnitude and phase of the modeled induced current

waveform.

4.2 GIC estimation in a power network of north-northeast Brazil

GIC activity has been extensively studied at high latitudes due to the initial
paradigm of first-order influence on GIC activity related to the higher dB/dt am-
plitudes that are observed in auroral latitude regions. Until recently, GIC studies
at very low latitudes and in the equatorial region were very rare. The few studies
performed have inferred potential effects of interplanetary shocks in the equatorial
region, noting that the amplification of the magnetic signature increases the sus-
ceptibility of this region to GICs (CARTER et al., 2015; OLIVEIRA et al., 2018). Also,
according to Carter et al. (2016), sudden increases in the solar wind dynamic pressure
causing sudden increases in the magnetopause current and consequently changes in
the resulting magnetospheric-ionospheric current systems would be the main drivers
of equatorial GICs. Other studies of the effects of the EEJ current system on GICs
have mainly focused on comparisons between geomagnetic field derivatives related
to a limited number of stations located in the equator region (maximum 2 stations),
comparing dB/dt ratios from different latitudes (CARTER et al., 2015). Kasran et al.
(2018) considered real scenarios in a database of reported power grid failures with
GIC impact. They used the nearest ground magnetic station within £15° of mag-
netic latitude to estimate a magnetic rate-of-change threshold of 30 nT/min that
would affect a power system. However, there is no known effective study of GIC

modeling for the equatorial region in the literature.
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This section presents a case study of GIC modeling in the north-northeast Brazilian
sector. The main goal is to analyze the impact of the equatorial electrojet current
system on the induced geoelectric field amplitudes that could contribute to GIC
amplifications. A regional study is developed considering a synthetic situation for
generating GICs using magnetic field data acquired during 1990 — 1991, 3-D con-

ductivity structure in the subsurface and a 525 kV power transmission line.
4.2.1 Dataset description

The dataset available for GIC modeling in the Brazilian equatorial region is here

described, following the same sequence as in Subsection 4.1.1.
4.2.1.1 Available geological and geophysical information

The South American platform in north-northeast Brazil is composed of a series of
crustal segments, which are the result of the Late Neoproterozoic—Eopaleozoic Brasil-
iano—Pan African agglutination process of West Gondwana by the general collage of
the Amazonian, Sao Luis/West Africa and Sao Francisco/Congo cratons (ALMEIDA
et al., 1981). Neoproterozoic fold belts surround these cratonic landmasses. Tectonic
adjustments after the cessation of the Brasiliano orogeny formed rift systems that
reactivated major preexisting zones of weakness, creating space for sediment accom-
modation and the formation of graben-like structures. Processes of subsidence along
these unstable crustal regions formed the large Paleoproterozoic intracratonic Par-
nafba basin that currently covers much of the north-northeast region of Brazil (VAZ
et al., 2007).

The Parnaiba basin (Figure 4.12) comprises an area of approximately 600,000 km?
and, based on a few deep boreholes and interpretations of potential methods and
seismic lines, the sedimentary-volcanic package has a maximum thickness of about
3500 m at its depocenter (CASTRO et al., 2014). It has a relatively thick lithosphere
(160—180 km) (DALY et al., 2014, and references therein) and is bounded to the north
by the Sao Luis craton, to the east by the Borborema province, to the south by the
Sao Francisco craton and its sedimentary cover, and to the west by the Amazonian
craton and sedimentary cover. The basin encompasses successive sub-basins with
distinct genesis and ages: a cratonic sag sub-basin, filled with Ordovician to early
Triassic marine sediments, an intermediate interior fracture basin, which combines
continental sedimentary rocks and basaltic flows of the Jurassic and Cretaceous,
and two other sub-basins that occur on the northern and southern edges, deposited

respectively in marine and desert environments. Its stratigraphy comprises thick
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epicontinental sequences, mostly of siliciclastic nature, separated by widespread un-
conformities (GOES et al., 1990). On the basis of petrography and Rb—Sr and K-Ar
geochronology of basement rocks, a Proterozoic cratonic nucleus was inferred below
the central part of the basin (CORDANTI et al., 1984) and, in the eastern margin,
the Transbrasiliano lineament seems to control its evolutionary history and shape
(CUNHA, 1986).

Also in its eastern region, aeromagnetic data reveal a series of NE-SW elongate
anomalies interpreted as related to several basement grabens in these these direc-
tions (NUNES, 1993). This deep NE-SW structure is reinforced by combined EM
surveys on the southern and eastern margins of the basin (MEJU et al., 1999), which
show high conductivity anomalies relative to the adjoining basement displaying the
same elongate structure. Previous analyzes of our GDS data using thin-sheet mod-
eling by Arora et al. (1999) highlighted the presence of a NNW-SSE oriented high
conductivity belt (named LINK anomaly by these authors) in the east-southeast
portion of the basin. They also identified highly conductive anomalies in areas of
intense magmatic activity, indicating the presence of a large conductive block con-

fined to the central part of the basin, called Parnaiba Basin Conductivity Anomaly
(PBCA).
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Figure 4.12 - Regional geological map of north-northeast Brazil, with emphasis on the
Parnaiba basin (modified from Bizzi et al. (2001)). Locations of GDS (white
circles) and broad-band MT (black triangles) sites are shown. Geological
periods of outcrops are: CZ = Cenozoic; Mz = Mesozoic; Pz = Paleozoic;
Pr = Proterozoic; Ar = Archean. The inset shows the study area in the
Brazilian territory with the Parnaiba basin in bold outline.
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Some studies were carried out more recently to obtain geophysical information on
the basement structure of the Parnaiba basin (DALY et al., 2018, for more details).
Regarding the resistivity distribution, Padilha et al. (2017) analyzed MT data from
the eastern part of the Parnaiba basin and northwest of the Borborema province and
identified a resistive cratonic keel below the central part of the basin, hidden under
the sedimentary package, and conductive zones along the crust and upper mantle to
the east. The conductive structure was interpreted as a suture zone correlated to the

Neoproterozoic Brasiliano collage. Solon et al. (2018) mapped the lithosphere along
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an east-west 1430 km profile crossing the basin. Three distinct patterns from 3-D
inversion were observed: resistive crustal blocks in the western and eastern regions
and zones of increased conductivity in the central continental crust, unexpected in
a crystalline crustal basement. This conducting crust and upper mantle was inter-
preted as related to the Brasiliano orogeny or igneous events of the Triassic and
Cretaceous. Also based on MT studies, Rocha et al. (2019) mapped the lithosphere
through a NNW-SSE profile and observed distinct patterns from 3-D inversion: a
resistive crustal block in the central part of the basin, also interpreted as the cra-
tonic block below from the central part of the basin, and a mosaic of resistive and
conductive zones to the east related to the extensive fold belt of the Borborema

Province.

4.2.1.2 3-D electrical resistivity structure beneath the central part of

the Parnaiba Basin

Most 3-D inversions previously carried out in the Parnaiba Basin used MT surveys
established along one or more linear profiles (PADILHA et al., 2017; SOLON et al., 2018;
ROCHA et al., 2019). Thus, an overview of lateral variations in mapped structures
is compromised. The 3-D inversion presented in Section 3.2 coupled regional GDS
data (240 to 10240 s) and localized MT sites (240 to 2560 s) to provide a lateral and
in-depth model of the resistivity variation in the crust and upper mantle under the

Parnaiba basin.

