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Abstract

Geomagnetically induced currents (GICs) have long been known to a�ect power systems ad-
versely. Modelling these GICs usually involves consideration of a chain of coupled systems. �e
scope of the modelling chain spans multiple disciplines, from solar physics through to geophysics
and power engineering. Most models split the chain into sequential and separate processes. Re-
cent approaches focus on improving accuracy in the geophysical process and in network models
to a transformer level. However, even complex models in the geophysical or engineering steps
leave signi�cant unmodelled uncertainties in the coupled systems.

�e focus of this work is to use data-driven approaches to probe the uncertainties and provide a
framework for operational estimation from the geomagnetic �eld to GIC. Although the empirical
approaches chie�y link measurements of geomagnetic �elds and GICs, measured geoelectric
�elds and magnetotelluric surface impedance responses are also employed. Analysis is done in
both the time and frequency domains. Various aspects of this novel empirical approach have
been tested using datasets from power networks in four mid-latitude countries, with consistent
results found across the di�erent contexts.

�e novel empirical ensemble method shows improvements compared with previous empirical
models, regardless of data �delity or coverage. Frequency-related driving and �lters are shown
to have material e�ects on GIC modelling. �e network parameters widely used to calculate
GICs at nodes are shown to vary with the magnitude of the geomagnetic disturbance during
an event. Modelling uncertainty can be quanti�ed, and an operational level of modelling was
possible across all cases.

For GIC modelling in networks with sparse magnetic �eld data coverage, the well-de�ned and
o�en used planar spherical elementary current systems interpolation method is adapted to use
low-cost variometers and describe mid-latitude current systems. For the �rst time, uncertainty
is included in the results from this interpolation scheme.

�is research has direct applications for power system operators in mid-latitude regions. �e
use of variometers and low-cost GIC monitors supports the feasibility of large-scale data collec-
tion. �e empirical modelling methods developed can augment existing approaches and inform
decisions regarding operations, maintenance, planning and risk assessment.
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1 Introduction to GICs

Geomagnetically induced currents (GICs) are naturally occurring electrical currents induced within
the conductive Earth due to �uctuations of the geomagnetic �eld (B-�eld). When a grounded con-
ducting network such as railway, pipeline or power grid is present, then these GICs may enter the
network. Of the di�erent forms of infrastructure that may be a�ected or disrupted by GICs, mod-
ern reliance on electrical power distribution drives the focus of most current GIC research, and this
thesis in particular. Within previous studies there has been a skewed emphasis on extreme events.
�is is understandable since the direct and knock-on e�ects of GIC damage in power networks can
be devastating to society at large [1,2]. Although the occurrence of an extreme 1-in-100 year event,
such as the Carrington event of 1859, is low in frequency and extreme in scale, it is more than just
a possibility. It is rather just a ma�er of time [3–5]. With this in mind, there has been a growing
awareness in many countries about the potential threat that GICs pose. Research directly relating
to the economic impact of GICs on power networks has also gained momentum [6,7].

�e scope of possible regional GIC risk to power networks has increased since the original research
papers focussing on auroral regions [8,9]. During the famous March 1989 storm, when the Hydro-
�ébec blackout occurred in Canada [1,10–12], extensive thermal damage was seen at a Salem sub-
station transformer in New Jersey [13]. At mid-latitudes, GIC related damage has been recorded in
the US [14], South Africa [15,16] and New Zealand [17]. At low-latitudes, large GICs have been recorded
along with abnormal transformer noise in China [18]. Speci�cally within a power network, there is a
distinction between GICs �owing in transmission lines and those �owing through grounded trans-
formers. In terms of risk, the GICs that �ow through a transformer are more likely to cause network
instability and direct transformer damage, with edge nodes being most susceptible [19]. Line GICs on
the other hand are larger in the interior of a network [20]. In this thesis focus is on modelling nodal
GICs at a transformer and not network modelling at large. Since high-latitude utilities are aware of
the risk posed by GICs and generally have more resources available for monitoring and mitigating
GICs (examples being dense magnetometer networks and series capacitors respectively), this work
will further focus on the mid- and low-latitude regions.

�e e�ects of GICs on power network infrastructure is an active �eld of research [21–23] and the
exact details of these e�ects are ignored here. Acknowledging the nature of GIC e�ects in a power
network does however inform modelling requirements. �e best known GIC e�ect is transformer
part-cycle saturation, which has further follow-on e�ects. During core saturation, GICs introduce
a quasi-dc o�set that pushes the relation between magnetising current and the magnetic �ux into
a non-linear regime which results in stray �ux. �is leads to heating and gas evolution, decreased
e�ciency, reactive power demands and harmonic generation [9,24]. �e exact nature of reactive power
demands due to GICs requires reactive power to be properly de�ned [25,26]. Most studies dealing with
reactive power assume sinusoidal waveforms, which are not the case in real-world operation or in
GIC driving. Recent research has also found the simplistic hysteresis curve typically used to explain
part-cycle saturation is misleading and not in fact non-linear [22]. In terms of the network, part-
cycle saturation and its associated harmonics nevertheless results in unusual power �ows, voltage
�uctuations, frequency shi�s and protective system malfunctions [1,27–29].

Most modelling aims to identify and address GICs magnitude levels where transformer damage
would occur. NERC in this vein has de�ned a thermal damage limit threshold of 225 A in the neutral
to be used as a risk benchmarking tool for utilities [30]. Modelling peak GICs alone is however not
enough, especially given that GIC e�ects themselves are not always fully modelled using realistic
conditions. Previous studies suggest that accumulated degradation may drive transformer failures
where the initiating GICs in the neutral were not particularly large [16,17]. Saturation can occur with
currents lower than 10 A in a ‘resilient’ three-phase three-limb (3P3L) transformer [15], creating lo-
calised hotspots and bubbles in the transformer paper/oil that may lead to partial discharge [31]. �ese
conditions may initiate further degradation (or accelerate existing degradation) under normal oper-
ation. �e extent of unbalance and distortion introduced by low-frequency GIC instead of purely
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dc GIC has material e�ects on system response and is the subject of continuing research [23]. More
in line with the IEEE standard C57.163-2015 (“Guide for Establishing Power Transformer Capabil-
ity while under Geomagnetic Disturbances”), modelling needs to recognise moderate GIC levels in
addition to peak GICs. To be able to fully describe the system response there is the further require-
ment not only to model magnitude, but also the GIC pro�le shape – acknowledging that GICs are
not purely dc. In all cases there is a need to include uncertainty in estimates for operational use, sim-
ilar to what is required by the space weather community for uncertainty and reliability in general
physics modelling [32].

1.1 Resolving Complexity

�e full GIC problem is a complex system with multiple variables and �elds involved. Instead of try-
ing to solve the entire system in a single step, complexity is reduced by coupling simpler sub-systems.
�e use of proxies �ts into this approach, with 3�/3C , E-�eld or even geomagnetic indices used to
quantify possible GIC exposure. Conventional coupling recognises di�erent physical processes and
addresses them separately, largely in the space physics, geophysics and engineering domains.

Figure 1: Breaking down GIC modelling into a process chain of coupled systems, we can get a feel-
ing for the di�erent factors to consider when modelling GICs at mid-latitudes. Factors with large
in�uence at mid-latitudes are indicated in bold. Within the main solar wind coupling, �I refers to
the north-south component of the interplanetary magnetic �eld in geocentric solar magnetospheric
coordinates, i.e. aligned to the Earth’s magnetic pole axis,+BF refers to the solar wind speed and #?
refers to the solar wind density.

In Figure 1, we have a high-level overview of the typical process �ow identi�ed. In the space physics
�eld, research focuses on modelling of the Sun, solar wind, magnetosphere-ionosphere coupling and
near-Earth current systems. From satellite observations, propagation models can predict the arrival
of solar storms at Earth and the possible nature of their coupling. Simulations of the current systems
in turn allow for scenario analysis [34]. Although each sub-system is well de�ned, there exist higher
order factors that occur independently to the �rst-order drivers. An example of such higher order
e�ects is from geomagnetic pulsations [35]. �ese B-�eld disturbances are ground signatures of cavity
modes in the magnetosphere that ring when the system is perturbed. Other ionospheric current
structures with �ne spatial scales due to �eld-aligned currents and turbulence in the magnetotail
have been shown to drive large GICs at high-latitudes [36]. �e geophysics community in turn aims
to use B-�eld measurements and information about the Earth’s conductivity structure to estimate a
driving E-�eld for GICs [37]. Here signi�cant complexity arises with regards to the true heterogeneity
of Earth’s geophysical structure and without dense surface impedance measurements, simplifying
assumptions need to be made. Finally, the engineering step of the process chain takes the derived E-
�eld as input and scales the integrated result over the network footprint with network characteristics
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to estimate the end GIC [38]. �e engineering calculation makes further simplifying assumptions of
a resistive network. In most cases the resistances used are not measured, and the entire network,
with di�erent voltage levels, is not modelled.

1.2 Coupled System Process Chain of GIC Driving

1.2.1 Solar and Solar Wind Processes

To describe the process chain of coupled systems to consider in GIC modelling, we start at the root of
solar-terrestrial interactions that cause GICs. Most of the driving disturbances seen on solar surface
and solar wind are related to the convection zone immediately below the surface of the Sun and
the Sun’s more complex magnetic �eld. To a �rst approximation the Sun has a dipolar main �eld,
but higher order factors are evident – especially at equatorial and mid-latitudes. Due to di�erential
rotation (27 day average rotation period), the rotation frequency is higher at the core than the surface,
and higher at the equator than the poles. Taking into account that solar plasma (and most space
plasmas) is sparse and that collisions can be neglected, we can assume zero resistivity. For such a
perfectly conducting plasma there is no di�usion of the magnetic �eld through the plasma. Magnetic
�eld lines within the solar plasma are rather frozen-in, with advection possible. �is allows motions
to distort and twist the �eld lines. As a result of di�erential rotation, the higher order toroidal �eld
seen in Figure 2 is produced. Further taking into account the convective cell motions on this toroidal
�eld, the rising and falling of plasma further distorts the �eld lines creating a poloidal �eld in the
north-south direction with a complicated loop-structure. �ese loop-structures are ultimately visible
as granulation on the surface of the Sun. Granulation of roughly 1,000 km due to granule convection
cells is observable and has a characteristic time of 10 minutes [33]. Supergranulation from larger
convection cells of roughly 20,000 km across and a characteristic time-scale of days are also seen.
More o�en associated with supergranulation are sunspots, which additionally track the roughly 11
year solar cycle that modulates general solar activity.

Figure 2: A representation of the solar magnetic �eld, along with convection cells that ultimately
create sunspots, active regions and associated CMEs – the main drivers of intense GICs. Adapted
from various �gure exhibits in Cravens [33].
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Sunspots are darker regions on the Sun that are cooler (3,000 K cooler) than the surrounding regions.
�e driver of sunspots is illustrated best with a single sunspot pair. When plasma, with its magnetic
�eld and accompanying complicated loop, becomes buoyant and moves upward in the convection
zone, it cools adiabatically. As the structure emerges at the surface, it is cooler than the surrounding
plasma and observed as a darker region. As seen in Figure 2, the bipolar sunspot pair has two
‘spots’ where the magnetic �eld lines of the loop structure penetrate the photosphere. If the cooling
is too extreme, buoyancy is lost and the sunspot disappears. �e strong magnetic �eld associated
with sunspots extends above the solar surface and results in an active region (which may contain
magnetic ‘arch’ or ‘loop’ structures along which gas and plasma may travel). In each hemisphere,
sunspots are con�ned to a latitude zone with implications regarding geo-e�ectiveness, i.e. would
result in e�ects on Earth. �ese zones are closely related to the solar cycle, varying in number (�rst
increasing to solar maximum and then decreasing to solar minimum) and location (initiated at mid-
latitudes around 35◦ and moving equatorward to roughly 10-15◦) during the course of a solar cycle.
Sunspots of course do not only occur in pairs, but also in groups. Sunspot groups or active regions
are inherently more complex and unstable.

Figure 3: Images from di�erent instruments on the Solar and Heliospheric Observatory (SOHO)
satellite of the events on the Sun relating to the Halloween Storm of 2003. A visible light image by the
Michelson Doppler Imager (MDI) of the solar disc shows the sunspot group that produced the solar
eruption (gray). An ultraviolet image by the Extreme ultraviolet Imaging Telescope (EIT) includes
a bright �ash from the X17 solar �are (green). In the outer coronagraph from LASCO/C3 (blue),
the resulting CME is seen. Images are courtesy of the SOHO/MDI, SOHO/EIT and SOHO/LASCO
consortia. SOHO is a project of international cooperation between ESA and NASA.

When the equilibrium maintained by the magnetic cushion fails and the active region structure
becomes unstable, reconnection of magnetic �eld lines can occur. At this point, a huge amount of
energy is released across the electromagnetic spectrum and the explosively eruptive prominence is
seen as a solar �are, as was the case for the 2003 Halloween Storm in Figure 3. In the case of larger
denser active region structures becoming unstable, they are ejected from the surface as coronal
mass ejections (CMEs) in a similar way to a typical explosively eruptive prominence. Although
related, there is not a very good correlation between CMEs and solar �ares. �e mass of coronal
plasma ejected then accelerates through the interplanetary medium, reaching Earth within a day
for high solar wind speed CMEs [39]. Associated with the elevated solar wind is a shock front. �e
shock and CME plasma drives enhanced solar wind dynamic pressure and possibly an interplanetary
magnetic �eld (IMF) change from the typical northward to southward, which ultimately initiates a
geomagnetic storm in the near-Earth environment [40].

Other features related to the solar magnetic �eld are coronal holes. �ese regions are very large
in comparison to sunspots, up to half a solar radius in extent, and usually seen at the poles but
sometimes at lower latitudes. �e ‘holes’ are ultimately open �eld lines that are the source of high-
speed solar wind streams [41]. Since solar rotation creates an Archimedian spiral, the elevated solar
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wind compresses the ambient solar wind ahead it. �e resulting shock has a direct e�ect on the
near-Earth current systems, allowing for extended low-amplitude disturbances, such as CIR-type
geomagnetic storms [40].

1.2.2 Magnetospheric Processes

When the solar wind �nally reaches the near-Earth environment, the Earth’s magnetic �eld (i.e. the
magnetosphere) and the associated current systems are a�ected. Loosely, there are two main models
of the ‘closed’ and ‘open’ magnetosphere. To a �rst approximation, the ‘closed’ model is related to a
northward IMF and the ‘open’ model related to southward IMF. In the ‘closed’ case, shown in Figure
4, the coupling of the IMF is ignored. Charged solar wind particles form a bow shock when they
encounter the magnetosphere, forcing the sunward boundary of the magnetosphere inward. �e
solar wind further recon�gures the entire magnetosphere into a tear drop shape with a trailing tail,
dragging �eld lines continually from Sun to tail. Currents �ow on the outer magnetopause, either
closing in on themselves toward the sunward side or through the current sheet at the center of the
magnetotail. �e magnetopause current in e�ect opposes the dipole �eld outside the magnetopause,
but enhances the dipole �eld within. In the case of increased solar wind pressure due to shock or
CME, the magnetopause current initially intensi�es and there is an increase in the B-�eld by a few
tens of nanotesla as measured on the surface of the Earth. �e intensi�cation is seen as either sudden
impulse (SI) or storm sudden commencement (SSC), depending in the IMF orientation, solar wind
speed and dynamic pressure. On the sunward side, the magnetopause current closes in on itself at
two neutral points. �ese are associated with the cusp region, where geomagnetic �eld lines are split
between those that are ‘closed’ in on themselves at the poles and ‘open’ �eld lines that extend down
the magnetotail. Magnetosheath plasma between the magnetopause and bow shock has its most
direct access to the magnetosphere though these regions and the precipitating energetic particles
are what ultimately result in increased atmospheric conductivity on the dayside auroral oval. On
the nightside, the auroral oval is more o�en linked to the plasma sheet and �eld aligned currents.

Figure 4: Assuming an incident solar wind without interplanetary magnetic �eld (IMF) coupling,
the ‘closed’ model of the magnetosphere forms a generally accepted representation. Magnetic �eld
lines are indicated by thin solid lines and arrows. Magnetopause currents are indicated by dots and
crosses, with the thin do�ed lines and small arrows indicating �ows. A similar representation is
used for the current sheet in the magnetotail. To note, this representation does not take into account
any asymmetry between hemispheres.

�e ‘closed’ model alone does not however explain the observed dependence on IMF orientation
or open �eld lines in the cusp region. It also needs to assume an e�ective viscosity to account for
momentum transfer to the magnetopause when the solar wind plasma is assumed to be collisionless.
An alternative ‘open’ model that takes into account many factors of the original model a�empts to
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Figure 5: Addressing many shortcomings of the ‘closed’ magnetosphere model, the ‘open’ magne-
tosphere model takes into account IMF orientation and magnetic reconnection as intrinsic parts of
the con�guration of the magnetosphere. Here magnetic �eld lines are indicated by solid lines and
arrows.

address these issues [33,40]. In the ‘open’ model, shown in Figure 5, it is assumed that the magneto-
sphere connects to the IMF via reconnection. �e solar wind electric �eld in this case couples to
open �eld lines and creates a convection electric �eld across the magnetopause from the dawn to
dusk side. �e plasma responds with E×B dri�, as observed in the magnetopause currents. �e ex-
tent of the dri� and these currents is related to the e�ciency of the reconnection, with a southward
IMF being most e�ective as it is anti-aligned to the geomagnetic dipole. Simple reconnection in a
di�use region on the dayside of the Earth occurs in this case. When the IMF is non-southward, the
associated reconnection is more complicated. Regardless, the reconnected �eld lines convect tail-
ward over the polar caps. Magnetic �ux accumulates in the tail where circulation forms the intense
westward tail sheet current (measurable at low-latitudes during the midnight hours). Reconnection
occurs again in this region and magnetic �eld lines are carried back Earthwards, o�en manifesting
as geomagnetic substorms.

Besides the magnetospheric currents, the ring current in the inner magnetosphere is one of the
dominant drivers of B-�eld �uctuations at mid-latitudes and the basis of the �BC (and SYM-H) index
that measures global geomagnetic activity and characterises geomagnetic storms. �e ring current
region contains particles with energies in the order of tens of keV as well as colder plasmaspheric
plasma. Generally the colder plasmas are dominated by E×B dri�, but the more energetic ring current
region also has magnetic gradient and curvature dri�s [40]. �e resulting dri�s produce the westward
electrical current around the Earth, i.e. the ring current. A typical current amplitude is about one
million amperes, but varies signi�cantly with geomagnetic activity as ions are injected from the tail
current sheet during geomagnetic storms.

�e ring current is not alone in the inner magnetosphere, but rather a single aspect of more com-
plicated circuit (Figure 6), that includes ionospheric currents, partial ring currents and �eld-aligned
currents linking the magnetosphere and ionosphere. Associated with each current system is a region
on Earth that is more susceptible. Speci�c regions of interest are shown in Figure 7, and within each
region there is a tendency for induced currents within Earth to be in a similar east-west direction
to the driving current systems. At high-latitudes, the auroral ionospheric currents dominate, with
larger perturbations and �ner spatial scales compared to the ring current driving of mid-latitudes.
Of particular interest are the east-west auroral electrojets. Related to the auroral electrojet system is
substorm driving due to reconnection in the magnetotail. When there is enough loading in the tail
region and reconnection occurs, the substorm current wedge (Figure 6) snaps back to Earth, carry-
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ing with it plasma and injecting charged particles into the electrojet system. �is substorm current
wedge is made up of an inbound dawnside current and outbound duskside current, with the result
that the westward electrojet is increased. �e direct impacts at high-latitudes are �uctuations in the
B-�eld. In the low-latitude equatorial regions an equatorial electrojet exists on the dayside [41]. �is
current system is not related to the auroral electrojets and is much smaller in comparison.

Figure 6: Simplistic representation of the near-Earth current systems and the substorm current
wedge that drives substorms (related to reconnection in the magnetotail a�er magnetospheric load-
ing). Arrows indicate current �ow, with the red and blue currents referring to the region 1 and region
2 �eld-aligned current systems. Also indicated are the midnight, dawn and dusk axes and the charge
accumulation (pluses and minuses) that drives the current circuit.

1.2.3 Geomagnetic Storms

In terms of geomagnetic storms that ultimately drive GICs, most display common features, seen in
Figure 8 [43]. An intense geomagnetic storm is de�ned as when the �BC or SYM-H indices drop to
below -100 nT [44]. As mentioned previously, these indices are indicative of ring current intensity and
to a lesser extent the magnetopause and partial ring current contributions. Using these indices, a
geomagnetic storm can be broken down into phases that are related to di�erent driving regimes [40].

Typically a geomagnetic storm would start with a sudden commencement (SC) or storm sudden
commencement (SSC) that occurs near instantaneously across Earth, with the sunward signature
slightly preceding other regions. �e initial intensi�cation or sudden impulse (SI) is due to the shock
wave formed by the arrival of an elevated solar wind at the magnetopause. �e SI is o�en associated
with an increase in the northward component of the B-�eld, called the initial phase, and due to the
compression e�ect of the magnetosphere. �is phase can last for a number of hours.

Page 7 / 151



Operational Modelling of Geomagnetic Fields and Geomagnetically Induced Currents

Figure 7: �e geomagnetic observatories (blue) used in this work are shown along with geomagnetic
poles (crosses) and the low- (green), mid- (orange) and high-latitude (red) geomagnetic regions. Mod-
i�ed apex coordinates and a quasi-dipole approximation are used for geomagnetic coordinates [42].

�e next phase is the growth or main phase of the geomagnetic storm, triggered by coupling with the
IMF as described by the ‘open’ magnetosphere model. O�en the main phase is the only visible phase
of the storm. �e principle component of the B-�eld (aligned with geomagnetic north) decreases
and shows large �uctuations for a longer time and with larger magnitudes than the initial phase.

Following on from the main phase is the recovery phase, where the B-�eld gradually recovers to its
original undisturbed level. During the recovery phase there is li�le to no solar wind driving and the
ring current response is dependent on the state of the magnetosphere. �is phase lasts much longer
than the previous phases put together, sometimes extending several days.

During the recovery phase the near-Earth environment is more sensitive to driving than it would
be otherwise. If the Sun is particularly active, then it is possible that multiple CMEs can occur in
quick succession, with a second CME impacting Earth during a recovery phase of a previous CME.
Coupled with the fact the secondary CMEs have higher speeds due to the solar wind being ‘cleared’
by the preceding CME [12], the cumulative e�ects of CME chains are particularly destructive.

1.2.4 Geophysical Processes

Using the assumption of a plane-wave vertically incident disturbance B-�eld due to the near-Earth
current systems, we next have to estimate the geoelectric �eld (E-�eld) that is related to the in-
duced electromotive force (EMF) that drives either currents within the Earth or GICs within a power
network. In deriving the E-�eld, a complication exists regarding the conductivity structure of the
Earth. Simply put, the conductive Earth acts as a di�usive medium for penetrating disturbance B-
�elds. In the frequency domain, the E-�eld and B-�eld can be related by taking the conductivity
of Earth into account. Since the conductivity is not homogeneous, local derivations of the E-�eld
can vary signi�cantly. In this sense, even the measured B-�eld ground signatures include various
geophysical conditions that play a variable role. In certain regions, 40% of the surface B-�eld can
arise from internal induced currents [45–47]. Not only has it been shown that the heterogeneity of the
geophysical structures within Earth has a material e�ect on B-�eld and E-�eld estimation, but so too
do land-sea interfaces. In both cases, the interface between di�erent conductivity regions creates an
accumulation of charge with its own contribution to the E-�eld.
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Figure 8: In-situ solar wind data taken from ACE and DISCOVR satellites during the June 2015
geomagnetic storm. �e passing of CME plasma is indicated by the increased density and solar wind
speed and the onset of the geomagnetic storm is seen southward IMF B-�eld (�I component). Other
interesting features include the initial shock front preceding the CME creating the sudden impulse
(SI) and the slight recovery seen in SYM-H when the IMF B-�eld turned northward.
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Up to this point, all the factors described occur regardless of whether a power network is present.
When considering GICs, the network at large provides a favourable path for induced currents to
�ow and becomes a signi�cant and active link in the coupled process chain. �e network weights
EMF contributions from the spatially variable E-�eld according to the network footprint and scales
the result given various assumed or measured network resistances. If a large E-�eld is present but
not aligned to the network, then the measured GIC would not re�ect the apparently large driving.
Common grounding and connections allow GICs to �ow between di�erent voltage levels and within
a substation between multiple nodes. Inductive components of the network may add additional
frequency dependence, which is not assumed in traditional GIC modelling. Transformer responses to
GICs are further not linear, especially a�er saturation, and are not included in traditional modelling.
�e distortion created in this case can a�ect additional nodes, driving further unbalance.

1.3 Problems of Coupled System Approach

�e chain of coupled systems approach is useful to probe the GIC problem, but some shortcomings
need to be addressed for there to be con�dence in operational modelling. In the coupled systems,
each sub-system uses independent simplifying assumptions with the result that there may be incon-
sistency in modelling. �e engineering step for example assumes the network reacts to quasi-dc GIC
in comparison to the power frequency of 50–60 Hz, whereas the geophysical step de�nes complex
GIC pro�les which are not quasi-dc. It is further di�cult to validate the accuracy of an assumption
or sub-system within the coupled GIC problem. Where opportunities for validation in a certain sub-
system exist, it is not guaranteed that the result is transferable to the larger GIC problem. In the
geophysical sub-system, large undertakings of dense magnetotelluric surveys (e.g. USArray Trans-
portable Array) are being done to estimate the E-�eld with increasing accuracy. Within the GIC
problem, there is the additional factor of the network modulation of the E-�eld that needs to be
de�ned. Errors all along the process chain are cumulative, and with no way to separate factors with
high certainty, there is a signi�cant need for uncertainty estimates when looking towards opera-
tional modelling.

�e �ow of GICs at the very end of the process chain takes into account all sub-systems together,
regardless of which factors are modelled. A�empting to sequentially model the various sub-systems
is bound to result in error between observation, which is de�ned by measurement, and model output,
which is de�ned by representative modelling. In operational modelling there is danger in this gap
between observation, assumed to be a re�ection of reality, and model estimation.

1.4 New Possibilities

With the increased awareness of space weather and GIC risks, there has been a concerted e�ort
to collect data. In the United States, the Federal Energy Regulatory Commission (FERC) [48] has di-
rected power utilities to take GIC measurements and make these available for research purposes.
Internationally, other utilities are similarly making transformer and system data available along
with high cadence GIC measurements [49,50]. Geophysical research has pushed for large scale dense
magnetotelluric surveys [51,52], which compliment the geophysical step of GIC modelling. �e long
datasets of geomagnetic observatory records have already been useful in extreme value analysis of
possible scenarios and general risk assessment but not for operational modelling [53–55]. �ese B-�eld
measurements are increasingly supplemented with low-cost variometers, which add to the moderni-
sation of existing geomagnetic observatories to take higher 1 second cadence measurements. With
the additional availability of data, we have also seen the increase in computing power to be able
to process multiple large datasets in real-time. Leveraging all these resources, and the measured
B-�eld and GIC data in particular, it is possible that the real-world dynamics of the GIC problem
can be revealed. �e rich datasets o�er a statistical modelling alternative that can supplement tradi-
tional analytical models, while a�empting to accurately model the reality as de�ned by operational
measurements.
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In approaching the GIC problem from a data-driven perspective, there is the distinct advantage
of the resulting modelling being evidence-based, i.e. reducing the gap between measurement and
representative modelling. �e non-trivial coupling of the full GIC problem, which is so di�cult to
extract and describe analytically, is implicitly absorbed when operational measurements are used
to drive modelling. Relating the data-driven methodology to traditional analytical methods further
allows for error assessment within various sub-systems and the propagation of error within the
larger GIC problem, i.e. the nature of the gap between modelling and measurement can be probed.
Keeping to a data-driven and statistical modelling approach, error and the in�uence of unmodelled
factors can be propagated into the �nal GIC estimates – a base requirement for models used to aid
decision-making. �e output of such data-driven models with uncertainty would ultimately be an
estimate of the real system state along with con�dence of the model estimate. Utilities and regulators
alike would in turn be able to use such models in operational applications.

1.5 Hypothesis

Considering the nature of the disadvantages of the conventional coupled process chain, the evolving
data availability, and the possible bene�ts of reaching the identi�ed objective of operational mod-
elling, this work explores an hypothesis that,

“Data-driven adaptations of conventional modelling of measured GICs from geomagnetic
�eld disturbances can improve operational modelling application and accuracy.”

1.6 Research�estions

�e research questions related to the hypothesis and used to guide research are de�ned as:

RQ1: What measured GIC and geomagnetic data are available to utilities for operational modelling?
Since we are linking geomagnetic data to GIC data, speci�cally what are the limitations of the
data available? How large a dataset is needed to be representative? Does data cadence play a
role? Does the data �delity available inform the modelling methodology to be used? How are
data sources calibrated and is there a signi�cant issue of noise or poor data quality? Regarding
the B-�eld driving GICs over the entire network, what type of spatial resolution is needed in
B-�eld modelling for GIC studies? When this resolution is not available through measured
data, what approaches are used to de�ne the B-�eld needed?

RQ2: Can data-driven methods encode more complicated dynamics and do they improve on conven-
tional modelling accuracy?
Using the same base assumptions, do data-driven models result in more accurate models? In
the case that base assumptions relating measured B-�eld and GIC are incorrect, do data-driven
models remain representative? Typical cases of the la�er are when the frequency dependence
of the E-�eld is incorrectly de�ned or the network modelling assumes incorrect system pa-
rameters.

RQ3: Do conventional models quantify the associated uncertainties in modelling?
Dealing with operational modelling, are there any probabilistic or error bands associated with
GIC models previously developed? Do we have an idea of where there are drivers of uncer-
tainty in the modelling chain and how this uncertainty propagates? Understanding the drivers
of error and the robustness of methods given these errors is critical to operational application.

RQ4: Are there any further characteristics of the modelling chain that can be inferred from the analysis
of measured data?
Besides the modelling of GIC time series, can we say anything about the drivers or network
purely by looking at the measured data and empirical modelling? Using di�erent datasets,
can we infer the impact of di�erent factors? Do any of these factors or characteristics inform
operational applications?
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RQ5: Are there any particular bene�ts or di�erences regarding modelling in the time and frequency
domains?
Since modelling can be approached from either perspective, are there any bene�ts to choosing
a single domain? Are there operational considerations regarding either modelling approach?
Can uncertainty estimates in the frequency domain be propagated to the time domain?

1.7 Arrangement of Dissertation

Chapter 1 has introduced the GIC problem and formulated the hypothesis of this thesis, with appropriate
research questions to guide research.

Chapter 2 will further investigate the current research environment that exists in the published literature,
with an emphasis on operational modelling and uncertainty estimation.

Chapter 3 puts together the background theory needed for operational model development.

Chapter 4 outlines the framework to be used in developing operational models and de�nes the procedure
for validation of these models, with emphasis on the data used.

Chapter 5 considers the frequency response of GICs and the use of appropriate GIC proxies before de-
veloping the operational ensemble models in both the time and frequency domains.

Chapter 6 speci�cally looks at results of empirical modelling using the ensemble methodology developed.
Analysis of the modelling performance and uncertainty is done along with characterisation of
elements in the GIC problem and drivers of uncertainty.

Chapter 7 probes the application of B-�eld interpolation o�en used and the associated uncertainty. �e
previous implementation in southern Africa is shown to be incorrect and is improved on.
Explicit uncertainty is derived for the �rst time, with more general application to other �elds
possible.

Chapter 8 discusses the results, bene�ts and possible limitations of various aspects of the modelling
methodology presented. Further, the contributions to the �eld are summarised.

Chapter 9 ties together the previous chapters by answering the research questions and assessing the
validity of the hypothesis. Finally, implications of the hypothesis and research relevant to
utilities and regulators are addressed.
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2 Literature Review

GICs ultimately are a sub-�eld in a much larger �eld of solar-terrestrial interactions, making up a
huge body of literature. Recently, the topic of space weather and how these interactions a�ect tech-
nological systems has become more relevant and more studied. �ere is a large body of work dealing
with the engineering side of GICs, looking speci�cally at aspects of their e�ects on transformers and
the power network in general. Although the e�ects of GIC justify the need for modelling, the ef-
fects of GICs are not the topic of this thesis. Rather, the nature of GICs that lead to the e�ects (i.e.
magnitude and pro�le) inform the output of modelling required. A number of recent textbooks and
review papers explore the current state of GIC modelling for general reference [56–58]. Besides opera-
tional GIC modelling, further GIC related research has an emphasis on simulations [34,59,60], real-time
prediction [61,62] or forecasting capability [5,63] as part of the more general space weather hazard mit-
igation e�orts. A separate �eld critical to GIC modelling is geophysics and the understanding of
general induction in the Earth [37]. �is �eld has seen signi�cant development since the original pa-
pers detailing practical estimation of the relation between the B-�eld and the E-�eld, for example
Cagniard [64] and references therein. Aspects of geophysics relating to GIC modelling are included
in this literature review, but for general literature regarding the techniques typically employed two
textbooks focussing on the magnetotelluric (MT) method are referred to [65,66]. Lastly, it should be
noted that the scope of this thesis is an extension of the author’s previous research and any previous
research done by the author is not included in this literature review.

2.1 Operational Modelling Perspectives

Before looking at speci�c GIC modelling, for many utilities what is important is an estimate of the
risk associated with GIC driving or the likelihood and extent of GIC activity. �e results of such
analysis usually �ts into a larger risk matrix that is then used for decision-making on whether the
cost associated with GIC damage justi�es further modelling or mitigation. In the US, all utilities
now have to comply with the FERC directive that requires full modelling and monitoring of GICs,
with the aim to increase resilience amongst utilities [48]. Directly tied into these risk assessments are
extreme value estimates of GIC in a network, which have been the topic of most recent research
internationally. In its broadest sense, once extreme values are computed they are compared to a risk
level, such as the thermal damage limit threshold of 225 A in the neutral as de�ned by NERC [30].
Depending on where the estimated risk sits, either further analysis is done with possible mitigation
schemes developed or GICs are deemed not to be a risk. �e use of GIC risk thresholds is not as
de�nitive, with damage seen at much lower GIC levels in the past [15]. �ermal damage is also only
a single aspect of possible damage, with system stability and cumulative degradation seldom being
taken into account. An alternative to the NERC reliability standard, speci�cally de�ned in GIC
terms using benchmark events, is the IEEE transformer standard [“Guide for Establishing Power
Transformer Capability while under Geomagnetic Disturbances”, C57.163-2015]. �is standard takes
into account transformer design and state, giving a weighting to moderate driving if a transformer
is susceptible. Merging the two standards gives a more realistic estimation of GIC risk.

Since the E-�eld drives GICs and can be related to current magnitude in amperes through analyti-
cal network modelling, most of the extreme value analyses that inform overall risk assessment are
restricted to E-�eld estimates. General extreme value analysis of the E-�eld using synthetic conduc-
tivity pro�les and historic B-�eld measurements has been done for high-latitudes in general [3]. �is
analysis showed that in extreme cases GIC amplitudes of 2,000 A are likely in the 1-in-100 year sce-
nario. Conditional probabilities were further used to estimate the probable level of the Carrington
event. Other studies have focused on the global climatology of the E-�eld as a function of latitude [67],
with similar climatology de�ned using a GIC index [68] and 3�/3C [69]. NERC similarly de�nes GIC
according to latitude, introducing scaling factors to estimate the locally relevant benchmark geo-
magnetic disturbances originally de�ned at high-latitudes. �e NERC benchmark events however
do not fully sample the possible drivers of GICs, limiting the pro�les to the March 1989 �ébec
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storm and simple conductivity assumptions. Other extreme value analysis has shown that current
system variation at a small scale can cause extreme E-�elds at high-latitudes [70] and that extreme
3�/3C values are o�en localised [71]. Using the 3�/3C as a GIC proxy, further work has characterised
extreme driving and created an operational framework to warn utilities at di�erent latitudes [72]. In
terms of operational application extreme value estimates always have the down side of large asso-
ciated uncertainty bounds given their scarce nature. �e best case in terms of a long representative
GIC dataset that allows for extreme value extrapolation comes from New Zealand. Here GIC data
has been recorded for over 20 years over a signi�cant portion of the network. �e GIC data further
shows high correlation to 3�/3C , which has a longer dataset [49,73]. To increase dataset size further
for extreme value analysis, approaches correlating GICs with longer datasets, such as �BC , are o�en
applied [74].

In other cases, proxies have been used e�ectively to determine baseline susceptibility and risk, as
well as being used extensively for simulation purposes [75]. Of the proxies used, the time derivative
of the B-�eld, 3�/3C is the most common followed by the disturbance B-�eld above a baseline, Δ�.
Initial analysis of3�/3C as an induction proxy showed that it is sensitive to small scale structures [76].
When taking into account 3�/3C direction, the conductivity structure of the region plays a role in
the resulting proxy result, as well as the driving sheet current systems in the ionosphere. At high-
latitudes it was found the proxy matches the directionality or orientation of the westward electrojet
for large scale driving, with additional small scale perturbations [77]. Further analysis has shown that
the proxy is also sensitive to seasonal and diurnal variation, coupled to current system driving [78].
At mid-latitudes, similar analysis has been done using 3�/3C , with both 3�/3C and Δ� being used
to establish why the Halloween storm was as e�ective as it was given it was not as impulsive as
less e�ective storms [79]. Similar analysis was done looking at the sudden impulse driving due to the
ring current or substorms, with 3�/3C as a proxy for damage at mid and higher latitudes [80]. Other
than raw 3�/3C , rolling envelopes of 1 to 3 hours have been shown to more accurately quantify GIC
activity, with directionality and local proxies being important [81]. Similarly, for regional forecasting
of GIC in particular, a rolling window of 30 minutes has been shown to be e�ective with high cor-
relation [82]. �ere have however been instances where 3�/3C does not describe observed GICs [83],
but rather Δ�. �ese cases are usually explained through the local conductivity structure, i.e. a
conductive upper layer in a two layer conductivity approximation [84,85].

A further operational risk proxy has been developed by Marshall et al. [86], �rst for pipelines and
then extended for the Australian power network [87] and more recently applied in the Italian power
grid [88]. �is GIC proxy does be�er than B-�eld based proxies as it takes into account the low-
pass �lter nature of GICs and calibrates the general GIC proxy to measured instances of damage or
disruption in the power network. Using the calibrated proxy, thresholds of varying risk are de�ned
and can give a utility an idea of where its GIC risk sits relative to previous known e�ects. �e use of
a proxy that takes into account frequency scaling of the B-�eld is encouraging as it should provide
a be�er link to GIC driving.

2.2 GIC Modelling

Although recordings of extreme geomagnetic disturbances have been identi�ed in the 1800’s [2], the
�rst papers addressing GIC in power networks only appeared in the 1970’s for example [8,9]. �ese origi-
nal papers cited previous power system and communication system disturbances noted in the 1940’s,
but were the �rst a�empt to identify and model GICs and their e�ects in power systems. �e next
big step in GIC modelling came in the next decade with rigorous modelling of the induced E-�elds
and additional measurements of geomagnetically induced currents in Finland [45,89]. In March 1989,
the now famous Hydro-�ébec blackout occurred [1,10–12]. �e blackout, a direct result of a large ge-
omagnetic storm and associated GICs, can be thought of the catalyst to the modern intense research
interest in GIC modelling. In subsequent years, a stream of research regarding the e�ects of GICs
on power systems appeared, including harmonic distortion, phase imbalance, protective relay and
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static var compensator maloperation and general transformer and generator damage [24,90]. Interest
from utilities also increased, with a focus on possible mitigation strategies, operating guidelines and
monitoring procedures detailed [90]. �e very successful EPRI-SUNBURST monitoring programme
was started [91], which allowed wide scale GIC monitoring, which up until then had been limited.
�e SUNBURST monitoring program has provided the basis for many further programs and focuses
on measuring the GIC in the transformer neutral. Of recent there has been a move towards di�eren-
tial magnetometer measurements along transmission lines that can estimate line GICs [20,92]. Interest
in GIC modelling has also grown from a geophysical perspective. It was noted that GIC in a power
network can o�en include signi�cant information of both the regional geophysical environment and
the driving current systems [93]. Viljanen and Pirjola [94] went further, formalising the since widely
used approach of spli�ing GIC modelling into ‘geophysical’ and ‘engineering’ steps. In this case the
geophysical step deals with the estimation of the E-�eld, which is then passed on as input to the
engineering step that takes into account the network and ultimately estimates the resulting GICs.

2.2.1 Network Modelling

Analytical modelling of GICs modelling within a network has changed li�le over the last 30 years,
seeing only incremental improvements. �e base approach employed is the Lehtinen-Pirjola method [38],
which assumes a resistive network and known system parameters. �e method uses an input E-�eld
and applies Kircho�’s law to calculate the resulting currents at nodes. �e E-�eld is ultimately mod-
elled as voltage sources in the lines and not at the ground points, implying that realistic non-uniform
�elds can be used [95]. In subsequent work, the analytical network modelling formulation has been
validated through signi�cant GIC measurements by Viljanen and Pirjola [94]. In the same study, the
nodal formalism of using network parameters was employed, where network parameters are de�ned
for a single node without requiring full network modelling. Along with improved E-�eld models us-
ing more realistic current sources for the high-latitude region and be�er conductivity modelling us-
ing layered-Earth surface impedances, simulated GICs were produced for the entire network. Such
GIC simulations have been the basis of many future works where the aim is estimating GIC risk
in a network. In terms of incremental improvements on the original Lehtinen-Pirjola method, the
method subsequently been shown to be equivalent to the Nodal Admi�ance Matrix formulation of
the GIC problem that has been extensively used as well [96]. Neighbouring networks can be modelled
separately, using the connecting line voltage and line resistance as a �évenin equivalent circuit,
with neighbours only a�ecting the edge node [97]. Other improvements include the representation
of autotransformers and two-winding transformers [96], multiple voltage levels [58] and the applica-
tion of this in transformer-level modelling within a substation for di�erent voltage levels [17]. Recent
research has also questioned the resistive assumption of the network [98]. Although no de�nitive
frequency contribution from the network was found, frequency based transfer function modelling
was found to achieve more accurate modelling.

Within the analytical framework de�ned by the Lehtinen-Pirjola method for modelling GICs across a
network, there is a further possibility of estimating the directional sensitivity of di�erent nodes given
initial full network modelling [99]. Building on the directional sensitivity of the network as de�ned by
network analysis, the preferential directionality of a calculated E-�eld can be included that e�ectively
modulates the total GIC susceptibility [100]. Similar analytical network-wide susceptibility of nodes
has been done in Spain [101], with the output of both relevant to mitigation strategies.

In the time domain there have been a number of empirical alternatives to analytical network pa-
rameters that require assumptions of system resistances. Pulkkinen et al. [102] was one of the �rst
to allow estimation of the ratio of nodal network parameters via best �t of expectation values be-
tween the E-�eld and measured GIC. Subsequently this approach has been applied successfully in
various contexts [103,104]. Expanding, Wik et al. [105] assume a least squares approach to solving the
governing GIC equation and note the ratio of network parameters change with GIC threshold used,
linking to the empirical ‘tuning’ of the network parameters. In South Africa, a separate empirical
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approach has been developed that uses zero-crossings of the E-�eld components to constrain either
network parameter [106]. Although this approach does provide improvement, there are few zero-
crossing available for best �t and the method is biased towards the cardinal directions when either
component is zero. An improvement on de�ning a distribution of network parameter estimates in-
stead of a single value has been applied by Weigel and Cilliers [98] by making use of multiple days of
data separately before applying a statistical best �t routine. �e result again shows variation in net-
work parameters where they are typically assumed to be constant. A �nal quasi-empirical approach
is shown by Marshall et al. [50] where, a�er analytical modelling, the model result was scaled by a
factor to minimise the RMSE. Although the pro�le shape and correlation coe�cient gave adequate
results using analytical network parameters, the scaling factor again acted as an empirical network
parameter to ‘tune’ the result. In essence, this shows that there are possibilities in calibrating a
network empirically and driving the model analytically for operational application.

2.2.2 Geophysical Modelling

Since analytical network modelling adequately models GICs given a E-�eld in cases where system
information is available, signi�cant emphasis and resources have gone into ensuring the E-�eld
estimation is as accurate as possible. Expanding on this concept, the need to estimate GICs exactly
has o�en been replaced by a proxy of induction hazard, as de�ned by the E-�eld. In either case of
induction hazard estimation or GIC modelling, deriving the E-�eld from B-�eld observations requires
an understanding of the driving current systems as well as the conductivity of the Earth. Even when
just considering the disturbance B-�eld, the inductive component from geomagnetically induced
subsurface currents can be as much as 40% [45–47]. Lateral conductivity discontinuities add additional
complexity to the E-�eld response. �e coastal e�ect is such an example and a recurring topic in GIC
modelling, with known impact on modelling globally. Simply put, where there is a land-sea interface
or other lateral conductivity discontinuity, there is an associated enhancement of the E-�eld due to
charge accumulation at conductivity contrasts. Analytic calculations are possible, but these are very
dependent on the speci�c case used [107].

Stemming from the principles of induction in the Earth, a number of di�erent methods have been
developed over the years. �e methods range from analytic to purely empirical, but all �nd their root
in the relation of the B-�eld to E-�eld in the frequency domain [64]. �e implementation of this basic
relation varies in complexity, ranging from the homogeneous Earth case to full-physics �nite element
method modelling [108,109]. Of the various approaches, the most popular is the magnetotelluric (MT)
method that relates B-�eld and E-�eld through a complex surface impedance [64]. Modelling that
takes into account frequency responses can further be done in the time domain through impulse
response functions, either formally de�ned for surface impedance [110] or as a look-back window
using homogeneous Earth conductivity and a set look-back period [45,111].

Complementary approaches to the MT method are the complex image method (CIM) [112,113] and
thin-sheet modelling [114–116]. �e former makes use of a complex subsurface current source at the
skin depth de�ned by the surface impedance (and can take into account a layered-Earth, but not
lateral variation of conductivity). �e resulting equations allows for a simple and fast analytical
relation between internal and external B and E-�elds. �in-sheet modelling was developed prior
to the use of the MT method, but intrinsically is based on the same concepts. Initially a thin-sheet
was assumed on uniform conductivity [114], which was then extended to layered conductivity [116]. By
de�ning a thin layer or thin-sheet of laterally variable conductivity on top of a 1D pro�le, the method
can encode the coastal e�ect [117], with the laterally varying thin-sheet including the sea. Within GIC
modelling, the thin-sheet approach has been used successfully in various contexts [118–120]. �ere are
however limitations in the frequency range that can be modelled using the thin-sheet approach, due
to the depth of the sheet and conductivity [121,122]. Recent work has shown that to characterise the
GIC frequency response correctly, higher frequencies than those de�ned by the thin-sheet approach
are needed [123].
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Of the various E-�eld estimation methods, the MT approach provides the most overlap with the geo-
physics community. �e modern implementations of the MT relation have improved signi�cantly
from the �rst-order homogeneous Earth assumptions �rst used [64]. �e �rst improvement in geo-
physical modelling came in the form of 1D layered-Earth models. In terms of the surface impedance
tensor, the o�-diagonal is non-zero and frequency dependent. Local layered-Earth models are su�-
ciently representative unless there are signi�cant heterogeneities in Earth’s conductivity. In the case
of well known strikes (interfaces between regions with di�erent conductivity pro�les), such as those
expected from the coastal e�ect, simple 2D models can be employed. �e surface impedance tensor
in the 2D case still has non-zero o�-diagonal components, but these are no longer equal and rather
describe the orthogonal and parallel components of induction relative to the strike. A rotation of 2D
conductivity to take into account the angle of the land-sea interface has been shown to perform as
well as full 3D conductivity modelling, which requires all surface impedance tensor components to
be independently de�ned [124].

A further improvement on the layered-Earth and 2D models has been the use of piece-wise mod-
elling of di�erent physiographic zones across a network [119,125–127]. Given more accurate regional
modelling of the conductivity structure in turn allows for be�er E-�eld magnitude estimation and
be�er risk assessment given analytical modelling. �e piece-wise approach however does not pro-
vide more accuracy than an empirically tuned simple 1D model. For truly representative geophysical
modelling one has to turn to full scale MT survey [51] modelling using various methods [110,128]. �e
US leads in the use of MT surveys for induction hazard studies, with numerous geoelectric hazard
maps that have been produced [129–132]. Australia is also involved in current large scale dense MT
studies that would be able to provide similar analysis in the future [133,134]. Using the dense US sur-
vey, it is generally recognised that local conductivity is needed as there can be huge variation in
responses within a physiographic zone [135]. Nevertheless, corrected simpler models can work [136]

and when coupled with validation from measured GIC data, some network averaging or interpola-
tion is seen to improve on solely 3D approaches [137]. Elsewhere, the initial 1D conductivity model
used in Finland was validated and it was rather the small scale structure of near-Earth current system
driving that was found to be important in modelling [138]. Further analysis of the US data has also
shown that induction e�ects other than the coastal e�ect are seen to produce signi�cant polarisation
of the E-�eld, speci�cally for larger geomagnetic disturbances [132]. In either case of current source
or conductivity heterogeneity, �ne scale deviations are apparent. When the network scale length
between nodes is comparable then these e�ects become relevant and network averaging does not
help.

Although measured GIC validation in the state-of-the-art geophysical modelling approach remains
limited, full network related voltages calculated using realistic impedances have been estimated [139].
Without GIC measurements for validation, there is up to an order of magnitude di�erence in volt-
age estimates when compared to simpler models. Recently, a promising new modelling approach
has been developed to bypass integration of the E-�eld along the network footprint for GIC mod-
elling, but rather build in the 3D surface impedance into line-speci�c frequency responses that act
as transfer functions and are driven by the B-�eld, only needing the scaling provided by network
parameters [140]. Unfortunately, the question of correct network parameters still needs to be ad-
dressed for accurate GIC modelling. In this case the impact of the entire network needs to be taken
into account, while being non-trivially weighted with unmodelled factors. �e result is that given
high-�delity geophysical modelling there remains no ground truth besides measured GIC validation.

2.2.3 Transfer Function Modelling

A di�erent approach to traditional GIC modelling is that of transfer functions that map the B-�eld
directly to GICs. �ese empirical relations in the frequency domain sidestep the need for conduc-
tivity and network assumptions. In the frequency domain and using a conventional approach of
an E-�eld related to GIC through network parameters, incorrect conductivity assumptions may be

Page 17 / 151



Operational Modelling of Geomagnetic Fields and Geomagnetically Induced Currents

observed as a phase shi�, similar to the phase shi� seen between driving B-�eld and E-�eld ex-
pected due to the conductivity structure [141,142]. Previous applications of transfer functions driven
by the B-�eld have been limited, with examples in the UK [62,122], New Zealand [143] and Japan [98].
For the former, transfer functions were coupled with more extensive hazard estimation in the UK
that noted lower voltage networks need to be considered along with be�er network modelling. In
an operational context the 1D modelling was seen as accurate enough in comparison with previous
work [144]. �e la�er example in New Zealand makes use of the transfer functions as a basis for ex-
trapolation to a Carrington-level event. An amplitude correction was further applied to bypass the
issue of lower sampling rates not adequately describing peaks. A basis for operational modelling
that includes transfer functions is presented by Pulkkinen et al. [145], where di�erent levels of input
data can be used. �e modelling inputs range from 3�/3C to the spectral response, single estimates
and empirical modelling. Extending this work, an empirical approach was developed to estimate
network parameters from measured B-�eld and GIC data, which was then used to estimate a surface
impedance and invert an e�ective conductivity pro�le [102]. �is approach is essentially a quasi-
transfer function has been applied very successfully in geophysically complex regions [146] and the
South African network [104]. Of the shortcomings of transfer function modelling is the fact that all
calculations are in the frequency domain and require a set amount of data, with edge e�ects an issue
in real-time estimation. To overcome this, impulse responses can be derived to get the same result
in the time domain. �is has been done in GIC modelling in a move away from the homogeneous
Earth assumption [147] and in real-time E-�eld estimation [110].

2.3 Input Parameter Sensitivity

�rough the development of di�erent modelling applications and approaches in the literature, gen-
eral GIC characteristics that have become apparent. Continental scale modelling undertaken in Eu-
rope, initially using simple layered-Earth conductivity and network assumptions [148,149], has shown
that local conductivity and variations of the driving current system relative to network are impor-
tant for accurate modelling. For such large scale modelling, spherical geometry is needed in contrast
to local modelling where a planar approximation su�ces. Using both small and large networks, it
has been shown that the local environment is very important and an e�ective network response is
required, similar to original papers stating that up to two nodes away are relevant [19]. �e point
is made that although arbitrary network parameters can be used, the error or uncertainty should
ideally be estimated.

In terms of other operational factors, although the general network topology plays a role in GIC
modelling, analytically it was found that geophysical conditions have a far greater impact. Using
realistic resistive and conductive Earth pro�les resulted in E-�eld di�erences on the order of 100
times [150]. In this analysis, cumulative exposure showed similar sensitivity. Expanding on the ef-
fect of di�erent apparent resistivities, within a surface impedance response there can be de�nite
complex geological e�ects. �at said, the most important factor in GIC modelling is still in the ac-
curacy of B-�eld estimation [123], with the distance between magnetometer and network critical to
this accuracy [151]. Making use of the improved layered-Earth pro�le and virtual magnetometers by
interpolation, the minimum distance for adequate GIC modelling at mid-latitudes has been deter-
mined [152]. Relatively accurate GIC modelling can be done at mid-latitudes within a spatial scale of
about 600 km in the east-west direction and 300 km in the north-south direction. �ese scale lengths
assume mid-latitude driving without �ne scale current structure as is seen at higher latitudes driving
large GICs [36,153].

Looking more closely at the network information inputs, recent research includes state-of-the-art
transformer level modelling [17], where more than an order of magnitude variation is seen between
transformers in same substation due to transformer characteristics and connections. Detailed net-
work information and GIC data available for such transformer-level modelling is not typical for
utilities. Given a case where this level of modelling is not possible, but there still exists uneven GIC
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distributions in a substation, there would be signi�cant unmodelled factors assuming traditional
modelling approaches. Further research in the Irish network found that variable grounding resis-
tance and lower voltage networks are important in GIC modelling [154]. �e case of lower voltage
networks a�ecting HV modelling results is o�en seen [96,118]. A possible explicit example of this is
seen in the complex part of the Australian network where analytical modelling of the HV is anti-
aligned with measured GIC [155].

2.4 Geomagnetic Field Interpolation

In terms of B-�eld input into GIC modelling, interpolation is commonly used [106,127,156,157]. Of the
many interpolation methods, the most used is the physics-based spherical elementary current sys-
tems (SECS) interpolation scheme [158,159]. �is method assumes an equivalent current system in
spherical coordinates at a certain height (above and/or below ground) and then estimates this sys-
tem by inverting ground magnetometer measurements. To complete the interpolation, the equiva-
lent current system is used to estimate the B-�eld at some other point on the ground. �e method
describes the current system in terms of divergence-free nodes, which are representative of high-
latitude Hall currents. �e application of the method is widespread and not limited to GIC stud-
ies [160,161]. A fast planar version of the SECS method has also been derived, with particular appli-
cation to GIC modelling using simple 1D conductivity pro�les [162]. �is planar version has found
extensive use in South African studies, with successful GIC modelling [152] but the surprising result
of signi�cant vortex-like spatial variation in the interpolated disturbance B-�eld [157]. �e distant
ring current is the predominant driver for mid-latitude regions and the spatial variation as such
should be smoother. �e observed vortex-like spatial variation may in fact be an artefact of using
divergence-free equivalent current nodes. Ngwira et al. [152] went further to use this implementa-
tion to de�ne the typical mid-latitude spatial separation between magnetometer and network node
appropriate for GIC modelling mentioned previously. In mid-latitude Spain, the SECS interpolation
scheme was not found to be particularly accurate [124], which is further supported by analysis in the
UK where a similarly sparse magnetometer array was used [163]. Torta et al. [124] similarly cites the
issue with divergence-free equivalent current nodes unable to describe a relatively �at-�eld. In com-
parison with other methods at mid-latitudes, Torta et al. [124] found that using a nearest neighbour
or a magnetic scalar potential method that does not make use of divergence-free nodes achieved
be�er results. No approaches to estimating the uncertainty involved with interpolation were found
in literature.

2.5 Summary

In summary, a�er an extensive review of GIC literature it was found that although power networks in
all regions can experience GICs, the level of GICs is dependent on the local conductivity and network
characteristics. Higher latitudes regions are more susceptible to induction risks and smaller scale ef-
fects due to �ne scale and nearer current sources are apparent. Within the context of induction risks
to power networks, some network smoothing allows regional estimates of the B-�elds and E-�elds
to be adequate, but not when there are large heterogeneous conductivity structures (similar in scale
to the network size). �e state of the art can be seen as full 3D conductivity modelling, coupled with
dense magnetometers or interpolated B-�eld to estimate the E-�eld along the network footprint and
possibly a scaling of the result using accurate network information. With high accuracy network
data that includes transformer characteristics, transformer level modelling can be achieved. Unfor-
tunately, there are no cases where all these factors come together. In terms of general susceptibility,
traditional GIC modelling using simplifying assumptions or the current state-of-the-art modelling
can be used to give an idea of the risk to utility, with global climatological models of GIC related
proxies also being used. For extreme value analysis, the results are very much dependent on the
dataset length and quality, with the best cases still having large uncertainties. A large gap still lies
within the operational modelling of GICs, i.e. being able to estimate the GIC pro�le that would be
seen by a transformer in real-time with uncertainty included for decision-making.
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With regards to gaps in operational GIC modelling, the �rst and foremost is the lack of uncertainty
estimates in general GIC modelling or the various steps in the modelling chain. In contrast to MT
studies that have de�ned error estimates in the surface impedance estimates used for GIC modelling,
no further error propagation is done. For GIC modelling, the only uncertainty estimates of �nal GIC
pro�les have been as con�dence intervals [142]. In the interpolation of the B-�eld, o�en done and
acknowledged as critical to general modelling accuracy, no uncertainty estimates are included. Here
we also have a discrepancy where planar SECS interpolation in South Africa reportedly works, but
the same interpolation scheme gives poor results in other mid-latitude regions. Although this may
be due to a geological e�ects and di�erent current sources, the SECS methodology as applied in
South Africa should be validated.

Part of the lack of uncertainty estimation is that there is a distinct lack of validation of models with
measured GIC data. In the past, the lack of validation can largely be a�ributed to the lack of data
availability due to its commercial sensitivity. �e lack of validation sets also points to the general
emphasis on physics-based modelling instead of empirical modelling, although it is acknowledged
that many factors are not modelled or uncertain in these analytical models. In the case of data being
available, there is still a distinct emphasis on state-of-the-art modelling and not on modelling that
is robust and can be implemented in real-world scenarios with limited or poor quality data. In cases
where the state of the art is not viable, GICs could still be modelled using simple models which can
be made operational if uncertainty is included.

Although conductivity plays a large part of the complexity in GIC modelling, there are many cases
where simple assumptions are adequate. Regardless, a lot of recent work has gone into improving
the geophysical step of the modelling process with be�er estimations of the E-�eld, leaving many
network factors unmodelled. Empirical methods provide a mapping can sidestep both conductivity
and network assumptions, but are o�en avoided due to them not being generalisable. Given that an-
alytical methods can de�ne susceptibility well, for operational modelling it may be worth developing
empirical methods for at-risk nodes a�er an initial susceptibility study has been done.

Besides the lack of empirical modelling, there is also a lack of modelling in the frequency domain.
Most modelling restricts the estimated E-�eld to the time domain, although there are indications
of di�erent driving regimes in the frequency domain that make frequency domain modelling more
accurate. Part of the frequency domain analysis is probing the resistive network assumption made
in GIC modelling, where more work is needed given the limited validation of this assumption empir-
ically. Lastly, there are also indications that the much used 3�/3C is not always the best proxy to use,
with some cases making use of Δ� instead, either for large scale driving or complex conductivity.

Page 20 / 151



Operational Modelling of Geomagnetic Fields and Geomagnetically Induced Currents

3 �eoretical Background

In this chapter, theoretical concepts that make up the basis of model development are explored. GICs
are ultimately the result of geomagnetic induction in the Earth, driven by �uctuations of a distur-
bance B-�eld within an induction loop that includes a conducting network. �rough Faraday’s law
of induction, the driving EMF can be estimated by the E-�eld. �e link between GICs and the E-�eld
provides signi�cant overlap with geophysics. Within geophysics, magnetotelluric studies exten-
sively use and/or estimate the E-�eld, forming the theoretical basis for induction within the Earth.
Although complex geophysical modelling of the E-�eld exists and may improve estimates of E-�eld
magnitude, the majority of variation in the E-�eld can be represented by much simpler, �rst-order
approximations of dispersion within Earth. In both the �rst-order and complex E-�eld estimation,
the conductivity of the Earth a�ects the associated skin depth of the incident electromagnetic wave
di�erently for di�erent frequencies and analysis needs to be done in the frequency domain. In Fig-
ure 9, we see the dynamic GIC spectrum that results from driving geomagnetic disturbances with
di�erent spectral characteristics that are convolved with the Earth’s response. Although not novel,
the link between spectral characteristics and EMF driving is further clari�ed with illustration. Hav-
ing established a basis for thinking about induction within the Earth, the theoretical background of
modelling GICs at a network node is explored. Lastly, in the o�en seen case of limited B-�eld data,
the popular spherical elementary current systems (SECS) interpolation scheme is described.

Figure 9: Although GICs are dominated by low frequencies, a spectrogram using the Montgomery
(MONT) node in the TVA network (see Figure 24) identi�es dynamic frequency contributions during
a geomagnetic storm. �e upper panel shows the raw GIC spectrogram. To emphasize the dynamic
spectrum, the middle panel shows the GIC spectrogram normalised to the baseline low-frequency
bias, as estimated during quiet geomagnetic conditions. �e baseline is estimated by ��ing a linear
trend in log-space of the GIC power spectrum. Correcting for the low-pass response associated with
GICs results in a clean response of the relative spectral content during a disturbance.
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3.1 Induction Driving of GICs

Irrespective of driver, let us assume there is some geomagnetic disturbance that causes �uctuations
in the B-�eld. Given a large grounded conductor at the surface, there is an inductive loop that
produces an EMF and ultimately currents through Faraday’s law of induction. In the absence of
power networks or pipelines, induced currents still �ow through the conductive Earth with the
e�ect measurable at the surface as the E-�eld. Given the very low conductivity of air at roughly
10−14 S/m, there is no galvanic connection nor is there any signi�cant a�enuation between the Earth
and the driving current systems [164], i.e. the currents in the Earth are purely from induction and the
associated induction loops do not include the air. In the case of a grounded conductor, a favourable
lower resistance path is o�en created and the E-�eld can be seen as driving induced currents into
the network. An implication of the network providing a favourable path for GICs to �ow is that
increasing the grounding resistances to be greater than the e�ective crustal resistance of the Earth
will limit currents entering the network. Having large grounding resistances come with their own
complications with regards to power system operation and may not always be a valid mitigation
strategy.

Before diving into the theoretical basis of electromagnetic induction in the Earth, it is useful to give a
simplistic representation of the GIC induction loop and the factors involved. In Figure 10, we have a
simple line current source that produces a vertically incident electromagnetic wave, with the B-�eld
�uctuating into the page. Indicated is the penetration of the B-�eld and the �ow of current in the
induction loop, de�ned by a grounded line, perpendicular to the B-�eld and the rate of change of the
B-�eld.

Starting from Faraday’s law in its di�erential form,

∇ × ®� = − m
®�
mC
, (1)

we have the curl of the E-�eld related to the change of the B-�eld. Here there is o�en a miscon-
ception that the curl of ®� from Faraday’s law implicitly means that the E-�eld is not conservative
across a network. �e issue here is a misinterpretation of the reference frame. Faraday’s law in this
simplistic case is applied to the vertical cross section of Earth and not the surface or a horizontal
cross section. Due to the a�enuation of the incident electromagnetic �eld, both magnetic and elec-
tric �elds decrease in magnitude with depth and result in a non-zero curl. �e implication is that
even a spatially uniform B-�eld at the surface can drive GICs across a network.

More useful for ge�ing a feel for GIC driving is the integral form of Faraday’s law as it de�nes the
EMF, i.e. ∮

®� · ®3; = −3Φ�
3C

= �"�, (2)

where Φ� is the magnetic �ux through the closed path as de�ned by the line integral of the induction
loop. Here it must be emphasised that it is not the B-�eld itself which drives the GIC, but rather the
B-�eld �uctuations. �e ‘constant’ dipole �eld of the Earth acts as a baseline for the disturbance
B-�eld from the driving current systems. Of course the main �eld of the Earth does change over
time, but these changes are very slow in comparison with the fast geomagnetic disturbance related
B-�eld changes. To a �rst approximation, the internal B-�eld changes produce no signi�cant EMF.
A magnetometer at the surface of the Earth also measures the B-�eld contribution from induced
currents within Earth, which in e�ect scales the externally driven B-�eld [164]. In GIC modelling,
we are not concerned about the source of these �elds but rather the net �uctuations. Assuming
there are such �uctuations, Lenz’s law further states that the direction of this induced current would
be such that the resulting B-�eld �ux from the induced current opposes the initial B-�eld �ux in
the induction loop. In Figure 10, by Lenz’s law the direction of the induced current in the ABCD
induction loop would be anti-clockwise.
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Figure 10: Simplistic representation of the induction loop that ultimately drives GICs. Here an source
current at heightℎ drives a changing magnetic �eld into the page. An EMF is created in the induction
loop de�ned by ABCD. Due to the transmission line being grounded at A and B, a current (de�ned
by the arrows in the induction loop) can enter the network and �ow along the transmission line with
length !. Indicated on the right is the dissipation of the B-�eld (and E-�eld) within Earth, related
to the skin depth ? , i.e. the depth 3 at which the magnitude of the surface B-�eld is decreased by a
factor of 4 . �e skin depth itself is frequency dependent as shown on the le�, with lower frequencies
l penetrating deeper. All these concepts are explored further in the text.
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Since the EMF ultimately drives the GICs, a large part of research is dedicated to estimating the E-
�eld required to calculate the line integral. When de�ning the induction loop, a common mistake is
the assumption that the driving induction loop is formed by the transmission line and its grounding
points, with a return path along the surface of the Earth. �e line integral of this induction loop
is essentially zero and the slowly varying B-�eld requires a much larger loop to drive the GICs
seen [58]. Considering the broader range of B-�eld variations relevant to GICs and a�enuation of
driving �elds within the Earth, the induction loop becomes even more important. Making use of
the entire conductive Earth beneath the transmission line as a possible induction loop is the correct
approach and produces a larger EMF compared to to only considering the line and surface of the
Earth. Including the entire conductive Earth beneath the transmission line also allows the return
current to have negligible resistance as observed.

�e induction concepts needed in GIC modelling have the distinct advantage of being part of the
more developed �eld of magnetotelluric (MT) modelling. �e MT method relates the B-�eld and
induced E-�eld, with the view of de�ning the nature of the Earth’s structure in the induction loop.
Various sophisticated methods allow for accurate estimates of the conductive substructure, which
is very useful for prospecting. For GIC modelling, this level of sophistication in terms of MT in-
version is not required. All that is needed is an estimate of the surface E-�eld, usually de�ned by a
derived or measured surface impedance and the B-�eld. In this step of E-�eld estimation, there are
a number of assumptions inherent in MT studies and GIC modelling. �e �rst of these assumptions
is that the disturbance B-�eld originating from the near-Earth current systems is harmonic in time.
Secondly, it is assumed that the disturbance B-�eld is a vertically incident plane-wave at Earth’s
surface. �ese general assumptions are usually valid locally but there are de�nite cases where they
break down, such as when the lateral extension of the current source is not signi�cantly larger than
the penetration depth of the resulting disturbance wave [110,165–167]. To generate a plane-wave over
the network, there would either need to be a very long line (or uniform sheet) current relative to the
system or a very distant source. In the real-world, these cases are �rst-order approximations and
cannot be used over an entire network. Of the regions mentioned, the mid-latitudes are the closest
to the plane-wave approximation with main ring current driving being far enough away relative to
power network scale lengths. In contrast, the auroral regions with the dominant auroral electrojet
current system can diverge signi�cantly from the plane-wave assumption. �e nearer ionospheric
electrojet current system is more variable and has �ner spatial scales when compared to mid-latitude
drivers, making the interactions more complicated [14,79,95,168,169]. Nevertheless, at a local level given
dense magnetometer coverage or a dense network, spli�ing the calculations to smaller scale lengths
between individual nodes, the plane-wave assumption can still be valid. A further complication is
the variation of the geophysical conductivity of Earth that drives variations in the E-�eld o�en being
at scale lengths similar to transmission line lengths, further diverging from traditional conservative
E-�eld modelling for GICs.

While acknowledging that the deviations from plane-wave driving and o�en complicated geophys-
ical structures signi�cantly a�ect GIC modelling, it is illustrative to derive the general formalism
of electromagnetic induction in the Earth using �rst-order approximations. Speci�cally, we will
assume a vertically incident plane-wave disturbance and homogeneous ground conductivity struc-
ture. Modelling using these simplistic assumptions o�en performs adequately and in itself can be
useful for utility decision-making. Besides operational considerations, the �rst approximation gives
a very good idea of the drivers and spectral characteristics of GICs in general. �eoretically, the
homogeneous Earth base case can be extended into the more physical and accurate layered-Earth
conductivity approximation, where conductivity varies with depth. Globally, there is a tendency for
conductivity to increase with depth [170]. �ere are of course cases where the layered approach itself
is complicated such as in Memanbetsu, Japan, where a highly conductive layer sits atop a resistive
layer and causes anomalous responses [171]. Further e�ects may arise separately from the inductive
Earth response, such as charge accumulation at conductivity discontinuities. Lastly, for our purposes
the Earth is assumed to be an ohmic conductor, with no internal current sources, i.e. electromagnetic
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waves can only be absorbed or dissipated.

Starting with the vertically incident disturbance electromagnetic plane-waves, we have the magnetic
(�) �eld and electric (�) �elds de�ned by,

� = �04
8lC−:I and � = �04

8lC−:I, (3)
where I is downwards, l is the angular frequency, : is the wave number (: = 2c/_) and �0 and
�0 are the wave amplitudes at their origin. �e curvature of the Earth is generally not thought to
have signi�cant e�ects on induction for periods less than a day and hence Cartesian coordinates are
used [65].

Let us now consider the di�erential form of Maxwell’s equations and apply them to a vertically
incident plane-wave with B-�eld in the ~ direction. Firstly, we have,

∇ × ®� = − m
®�
mC
, (4)

∇ × ®� = ®95 +
m ®�
mC
, (5)

∇ · ®� = 0, (6)
∇ · ®� = [5 , (7)

where ®� = n ®� and ®� = ` ®� for a linear isotropic medium. Making use of the further assumption that
variation of permi�ivities and permeabilities are negligible when compared to variations of bulk
rock conductivities, the free-space values of n0 and `0 are assumed. Since displacement currents are
also assumed negligible in MT studies and that no current sources exist within Earth, (5) and (7) can
both be simpli�ed. Explicitly, we assume the system is quasi-static,

m ®�
mC

= 0, (8)

and that there is no accumulation of electric charge, i.e. [5 = 0. No current sources implies that
∇ · ®9 = 0. �rough Ohm’s law, ®9 = f ®�, we have,

∇ · ®9 = ∇ · (f ®�) = 0. (9)

Making use of the assumption of an homogeneous half-space, which can also be extended to a
layered-Earth case, we have ∇f = 0 and hence,

∇ · (f ®�) = f (∇ · ®�) + ®�∇f = f (∇ · ®�) = 0, (10)

or alternately,
∇ · ®� = 0. (11)

�ese assumptions result in a simpli�ed version of Maxwell’s equations that are now de�ned by,

∇ × ®� = − m
®�
mC
, (12)

∇ × ®� = `0(f ®�), (13)
∇ · ®� = 0, (14)
∇ · ®� = 0. (15)

In the case of a layered-Earth that also varies laterally in a single direction, the continuity condition
of vertical �eld components previously applied at vertical interfaces with boundary conditions at
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the surface and at depth, no longer apply. Charge accumulation at the lateral interface creates an
additional E-�eld. As a result the divergence of the E-�eld parallel to the interface of conductivity
variation remains zero but the divergence perpendicular is non-zero [65]. A very good example of
this lateral variation or strike is at the coast. Here the lateral interface between land and ocean
water, with their di�erent conductivity pro�les, creates a ‘coast e�ect’ where an enhanced E-�eld
perpendicular to the coast is observed.

Moving on, at the heart of MT research is the concept that a time varying B-�eld induces an E-
�eld, which in turn induces a secondary B-�eld. Relating these various �elds can give us an idea
of the Earth’s conductivity structure. Let us take the curl of Faraday’s law, which de�nes the initial
induction,

∇ ×
(
∇ × ®�

)
= − m

mC

(
∇ × ®�

)
, (16)

and then substitute Ampere’s law, which de�nes the secondary induction,

∇ ×
(
∇ × ®�

)
= ∇(∇ · ®�) − ∇2 ®� = −`0f

m ®�
mC
. (17)

Recalling that ∇ · ®� = 0, we can simplify and rearrange to obtain a di�usion equation,

∇2 ®� = `0f
m ®�
mC
. (18)

Similarly, it can be shown that the B-�eld ®� results in a di�usion equation. Taking the curl of Am-
pere’s law and then Faraday’s law into the result we get,

∇ ×
(
∇ × ®�

)
= ∇

(
∇ · ®�

)
− ∇2 ®� = `0f

(
∇ × ®�

)
= −`0f

m ®�
mC
. (19)

Recalling that ∇ · ®� = 0, we can simplify and rearrange to obtain a di�usion equation once again,

∇2 ®� = `0f
m ®�
mC
. (20)

�e implication of this is that simple induction in the Earth relies on an external source of energy
that di�uses through the Earth and is exponentially dissipated with depth, with the typical measure
of penetration being the skin depth. From the di�usion equations, we can derive the appropriate
boundary conditions and apply the standard techniques of using an induction loop to calculate the
EMF.

�e �rst boundary condition to take into account is that the magnitude of the magnetic and induced
electric �elds must tend to 0 as I tends to ∞ (very deep and very far away from the line current
source). Additionally, it is expected that there is no vertical component of the external B-�eld (as
de�ned) and that the system is aligned in such a way that the B-�eld only has a ~ component in
the coordinate system we have de�ned (which may be rede�ned arbitrarily). �e induced E-�eld
would always be perpendicular to this B-�eld (i.e. in the GI-plane as in Figure 10). At the surface,
an additional boundary condition on the electric and magnetic �eld can be applied. Here, the B-�eld
would have the de�ned magnitude �0 in the ~ direction as de�ned by the system. �e E-�eld on the
other hand has to satisfy the divergence-free condition assuming no current sources within Earth.
�is implies that at the surface of Earth and throughout the induction loop, the vertical component
of the induced E-�eld is assumed to be zero as well. Hence, although the induced E-�eld is in the
GI-plane, only the horizontal component in the G direction is non-zero. In summary, the di�usive
nature of the �elds in the Earth leads to horizontal magnetic and electric �elds. Considering Figure
10, the B-�eld has an initial magnitude �0 in the ~ direction at the surface, and falls away to zero at
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a signi�cant depth. �e associated induced E-�eld has an initial magnitude of �0 in the orthogonal
G direction at the surface, and also falls away to zero at a signi�cant depth.

�e nature of di�usion can be more formally de�ned using the concept of a skin depth. Simply put,
the skin depth can be de�ned as the depth at which the surface B-�eld is a�enuated by a factor of
1/4 . Assuming the skin depth is de�ned by ? , we would have the B-�eld in the Earth de�ned by
� = �04

−3
? . To derive this relation for the skin depth, let us assume the case of a homogeneous

Earth conductivity. Taking the di�usion equation for the E-�eld and acknowledging that there are
no energy sources within Earth and that the E-�eld would be dampened with depth, we can assume
a solution of the form �04

8lC−@I and,

∇2� =
m2�

mI2 =

[
@2�04

8lC−@I = 8l`0f�04
8lC−@I

]
= `0f

m ®�
mC
. (21)

Equating the coe�cients of the middle terms in square brackets, we have,

@2 = 8l`0f. (22)

Commonly the skin depth ? is de�ned as the real part of 1/@, i.e. ? =
√

2/l`0f . �e skin depth is
the penetration depth of the E-�eld, given a half space conductivity of f and angular frequency ofl .
For MT application, more useful is the complex frequency dependent Schmucker-Weidelt transfer
function, de�ned by 1/@. �is transfer function allows the B-�eld and E-�eld to be related and in
MT studies allows the conductivity to be estimated. Using the solutions obtained for the di�usion
equations, we can substitute into Faraday’s law once again, recalling that the �elds only vary with
depth,

m�G

mI
=

[
− @�G = −8l�~

]
= −

m�~

mC
, (23)

and
m�~

mI
=

[
@�~ = −8l�G

]
= − m�G

mC
. (24)

Equating the �elds using the transfer function, we have,

1
@
=

�G

8l�~
= −

�~

8l�G
, (25)

which in turn relates to the more general surface impedance tensor (/ ) relation o�en used in MT
studies, i.e.

/ =
8l

@
=
�G

�~
= −

�~

�G
, (26)

where / for the homogeneous Earth case would be a single value of / =

√
8l
`>f

. �e homogeneous
case can easily be extended into a layered-Earth case, assuming the base relation applies within each
half space. Ensuring that the �eld components are continuous at the interfaces allows a continuity
relation to be derived known as Wait’s recursion formula [65]. Starting at the deepest layer (in�nite
half space), de�ned in a similar way to the homogeneous Earth case, we iterate though successive
layers. �e resulting transfer function is also dependent on frequency and can be represented by
an equivalent homogeneous Earth, as is done when computing the apparent resistivity. �ere are
two main conventions for / , with the ratio of E-�eld and B-�eld and units of (mV/km)/nT being
favoured in this thesis. �e other convention excludes `0, i.e. / ′ = `0/ , and has resulting units of
Ω. For either case, it should be noted that the transfer function between B and E-�elds is dependent
on frequency, with associated phase and magnitude arguments.
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More explicitly for more complex geological cases, the general surface impedance tensor would be
de�ned in components as,

®�G,~ (l) = / (l) ®�G,~ (l), with / (l) =
[
/GG (l) /G~ (l)
/~G (l) /~~ (l)

]
. (27)

As already indicated, for the homogeneous Earth case the impedance tensor components would be
/GG = /~~ = 0 and /G~ = −/~G = / [64]. For a 2D Earth model, where there is lateral variation,
/GG = −/~~ and /G~ ≠ −/~G . �e surface impedance tensor can be rotated such that the diagonal is
zero and /G~ = / ‖ (induction parallel to the geophysical strike) and /~G = /⊥ (induction perpendic-
ular to the geophysical strike). Such a scenario is typical in coastal regions where there is a de�nite
lateral discontinuity formed by the sea-land interface [58,124]. In 2D cases, the empirical network pa-
rameters can encode the rotation and scaling of simple geophysical strikes. Given measured surface
impedance, which is the most realistic and fully 3D, each component of the impedance tensor is
unique [110]. �e current state of the art for such 3D measured surface impedances are large scale
MT surveys that use remote referencing for noise reduction and stability of estimation.