Figure 4.13 shows 4 horizontal sections of the 3-D model at depths representative
of the upper crust (10 km), middle crust (25 km), lower crust (40 km) and upper
mantle (55 km). The minimum period (240 s) used in the inversion is constrained by
the GDS data and does not allow adequate resolution at shallow depths. Because of
this, the scattered resistivity distribution seem at 10 km depth reflects the large-scale
and non-uniform distribution of measurement sites. This pattern indicates lack of
information about near-surface distortion effects and aliasing caused by the lack of
sampling (MEQBEL et al., 2014), generating a rougher and poorly resolved structure.
The preliminary and simplified interpretation of the model will focus on slices at
depths of the middle-lower crust (25—40 km) and upper mantle (55 km), considering
that the crust-mantle boundary in this region is ~ 40 km (ASSUMPCAO et al., 2013).
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Figure 4.13 - Horizontal slices of the 3-D resistivity model at depths of z ~ 10 km, z ~
25 km, z ~ 40 km and z ~ 55 km. The color scale is logarithmic and covers
the range 10 — 103 Qm. Projections of the continental margin (black contour
line), Parnaiba basin limits (white dashed line), GDS (black points) and MT
(white points) sites on the surface are also shown.
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The resistivity distribution for the lower crust and mantle is well delineated and
shows the presence of resistive blocks intercepted by conductive structures. The two
main conductors previously suggested by Arora et al. (1999) in GDS-only modeling
can be identified. LINK appears as a well-resolved elongated deep conductor in
the NNW-SSE direction through the central part of the area, while PBCA can be
identified as the strong conductor located in the western part of the GDS array,
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between the BBR and BAC stations. The E-W profile of Solon et al. (2018) also
maps the conductive bodies in the basement under the central part of the basin, but

extends them laterally for distances much further east.

For modeling the GDS data, Arora et al. (1999) used thin-sheet techniques that
have no depth resolution. Therefore, they interpreted the conducting bodies as sit-
uated in the upper crust. LINK was interpreted as a sedimentary channel joining
the Parnaiba and Marajé basins, and PBCA as a graben-like structure situated at
the base of the sedimentary package. The joint GDS-MT inversion performed here
imposes much better constraints given by the depth resolution of the MT data. It
can be seen that LINK and PBCA are much deeper conductors that permeate the
entire crust and also have signatures in the upper mantle. Similar to the previous
MT survey by Padilha et al. (2017) for the eastern part of the Parnaiba basin and
western Borborema province, the lithosphere in the central part of the basin appears
dominated by a mosaic of resistive blocks separated by more linear conductive struc-
tures. The presence of a postulated single resistive block under the central part of
the basin (Parnaiba block) is not confirmed. A more comprehensive interpretation
of the 3-D resistivity model would need to integrate other geological and geophysical

information and is beyond the scope of this work.
4.2.1.3 Ground magnetic stations time series

To achieve the main goal of this thesis of using geomagnetic data with high acqui-
sition cadence (1 s) and 3-D underground resistivity to evaluate the effects of GICs
on transmission lines during solar cycle 24 magnetic storms, we initially evaluated
the distribution of EMBRACE and INTERMAGNET stations in the South America
equatorial region. This is shown in Figure 4.14, where the position of the magnetic
dip equator for the year 2015 and the presumed limits for the EEJ effects to be
observed in geomagnetic surface measurements are also presented. The distribution
of stations is obviously inadequate for our study, as there is a large concentration in
the eastern part of the magnetic equator, one in the area affected by the EEJ (ttb
station) and only one to the western part of the magnetic equator (kou station).
This distribution makes it impossible to apply the SECS method to interpolate the
magnetic field, especially considering the horizontal inclination of the geomagnetic
field. Furthermore, the area where the 3-D resistivity model discussed in the previous
section is located is currently positioned east of the magnetic equator region, outside
the EEJ effects. Thus, even if it were possible to interpolate the geomagnetic field

for the region where the 3-D model is available, it would not be possible to evaluate
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the EEJ effects on the estimated geoelectric fields at the surface.

Figure 4.14 - Location of the EMBRACE and INTERMAGNET geomagnetic stations in
the South America equatorial region. The magnetic dip equator I = 0° (solid
blue line) and boundaries north and south of the expected EEJ effects on
the ground (dashed blue lines at I = +6°) are also shown. Geomagnetic
coordinates derived using IGRF-13 coefficients.
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SOURCE: Author production.

Having discarded the EMBRACE magnetometers to carry out the planned studies
in the Brazilian equatorial region, we return to the GDS survey used to model the
3-D electrical resistivity of the Parnaiba basin. In addition to mapping the internal
structure of resistivity on a regional scale, with a station spacing of 50 —100 km, this
array also aimed to establish parameters of the EEJ currents (RIGOTI et al., 1999).
Thus, the layout of the fluxgate magnetometers was arranged roughly along three
profiles that run perpendicular to the dip equator at that time. They were deployed
to operate simultaneously at 29 stations of the array to measure the two horizontal
components and the vertical component of the geomagnetic field. Measurements
started on November 22, 1990, with the last magnetometer operating until March

25, 1991. During this interval, the three magnetic field components were sampled
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with an acquisition rate of 1 minute and a resolution of 1 nT (CHAMALAUN; WALKER,
1982). Of the 29 magnetometers installed during the survey, 22 were selected for this
study based on total acquisition time and data quality (Figure 4.15). Also, of the
three profiles in which the magnetometers were originally installed, only one (P3) has
adequate data for analysis at all stations. Although all calculations have been made
for the 22 available stations, the graphs to be presented below will prioritize the
results along this profile. The objective is to verify the variation of the geomagnetic
and geoelectric fields as a function of the distance from the dip equator. Details on
general magnetometer operation, data acquisition and reduction steps are provided
in Rigoti et al. (1999).

Figure 4.15 - Map showing the layout of the magnetometer sites (green circles) and profiles
P1 (tai — bal), P2 (par — sne) and P3 (bra — sjp) discussed in the text.
Geomagnetic sites with available data for the March 1991 storm are shown
with red triangles. Areal extent of the Parnaiba basin in pink. The magnetic
dip equator I = 0° (solid blue line) and limits north and south of the EEJ
effects (dashed blue lines at I = £6°) were derived for the measurement
period (November 1990 - March 1991) using IGRF coefficients.
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SOURCE: Author production.

Five magnetic storms were recorded during the operation of the array (Table 4.3).
According to the classification of Table 2.1, one of these storms can be classified

as severe, one intense, one moderate and the others two as weak. Unfortunately,

78



the strongest storm occurred in the final period of data acquisition and only 9
magnetometers had any record of its occurrence. Due to the distribution of these
magnetometers across the array (Figure 4.15), this storm cannot be used in our
analyses. Also the February 1991 storm was very weak and did not result in sig-
nificant variations in the geomagnetic field. The other storms will be analyzed and
are identified as S1 (November 1990), S2 (January 1991) and S3 (January-February
1991).

Table 4.3 - List of periods with geomagnetic disturbances from November 1900 until March

1991.
No. Date Dst[nT] %X [nT/min]
1(S1)  26-28 Nov. 1090 —135 2
2(S2)  23-25 Jan. 1991 —37 ~14
3(S3) 31 Jan-2 Feb. 1991  —79 17
4 22-24 Feb. 1991 —26 18
) 24-28 Mar. 1991 —298 151

SOURCE: Author production.

The intense geomagnetic storm in November 1990 (event S1) was associated with
a large sunspot region (AR6368) that produced a sequence of eight solar flares on
November 26-28, 1990 (TAYLOR, 1990). The time series of the geomagnetic field
recorded by the 10 stations along the P3 profile is shown in Figure 4.16 for these
3 days. The initial phase of the storm lasted 6 h, the main phase ~ 10 h and the
recovery phase remained for 58 h. The first most energetic event, on November 26,
triggered an interplanetary shock that impacted the magnetosphere around 23:37 UT
of that day (UDDIN et al., 1995), corresponding to 20:37 LT in the South American
sector. This shock, corresponding to the ssc, is indicated by the letter "a" in the
figure. The geomagnetic field experienced the most significant variations during the
main phase of the storm that occurred on November 27 and is indicated by the "b"
interval. Important for our study is that this main phase took place entirely during
daytime in the South American sector. To enhance visualization, the daytime period
in local time is presented by white stripes, while the nighttime period by gray stripes
(this same representation will be used in subsequent figures). The largest amplitudes

and rates of change of the geomagnetic field during this storm were observed at the
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station bac situated south of the dip equator (dip latitude = —0.79). The maximum
rate of change at this station was 42 nT/min, recorded during the main phase at
10:22 UT on November 27, when the amplitude of the geomagnetic field reached

281 n'T in the northward component.
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Figure 4.16 - Geomagnetic field time series (left panels) and time derivatives (right panels)
for the northward (AB,) and eastward (ABy) components measured at the
ten stations of the P3 profile during the geomagnetic storm on November 26-
28, 1990 (event S1). The numbers on the right correspond to the dip latitude
of each station during data acquisition and time intervals "a" and "b" are
discussed in the text.
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An increase in solar activity was recorded in January 1991 due to the evolution
of two active regions (AR6462 and AR6466). Associated with this solar activity, a
geomagnetic disturbance (event S2) was recorded in ground magnetometers from
January 19 to 25, 1991. Figure 4.17 shows the variation of B, and B, components
and their respective rates of change during January 23-25, 1991. Around local sunset
(17:30 LT) on January 23, a ssc was observed during daytime in the South American
sector (interval "a” in the figure) with maximum rate of change of 8 nT/min at
station bac. Another solar flare on January 24 caused magnetic field disturbance,
observed during daytime in the South American sector (10:00-15:00 LT on this
day; interval ”b”), which generated a rate of change of less than 10 nT/min for
both geomagnetic components. The most energetic event in this period occurred
on January 25 (UDDIN; VERMA, 1996), leading to small but rapid changes in the
geomagnetic field (interval "¢”). During local noon of the same day (about 10:00-
16:00 LT), the geomagnetic field exhibited a period with more significant increases
in the rate of change. The maximum rate of change was (17 nT/min) at 15:53 LT

on January 25, recorded in coc for the dB,/dt component.
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Figure 4.17 - Geomagnetic field time series (left panels) and time derivatives (right panels)
for the northward (AB,) and eastward (ABy) components measured at the
ten stations of the P3 profile during the geomagnetic storm on January 23-25
1991 (event S2). The numbers on the right correspond to the dip latitude of

each station during data acquisition and time intervals "a", "b" and "c¢" are
discussed in the text.
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Figure 4.18 shows the signature of the moderate geomagnetic storm and its time
derivative of the horizontal components (dB/dt) that occurred between January 31
and February 2, 1991 (event S3). This perturbation was associated with a solar
proton event (10>MeV) coming from the active region RA6469, starting on January
31 at 11:30 UT with peak flux at 16:20 UT (TAYLOR, 1991). This event boosted the
geomagnetic field variation recorded during local daytime (12:00-14:00 LT) in our
magnetometers and indicated as the "a" interval in the figure. On February 1, another
interplanetary clash was recorded around 15:42 LT (daytime), leading to a significant
decrease in the geomagnetic field ("b" interval). In this interval, the maximum rate
of change in ssc for the component B, was observed in station bvi (66 nT/min)
and the minimum in ste (42 nT/min). After the ssc, the maximum amplitude of
the rate of change was 38 nT/min observed at the station bac. Although the global
geomagnetic field disturbances during this storm were not strong (Dst = —79 nT),
this shock during the "b" interval produced the strongest dB/dt magnitude recorded

for our three case studies in the Brazilian equatorial region.
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Figure 4.18 - Geomagnetic field time series (left panels) and time derivatives (right panels)
for the northward (AB,) and eastward (ABy) components measured at the
ten stations of the P3 profile during the geomagnetic storm on January 31-
February 2, 1991 (event S3). The numbers on the right correspond to the
dip latitude of each station during data acquisition and time intervals "a"
and "b" are discussed in the text.

a b a b
—aB, [ T ] —as i
a8 %&‘@Q@ﬁ @ L 3.11 -
' B : v . et e
= 2 g 216
?&QM? E -* _‘;:,L.&—v—-—
S : - 134 1
: IS G
E ] - 0.62 -
B = B 4 “"'h' : -
- 1 g [ 0.12

nl

min/

dB [
20
|
i
|CJ
‘-“J
1 QP 1

AB[50 nT /division]

| G 4 |

Illllld’

| 8 I

h.)
1.4
1 q)l

TTTTTT0
| B S S G|

B ‘I -3.35
[ S [ S T __n_ | SR el e _4:

00 06 12 18 00 06 12 18 00 06 12 18 00 00 06 12 18 00 06 12 18 00 06 12 18 00
LT[R LT[h)

SOURCE: Author production.

85



The graphs above show some well-known features of the geomagnetic field at low
latitudes and in the equatorial region. A clear polarization is observed along the
magnetic meridian, with the highest amplitudes and rates of change in the B, com-
ponent. Also, the largest variations are located around the dip equator, but not
exactly below it. In general, the greatest variations during storms are located in the
bac station (dip = —0.79). This result is in agreement with an EEJ modeling for
quiet days by Rigoti et al. (1999), which shows that the average position of the EEJ
center was south of the dip equator. In addition, the known daily and seasonal vari-
ability of the EEJ currents should be considered (FORBES, 1981; KANE; TRIVEDI,
1982).

Possible induction effects on geomagnetic field magnitude recorded by our magne-
tometers cannot be ruled out. Significant inducing effects resulting from regional
underground conductivity were inferred by Arora et al. (2001) for station bac.
These authors showed that a conductive body close to this station (see model in
Figure 4.13) induces anomalous magnetic fields, amplifying horizontal geomagnetic
components mainly during periods of moderate geomagnetic disturbance. This inter-
pretation stems from the analysis of other stations with a similar location in relation
to dip equator and which do not show anomalous amplification. This behavior has
been observed in different regions of the world with high conductivity structures
(PADILHA et al., 2017, and references therein) that typically amplify the amplitude
of geomagnetic variations by a few tens of percent. The relationship between the
polarity of the geomagnetic field and lateral inhomogeneities of the electrical con-
ductivity on Earth defines the preferential orientation of the geoelectrical currents
flowing underground and consequently the induced effects on the local amplifica-
tion of the geomagnetic field. On the other hand, magnetic field amplification is not
observed at the bbr station, although it is above a conductive region that extends
from the upper crust to the upper mantle. This may indicate that the preferential
polarization of the geomagnetic field does not align with the geological strike of the
conductive structure to amplify the magnetic field at the surface, contrary to what

occurs in bac.
4.2.1.4 High-voltage power transmission lines of north-northeast Brazil

Electric power transmission lines in Brazil are constantly expanding, so that the
current network in the north-northeast region was not operating during the 1990-
1991 GDS array. According to information available from ANEEL (2003-2019), some

of the substations that currently make up the main 525 kV transmission line in this
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region only started operating in 2001. To estimate GICs in this region, we consider
a hypothetical situation using a simplified section of the current power transmission
line in the Brasilian equatorial region artificially moved as if it were already operating
during the 3 magnetic storms recorded by the GDS array. Figure 4.19 shows the
simplified version of the grid and the components of the geomagnetic field during

the GDS data acquisition period.

Figure 4.19 - Map with straight-line approximations of the current 525 kV power trans-
mission line in north-northeast Brazil. The region covering the Parnaiba
basin is shown in pink. The magnetic dip equator I = 0° (solid gray line)
and boundaries north and south of the ground EEJ effects (dashed gray lines
at I = £6°) are for the geomagnetic field in 1990-1991.
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SOURCE: Author production.