With the nature of the �elds in the Earth de�ned, we can apply Faraday’s law of induction to the
system. Using Figure 10, we can de�ne the EMF,

�"� = −
∮
®� · 3;

= −
(
�G (I = 0) · 3;�� + �I · 3;�� + �G (I →∞) · 3;�� + �I · 3;��

)
= −�G (I = 0) · 3;��
= −�0!,

(28)

where ! is the length of the transmission line. �is result is due to the conditions derived earlier,
i.e. the induced E-�eld is always horizontal (�I = 0) and at a signi�cant depth the �elds are approxi-
mately zero (�eld magnitude decreases exponentially with depth). �e resulting relation in this case
means the EMF produced by the induction loop ABCD (which is the same as the CD-surface loop)
e�ectively comes from the induced E-�eld at the surface. A�er taking into account the circuit resis-
tances, the current produced can be linearly related to the induced E-�eld at the surface through the
EMF (which in e�ect is the o�en used governing equation for GICs). �is means that if you know
the induced E-�eld at the surface, you can calculate the associated EMF and scale appropriately to
get the induced current.

In the case of a realistic non-uniform B-�eld or heterogeneous conductivity structure, then the sys-
tem is not quite as representative. A typical example is when the rate of change of the B-�eld is
not in the G~-plane (perhaps as a result of an incidence angle not equal to 90◦). In this case the curl
of the induced E-�eld as we have de�ned it would no longer just be in the GI-plane and the �eld
at the surface no longer conservative. Taking real-world heterogeneous conductivity into account
only compounds deviations away from a conservative �eld. In these cases, any line integral is path
dependent. It is not possible to take into account all these di�erent variables analytically. �e best
we can do is to de�ne the system in such a way as that locally it represents the typical plane-wave
de�ned system we have used up to now. One way to do this is to choose an appropriate induction
loop where the B-�eld is roughly uniform along the length. �is length would typically be a lot
shorter than the system length. Using such a loop, we would need to derive the induced surface
E-�eld valid for that length of transmission line. To model the GIC in this case, the dot product of
the local E-�eld and transmission line segment needs to be integrated along the transmission line.
�is in e�ect can be thought of as modelling discrete voltage sources in the transmission lines.

3.2 Spectral Characteristics

To expand on the implications of frequency domain calculation it is useful to de�ne the spectral char-
acteristics of induction within the Earth and GICs. Let us assume the special case of a homogeneous
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Earth, where the induced E-�eld (a proxy to GIC) can be explicitly related to the B-�eld,

� (l) =
√
8l

`0f
�(l) . (29)

Here f is the conductivity in S/m and `0 is the permeability of free space i.e. 4c × 10−7 H/m. �e
conductivity of the Earth lies in the 1-100 mS/m range. In the frequency domain, the time derivative
of a function is analytically de�ned as ��)

{
- (C)

}
= - (l), then ��)

{
3- (C)/3C

}
= 8l- (l), and as

such we alternatively have,
� (l) = 1

√
`0f8l

�3>C (l), (30)

where �3>C (l) is 3�/3C in the frequency domain.

From (29), we see that there is a high-pass �ltering e�ect from the Earth on the B-�eld when deriving
the E-�eld from the B-�eld, i.e.

� (l) ∝
√
l�(l) . (31)

Given �3>C in (30), the same Earth conductivity has a low-pass �ltering e�ect, i.e.

� (l) ∝ 1
√
l
�3>C (l) . (32)

�e underlying disturbance B-�eld has been shown to have roughly ‘1/5 ’ (where l = 2c 5 ) char-
acteristics in its power spectrum. Using a power spectrum parametrisation of 5 −< (where 5 is fre-
quency),< is o�en between 1 and 2 [172], but can be higher [65]. �e dominant periods in the B and E
�elds range from a couple of hours to tens of seconds, with a so called ‘dead-band’ between 0.5 and
5 Hz providing li�le to no driving in comparison [65,173]. Since the power spectrum is de�ned as the
magnitude of frequency components squared, a general relationship proportional to 5 G would result
in a power spectrum parametrisation related to 5 2G , i.e. the slope of the power spectrum would be
< = 2G .

If we assume that the B-�eld has a power spectrum with slope <, then the corresponding E-�eld
power spectrum slope would be less steep, i.e. less than <. �3>C or 3�/3C , proportional to 5 �(5 )
in the frequency domain, would have a �a�er response still. Explicitly for a homogeneous Earth, if
we assume <� ≈ 2 for the B-�eld power spectrum, then <� ≈ 1 for the E-�eld and <�3>C ≈ 0 for
�3>C . More generally, the �lter characteristics of the Earth de�ne spectral slope responses that fol-
low<� > <� > <�3>C =<� − 2, and apply even in particularly conductive or resistive se�ings [150].
Expanding on the basis of the E-�eld frequency response, it is assumed that the GIC would share
roughly the same spectral characteristics given a resistive network (i.e. assuming no network re-
lated frequency response). �e measured GIC includes the e�ect of the network itself, which may
introduce relative alignment weighting (or directionality) between components and possible �ltering
e�ects. �e overall relative characteristics of the �lters should however not change.

To illustrate the spectral characteristics described, spectra of all the di�erent components were com-
puted for Memanbetsu (MMB) node in Hokkaido, Japan. Here the Kakioka Magnetic Observatory of
the Japan Meteorological Agency has 1 second cadence B-�eld and E-�eld measurements. Hokkaido
Electric Power has measured GIC at a similar cadence [83]. In Figure 11, the spectral responses for a
geomagnetic storm were found to be consistent with the theoretical expectations, i.e. across almost
all frequencies the GIC is a low-pass �lter for �3>C , a high-pass �lter for the B-�eld and its frequency
components are similar to the E-�eld.

A similar result can be seen in Figure 12 where there are measured surface impedances and hence
accurate E-�eld estimates for the Paradise (PAR) node in the North American TVA network. In
this case the e�ective directionality is north-south for the PAR node and a single component of the
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Figure 11: �e theoretical relations between the di�erent frequency responses can be seen clearly in
data [174]. Here we have the geologically complex MMB region (see Table 1) with high cadence data in
all the di�erent datasets. Taking the ratio of each parameter’s power spectrum with the GIC power
spectrum, we see that over the most frequencies the E-�eld (purple and brown) are largely linear
(�at) with the GIC. �e B-�eld (blue and orange) on the other hand exhibits a low-pass response
relative to GIC and 3�/3C (red and green) exhibits a high-pass response relative to GIC.

Figure 12: �e frequency responses for the PAR node in the TVA network is shown along with the
frequency response of accurate B-�eld measurements. �e various measurements are denoted by
di�erent colours, with the power spectrum slopes superimposed on the partially transparent power
spectrums. Consistent with Figure 11, the responses match the expectation of the power spectrum
slopes (quantitatively indicated by<) with the GIC (purple) si�ing between the high-pass3�/3C (red
and green) and low-pass B-�eld (blue and orange). Of interest here for frequency domain calculations
is the crossover between B-�eld and 3�/3C responses at higher frequencies.
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various �elds can be used. In the simpler geological context, the responses are much cleaner and
be�er de�ned. �e complex geology at MMB has been the subject of various studies around the
validity of 3�/3C as a proxy to GIC activity, with the B-�eld pro�le showing be�er agreement [83]. A
possible explanation lies in the conductivity, where a poorly-conducting bo�om layer that underlies
a thin good conductor would reproduce the observed characteristics [85]. Even in such cases, lower
frequencies dominate the GIC spectral response.

Of interest in Figure 12 is the trade o� between B-�eld and3�/3C slopes at higher frequencies. In this
case the PAR node is rather susceptible with larger GICs than at MMB. In the frequency response,
we see that above 52 , the 3�/3C frequency response has a larger weighting than the B-�eld response.
Considering that at high frequencies the signal-to-noise ratio (SNR) is usually poor, making use of
3�/3C in frequency domain calculations may be bene�cial. Taking Figure 13 into account, we see
that the coherence between B-�eld and 3�/3C is virtually exact and no information is lost by using
3�/3C instead of the B-�eld.

Figure 13: In terms of the coherence between GIC and the B-�eld, we have higher coherence with
the ~ component at PAR, which is expected due to the north-south network orientation. Between
the B-�eld and 3�/3C , coherence is practically perfect, except at low frequencies where the baseline
removal of the B-�eld would introduce some deviations. �e coherence between the B-�eld and
GIC or 3�/3C and GIC are identical. Using either B-�eld or 3�/3C would be feasible for frequency
domain estimation with no information lost, the only di�erence is the di�erent signal-to-noise ratios
at di�erent frequencies, particularly above 52 where 3�/3C dominates.

3.3 Linking Spectral Characteristics with EMF Driving

To see the link between B-�eld, induced E-�eld and driving EMF in practice, we can make use of a
synthetic example, similar to work done by Boteler et al. [175]. Let us assume a number of frequency
components made up only of sinusoidal components, with a random phase angle for each between
0 and 45 degrees. �e frequency components 5 will be de�ned for the B-�eld as 10 log-spaced
frequencies with periods between 3 hours and 1 second, with an amplitude of 100 nT for the lowest
frequency. �e B-�eld has a physical spectral response of 1/5 , with the lowest frequency having the
highest weighting. In general, the synthetic B-�eld de�ned may be more extreme than typical but
it will su�ce for illustrative purposes. From the B-�eld, the induced E-�eld is approximated using
an assumed homogeneous Earth with conductivity of 0.01 S/m, with both �elds being seen in Figure
14.

Assuming a B-�eld with an intrinsic spectral response of 1/5 , the corresponding E-�eld is a high-
pass �lter of the B-�eld and would have a spectral response of 1/

√
5 . 3�/3C is a further high-pass

�lter of the E-�eld and has a �at spectral response, i.e. equal weighting for all frequencies. Regardless
of the initial �eld used, all electromagnetic �elds are di�usive in the Earth, with higher frequencies
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Figure 14: Making use of the typical frequency response of the B- and E-�eld, a synthetic �eld can
be estimated assuming uniform conductivity of the Earth at 0.01 S/m. �e high-pass �lter e�ect of
the E-�eld given B-�eld is evident, especially in the lowest frequency variations where the E-�eld
clearly leads the B-�eld by c/4 in this simple test case.

being a�enuated more quickly than lower frequencies which penetrate more deeply, as seen in le�
of Figure 15. Using the E-�eld estimates, we can also compute the relative increase in EMF with
depth in the right of Figure 15. At a given depth, the EMF is simply the di�erence between surface
E-�eld and the E-�eld at that depth, since no vertical E-�elds contribute to the line integral.

Figure 15: Taking the �at frequency response of 3�/3C , we see that the higher frequencies are at-
tenuated more quickly and lower frequencies penetrate more deeply. Assuming equal weighting of
the E-�eld and calculating the proportion of the total possible EMF from the particular frequency,
we see that the higher frequencies reach their full EMF at shallower depths.

�ere are a number of interesting factors that arise from the observation of the �elds and EMF driv-
ing at di�erent depths. Firstly, we have that the e�ective induction loop of lower frequencies is much
larger and it would be assumed that the larger area should contribute to a larger driving EMF. With-
out taking into account the nature of the initial B-�eld, this view is wrong as the variation associated
with the rate of change of the B-�eld also needs to be taken into account. Given lower frequencies,
the fact that the rate of change is also lower outweighs the larger induction loop. Formally, let us
assume a homogeneous Earth and unit transmission line length. In this case the area of the induction
loop is proportional to 1/

√
5 =
√
) as de�ned by the skin depth and where 5 is frequency and ) is

Page 32 / 151



Operational Modelling of Geomagnetic Fields and Geomagnetically Induced Currents

the corresponding period. Assuming equal unit frequency weighting between B-�eld �ux frequency
components and taking their contributions per frequency, the EMF in turn would be related to,

�"� ∝ −
√
)

)
=

1
√
)

=
√
5 . (33)

Assuming frequency components in this idealised case can be taken separately, the EMF per fre-
quency is related to

√
5 . �is would mean that the EMF has an overall high frequency bias, which is

not observed in practice.

Of course the B-�eld does not have a �at power spectrum, but rather follows a 1/5 type spectral
response, where lower frequency variations tend to be larger in magnitude than higher frequencies.
So in reality we have to update the relative �ux contributions per frequency by 1/5 = ) , i.e.

�"� ∝ −)
√
)

)
=
√
) =

1√
5
. (34)

Including that lower B-�eld frequencies have larger contributions, the resulting EMF is related to
1/

√
5 (visualised in Figure 16), which is very similar to the skin depth and the E-�eld relations

derived previously. In this case, the o�en used explanation that lower frequencies penetrate deeper
and have larger weighting as a result is wrong. Lower frequencies have larger weighting because the
driving B-�eld has a low-pass characteristic, likely due to external solar wind and/or magnetosphere
coupling – not due to the geophysical environment.

Figure 16: Taking into account the realistic weighting of the di�erent E-�eld components (i.e. lower
frequencies have larger weighting), we see the e�ects of the E-�eld penetration is more apparent than
for a �at response in Figure 15. Instead of looking at the proportion of possible EMF for frequency
at a given depth, we see that the lower frequencies contribute not only most of the total EMF but
also at deeper depths.

�e visualisation of EMF driving with depth and frequency as is done in Figure 17 is useful, but
limited. In the real-world there are many other geophysical considerations to take into account.
�e conductivity structure is seldom simple, with strikes and anisotropies common. Even in the
simplest of cases, the Earth conductivity is not uniform and changes with depth. With the multitude
of conditions available, there is the general rule of thumb that particularly resistive regions would
produce the largest GICs. �is is due to a number of factors. Firstly, more resistive regions allow
for deeper penetration for all frequencies, increasing the inductive loop, induced E-�eld and driving
EMF. At the same time, a more resistive ground is likely to provide a more favourable path for GICs to
�ow through the network. Networks generally tend to have small grounding resistances for control
purposes which would not mitigate the entry of GICs in these cases.
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Figure 17: Taking all frequency components, we see that with the a�enuation of the E-�eld with
depth, the EMF increases as expected. For this synthetic case, most of the EMF contribution comes
at depths over 100 km. Real-world cases with more complex shallow structures may di�er, but as we
go deeper the Earth is more homogeneous to a �rst approximation and results are more generalisable.

3.4 Modelling Nodal GICs

Spectral characteristics and induction driving aside, most traditional GIC modelling relies on cal-
culation of the engineering step in the time domain. As an initial step, the E-�eld can be related
to the e�ective driving EMF by integrating the �eld along the transmission line footprints. In the
speci�c case of a node, the GIC in the transformer neutral can be estimated by modelling the result-
ing e�ective EMF as a voltage source in the line and taking into account all appropriate resistances.
Nodal analysis does this for a single node, but an entire network can be modelled in such a way
using the Lehtinen-Pirjola or Nodal Admi�ance Matrix methods. Assuming a uniform E-�eld or an
empirically de�ned e�ective E-�eld, the GIC at a node in the network can be modelled by the nodal
GIC equation [94],

��� (C) = 0�G (C) + 1�~ (C) . (35)

�e pair of constants, 0 and 1, known as the network parameters, relate the magnitude of the GIC to
the northward (�G ) and eastward (�~) components of the induced E-�eld [94]. �e network parame-
ters take into account the topology and assume a resistive network [93,111]. �ese network parameters
have the units of A/(V/km) and are unique to each node of the power system [94], representing the net
e�ective contributions from the network. Typical resistances considered would include the trans-
former resistances, line resistances (dependent on line length), grounding resistances and network
control resistors. In general modelling, the network characteristics can have a large impact and are
not always well modelled or measured with the characteristics themselves also being dynamic. Cor-
rosion of grounding plates or rain soaked soil changes the grounding resistances of a node and are
good examples of such complications.

An alternate representation of the network parameters is in cylindrical coordinates where the total
aligned network scaling is represented by

√
02 + 12. To take into account the network topology and

non-alignment the preferred direction of the E-�eld to produce large GICs is given by the network
de�ned directionality,

\ = arctan
(0
1

)
. (36)

Any deviation of the E-�eld away from the preferred angle \ would result in a fraction of the total
E-�eld magnitude contributing to the measured GIC. �e ratio of network parameters 1/0 used in
previous work [104] is in e�ect representative of the same concept but related to an angle from north,
whereas 0/1 as used above is the angle from east. Since the nodal GICs can only �ow from the
transmission lines, we have a constraint on the direction of E-�eld coupling to the GIC.
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Whatever the convention, the network parameters have to take into account the entire network,
which can become complicated. Nevertheless, there are the analytical methods already mentioned
for estimating the network parameters [38,94]. In the real-world, the relationship between the E-�eld
and the measured GIC is not one-to-one and the conductivity and other factors are absorbed into
the empirically estimated network parameters. Another consideration is the fact that in a real-
world system there are o�en a number of transmission lines connected to a node. In this case, the
measured GIC at the node would be a combination of the di�erent line GICs. To get the directionality
dependence in such a case, each speci�c line needs to be taken into account and the result weighted
according to line length, conductivity, predominant near-Earth current system driving and other
factors in�uencing the resulting GIC magnitude. It could o�en be the case that multiple directions
are relevant, with a network parameter de�ned directionality distribution being the net result.

�e basis of the resistive approximation as applied in the Lehtinen-Pirjola method is widely used,
but there are obvious questions as to the real-world applicability of the approximation. Besides
there being inductive components of in the network, the transformer response is non-linear, with a
further non-linear hysteresis curve. Coupled to this is a non-sinusoid base waveform with distortion
and low-frequency driving instead of purely dc as usually assumed under GIC driving. All these
unmodelled factors introduce signi�cant uncertainty in the engineering step of modelling, adding
to the uncertainty introduced by error in the geophysical step and B-�eld estimation. Empirical
methods that link GIC measurements to B-�eld or E-�eld measurements take this into account as
they measure both the theoretical induced current that enters from the Earth and the higher-order
e�ects of the network itself. Other factors that can be modelled using the traditional modelling
assumptions, but o�en are not, are lower voltage networks, line shapes and variable grounding
resistances. Empirical models similarly can absorb the e�ects of these unmodelled factors, creating
an e�ective response per node.

An alternative to the network parameter approach in the time domain is to map the B-�eld to GICs
in the frequency domain, bypassing the estimation of the E-�eld and network responses. Similar
to the surface impedance tensor relating E- and B-�elds, the transfer function (TF) approach relates
the measured GIC to �G and �~ components in the frequency domain [98,122,143]. No assumptions of a
resistive network or general geophysics are made and the result is a true mapping. In the mapping,
although not constrained by assumptions of conductivity or network characteristics, it is expected
that general characteristics assumed in traditional GIC will be able to be seen and can be used for
interpretation. As alluded to in the previous section regarding spectral characteristics, either the
B-�eld or its time derivative can be used for such frequency domain calculation.

3.5 Modelling the Geomagnetic Field

For most utilities, B-�eld data comes from a sparse grid of remote magnetometers. At mid-latitudes,
the typical separation between magnetometer and network that allows for feasible GIC modelling
is around 300 km in the north-south direction, and 600 km in the east-wast direction [152]. In cases
where more B-�eld accuracy is needed or the separation is too great, interpolation is used. �e most
popular of the various interpolation techniques used is the spherical elementary current systems
(SECS) interpolation technique [158,159].

SECS uses the basis of a driving equivalent current system to create a physically inspired interpo-
lation scheme based on Maxwell’s equations. Including this prior adds signi�cant robustness when
compared to other purely mathematical interpolation schemes (examples include Fourier, spherical
cap or spherical harmonic interpolation schemes) that do not consider the the physical context [159].
From Helmholtz’s theorem, any current �owing on a surface can be broken into a curl-free part (al-
lowing current �ow into and out of the surface) and a divergence-free part (allowing current �ow on
the surface). In terms of the real-world current systems at play, overhead Hall currents associated
with the auroral electrojet system would be linked to the divergence-free part. �e curl-free part is
more o�en associated with �eld-aligned currents and Pedersen currents that connect the region 1
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Figure 18: �e theory underpinning SECS interpolation is as simple as it is satisfying [176]. An equiv-
alent current system (�=) is de�ned in terms of nodes at a de�ned height and taking into account all
the various current system contributions. Measured magnetometers (�1 and �<) are used to cali-
brate this grid through an inversion problem () ). Once the equivalent current system is de�ned, the
B-�eld at any point on the ground (�′) can be calculated through Biot-Savart () ′).

and region 2 current systems. Assuming a uniform conductivity of the ionosphere and �eld-aligned
currents that are perpendicular to the ground, ground-based measurements would predominantly
measure the overhead divergence-free currents at high-latitudes [177]. SECS aims to approximate a
similar real-world current system with an equivalent current system at an arbitrary height, as shown
in Figure 18. More than one equivalent current system can be de�ned, and at more than one height.
Some studies have used this approach to a�empt the separation of internal and external contribu-
tions to the B-�eld. To do this, the vertical component of the B-�eld needs to be included in the
SECS interpolation scheme [160,161,178]. When considering only the horizontal B-�eld components,
it has been shown that a single external equivalent current system su�ces [163]. In the same study,
it was shown that SECS interpolation with a single equivalent current system is accurate during
geomagnetic storm conditions when a sparse magnetometer grid is used [163].

Of the di�erent implementations, we assume cylindrical coordinates (A =
√
G2 + ~2, q, I) [162], with a

current element of amplitude of � at height ℎ as shown in Figure 19. For equivalent current studies at
high-latitudes, where Hall currents dominate, ℎ is around 100 km. Implementation of SECS at mid-
latitudes assumes that current system representation using only divergence-free current nodes still
holds, although the main driving current system is now the magnetospheric ring current. As such, a
similar equivalent current height has been used in implementations in southern Africa [152,157], but no
physical current system is assumed at this height. Assuming representation through divergence-free
current nodes, the equivalent surface current density would be,

®�35 (d) =
�

2cd ®4q , (37)

where d is the radial distance from current node.

Assuming a coordinate system where I is downwards and that the distubance B-�eld shows har-
monic time dependence (i.e. 48lC ) [160], a current node would then be related to a measured B-�eld
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Figure 19: �e divergence-free SECS set-up in cylindrical coordinates is shown in more detail. A
divergence-free equivalent current node with amplitude � and surface current density de�ned by
®�35 on the current surface at height ℎ will produce a radial horizontal B-�eld at the observer on

the ground. Note that the current system is de�ned at I = 0 and that the positive I-axis points
downwards, allowing positive � to relate to a downward �eld-aligned current that produces a clock-
wise Hall current in the positive azimuthal direction and a horizontal B-�eld in the positive radial
direction.

on the ground through,

®� =
`0�

4cA

((
1 − ℎ
√
A 2 + ℎ2

)
®4A +

(
A

√
A 2 + ℎ2

)
®4I
)
. (38)

For some de�ned spatial extent, we can the extend this Biot-Savart relation for a single current el-
ement, at a single time instance point in time, to a grid of elementary current elements. Taking
the grid (say = elements), we group all current elements into a vector � . To constrain the elemen-
tary currents, we require B-�eld measurements. Assuming there are multiple magnetometers (say
< stations), we can similarly group the B-�eld measurements into a vector �. Since interpolation
is usually needed for sparse magnetometer grids, < < = and the problem is underdetermined. As
the method aims to interpolate the disturbance B-�eld, which is small in comparison to the main
�eld and otherwise linked to near-Earth current systems, the baseline of Earth’s B-�eld must be
subtracted from the measured B-�eld. Finally, to solve for � , a matrix equation is set up, i.e. � = ) · � ,
where) is a transfer function matrix that relates the elementary currents and the measured B-�eld,
encoding the geometry of the problem. Since we are only interested in the horizontal �eld, only the
®4A component of the B-�eld is de�ned in) . An important property of the transfer function is that it
is purely a spatial relationship between the elementary current and the magnetometer station. Fol-
lowing previous implementations in southern Africa, the matrix equation calculation is performed
separately for the G (north-south) and ~ (east-west) components of � and � respectively [157]. More
explicitly,



�G,~:1

...

�G,~:<


=



)G,~:11 · · · )G,~:1=

...
. . .

...

)G,~:<1 · · · )G,~:<=





�1

...

�=


(39)
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where,
)G,~:8 9 =

`0
4cA

(
1 − ℎ
√
A 2
8 9 + ℎ2

)
. (40)

Since ) is non-square (< ≠ =), � is calculated using a quasi-inverse ) −1, i.e. � = ) −1 · �. Commonly,
this quasi-inverse ) −1 is obtained through singular value decomposition (SVD). A�er successfully
solving the inversion problem and the vector � is estimated by the measured B-�eld, � can be used
to interpolate the B-�eld to any other point of of interest, i.e. �′ = ) ′ · � . �is procedure is then
repeated for all required time instances.

Some implementations of the method include the standard deviation of error in B-�eld measurement,
but propagate these to the transfer matrix without any further impact on uncertainty estimates be-
sides the estimation of a unit covariance matrix. �e SVD inversion in turn can also be tweaked to
de�ne at what threshold singular values are excluded in the inversion [160,164]. A larger threshold
means more singular values are excluded and that a smoother basis function is de�ned. Similar to
the concept of a subsurface further constraining the inversion, other conditions such as �atness and
smoothness can be taken into account. �is makes use of the minimisation property of the inversion
method and is applied as further rows in both the transfer matrix, B-�eld vector and current vector.
Ultimately the �atness or smoothness condition encodes the idea that neighbouring points should
ideally have a minimum �rst derivative and minimum second derivative according to some weight-
ing. Although no obvious bene�t is seen in implementing this for the underdetermined problem in
initial testing, the concept of including spatial information in the inversion problem is revisited later
in improvements of the B-�eld interpolation.
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4 Framework for Operational Model Development

In this chapter we describe where the proposed data-driven modelling sits within an operational
framework and de�ne the procedure for analysis and data sourcing. An overview is �rst presented
in Section 4.1, with uncertainties in conventional modelling identi�ed. Data-driven adaptations of
conventional modelling approaches will aim to quantify and/or reduce these uncertainties.

4.1 Framework Overview

From an operational perspective, there are di�erent levels of operational GIC modelling that a utility
may be interested in. On one end of the spectrum is coarse modelling of occurrence and probability
of GIC damage to the network in the long-term, most commonly estimated through extreme value
analysis. �is type of operational modelling couples to the cost associated with GIC damage in a
risk matrix that then informs high-level decision-making [179,180]. On the other end of the spectrum
is real-time modelling of the actual GIC currents in the network where the aim is in informing real-
time operations. �ere are other outputs between the extremes such as transmission line planning,
stress testing or sensitivity analysis and asset management with a utility. For many operational
applications, proxies are used instead of full modelling of the induced currents. �e coarse proxies in
general give a very good idea of elevated activity and can �ag risk [87,88]. Due to typically good quality
and long-term data sets managed by geomagnetic observatories (e.g. INTERMAGNET network;
www.intermagnet.org), correctly de�ned geomagnetic proxies can be useful for susceptibility and
extreme value analysis. Given the large cost associated with mitigation, proxies are however not a
solution for real-time operations. For this, accurate estimates of currents in the network are needed.

Loosely, the GIC modelling chain can be split into three main parts, namely space physics, the geo-
physical step and the engineering step [94]. In the space physics step of modelling, all the upstream
dynamics of the GIC problem are grouped into drivers of perturbations of the ground B-�eld. For
the purposes of this work, emphasis is on modelling from the B-�eld onwards to the observed nodal
GICs. Associated modelling approaches are summarised in Figure 20.

Figure 20: �e modelling chain associated with GIC modelling can be broken into di�erent steps,
each with an associated uncertainty. �e �ow chart summaries the speci�c parts of the modelling
chain relevant to this thesis.
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In the geophysical step of modelling, there is an optional initial step of B-�eld interpolation to im-
prove on the estimate of the local B-�eld for a utility. Following this there is estimation of the E-�eld
in the frequency domain using magnetotelluric based methods, or in the time domain through a look-
back window approach or the thin-sheet method. For this, either measured surface impedances or
synthetic pro�les are used to de�ne the Earth’s �ltering e�ect. Once an E-�eld has been estimated,
or in a few cases measured, the engineering step aims to model the network response given EMF
driving. �e EMF in this case is ultimately an integrated E-�eld. For most modelling e�orts, network
information is taken into account to model analytical network parameters that scale an assumed uni-
form E-�eld in the principle component directions. �ere is a complication that accurate network
state information is not o�en available and that the resulting scaling of the integrated E-�eld needs
to consider the entire network. �e e�ective response at a node in this sense is not a simple inte-
gration. In the E-�eld to GIC step, if there is measured GIC data, empirical approaches can however
de�ne the e�ective response. An alternative alluded to is the mapping straight from B-�eld to GIC.
�is transfer function (TF) mapping is possible in the frequency domain if there is measured B-�eld
and GIC data. �e TF approach inherently includes the e�ective network and geophysical responses
with no further integration or assumptions required.

Looking at the GIC problem from this high-level viewpoint and focussing on the practical modelling
aspects, we can also identify a number of challenges. Firstly there is the question of predictability
of GICs. For this aspect of modelling, critical to e�ective mitigation, we need to work backwards
from the nodal GIC. Assuming an accurately characterised system, it is possible that the B-�eld at a
geomagnetic observatory can be mapped to resulting GIC. For any prediction capability, we would
need to look to the space physics link in the chain. Here we can identify active regions of the Sun
that may �are many days in advance [181,182]. When a CME does occur, then propagation models can
give a lead time of less than a day for particularly extreme events. �ese models can give an idea of
the rough magnitude but not the exact dynamics [183]. Next, we have satellites at the �rst Lagrangian
point (L1) that can inform further models estimating the large scale near-Earth current systems with
measured solar wind data. �is data, if real-time, would give a prediction lead time on the order of
minutes. �e scenario described is the ideal case and can �ag the possibility of a geomagnetic storm
or not. It cannot however predict the �ne scale e�ects, such as substorms, that have been shown to
cause signi�cant GICs [153].

In broad terms there are three major sources of uncertainty and modelling error in the geophysi-
cal and engineering steps of the chain. �e �rst main source of uncertainty is in the estimation of
the B-�eld. Generally, magnetometers with high-quality data are sparsely located and interpolation
needs to be done to get a B-�eld estimate within a network. Either in doing this interpolation, or
in using a remote magnetometer, error creeps into the modelling chain. �e second main source of
uncertainty has to do with the estimation of the E-�eld that drives GICs. Assuming the B-�eld is ac-
curately estimated, which we have established is a challenge in its own right, there are usually many
assumptions made regarding the Earth’s conductivity structure that introduce error and uncertainty.
Regardless of the assumptions made, Earth’s conductivity structure can be very complicated with
multiple factors in�uencing the true E-�eld. Very few regions have the surveys required to quantify
the conductivity structure for accurate modelling. Although the spatial resolution required from an
MT survey is still an active area of research, the USArray, with scale distances of 50 km between
sites, has found signi�cant variation in the surface impedances and resulting E-�elds [139]. Even in
the cases where there are such surveys, there is a third source of uncertainty that is seldom addressed,
and that is the network itself. For this part of the modelling chain, network analysis is usually done
using particularly simplistic assumptions not always aligned to more complicated modelling in the
geophysical step. Ultimately, the entire network weights the e�ective contributions of the E-�eld or
B-�eld driving non-trivially, introducing error even when previous steps are modelled accurately.

�e main aim of this thesis is to develop operational approaches that are able to overcome the iden-
ti�ed sources of uncertainty in the geophysical and engineering steps. An additional aim is to probe
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system characteristics during model development. In order to achieve these aims, data-driven meth-
ods will be used, but this brings along its own challenges. �e largest of these challenges is the
availability of high-�delity or high-quality data. As brie�y mentioned, magnetometers in general
are sparse and there are very few regions with extensive geophysical information relevant to GIC
modelling. Until recently, the availability of measured GIC data was also rare, making data-driven
methods infeasible. Of recent there has been a drive for more magnetometers, MT surveys and GIC
data, but there are still many utilities that do not have access to such data. To ensure that the outputs
of this thesis are practical for general utilities, there has to be an emphasis on robust modelling that
can also estimate uncertainty given limited or low-�delity data.

Lastly, there is the challenge of what mitigation strategy is best to use. �is question is well beyond
the scope of this work and very dependent on the particular situation of the utility. Besides hard
mitigation such as design changes of transformers or the introduction of series capacitors that ef-
fectively block GICs, there are also operational approaches such as line switching [184] or warning
systems that inform maintenance scheduling, load reduction and load sharing. Utilities may also de-
cide that the risk faced is acceptable given the cost of hard mitigation and focus on resilience, asset
management and the ability to replace transformers or deal with cascading failures. When making
such decisions, a utility would have to consider that extreme events do not occur in isolation and
occur during normal system operation, where other failures or stresses unrelated to geomagnetic
driving can possibly occur simultaneously [185].

4.2 Procedure for Analysis

With the general operational modelling framework de�ned, the procedure for analysis will follow
simple steps of model development and data acquisition, followed by model testing and discussion
around the results.

More speci�cally, model development in the next chapter would entail developing an empirical
methodology for GIC modelling in both time and frequency domains. Empirical in this case refers to
general data-driven mappings that, although inspired by physical relations, are de�ned by measured
datasets. Analytical methodologies in contrast are una�ected by measured data and are speci�c in
their representation. �e operational aspects of uncertainty and robustness need to be addressed by
whichever methodology is used. For this work, further validation of the frequency response of GICs
and the implications of the frequency response in proxies will be explored in the model development
step as these concepts underpin a lot of our understanding.

Concurrent to model development, there is the issue of data availability and acquisition. �e di�erent
datasets used need to be cleaned and calibrated, with certain implications regarding cadence and
coverage. �ese factors are addressed in the next section of the current chapter.

Once the empirical methodology has been developed, with suitable data available, the methodology
is to be tested. In order for accuracy to be tested, the methodology is compared to previous empirical
modelling a�empts in South Africa. An improvement in the general error metrics would indicate
higher accuracy, above what is required for operational application. From an operational perspec-
tive, the propagation of uncertainty through the modelling chain (Figure 20) would further need to
form an error bound along with modelling estimates. For robustness, the methodology would also
be tested in di�erent networks, with di�erent data �delity levels. �is ensures that the methodology
developed can generalise to arbitrary networks and produce useful results in varying data condi-
tions. More speci�cally, the TVA network in the USA will be used with medium- to high-�delity
(de�ned more precisely later) data modelling, the Powerlink network in Australia will be used with
medium-�delity data and an additional node in the South African network will be included with
low-�delity data, i.e. as a worst case for modelling. In Japan, the MMB node (with its geomagnetic,
geoelectric and GIC monitoring) in Hokkaido will be tested given its well known challenging geo-
physical environment. During the testing step of analysis, di�erent modelling inputs (e.g. B-�elds,
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conductivity pro�les and data cadences) will be further stress tested and GIC characteristics de�ned.
GIC characteristics will be probed where there is high-�delity data available in particular as to ensure
the observed features are not artefacts of poor data quality.

Diving deeper into the B-�eld modelling aspect of operational GIC modelling later in Chapter 7,
a similar analysis procedure will be followed. Firstly, available B-�eld data will be used to vali-
date existing interpolation results by comparing with out-of-sample sites in southern Africa. Next,
improvements in the interpolation scheme along with an approach to uncertainty estimation in in-
terpolation will be developed. �e new approaches will be tested, again using out-of-sample B-�eld
measurements for validation but in this case from a high-�delity INTERMAGNET site.

4.3 Data

With the use of empirical methods for GIC modelling, the data used becomes critical to modelling
success. For the various analyses in this thesis, data from a number of di�erent networks around the
world have been used, with an emphasis on the mid-latitudes. Although there are more GIC data
holdings and more extensive analysis has been done by the author, the storms and sites presented
in this chapter are those that are relevant to this study.

�e most common method of GIC measurement, and the method used for datasets in this work, is
through a Hall-e�ect sensor placed on the transformer neutral. �e sensor usually takes the form of
a non-intrusive clamp that is placed around the neutral and detects the magnitude of the magnetic
�eld produced by a current in the neutral. �is in turn allows the magnitude of the current in the neu-
tral to be calculated. Polarity of the resulting GIC measurements is entirely dependent on the setup,
but can be inferred from physical constraints. Given a network predominantly northward of a mea-
surement node, a southward E-�eld would drive a current through the network that grounds at the
measurement node. Network parameters ultimately capture this behaviour, but should be checked
for consistency. �e data �delity or quality between the nodes varies, with di�erent cadences, dif-
ferent noise levels and di�erent sensitivities all possible. For empirical modelling to be robust, the
model used should be able to use the various types of data. Table 1 summaries the locations and data
coverage of the di�erent nodes. Low-�delity as we will de�ne it is GIC data characterised by low
cadence measurements (1 minute or more), data gaps, noise contamination and o�sets. High-�delity
data is de�ned by high cadence measurements (4 seconds or less), low noise levels and no data gaps
or o�sets to be corrected for. Medium data �delity lies between the two, usually as a result of large
noise levels.

Table 1: GIC data from power networks around the world used in various parts of this thesis. See
map in Figure 7 for a visualisation of where these sites lie relative to geomagnetic coordinates.

Region Year
Geomagnetic

Site
Data

Cadence
Geographic

Storms Fidelity Lat. Lon.
South Africa 2001,2003 2 GRS High 2 s -33.7◦ 25.6◦

2015 1 MAT Low 60 s -23.7◦ 27.6◦

Japan 2006 1 MMB Med 1 s 43.8◦ 144.2◦

USA 2014-2016 4 PAR High 2 s 37.3◦ -87.0◦

2015-2016 4 WEAK High 2 s 36.3◦ -88.8◦

2014-2016 5 MONT High 2 s 36.6◦ -87.2◦

Australia 2015 1 BOW High 4 s -20.0◦ 148.2◦

2015 1 MUR Med 4 s -27.5◦ 153.1◦

2015 1 MDR High 4 s -27.6◦ 151.9◦
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Figure 21: HV network in southern Africa, with the magnetometers and GIC measurement sites
shown.

In the South African Eskom network, shown in Figure 21, GIC data from the Grassridge (GRS) and
Matimba (MAT) nodes are used. All nodes form part of the 400 kV HV network, with MAT being a
GSU type transformer and GRS a 400/132/22 kV three-phase three-limb autotransformer. GRS GIC
data is part of the EPRI SUNBURST monitoring programme, with high-�delity 2 second cadence
data. MAT on the other hand is monitored by the utility at 1 minute cadence, with questionable
�delity and a poor SNR of roughly 7. �is 1 minute data is an average of 1 second sampling with a
resolution of 0.1 A. Given that the expected GIC is in the order of a few ampere for an intense storm,
a lot of information might be lost at this coarse resolution.