The power grid model comes from a 525 kV network operated across almost the
entire study region in north-northeast Brazil, including 14 transmission lines and
12 substations. As in the previous study of south-southeast Brazil, existing trans-

mission lines with a lower voltage level are not included in the modeling process.
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It is also a simplified electrical network, since the nodes are represented as single
conductors, which means that a three-phase power transmission line is connected
to a transformer with a neutral point into the ground. Thus, the total resistance
is the sum of the transformer resistances and the earthing resistance, even in some
substations where the 525 kV network is connected to lower power networks. In
Figure 4.19, the substations that make up the 525 kV transmission network section

are marked with numbers and their locations specified in Table 4.4.

Table 4.4 - Geographical coordinates of the substations on the simplified 525 kV power
transmission line in north-northeast Brazil shown in Figure 4.19.

N¢ Name Longitude Latitude
1  Vila do Conde -48.7 -1.5
2 Tucurui -49.6 -3.8
3 Maraba -49.0 -5.1
4 Acailandia -47.5 -4.9
) Imperatriz -47.4 -5.4
6 Colinas -48.4 -7.9
7 Rib. Gongalves -45.2 -7.6
8 S. Joao Piaui -42.2 -8.3
9 B. Esperanca -43.5 -6.7
10 P. Dutra -44.4 -5.2
11 Miranda II -44.5 -3.5
12 Sao Luis 11 -44.3 -2.7

SOURCE: Author production.

4.2.2 Geoelectric time series during the geomagnetic storms

Geoelectric field was estimated using the previously described convolution procedure
between the underground conductivity distribution and the recorded geomagnetic
variations. The MT transfer functions (impedance tensor) were initially derived at
each GDS site by forward calculation using the software package ModEM (EGBERT;
KELBERT, 2012; KELBERT et al., 2014). Target frequencies were chosen equally spaced
on a logarithmic scale between periods 240 s— 10, 240 s (corresponding to frequencies
between ~ 9.77x107°— ~ 4.17x 1073 Hz). These impedance tensor components were
then interpolated to have a continuous spectrum using a cubic spline interpolation
method with 3" degree polynomials between contiguous discrete points and ensuring
that the first and second derivatives were continuous and smooth (AHLBERG et al.,
1967).
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To calculate the magnetic field spectrum during the three magnetic storms, five-day
data were considered to avoid boundary effects. Thus, 7,201 magnetic field time
series with a sampling interval of 1 min were considered at each of the 22 stations
for the November (00:00 UT on 25 November to 24:00 UT on 29 November 1990),
January (00:00 UT on 22 January to 24:00 UT on 26 January 1991) and February
(00:00 UT on 30 January to 24:00 UT on 3 February 1991) storms. A window
function was applied to the time series to minimize spectral leakage in the FFT
calculation and the magnetic field spectra were estimated at the same bandwidth
as the MT impedance tensor. The geoelectric field spectra were then computed
by convolving the MT tensors with the magnetic fields using Equation 2.27. The
geoelectric field time series were finally derived by inverse FFT and removing the

window effect.

The geoelectric field calculated during geomagnetic storms in the region under the
influence of EEJ currents is influenced by three factors: the global magnetospheric-
ionospheric current system which is affected by magnetospheric compression due to
solar wind pressure and particles penetrating through the auroral region, localized
ionospheric current systems associated with enhanced Cowling conductivity around
the magnetic dip equator and effects induced by subsurface conductivity. In the
following exercise, it was assumed that the bra station (dip latitude = 3.11) is
far enough from the dip equator to have little effect from the increased Cowling
conductivity in the equatorial region and is not significantly affected by effects of
underground conductivity (Figure 4.13). Thus, we tentatively consider the geomag-
netic field measured at this station as representative of the primary storm, without
EEJ effect. This field was then taken as a reference for the entire area and the geo-
electric field at each station was calculated considering both the locally measured

magnetic field and the reference magnetic field of the bra station.

Figure 4.20 shows the time series of the geoelectric field estimated in the north-south
(E,) and east-west (E,) directions during the November 1990 storm using impedance
tensor and measured geomagnetic field at each station (upper panels). The interme-
diate panels show the geoelectric field estimated using the impedance tensor at each
site, but with the reference geomagnetic field recorded at station bra, as previously
discussed. These graphs serve to illustrate the effects of the resistivity structure on
the geoelectric field at each station as the EEJ effect is eliminated. Finally, the lower
panels show the magnitude of the absolute difference between the geoelectric field
under real conditions (upper panels) and the estimated synthetic geoelectric field

(middle panels) for both components. This subtraction allows inferring the influence
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of the EEJ on the amplitudes of the induced geoelectric field.

Figure 4.20 - Time series of the estimated geoelectric fields E, (red) and E; (blue) dur-
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of the P3 profile (upper panels), derived using the 3-D impedance tensors
and geomagnetic variations at each station. Intermediate panels show the
geoelectric field calculated using the impedance tensor at each station and
the geomagnetic variation of the station bra. Lower panels show the abso-
lute difference between the modeled geoelectric field (upper panels) and the
synthetic geoelectric field (intermediate panels) at each station.
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In principle, larger geoelectric field amplitudes would be expected for larger dB/dt
amplitudes. However, the upper panels of Figure 4.20 show that the highest geo-
electric field amplitudes are modeled at the sites coc and sjp, which differs from the
highest dB/dt magnitude observed closer to the site bac. This behavior highlights
the relevance of the conductivity structure and EEJ effects atenuating or amplify-
ing the geoelectric field. Maximum geoelectric peaks for the intense storm S1 were
estimated for these two stations on November 27 at 10:22 LT, with 76.79 mV /km

for the £, component in coc and 65.6 mV /km also for the E, component in sjp. On
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the other hand, the lowest amplitudes for both E, and E, components during this

event were modeled in bbr, situated over a strong conductive anomaly (Figure 4.13).

The site-to-site variability of the geoelectric field estimated using the reference ge-
omagnetic field shown in intermediate panels clearly expresses the effect of under-
ground conductivity. The largest magnitudes of the geoelectric field are modeled in
coc and sjp, both located over resistive structures in Figure 4.13, while the smallest
amplitudes are in bbr over a strong conductivity anomaly. Amplifications are also
observed in ste and blv, located in resistive regions in the northern region of the
profile. The sjp station has the highest amplification by induction effects. Finally,
the lower panels showing the influence of the EEJ through the magnitudes |AE,|
and |AFE,| indicate that the largest amplitudes are generally observed in the £, com-
ponent, except in coc. This confirms that the EEJ current system drives the largest
induced geoelectric field amplitudes along the EW direction. It is also observed that
the amplifications of the geoelectric field by the EEJ have similar amplitudes at all
stations in the region around the dip equator. The main difference is seen in coc
(dip latitude = 0.62) which has a much higher amplitude, probably being closer to
the EEJ current center during this storm. Also, the E, field is significant at the two
stations around the dip equator (coc and bac) indicative of perturbations in the N-S
direction in the local ionospheric current system during the storm. In summary, the
station coc shows amplification of the geoelectric field by both the subsurface resis-
tivity structure and the EEJ currents, while sjp is amplified only by the resistive

structure underlying this station.

Similar analyzes are performed in Figure 4.21 for the weak January 1991 storm. As
expected, the modeled geoelectric field is much weaker than in the previous case.
The most disturbed periods occur on January 25, with a positive peak at 15:03 UT
and the highest geoelectric field amplitudes observed in coc (21.7 mV /km in the E,
component and 40 mV /km in £,) and sjp (10.9 mV/km in E, and 31.1 mV /km
in £,). Another negative peak was calculated at 15:53 LT that same day, with the
E, component giving -40.7 mV /km in coc and -37 mV /km in sjp. The intermedi-
ate panels show the greatest amplification of the geoelectric field due to the strong
resistivity anomaly underlying sjp, more significant than that observed at stations
further north of the dip equator (coc, ste and blv). Again the damping of the geo-
electric field in bbr is highlighted. The lower panels show that the largest EEJ effects
were again concentrated in coc, but with an important contribution of E, currents

at all stations around the dip equator.
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Figure 4.21 - Time series of the estimated geoelectric fields E, (red) and E; (blue) dur-
ing the weak storm in 23-25 January 1991 (S2) for each station of the P3
profile (upper panels), derived using the 3-D impedance tensors and geo-
magnetic variations at each season. Intermediate panels show the geoelectric
field calculated using the impedance tensor at each station and the geomag-
netic variation of the station bra. Lower panels show the absolute difference
between the modeled geoelectric field (upper panels) and the synthetic geo-
electric field (intermediate panels) at each station.
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Figure 4.22 shows the temporal evolution of the geoelectric field estimated for the
stations of the P3 profile during the moderate storm of February 1991 (S3). Despite
having a low Dy index, this storm appears much more complex in the equatorial
region than the others studied here. The largest geoelectric field amplitudes were
modeled on February 1st in the E, component in coc, which reached 48.4 mV /km
at 15:43 LT and -42.3 mV /km at 18:27 LT (local sunset). The amplitude in sjp was
also high for this last event with -42.6 mV /km. Intermediate panels show the same
results as previous storms, with the highest induction amplification in sjp, followed
by coc, ste, and blv. The effect of high conductivity under bbr is also evident. The

lower panels show the complexity of the local ionospheric field during this magnetic
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storm. In addition to the amplification of the E, field (ionospheric currents EW)

in the equatorial region, there is also the generation of strong electric fields F,

(ionospheric currents NS) that are concentrated throughout the region around the

dip equator. This result contradicts an important paradigm for GIC studies in the

equatorial region that power lines with EW direction would be the most affected by

EEJ currents. In addition to the effects generated by 3-D subsurface conductivity,

ionospheric currents during disturbed periods can also induce important variations

in the orthogonal component (NS) of the geoelectric field, affecting transmission

lines with different directions.

Figure 4.22 - Time series of the estimated geoelectric fields E, (red) and E; (blue) dur-
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As discussed in the previous section on modeling induced currents in transmission
lines in south-southeast Brazil, an important aspect in GIC studies is to correlate
the main peaks of geoelectric field with the rate of change of the magnetic field and
its power spectrum. A comparison of the estimated time series of the geoelectric
field during the three storms at coc with the time derivative of the magnetic field
(dB/dt) at that same station and its Fourier spectral power at selected instants is
shown in Figures 4.23-4.25. In the upper and middle panels of each figure, instants
are identified in the time series of the geoelectric field and in the time derivatives
of the magnetic field (8 vertical dashed lines in each storm) that correspond to
chosen peaks in the geoelectric field. At the bottom of the figures are snapshots
of dB/dt spectrograms around 10 min of these time instants for all 10 stations of
profile P3. The Parseval relationship (SMITH, 2013) was used to calculate how the
signal energy is distributed over frequencies. These power spectrum plots are limited
to the maximum frequency of 8 mHz which corresponds to the Nyquist frequency
for 1 min data acquisition. The upper limit of the power spectrum amplitude was
limited to 3 nT/min to facilitate the visualization of the different events, although

in some cases the spectrum significantly exceeds this value.

Figure 4.23 shows snapshots of the power spectra of the 8 selected time instants for
the November 1990 storm. The selected time instants are presented in Table 4.5.
As already noted for the low magnetic latitude region of south-southeast Brazil, the
highest signal energies are generally concentrated at lower frequencies and in the
dB,/dt component. The peak with the highest spectral power is number 3 (10:22 LT
on 27 November) which presents high power spectrum in both components at fre-
quencies below 2 mHz for stations around the dip equator. The maximum power
spectra at this time instant were 8.25 nT/min (station bac) and 6.87 nT/min (sta-
tion arc) at a frequency of about 1 mHz. Significant energy is also observed at lower

frequencies for this time instant in the two components for all stations in the profile.
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Figure 4.23 - Comparison of calculated geoelectric field, dB/dt and instantaneous dB/dt
power spectra at site coc during the November 1990 storm (S1). The upper
graphs show estimated geoelectric field time series (E, and E,) during the
magnetic storm. Intermediate graphs show the corresponding dB,/dt and
dBy/dt during that time period. At bottom are snapshots of dB,/dt and
dB,/dt power spectra at the time instants identified by vertical dashed lines
in the graphs above for the 10 stations of profile P3.
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Table 4.5 - Time instants of the selected snapshots presented in Figure 4.23.

November 1990
Snapshot Date Time (LT)
1 26 Nov 20:37

2 27 Nov 09:35
3 27 Nov 10:22
4 27 Nov 11:14
5 27 Nov 12:25
6 27 Nov 14:59
7 27 Nov 15:43
8 28 Nov 09:53

SOURCE: Author production.

Power spectra for the January 1991 weak storm are shown in Figure 4.24 with the
chosen time instants presented in Table 4.6. As expected, the power spectra for this
storm are very low. The spectrum at time instant 8 (15:53 LT on 25 January) for
the station coc stands out for being quite different from the other stations in this
event. It shows high spectra at virtually all frequencies in both components, with

the highest spectral power of 1.93 nT/min at frequency 3.6 mHz.
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Figure 4.24 - Comparison of calculated geoelectric field, dB/dt and instantaneous dB/dt

power spectra at site coc during the January 1991 storm (S2). The upper
graphs show estimated geoelectric field time series (E, and E,) during the
magnetic storm. Intermediate graphs show the corresponding dB,/dt and
dBy/dt during that time period. At bottom are snapshots of dB,/dt and
dB,/dt power spectra at the time instants identified by vertical dashed lines

in the graphs above for the 10 stations of profile P3.
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Table 4.6 - Time instants of the selected snapshots presented in Figure 4.24.

January 1991
Snapshot Date Time (LT)
1 23 Jan 17:30

2 24 Jan 08:05
3 24 Jan 13:24
4 24 Jan 14:54
5 24 Jan 20:33
6 25 Jan 12:03
7 25 Jan 13:47
8 25 Jan 15:53

SOURCE: Author production.

The geoelectric field modeled in coc, time derivatives of the geomagnetic field and
the power spectra for the 8 time instants chosen for the February 1991 moderate
storm are presented in Figure 4.25, with the time instants shown in Table 4.6. It has
the highest dB/dt peak of the three storms analyzed, in addition to a high spectral
content. Time instant 5 (15:42 LT of February 1) shows maximum power spectra
of 5.99 nT/min in bac and 5.79 nT/min in arc for a frequency of about 2 mHz.
High energy values distributed over practically the entire spectrum are observed in
this event, especially for dB, /dt. Event 2 (13:04 LT January 31) also has significant

spectral content, but limited to frequencies below 2 mHz.
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Figure 4.25 - Comparison of calculated geoelectric field, dB/dt and instantaneous dB/dt
power spectra at site coc during the February 1991 storm (S3). The upper
graphs show estimated geoelectric field time series (E, and E,) during the
magnetic storm. Intermediate graphs show the corresponding dB,/dt and
dBy/dt during that time period. At bottom are snapshots of dB,/dt and
dB,/dt power spectra at the time instants identified by vertical dashed lines
in the graphs above for the 10 stations of profile P3.
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Table 4.7 - Time instants of the selected snapshots presented in Figure 4.25.

February 1991
Snapshot Date Time (LT)
1 31 Jan 09:16

2 31 Jan 13:04
3 31 Jan 18:33
4 01 Feb 10:11
5 01 Feb 15:42
6 01 Feb 18:27
7 01 Feb 22:20
8 01 Feb 10:25

SOURCE: Author production.