For GRS, B-�eld measurements from the Hermanus (HER) INTERMAGNET station are used. At the
time of GIC measurements, the only B-�eld data available were at 1 minute cadence and GIC data
had to be downsampled (1 minute averages) to this cadence for modelling purposes. Using the ratio
of RMS squared as an proxy, the SNR for GRS during the Halloween storm is roughly 23. MAT makes
use of either the close Hartebeesthoek (HBK) or the more distant Keetmanshoop (KMH) observa-
tories. By this stage B-�eld measurements were at the 1 second cadence, but GIC measurements
at MAT are still at 1 minute cadence, again limiting modelling. Additional magnetometer mea-
surements from southern Africa are used in the B-�eld interpolation analysis in Chapter 7 and are
described in more detail there. No additional conductivity information is assumed for modelling in
South Africa, although future studies may want to leverage the survey work done by the geophysical
community [170].
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In Japan, numerous studies have used GIC data from the Memanbetsu (MMB) 187/66 kV substation
in Hokkaido, seen in Figure 22. �e GIC data in this case is at 1 second cadence, with issues of
arti�cial spikes being apparent in the data. �e SNR for this event is around 35. �e Japanese
Meteorological Agency and Kakioka geomagnetic observatory has been recording both geomagnetic
and geoelectric data at MMB at 1 second cadence since 2000 [186]. For the time period concerned, the
E-�eld has baseline o�sets and noise that can be corrected for using geomagnetic data and computed
MT responses [187]. Most GIC studies a�ribute the main GIC contribution at MMB to the 187 kV HV
line from Ashoro power station [83,146].

Figure 22: Local HV and lower voltage network around Memanbetsu in Japan, with the Ashoro
power station included for context.

Of the various datasets used, the Tennessee Valley Authority (TVA) 500 kV HV network in south-
eastern USA provides the most extensive and highest �delity set of measurements. All GIC measure-
ment is at 2 second cadence and besides a low SNR at certain nodes (less than 2), there seems to be
minimal arti�cial noise. In particular, the Paradise (PAR) GSU node, with a large SNR (around 100),
is analysed in depth. �is region has signi�cant conductivity information as provided by the USGS
EarthScope Transportable Array project (available through the �e IRIS Data Management Center
(IRISDMC); doi:10.7914/SN/EM). Using a dense MT survey with remote referencing, electromagnetic
transfer functions are estimated. For the June 2015 geomagnetic storm there were active MT sites
within the network that managed to record the B-�eld, giving rare multi-instrument measurements
of both the B and E-�elds within the TVA network, as seen in Figure 23. �e implications of this
kind of measurement are explored further in Section 4.3.3. In the case of other storms not having the
local B-�eld data, a more distant 1 second cadence B-�eld is obtained from the Fredricksberg (FRD)
geomagnetic observatory.

Besides the PAR node in the TVA network, a number of other nodes have been instrumented with
variable temporal coverage. All the nodes with measured data are shown in Figure 24 and have
been analysed further by Heyns et al. [188]. Some results shown in this work are for the Montgomery
(MONT) and Weakley (WEAK) nodes, identi�ed as the next most susceptible nodes.
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Figure 23: TVA HV network in the USA, with the MT sites and magnetometers shown with the
GIC measurement site at PAR for high-�delity analysis. Lower �delity modelling uses a synthetic
conductivity pro�le and remote FRD magnetic �eld measurements.

Figure 24: Less detailed map of the greater TVA HV network, as used for a recent susceptibility study
of the network [188]. �e extent of the network is roughly 750 km east-west and 350km north-south.
Of the other sites, MONT and WEAK are used for additional illustrative purposes in this work. For
reference PAR shown in more detail in Figure 23.
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Figure 25: HV network in northeastern Australia, with the measured GIC sites in the Powerlink
network indicated. Also shown are the relevant INTERMAGNET magnetometers.

GIC data from the Powerlink network (Figure 25) in �eensland, Australia, has the interesting fea-
ture of being dynamically sampled at 4 second cadence. Dynamic sampling in this case refers to the
fact that data is only recorded at the maximum 4 second cadence if there is a signi�cant change in the
GIC amplitude (above some threshold). Data from the 132/66 kV Bowen North (BOW) node is paired
with the INTERMAGNET magnetometer at Charters Towers (CTA), which samples the B-�eld at 1
second cadence. Further south, the Murrarie (MUR) 275/110 kV and Middle Ridge (MDR) 330/275 kV
nodes are related to the average B-�eld between CTA and Canberra (CNB), which is also sampled
at 1 second cadence. All sites have a low SNR’s of around 9. MUR is however part of a complex
region within the network that may a�ect modelling. No conductivity information is assumed and
a synthetic layered-Earth approach is used.

4.3.1 Data Cleaning and Conversion

As with all data, there is a signi�cant amount of cleaning that has to be done in both the B-�eld and
GIC data. When selecting data for subset modelling or even in general modelling, outliers can in-
�uence the results signi�cantly. GIC measurements o�en are sensitive to temperature, with diurnal
variation or dri� not directly related to GIC driving apparent over extended periods [189]. Physically,
there should not be a constant baseline GIC �ow through the network. In this regard any o�-sets
were removed to insure that the GIC is mean centred about zero during quiet time (periods of li�le
to no geomagnetic driving). Next, a �rst-order high-pass Bu�erworth �lter of 24 hours was ap-
plied. �is conservative maximally �at �lter preserves variations with periods less than 24 hours
and removes the possible non-GIC related diurnal baseline variation.

�e removal of any arti�cial spikes further improves both the modelling accuracy and con�dence.
�e de-spiking procedure is an iterative process, with up to three steps involved. In each step the
absolute derivative sum, second absolute derivative sum and standard deviation of the input GIC
absolute magnitude are computed in rolling windows. Anything above a chosen threshold of the
derivatives show spikes and anything above the second derivative shows sharp peaks, while a large
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Figure 26: Using the MMB node in Japan, clean versus raw GIC data is shown. �e main contributions
to cleaning are o�set removal, spike removal and diurnal temperature detrending. �iet time (shaded
region), as determined by the SYM-H index (gray), is used to determine any baseline dri�.

standard deviation shows that the signal is likely in a disturbed part of the storm where spikes are
likely. As a result the quantities are weighed o� against each other manually. �e rolling windows
are de�ned for each step according to what cleaning is required. In the �rst step discontinuous
spikes are removed and the window length is short, with large thresholds set. Once a spike interval
is identi�ed, a period of 2 time instances before and 3 time instances a�er are masked as noise. All the
masked instances are then removed and missing data interpolated using a piece-wise cubic hermite
interpolating polynomial, allowing more accurate representation of the derivative than simple linear
interpolation. �e updated GIC data is then re-evaluated. In second and third steps, missed previous
spikes and more systematic noise spikes can be removed, such as in the case of arti�cial spikes
that have a recovery signature. In these steps the thresholds chosen are varied to be more selective
towards lower amplitude spikes, but still not removing signals from disturbed times. �e end result
of such cleaning is seen in Figure 26 for MMB, where there is signi�cant arti�cial noise.

Further manipulation is needed in the case of using magnetometer or variometer data that is not
quoted in geographical coordinates, i.e. XYZ. �e discrepancy comes from many magnetic mea-
surements initially being aligned to geomagnetic coordinates, i.e. HDF or HDZ (see Figure 27). In
geomagnetic coordinates, the declination D can be represented either in terms of an angle deviation
from the main �eld or a B-�eld amplitude (in nT) if a three axis magnetometer is used [190]. Most
variometers use the la�er, whereas magnetic observatories measure the inclination angle and can
very accurately de�ne the angular declination. Since the Earth’s main �eld is spatially and tempo-
rally variable, the geomagnetic reference frame is not consistent with GIC studies that use extensive
network topologies in geographical coordinates.

In order to convert to geographical coordinates, either the exact orientation of the magnetometer
needs to be known, or the base declination of the main �eld needs to be known. �e la�er is what
is typically known at magnetic observatories, and documented with the HDF/HDZ data. When this
information is not known, then an estimation of the main �eld is needed. Having the base declination
allows a three axis measurement to be calibrated and conversion between coordinate systems. For
our purposes the 2017 Enhanced Magnetic Model (EMM2017) is used (https://www.ngdc.noaa.
gov/geomag/EMM/index.html) as it includes high resolution crustal geomagnetic �eld estimates
from satellite and ground measurements. Comparison with alternative models, such as CHAOS-
4, showed negligible di�erences and any of these models would su�ce for �rst-order coordinate
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transformations.

Figure 27: XYZ, HDF or HDZ coordinates used for B-�eld measurements. Geographic or XYZ co-
ordinates (blue) have X, Y and Z referring to the geographic north, east and downwards, and the
sensor is orientated accordingly. In geomagnetic or HDF coordinates, H is total horizontal �eld
component, D is the declination angle from true north (eastward being positive) and F is the total
�eld strength. �e inclination angle I, is required to measure the declination accurately. In many
variometers, a three-axis magnetometer that is aligned to geomagnetic north at some point in time,
with a declination angle \ . �e D axis in this case is measured in nT and needs to be converted into
an angular argument, taking into account \ as well as updating H. In such cases, Z is usually the
third coordinate.

4.3.2 Data Cadence

�ere are a number of issues around data cadence. Although GICs are thought to be generally quasi-
dc and low-frequency phenomena, with most of their power below 8.3 mHz (1 minute cadence),
there are dynamics that cannot be seen at lower cadences even if general modelling is accurate. An
example seen in Figure 28 using GIC for the same event at a cadence of 4 seconds is the lag in SSC
onset across the globe. Here we have the USA GIC, B-�eld and associated E-�eld closer to midday, all
preceding the same signatures in Australia on the other side of the world. At 1 minute cadence, SSCs
seem to happen instantaneously across the globe and no lags are seen between di�erent datasets. In
this example the striking correlation between scaled synthetic E-�eld and GIC is also seen, which
con�rms the theory presented earlier. �e lags between E-�eld and GIC are not conclusive since the
conductivity structure in each case has not been physically modelled.

A further issue with lower sampling rates or averaging in general is that peaks tend to be underes-
timated [143,174,192]. Simply put, the lower the cadence (or longer the averaging period); the smaller
the peaks. A rough example in Figure 29 shows the e�ect of �ltering with a cuto� frequency of 50
mHz (20 second cadence) compared to 2 second cadence raw data. At lower cadences peaks are even
further reduced, which raises the question of viability of 1 minute data for peak estimation.

4.3.3 Geoelectric Field Derivation

�e geophysical interpretations and extent of what can be modelled exactly by the various �avours of
E-�eld models remains an active �eld in geophysics [110,128,129,135,187]. For the purposes of the current
work, the models used will be limited to layered-Earth and empirical 3D surface impedance tensors
from MT surveys where possible. Homogeneous Earth approximations are avoided due to their
unrealistic simplicity. �at said, the more sophisticated methods still adhere to the general relations
de�ned by an homogeneous Earth which can be used for proxies. Furthermore, this work does not
look at impulse response approaches used for E-�eld estimation, although these are well de�ned
and would ultimately be needed for real-time modelling. Instead, all calculations are done in the
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Figure 28: �e distinct lag between SSC onsets at di�erent sites can be seen using 4 second ca-
dence [191]. Solid lines indicate measured GIC data in Australia (red) and the US (blue), which is
sunward. Do�ed lines representing a synthetic E-�eld for the nearest magnetometer sites using the
same conductivity pro�le. To link the E-�eld and GIC pro�les, the local line direction projection of
the E-�eld is plo�ed (SW and S respectively). For the Australian data, a scaling factor is included to
allow further visual comparison. At 1 minute cadence, SSC onsets are seen as instantaneous across
the world.

Figure 29: One of the shortcomings of low-pass �ltering or using lower cadence data is that peak
estimates of the data are underestimated, as seen here for MONT.
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frequency domain. For layered-Earth modelling, previously used approaches [5,61] include an extra
day of B-�eld data on either side of the data to be used. �e resulting full dataset is then windowed
in the time domain using a Parzen window to further reduce any edge e�ects from the FFT to be
applied [5]. Once the windowed B-�eld is in the frequency domain, it is multiplied by the surface
impedance, de�ned by contributions from the di�erent layers within the Earth or a full 3D tensor,
before an IFFT is applied to get the result in the time domain. In the time domain, the central day
of data is extracted to ensure minimal contamination from edge e�ects. An alternative method to
deriving the E-�eld from a surface impedance in a single FFT with padding is making use of rolling
windows and multiple FFTs, á la a spectrogram. �e method was formulated for use with surface
impedance estimates from MT data. In this case, the empirical surface impedance is de�ned for
discrete log-spaced frequencies that need to be interpolated into linear spaced responses. �e input
B-�eld is then split into overlapping windows, with interpolated surface impedance then applied
and results averaged in overlapping sections.

If the conductivity structure is not known, then an arbitrary physically based pro�le is o�en used
to derive the surface impedance instead of an overly simplistic homogeneous Earth model. Stress
testing can be done using particularly conductive or resistive pro�les [150]. In this study, for all cases
we demonstrate the use of a generalised synthetic global layered-Earth to obtain physically relevant
frequency E-�eld scaling [193]. As explained in the previous section, the error due to this inaccurate
estimate of local E-�eld is absorbed along with other errors and forms part of the analysis per-
formed. �is generalised global synthetic pro�le has layer thicknesses (from top to bo�om) of 3 =

[40, 210, 160, 260, 230, 1300, 500] km and corresponding layer conductivities of f = [0.0056, 0.0095,
0.0262, 0.0776, 0.526, 1.69, 10] S/m. �e conductivity of the terminating half-space is 100 S/m.

�e TVA network region �nds itself in the midst of a large scale MT survey, and in this case full 3D
estimation of the E-�eld is possible and the characteristics of such high-�delity data can be probed.
Furthermore, for the June 2015 geomagnetic storm, the active MT sites allow for multiple B-�eld
and E-�eld measurements within the network. �ese dual measurements were used to validate the
spectrogram method of B-�eld to E-�eld conversion described above. Although only available for a
single storm, the local B-�eld shows variation and an average, more accurate, estimate to be used
in modelling e�orts and characterisation. �e variation between the 4 available sites can be seen in
Figure 30, with the maximum standard deviation between stations seldom exceeding 10 nT. �e main
variation seen is in the �G component during the SSC, which would be expected from ring current
diving and possible timing issues between site peaks at 1 second cadence. �~ variation is seen most
strongly during pulsation driving, with movement of the dominant �~ pulsation signatures over the
TVA network apparent [194].

Making use of the average B-�eld over the TVA region, the 6 closest MT surface impedance re-
sponses, roughly related to the local power network topology, were used to generate a weighted
average E-�eld, and can be thought of as a full 3D representation of the local E-�eld. �e weighted
average e�ectively encodes the network integration or averaging [137], which in some cases is similar
to the combination of empirical ��ing and a layered-Earth E-�eld, where distinct variations in the
frequency domain due to inhomogeneities in the geology smaller than the transmission line scale
length may be smoothed out. �e exact method for averaging the E-�eld can vary, with Delaunay
triangulation or nearest neighbour estimation o�en used, but with li�le di�erence between them
given dense MT surveys [139]. �e ultimate averaging is done by an empirical transfer function be-
tween B-�eld and GIC, where the entire complex network weighting is taken into account. For this
case, a qualitative interpolation is used, with the Clarksville-Paradise line, and hence the central
MT site, contributing the most (see Figure 23). Lines more than two nodes away are ignored. �e
weighted average as de�ned by relative distance from the center of the Clarksville-Paradise line is,

�0E = (3� .) 47 + 2� .(47 + �)#* 46 + �)#* 47 + �)#* 48)/8. (41)

Here, the KYT47 site has the largest weighting due to its location in the central region of the
Clarksville-Paradise line directly feeding PAR. KYS47 is weighted a third less due to being on the

Page 50 / 151



Operational Modelling of Geomagnetic Fields and Geomagnetically Induced Currents

Figure 30: Given the unique case of dense measurements in the TVA network, the B-�eld variation
can be characterised. Plo�ed in the top panel is measured GIC with the SYM-H index that quanti�es
disturbed time at mid-latitudes. In the lower panel the standard deviation of the measured B-�eld
components within the TVA network are shown. We see here that even at mid-latitudes the plane-
wave assumption of a near uniform B-�eld over the network is not always relevant, especially during
disturbed times. Examples of such deviation from a plane-wave assumption is the variable current
system driving pulsations in �~ over the network and the variation in the main phase response. �e
main phase response variation may include inductive components within the Earth.

end of the line and to the north. �e TNU46, TNU47 and TNU48 sites are each contribute a third less
due to being two nodes away, but together contribute more than KYS47 as they are south of PAR
where the majority of the network lies.

To get the most out of MT survey E-�eld estimation, an inversion of the surface impedance to de-
termine the 3D ground conductivity structure of area under question needs to be done. From this
structure, a high resolution surface impedance can be estimated along the transmission lines and
be integrated. �e inversion methodology is an open question in geophysics and an area of active
research [52,195–197]. Along with the error and uncertainty in inversion, this full-physics approach to
GIC modelling assumes an accurate estimation of the B-�eld and power network information – both
of which are not typically available to a utility.

Looking at the E-�eld estimates of MT sites in the TVA network separately while using the same
average B-�eld, large variation in both E-�eld magnitude and direction is apparent. �is is so even
with the region not being particularly complex geologically in previous 3D analysis [55]. Figure 31
gives an idea of this variation, speci�cally looking at the magnitude range and standard deviation of
the individual E-�elds, compared to the weighted average E-�eld magnitude. �e range of variation
is similar to the actual magnitude of the average E-�eld itself and the standard deviation is similar
to the di�erence between the average E-�eld and an E-�eld derived using the general layered-Earth
model described above. In terms of directionality variation seen in Figure 32, there is similar variation
both in the range of angle and mean angle deviation – particularly for lower level E-�elds. Again,
the extent of angular variation is comparable to the di�erence between average local E-�eld and
generalised E-�eld.

In the local TVA network around PAR, it is foreseeable that the layered-Earth modelling with in-
dependently derived network parameters may provide accurate modelling. A quick litmus test in
this case is looking at the frequency response, where the GIC and E-�eld power spectrum slopes
should roughly match for the base GIC theory to hold. In the case of PAR in Figure 12, considering
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the frequency range from 0.1 mHz to 250 mHz, the �G and �~ components have slopes of -1.8 and
-1.6 respectively, compared to the GIC slope of -1.8. For the general E-�eld, the E-�eld slopes are
both -1.8, agreeing with the feasibility of the layered-Earth approach at PAR along with empirical
network parameters.

Figure 31: Dense MT measurements in the TVA network allows for the measured E-�eld variation to
be compared. Using the available data for MT sites within the TVA network the average measured
E-�eld magnitude across all sites is shown in green, the standard deviation in orange, and the range
between highest and lowest magnitudes in magenta. From this, we see that even though the TVA
region has relatively simple geology the associated E-�eld variation is large. �e range of variation
over a small area can be as large as the E-�eld itself and the standard deviation can be of a similar
magnitude to the di�erence between measured E-�eld and a general layered-Earth modelled E-�eld
(shown in cyan).

Figure 32: Also relevant to E-�eld variation is the angular variation, shown here for the TVA region.
Again, the variation across all sites is shown as the mean variation in blue, maximum angle range
across sites in red, and the variation between the average measured E-�eld and a general synthetic
E-�eld in cyan. Of interest are the lower E-�eld magnitudes (do�ed pro�les) having larger variation
than higher magnitudes as de�ned by using only data above the median E-�eld magnitude (solid
pro�les). Both mean and max variation of the E-�eld are comparable to the di�erence between
measured E-�eld and general layered-Earth modelled E-�eld.
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Geophysics has a number of tools available for understanding the conductivity structure that de�nes
the measured MT surface impedances. Although not required for GIC modelling and not used in
further aspects of this thesis, it is illustrative to see what environment drives the type of variation
seen in the TVA network. Firstly, taking the two MT sites closest to PAR (roughly 50 km apart from
each other), we see signi�cantly di�erent surface impedance and tipper responses in Figure 33. �e
tippers in this case are induction arrows made up of the complex ratios of vertical and horizontal
B-�eld components. In the plot they are shown using the Parkinson convention and point towards
anomalous currents concentrations as seen at a geophysical strike [65].

Figure 33: Looking speci�cally at the relatively simple geological area around PAR, we see that
adjacent MT sites less than 50 km apart can have large di�erences in surface impedance responses. In
the upper and middle plots, the apparent resistivity and phase of the main o�-diagonal components
and determinant of the surface impedance tensor are shown. �e lower panel shows the real and
imaginary tippers or induction arrows, which are transfer functions that relate the horizontal and
vertical B-�eld components. Using the Parkinson convention in this plot, the tippers point towards a
geophysical strike. At deeper depths, the tipper and phase converge, but apparent resistivity remains
di�erent. Data for this plot comes from the SPUD EMTF database (ds.iris.edu/spud/emtf) and
visualisation was done using mtpy (https://github.com/MTgeophysics/mtpy).

A commonly used visualisation approach is to invert the surface impedance to obtain a represen-
tative local Earth. For a simple layered-Earth pro�le, Occam’s 1D inversion is typically used, with
the result being seen in Figure 34. Again the two MT sites have very di�erent conductivity pro�les
below them, with KYT47 being more resistive and more likely to induce larger E-�elds. In terms of
the wider TVA network, we see similar variation is common.

Using a phase tensor visualisation [198] in Figure 35, we further see that the local structures in the
TVA network are not 1D, but generally have 3D contributions to the surface impedance across most
frequencies, but particularly the higher frequencies where the crustal contributions are more evident.
Without an understanding of the network weighting to this heterogeneous E-�eld, modelling error
may creep in even if geophysical estimation is accurate.

�e geophysical E-�eld derivation can be adapted speci�cally for GIC modelling – forming the basis
for the development of transfer functions. Instead of using MT data, measured GIC data and analyti-
cal network parameters can be used to �nd an e�ective surface impedance for GIC modelling [102,104].
�is impedance acts as a quasi-transfer function between the B-�eld and GIC, o�en simpli�ed for
a layered-Earth case with Occam’s inversion. �e quasi-transfer function approach can be very
e�ective, as shown for the geophysically complex Japanese coastal region where simple empirical
quasi-transfer function modelling resulted in near perfect GIC modelling [84]. For GRS modelling in
South Africa, a similar locally derived GIC e�ective pro�le was estimated with 10 layers [104].
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Figure 34: Using Occam’s inversion technique for the determinant of the MT responses, an e�ective
1D layered-Earth can be approximated. �e le� plots for each site show the apparent resistivity
(analogous 1D surface impedance) magnitude and phase of the modelled inversion and measured
data. �e right plots show the corresponding 1D conductivity structure with depth under each
site. Again the adjacent sites have signi�cantly di�erent inversions, with KYT47 having a more re-
sistive environment. Of interest is the close matching of the measured and modelled responses,
supporting the result that around PAR a layered-Earth approximation is feasible. Data for this
plot comes from the SPUD EMTF database (ds.iris.edu/spud/emtf) and visualisation was done
using mtpy (https://github.com/MTgeophysics/mtpy) a�er using the OCCAM1DCSEM code
(https://marineemlab.ucsd.edu/Projects/Occam/index.html) to apply Occam’s inversion.

Figure 35: To visualise the geophysical variation across the TVA network, a phase tensor plot can
be generated for di�erent frequencies. �e do�ed region in the 10 second period plot indicates the
two MT sites nearest PAR. �e skew angle can be thought of as measure of the dimensionality of the
responses (anything di�erent from zero being 3D). �e eccentricity of the ellipse is a measure of the
2D nature of the response and possible strikes. A purely 1D case will have a unit circle, with zero
skew. A further indication of the underlying structure can be seen from induction tipper arrows,
which point towards a conductor here. At longer periods, i.e. deeper penetration, the geological
structure is more uniform with large scale features evident. Data for this plot comes from the SPUD
EMTF database (ds.iris.edu/spud/emtf) and visualisation was done using mtpy again.
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5 Model Development

In this chapter, the previously de�ned framework along with the measured geomagnetic and GIC
data is brought together to develop operational models. Operational in this sense focuses on the
estimation of uncertainty in modelling and including the e�ective driving, which may be made up
of non-linear or unmodelled contributions. Before de�ning the approaches to be used, the frequency
response of GICs is explored further. �ere are a number of operational implications regarding the
frequency response of GICs and these feed into further usage in the empirical methodology to be
developed.

5.1 Frequency Response of GICs

�ere are two main points of interest in the frequency response of GICs. �e �rst is the slope of the
GIC power spectrum, which de�nes the �lter response of the entire modelling chain taken together.
�e second main point of interest is where most of the power sits and at what cadence GIC modelling
must be done. Both aspects have been analysed in detail by Oyedokun et al. [174]. To estimate the ca-
dence required for GIC modelling, it should be noted that the noise spectrum is used. �is allows the
spectrum produced to be free of contamination from actual geomagnetic driving. When ��ing the
power spectrum slope, the knee frequency has to be identi�ed where the GIC noise and instrument
noise intersects, as seen in Figure 36. For the second point, a disturbed time is used where there is
geomagnetic driving present as would be the case given critical GIC levels.

In order to quantify the characteristic GIC frequency response, GIC measurements from 7 di�erent
networks around the world were used for 5 signi�cant geomagnetic disturbances [174]. Across all
cases the low-pass e�ect of the GIC power spectrum was seen, with the spectral slope constrained
between< = −1 and −2, agreeing with the background theory already presented in Chapter 3. To
address the second point of interest, the cumulative energy in the raw GIC power spectrum can
be computed. In this case, the 598% frequency where 98% of the cumulative power spectrum (signal
energy) sits below is computed. 98% is chosen arbitrarily to include at information up to a least a 2
sigma level. It was found that across all cases the majority of GIC power sits below 50 mHz, i.e. at
periods more than 20 seconds. According to the Nyquist criterion, this means that sampling cadence
needs to be at least 10 second or be�er – agreeing with proposed standards de�ned by NERC and
what most modern GIC recording conforms to. Following up from the previous section regarding
data cadence implications, the use of 1 minute data will result in a loss of accuracy.

A caveat already mentioned is that there is some error associated with ignoring higher frequencies.
To investigate this error, a low-pass �ltered version of GRS GIC data was compared to the un�ltered
GIC dataset, sampled at 500 mHz. For the low-pass �lter, a cuto� frequency of 50 mHz (roughly 598%
for GRS) was used, with all FFT frequency components above 50 mHz were set to zero before per-
forming an IFFT. �e result, shown in Figure 37, is a time-series that seems acceptable, but with peaks
around the time of the SSC shi�ed and underestimated by up to 40%. Mathematically, peaks such as
the SSC require higher frequencies to be resolved. Although low-frequency contributions still dom-
inate during the SSC, the omission of higher frequencies a�ects the peak amplitude estimated. A
similar result is seen in under-sampling the B-�eld, which propagates to the estimation of peak sur-
face E-�elds [192]. Even if the physical GIC drivers are not high-frequency in nature, mathematically
these high frequencies are o�en needed to reproduce/resolve peaks or sudden, steep changes.

Of the driving possible in the frequency domain, discrete driving is also possible from geomagnetic
pulsations such as those seen in Figure 36. Geomagnetic pulsations are cyclical �uctuations in the
geomagnetic �eld, most o�en driven by �eld line resonances or cavity modes within the magneto-
sphere. For such pulsations there is a characteristic period and duration which varies due to driving
mechanism. Common pulsations bands have periods between 1 and 5 minutes, with shorter periods
also possible. Long-period pulsations with durations that span hours are more rare, but may be more
e�ective in GIC driving. �e longer period pulsations tend to be higher amplitude, and hence have
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Figure 36: An interesting result from the analysis of the noise spectrum alone is the di�erent regimes
of noise. �e plot above is produced using PAR data from 22/06/2015 during a 4.5 hour geomagneti-
cally quiet period, with half hour windows and 50% overlap. �e ‘white’ noise is typically associated
with instrument noise and the ‘red’ or ‘pink’ noise is associated with actual driving noise levels. For
most cases there exists a knee where the two regimes meet. Also evident is a pulsation signature in
the noise.

Figure 37: Using the 598 critical frequency as a cuto� frequency in a low-pass �lter, we can generate
representative GIC pro�le [174]. When applying such a low-pass �lter there are signi�cant errors that
are introduced where higher frequencies are needed, such as at SSC.
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more power to drive GIC. �e realisation that pulsation driving is more evident than o�en thought
and needs to be taken into account when modelling GIC response in the power network has been
explored further in a recent paper by Heyns et al. [194].

Figure 38: �e frequency coupling between GIC and the B-�eld is seen here for the PAR [194]. Low-
amplitude low-frequency pulsations at noise levels are clearly seen. Linking back to skin depth, the
roughly 5 mHz pulsations would have a penetration depth of around 70 km (f = 0.01 S/m). �e
high-pass e�ect of GIC relative to the B-�eld is also seen with the GIC pro�le preceding �~ .

Besides the need for accurate representation of discrete frequency driving in GIC modelling, pulsa-
tions also show the distinct coupling in the frequency domain that most modelling theory is based on,
either in the B-�eld-to-GIC transfer function mapping, or in the B-�eld to E-�eld mapping using the
magnetotelluric relation. During the June 2015 geomagnetic storm, the coupling of low-amplitude
pulsations to GICs (both B-�eld and GIC are at noise levels) in the frequency domain is apparent in
Figure 38. At these amplitudes, no GIC damage is expected whatsoever. What is nevertheless inter-
esting is the extent of coupling in the frequency domain. In comparison with surrounding higher
frequency variations in the time series, the low-amplitude low-frequency signal is li�ed out of the
high-frequency noise. �e power network ultimately shows more sensitivity to low-frequency driv-
ing. Longer period pulsations, o�en associated with larger amplitudes, would in this case possible
be e�ective drivers of sustained and signi�cant GICs. Later during the same June 2015 event, exactly
such localised long-period pulsations were seen over the TVA (shown in Figure 39), driving much
larger GIC pulsations for an extended period of time. At these amplitudes, the pulsations may be-
come critical to the power network and need to be taken into account. Operationally, there is the
complication that the localised nature of these pulsations require denser magnetometer networks
for accurate modelling [191].

An interesting implication concerning GIC pulsations is the that the power network can be used as
an antenna. Given a susceptible node with an e�ectively large collecting area to produce large GICs,
GIC data can be used concurrently with B-�eld data to identify pulsation activity with high certainty,
particularly those at low-frequencies. A simple algorithm was developed for pulsation signature
detection. FFTs of rolling windows of each signal (B-�eld and GIC) were taken and the spectra
normalised such that the baseline linear response tends to a �at response. To determine the frequency
dependant baseline ‘noise’, a log-space linear �t is performed on the power spectrum de�ned during
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Figure 39: In a more extreme case, pulsations with a period of over 20 minutes were identi�ed in
the mid-latitude TVA network [191]. �ese pulsations are localised, which reduce the separation that
can be used between magnetometer and network, and have amplitudes that rival that of the typical
peak GIC seen at SSC, making them critical for power system modelling. Looking at penetration,
for a homogenous conductivity of 0.01 S/m, these pulsations have a skin depth of around 750 km.

low geomagnetic driving. To ensure that the normalised spectral peaks are signi�cant, signi�cance
levels of 5 sigma above the mean power are required across all signals. Lower detection levels can
also be used, but should be analysed to ensure pulsation driving is evident. Merging the rolling
windows results in a spectrogram version of the pulsation �nder. A �agged version of whether
or not a pulsation period is present is shown in Figure 40 for the PAR node in the TVA network,
where both long-period pulsations and noise pulsations are detected. In an operational context, the
pulsation �nding algorithm is frequency band agnostic and can be used to assess pulsation speci�c
e�ects in further studies.

Figure 40: Instead of pulsation analysis constrained to a single time interval, a similar approach can
be applied to a spectrogram. Adding the condition that pulsation signatures need to be seen in both
B-�eld and GIC data at greater than the 5 sigma signi�cance level generates an e�ective pulsation
�nder that is band agnostic. Applying the approach to the PAR node in the TVA network for the June
2015 storm, both the large scale pulsation signature from Figure 39 and pulsation signature in the
noise from Figure 38 are seen, along with an additional pulsation signature in the noise (rightmost).
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5.2 Considering the Use of Proxies

�e time derivative of the disturbed B-�eld has long been used as a proxy for GIC activity, largely
due to its perceived importance in Faraday’s law of induction that drives GICs [77]. Previous studies
have found agreement between GIC and 3�/3C characteristics [76], with direct relations between the
maxima of the two quantities further possible [199]. An improvement on the 3�/3C activity proxy is
a rolling maximum of either 1 hour or 3 hours [81] or more recently 30 minutes [82]. 3�/3C proxies
are useful as they do particularly well in resolving the storm or substorm commencement periods,
usually associated with large GIC values and high-frequency components due to their impulsive
nature.

3�/3C as measured at Earth’s surface alone does not drive the E-�eld or associated GICs. �e e�ective
driver is instead due to the Earth’s modulation of the disturbance 3�/3C within the Earth in the
frequency domain, with the conductive Earth acting as a low-pass �lter for this variation [58].

Revisiting the earlier theory presented in Section 3.2, the B-�eld has a power spectrum (proportional
to magnitude squared) that follows a 5 −< relation with frequency, parametrised by the spectral slope
<. In the frequency domain, 3�/3C or �3>C introduces a high-pass �lter of 5 in relation to the B-
�eld, i.e. �3>C (5 ) = 2c8 5 �(5 ), with a slope < − 2 ≥ 0. �e E-�eld and matching GIC spectra
slopes sit between the B-�eld and 3�/3C slopes i.e. 0 ≤ < − 2 < <∗ < <, where <∗ is the E-�eld
or GIC spectral slope. Relative to the E-�eld and GIC spectra, the B-�eld spectrum has a low-pass
response and 3�/3C a high-pass response. Due to the relative responses, a B-�eld proxy of GICs
would be biased towards low frequencies and a 3�/3C proxy of GICs would be biased towards high
frequencies. Since 3�/3C is usually determined through time domain B-�eld di�erencing, noise at
the sampling rate of the B-�eld can e�ectively drown out signals from low-frequency driving. �e
largest contribution to high-frequency noise at the sampling rate would be instrument white noise,
being more prominent in less sensitive instruments.

Figure 41: Synthetic white and red/pink noise relating to 3�/3C and GIC respectively, both in the
time domain and frequency domain.

Illustrative of these relations is the homogeneous Earth case, where � (5 ) ∝
√
5 �(5 ) [64]. Assuming a

B-�eld with frequency response parametrisation of< = 2, the E-�eld would have a parametrisation
of< = 1 and 3�/3C would have a �at frequency response with< = 0. �e baseline power spectra
are represented in Figure 41. �e relative scaling of frequencies is important and o�en overlooked.
At a baseline level with no driving, the responses of the E-�eld or GIC, B-�eld and dB/dt are very
di�erent. When driving does occur, it sits atop the di�erent baseline noise spectra. To visualise
this scenario, let the sampling frequency be the modern 1 Hz standard [200], and there be pulsations
with a period of 100 seconds, as seen in Figure 42. For the �at 3�/3C spectral response, the ratio of
frequency spectral content between the pulsation frequency and Nyquist frequency is 1. For the GIC
spectrum, the same ratio would be 50, i.e. for that same pulsation signal the 3�/3C signal would need
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Figure 42: For a sinusoidal GIC signal at 0.01 Hz with amplitude similar to the noise level at that
frequency (but si�ing atop the noise), we have the red plots in the time and frequency domains.
Assuming3�/3C with a similar condition results in the blue plots. �e degree of ampli�cation needed
for the 3�/3C signal at the single frequency to reproduce the required time domain pro�le needs to
take into account the spectral response of the two di�erent quantities.

to be 50 times stronger to be an accurate proxy for the GIC signal in the time domain. Given longer
period pulsations, such as the long-period pulsations seen at PAR, the e�ect would be even larger.
In the case of noise at the sampling frequency low-frequency pulsation signals could be drowned
out. Impulses such as peaks or spikes on the other hand require broadband driving to be reproduced
and are adequately described by 3�/3C . In legacy 1 minute cadence B-�eld data, the sampling rate is
closer to the frequency of common pulsations with periods on the order of a few minutes, the result
being that 3�/3C was more representative than seen using modern 1 second cadence data. Of course
too low a cadence will miss the pulsation activity entirely. Ideally, a pulsation e�ective proxy would
need to be as band agnostic as the pulsation �nder algorithm. Such a proxy would have to encode
the relative weightings of the sampling rate’s Nyquist frequency with the narrow-band pulsation’s
frequency. �e proxy would further need to satisfy this condition across all frequencies as there are
multiple pulsation bands possible.

�e manifestation of frequency response bias has been seen in measured data previously, a good
example being at MMB where the 1 second cadence B-�eld is more closely correlated to GIC than
3�/3C [83]. For this case, the complex conductivity structure can explain the observed correlation
to a large degree [83–85]. In the more extreme case of long-period pulsations, the sampling bias is
more obvious with high correlation between GIC, 3�/3C and the B-�eld during di�erent parts of the
storm. During a low-frequency pulsation event, the B-�eld is representative of the GIC pro�le and
shows similar structure in period and phase. In contrast, during the SSC of the same storm, with
a signi�cant higher frequency content, 3�/3C is representative of the GIC pro�le (as seen in the
middle panel of Figure 43 for the PAR node in the TVA network) [194]. �e B-�eld intrinsically has
lower frequency components than 3�/3C , especially at 1 second sampling cadence. It is no surprise
then that during a pulsation interval with a roughly 20 minute period, 1 second cadence3�/3C cannot
reproduce the variation required as e�ectively as the B-�eld can. For the impulse during the SSC on
the other hand, a higher cadence can be�er resolve the peak and 3�/3C with its higher frequency
content does be�er.

To de�ne a proxy that adequately describes low-frequency driving while using modern 1 second
cadence B-�eld data, a frequency weighted proxy akin to E-�eld for a homogeneous Earth will be
much more e�ective [86,87]. In the frequency domain, the two components (directional projections)
of the GIC proxy would be,
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���G,~ (5 ) ∝ ± 1√
5
�3>C~,G (5 ), (42)

where �3>C refers to3�/3C , and orthogonality between driving and induced components is explicitly
de�ned.

In calculating the proxy, either the B-�eld or 3�/3C can be used, the only di�erence being the fac-
tor 2c8 5 that relates the two quantities in the frequency domain. Of the two, 3�/3C does bene�t
from being centred about zero and no baseline subtraction is needed when applying the FFT. A�er
applying the frequency weighting in frequency domain, taking the IFFT of each component results
in a time domain proxy. In Figure 43, the ���G proxy related to the FRD �~ component is shown
for the north-south e�ective node at PAR (GIC axis inverted due to network parameter polarity).
In all sub�gures, the 5 sigma level as de�ned during quiet time is indicated with horizontal dashed
lines. Any proxy used should aim to characterise signals clearly when above this level. In contrast
to 3�/3C as a proxy, ���G,~ e�ectively takes into account the low-pass e�ect needed to reproduce
measured GIC across all frequencies, adhering to where GIC power sits independent of sampling
rate. Although ���G,~ looks very similar to the derivation of the E-�eld for a homogeneous Earth
it should be stressed that ���G,~ is not accurately scaled to realistic value in ampere. Standardising
the proxy with no further scaling means the proxy is comparable for di�erent events and stations.
A normalised version of this approach de�ned by Marshall et al. [87] has been calibrated to instances
of known GIC e�ects and has been used to estimate levels of GIC risk in multiple networks around
the world [87,88,201].

Figure 43: Taking into account the correct frequency weighting in a proxy allows for accurate repre-
sentation of both low- and high-frequency driving. Using only 3�/3C , as is the case in bo�om panel,
does not accurately capture GIC activity at low frequencies although it does replicate the higher
frequency driving periods such as SSC [194].

5.3 Ensemble Methodology in the Time and Frequency Domains

As described in previous sections, modern modelling of GICs has become increasingly sophisticated
and detailed, particularly in the geophysical step. �e state of the art in this case is full 3D rep-
resentation of the Earth’s conductivity for E-�eld estimation. Such modelling requires extensive
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pre-existing magnetotelluric (MT) surveys. Although full 3D modelling is the ideal, many utilities
around the world do not have access to such levels of geophysical data. �en there is the engineering
step to consider. Modelling approaches of this step have seen li�le change since some of the initial
research into modelling GICs in power networks. Although transformer-level modelling is possi-
ble with adequate network information [17], almost all network modelling assumes a purely resistive
network [38,96], leaving aspects of the engineering step either unmodelled or uncertain. Examples of
this is a lack of inductive or quasi-ac responses, and variable grounding resistances due to ground-
water or rainfall. All these aspects lead to uncertainty that is not modelled given analytical network
analysis.

An alternative to physics-based models coupled with analytical network modelling is the use of em-
pirical approaches, and is what is this section aims to develop. �e nature of empirical or measured
data means that complicated or unmodelled dynamics are implicitly included along with uncertainty
and o�en modelled more accurately. A shortcoming o�en brought up with these methods is that they
are only valid for the measurement sites used, and while the system is in a similar state to when the
measurements were made. For network-wide analysis, using solely empirical methods would be
an issue. On the other hand empirical methods can calibrate and augment more general analytical
methods and provide for important validation of our understanding of the GIC phenomenon. Un-
certainty calibration is particularly important given the lack of uncertainty estimation in analytical
methods when dealing with real-world scenarios. �e empirical approaches developed aim further
to address operational considerations of utilities with no access to high-�delity geophysical and net-
work data. In such cases empirical methods applied with low-cost GIC monitoring may o�er an
a�ractive solution.

Using empirical approaches, we do not need to derive new or more complex governing equations.
Rather we can leverage the simplistic baseline GIC models already developed (proven to be e�ective
approximations) to represent more complicated dynamics. In order to make full use of the empirical
relations, we assume that the many observations are measured states of the system, and an ensemble
or distribution is formed by the empirical relation. We will refer to this approach in this work as
ensemble estimation of some underlying parameter or component. �e spread of the resulting en-
semble or distribution of the empirical relation is directly related to the uncertainty in the underlying
relation, being driven by factors �rst shown in Figure 20.

In Figure 20, following from the B-�eld as measured on the ground, we have the split in traditional
modelling into the geophysical and engineering steps. In the geophysical step, 3D modelling of
Earth’s conductivity is needed to represent inhomogeneities such as the coastal e�ect. �is 3D mod-
elling in itself is empirical, being derived from MT responses using measured local B and E-�elds at
a site. Not including the e�ects of inhomogeneities causes larger errors than wrong power network
information or inaccurate transmission line mapping using traditional physics-based models [123].
�e only larger source of error is from an inaccurate B-�eld. To bypass this issue, interpolation of
the B-�eld based on Biot-Savart inversion from a sparse set of magnetometers using something like
the SECS method is usually done [158,159]. Such interpolation and/or denser magnetometer cover-
age is particularly important in higher latitude regions where the driving current systems are more
variable.

Assuming the B-�eld and E-�eld have been adequately de�ned, the engineering step then relates the
E-�eld to the resulting GIC via an analytical model of the network through some derived network
parameters. For the model development in this thesis we will consider GICs at a node only and
not throughout the network. GICs at a node would need to take into account the entire network
nevertheless, i.e. to accurately de�ne the engineering step there needs to be an integrated geophys-
ical response along the network footprint, modulated by network characteristics. �e integrated
response is itself non-trivial and a form of averaging [137]. Most research assumes a uniform conser-
vative B- and E-�eld which is simplistic to say the least, even given the assumption that some level
of averaging is done by the network. Applying analytical network parameters to this assumption
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leads to a very rough �rst-order approximation. �e simplistic assumption can however be tuned
very e�ectively through empirical training with even non-3D conductivity pro�les [84,102,151]. �ese
‘tuned’ empirical network parameters make up the basis of the �rst empirical approach of using
network parameter ensembles.

Instead of requiring assumptions of the underlying conductivity structure of Earth, an empirical re-
lation between the B-�eld and measured GIC can be derived. �is second empirical approach is o�en
referred to as transfer function (TF) analysis in previous work [98,122,143]. Similar limitations as before
apply, with the transfer functions (TFs) being only de�ned for the magnetometer-node pair and a
similar system con�guration (no line switching). To explicitly split the engineering and geophys-
ical aspects is challenging given a TF approach as both e�ects are absorbed into a single relation.
Using a single measured E-�eld to extract the network dependence may be misleading, particularly
in a geologically complex environment. Probably the most promising physics-based method similar
to transfer function analysis is a hybrid approach [140]. Instead of estimating the E-�eld, multiple
geophysical MT responses are integrated along the various lines into averaged frequency domain
responses. �is means that the B-�eld can be used to drive the GICs via traditional analytical net-
work modelling, similar to empirical transfer function analysis. �e hybrid approach assumes the
engineering step is properly de�ned and modelled, so spli�ing network and geophysical aspects re-
mains di�cult. Uncertainty arising from errors and unmodelled network factors still needs to be
taken into account.

5.3.1 Ensemble Estimation of Network Parameters

Focussing on the �rst approach of network parameters, the GIC at a network node can be modelled
by the governing GIC equation previously de�ned by (35),

��� (C) = 0�G (C) + 1�~ (C) .

Revisiting theory presented earlier, the network parameters can be thought of as scaling factors that
penalise non-alignment of the E-�eld vector with the e�ective network. �e preferred direction
for the E-�eld to produce large GICs can be found through the network parameters. Assuming the
E-�eld is projected onto an e�ective network scaling vector, we have the total e�ective network
scaling

√
02 + 12 (relating to resistances) and the e�ective network direction \ = arctan( 0

1
) (relating

to the network topology, and in this case takes east as 0◦) [58,101]. �is means that all else being
equal, the largest GIC will be induced when the geoelectric �eld aligns with \ . Any deviation from \

would result in a fraction of the total E-�eld magnitude contributing to the measured GIC. A similar
representation of the directionality is the ratio of network parameters 2 = 1/0, used in previous
work [102,104,105]. Although we expect the preferred direction of the E-�eld to re�ect the direction
of the transmission lines immediately around the substation, the entire network has in�uence and
complex grounding may result in non-trivial responses. In the case that some geophysical strike is
present that alters the typical direction of the induced E-�eld for a given B-�eld disturbance, then
this discrepancy changes the total e�ective scaling. When the network parameters are empirically
derived, the mapping between GIC and E-�eld will be consistent but rather pick-out a directional
sensitivity not quite aligned with the physical network and scale the magnitude accordingly. If the
strike direction varies with depth, the mapping is no longer static and can have multiple directional
components, each with their own scaling and frequency dependent. More common analysis is done
through analytical full network modelling, with the general directionality sensitivity of the network
derived [58,81,99,101].

Estimation of the network parameters can be done analytically, using a model of the power system,
or empirically, using only data. From simultaneous GIC and �G,~ data, an estimate of the network
parameters can be derived [102,105,106,145]. It is assumed that these network parameters are constant
for the duration of a geomagnetic event, only changing with major alterations of power network
infrastructure or operations [149]. Although in theory network parameters can be estimated to a high
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precision, it does require extensive knowledge of the network along with the exact state of the net-
work. �is has been done even to a transformer level [17], but such a level of knowledge is rare. Along
with the non-linear nature of the network response, the result is that analytical network parame-
ters are o�en inaccurate and need further tweaking to replicate measured GICs. Empirical network
parameters on the other hand do much be�er and can absorb more complex e�ects – albeit with-
out the explicit nature of those e�ects made evident. In contrast to the assumption of unchanging
parameters, it has been observed that di�erent empirical values of 0 and 1 may be derived for a
variety of di�erent conditions including the speci�c GIC magnitude threshold used [105,106] and con-
ductivity/network modelling [106]. �is suggests that a number of errors from di�erent drivers in
the modelling chain are absorbed into these parameters, with di�erent regimes apparent. As a re-
sult, the variation in the network parameters should be taken into account when modelling GICs. A
shortcoming when using empirical methods is that normally a signi�cant amount of data is needed,
which is o�en not available.

In this work, we will borrow notation from Wik et al. [105], where U and V represent the empirically
derived individual network parameters. For ease of reading, the notation will default to 0 and1 when
both empirical and traditional network parameters are referred to. Furthermore, we will de�ne the
collective ensemble of empirically derived parameter estimates to be " and # respectively. Each
individual estimate in the ensemble is not de�ned as the true state of the system, but simply a possible
state as calculated by solving simultaneous equations. On the other hand, taking all the ensemble
estimates together would reveal the most probable state. Although U and V give improved modelling,
" and # allow for further analysis, characterisation and error propagation. �ese concepts can be
extended further and applied in a completely empirical method, using a transfer function (TF) from
measured B-�eld data to GIC estimation, sidestepping any need for conductivity assumptions.

Previous empirical estimation of the network parameters has generally included a �t of sorts that re-
sults in a single estimate. One approach is to use a least squares routine and �t (35) to the data [102,105].
An alternate approach is to select near-zero crossings of the E-�eld for a single E-�eld component
and solve (35). �is would generate a number of single parameter estimates at these speci�c time
instances. A linear �t is then used to �nd the best parameter while excluding outliers [106]. If a single
parameter is known, the empirical ratio of network parameters can be used to �nd the other param-
eter in the parameter pair [104]. �ese methods are good predictors for the network parameters but
do not give an indication of the variation in the parameters or allow for further analysis, which can
be achieved using ensemble estimation.

In order to create an ensemble of the network parameters, the linear nature of (35) is exploited. �is
governing equation assumes that the GIC measurements and the derived �G,~ values are perfect.
A further assumption is that network doesn’t change appreciably over the time series considered.
�is is not entirely accurate, since errors in the measured GIC and the derived E-�eld are present.
Assuming 0 and 1 are constant, a more accurate relationship would be,

��� (C) +��� (C)4AA = 0
(
�G (C) + �G (C)4AA

)
+ 1

(
�~ (C) + �~ (C)4AA

)
, (43)

where -4AA indicates the error made in the measurement or estimation of a relevant parameter - .
�is form of (35) shows explicitly that, due to the errors in �G,~ , 0 and 1 are not independent of
induced E-�eld, and as can be seen later therefore not independent of GIC magnitude. Nevertheless,
assuming a relationship between GIC and the E-�eld of the form of (35) allows for the estimation
of network parameters. In order to acknowledge the presence of inaccuracy in measurements, the
notation of the governing equation is changed to,

Γ(C) ≈ U�G (C) + V�~ (C), (44)

with Γ(C) ≡ ��� (C) + ��� (C)4AA (or the GIC as measured), U ≡ 0(1 + �G (C)4AA/�G ) and V ≡ 1 (1 +
�~ (C)4AA/�~). U and V are the network parameter estimates in the updated equation, being empiri-
cally derived from measured data. �ese estimates include the associated error from the E-�eld, GIC
measurements, as well as the traditional de�nition of the network parameters.
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Taking this updated version of the GIC equation, let us think of the network parameters as free
variables (not constants) and the �G and �~ components to be coe�cients of these variables. �is is
exactly the opposite of the common interpretation. �e assumption that the network parameters (0
and 1) are constant over a certain time period (say C1, ..., C=) allows us to solve for U and V simulta-
neously given two time instances (say C8 and C 9 , where 8 ≠ 9 and 8, 9 ∈ 1, ..., =). Using any more than
two comparable time instances would result in an overdetermined system.

C1 : Γ(C1) = U1�G (C1) + V1�~ (C1)
· · ·

C8 : Γ(C8) = U8�G (C8) + V8�~ (C8)
· · ·

C 9 : Γ(C 9 ) = U 9�G (C 9 ) + V 9�~ (C 9 )
· · ·

C= : Γ(C=) = U=�G (C=) + V=�~ (C=)

Repeated calculation of U and V for a number of (8, 9 ) pairs creates an ensemble of network param-
eters " and # . �e result would no longer be a single estimate of the parameters, but a collection
of di�erent parameter pairs that satisfy the system for di�erent pairs of time instances. In using
simultaneous equations to solve for the network parameters, we implicitly assume that the network
parameters are constant across the pair of time instances. Saying that the estimation method allows
for variation in network parameters may seem a contradiction in this case, but it must be emphasised
that the assumption of constant parameters is only needed for each individual pair. Sampling all pos-
sible combinations would in turn sample the network parameter space possible given the governing
GIC equation. �e resulting statistical network parameter distribution can in turn give an idea of
the validity of the governing GIC equation. If the network parameters are indeed roughly constant,
then there should be a peaked distribution with some spread given deviations from the assumption.
If the governing equation does not hold and the network parameters as de�ned are not constant,
then we would expect a resulting distribution close to a uniform random distribution with no peak
evident.

To illustrate the method, we will derive network parameter responses using a synthetic dataset.
To generate a realistic dataset, 4,500 GIC data points or time instances are sampled from a normal
distribution with a scale of 10 A. Assuming 2 second cadence data, this would equate to 2.5 hours or
assuming 1 minute cadence data this would be roughly 3 days worth of data. Similarly, we generate
a realistic random E-�eld in a single component, e.g. �~ , sampling from a normal distribution with a
scale of 50 mV/km. Specifying constant network parameters 0 = 100 and 1 = 50, we then can derive
the corresponding �G component, i.e. �G = (��� − 1�~)/0. �e datasets as is are de�ned perfectly,
but to introduce some real-world dynamics additional Gaussian noise is added to each. Speci�cally,
the GIC dataset includes noise with a standard deviation of 1 A, and the E-�eld components include
noise with a standard deviation of 5 mV/km. Of course the assumption random independent samples
and only Gaussian or measurement noise is simplistic, but it does give an idea of the ensemble
methodology given variation. �e resulting network parameter ensembles are shown in Figure 44.

Normalising the ensembles in Figure 44 creates a probability density function, with the peak being
the most probable estimate of the network parameters as related to the traditional interpretation of
network parameters. Interestingly, the ensembles are heavy tailed and the inherently robust median
is the best measure of central tendency – and the appropriate estimate to satisfy the traditional mod-
elling formulation. In other network parameter �ts [84,98,103], the distribution of network parameters
is not assumed to be heavy tailed and the mean is o�en used. For the synthetic test case presented,
these mean-based models would be particularly well suited as the only variation is based on a nor-
mal distribution. �e mean is however susceptible to outliers and would not be a robust estimate for
any non-normal, non-stationary or heavy-tailed distributions as is likely in real-world scenarios. As
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Figure 44: Using a perfect synthetic dataset with Gaussian noise and constant network parameters,
the performance of the ensemble methodology can be tested. �e source of the Gaussian noise is
an illustrative proxy for errors in B-�eld, E-�eld and/or GIC measurement or estimation. In the
top panel, the network parameter ensembles are shown as histograms with their median and inter-
quartile ranges. For comparison, the constant network parameters are shown as grey lines and the
least-squares mean estimation [103] of the network parameters are shown as black lines. �e lower
panel de�nes the network parameter directionality, i.e. arctan(U/V). For all pro�les a Gaussian �t is
included for comparison.
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veri�ed by the synthetic example, the median and ensemble methodology correctly reproduces the
mean estimate.

�e real bene�t from the ensemble methodology is that the resulting ensemble includes uncertainty,
such as from the associated error from the E-�eld derivation and measurement. �e uncertainty
in the estimated network parameter is linked to the spread in the ensemble. To estimate the spread
while requiring a robust measure, the inter-quartile range is used. In comparison to the least-squares
of mean approach employed under the assumption of normally distributed variation and constant
network parameters, the ensemble methodology can produce uncertainty estimation much more ef-
�ciently. Typical empirical network parameter estimation using a least-squares approach results in
a single estimate with no handle on uncertainty [103]. �e only other approach employed is through
boot-strapping multiple subsets of data and computing the expected network parameters for each [98].
Practically, this requires long datasets (up to a month long) and produces a limited set of estimates
(= = 30), whereas the ensemble methodology can achieve the same with only hours of data. Besides
long GIC datasets being scarce and biased to quiet geomagnetic conditions, an additional consid-
eration is that over long periods there is no guarantee that the network is unchanged and that the
various processes are stationary. �e breakdown of these assumptions would result in non-Gaussian
variation and stability of the least-squares approach cannot be ensured.

To expand on the limited data needed for the ensemble method, if we assume = points that are all
relevant and comparable, then the ensemble obtained would have =(= − 1)/2 ≈ =2/2 (for large =)
pairs of network parameters. Initially, we assume ‘comparable’ to only relate in terms of network
stability, but there may be other considerations such as variations in driving E-�eld changing with
storm phase and intensity. To the author’s knowledge there were no network changes during the
periods covered in this work. In the case of multiple storms being available, ensemble estimation is
done separately for each event and merged for the �nal ensemble.

Diving into some aspects of the ensemble spread, network parameters (not assumed to be constant
in ensemble estimation) can be thought of as simple scaling factors given an input E-�eld. �e most
common error in terms of E-�eld derivations is that of magnitude, especially in geologically simple
cases where 1D layered-Earth approximations can apply. Given empirical estimates of the network
parameters this error in magnitude can easily be absorbed. For comparisons between two ensembles
from E-�elds derived from di�erent conductivity pro�les, the magnitudes need to be normalised. In
the case of a simple 2D structure, such as a strike or coastal e�ect, the E-�eld may have further
error in terms of direction. As the empirical network parameters do not explicitly take into account
network topology and are estimated independently, they are still able to absorb error in an input
E-�eld that does not take into account the 2D structure. Cases where this is very obvious is when
the resulting directionality in the total ensemble is di�erent from the local network topology.

To visualize the absorption of geophysical aspects or errors in empirical network parameters, let
us assume a 1D E-�eld compared to a real-world 2D E-�eld where there is some de�ned strike (ar-
bitrarily aligned with respect to the network). When rotating an input unit B-�eld, the 1D E-�eld
vector would plot out a circle. In comparison, the 2D E-�eld with geophysical strike and the same
B-�eld would plot out an ellipse, semi-major axis perpendicular to the strike [65] (see Figure 45). As
was seen in Figure 35, real-world conductivities may have even more complicated E-�eld responses.
In the case of a geophysical strike being present, the projection of the larger magnitude true 2D
E-�eld onto a line may drive larger GICs than an E-�eld aligned with the transmission line. Empiri-
cal training of the network parameters using a 1D E-�eld assumption picks up this discrepancy and
links the largest GICs with the real-world 2D de�ned semi-major axis direction. Without empirical
training and only looking at the line directions and 1D Earth model, a network parameter direction-
ality aligned with the local line direction would have been the result instead. Besides directionality,
the network parameters need to absorb the additional magnitude scaling (larger in semi-major axis,
smaller in semi-minor axis) from geophysical aspects away from a 1D assumption and the spread of
the network parameter ensembles would widen.
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Figure 45: In the presence of geophysical strike, the 2D conductivity interface creates an enhanced
E-�eld. Rotating a driving uniform B-�eld creates an elliptical E-�eld response in the case of a 2D
conductivity pro�le, compared to a uniform circular E-�eld in case of a 1D conductivity pro�le.
When a transmission line is present, the projected E-�eld not only has a di�erent magnitude but
there will be a di�erent E-�eld direction associated with the maximum GICs. Empirical network
parameters would encode this direction and not just represent the network topology.

Since the empirical network parameters can dynamically scale the E-�eld according to measured
GIC, they may vary through the phases of a storm where the E-�eld and GIC magnitude vary as
well. �e variation of network parameters given di�erent driving regimes is similar to di�erent
conductivity pro�le assumptions producing di�erent E-�elds, which require separate network pa-
rameter scaling. During quiet periods where both the E-�eld and GIC are dominated by instrument
noise the derived empirical network parameters are expected to mimic the noise and have low ampli-
tudes and centred around zero. As the storm period increases in intensity, then so must the network
parameters in order to match the scaling. A further consideration is that during di�erent phases of
a geomagnetic storm, di�erent frequency components may dominate. An example is seen at SSC,
where broadband driving typically includes the largest GIC, compared to main or recovery phases,
where discrete frequency pulsation intervals drive intermediate GIC magnitudes. Dynamically al-
lowing for the network parameters to be estimated using these di�erent intervals may result in
di�erent scaling. �e driving frequencies in the respective intervals are associated with frequencies
in the E-�eld derivation, which may be wrong and are corrected for through the dynamic network
parameters. �is is true for both magnitude and directionality as a strike may be depth, and hence
frequency, dependent. Breaking the ensembles into sub-ensembles may reveal this higher resolution
quasi-frequency scaling possibly associated with geophysical conditions.

In addition, any time lags between the measured GIC and estimated E-�eld would need to be cor-
rected for in order to minimize spread when assuming a resistive network. �is issue is seen in
the higher cadence data (< 1 minute), where delays in the datasets are seen either due to measure-
ment error, conductivity assumptions or possible network e�ects. Assuming the delays have been
corrected for and that network parameters are still constant, the traditional GIC nodal (35) can be
updated to a di�erence (or delta) version,

��� (C=) −��� (C=−1) = 0
(
�G (C=) − �G (C=−1)

)
+ 1

(
�~ (C=) − �~ (C=−1)

)
or Δ��� = 0Δ�G + 1Δ�~ . (45)

�e delta version of the GIC equation can be trained in a similar way, with the network parameters
having the same magnitude in theory. In the case of any timing delays between datasets, the delta
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approach would not be consistent with the ensemble estimation approach already presented. If there
is con�dence that no delays exist, such as is likely with 1 minute cadence data where timing delays
of the order of seconds are averaged out, then the delta approach can augment modelling. Since
more than enough estimates are created through ensemble application of (35), the delta version is
not used further in this work. In higher cadence data, the delta assumption breaks down when the
time lag cannot be perfectly corrected for and measured datasets are not concurrent. In the ensemble
approach, these shortcomings are seen as additional spread in the ensembles and do not e�ect the
end result. A last consideration in terms of datasets linked to cadence is that resampling to another
cadence in�uences the network parameters, with smoothing from downsampling reducing the peak
values of the GIC and E-�eld. If the E-�eld and GIC spectral responses do not match, empirically
estimated network parameters for the down-sampled datasets may di�er when compared to the full
dataset.

5.3.2 Ensemble Estimation of Transfer Functions

Instead of requiring an estimate of the E-�eld, it is possible to directly relate the B-�eld to GIC via
an empirical transfer function (TF). In this approach, the ground conductivity assumption used to
derive the E-�eld is bypassed – reducing a possible source of error. Further, the derived TF is the
net e�ective transform of the Earth over the entire network area and includes any power network
response. In the past, the B-�eld-to-GIC TF approach has been followed more from a traditional MT
background and there have been no a�empts to decompose the network �ltering [143]. Although TF
results have shown good correspondence with known geophysical features, there are cases where
such interpretations failed [122] – likely due to the inclusion of the network reducing the sensitivity in
a GIC based TF. An example is that a north-south network would no be able to resolve the east-west
TF component or the analogous east-west E-�eld. To account for the network e�ects, we update (35)
with 2 = V/U . �e matrix form of this equation becomes,

Γ(C) = U�G (C) + U2�~ (C)

=
[ U U2 ]

[
�G (C)
�~ (C)

]
. (46)

Moving over to the frequency domain, measured B-�eld data can be related directly to measured
GIC data. �e assumed conductivity related impedance tensor, and the uncertainty that goes with
it, is absorbed with the network parameter scaling into frequency dependent components of the TF,

Γ(l) =
[ U U2 ]

[
�G (l)
�~ (l)

]
=
[ U U2 ]

[
/GG (l) /G~ (l)
/~G (l) /~~ (l)

] [
�G (l)
�~ (l)

]

=

[
U
(
/GG (l) + 2/~G (l)

)
U
(
/G~ (l) + 2/~~ (l)

) ]) [
�G (l)
�~ (l)

]
=
[ )G (l) )~ (l) ]

[
�G (l)
�~ (l)

]
(47)

= TF�G (l) + TF�~
(l) . (48)

In the formalism above, )G,~ (l) in (47) are the components of the B-�eld-to-GIC TF. TF�G ,�~
(l) in

(48) are not TF components, but rather the result of multiplying)G,~ (l) with their associated B-�eld
components. Recent work by Kelbert and Lucas [140] has similarly de�ned TFs based on traditional
MT surface impedances for each node in a network that can then be driven using B-�eld measure-
ments to derive the nodal E-�eld. �is alternative to computing a general E-�eld that then has to be
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integrated is an improvement in the computational e�ciency of GIC modelling. �e approach here
e�ectively does the same integration of the conductivity structure over the network through empiri-
cal modelling, but includes the network response. To aid in identifying e�ective contributions of the
surface impedance tensor / in the TF, the geometric scaling 2 is split from the network parameters.
�e �nal TF absorbs all network scaling introduced by U (which cannot be separated) and can be
directionally limited given certain e�ective network topologies (when 2 or 2−1 ≈ 0). In such cases,
the 2 can severely a�ect the SNR of the less dominant component.

In a resistive network, U is assumed to be constant. Recent work has probed this assumption, sug-
gesting rather that a frequency dependent U may perform be�er in modelling [98]. �e TF estimation
as de�ned above can be extended to independently estimate such frequency dependent network
parameters. To do so, an E-�eld input is required instead of a B-�eld, and the )�G and )�~ compo-
nents would relate to U (l) and V (l). Due to the similarity in estimation, the frequency dependent
network parameters are referred to as E-�eld-to-GIC TFs when used in this work.

Propagating frequency domain uncertainty into the time domain reconstruction is not trivial. �e
frequency speci�c uncertainty bounds can occur in any combination, constructively or destructively.
To obtain an uncertainty estimate in the time domain, the time domain ensemble method previously
used for the network parameters is reintroduced. Allowing similar parameter ensembles to be esti-
mated for analogous time domain TF components (instead of the E-�eld components), time domain
scaling and uncertainty bounds can be generated. To do this, we take the IFFT of the TF result
TF�G ,�~

(l) in (48) to obtain time domain TF components (denoted by TF*),

Γ(C) = 6TF∗�G (C) + ℎTF
∗
�~
(C). (49)

�e 6 and ℎ parameters from (49) generate an uncertainty spread and improve modelling by tuning
TF* or the analogous ‘network e�ective E-�eld’ in the time domain. In comparison with network
parameters that include network scaling, the 6 and ℎ parameters ensembles are expected to be cen-
tred roughly around 1 (all network scaling is already encoded in the TF). Any signi�cant deviation
from unity scaling suggests the TF does not adequately map the B-�eld to GIC, such as when the
separation between magnetometer and substation is too great. In contrast to the traditional network
parameter approach presented that requires additional integration of the E-�eld, the TFs are fully
3D and conductivity is not expected to drive scaling issues, besides in the case of a low SNR. When
further scaling is needed, the TF parameter ensembles can further improve modelling. �e spread
of these 6 and ℎ parameter ensembles further allow for accurate uncertainty estimation in the time
domain, and not the frequency domain where the TF and TF uncertainty are de�ned.

Practically, input datasets were mean-subtracted for the current work. TFs were estimated using
rectangular windows of at least 6 hours, which were then padded. To be representative, a 6 hour
window is about the limit where low-frequency (up to 0.1 mHz) geomagnetic disturbance signals are
still captured and longer windows should ideally be used. Windows were de�ned by a shi� to create
multiple datasets and apply the ensemble methodology. Various initial testing suggested that the
procedure is relatively insensitive to exact parameters regarding window length or window func-
tion as the same procedure applied to input datasets should result in similar mapping. A rectangular
window was used to provide simple normalisation and accurate visualisation of the TF components.
Once the raw TF has been estimated, there is further processing done in terms of spectral averaging,
seen in Figure 46. In the vein of MT analysis, it is ideal that there be at least 4 samples per frequency
for estimation purposes, i.e. 5<0G = 5=/2, where 5= is the Nyquist frequency. Furthermore, from an
MT perspective it is assumed that TFs vary smoothly with frequency and that neighbouring frequen-
cies predict similar results [65]. A direct result of this is that spectral averaging or weighted stacking
can be done to clean the resulting spectrum, with a rule of thumb that at least 6-10 frequencies be
used per decade on a logarithmic scale, or in this case using a factor of 1.1 between evaluation fre-
quencies. �e factor of 1.1 scaling is be�er for modelling and stable but is a higher resolution than
that o�en used for MT studies. �e use of evaluation frequencies equally spaced on a logarithmic
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scale means that relative error related to penetration depth is similar. On a linear scale, the rela-
tive error between di�erent evaluation frequencies will relate to di�erent penetration depths. For
visualisation purposes in Figure 46, spectral averaging is done using a Parzen window as de�ned
by Simpson and Bahr [65]. Similar to a higher resolution being required to represent TF variation in
the components, it was also found that spectral averaging worsened modelling performance due to
additional smoothing between frequencies introduced by the Parzen window. Instead for modelling
purposes components were estimated through log-binning according to the 1.1 factor and estimating
the median value per bin.

Figure 46: �e spectral weighting/averaging is shown here as applied for TF estimation at a node
with 1 minute cadence data. Do�ed lines refer to the output frequencies from the FFT to be applied
on the window, coloured lines indicate the evaluation frequencies and the coloured pro�les indicate
the Parzen window weighting of each FFT frequency associated with the corresponding evaluation
frequency having the same colour.

Before any binning, all TF component ensembles are estimated from solving sets of linear equations
arising from (47), explicitly de�ned by,

Γ = )G�G − )̃G �̃G +)~�~ − )̃~�̃~ (50)

for the real parts, and
Γ̃ = )G �̃G + )̃G�G +)~�̃~ + )̃~�~ (51)

for the imaginary parts. Here -̃ refers to the imaginary part of the input variable - . For an input
dataset, the two sets of relations in the real and imaginary domains allow for additional simultaneous
equations to constrain the 4 unknown TF components. Each TF component estimate is weighted
according to the spectral averaging procedure before being binned into the TF ensembles. Similar
to the network parameter ensembles, and to ensure robust estimation of TF components, the central
tendency is estimated by the spectrally weighted median and spread by the spectrally weighted inter-
quartile range. In the case of the magnitude and phase shown later in Figures 57-59,71-72 and 74
later, both magnitude and phase are calculated for each estimate and weighted appropriately before
being binned. �e magnitude once again relies on the weighted median and inter-quartile range,
whereas the phase makes use of circular mean and circular dispersion estimates [202].

When the TF has to be used for GIC modelling, the result has to be convolved with an input B-
�eld in the frequency domain and the inverse FFT taken. To do this, the data has to be linearly
spaced in the frequency domain. Interestingly, the best responses in modelling using the B-�eld came
through higher resolution TFs and not interpolation of the spectrally averaged response. To increase
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e�ciency with the larger number of frequencies to be processed, the raw TF was not spectrally
averaged using a Parzen window but rather split into logarithmic bins with a factor of 1.1 between
consecutive frequencies. �e median for each bin was estimated as before. In testing, having a higher
resolution of around 24 estimates per decade improves on the modelling and suggests that there is
variation at higher resolution that is important for GIC modelling given network integration over
the network footprint, possibly overlooked in local MT response estimation.

An alternative to estimating the TF by using the B-�eld is to use its time derivative, which is analyti-
cally de�ned in the FFT. Assuming ��)

{
�(C)

}
= �(5 ), then ��)

{
3�(C)/3C

}
= 2c8 5 �(5 ). �e simple

mapping allows the 3�/3C to be used instead of the B-�eld as the input data for estimating the TF
already described, or alternatively a new TF that solely maps 3�/3C to GIC. A technicality in imple-
mentation is that the frequency argument for link between discrete 3�/3C and � needs to be scaled
by the sampling frequency, i.e. ��)

{
3�(C)/3C

}
= 2c8 (5 /5B)�(5 ). For consistency and comparison

with other implementations, this work keeps the de�nition of the TF being de�ned from B-�eld to
GIC. �e use of 3�/3C has some inherent advantages. Probably the most obvious and simplest is that
there is no need for mean subtraction or baseline removal, which can be complex given the B-�eld.
�e resulting 3�/3C input links well to GIC data, which also has a mean of zero. 3�/3C is also be�er
de�ned at higher frequencies, with a be�er SNR evident in comparison to the B-�eld. �e coherence
between the B-�eld and 3�/3C is virtually exact, with slight di�erences at the very low frequencies,
possibly due to baseline removal in the B-�eld being rudimentary. �is means that no information
is lost given the use of 3�/3C .

A further general bene�t of using a TF is the estimation of time lags, o�en not seen in autocorrelation
analysis in the time domain. Simply put, if there is a constant slope in log space of the phase response
of the TF, the most likely cause is a constant shi� or lag in the time domain. If there is any inductive
time constant or lag in data acquisition systems, it should be absorbed in this lag. A�er estimating
the lag, C;06, in the phase response through a linear �t of the slope for frequencies higher than 1.5
mHz, the input dataset can be shi�ed in the frequency domain through,

-Bℎ8 5 C (5 ) = 4 (2c8 5 C;06)- (5 ). (52)

5.4 Summary

In summary, this chapter �rst validated the theoretical background regarding frequency response of
GICs and then used the theoretical basis and operational modelling framework previously presented
to develop a novel empirical ensemble methodology. �e resulting ensemble methodology is de�ned
in both the time and frequency domains and can be driven by limited data. In the time domain,
traditionally de�ned network parameters were leveraged to create network parameter ensembles
that can include uncertainty. In the frequency domain, MT inspired transfer functions were derived
in a similar way, with uncertainty being estimated in the time domain subsequently analogous to
ensemble estimation of the network parameter ensembles.

Figure 47: Summary of the di�erent modelling approaches relevant to the ensemble methodology,
ultimately linking a measured B-�eld to measured GIC [191].

Using Figure 47 to recap the modelling approaches, let us initially start with some measured or
interpolated B-�eld. From here, the frequency domain representation of B-�eld is computed via
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Fourier transform. In the frequency domain, the modelling approach splits into either estimating an
E-�eld or a direct transfer function to map the B-�eld to measured GIC. In the �rst case, we follow
traditional GIC modelling, with a surface impedance being used to derive the E-�eld. Continuing
with this path, the E-�eld is then mapped back to the time domain and the result linked to measured
GIC through network parameters. Here a novel approach of empirically derived network parameter
ensembles is employed to include accurate mapping and uncertainty. Backtracking to the second
option of the TF approach, either the TF components relating to the di�erent B-�eld components
are used to compute a resulting GIC estimate in the frequency domain alone (which can then be
mapped back to the time domain), or the TF components can be individually mapped back to the
time domain. When the la�er option is applied, the resulting time domain TF* components can once
again be mapped to measured GIC via parameter ensembles. �ese analogous ensembles would not
provide any additional network information, but the spread can quantify the error in the approach,
which is need for operational modelling.

In the frequency response analysis it was found that at least 98% of the GIC signal’s energy is below
50 mHz, as de�ned using baseline of 2 second cadence and 3 hour windowing for the 100% level. In
comparison, the o�en used 1 minute cadence data (16 mHz) includes between 90% and 95% of the
GIC energy. Limiting the bandwidth of the GIC to below 50 mHz introduces an underestimation of
the peak GIC, with varying degrees of underestimation given di�erent conditions. In terms of the
GIC power spectrum, the relative frequency weighting in the GIC power spectrum is between 1/

√
5

and 1/5 , which agrees with the underlying theory.

Of the possible GIC driving sources in the frequency domain, pulsations were identi�ed as coupling
particularly well in the frequency domain. Taking the power spectrum slope into account, this cou-
pling is proportional to the period, making low-frequency pulsations signi�cant. Peak 3�/3C is not
the ultimate proxy for GIC-related damage. E�cient coupling during lower frequency pulsation
intervals can occur while 3�/3C , as de�ned by the higher sampling frequency, is moderate. Given
larger disparities between modern high sampling rates and possible low-frequency driving, a high
sampling rate alone is not satisfactorily representative of pulsation activity in multiple bands. In-
stead, a frequency weighted proxy that captures the low-pass �lter e�ect of the Earth’s conductivity
on 3�/3C needs to be employed.
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6 GIC Modelling Results

In this chapter, the proposed empirical methodology is tested across four di�erent power networks
with varying degrees of data �delity. In addition to the performance of the modelling itself, various
characteristics concerning GICs are highlighted in the analysis. Some of these aspects include us-
ing di�erent conductivity pro�les, di�erent magnetic �eld measurements, the directionality of the
network and general variation in responses.

Figure 48: An example of the resulting network parameter ensembles, in this case for the WEAK
node in the TVA network [188]. Here the upper panel shows the network parameter ensembles, with
median (vertical lines) and inter-quartile range (shaded spread), and the lower panel shows the net-
work parameter directionality as de�ned by the ratio of network parameters.

To give an idea of the ensemble methodology, taking a synthetic layered-Earth conductivity pro�le
and using remote B-�eld measurements, operational network parameter ensembles can be seen in
the upper panel of Figure 48 [188]. �e �nal or most probable estimates that are consistent with tradi-
tional nodal modelling are de�ned by the medians, shown in Figure 48 by vertical lines (U indicated
by a solid blue line and V indicated by a dashed red line). Deviations from these assumptions of
constant network parameters are quanti�ed by the ensemble spreads. Estimation of TF components
similarly use ensemble estimation, with each ensemble de�ned per frequency.

In the case of comparisons with other conductivity pro�les, there would likely be a di�erent E-
�eld response with the network parameters scaling appropriately. To allow the network parameters
ensembles of di�erent conductivity pro�les to be comparable, the corresponding E-�elds should be
normalised through a scaling factor, ensuring that the E-�eld pro�le shape is not changed, only the
magnitudes.

To illustrate normalisation of E-�elds for comparison, let us assume two conductivity pro�les with
associated E-�elds, denoted by �† and �∗. Let us further assume that the only di�erence between
the two conductivity pro�les is a factor of 2, which reproduces itself as a scaling factor of 2 in
the E-�eld magnitudes. Network parameters trained with the di�erent datasets would similarly
display a factor 2 di�erence, with the smaller E-�eld requiring larger network parameters and visa
versa. �e apparent spreads are a�ected in the same way. For analysis of uncertainty drivers, we
want to compare ensemble shapes and not be in�uenced by scaling constants that can be absorbed
by the network parameters. To normalise the E-�eld magnitudes, we estimate the RMS of each
component for the di�erent E-�eld, i.e. '"( (�G ) and '"( (�~), and take the average, i.e. �'"( =(
'"( (�G ) + '"( (�~)

)
/2. �e result is the average RMS levels for each E-�eld, �†

'"(
and �∗

'"(
.

Choosing a target E-�eld, say �†, we apply a scaling factor _ to the alternate E-�eld, �∗=4F = _�∗,
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such that �†
'"(

= _�∗
'"(

. In our simple analogy, _ would extract the factor 2 di�erence and the
ensemble spreads can be related, with network parameter magnitudes comparable.

A�er E-�eld normalisation there may still be di�erences in network parameter magnitudes, which
requires a further level of normalisation when comparing ensemble spreads. �e metric to be used
in this case is the ratio of individual network parameter spread (de�ned by the inter-quartile range
or IQR) to absolute network parameter scaling, which takes into account both network parameters,

�&'U,V√
U2 + V2

. (53)

Here �&'U,V refers to the separate U and V inter-quartile ranges as the metric is calculated for each
parameter separately. �alitatively, the spread ratio (53) would be able to distinguish that a large
spread relative to small absolute network parameter scaling (

√
U2 + V2) corresponds to more uncer-

tainty in network parameters than the same spread given large absolute network parameter scaling.