Based on these analyzes of the spectral content of the geomagnetic field for the
three storms, it can be preliminary inferred which would be the most significant
snapshots for GIC modeling. For the November 1990 storm (S1) the highest spectral
energies are concentrated in snapshots 3, 4, 5 and 7, for the January 1991 storm
(S2) in snapshots 4 and 5, and for the February 1991 storm (S3) in snapshots 2
and 5. However, as discussed in the previous section on GIC modeling in the power
network of south-southeast Brazil, it is not only the dB/dt spectral energy and the
magnitude of the geoelectric field that are important to assess the effects of these
induced currents. The orientation of geoelectric field vectors and their relationship
to the orientation of transmission lines also plays an important role. The geoelectric
fields obtained in the chosen snapshots of the three geomagnetic storms will be
presented in the next section in vector form over all the GDS sites to assess this

situation in the study region of Brazilian equatorial zone.
4.2.3 Vector geoelectric fields and GIC estimates

The instantaneous vector geoelectric field and time derivative of the geomagnetic
field (dB/dt) is displayed in Figure 4.26 for all selected snapshots of the three storms.
In general, the main orientation of geoelectric field vectors is E-W or ENE-WSW|
approximately parallel to the magnetic dip equator. This preferred direction results
from the strong polarity of the geomagnetic field along the magnetic meridian in
regions of low magnetic latitudes. Most of the chosen snapshots are diurnal to allow
the evaluation of the EEJ effects on the geoelectric field calculations. However, there
is no clear evidence of a change in the direction or amplitude of the geoelectric field

vectors that could be correlated with the diurnal increase in Cowling conductivity
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around the magnetic equator. The orientation of the geoelectric field vectors varies
between snapshots due to the variation in the magnetic field during the storm.
The geoelectric field vectors are not perfectly parallel in the same snapshot due to

underground conductivity effects.

The direction and amplitude of the geoelectric field vectors do not necessarily match
the instantaneous dB/dt vector at various time instants of magnetic storms and these
variations can be quite significant. This can be seen by comparing snapshots 3 and 5
of the November 1990 storm and snapshots 5 and 6 of the February 1991 storm. Also,
in snapshots 5 and 7 of the November 1990 storm, snapshot 6 of the January 1991
storm, and snapshots 6 and 8 of the February storm it is observed that a modest
dB/dt amplitude results in a very large magnitude of the geoelectric field vectors
in the orthogonal direction. These results again exemplify why dB/dt is not a good
GIC proxy when the 3-D impedance tensor is considered, as it disregards the phase
relationship between E and B and the dependence on the conductivity structure.
Furthermore, the relationship between E and B is a function of frequency given
by the complex elements of the impedance tensor, which has a lengthy tail when

converted to the time domain which results in lasting impact on the field geoelectric.
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Figure 4.26 - Time derivative of the geomagnetic field (dB/dt) and geoelectric field vec-
tors calculated during the selected snapshots for the November 1990 (S1),
January 1991 (S2) and February 1991 (S3) storms. Instantaneous geoelectric
field (red arrows) and geomagnetic field (green arrows) vectors are shown at
each time instant of the snapshots presented in Tables 4.5, 4.6 and 4.7.
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Figure 4.27 shows the instantaneous geoelectric field vectors in 4 snapshots plot-
ted on the 3-D resistivity model for the Parnaiba basin for a lower crustal depth
(~ 40 km). Generally, the midwest part of the model is characterized by alternating
conductive and resistive structures approximately elongated in the NNW-SSE direc-
tion. This situation can be approximated by a 2-D subsurface resistivity model. As a
consequence, the geoelectric field vectors suffer little deflection in this region, except
for some localized conductivity structure at shallower depths that may slightly alter
the vector’s direction or decrease its magnitude. On the other hand, the eastern por-
tion of the model (along the profile P3) presents very localized, highly conductive
bodies in contact with strongly resistive structures. It is a typical 3-D situation in
which the geoelectric field vectors are strongly deflected and their magnitude varies
greatly depending on whether the site is located on a resistive or conductive struc-
ture. Figure 4.27 also shows the simplified 525 kV power line used to simulate GICs
with these geoelectric field vectors. It is observed that the external branches of the
power line are located outside the region where the data used to derive the 3-D
resistivity model are located. GICs modeled at these extreme nodes are unreliable

because there is no adequate subsurface conductivity model for these areas.
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Figure 4.27 - Instantaneous vector geoelectric field (black arrows) calculated during four
selected snapshots for the November 1990 (S1), January 1991 (S2) and Febru-
ary 1991 (S3) storms plotted on the location of the GDS sites and a horizontal
slice of the 3-D resistivity model at ~ 40 km depth (Figure 4.13). Thin black
straight-line is an approximation of the 525 kV power transmission line in
north-northeast Brazil.
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To simulate GICs in power transmission lines, the LP method requires obtaining
the geoelectric fields along the mesh of the 3-D resistivity model and knowing the
engineering parameters and topology of this transmission line. The procedure used
with the geoelectric field was the same as in the south-southeast Brazil, using the
values obtained in the cells with GDS soundings and filling the empty cells through
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which the transmission lines pass with the nearest neighbor interpolation method.
The required engineering parameters were also the same as in that study, assuming

0.0174 Q/km for resistance per unit of length and 0.43 €2 for all grounding resistances.

Figure 4.28 shows instantaneous GIC magnitudes (green circles) on the 12 network
nodes of the 525 kV transmission power grid during the eight snapshots in Table 4.3
for the magnetic storm of November 1990. This type of map can be used to identify
grid nodes with higher vulnerability to the occurrence of higher amplitude GICs.
The vector form of the estimated geoelectric fields (red arrows) during the snapshots

are also shown centered at each GDS site location.

Figure 4.28 - Geoelectric field and GIC calculated during the selected snapshots for the
November 1990 storm. Red arrows show the instantaneous vector geoelec-
tric field. Green circles are the instantaneous GIC modeled on the 525 kV
transmission line substations (in blue). GIC magnitude is proportional to the
diameter of the circles, with the highest value at substation 3 for snapshot
3 of this storm corresponding to 6.24 A.
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The maximum magnitudes of the modeled GICs are observed in snapshots 3, 5 and
7, representative of the main phase of this intense geomagnetic storm. Snapshot 3

has high spectral content at low frequency (Figure 4.23) and the main direction
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of the geoelectric field vectors is approximately E-W, coincident with the direction
of the transmission lines in the central part of the network. Snapshots 5 and 7
have spectral content spread over various frequencies and very similar geoelectric
fields pointing preferentially to ENE-WSW. Snapshot 3 presents the largest GIC
amplitude, with emphasis on the substations in the western part of the network (3
and 4). The maximum GIC magnitudes during snapshot 3 were 6.24 A (node 3)
and 5.97 A (node 4). In this region, the geoelectric field has a higher amplitude
(89.33 mV/km) with vector direction approximately parallel to the transmission
line. The GIC minimum magnitudes were modeled at substations 2 and 9, located
in regions with enhanced underground conductivity. As the model does not have
experimental data to provide information on the conductivity structure covering
the entire study area, the quantitative GIC values derived in substations at the grid

corners (1, 6 and 8) are unreliable.

Figure 4.29 shows instantaneous geoelectric field vectors (red arrows) and GIC mag-
nitudes (green circles) on the 12 network nodes of the 525 kV transmission power

grid during the eight chosen snapshots for the weak magnetic storm of January 1991.
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Figure 4.29 - Geoelectric field and GIC calculated during the selected snapshots for the
January 1991 disturbed period. Red arrows show the instantaneous vector
geoelectric field. Green circles are the instantaneous GIC modeled on the
525 kV transmission line substations (in blue). GIC magnitude is propor-
tional to the diameter of the circles, with the highest value at substation 3
for snapshot 8 corresponding to 3.15 A.

SOURCE: Author production.

Due to the low spectral content of this storm (Figure 4.24), the estimated GIC
magnitudes are small for all snapshots. The largest amplitudes were again modeled
for nodes 3 (3.15 A) and 4 (2.96 A) during snapshot 8. The geoelectric field of
greatest amplitude occurs in this western region of the network with magnitude of
45.48 mV/km and ENE-WSW vector direction near the geomagnetic station ron,
located on a resistive lithospheric block (Figure 4.13).

Figure 4.30 shows instantaneous geoelectric field vectors (red arrows) and GIC mag-
nitudes (green circles) on the 12 network nodes of the 525 kV transmission power
grid during the eight chosen snapshots for the moderate magnetic storm of February
1991.
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Figure 4.30 - Geoelectric field and GIC estimated during the selected snapshots for the
February 1991 storm. Red arrows show the instantaneous vector geoelec-
tric field. Green circles are the instantaneous GIC modeled on the 525 kV
transmission line substations (in blue). GIC magnitude is proportional to the
diameter of the circles, with the highest value at substation 4 for snapshot
4 corresponding to 3.20 A.

SOURCE: Author production.

Snapshot 5 of this storm recorded at 15:42 L'T on February 1, 1991 has the highest
dB/dt and high spectral content at different frequencies observed throughout the
measurement period in the Brazilian equatorial region. However, the magnitude of
the geoelectric field and consequently of the GIC estimated in this time instant is
very small. This is related to the behavior of the geoelectric field shown in Fig-
ure 4.25. Analogously to previously discussed in GIC modeling for the snapshot 2 of
the June 2015 storm in the south-southeast region of Brazil (Subsubsection 4.1.2.3),
the inverted polarization between the dB/dt peak and the preceding values of the
geoelectric field causes the instantaneous magnitude of the resulting geoelectric field
to be low. This is another example from this study in which the dB/dt metric fails

because the geoelectric field depends on the previous values of the geomagnetic field.

The estimated GIC magnitudes are low for all snapshots chosen for this storm. The

largest amplitudes are concentrated in the central branch of the power grid (nodes
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3, 4, 5 and 10), with the largest values of 3.20 A modeled for nodes 3 and 4 during
snapshot 4. Again the western region of the model has the largest geoelectric field
amplitude with 55.55 mV /km at the geomagnetic station ron.

In summary, the largest modeled GIC amplitudes are observed in the central-west
portion of the power line (nodes 3, 4 and 5) due to the resistive block underlying
this area. Another amplification could occur at node 8 due to another resistive block
that could extend to this southeastern end of the grid. However, there is no reliable
information in the 3-D resistivity model to support this hypothesis. Node 10 is sand-
wiched between conductive and resistive structures, but the local geoelectric field
appears to be controlled by the resistive structure as significant GICs are modeled
for this substation. Thus, the central branch of the electrical network formed by
nodes 3, 4, 5 and 10, with E-W direction and parallel to the main direction of the
induced geoelectric field, is the most promising to obtain higher GIC estimates. In
addition, geoelectric field and GIC estimates for the snapshop 5 of the February 1991
storm confirm that the use of dB/dt as a proxy for GIC activity is inappropriate.

Figures 4.31, 4.32 and 4.33 show the time series of modeled GIC magnitudes for each
substation of the simplified electrical grid during the magnetic storms of November
1990, January 1991 and February 1991, respectively. Two effects are observed in
these figures: substations with higher GIC amplitudes and substations with GIC
of opposite polarity. Generally, the higher amplitude GICs are concentrated in the
central branch of the line (nodes 3, 4, 5 and 10) which, as discussed earlier, are
located on resistive blocks and benefit from the direction of the lines having direction
parallel to the predominantly E-W oriented geoelectric fields. Substations with GIC
polarity opposite to the other substations are concentrated in a NE-SW branch at
the north end of the grid (node 1) and in a NW-SE branch at the south end of
the grid (node 9), both with very low amplitudes GICs. As previously discussed in
Subsection 4.1.3, reverse polarity is likely associated with edge effects where current
flows into or out of the ground through substations at the extremes of the network
(BOTELER; PIRJOLA, 2017).
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Figure 4.31 - Time series of the resulting GIC modeling at the 12 substations of the simpli-
fied 525 kV transmission line during the November 1990 storm. Substations
with the highest GIC magnitudes are highlighted in yellow.
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Figure 4.32 - Time series of the resulting GIC modeling at the 12 substations of the sim-
plified 525 kV transmission line during the January 1991 storm. Substations
with the highest GIC magnitudes are highlighted in yellow.
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Figure 4.33 - Time series of the resulting GIC modeling at the 12 substations of the sim-
plified 525 kV transmission line during the February 1991 storm. Substations
with the highest GIC magnitudes are highlighted in yellow.

N

SOURCE: Author production.

The GIC calculations in this section were used to test the methodology developed in
a period when the studied region was under the effect of EEJ ionospheric currents.
The results indicate that the EEJ effects on the estimated induced currents for the
modeled storms (weak to intense intensity) are small when compared to the effects
of the 3-D variation of the subsurface conductivity. However, it is not possible to
predict the local ionospheric effect on the geoelectric field for stronger storms. The
magnitudes of the modeled GICs are small (maximum 6.24 A for the intense Novem-
ber 1990 storm), but are of little significance considering the severe limitations of
the modeling. In addition to the limitations also valid for the south-southeast region
of Brazil (lack of information on the engineering parameters of the transmission
lines), it can be added the use of geomagnetic variations with low acquisition ca-
dence (1 min) and the limitations of the available 3-D resistivity model that does

not cover the total area of the power grid chosen for modeling.
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5 DISCUSSIONS

The study presented in this thesis is the first approach to model GIC amplitudes
in Brazil using the current state-of-the-art to simulate induced currents affecting
power transmission lines during magnetic storms. For the first time, 3-D electrical
resistivity models for the Earth’s interior and geomagnetic variations acquired with
high-cadence rate (1 s) were used to simulate geoelectric currents in simplified rep-
resentations of real electrical networks in the south-southeast and north-northeast
regions of the country. These regions were chosen both by availability of GDS/MT
data for deriving 3-D resistivity models and to assess possible distortional effects
of the South Atlantic Magnetic Anomaly and the equatorial electrojet. The quan-
titative GIC values derived for the two regions are not significant due to inherent
simplifications assumed in the modeling approach. In any case, an accurate and de-
tailed calculation of GIC time series in our electrical networks was not the main
goal of this study. A guide to the relative importance of system parameters when
estimating GIC impacts on an electrical grid is provided by Zheng et al. (2014).
In our case, in addition to the lack of information about the network engineering
parameters and the omission of transmission lines of lower voltage elements, the
limitation of the 3-D model used to calculate the geoelectric field and the practical

impossibility of using data with high acquisition cadence must also be considered.

Although the geomagnetic field measured for the south-southeast region has a res-
olution of 10 s and the impedance tensor elements derived from foward calculation
can cover any frequency range, the modeled geoelectric field has a lower resolution.
This is because the 3-D resistivity model was mainly based on GDS data acquired
with a sampling of 60 s (Nyquist limit of 120 s). As a result, only periods longer than
this Nyquist limit can be considered for calculating the geoelectric field. At depths
shallower than a critical depth determined by the subsurface resistivity structure
and the highest frequency data available, there is essentially no structural resolving
power and electromagnetic induction methods become insensitive to structural de-
tails while remaining sensitive to conductance (vertically integrated conductivity)
of these surface layers. Thus, the resolution of the near-surface part of the model is
very low, especially outside the limits of the two sedimentary basins studied (Parana
and Parnaiba) where resistive structures outcropping at the edges of these basins
are observed. In this scenario, the modeled geoelectric values should be considered

lower estimates of potential real values.