Due to the nature of the ensemble method, large sets of network parameter estimates can be com-
puted with relatively limited input dataset sizes. Although using full datasets increases accuracy in
the �nal parameter estimates, there is an operational downside of excessive computational resources
needed, speci�cally in terms of the memory to store the large ensembles. �e method converges rela-
tively quickly, with adequate convergence seen at around= ≈ 4,500 for 2 second data which relates to
roughly 107 estimates, as shown in analysis by Heyns et al. [194] and seen in Figure 49. To determine
the convergence of the method, GIC data from GRS and PAR was used with remote magnetometer
measurements at HER and FRD, convolved with a synthetic conductivity pro�le [193] to produce E-
�eld estimates. �e ensemble method was then applied using GIC data of di�erent lengths, randomly
sampled. For each resulting ensemble size, 25 model runs produced an average network parameter
estimate with some standard deviation, denoted by the error bars. A best-�t of all the runs is further
shown, which matches the bulk estimate using all available data (total ensemble sizes of 5 million
estimates for GRS and 2.1 billion estimates for PAR). 1 minute data is smoother and converges more
quickly with only = ≈ 450 time instances or roughly 105 estimates needed. Both these datasets are
of the order of hours and not days in length.

Figure 49: In the case of larger datasets, it is not feasible to use the entire dataset available for training
purposes. �e ensemble methodology converges suitably quickly for sub-sets to be used instead [191].
Here only the U parameter is shown since it dominates the local north-south PAR and GRS networks.

Looking at the rest of this chapter, for the geomagnetic storm of June 2015 there was a fortunate
coincidence that MT sites part of the EarthScope project managed to take B-�eld recordings in the
TVA network where there were concurrent GIC measurements. It is rare to have concurrent B-
�eld, multiple MT sites and measured E-�eld. Although no previous modelling has been done in
the TVA network for comparison, this ideal case is used in Section 6.1 to probe the characteristics
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of GIC modelling and sensitivity to input parameters using the models developed. More extensive
modelling of the TVA network has been done by Heyns et al. [188], leveraging all available GIC data
and estimating susceptibility of the various nodes shown in Figure 24. More common is for utilities
to have access only to synthetic layered-Earth models such as presented for GRS in Section 6.2. Here
extensive empirical modelling has been a�empted in the past and comparisons with the current
models are possible. Staying in the Eskom network, in Section 6.3 we look at a pathological case of
poor data at the MAT node and what would be possible operationally using the methods developed.

For measured E-�eld, generally there are only single measurements sites. An example of such mea-
surements are those run by Kakioka Magnetic Observatory, Japan Meteorological Agency, with the
Memanbetsu (MMB) site having contributed to a large body of GIC research [53,83,84,98,103]. For com-
pleteness, an analysis of the MMB node is done using the methods developed here. In addition,
nodes from the Powerlink network in Australia are used to look at speci�c GIC characteristics given
previous modelling in the Australian network where there have been some interesting results. Both
these cases are covered in Section 6.4.

6.1 An Ideal Case

Recently, large scale MT surveys have resulted in high resolution E-�eld estimation in the USA [51,55,129–132]

and Australia [134]. Although these surveys allow for dense surface impedance estimates, they rely
on a remote or interpolated B-�eld to derive an E-�eld. Having dense co-located estimates of the
B-�eld and MT responses along with GIC measurements is the highest �delity data a utility can hope
for. For the TVA case, the measured E-�eld data further con�rmed the EarthScope MT responses and
gives con�dence in the E-�eld estimates at MT site locations. Aside from the operational aspects,
this high-�delity data also allows various aspects of the ensemble methodology to be stress tested,
such as using di�erent conductivity pro�les and B-�eld measurements.

With the measured MT responses and local B-�eld, variability of the estimates within the geophysical
step is still not lost. As described in Section 4.3, there is measured variation in the local B-�eld and
E-�eld. �e deviations away from this single average estimate, although small and possible due to
measurement error, would ultimately be absorbed in modelling and need to be described. In the
ensemble methodology, the ensemble spreads quantify the uncertainty.

Most utilities do not have access to dense MT surveys with surface impedance estimates. Instead
some sort of conductivity pro�le has to be assumed. In this particular case, we can test the stability of
the ensemble network parameters given di�erent conductivity pro�les and compare the result with
the MT derived E-�eld, which we can assume is the most accurate available. A�er normalising the
E-�eld magnitudes to ensure pro�les are comparable, we would expect to see a decrease in spread
for the more accurate E-�eld estimation. Similar to the more accurate conductivity pro�le reducing
spread, a more accurate B-�eld estimate should have a similar result. Again for the TVA network,
we can use the measured local B-�eld as the most accurate estimate and compare with more remote
B-�eld measurements that have shown stability and operationally useful results [191]. Further work
has used the remote B-�eld data and synthetic conductivity pro�le to analyse the response of TVA
network nodes over di�erent events, with the modelling results consistent for similar driving and
network conditions [188].

6.1.1 Network Parameters in Di�erent Contexts

In Figure 50 and Table 2, we have the resulting normalised U ensembles for the dominant north-
south PAR node in the TVA network using a variety of di�erent datasets with varying �delity. �e
highest �delity, which is rare for utilities, is the E-�eld estimated given local B-�eld and MT surface
impedance responses. Next best is the intermediate �delity of either local TVA B-�eld but a syn-
thetic layered-Earth conductivity pro�le or a local MT surface impedance with remote FRD B-�eld
measurement, roughly 1,100 km away. Lastly, and up to now probably the most common for most
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utilities, is the low-�delity combination of a remote B-�eld along with synthetic layered-Earth con-
ductivity pro�le. �ere are a few interesting and surprising points to note from this �gure. First is
the general stability of the network parameter estimate, particularly the invariance to B-�eld given
a conductivity pro�le. As seen in Table 2, the spread is however signi�cantly a�ected, with the more
local B-�eld being more accurate for both conductivity pro�les. �e increased spread when using
remote B-�eld is expected as local perturbations, such as pulsations [194], are not concurrent across
the region which is the case with typical large scale mid-latitude driving.

Figure 50: �e stability of network parameters is seen here for dominant U parameter at PAR given
di�erent conductivity assumptions (local vs. generalised) and B-�elds (local vs. remote) for a rep-
resentative parameter ensemble. �e measures of spread are characteristic of the uncertainty as-
sociated with modelling. Surprising is the be�er constrained generalised conductivity pro�le in
both network parameter ensemble (upper panel) and corresponding directionality ensemble (lower
panel). �antitative values are shown in Table 2.

Table 2: Network parameter spreads associated with di�erent B-�elds (local vs. remote) and conduc-
tivity pro�les (MT vs. synthetic layered-Earth) at PAR, as de�ned by the inter-quartile range (IQR).
Also indicated is the spread ratio, i.e. the IQR divided by absolute network scaling (

√
U2 + V2). �e

lower the spread ratio, the more accurate the network parameter estimate.

Network Spread
Parameter B-�eld Type Conductivity Type IQR Ratio

" -119 Local TVA MT 106 0.89
-148 Local TVA Synthetic LE 99 0.65
-110 Remote FRD MT 165 1.47
-147 Remote FRD Synthetic LE 168 1.14

# -1 Local TVA MT 164 1.38
-35 Local TVA Synthetic LE 93 0.61
23 Remote FRD MT 240 2.14
-14 Remote FRD Synthetic LE 168 1.14
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Between conductivity pro�les with the same B-�eld estimate, it is interesting to note that the net-
work parameter pro�les are similar besides a magnitude shi�, with less spread in the synthetic
pro�le. �e directionality response is also cleaner for the simpler layered-Earth model with a di�er-
ent dominant direction. A possible explanation of this is that the full 3D surface impedance intro-
duces more variability than the integrated or e�ective response which the network ‘sees’, and that
the smoothed response requires a di�erent network parameter directionality to represent any 2D
strikes.

A full 3D surface impedance is needed to accurately reproduce the E-�eld in complex geological
cases. Where the extent of geological complexity is however a strike, then a general conductivity
pro�le can absorb the directionality projection when coupled to empirical network parameters. Net-
work parameters in the ensemble estimation are free variables and although topology can be used to
interpret them, they are not de�ned by the topology alone and choose the most optimal mapping be-
tween measured GIC and the input E-�eld. Using the synthetic E-�eld, the mapping between E-�eld
and GIC is cleaner and performs more accurately in modelling, with directionality di�erent from the
MT derived E-�eld which is assumed to be more accurate. Additional noise in the MT derived E-�eld
is possible, with higher frequencies be�er de�ned and local distortions possible. �ese distortions
may prove irrelevant to the GIC problem where the E-�eld is integrated and the local variation of-
ten averaged out or compensated for elsewhere. Integration of the E-�eld is not trivial, as is how
currents split within a node given uneven GIC distributions. Using the litmus test of the slope of
the frequency response (see Section 4.3.3), the general synthetic E-�eld slope more closely matches
the GIC frequency response slope, which aids in the improved performance. Ultimately an inversion
of the surface impedance data to generate a 3D conductivity model, which in turn can be used to
derive high resolution E-�eld data along the network footprint, would be the best. �e inversion
process in itself is a challenge with large associated uncertainty. �en comes the need to e�ective
network integration of the E-�eld, which may also be misleading, as is shown in the TVA network
where a 2 node away or 150 km scale is not representative. It may be that the speci�c TVA network
is fortunate in this case, but more empirical validation of high resolution physics-based models is
required.

6.1.2 Variation of Network Parameters

Given that empirical network parameters ultimately act as scaling knobs to the input E-�eld, di�er-
ent regimes of GIC strength associated with di�erent levels of E-�eld driving may show di�erent
network parameter responses. A similar argument can be made for making sure that the data used
and responses are relevant and trained on periods with signi�cant geomagnetic disturbances. In pre-
vious work, thresholds have been used to de�ne the criteria for noise levels [106]. A�er using some
criteria to select signi�cant GIC data, corresponding E-�eld data are selected. In the zero-crossing
and least squares �t methods of parameter estimation, it is important to select the relevant E-�eld
to prevent divergent results. In the case of ensemble estimation, we are solving a matrix of simul-
taneous equations. �ere are times where the matrix itself would be singular and can be avoided if
the data set is masked correctly. Since ensemble estimation uses all possible pairs of comparable and
relevant time instances to calculate parameter pairs, a large ensemble of parameters is produced.
�is means we can a�ord to ignore the few cases of a singular matrix without implementing any
selection at all, i.e. we are able to obtain full network parameter representation at all GIC levels.
Sampling bias arising from using thresholds around zero and signi�cant single E-�eld components
is further avoided (this would in e�ect create a directional bias along the cardinal directions).

Making use of all GIC levels and applying the ensemble methodology to subsets further allows the
weighting and change of network parameter scaling with driving magnitudes to be probed. It is
foreseeable that at di�erent levels of GIC driving, di�erent factors may become apparent or dominate.
To de�ne magnitude-related GIC characteristics in the ensemble methodology, the total training
dataset is broken up into percentile range subsets de�ned by GIC magnitude (indicated for PAR in
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Figure 51) that form sub-ensembles. Methods previously employed are not able to perform such
dynamic probing, only being able to estimate an average response.

Figure 51: A visualisation of the GIC percentile ranges used to probe di�erent driving level re-
sponses. Indicated in this cumulative distibution of the GIC magnitude at PAR are the 0-10 (blue),
20-30 (green),70-80 (magenta) and 90-100 (red) percentile ranges. Using di�erent percentile ranges
for analysis allow di�erent GIC regimes to be probed.

Figure 52: Spli�ing the " ensemble for PAR (black) into di�erent GIC magnitude regimes produces
di�erent responses. A synthetic conductivity pro�le and remote B-�eld measurements at FRD are
used. A zero-centred Gaussian distribution is ��ed (orange) to the lowest percentile range (blue).

Previous studies have noted the change of estimated empirical network parameters given di�erent
regimes [105,106] and in Figures 52 and 53 we see this explicitly for the ensemble estimated network
parameters. Figure 52 makes use of a synthetic conductivity pro�le and remote B-�eld data from
FRD and Figure 53 makes use of local B-�eld data and a local MT derived E-�eld. In Figure 53 and
its complementary Table 3, local B-�eld and MT de�ned E-�eld are used to eliminate variation of
network parameters due to poor correlation or geophysical conditions.

�e variation seen in empirical network parameters given GIC magnitude can be driven by other
processes, such as di�erent frequency components. Comparing back to the synthetic example of
ensemble estimation presented in the previous chapter, the noise associated with network parame-
ters at the lowest percentile level is related to a zero-centred Gaussian but with heavy-tails due to
the ensemble estimation methodology. At this low level of GIC, it is likely that the variation seen
is associated with instrument noise. As the network parameters move out of the noise levels, they
become more apparent and have to scale to higher GICs. �e stronger parts of a geomagnetic storm
have di�erent frequency components that may not be e�ectively modelled. �e network parame-
ters pick up this slack and, for representative parts of the storm, scale be�er. An example is that low
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magnitude GICs are dominated by high-frequency components, or inversely high-frequency com-
ponents of the GIC carry the least power and are small in magnitude due to the low-pass nature
of the GIC frequency response. �ese low GIC levels sit at the noise level, have near-zero network
parameters and some associated spread. Midrange GIC levels have increased network parameters,
but also increased spread, which most likely can be a�ributed to varied E-�eld across the network
and low SNR. Given the largest magnitude GICs associated with broadband driving and long-period
pulsations in the TVA network, the local B-�eld and MT derived E-�eld ensemble is well de�ned
with the narrowest spread. In the remote B-�eld and synthetic conductivity pro�le ensemble, the
highest percentile range subset shares the characteristic larger network parameters, but with a com-
plex spread. Contributions from a timing o�set between measured B-�eld disturbances and GICs
may be to blame. More illustrative of the spread behaviour is seen in the spread ratio in Table 3,
where it is clear that with increasing GIC magnitude the ratio decreases and con�dence in network
parameter estimates increase. To avoid misleading results from low-level GIC (noise), it would be
best to disregard GIC levels below the median GIC level (roughly 0.5 A for PAR).

Figure 53: �e full variation of both U and V network parameters with GIC magnitude using a local
MT de�ned conductivity pro�le with local B-�eld measurements is shown. Clearly seen in this
visualisation is the north-south orientation of the network, i.e. the U parameter is more responsive.
Both network parameters start at noise-level based zero-centred Gaussians. While the U parameter
becomes more apparent, V adds less and less to the total network scaling, remaining zero-centred.
Using quantitative estimates of the ensemble spreads in Table 3, we see that the spread ratio for both
parameters decreases with GIC magnitude – again with the U linked to network directionality being
more responsive.
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Table 3: Complementing Figure 53, the variation in network parameters is shown here with ensemble
spreads and spread ratios for local B-�eld and an MT derived E-�eld at PAR.

" #
Percentile Network Spread Network Spread

Range Parameter IQR Ratio Parameter IQR Ratio
0.0-10.0 -14 91 6.5 0 58 4.1
10.0-20.0 -70 156 2.2 1 128 1.8
20.0-30.0 -99 154 1.6 6 155 1.6
30.0-40.0 -119 167 1.4 -5 177 1.5
40.0-50.0 -126 170 1.3 -11 190 1.5
50.0-60.0 -130 148 1.1 -2 186 1.4
60.0-70.0 -134 106 0.8 -2 159 1.2
70.0-80.0 -134 71 0.5 0 146 1.1
80.0-90.0 -124 60 0.5 -13 138 1.1
90.0-100.0 -115 32 0.3 -10 106 0.9

6.1.3 Directionality of Network Parameters

Similar to the variation of the actual network parameter estimates, the e�ective directionality en-
semble can also be probed given di�erent GIC levels. �e network parameter de�ned directionality
needs to be taken into account with the E-�eld directionality in terms of operational considerations.
Certain E-�eld directions are more prevalent or have a larger magnitude due to geophysical condi-
tions and near-Earth current system driving. �e network sits on top of these aspects and allows
certain E-�eld components to drive currents when aligned to the power lines. In Figure 54, taking the
percentile binned E-�eld direction alone shows the local transmission line direction given a realistic
E-�eld at the highest percentile. �e percentile range just above noise shows roughly the orthogonal
contributions to GIC and intermediate levels show a mix of large o�-line driving and weak aligned
driving. In the E-�eld representation the largest contribution to large GICs would come from E-�eld
along the line. �ere is signi�cant weighting o� these lines though, with the projection of strong
E-�elds still contributing to large GICs such as the westerly maximum E-�eld not seen clearly in
Figure 54, or the more clear south-easterly contribution.

�e network parameter version of directionality in Figure 55 is the averaged response that takes into
account all the projected contributions due to the pairwise calculations, including the o�-line contri-
butions. �e result is that the network parameter directionality ensemble may appear to deviate from
the local lines, but this is the weighted e�ective response and not the most common response. Given
a simple synthetic E-�eld this di�erence may be greater due to geophysical strikes not being taken
into account. For the same reason the network parameter directionality response may be cleaner.
Looking speci�cally at the network parameter directionality in Figure 55 and 56, it is evident that
larger GICs are be�er de�ned in terms of their e�ective network directionality. As mentioned, this
directionality does not match the line direction exactly but is rather a weighted average of both line
topology and E-�eld driving. Interesting to note is the poorly de�ned polarity at lower GIC levels.
�is is likely the result of instrument noise at the lowest levels or low-amplitude variable currents
in the transformer windings, which becomes less apparent as the GIC signal becomes stronger.
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Figure 54: �e E-�eld orientation as related to di�erent GIC magnitudes allows for an independent
interpretation of network parameter variation and directionality. �e resulting E-�eld occurrence
percentages are normalized according to the total E-�eld sampled to eliminate sampling biases. �e
colour bar represents the average E-�eld strength in a given bin. In the strong GIC range, there
are signi�cant E-�eld contributions of the order of 140 mV/km in the east-west direction associated
with the SSC period of the storm. �e E-�eld direction is consistently along the local power line
direction (do�ed line) in the strong GIC range, although contributions away from this direction
result in discrepancies away from local line direction in a network parameter de�ned directionality.

Figure 55: Directionality ensemble for PAR using the local MT derived E-�eld. Linking to the similar
plot for general E-�eld in Figure 54, the higher GIC magnitudes are be�er de�ned. �e resulting
predominant directionality is not associated with the local line direction (do�ed line) but rather the
e�ective response of the measured GIC vs E-�eld.
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Figure 56: Using the synthetic conductivity pro�le instead of an MT de�ned surface impedance, we
see that the resulting network parameter directionality is signi�cantly cleaner and more aligned to
the local network. �is tendency is suggestive of the 3D MT approach adding additional localised
complexity in the E-�eld estimation that the network does not ‘see’, i.e. integrates over given the
region is predominantly 2D.

A further interesting characteristic in the directionality response of the PAR node is that using the
simpler synthetic conductivity pro�le introduces a much cleaner network parameter de�ned direc-
tionality. Again reiterating the points made about a be�er e�ective frequency response and less
noise, although this conductivity pro�le is not as physically de�ned as the MT pro�le, when allow-
ing the network parameters to tweak it, it becomes operationally more viable.

6.1.4 Frequency Domain Transfer Functions

Moving into the frequency domain and away from traditional network parameters, the B-�eld-to-
GIC transfer function (TF) was estimated at PAR. �e TF estimation initially displayed signi�cant
issues with SNR given the usual B-�eld to GIC mapping. Similar to what is seen given indeterminate
polarity at low GIC levels in the network parameter directionality, the TF su�ers from a multimodal
phase response due to noise levels at high frequencies [98], as seen in Figure 57. Cleaning the re-
sponses in previous work has resulted in usable GIC modelling for PAR [191], but not at the accuracy
that is expected when the ground conductivity assumptions are sidestepped. �is previous mod-
elling using the TF also made use of remote B-�eld data that contributed to poor modelling accuracy
due to pulsation driving not being concurrent at both FRD magnetometer and TVA node [194]. �ese
issues regarding TF estimation can however be avoided by using 3�/3C instead of the B-�eld for
training. As mentioned in Chapter 3, 3�/3C and the B-�eld can be explicitly related in the frequency
domain, with 3�/3C e�ectively being a high-pass �lter to the B-�eld. �is improves the SNR in esti-
mating the TF and the phase is now well de�ned, similar to that seen by McKay [122] (clean PAR TF
is shown in Figure 58).

Although the clean TF was estimated using the 3�/3C , the mapping from B-�eld to GIC is shown in
Figure 58. Consistent with expectation, the GIC mapping is seen to be an e�ective high-pass �lter
of the input B-�eld [174]. �e use of 3�/3C allows a higher SNR above 52 (see Figure 12), which in
turn cleans up the TF response above 1 mHz previously a�ected due to spectral averaging. Lower
frequencies are however largely una�ected. Compared to typical MT approaches where less than 10
estimates per decade are common [65], the TF response in this case was estimated at a much higher
resolution. Nothing is lost in additional resolution, but accuracy in modelling was improved remark-
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Figure 57: Using high-�delity B-�eld and GIC data at the PAR, a transfer function (TF) can be es-
timated. �e le� plots are related to the )G component, linked to �G (and an east-west E-�eld or
network), and the plots on the right are related to the)~ component linked to �~ (and a north-south
E-�eld and network). �e upper plots show the TF component magnitudes and the lower plots the
TF phase response. As expected for the north-south network at PAR, )~ is be�er de�ned. From the
multiple traces (multi-modal) in the phase response, it is evident that the TF su�ers from a poor
signal-to-noise ratio and poorly de�ned responses at higher frequencies. For context the temporal
lags are not removed.

Figure 58: B-�eld-to-GIC TF as derived for PAR using the local 3�/3C and corrected for a roughly
4 second delay in the time domain. �e TF implicitly absorbs the surface impedance relation and
network parameters, assuming they units [A/(mV/km)] in this case. )G,~ hence have units of [A/nT]
or [A/(mV/km)][(mV/km)/nT]. �is TF has been estimated using 11 datasets created from 18 hour
windows padded to 20 hours and shi�ing of 3 hours across the entire dataset.
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ably. Having too low a resolution in log space smooths the response of components with the result
not much be�er than using linear binning. �e responses of the two components are consistent with
the e�ective topology and previous ensemble estimation. Due to the north-south network, the )~
component that scales �~ (and an analogous homogeneous-Earth �G ) dominates. �e)G component
on the other hand has a poor SNR. �is e�ect is particularly seen in the phase response, but also
in the magnitude response with a larger spread. Higher frequencies in both components are be�er
de�ned in these responses due to the training by 3�/3C , not su�ering from a multimodal phase re-
sponse and generally with smaller error bars at high frequencies relative to a B-�eld driven TF. In
future work, a hybrid estimation by B-�eld and 3�/3C may provide the best estimation across all
frequencies, with an optimal SNR throughout.

Not explicitly shown here is the estimation of lags between the GIC and B-�eld data as estimated by
the slope of the phase. A�er estimating this slope and correcting for the lag by shi�ing data in the
time domain, the phase response is �a�ened and physically interpretable (constrained to a single
quadrant). Magnitude is una�ected by shi�ing in the time domain. �e nature of the lag itself is not
de�nitive, with measurement di�erences or a low-pass �lter generating it possible. Lags a�ributed
to measurement have been identi�ed before by McKay [122]. As a test, multiple nodes in the TVA [188]

and Australian Powerlink networks have been analysed, along with the examples covered in this
work. A range of di�erent lags were estimated, with no coherent pa�ern suggesting a characteristic
of the transformer. Also interesting to note is that no lags are seen in 1 minute data (tested through
resampling across the available datasets). For the PAR node, where a local surface impedance is
available and E-�eld estimated, it was found that the E-�eld-to-GIC TF has a similar lag length to
the B-�eld-to-GIC TF. Furthermore, the magnitude response of the E-�eld-to-GIC TF is constant
across frequencies, suggesting a resistive network with no expected lags there. �is suggests that
the lag is not due to geophysical conditions but rather a lag between the measured B-�eld and GIC.
�e implications of a lag in general is two-fold. Firstly, taking this lag into account when modelling
is done in the time domain would improve results. Secondly, if there is a lag present and instances of
E-�eld and GIC are not concurrent, then delta network parameter estimation using (45) would break
down. Using the higher cadence TVA data where the lags cannot be estimated perfectly, network
parameters de�ned by (45) have been found not to be consistent, as expected.

Exploring the E-�eld-to-GIC TF more, this TF can be seen as the frequency version of the network
parameters. Previous research has analysed the frequency dependence of these parameters, probing
the resistive assumption of the network in GIC modelling [98]. A resistive network would result in
�at network parameter responses in both magnitude and phase. �e current set-up at PAR with local
B-�eld and multiple surface impedance responses that give an estimate of the e�ective E-�eld, o�ers
a unique extension to previous analysis which could only use a single site and could not rule out
further geophysical in�uences. In Figure 59 above, we see that the resulting PAR node frequency
dependent network parameters are not statistically di�erent from the �at responses expected for a
resistive network. In this case the U (l) is be�er de�ned (as expected) from a north-south network
and consistent with ensemble estimation. �e magnitude also re�ects the magnitude of the ensemble
estimate. �e V (l) parameter, similar to )G , is drowned by noise and not well de�ned.

6.1.5 Modelling Results

For modelling purposes, this analysis makes use of a number of di�erent versions of the ensemble
methods described. For each dataset, modelling is �rst done using the network parameters estimated
using the entire dataset, which includes noise. Secondly, modelling is done using estimates from
training done only on GIC instances larger than the median GIC level. �is in turn ensures only
signi�cant GIC instances are used, and noise or low levels are excluded. Compared to total ensemble
training that is representative of all GIC levels, performance for above median GIC training would
be be�er for higher GIC levels but worse for lower GIC levels. �e relative error metric (de�ned
below) that only looks at signi�cant GIC instances as such does be�er. �irdly, there is dynamic
estimation using sub-ensembles trained using the percentile ranges of GIC magnitude, similar to
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Figure 59: Using the local MT derived E-�eld, a similar TF approach can be applied between the E-
�eld and GIC to estimate frequency dependent network parametersU (le�) and V (right). �e TF mag-
nitudes in can be seen as the frequency dependent network parameters, with units of [A/(mV/km)].
Multiplying by 103 will result in the same units as the typical de�nition of network parameters, i.e.
[A/(V/km)]. Using the same datasets and considering the well de�nedU parameter, we see agreement
between the TF approach U ≈ 10−1 A/(mV/km) and ensemble estimation U ≈ 102 A/(V/km).

that seen in Figure 53. Here, the dynamic network parameters should adapt to the di�erent regimes
of GIC driving and perform the best [203].

For TF modelling results, a similar set of sub-models are used. Firstly, there is the raw TF. Secondly,
there is the ensemble adapted TF, where the TF components are convolved with the B-�eld com-
ponents and the 6 and ℎ ensembles estimated that allow for uncertainty quanti�cation. Lastly, a
dynamic version of the 6 and ℎ ensembles similar to the dynamic network parameter ensembles is
used to further improve on modelling. If the TF is well de�ned, the dynamic 6 and ℎ parameters
should provide li�le further bene�t besides estimation of uncertainty.

�e results of validation set modelling are shown in Table 4. �e error metrics used are the root
mean square error (RMSE), correlation coe�cient (d) and relative error (RE). �e RMSE is a measure
of the absolute magnitude error in ampere, whereas the correlation coe�cient is a measure of the
similarity between pro�le shapes, irrespective of amplitude. It is expected the empirical network
parameters provide optimal scaling so that the RMSE associated with a correlation coe�cient cannot
be improved on. In previous studies using analytical network parameters, it is assumed that a scaling
factor can be included to improve magnitude error given a set correlation [50]. �e relative error (RE)
in turn weights the absolute magnitude error, being de�ned as the GIC modelling error relative to
measured GIC for GIC instances over 1 A. �e median of the result is de�ned as the RE and quoted
as a percentage [106].

For all cases, the validation sets were kept out-of-sample for training. �e network parameters are
estimated either as a full ensemble or as sub-ensembles, where training is done using GIC instances
larger than the median GIC level or fully dynamic estimation using percentile ranges. Due to the high
cadence data for PAR, the size of the ensembles can become very large very quickly, with a greater
demand on computation time and resources. Instead, using the convergence of the method shown
by previous work [191], limited data and multiple runs are used instead [188]. Two separate validation
sets are used (both 25% of total dataset length), with training for each excluding its corresponding
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Table 4: Modelling results for the PAR node in the TVA network, without E-�eld normalisation. �e
second random validation set in this case refers to a random subset of 25% of data kept out-of-sample.

Validation Sets
Data/Method 22 June 12:00-23:59 Random

U V RMSE [A] (d) RE% U V RMSE [A] (d) RE%
Local MT Earth and Local B-�eld

Ensemble Parameters -117 0 0.53 (0.98) 21 -117 -9 0.40 (0.97) 16
Ensemble Parameters (>median GIC) -121 -4 0.52 (0.98) 21 -124 -5 0.42 (0.97) 17
Ensemble Parameters (dynamic) – – 0.56 (0.98) 24 – – 0.40 (0.97) 16

Local MT Earth and FRD B-�eld
Ensemble Parameters -93 21 1.07 (0.89) 42 -97 13 1.31 (0.71) 35
Ensemble Parameters (>median GIC) -110 44 1.07 (0.89) 37 -114 35 1.41 (0.72) 32
Ensemble Parameters (dynamic) – – 1.36 (0.84) 45 – – 1.36 (0.74) 32
General Layered-Earth [193] and Local B-�eld
Ensemble Parameters -216 -48 0.45 (0.98) 13 -215 -51 0.38 (0.98) 14
Ensemble Parameters (>median GIC) -230 -52 0.41 (0.98) 14 -226 -54 0.37 (0.98) 13
Ensemble Parameters (dynamic) – – 0.43 (0.98) 15 – – 0.36 (0.98) 16
General Layered-Earth [193] and FRD B-�eld
Ensemble Parameters -180 -21 1.02 (0.90) 29 -191 -23 1.21 (0.74) 28
Ensemble Parameters (>median GIC) -205 -20 0.97 (0.90) 22 -216 -20 1.28 (0.75) 25
Ensemble Parameters (dynamic) – – 1.53 (0.80) 32 – – 1.21 (0.78) 25

Local B-�eld TF
Transfer Function – – 1.04 (0.91) 38 – – – –
Transfer Function Ensemble – – 0.97 (0.91) 31 – – – –
Transfer Function Ensemble (dynamic) – – 0.97 (0.91) 33 – – – –

validation set. �e �rst validation set keeps a single 12 hour period relating to the geomagnetic storm
onset and main phase out-of-sample. �e second validation set aims to use more representative data
that includes commencement and main phases of the geomagnetic storm. As such, randomly selected
data points are kept out-of-sample. Although the TF approaches are the most physically accurate,
they require continuous data and cannot be tested on the second randomly sampled validation set. A
further shortcoming with the TF approaches is that when using remote B-�eld measurements then
local perturbations can cause the method to perform very poorly [191]. In the time domain ensemble
estimation, the distant data can still be used and is inherently more robust. Figure 60 makes use
of the parameter or TF estimates, along with the associated spreads to include the uncertainty in
modelling. To do this for the TF, the ensemble modi�cation to the TF components needs to be
included. �e results in Table 4 further show that the use of local B-�eld and network parameter
estimates are the most accurate. �e general layered-Earth estimation of the E-�eld further shows
be�er modelling performance, as previously suggested by the ensemble spreads. Both the layered-
Earth and MT derived E-�eld approaches do be�er than the TF estimation. �e TF in this case is
based on limited data (1.5 days) not representative (excludes the SSC and main phase driving), with
the implication that training on longer and more representative data that samples all storm phases
will be able to improve on modelling further. Dynamic parameter estimation in both the network
parameter ensembles or TFs add li�le to no bene�t, suggesting the various geophysical assumptions
are adequately de�ned for the local PAR node.

Although the response of the TF has been shown to be be�er with 3�/3C training, especially at
higher frequencies, there are further considerations with regards to modelling. Due to the B-�eld
having a be�er de�ned low-frequency SNR and the GIC signal having a higher spectral content
in the lower frequencies, general modelling does marginally be�er using B-�eld training (which is
quoted in Table 4). �ere is more to this story though, as the B-�eld training does not adequately
capture the high-frequency variation associated with SSC peak as can be seen in Figure 60. �e SSC
makes up a small part of the validation set and the error is not too evident. Making use of a weighted
RMSE metric, the 3�/3C trained TF does be�er. A hybrid between the two approaches may provide
the most accurate �nal estimate. Taking a simple average between B-�eld and 3�/3C TF results gives
a RMSE of 0.93 and d of 0.95, which is more accurate than either approach alone and emphasising
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Figure 60: Given the spreads derived through the ensemble methodology, uncertainty estimates in
the form of prediction bands can be derived for both network parameter (above median GIC level
here) and TF approaches. �ese bands are ideal for operational modelling, as seen for the PAR
validation set between the do�ed lines here. Of interest is the low-frequency and high-frequency
bias of the B-�eld and 3�/3C trained TFs in the lower two panels respectively.
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the need for both high and low-frequency characterisation. Due to limited training set size using a
sliding 6 hour window and the training set not including SSC or other signi�cant spike signatures,
further improvement can be expected using more representative training.

6.2 A Typical Case & Comparison with Previous Modelling

A�er the Halloween Storm of 2003, the largest geomagnetic storm of solar cycle 23, signi�cant trans-
former damage was seen in the South African power network [15]. Although not the largest in terms
of minimum �BC or SYM-H, the geomagnetic storm was the result of multiple CMEs with the re-
sult more complex than typical single CME storms [29,79]. A power network does not di�erentiate
between events and sees the entire period spanning a number of days as continuous driving, which
possibly introduces more stress and damage than a single event.

Due to the Halloween storm causing damage in the South African network, the GIC data measured
at the GRS node has been been extensively used for modelling purposes [104,106,157]. �e GIC data
provided by the Sunburst project at GRS is high-�delity 2 second cadence data. B-�eld data of that
time is 1 minute cadence data from a distant magnetometer at HER, roughly 600 km away. Although
there is a move to 1 second cadence B-�eld measurements, there still are a lot of utilities that only
have access to 1 minute data. At the 1 minute cadence, the spectral content of GIC and B-�eld data
is largely representative and can be used for operational decision-making. Higher sampling rates do
however introduce more GIC dynamics and larger peak values, and should be used where possible.
�e GRS case with high-�delity 1 minute cadence GIC and B-�eld data, B-�eld measurements from
a remote magnetometer and no conductivity information, is seen as a typical case for a utility. �e
extent of previous modelling at GRS [104,106,157,204] also allows for comparison and analysis between
empirical methods.

At GRS, the previous modelling approaches have included a homogeneous Earth assumption [157,204]

and a local layered-Earth conductivity pro�le [104]. In the case of the ‘local’ layered-Earth, the pro�le
is not as much a geophysical pro�le but a layered-Earth approximation of a TF between the B-�eld
and GIC, based on the approach of Pulkkinen et al. [102]. In this quasi-transfer function approach,
network parameters are estimated through an analytical network model. �e conductivity pro�le
is then obtained by inverting the surface impedance derived from GIC and B-�eld measurements,
taking into account the network parameter scaling and assuming a layered-Earth. �e exact values of
the network parameters used for the estimation are irrelevant since the GIC related local conductivity
pro�le absorbs any incorrect scaling, with the result that the network parameters and conductivity
pro�le form a pair at a node and cannot be used in a more general sense. Geophysical aspects can
nevertheless be seen in such a layered-Earth approach, but the geophysical context taken in a local
sense may be misleading as network averaging is already taken into account [102,104]. An MT survey
on the other hand includes signi�cantly more variation due to geology and computing a network
e�ective E-�eld at a node is not trivial. Making use of the local GRS layered-Earth pro�le and further
allowing empirical network parameters to be derived and used in modelling is similar to the concept
of the 6 and ℎ parameters used to further tweak a TF approach.

Further modelling using the local layered-Earth conductivity pro�le [104], has been a�empted with
the addition of computing the E-�eld through a �nite element method (FEM) approach [106]. In the
FEM study, network parameters were empirically derived for improved estimation using a zero-
crossing method, i.e. when either �G or �~ is near zero then the other term of (35) is used to estimate
a single network parameter. �e zero-crossing method produces only a few estimates of network
parameters and there has been an issue of contamination of the validation set, as the same dataset
used to derive network parameters and conductivity pro�le is used in validation. �e mixing of
training with validation allows for further tweaking and arti�cially be�er �ts. Regardless, the FEM
approach aims to be physically informed and may provide more accurate results.

�e resulting network parameter ensembles of the local layered-Earth conductivity pro�le and HER
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B-�eld can be seen in the upper panel of Figure 61. �e �nal or most probable estimates are de�ned
by the medians and shown using solid lines. Previous empirical network parameter estimates using
the same conductivity pro�le and B-�eld data are shown by dashed or do�ed lines.

Figure 61: An example of the network parameter ensembles as seen for the GRS substation using
the entire available measured dataset. Previous empirical network parameter estimates are indicted
by the dashed lines. �e lower �gure is representative of the directionality ensemble, which aligns
closely with the roughly north-south local line directions and re�ects the peaks of network parameter
ensembles in the upper panel.

Figure 62: For comparison with PAR (Figure 50), we see similar stability of the ensemble method
using di�erent conductivity pro�les and remote HER B-�eld data. Median estimates of U for this
similarly north-south network are given with estimates used in previous studies.

For consistency and comparison of the e�ect of di�erent conductivity pro�les seen at PAR in Figure
50, responses for GRS are shown in in Figure 62. Here the di�erent conductivity pro�les are de-
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�ned by previous modelling at GRS, with a homogeneous Earth used [205] (SCAHOM Pro�le), along
with the locally derived layered-Earth pro�le [104,106] (GRS Pro�le) and the general synthetic pro�le
employed as a standard in this work [193] (SCAGLO Pro�le).

Figure 63: Total ensemble at GRS (HER B-�eld and GRS layered-Earth pro�le) is shown, with GIC
magnitude percentile range sub-ensembles showing the increase of the U network parameter with
magnitude. For the lowest percentile range (blue), a Gaussian distribution is ��ed (orange) which
matches the observed heavy-tailed result of the ensemble method given measurement noise. Com-
pare with PAR, Figure 52.

Using the local layered-Earth pro�le pro�le, the observed variation in network parameter response
given di�erent GIC regimes seen at PAR in Figure 52 is also seen for GRS in Figure 63. Due to the
lower SNR for GRS relative to PAR, the 0-25 percentile level a�ects the full ensemble median – which
does not accurately represent the 75-100 percentile level. Practically this means only estimates above
the median level should be used for modelling, something previous modelling did not do [104,106]. Be-
sides movement away from instrument noise, the variation at GRS may include geophysical aspects.
Although it is assumed that the empirical network parameters adequately represent the coastal ef-
fect at GRS (roughly 10 km from the coast), there would be di�erent magnitude scaling of network
parameters to correct for the resulting GIC given di�erent E-�eld directions. Similar to PAR, GIC
magnitude is linked to the projection of the E-�eld direction onto the local network and it is likely
that there exists a GIC magnitude dependence on the network parameter scaling due to absorption
of unmodelled geophysical aspects. For larger E-�elds and associated GICs, the di�erence between
a simple E-�eld and the inductive contribution from geophysically complex E-�eld is greater [46,132].
In such cases, the network parameters and their spreads also would need scale the di�erence.

In the lower panel of Figure 61, the directionality ensemble for GRS is shown. Assuming a local
layered-Earth conductivity and B-�eld from HER, the network parameters show an e�ective north-
south response. In this particular case the local network lies to the north and matches the direction-
ality response (see Figure 21).

�e directionality response has a direct e�ect on the SNR in the TF approach using GIC data, with
the )G poorly de�ned [191]. Using the 1 minute cadence GRS data to estimate the TF, there was no
need to use the 3�/3C version of the method as the mapping between B-�eld and GIC is well de�ned.
Although the TF has been estimated and presented in preliminary work [191], the results of modelling
using this approach are included in Table 5 for comparison. In both the network parameter ensembles
and TF approaches, error and uncertainty are encoded in the spreads. �ese spreads can be further
related to uncertainty bounds which are shown explicitly in Figure 64.
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Table 5: Modelling results for GRS substation compared to previous work, keeping the entire 29th
of October as an out-of-sample data set for validation. '"(� and correlation coe�cient (not used
in previous work) are calculated for the di�erent storm phases and the entire validation set. �e
relative error is shown either for half a day (HD) as done by Ngwira et al. [104] or the full day (FD)
as done by Matandirotya et al. [106]. �ree versions of network parameter ensemble estimation are
shown, i.e. using the entire training set, training instances above median GIC or dynamic percentile
range training. Frequency domain TF ensemble estimation results that absorb network parameters
and E-�eld in a single step are also shown. Best performing metrics are highlighted in bold.

RMSE [A] (d) RE%
Data/Method 0 1 00:00-11:59 06:00-11:59 19:00-23:59 00:00-23:59 HD/FD

(HD) (FD)
Uniform Earth [205]

Network Parameters [205] -80 15 3.49 – – – 82/–
Ensemble Parameters -29 1 1.17 (0.70) 1.63 (0.71) 1.12 (0.90) 1.07 (0.75) 60/52
Ensemble Parameters (>median GIC) -43 5 1.81 (0.76) 1.95 (0.77) 1.0 (0.91) 1.36 (0.79) 47/42
Ensemble Parameters (dynamic) – – 1.16 (0.77) 1.61 (0.78) 0.92 (0.92) 1.02 (0.81) 43/42

Local Layered-Earth [104]

Network Parameters [104] -80 1 1.56 – – – 48/–
Network Parameters (FEM) [106] -80 1 – 0.96 (0.81) 1.07 (0.86) 1.35 –/51
Network Parameters (FEM) [106] -94 24 – 1.38 (0.82) 1.11 (0.89) 0.98 –/41
Ensemble Parameters -96 -3 0.84 (0.86) 1.16 (0.88) 0.76 (0.96) 0.79 (0.87) 42/37
Ensemble Parameters (>median GIC) -128 3 1.49 (0.90) 1.61 (0.90) 0.55 (0.97) 1.06 (0.91) 47/29
Ensemble Parameters (dynamic) – – 1.00 ( 0.89) 1.40 (0.90) 0.51 (0.97) 0.82 (0.90) 49/30

General Layered-Earth [193]

Ensemble Parameters -109 -1 1.07 (0.78) 1.49 (0.79) 0.83 (0.94) 0.93 (0.82) 46/38
Ensemble Parameters (>median GIC) -142 11 1.68 (0.83) 1.81 (0.84) 0.70 (0.95) 1.18 (0.87) 44/33
Ensemble Parameters (dynamic) – – 1.12 (0.82) 1.56 (0.83) 0.67 (0.95) 0.92 (0.86) 43/33

HER B-�eld
Transfer Function – – 0.94 (0.85) 1.18 (0.87) 0.67 (0.97) 0.81 (0.86) 38/30
Transfer Function Ensemble – – 0.88 (0.85) 1.16 (0.86) 0.72 (0.98) 0.78 (0.87) 43/34
Transfer Function Ensemble (dynamic) – – 0.83 (0.89) 1.12 (0.90) 0.49 (0.98) 0.69 (0.90) 36/25

Figure 64: Taking into account modelling uncertainty, we can de�ne error bands for the network pa-
rameter and TF approaches at GRS during the 2003 Halloween Storm [191]. Here the general layered-
Earth conductivity pro�le (LE) and ensemble adapted transfer function (TF*) models are shown for
periods of interest within the Halloween storm. Also shown is the SYM-H index in the upper panel.
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From the de�ned error metrics we see an improvement in GIC modelling in almost every aspect when
compared to previous work, particularly the TF approach. �is improvement is seen even though the
modelling was done on an independent validation set that was not used in the parameter estimation,
which may have had in�uence in previous work by Matandirotya et al. [106]. In that previous work,
the empirically estimated parameters did be�er than the analytically estimated parameters given
the whole day, but not during the signi�cantly disturbed times because those network parameters
‘tuned in’ to the whole day’s measured data. Given that they were trained on the whole day, they
are not independent when considering the validation set and in turn perform be�er given the whole
day. Combining this with the second half of the day also being used to determine the conductivity
pro�le initially [104], there is further ‘tuning’ of the empirical conductivity pro�le to match observa-
tions. �e combination results in a more than a 10% improvement in the relative error throughout
the day in previous work. Allowing that there may be in�uence from the second half of the day
due to feedback from the conductivity pro�le estimation, the ensemble method nevertheless does
signi�cantly be�er with a further improvement of 10% using above median or dynamic estimation of
network parameters and the same conductivity pro�le. Comparison with the general layered-Earth
dataset, where no prior local information is included, also shows improvement throughout the day
in terms of relative error and operationally feasible modelling.

From the results of modelling it is seen that intense GIC driving can be modelled accurately using
limited data. �e true performance of the models presented may be even be�er though as training
for the most active part of the Halloween Storm was done on less active periods. Not having a rep-
resentative training is a distinct disadvantage given any data-driven method. For a more accurate
performance metric, a random training (75%) and validation set (25%) (of the same size as the other
benchmarking set already presented) is applied for the general layered-Earth pro�le using the en-
semble method. Using training set GICs above the median level, ensemble estimates of U = −138
and V = 8 were derived. Across this ‘full day’ of data we have a RMSE of 0.73 A, correlation coe�-
cient of 0.86 and relative error of 30%, all comparable the results presented for same dataset size and
method in Table 5. Unfortunately, due to the requirement of continuous data, a similar representative
randomly sampled training set cannot be tested for the TF approach.

6.3 A Pathological Case

Even when a utility only has access to only poor GIC data, it is nevertheless possible to produce
useful GIC estimates. GIC data from Matimba (MAT), at 1 minute cadence and with 1 decimal place
accuracy, has not been cleaned for arti�cial spikes or baseline shi�s and is about the limit of what
is useful. �e MAT node in the South African network has shown susceptibility to GICs in the past,
with transformer degradation initiated by the Halloween Storm [15].

For this case, the St. Patrick’s Day Storm of 2015 has been used for analysis. �is storm is a typical
example of a geomagnetic driving expected from a geomagnetic storm arising from a CME, with a
minimum SYM-H of -234 nT [206]. Besides the poor temporal resolution, the GIC data has a relatively
poor sensitivity of 0.1 A. We further test the robustness of the ensemble methodology by using distant
KMH B-�eld data, comparing it with modelling using the nearer HBK data. No prior information of
the Earth’s conductivity is used for E-�eld derivation. Ensemble network parameter estimation is
done using no selection criteria, i.e. noise levels are included. Operationally, including all available
data with a poor SNR is important as it may have been a long time since there was a previous
signi�cant disturbance for training purposes. �e inclusion of low-amplitude data in itself is also a
test of the usefulness of poor data and robustness of the methodology.

Given the two days of data, 25% randomly selected instances were kept out-of-sample for validation
purposes. In an operational context, this relates to 18 hours of data used for training, but it is possible
to use less as convergence of the ensemble method using 1 minute cadence is roughly on the order of
8 hours. In the pathological case presented here, with missing and uncleaned data, the TF approach
cannot accurately be applied, but the network parameter ensemble approach can – this has direct
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implications for operational use.

Figure 65: Using raw, uncleaned data for the MAT node in the Eskom network we can nevertheless
produce stable network parameter ensembles and prediction bands. In the upper panel, the network
parameter ensembles are shown for the nearby HBK B-�eld and the more remote KMH B-�eld. In
both cases the synthetic general conductivity pro�le is used to estimate the E-�eld. �e middle panel
show the corresponding directionality ensembles, with the lower panel making use of the network
parameter estimates and ensemble spreads to generate usable GIC modelling given low-�delity data.

In the top and middle panels of Figure 65, we have the network parameter ensembles for MAT
using two di�erent B-�eld measurements for the nearby HBK magnetometer (280 km S) and more
distant KMH magnetometer (1,120 km WSW). �e distance to KMH is extreme and generally thought
too be too far for GIC estimation, even at mid-latitudes [152]. In both cases, the E-�eld is estimated
from the synthetic general conductivity pro�le without being normalised for comparison. For many
utilities there simply is no access to conductivity information or nearby magnetometers, which adds
to operational suitability of this case.

As expected, the closer HBK B-�eld measurement has less spread than the KMH B-�eld. Interest-
ingly the network parameters are relatively stable without normalisation. �e estimates of 0 = −63
or −75, and 1 = 60 or 53 for KMH and HBK respectively diverge from previous empirical network
parameter estimates of 0 = −84.25 and 1 = 44.86 [5] and previous analytical network parameter es-
timation of 0 = 122 and 1 = −23 done in 2002 [204]. �e directionality ensemble is also stable and
picks up the dominantly south-easterly network seen in Figure 21 (series capacitor to the north). In
the lower panel of Figure 65, an operational prediction of the validation set is shown which includes
the uncertainty band. For the KMH case, the validation set has an RMSE of 0.25 A and correlation
coe�cient of 0.83. �e RE measure was 26.7% and 81.3% of instances were within the prediction
band. Using the nearby HBK B-�eld, accuracy was improved with the RMSE now 0.23 A and corre-
lation coe�cient 0.86. �e RE measure was reduced to 20.0% but then 80.7% of instances were within
the prediction band. Although marginal improvement is seen, the method adequately tracks uncer-
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tainty in the prediction band and even the more distant magnetometer can be used for operational
modelling.

Linking to the Halloween Storm where there was damage at MAT, the modelling bounds can used
to extrapolate the exposure of the 2015 network. Making use of 2015 GIC levels above median GIC
level for training, the relative Halloween Storm exposure including error bounds did not exceed 20
A (Figure 66), assuming there was no large change in the e�ective network and these two periods
are comparable. In this case the network has become more complex since 2003, with the expectation
that more GIC could possibly be dissipated in the current network. Comparisons with the larger
analytical network parameters of that time seem to support this conclusion. It is however unlikely
that the network change reduced to such an extent that they were above the FERC threshold for
transformer damage of 75 A per phase [30] when damage occurred, even if the measured peak GIC is
underestimated due to 1 minute cadence data.

Figure 66: Extrapolating the trained ensembles for MAT using 2015 data, the level of a Halloween
Storm type disturbance a�ecting the 2015 grid can be estimated. Here the extrapolated GIC pro�le
is shown in black, with uncertainty bounds in red.

6.4 A Few Further Cases

Other than operational considerations of modelling using di�erent data �delities, the ensemble
methodology proposed allows for further characterisation of GIC. In Heyns et al. [191], the ensemble
methodology has been applied to the BOW node in the Powerlink network in Australia. Section
6.4.1 explores these results and applies the methodology to additional nodes within the Powerlink
network. In in similar vein, Section 6.4.2 analyses the results of the ensemble methodology in the
geophysically complex case of Memanbetsu (MMB) substation in Hokkaido, Japan.

6.4.1 Applications Down Under

In the testing of the ensemble methodology, BOW, MDR and MUR were all used and found to be
consistent with results already shown, although the extent of data is limited and full validation of
the TF approach cannot be done with an out-of-sample dataset. For these nodes there further has not
been comparable de�nitive modelling which can be compared to, with only a correlation coe�cient
quoted [50,155] and regression done post-modelling to de�ne the scale factor (basically ful�lling the
role of a network parameter).
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A result within previous analytical modelling using a uniform or simple layered-Earth conductivity
model is that the modelled GIC at MUR is opposite in polarity when compared to GIC measure-
ments [50,155]. Polarity used by both the GIC monitoring equipment and modelling assumptions in
this case is de�ned by the Australian Energy Market Operator (AEMO) convention (GICs into the
ground are positive). When more complicated 3D E-�elds have been assumed, then both MUR and
MDR have displayed incorrect polarity in modelling [155].

MUR is located in a more complex part of the network that includes lower voltages and coastal
e�ects [134], although it has been shown the east coast of Australia has a reduced coastal e�ect than
would otherwise be expected [155]. Probing this particular node further, we see in Figure 67 a clear
directional bias of the E-�eld towards ENE for large GIC values and N/S for noise levels. Although
MUR is coastal, with a ENE coastal e�ect possible, the network topology is also more complex.
Looking at the topology in more detail in Figure 68, we see that the higher voltage 275 kV line
at MUR is predominantly north-south, possibly explaining the noise level GIC E-�eld orientation.
Including the lower voltage 110 kV lines, MUR ends up having more east-west contributions possible
(the bulk of the network is in a WSW direction relative to MUR), especially if enhanced by general
east-west driving from the ring current and coastal e�ect. In the data-driven mapping of E-�eld
to GIC through network parameters, there is a selection bias towards large or dominating E-�eld
directions. We cannot explicitly split the di�erent contributions, either from geophysical or network
related perspective. Using the network parameter directionality ensemble, seen in Figure 69, we
generate the net result – which in this case is an easterly e�ective network direction that would
produce positive GICs. Since the bulk of the network is to the west, we expect GICs produced by an
easterly E-�eld to ground at MUR. Assuming the AEMO convention, the resulting GICs would be
measured as positive, and no anti-correlation is seen (as has been in conventional modelling). MDR
on the other hand shows a cleaner network parameter response and a clear eastward dominance
from the 330 kV line in its network parameter directionality (Figure 69).

Figure 67: Using a layered-Earth derived E-�eld, the directionality and strength associated with dif-
ferent GIC magnitudes can be represented. In this case the more complex MUR node in the Powerlink
network is shown.

In the case of BOW, the network is less complex and the polarity using di�erent conductivity pro�les
is consistent [155]. In Figure 70, we see the BOW directionality response for the same storm as MUR
and MDR, but with a much cleaner response closely aligned to the 132 kV line that ends at BOW
(indicated by a do�ed line in the �gure, and seen explicitly in the network map in Figure 25). BOW,
also being coastal is expected to show a coastal e�ect, roughly in the same direction as the line
itself. What is of interest though is the possible contribution from the larger inland 275 kV line,
orthogonal to the BOW line. Evident at higher GIC levels, which is made possible by the ensemble
methodology and would not otherwise be seen, is an elevated contribution from the roughly NW
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Figure 68: �e 330 kV, 275 kV and 110 kV network topologies around the 275/110 kV transformer at
MUR and 330/275 kV transformer at MDR.

Figure 69: Taking the network parameter de�ned directionality ensemble and spli�ing according
to GIC magnitude, we also see more complicated contributions in the network parameter de�ned
directionality at MUR and the dominant eastward 330 kV line contribution at MDR.
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direction aligning to this more distant but longer higher voltage line. It is possible that contributions
from the 275 kV line �nd their way into the BOW line and ultimately BOW, especially in the case
of large driving. In such case, a northerly (NW) direction would be more e�ective as the majority of
the network that acts as an antenna lies to the south of BOW. A southerly (SE) E-�eld would not be
as e�ective, with only the 132 kV line being applicable.

Figure 70: �e network parameter directionality is shown for the simpler BOW node, where local
line direction is roughly perpendicular to the coastline and denoted by the do�ed line. Of interest
here is the possible in�uence of GIC contributions from a line one node away (dash-dot line, and the
northerly contribution in particular). With large northerly driving, GIC �ow may enter the SW-NE
132 kV line from the larger inland 275 kV SE-NW line. Southerly driving will not have the same
e�ect as the 275 kV contributions will continue through to the rest of the network and only the
SW-NE 132 kV line will contribute.

Although there is not enough data to test the TF approach in terms of modelling accuracy on an
out-of-sample dataset, the TF response can be computed and analysed. �e Powerlink data in this
case provides a good validation of high-�delity data at a 4 second cadence where the SNR of higher
frequencies can be tested. An additional test of the method is that the Powerlink data is sampled
dynamically, with the highest cadence during disturbed times being 4 seconds. When variation does
not exceed a certain threshold, then no data is recorded – the result being a dynamic resolution, with
some geomagnetically quiet periods only recording at cadences on the order of minutes.

In Figure 71 we see that similar to the higher cadence data in the TVA network, the use of the B-
�eld in deriving the TF results in a poor multimodal phase response. Training with 3�/3C instead,
we arrive at a well de�ned response in Figure 72. Physically, this TF is consistent with what is
expected at BOW and the main SW/NE directionality due to network and coast that requires both
TF components to contribute. Further, assuming no complex 3D conductivity structures, we expect
that the phase responses are directly out of phase with one another (which is what is seen in Figure
72). Both magnitude and phase conditions are satis�ed for the TF at BOW. A �nal remark is the time
lag evident at higher frequencies as a curve in the phase. As in the TVA cases, this time lag can be
corrected for but does not show any de�nitive link to geophysical or network related e�ects.
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Figure 71: In the BOW case, with limited data and dynamic higher resolution sampling, the ensemble
methodology can still derive a TF. In the case the signal-to-noise ratio of the training B-�eld data
results in multi-modal and poorly de�ned responses in the phase response. For context the temporal
lags are not removed.

Figure 72: Using 3�/3C instead of the B-�eld improves the signal-to-noise ratio remarkably for BOW
and the phase is now well de�ned and in line with the network parameters previously estimated.
For context the temporal lags are not removed.
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6.4.2 A Complex Geological Case

�e Memanbetsu (MMB) GIC dataset has seen a lot of previous GIC analysis [83,84,98,103,207] and the
Kakioka Geomagnetic Observatory has been taking both 1 second cadence B and E-�eld measure-
ments close to the substation since 2000. Using the long span of geophysical measurements, an accu-
rate MT surface impedance tensor at MMB has been computed, with inductive distortions noted [110,187].

For our purposes of testing the robustness of the ensemble methodology and its use in GIC charac-
terisation, GIC data from the 14-16 December 2006 (JST) geomagnetic storm [83,84,103] is used to �rst
derive network parameter ensembles. �e geomagnetic storm in question is comparatively larger
than other GIC events analysed at MMB in terms of both GIC and B-�eld disturbance [83,103]. Mea-
sured E-�eld data at MMB for the period shows large baseline o�sets [187]. Instead of correcting for
these, an E-�eld derived using the measured surface impedance tensor is used. Comparing the mea-
sured and derived E-�eld, the general pro�le shapes are identical [187] but with the derived E-�eld
having correct baseline subtraction and no contamination from arti�cial noise. In line with previous
analysis and as suggested by Fujii et al. [187], the high-frequency data was resampled to 1 minute
cadence for higher con�dence in the E-�eld response. �e resulting ensembles using only GIC in-
stances above the median to suppress e�ects from noise are shown in Figure 73 and have network
parameter estimates of U = 133.7 and V = −270.2. �is result diverges from previous analysis by
Watari [103] both in terms of magnitude and directionality.

Figure 73: In the geologically complex MMB region, using a single E-�eld estimate gives an inter-
esting directional response that is more aligned to the lower voltage network than the main line to
Ashoro power station.

Before comparing to previous network parameter estimates, it pays to look at the assumption of a
single site E-�eld being used. In previous empirical analysis, this particular storm has been modelled
very accurately as a validation set of a quasi-TF approach [84]. �is quasi-TF approach is the same as
used in deriving a local 1D layered-Earth conductivity at GRS, but here for a much more complex
geophysical structure given a conductive upper layer. Due to the quasi-TF approach being trained
on a di�erent storm to the validation set, but still being generalisable and accurate suggests that
there were no obvious network changes. Deriving the conductivity pro�le for GIC measurements
means that the e�ective averaged response of the network is absorbed. More common at MMB has
been the use of the single site E-�eld measurement available. Without taking into account the E-�eld
response over the network, modelling performance breaks down completely. Watari [103] used this
single site E-�eld estimate with best-�t empirical network parameters that assume Gaussian error
and modelling was out by a factor of 2. When trying to reproduce the result using the same data,
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rederived empirical network parameters using the same relations were found to be larger (0 = 38.1
and 1 = −7.4 initially versus 0 = 108.6 and 1 = −223.7 when rederived). Interestingly, the rederived
relations result in similar magnitude and directionality responses to the ensemble result. It is not
clear where this discrepancy within previous analysis lies. Independently, Weigel and Cilliers [98]

used a single site E-�eld and alternate empirical network parameters that were larger, but still with
signi�cant error in modelling. Instead of a single estimate, multiple network parameters estimates
were computed and it is apparent that the 1 parameter had signi�cant spread. �e ensemble result
similarly shows large spread in the V parameter compared to the be�er de�ned U parameter, which
may also be associated with the more dominant �G [187].

Where the ensemble result diverges from all previous studies is in the e�ective network direction-
ality using single site E-�eld measurement. Most studies, including empirical estimation, consider
the NE high voltage 187 kV line from Ashoro power station to MMB to be the main contributor to
GICs at MMB [84,103]. Recent research has suggested a diversion to the NW, orthogonal to the main
HV line [98]. �e ensemble network parameters in this case suggest a similar WNW directionality,
but with the caveat that the V component has huge spread compared to the be�er de�ned U pa-
rameter. As mentioned before, the empirical network parameters will absorb not only the network
topology but also the geophysical aspects. At MMB, besides distortion noted [187] there would be a
large coastal e�ect along with a possible large conducting region eastward [103]. �e bathymetry is
in agreement with deep water eastward and the coastal e�ect perpendicular to the main axis of the
island chain [207].

Tied in with the geophysical considerations is the possible inclusion of lower voltage network con-
nections in the neutral measurements. In other networks, the inclusion of the connected network
has shown to have signi�cant e�ects [101,154]. In the case of MMB, the connected lower voltage 66 kV
network runs in a roughly westerly direction possibly aligning with contributions from geophysical
conditions. Similar to MUR in Australia, care should be taken when interpreting the neutral GIC
measurement when compared to line GIC in general. �e GIC measured in the neutral is the di�er-
ence of the currents in the windings and polarity of the current in the di�erent voltage bus nodes is
important [155]. When analysing directionality, the network as a whole should be taken into account
– in this case not excluding the possible contribution from the 66 kV line. When there is uneven
distribution of GIC in the bus nodes within a substation where there may additionally be common
grounding, the result may be more complex. Although more complicated topologies with multi-
ple lines o�en dissipate GIC, these regions would also require more accurate network parameter
estimates.

For the geomagnetic storm in question, which although the largest of recorded GIC events, peak GIC
driving was only a few ampere. With such low susceptibility, the GIC SNR is low during moderate
storms and contributions from other voltage levels may generally not be seen. When a more intense
geomagnetic storm occurs, the disturbance �eld at mid-latitudes is driven by the east-west ring
current and induction e�ects from the coastline at MMB would contribute to an elevated east-west E-
�eld, i.e. there is dominant E-�eld direction that may create a selection bias in data-driven mapping
between E-�eld and GIC. Alignment in such a case favours the lower voltage lines, which may
contribute similar GICs to the less aligned 187 kV line – resulting in the increased V parameter
spread and e�ective WNW directionality seen.

As part of recent research into the base assumption of a resistive network for GIC modelling, Weigel
and Cilliers [98] made use of the single E-�eld measurement at MMB to derive the frequency depen-
dence of the network parameters. �e result was an estimated low-pass response of the network.
At PAR, with a higher voltage network and larger transformers but possibly simpler geology, it was
found that the resistive assumption is adequate. A similar test can be done in the case of MMB to
validate previous research.

Using a similar ensemble estimation of the TF components between E-�eld and GIC, a much �a�er
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Figure 74: Looking further at MMB, a single E-�eld estimate may not su�ce for GIC modelling. Here
the required additional frequency contributions are absorbed into the network parameters, with the
result no longer being a �at, constant response.

E-�eld-to-GIC TF magnitude and phase response was found, the result being near resistive and not
low-pass. �is result is more in line with the fact that the slopes of the frequency response of the
E-�eld and GIC are similar [174]. Figure 74 shows the magnitude and phase for a time shi� corrected
response using 4 second cadence data. At lower frequencies the response is well de�ned, with mag-
nitude �at and phase of network parameters correct. At higher frequencies this breaks down to
some extent, with magnitude still well de�ned but not phase. Speci�cally, the network parameters
are not orthogonal, which explains the di�culty in modelling GIC response using only this single
site. Higher frequencies are associated with shallower geophysical structures, which may further
indicate the existence of the shallow conducting layer seen in previous work. Of the two parame-
ters, the U (l) TF is be�er de�ned, relating to the U network parameter being be�er de�ned. Both
versions of the U parameter in turn relate to the north-south contribution of the network, which
most likely is driven by the HV line from Ashoro power station. �e variation in the E-�eld-to-GIC
TF components is signi�cantly smaller than that reported by Weigel and Cilliers [98]. Such variation
is more likely due to variable E-�eld over the network footprint, including the lower voltage con-
nection, than a network response which would have also been seen at PAR previously shown. Also
to note is that the estimation of the TF by Weigel and Cilliers [98] included multiple days, where this
estimation was achieved with a couple of days and a single storm. In the case of a non-stationary
system or multiple storms there could indeed be more variation.

Single site E-�eld measurements can be misleading, but network e�ects cannot wholly be ruled out.
At a high temporal resolution there is o�en a lag apparent in driving E-�eld and GIC, especially seen
during distinct events such as SSCs. Separating the di�erent drivers of this lag is not trivial and the
best validation of this response would be in laboratory tests and simulations of transformers under
real induced current conditions.

6.5 Summary

In this chapter, the proposed data-driven approaches using ensemble estimation have been rigor-
ously tested in six installations in four di�erent regions of the world. Despite signi�cant di�erences
in cadence and quality of GIC data, distance from a geomagnetic observatory and high SNR, the en-
semble approach consistently identi�es the direction and magnitude of network parameters (from
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one data extreme at PAR in the TVA network to the other extreme at MAT in South Africa). �e
robust methodology developed means useful GIC modelling is possible, even in cases with low data
�delity.

Comparing the ensemble methodology with previous empirical modelling at GRS in South Africa, the
ensemble methodology has been shown to perform be�er. In comparing modelling using di�erent
levels of data �delity at PAR in the USA, closer B-�eld measurements gives be�er results (narrower
distribution), but a more complex ground conductivity does not necessarily do the same. Following
up from previous work by Heyns [208], the variation in ensemble network parameters due to di�erent
driving regimes is con�rmed using high-�delity data at PAR.

Further validation at MUR, MDR and BOW in Australia and MMB in Japan demonstrate the con-
founding of simple approaches by coastal e�ects and associated higher or lower voltage lines in the
vicinity. At MMB, with its complex geological structure, it has been shown that single E-�eld mea-
surements are not representative of E-�eld driving in a network. Using this single value of measured
E-�eld the resistive approximation shown to be invalid recently by Weigel and Cilliers [98] was con-
�rmed, although not to as extreme an extent. In contrast, a similar analysis at PAR results in �at
phase response in the E-�eld to GIC mapping, suggesting the resistive approximation is adequate
when the e�ective E-�eld is correctly de�ned.

Looking at the frequency domain modelling in speci�c, it was shown that the use of 3�/3C training
for the B-�eld-to-GIC TF creates stable and accurate responses given spectral scaling that includes
higher frequencies. In typical training using the B-�eld alone, the poor SNR results in poorly de-
�ned TFs given higher cadence data (less than 1 minute) with physically incorrect with multimodal
phase responses. Including 6 and ℎ ensemble parameters [191], analogous to the time domain net-
work parameters, allows operational modelling in both cases with uncertainty estimation for the
�rst time.

�e ensemble estimation methodology has shown to absorb geophysical aspects of GIC modelling in
generating an e�ective directionality response not necessarily aligned with the local network. With
minimal data, a utility can have a accurate real-time picture of the network and susceptible nodes.
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7 Improved Interpolation of the Geomagnetic Field

In the previous chapter, it has been important to develop robust empirical approaches that directly
map B-�eld measurements to GICs. In this sense the ensemble estimation methodology (with en-
semble spreads that include B-�eld error) allow remote magnetometers to be used e�ectively in GIC
studies. Coupled with ring-current driving of a near plane-wave at mid-latitudes, interpolation is
not always needed to obtain useful GIC estimates from empirical modelling where scaling is ab-
sorbed [106]. �at said, the analysis of the ensemble methodology has shown that improved B-�eld
representation improves the estimation of network parameters, transfer functions and ultimately
GICs. It is therefore useful to improve the B-�eld interpolation approach and allow for be�er B-
�eld modelling in sparsely instrumented regions/networks. To note, the general applicability of this
chapter allows it to stand alone from the GIC modelling focus of previous chapters.

�e sparse coverage of high-�delity magnetometers is largely due to the cost of equipment and
maintenance associated with operating a geomagnetic observatory. It is more feasible for a utility to
use variometers, with some idea of the uncertainty involved. Variometers in this case refers to lower
cost magnetometers that are not observatory grade (o�en not temperature controlled, which may
a�ect measurements). �ese variometers do not accurately measure the absolute B-�eld, but rather
the B-�eld variations (per timestep). Improvements to B-�eld interpolation in Section 7.1 focus on
the inclusion of variometers, with general uncertainty in interpolation addressed in Section 7.2.

As a basis for interpolation, the planar version of the SECS interpolation scheme as described in
Section 3.5 has been used in southern Africa for a number of di�erent studies [106,152,157]. At higher
latitudes with closer and more variable current systems, a planar approximation over similar length
scales may not be appropriate. As the mid-latitude driving current system is largely the ring current,
which is situated a few'� from Earth, the planar approximation over a couple of thousand kms holds.
A typical result of the interpolation scheme is seen in Figure 75, where the B-�eld is interpolated.
Interestingly enough, other mid-latitude regions have not found as much success with the use of
SECS interpolation when the main driving current system is the ring current and not Hall-type
divergence-free current nodes as seen at high-latitudes [124,163].

Figure 75: �e resulting interpolation using a planar implementation of SECS in southern Africa is
shown here for an interpolation grid, with the MT sites used for validation also indicated [176]. Red
arrows indicate the measured B-�eld used to drive the interpolation (blue arrows). INTERMAGNET
observatories are indicated by red triangles and MT variometers are indicated by green circles.
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Table 6: Data coverage of variometers in southern Africa for SECS validation. All the sites in this
case come from magnetotelluric measurements.

MT Date Range
Station Start End

Hermanus (HER) 5 Apr 2012 15 Aug 2012
8 Jan 2015 27 Jan 2015

Hartebeesthoek (HBK) 1 Nov 2013 7 Jan 2015
Kakamas (KMS) 1 Sep 2013 19 Oct 2015

Middelpos (MID) 6 Jul 2012 7 Nov 2012
Obib (OBB) 30 Aug 2013 11 Dec 2014

17 Sep 2015 11 Dec 2015
Vaalputs (VLP) 22 May 2012 9 Nov 2012

25 May 2014 14 Feb 2015

Table 7: Comparison of results from SECS interpolation or INTERMAGNET sites as compared to the
MT site measurements of the B-�eld.

MT Station Comparison Type RMSE [nT] Correlation Coe�cient
HER INTERMAGNET 16 0.82
HBK INTERMAGNET 16 0.68
KMS SECS 4 0.99
MID SECS 4 0.99
OBB SECS 8 0.93
VLP SECS 17 0.76

To test the validity of the interpolation scheme previously used, the accuracy of the SECS interpo-
lation scheme can be measured against a number of variometers available in southern Africa. Table
6 below shows various periods of measured B-�eld at magnetotelluric (MT) sites that then can be
used to validate interpolation accuracy. Of the MT sites used, HER and HBK are co-located with
INTERMAGNET stations and the general accuracy of MT variometer measurements can be com-
pared to observatory-grade magnetometer measurements. As described in Section 4.3, an estimated
baseline main �eld is estimated to allow for correct rotation of the HDZ measurements to XYZ for
comparison. For interpolation, a current node grid spanning an area larger than the interpolation
region is used, with distances between current nodes roughly 100 km. �e height of the equivalent
current system is taken as 100 km. B-�eld data from HER, HBK, KMH and TSU INTERMAGNET
sites are used to drive the interpolation.

From the resulting comparisons in Table 7, the di�erence in B-�eld measurements at co-located
INTERMAGNET observatory magnetometers and �eld variometers is larger than the di�erence be-
tween SECS interpolation and similar variometers at remote sites. �e comparison suggests planar
SECS interpolation scheme seems to do just as well as having a variometer available – in e�ect
validating previous use of the SECS method for GIC applications in southern Africa. �is does how-
ever raise the question of why exactly does planar SECS do so well in southern Africa, and not at
other mid-latitudes where implemented [124]? �is question leads to a further improvement in B-�eld
interpolation, namely mid-latitude representative basis functions, which is addressed in Section 7.3.

7.1 dSECS: Including 3�/3C Interpolation
Although there is a sparse grid of high-�delity INTERMAGNET geomagnetic observatories at Her-
manus (HER), Hartebeesthoek (HBK), Tsumeb (TSU) and Keetmanshoop (KMH) in southern Africa,
many other regions globally have even fewer stations available. Variometers are much more com-
mon worldwide. In southern Africa, two comparable LEMI-250 �uxgate magnetometers used for
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pulsation studies (adequate frequency range) at Sutherland (SUT) and Waterberg (WAT) can be used
as variometers along with LEMI-417M magnetotelluric sites at Kakamas (KMS), Trompsberg (TRM),
Obib (OBB), Vaalputs (VLP), Middelpos (MID) and Koeberg (KOE). Including the additional informa-
tion from the denser variometers array can improve the B-�eld interpolation.

Variometers are not absolute, but they can measure the change in the B-�eld very accurately, i.e.
3�/3C = �(C8) −�(C8−1). Since the SECS interpolation scheme is entirely linear in time, reusing at the
formalism from Section 3.5 we can see that 3�/3C can be interpolated in the same way as � using
the same mapping (as previously noted, the transfer matrix ) spatially relating the current nodes �
and B-�eld measurements � is constant). �e only di�erence in this case is that current nodes used
for interpolation (� ) becomes the current node variation (3�/3C ),

�(C8) − �(C8−1) = ) · � (C8) −) · � (C8−1)
= ) · (� (C8) − � (C8−1))

3�/3C = ) · 3�/3C . (54)
Here a point of notation should be stressed. 3�/3C as used for the dSECS interpolation scheme
refers not to the baseline subtracted B-�eld as usually de�ned in SECS interpolation (i.e. �(C0,...,=) =
�(C0,...,=) − �(C0)), but rather the time di�erence 3�/3C de�ned for each time instance.

Magnetometers can of course act as variometers, with the implication that there will be more var-
iometers available than absolute magnetometers. Given a larger number of variometer measure-
ments, the con�dence in 3�/3C interpolation would be higher than that for �. 3�/3C is also what is
typically used for geoelectric studies and is interchangeable with the B-�eld in the frequency domain.
Using the greater interpolation accuracy of 3�/3C , we can improve the interpolation of � that likely
has a higher �delity baseline (such as would be the case in interpolation using only INTERMAGNET
stations). In order to do this, we consider the two time series of � and 3�/3C . Let us assume � is of
length # + 1 and hence 3�/3C is of length # . Given a set of perturbations n , the two resulting time
series can be equated,

3�1/3C = (�2 + n2) − (�1 + n1)
· · · (55)

3�# /3C = (�#+1 + n#+1) − (�# + n# ) .

�is can then be rewri�en in a matrix equation of the form �®G = ®1,

N

N+1−−−−−−−−−−−−−−−−−−−→y


−1 1 0 · · · 0
0 −1 1 · · · 0
...

. . .
. . .

. . .
...

0 · · · 0 −1 1





n1
n2

...

n#+1


=



3�1/3C + �1 − �2
3�2/3C + �2 − �3

...

3�# /3C + �# − �#+1


.

(56)

Although the sparse matrix � is non-square, it has a very well behaved and analytical quasi-inverse
that does not need to be estimated through SVD.

�−1 =



−1 1 0 0 · · · 0
0 −1 1 0 · · · 0
0 0 −1 1 · · · 0

...
...

. . .
. . .

. . .
...

0 0 · · · 0 −1 1



−1

(57)
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=

N−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

− #
#+1 −#−1

#+1 −#−2
#+1 · · · − 1

#+1
1

#+1 −#−1
#+1 −#−2

#+1 · · · − 1
#+1

1
#+1

2
#+1 −#−2

#+1 · · · − 1
#+1

...
...

. . .
. . .

...

1
#+1

2
#+1 · · · − 2

#+1 − 1
#+1

1
#+1

2
#+1 · · · #−1

#+1 − 1
#+1

1
#+1

2
#+1 · · · #−1

#+1
#
#+1



y
N+1 (58)

��−1 =1(# × # ) (59)

�−1� =

N+1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

#
#+1 − 1

#+1 − 1
#+1 · · · − 1

#+1
− 1
#+1

#
#+1 − 1

#+1 · · · − 1
#+1

− 1
#+1 − 1

#+1
#
#+1 · · · − 1

#+1
...

...
. . .

. . .
...

− 1
#+1 − 1

#+1 · · · #
#+1 − 1

#+1
− 1
#+1 − 1

#+1 · · · − 1
#+1 − 1

#+1
− 1
#+1 − 1

#+1 · · · − 1
#+1

#
#+1



y
N+1 (60)

≈1(# + 1 × # + 1) for # � 1 (61)

Since all the components in ®1 are known, this quasi-inverse approach is again used to solve for
the perturbations ®G . Each original interpolated �8 time instance is updated by its corresponding
perturbation n8 , with the resulting base B-�eld interpolation now constrained by the more accurate
interpolated 3�/3C .

Similar to previous validation of the traditional SECS interpolation, an elementary current grid span-
ning 34.5-18.5◦S and 6.5-28.0◦E was used, which is roughly 1,200 km in the east-west direction and
1,700 km in the north-south direction. �is grid had dimensions 13 x 18 in these respective directions,
relating to a grid spacing of roughly 100 km in both directions. In preprocessing the data, a baseline
B-�eld estimate using EMM2017 (https://www.ngdc.noaa.gov/geomag/EMM/index.html) was
again subtracted to allow the dSECS method to focus on the external contributions. �e EMM2017
model aims to estimate the the main �eld, including crustal contributions, and any deviations would
be able to be reproduced by the interpolation scheme. In this case, the driving ground measurements
come from the HER, HBK and TSU INTERMAGNET sites for a general SECS interpolation and these
are supplemented with pulsation magnetometers at Waterberg (WAT) and Sutherland (SUT), and
the MT station at Kakamas (KMS) for dSECS interpolation, as shown in Figure 76.