An additional problem arises due to the 3-D resistivity model used to derive GICs
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in the Parnaiba basin region. It is based on data covering an area smaller than
that needed to model the chosen power network. This brings limitations not only in
the calculation of induced currents entering the substations located in these regions
without data coverage, but also affects the modeling of the substations in the most
central part of the model and connected to these outermost substations. The LP
model uses a line integral that requires knowledge of the entire terrestrial connection

with adjacent substations.

In addition to the aforementioned limitations for the geoelectric field calculation, the
method chosen to interpolate this field for GIC modeling also has significant limita-
tions. The interpolation technique adopted deals with an irregular grid (50-100 km)
of cells with observed data, which makes the geoelectric field to be considered ho-
mogeneous between some substations. This procedure eliminates local galvanic dis-
tortions associated with fine-scale inhomogeneities in the near-surface conductivity
structure, but makes lateral variations in conductance very approximate. The use
of local transfer functions or regional spatial averaging to represent conductivity for
geoelectric field modeling is widely discussed in the literature (BEDROSIAN; LOVE,
2015; BONNER; SCHULTZ, 2017; KELBERT et al., 2019). Alternative methods that do
not require a realistic geoelectric field and its integration over power lines for calcu-
lating GICs (KELBERT; LUCAS, 2020) can also be considered to streamline the entire
modeling procedure for its future operational use by the EMBRACE program. The
validation efforts planned for comparing modeled GICs with real measurements on

sensors installed in some substations can help answer these questions.

The modeling results of this thesis are based on a limited number of magnetic
storms. For the south-southeast region, the two largest storms recorded since the
beginning of the EMBRACE magnetometer network were analyzed, while for the
north-northeast region only the storms recorded during the short period of opera-
tion of the magnetometers of the GDS matrix were available. Magnetic storms are
known to vary significantly between different occurrences, so any storm is essentially
unique (KAMIDE; MALTSEV, 2007). A small change in the ionospheric source dur-
ing a disturbance of the geomagnetic field can potentially produce large changes in
both the magnitude and orientation of the resulting geoelectric fields at the Earth’s
surface. From a risk assessment perspective, what matters is the availability of a
dataset that includes a significant number of severe space weather events. This is
because the substations that experience large GICs in a network are not necessarily
the same during different (BLAKE et al., 2016) magnetic storms. More statistics are

needed to reliably assess the hot spots and potential risks of GIC in our power grids,
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considering large timescales. This can be done for the south-southeast region, but
not in the equatorial region under the influence of the equatorial electrojet. Due to
the continuous westward drift of the main geomagnetic field, the geophysical condi-
tions available during that GDS survey will no longer be repeated in the Brazilian
equatorial region. Therefore, it will not be practicable to assess possible EEJ effects

during more severe storms.

Geomagnetic data from stations installed at great distances in the south-central
region of Brazil show that the geomagnetic field can be geographically uniform dur-
ing magnetic storms (Figures 4.2 and 4.5). This is not unexpected for low magnetic
latitudes, but also needs to be confirmed with a larger number of events. Field homo-
geneity can be used to increase computational speed for operational GIC risk assess-
ment in the EMBRACE program. A sophisticated and computationally demanding
technique such as SECS may not be necessary for magnetic field interpolation in
this region of low magnetic latitude during magnetically disturbed periods. Simpler
techniques such as the nearest neighbor used here for GIC modeling or latitudi-
nal weighted averaging using distant EMBRACE magnetometers may be adequate
enough for magnetic field interpolations. Another possibility is to use a reduced
number of stations as a reference for the geomagnetic field of the entire region,
streamlining the methodology to provide real-time responses of the geoelectric field
for EMBRACE operational purposes. Also, confirmed that the geomagnetic field is
homogeneous during storms in this region of low magnetic latitudes, the same pro-
cedure can be adopted for the north-northeast region of Brazil. One (or some) of the
EMBRACE stations currently operating in the region east of the magnetic equator
(shown in Figure 4.14) can be used as a reference for the geomagnetic field in that
region. Geoelectric fields could then be modeled using the 3-D resistivity model of
the Parnaiba basin and this regional geomagnetic field during storms of the current
solar cycle. This possibility was not explored in this thesis because one of the goals

was to evaluate the EEJ influence on GIC estimates.

One of the most critical aspects of modeling GICs in electrical networks is the need
to validate the estimated results. This procedure was carried out in this thesis by se-
quentially validating the different computer programs developed. However, the final
estimate of the GIC magnitude cannot be verified and this is the most error-prone
step due to the multiple simplifications employed in the modeling. This validation
process can only be done by comparing the results generated by the model with
the currents actually measured in the neutral of transformers of the network sub-

stations. On the other hand, the simulation results of this study can be used to

115



determine GIC mitigation strategies for power transmission systems in Brazil and,
even more importantly at this point, to identify relevant substations for installation
of monitoring equipment. In the case of the 525 kV line of south-southeast Brazil,
mitigation efforts can be initially focused on the identified cluster of hot spots in
substation 2, located on the northern edge of the study area, and on the central
parts of the modeled network, where small conductances and E-W lines can gener-
ate large geoelectric fields and GIC. Sensors can then be installed in some of these
substations, avoiding those with multiple connections. The main candidates would
be nodes 2, 8, 11, 13 or 15 (Figure 4.10). An extreme member with a lower current
could also be chosen for validation processes and the NE-SW line at the north end
would be the obvious choice. The major limitations in modeling the north-northeast
Brazilian region make the definition of these mitigation strategies more complex. In
principle, the central east-west part of the power grid, involving nodes 3, 4, 5 and
10, could be the best option.
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6 CONCLUSIONS AND FUTURE WORKS

A current methodology for GIC simulation in power transmission lines during
magnetic storms was implemented in this thesis. This methodology was used to
model currents generated during storms recorded in the south-southeast and north-
northeast regions of Brazil in simplified representations of real electrical networks.
For this purpose, measurements of geomagnetic variations of 1 s available for the
south-southeast region, under the influence of the South Atlantic Magnetic Anomaly,
and of 60 s available from an old GDS survey in the north-northeast region, at that
time under influence of the equatorial electrojet, were used. As a result, possible sub-
stations more prone to GICs of greater magnitude were identified in these simplified
networks. Due to the various simplifications assumed in the modeling approach,
an accurate calculation of the GIC is not possible. The study primarily focuses
on identifying substations with potential GIC hazards and where to install future

monitoring equipment for validation efforts.

Future work will focus on operational Space Weather activities targeting regional
forecasts for future assimilation by the EMBRACE program. The next step will be
to use the results of this thesis to plan the installation of GIC sensors in the chosen
substations in the south-southeast region of Brazil. More information is also required
to improve GIC calculations. As discussed earlier, the electrical resistivity structure
was obtained primarily by fitting long period GDS data. The impedance tensors for
geoelectric field modeling were derived from the 3-D resistivity model. This model
will need to be updated to improve the resolution of the upper crust, which can only
be done with future MT surveys. It is also necessary to include low voltage trans-
mission lines in the electrical network model and to use realistic information about
transformer resistances and substation grounding. This means intensifying end-user
participation in the modeling and validation processes, especially power transmis-
sion line operators. Finally, the methodology developed for this region should be
expanded to other regions of Brazil where similar GDS arrays (BOLOGNA et al.,
2014) and MT soundings so far generally concentrated along profiles are available.
In the absence of detailed continental-scale MT grids (such as USArray, SinoProbe

and AusLamp), is what can be done at this point.
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