To ensure accurate validation in comparison to typical SECS implementation, the KMH INTERMAG-
NET station is used for validation across 4 di�erent geomagnetic storms in 2015 where data for all
sites was available. �ere were some data gaps as a result of instrument availability, but the resulting
validation set included quiet time, sudden storm commencements, main phases and recovery phases.
Figure 77 shows the resulting dSECS interpolation of 3�/3C and Figure 78 shows the resulting time
series for the B-�eld components separately during the June 2015 storm. For this speci�c storm,
using a 24 hour period of disturbed time from 06:00 UT on 22 June 2015, the skill score de�ned by
% = 1 − '"(�

f
(where f is the standard deviation of the measured quantity [101,124]) the dSECS im-

plementation was 0.93 (0.83) as compared to 0.84 (0.73) for SECS in terms of the �G (�~) component.
Besides the general accuracy of modelling (a % value of 1 re�ects zero residuals and indicates perfect
modelling), there is an overall improvement of 10% given dSECS implementation.
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Figure 76: Making the most of the B-�eld measurements in southern Africa, variometers, magne-
tometers and MT stations can be used for B-�eld interpolation [176]. �e KMH INTERMAGNET sta-
tion (green triangle) is used for validation in this work, with the other INTERMAGNET stations (red
triangles) used for SECS interpolation and variometers (blue circles) used for dSECS interpolation.
Other possible MT variometers with no data coverage for this period are indicated by purple dots.

Figure 77: Making use of the dSECS methodology, a typical 3�/3C interpolation is shown (blue) [176].
Here the red arrows are measured 3�/3C at either the magnetometer (triangles) or variometer (cir-
cles) sites used to drive the interpolation, and KMH observatory (green) acts as a validation node.
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Figure 78: Optimising the use of the available assets improves the interpolation performance signi�-
cantly as can be seen here for the KMH validation node in both B-�eld components [176]. Particularly
evident is the o�-set between the dSECS and SECS models, the dSECS model more closely matching
observation. Also shown is the SYM-H index in grey, which gives an idea of performance of the
interpolation relative to disturbed time.
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More explicitly, the error distributions across all storms are shown in Figure 79. Across these total
error distributions it is evident that including the variometers improves B-�eld interpolation. In all
B-�eld components, the standard deviation is reduced for the dSECS method (between 38-52% im-
provement). �e dSECS error distributions also tend more towards Gaussian error distributions in
comparison to the typical SECS method. A more Gaussian pro�le is suggestive of less systematic
error and more random or sampling error. An example of such sampling error would be a known dec-
imal point rounding issue within KMH dataset used. Of the B-�eld components, the �~ component
bene�ts most from the inclusion of a denser variometer array. At mid-latitudes, the �~ component
is more typically associated with induction e�ects, which in turn tend to be more localised. �e
addition of more local variometers is likely what drives this improvement. �e �G component in
comparison is most a�ected during storm times, possibly linking to the slightly less Gaussian error
distribution. Taking both components into account, the total horizontal �eld error shows a roughly
Gaussian error distribution which is improved by the inclusion of variometers (and more measure-
ments).

Figure 79: Over an extended period, making use of the dSECS method results in error spreads near
to normal and signi�cantly narrower than the SECS method alone [176].

7.2 Uncertainty in Interpolation

In order to obtain an uncertainty estimate in the interpolation scheme, there is a need for two dis-
tinctly separate uncertainty estimates. �e �rst of these lies in the model used and the limitations of
what is possible in terms of representation. A simple example is that within the same interpolation
implementation, edge nodes are less accurately interpolated when compared to central nodes where
more neighbouring data points can help constrain the end interpolation. In SECS interpolation im-
plementations up to now there have been no estimates of the uncertainty due to the model alone.
�e second source of uncertainty lies in the geophysical variation being modelled. Again there are
certain limitations with what is possible given scale lengths of variations and density of ground B-
�eld measurements, i.e. does interpolation miss �ne scale structure that has an extent less than the
spacing between ground magnetometers?

As a broad framework for the development of uncertainty modelling of an interpolation scheme, we
will assume that the main current driver at mid-latitudes is the ring current. In terms of the equiva-
lent current system needed, the expectation is that the current sheet is relatively uniform with li�le
to no �ne scale structure. Using this as the base assumption, it is proposed that there exists some
variation in the equivalent system due to �ne scale current structure and induction in the Earth.
�ere would also be edge e�ect artefacts given a �nite interpolation grid. Making assumptions or
using a synthetic dataset that can provide a baseline truth, i.e. all current nodes are independently
de�ned with an equal number of ground nodes and we no longer deal with an underdetermined
problem. Using this baseline case, we would be able to estimate the typical variation for each grid
node and this can be used as the assumed uncertainty for current nodes in general, loosely termed
here as physical uncertainty. When implementing interpolation over sparse ground nodes, not all
current nodes are equally well determined, i.e. there are di�erent levels of uncertainty associated
with nodes relative to the inversion model. Using the initial model uncertainty, as determined by the
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inversion model, we can scale the general node speci�c physical uncertainty of the baseline. Invert-
ing the result, we end with model speci�c and physically inspired uncertainty of the interpolation
method at any point.

To estimate modelling uncertainty, we need to start by revisiting the computational step of the inter-
polation scheme. At its heart SECS interpolation is a standard inverse problem, de�ned by � = ) · � ,
where ) is a matrix that encodes the physical spatial relation between current and ground nodes,
as de�ned by the Biot-Savart law (38). Furthermore, we can say that the inverse problem de�ned
by (39) is underdetermined, with no unique solution possible. Using a more general formalism from
inverse theory, this inverse problem has the form of �< = 3 , where � (or ) ) is the data kernel, <
(or � ) contains the model parameters and 3 (or �) is the measured data.

In reality, measured 3 results in estimated<4BC and not necessarily the true model parameters. �is
estimate of model parameters is found by picking parameters that get as close to the measured data
as possible, i.e. the objective is to minimise |�<4BC − 3 | = |34BC − 3 |. �e exact measure of length
or minimisation is variable, with the least squares approach being the most common. When dealing
with an underdetermined problem, such as is the case with the SECS model, the form of the least
squares solution changes to a minimum length solution.

Assuming we have some generalised inverse�−6, where −6 refers to the generalised inverse of matrix
� , there are two useful concepts that add insight into the inverse problem. Firstly, we have resolution
matrices with subsets of model (') and data (# ) resolution matrices [209]. Simply put, these matrices
relate the true and estimated quantities (model parameters and data) of the inversion problem. �e
data resolution matrix, de�ned as # = ��−6 (= 1 for an underdetermined problem) is a measure
of how well the modelled data matches the measured data. Explicitly, the data resolution matrix
satis�es 34BC = #3<40B . Conversely, the model resolution matrix, de�ned as ' = �−6� (≠ 1 for an
underdetermined problem) is how well resolved/independent the model parameters are. Explicitly,
the data resolution matrix satis�es<4BC = '<<40B . If this matrix is not an identity matrix, then the
parameters are a weighted average of the true model parameters. �e model resolution matrix in turn
allows us to see the contributions for each element in the model. Of the two resolution matrices,
the model resolution matrix will be most useful in determining uncertainty in the interpolation
problem. �e second useful concept from inverse theory is that of the covariance matrix (unit),
de�ned as�−6�−6) for an underdetermined problem. �ese matrices are more o�en used in analysis
and characterise the ampli�cation of error due to the data through the inversion, which can be
thought of as a subset of model uncertainty de�ned by the data or measurement. An important point
to note here is that all the matrices mentioned are computed solely from the data kernel or mapping.
Hence all inversion model analysis can be done independently of data and set-up optimised.

A last consideration before de�ning the interpolation uncertainty framework is the choice of inver-
sion method. �ere are a number of di�erent inverses that can be used, each with pros and cons,
some purely data-driven and some including a priori information. Besides the SVD approach usually
used with SECS interpolation, there is the minimum length approach (�) (��) )−1), with its damped
(�) (��) )−1 + n2� ) and weighted (,<�

) (�,<�
) )−1) versions [209]. In these cases, either an n is is

chosen that de�nes how well the model needs to �t measured data, similar to the SVD approach,
or speci�c model elements are given di�erent weightings through,< . A combination of both ap-
proaches can be seen in the weighted damped minimum length approach ((�),4� + n2,<)−1�),4

or, −1
< �) (�, −1

< �) + n2, −1
4 )−1), where both model element weighting,< , data (error) weighting

,4 and model �t n parameters can constrain the inversion [209]. In diagnostic tests of the various
di�erent inversion models, there was negligible to no di�erence in performance given the SECS
interpolation problem.

Accuracy is however not the only consideration for an inversion model to be useful. Another ap-
proach looked at was the Backus-Gilbert inverse [209,210]. �e Backus-Gilbert approach is similar in
nature and performance to all the other inverses mentioned, but has the distinct advantage of taking
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into account the natural ordering of the inverse problem given that (spatially) neighbouring nodes
should be more related. To do this, the Backus-Gilbert matrix aims to �nd a generalised inverse
to minimise the spread of the resolution matrix and makes use of a weighting function (2D in this
case) to relate adjacent nodes. Explicitly, the previous inverses de�ne the spread of the resolution
matrix as a Direchlet spread, whereas the Backus-Gilbert approach includes a weighting function
that relates the localisation of model parameters< (total of " model parameters),

spread(') =
"∑
8=0

"∑
9=0

F (8, 9)'2
8, 9 . (62)

To include a 2D spatial relation between model parameters, F (8, 9) = (G8 − G 9 )2 + (~8 − ~ 9 )2 is used
(G8 , ~8 being the index location of parameter<8 on the grid). A small resolution spread is when only
the diagonal has large elements, i.e. it is close to the identity matrix. Practically this would mean that
individual model parameters are well resolved and independent [209]. When the resolution matrix is
not an identity matrix, then the diagonal elements are a measure of how well the speci�c model
parameters are resolved. As an example, a resolution of 1 means perfectly resolved and a resolution
0.8 means 20% of the node’s estimation is in�uenced by other adjacent nodes. �e o�-diagonal
components de�ne how this 20% in�uence is spread across the other model parameters.

�e Backus-Gilbert inverse gives a physical interpretation of the resolution matrix only when prop-
erly de�ned. Properly de�ned in this case means there are no negative contributions to the spread
of the resolution matrix and various contributions can be seen as correct weightings. Minimising
this Backus-Gilbert resolution spread is analogous to minimum length solution discussed above. �e
Backus-Gilbert formalism can be extended further, analogous to the damped minimum length solu-
tion as well. To do this, we de�ne a parameter U and include the covariance matrix, allowing the
full Backus-Gilbert generalised inverse to minimise Uspread(') + (1 − U)size(2>ED<). Here the unit
covariance matrix 2>ED< characterises the degree of error ampli�cation of due to data variance that
occurs in the mapping. As such it needs to be normalised. Assuming all the data is uncorrelated
and with equal variance f2, then 2>ED< = f−2�−62>E (3)�−6) , where 2>E (3) is the data variance.
In the case of correlated data or variable data variances, a unit data covariance matrix 2>ED3 can be
de�ned that satis�es 2>ED< = �−62>ED3�−6) . �e unit covariance size is then de�ned as the sum of
its diagonal elements,

size(2>ED<) =
"∑
8=0
[2>ED<]88 . (63)

A small covariance size indicates that data errors corresponds only to small model parameter errors.

Following the derivation by Menke [209], in component form this generalised inverse is,

�
−6
:,;

=

∑#
8=1 [(8 9 ]−1

:

(∑"
:=1�8:

)
∑#
8=1

∑#
9=1

(∑"
:=1�8:

)
[(8 9 ]−1

:

(∑"
:=1� 9:

) (64)

where,

[(8 9 ]: = U

(
"∑
;=1

F (;, :)�8;� 9;

)
+ (1 − U) [2>ED3]8 9 . (65)

�ere is a trade-o� in choosing U [209]. Besides requiring the resolution matrix to be positively def-
inite to be able to interpret the contributions to model parameters, we also want to maximise the
resolution of the model, i.e. ideally every current element should be well de�ned. �is in e�ect is
done by minimising the spread of the resolution matrix. At the same time, we need to minimise the
model variance, i.e. cancel out the e�ect of noise in the data. In the case of a severely underdeter-
mined problem such as the case with sparse B-�eld interpolation, U would be biased towards 1, i.e.
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with few magnetometers available the covariance matrix would have less impact when compared to
the resolution matrix with many poorly de�ned current nodes and large spread. As such U is chosen
to minimise the resolution spread while maintaining a positively de�nite resolution matrix that can
be physically interpreted.

Returning to the idea of uncertainty estimation for SECS interpolation, let us use a practical example
of the southern African INTERMAGNET network already described. Similar to implementations in
the previous section, we will use an elementary current grid at 100 km altitude and current node
spacing of roughly 100 km. KMH will be kept out-of-sample for validation, while HER, HBK and
TSU will be used as the ground nodes driving the interpolation. Furthermore, the 24 hour disturbed
period from 06:00 UT on 22 June 2015 will be used for modelling. �is period includes the SSC and
main phase of a severe geomagnetic storm, of the level that is critical for operational GIC modelling.

Figure 80: Part of the bene�t of using the Backus-Gilbert inverse is that spatial information can
implicitly be included in the inversion problem. Here we see the resolution matrix relating to cur-
rent node estimation on the le�. Current nodes (model parameters) near magnetometers are be�er
resolved. �e relative uncertainty (on the right) of the current nodes can be estimated by the nor-
malised inverse of the resolution matrix elements. In creating the relative uncertainty of model
parameters, the lowest resolution current node is assumed to be 100% uncertain. From here the
relative uncertainty of all other nodes is computed, as de�ned by the inverse of their resolution.
As expected, estimation of current nodes far away from magnetometers are most uncertain in the
inversion.

Addressing the �rst question of model uncertainty, or what is the uncertainty of SECS interpolation
given the capability and capacity of the model alone, we look solely at the Biot-Savart transfer matrix
) . Using the Backus-Gilbert resolution matrix de�ned for) , the independence of model parameters
(or in this case, the current nodes) is computed. In terms of uncertainty, the independence of nodes
can be thought of as a level of certainty, i.e. nodes that are well de�ned have lower associated model
uncertainties. When current nodes have low uncertainty, then interpolation to nearby ground nodes
should similarly be more accurate than interpolation to those further away. Conversely, if the cur-
rent node has large uncertainty, then interpolation to nearby ground nodes su�ers, but interpolation
to ground nodes further away is less a�ected. Normalising the magnitude of the resolution appro-
priately, we can get the relative uncertainty across nodes, as seen in Figure 80. It is important for
the methodology in this case to identify the nodes with greatest relative uncertainty.

Moving to the next question of including the uncertainty in actual measurements and how these
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Figure 81: �e covariance matrix is a measure of the propagation of error, given that a ground node
has some sort of error. As expected the current nodes with highest weighting closest to ground
nodes are also the most susceptible to measurement error. Given high-�delity magnetometer mea-
surements, this error is likely to be constrained to instrument noise.

uncertainties or error propagate into the interpolation scheme, we turn to the covariance matrix. As
seen in Figure 81, the unit covariance matrix takes into account the e�ect of noise or poor ground
node data on the current nodes. �e square root of the diagonal plo�ed in this case can be thought of
as the current nodes standard deviation given a unit standard deviation in ground measurements. In
the case of measurements not scaled by their standard deviation as done in many cases, the result can
be scaled by multiplying by a feasible standard deviation of the measurements. For this particular
case, we assume that a noise level of 1 nT is acceptable for illustrative purposes and no further
normalisation is done.

Pu�ing together the two pieces of uncertainty associated directly with the inversion method, we
have the relative merged uncertainty scaling seen in Figure 82. �e result, as de�ned in this work,
is the product of the normalised square-rooted covariance matrix and normalised resolution matrix.
In essence the resulting relative uncertainty identi�es what proportion of a node’s estimation is
uncertain relative to the most certain node available. We make the assumption that the worst case
estimation of a node is entirely wrong and an entirely synthetic estimation of that node from a
typical case would work best. Given this assumption, the normalisation feeds into the amplitude
of associated error bar. In the merged uncertainty plot, the area between ground nodes shows an
extended contour of similar uncertainty, likely due to similarly weighted contributions from the
di�erent ground-based measurements. �is is the region driven by low covariance size, i.e. the
multiple contributions minimize the e�ect of inaccuracy due to any singular site.

�e next step in the estimation of uncertainty has to do with de�ning the physical variation ex-
pected. �is ties in with the estimation of the synthetic typical case which is needed to de�ne the
most uncertain current nodes. Ultimately, we want to de�ne a high resolution representation of
the natural variation associated with current sources and inductive e�ects. Assuming we set up an
inversion problem with an equal number of ground nodes to current nodes, i.e. < = =, the current
nodes (model parameters) would be uniquely de�ned. As there are no actual measurements possible
to do this worldwide, a synthetic B-�eld needs to be used. �e approach to de�ning such a synthetic
�eld is to make use of what measurements are available and extract the typical spatial correlation
that may exist. �e typical variation in turn would de�ne the structure of the synthetic disturbance
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Figure 82: Taking into account the uncertainty in the currents nodes due to the model inversion and
measurement error, we can derive a relative merged uncertainty that can be used to scale the physical
uncertainty. For the Biot-Savart mapping employed, the current directly above a magnetometer site
is poorly de�ned due to being constrained by a small associated B-�eld when A << ℎ = 100 km.

B-�eld. �e two-point correlation function, de�ned by all possible pairs, is called a variogram [211].
Explicitly, the semi-variance (f2/2) between each pair is plo�ed as a function of distance between
points and the resulting variogram cloud binned. A variogram alone is a measure of spatial de-
pendence of quantities, with typical scale lengths de�ned by the range where a quantity becomes
spatially independent. �e level of semi-variance when the quantity is spatially independent is called
the sill and base level of semi-variance, o�en due to instrument noise, is called the nugget. Know-
ing the range, nugget and sill de�ned from an experimental variogram, a synthetic variogram can
be simulated given a variogram model. Using an experimental variogram, we can create multiple
synthetic datasets. Inverting all the datasets then show the variation in speci�c current grid nodes.

In our speci�c case, the interpolation area of interest is in the mid-latitude region. Making no as-
sumptions of geophysical induction e�ects and focussing on the current drivers, we can make use
of all possible mid-latitude B-�eld measurements for the period of interest. �e extent of these mea-
surements is shown in Figure 83.

It is assumed that all stations in the two bands are comparable within each hemispheric band and
the absolute great circle distance between the sites is used. In more sophisticated approaches a
2D variogram can be developed that takes into account the latitudinal and longitudinal distances
separately. Using the stations de�ned, we have a range distribution as de�ned by Figure 84, limited
to 4,000 km, which is reasonable for what would be driven by the same magnetospheric current.

To further increase the size of the variogram cloud, 3-hour periods inspired by the Kp index were
used to compute separate variograms over the duration of the storm. �e variogram cloud was
then binned and mean semi-variance taken, each B-�eld component being separately de�ned. In
this process outliers were moved using a semi-variance threshold of 7,500 nT2. �is threshold for
outliers relates to variation over 120 nT, which would be unlikely – that is the sort of variation
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Figure 83: In order to simulate the typical spatial variation in the B-�eld at mid-latitudes, measured
data for all possible mid-latitude stations are used for the given time frame. �e two hemisphere
bands are chosen conservatively to not be a�ected by either auroral or equatorial current systems
and are analysed separately in computing the two-point semi-variances.

Figure 84: For the variogram, taking pairwise combinations of all the stations we have a range dis-
tribution that exceeds 10 samples for each 500 km bin and allows for semi-variance to be computed.
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seen during geomagnetic storms. �e uncertainty in variogram estimates was further de�ned by
the inter-quartile range of binned values. Taking into account the uncertainty estimates de�ned, the
variogram was ��ed using a Gaussian variogram model in Figure 85. As can be seen in Figure 86,
the variogram characteristics change throughout the course of a storm. Some interesting features to
note are the larger scale structures, possibly linked to current system driving, that become apparent
in the �G during more disturbed periods, i.e. onset and main phase of the geomagnetic storm. �e
�~ component is more associated with inductive e�ects so this e�ect is not as apparent. Also seen
is the general trend of more variance across components during elevated geomagnetic driving, as
previously validated in this work by dense measured data in the TVA network.

Figure 85: �e variogram for the selected 3 hour period is well de�ned for both �G and �~ compo-
nents. As expected the variance in the larger and more directly driven �G component is larger than
the typically inductive variation associated with the �~ component. �e nugget of both components
is less than 10 nT and range around 1,500 km.

Figure 86: Taking into account the entire storm, we see that there is a de�nite increase in nugget
subtracted sill at the onset and main phase of the storm, linking with previous analysis with higher
measured B-�eld variance during disturbed times. �iet time sill is very small and possibly close
to random, but modelling is usually desired for disturbed time so this issue is avoided. �e range is
relatively well constrained for the �G component, with an increase during storm time as well. �e
�~ range is poorly de�ned in quiet time, but is more constrained in storm time, suggesting more
coherent structures are identi�ed.
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Once the variogram has been de�ned, a B-�eld can be simulated to replicate the variogram proper-
ties, i.e. same two-point correlation would exist. An example of the �G component for the variogram
shown in Figure 85 is shown in Figure 87. Since the simulation is much larger in extent when com-
pared to the interpolation area (red block in bo�om le�), multiple sections of the single simulation
can be used to give separate samples. Making use of multiple simulations, a synthetic dataset of
more than 50,000 possible B-�eld distributions over the interpolation area is generated, given simi-
lar characteristic driving conditions as during the period of interest. Including re�ection invariance,
this dataset size increases to 200,000. Inverting each of these well-de�ned synthetic datasets (res-
olution matrix equal to identity matrix and no assumed data error), an associated set of possible
current system con�gurations can be computed. Taking all the equivalent current system possibil-
ities into account, the variation in the current node magnitudes for the di�erent components can
be computed. Explicitly, this is de�ned through the standard deviation of each current node and is
shown in Figure 88. Here it should be stressed that the procedure up to now is purely de�ned as an
inverse problem and is applicable to any inversion based interpolation method, as long as mapping
is consistent. Any variation of SECS interpolation could similarly be used.

Figure 87: Making use of the variogram, a simulated B-�eld can be created that replicates the varia-
tion seen. Panning a box the size of the interpolation grid across the simulation allows the inversion
model to be calibrated across multiple possibilities.

A�er the variation in current amplitude is estimated, for the approach developed here, we use the
merged relative uncertainty (de�ned by the model uncertainty earlier) to scale the physical uncer-
tainty result. In the case of nodes with unit relative model uncertainty (i.e. no useful information
is obtained from the inversion), the full physical variation would apply for the current node uncer-
tainty estimate and give a bound for the possible equivalent current variation. Iterating through all
nodes, we �nally arrive at the total equivalent current uncertainty as shown in Figure 89. �ese un-
certainties are applied to the original underdetermined current system as upper and lower bounds,
implicitly including model, data and physical uncertainty as would be assumed in a similar case. Us-
ing the same interpolation mapping while including the current system bounds allows for dynamic
uncertainty estimates anywhere in the interpolation region. Figure 90 speci�cally shows the error
bands for interpolation to KMH. Additional application of the methodology developed is in using the
spatial uncertainty grid to identify where magnetometer deployment would minimise uncertainty.
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Figure 88: Taking multiple simulations, each with many sub-boxes, the averaged current response
that could create the B-�eld can be calculated. �is average is the typical value of the individual
current nodes and hence their likely value that may not be estimated by the original inversion.

Figure 89: Finally merging the relative uncertainty with the physical current average, we can de-
�ne the probable uncertainty of the current nodes. Note the poorly de�ned current nodes (large
uncertainty) above magnetometer sites (A < ℎ = 100 km), due to the choice of Biot-Savart mapping.
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Figure 90: Applying the SECS interpolation with current nodes perturbed by the uncertainty es-
timates gives physical uncertainty estimates that are de�ned dynamically throughout the storm.
Interesting in �G is the variation of the error bounds during di�erent phases of the storm. During
quiet time between 09:00 and 12:00 on 22 June, the error bound and SECS interpolation both do not
capture the measured B-�eld. Performance during disturbed time is much be�er, suggesting that the
(ring) current system driving is accurately captured.

7.3 Correction of SECS Implementation in southern Africa

A�er validating that the previous implementation of SECS in southern Africa [106,152,157] is accurate
enough for GIC modelling and developing novel improvements to the method, the discrepancy with
other SECS implementations in mid-latitude regions was explored further. Initially a subsurface
current was included in modelling for completeness and the equivalent current magnitudes were
analysed. In doing so it was con�rmed that the discrepancy with other SECS implementations is
that the southern African implementation was in fact incorrect. Simply put, the problem was not
set up correctly as divergence-free current nodes that form current sheets de�ned by an assumed
current density, but rather independent elements in the X and Y directions. When the current nodes
were used correctly, de�ning X and Y as the respective projections of the radial component of the
single current node, the interpolation scheme broke down. �is would be expected as the sparse
grid of magnetometers would need to a�empt to model a relatively �at �eld using current nodes
that create signi�cant curl. As a result the equivalent current system would need to largely cancel
out contributions of curl from adjacent nodes and the result would be an unstable set-up that may
work at some nodes, but not across the entire interpolation grid.

Looking further at the implementation of the current nodes for X and Y components, the previous
approach by Bernhardi et al. [157] is not physical. �e result is an arti�cial smoothing of the interpo-
lation across a large area, even though the interpolation scheme de�nes a divergence-free equivalent
current height at 100 km at mid-latitudes where no such current system would exist. �e smooth-
ing introduced by (1 − ℎ√

A 2+ℎ2 ) is compounded by allowing the two components of the B-�eld to be
de�ned separately. �is allows the divergence-free constraint to be broken and a linear B-�eld and
current system to be represented, when Hall-like currents should be the basis.

For consistency and physical relevance, a corrected version of the interpolation scheme can be de-
veloped using either line elements or entire line currents. Physically, we expect this to be the case
for the ring current driving seen at mid-latitudes. Using the same basis, this correction takes the
form of a Biot-Savart mapping between current node and B-�eld. Making use of the set-up shown
in Figures 91 and 92 we have,
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Figure 91: Se�ing up a physically correct line element implementation of the elementary current
system interpolation, we assume a line current element � at height ℎ, a distance b away from an
ground node. Assuming the current is in the Ĝ direction, the associated B-�eld would be in the ~̂
and/or Î directions. Changing the reference frame, we de�ne the calculation plane (\ away from the
GI-plane) that includes both line current element and ground node (do�ed lines). In this secondary
reference frame, the current would be at height ℎ′ instead and the B-�eld solely orthogonal to the
calculation plane. Although the set-up of the line element implementation is shown for a line current
in the Ĝ direction, a similar orthogonal set-up can be assumed for the ~̂ direction with associated
B-�eld in the Ĝ and/or Î directions.
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Figure 92: In the calculation plane de�ned by Figure 91, we can calculate the orthogonal B-�eld at
the ground node de�ned by the q angles that determine the extent of the current element. Projecting
the result back to the ~̂ direction using 2>B (\ ) arrives at the resulting ground node horizontal B-�eld.
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�G,~ = ∓
`0�~,G

4cℎ′ 2>B (\ ) |B8=(q1) − B8=(q2) | (66)

= ∓
`0�~,G

4cℎ′
ℎ

ℎ′
|B8=(q1) − B8=(q2) | (67)

= ∓
`0�~,G

4c
ℎ

A 2
~,G + ℎ2 |B8=(q1) − B8=(q2) |, (68)

where the q ’s are de�ned by the angle between ground node and line element end points in the
calculation plane, de�ned by \ away from the vertical-plane. In the geometry of the problem, we
explicitly have that the �G,~ components are mapped to the orthogonal �~,G components, with the
orthogonal component displacement A~,G being used. Note the change of sign for the �~ current
driving −�G . In the calculation plane we calculate an orthogonal B-�eld to the line current, which
needs to be projected back to the horizontal plane de�ned by Earth’s surface through a 2>B (\ ) factor.
�is projection can be de�ned more simply in terms of the height (ℎ) and horizontal distance (A )
between current and ground nodes in (68). Here it should also be stressed that the calculation for
the X and Y components are done separately. �e derivation of the Biot-Savart equation takes into
account the relation between line element and ground node in the plane formed by the line element
and node, with the result then rotated to the typical frame of reference and measurement. As in
previous modelling, the distances between current nodes are roughly 100 km and for this case it is
assumed that current elements are connected, i.e. the current element lengths either side of node
are half the distance to the adjacent node.

Instead of assuming discrete line elements, an in�nite line current approach can be used in a sim-
ilar way with projection from a calculation plane. Assuming the line current is in�nite in extent
compared to the interpolation distances, we have the simple Biot-Savart form,

�G,~ = ∓
`0�~,G

2c
ℎ

A 2
~,G + ℎ2 . (69)

In the previous implementation of SECS in southern Africa, with separate calculation of components,
the Biot-Savart mapping tends to approximate a line current source when A >> ℎ, i.e. �G,~ =

`0�
4c

1
AG,~

.
However, when A < ℎ, the divergence-free current system (disc) provides contributions that cancel
each other out, and the result is damped by (1− ℎ√

A 2+ℎ2 ). In the previous section this was seen as the
source of poorly de�ned current nodes (large uncertainty) above magnetic �eld measurements. �e
previous implementation further aims to describe ionospheric currents and �xes ℎ = 100 km. In the
line element adaptation presented, ℎ dominates instead of A . When A >> ℎ, the B-�eld drops o� as
1/A 2, which requires a magnetometer grid with scale length of at mostℎ for comparable interpolation.
Luckily for mid-latitudes, the dominant driving current system is the magnetospheric ring current
and A << ℎ for interpolation lengths over southern Africa.

When applying the line current versions of the interpolation scheme, an ionospheric equivalent
current system de�ned at a height of 100 km results in B-�eld contributions drop o� signi�cantly.
Only scale lengths of roughly 100 kms can be correlated – not the 1,000 odd kms needed over south-
ern Africa. However, keeping in-line with the mid-latitude physical drivers being largely magne-
tospheric currents, se�ing the height of the current system at roughly 5,000 km in turn produces
an accurate smooth current system over the region along with accurate B-�eld interpolation in the
central validation site at KMH. To look at the responses of modelling, we see that the performance
during the June 2015 storm as de�ned by % de�ned earlier is 0.86 (0.76) using incorrectly implemented
SECS, 0.98 (0.87) for the line element version and 0.96 (0.87) for the full line current version for the
�G (�~) component, i.e. there is 10% improvement just due to correct de�nition of the Biot-Savart
mapping.
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Besides the overall improvement of modelling using more physically de�ned versions, also of interest
is the di�erence in performance between �G and �~ , with �G more directly driven by the ring current
and performing signi�cantly be�er. A further explanation of why this error has not been uncovered
before is that the equivalent current systems created by initial wrong implementation of SECS and
the correct line element version are very similar as seen in Figure 93. �is is fortuitous from the
perspective of previous modelling, but future implementations should aim to avoid the previous
mistake and keep to the physically correct line element approach at mid-latitudes.

Figure 93: Comparing the equivalent current systems de�ned by previous incorrect implementa-
tions of the SECS interpolation scheme and a physically correct line current implementation, both
using HER, HBK and TSU as ground magnetometers, the similarity is striking. �e additional spatial
variation introduced by the divergence-free assumption of initial incorrect implementations may
create non-physical ground B-�elds with signi�cant curl [157]. Here the purple arrows indicate the
measured validation B-�eld at KMH and the black arrows indicate the equivalent current system.

7.4 Summary

In this chapter, the o�en used approach of B-�eld interpolation via the SECS interpolation scheme is
probed further. Firstly, the SECS scheme as implemented previously in southern Africa was validated
using measurements for MT sites, although it has been found that SECS does not always perform
well at mid-latitudes elsewhere in the world. Realising the possible use of variometers to supple-
ment high-�delity geomagnetic observatories, a novel method of 3�/3C interpolation was de�ned.
�e resulting 3�/3C �eld can further be used to improve the baseline B-�eld interpolation as de�ned
by traditional SECS, or be used for operational modelling as is. �e development of dSECS provides
a direct way for low-cost magnetometers to be deployed by utilities and improve GIC modelling ac-
curacy. Focussing on the inversion problem separately, a framework using a Backus-Gilbert inverse
allows the degree of certainty/uncertainty in model parameters to be estimated. �is inverse has
similar performance to the SVD approach usually implemented, but additionally takes into account
the spatial relation between current nodes and has a positively de�ned resolution matrix, allowing
the resolution matrix to be physically relevant. Typical spatial correlation using measured geomag-
netic variation at mid-latitudes can be found and used to simulate synthetic data (over 200,000 per
instance here). Inverting this data can then be used to estimate the variation in model parameters
and total uncertainty, which in turn is scaled by the model uncertainty as de�ned by resolution and
covariance matrices. �e estimated total uncertainty is dynamic and based on real measurements
during di�erent parts of a geomagnetic storm. Besides de�ning a measure of uncertainty in gen-
eralised inversion schemes, the total uncertainty map can be used to make an informed choice for
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future planning of magnetometer/variometer deployment. A �nal output of the chapter is a cor-
rection of the implementation of the SECS interpolation scheme in southern Africa. �is correction
stems from de�ning line current basis elements instead of divergence-free current nodes, as would be
physically relevant at mid-latitudes. Using line current basis functions improves modelling accuracy,
and the previously developed methods of dSECS and uncertainty estimation still apply.
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8 Discussion

With recent advances in geophysical modelling, there has been a push to use dense MT surveys
for accurate E-�eld estimation [139,140]. Although this is indeed a large improvement on some of
the simpler assumptions made in traditional GIC modelling, there are still a number of factors that
contribute to uncertainty in modelling results. If there are no existing MT surveys, then considering
the additional cost and e�orts, while not guaranteeing increased certainty in estimates, makes this
high-�delity approach di�cult for many utilities to implement. An alternative in the form of data-
driven modelling approaches is presented instead. �ese methods assume the simple governing
equations, but allow the uncertainties to be absorbed in the model and ultimately encode much
more complex dynamics. Speci�cally, an ensemble estimation methodology is used for both network
parameter and TF estimation. �ese models can be driven with limited data (a couple of days for
the TF estimation and a number of hours for network parameter estimation) and are more accurate
than previous empirical approaches applied.

Data-Driven Advantages
Probably the biggest advantage of the data-driven GIC modelling approaches presented is that the
e�ective mapping between input and output variables is possible. Given enough instances to de-
rive the mapping, the result is probabilistic and generalisable [188]. In the case of the interconnected
power network and GIC modelling, interactions and uncertainties are complex, with errors made at
a single node a�ecting other nodes as well. Physics-based modelling aims to model all these links in
the modelling chain separately, but the observed GIC takes all the factors into account together and
the di�erent drivers cannot be fully separated. An example is in the variability of both measured
B- and E-�elds apparent at mid-latitudes, which emphasises the need for more magnetometers and
network e�ective or empirically adapted E-�eld responses – not single site E-�eld estimates. In the
engineering step, assumptions are not always accurate, nor are they static. Grounding resistances
that form a large part of the network modelling are such an example, being dependent on the mois-
ture content of the soil and state of the grounding plate [154]. To make sure the network modelling
itself is accurate, accurate measurements of the resistances and the state of the entire system need to
be made in near-real time. �ese e�orts would in turn need to assume a resistive network model that
is adequately described by dc currents. �ere is ongoing research into the validity of the resistive
network assumption [98] and what the implications of more realistic low-frequency modelling may
be [23]. Taking the uncertainties into account, the use of empirical approaches has the distinct advan-
tage of taking the simple analytical basis and estimating the divergence from these base assumptions.
�e result is that unmodelled aspects can be adequately described. In an ideal operational case, em-
pirical approaches can be used to model at-risk nodes in real-time and augment general models.
�e level of expenditure would be signi�cantly less than instrumentation needed for state-of-the-art
geophysical surveys. At the very least, measured data from a range of conditions should be used for
validation of analytical methods.

B-�eld Modelling
At this point, given the reliance on accurate B-�eld data, there is also a need for B-�eld modelling
and speci�cally, interpolation. SECS has been shown to be a good interpolation scheme but may
be misleading. At mid-latitudes, arti�cial smoothing from interpolation would seem to validate the
plane-wave assumption. A number of recent studies have looked into the validity of the plane-
wave disturbance B-�eld assumption, particularly during geomagnetic storms [110,165–167]. Although
a plane-wave approximation is representative locally in the context of magnetospheric ring current
driving at mid-latitudes, there can be signi�cant deviations from the plane-wave assumption during
storm periods (seen through larger variation in mid-latitude variogram) and pulsations (seen mea-
surement from the TVA network). �e implication is that GIC or MT responses derived making use
of this assumption may have associated error. Further, the mid-latitude scale lengths previously de-
�ned through SECS interpolation [152] should not be relied on and robust modelling is required that
can absorb errors in the B-�eld estimation due to localised variations.
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At mid-latitudes there is the further consideration that the divergence-free nodes assumed in SECS
do not describe the dominant magnetospheric ring current system. In essence, the divergence-free
current nodes are not able to describe what is more a curl-free equivalent current system locally.
Rather than the traditional implementation, a representative line current or line element version is
implemented. �e resulting improved interpolation in Chapter 7 gives results similar to the previous
incorrect implementation of SECS in southern Africa that saw success, but is physically accurate.
With the further improvement of including variometers and 3�/3C interpolation, it is feasible for
a utility to get accurate B-�eld measurements within a network in real-time and without costly
observatory grade magnetometers. �e further inclusion of uncertainty and spatial characteristics
for the �rst time in B-�eld interpolation allows for optimisation of magnetometer resources to reduce
uncertainty and propagate uncertainty into GIC modelling.

Geophysical Considerations
An important consideration is related to the mapping between the B-�eld and either E-�eld or GIC in
the frequency domain, where Fourier type approaches are most o�en used. �ese methods assume
periodicity over a time series and are not designed to reproduce transient-like spikes. Although
mathematically spikes or steps can be reproduced via FFTs using high frequency contributions (in-
�nitely many for perfect resolution), the high frequencies are not associated with physical processes
at these frequencies. A good example is the signal seen during a sudden impulse (SI). Here a shock-
front interaction with the magnetosphere is the driving physical process and there are no particle
motions at in�nitely high frequencies. For GIC modelling, although most of the power sits in the
lower frequencies, peak estimation is a�ected by lack of higher frequencies – similar in essence to
reduced peak estimates from lower temporal sampling [174]. In an MT response sense, the higher fre-
quencies link to geology nearer the surface, which is o�en complex or heterogeneous. Given a GIC
spectrogram over the course of a geomagnetic storm, there are distinctly di�erent spectral responses
for di�erent phases, such as higher frequency contributions from transients (a good example being
sudden impulses). Regardless if they are physical or not, these di�erent spectral components can
drive the ‘tuning’ associated with the empirical network parameter variation seen – usually due to
incorrect conductivity assumptions. During large geomagnetic disturbances induction e�ects from
lateral contrasts in the ground conductivity may be larger [46], contributing to divergence away from
the plane-wave assumption of the B-�eld. A typical example of such a contrast is in coastal areas,
where the sea-land interface creates large E-�eld perturbations [166]. Deviations in the E-�eld are not
con�ned to coastal regions alone, as similar or larger deviations are also seen inland – purely due to
the 3D conductivity structure of Earth. Polarisation of the E-�eld has been seen to be more intense
for areas where the E-�eld magnitude is higher [132].

Assuming well de�ned 3D MT responses across a network, the di�erent spectral components due
to di�erent parts of a storm would be �ltered by di�erent conductivity pro�les – the extent depen-
dant on the variation of the geophysical environment. �e resulting E-�eld is not the same as any
single MT estimate but rather an averaged response integrated according to the power network.
�e TF approach achieves this in practice, and to a lesser degree so do empirical network parame-
ters. Typically, the E-�eld is computed for an MT survey and then interpolated and integrated along
transmission lines. Recent work by Kelbert and Lucas [140] has taken a similar approach, but rather
integrated the MT response along transmission lines to map the B-�eld to GIC. �e heterogeneity
of the E-�eld makes even dense MT surveys susceptible to large interpolation errors. Both MT ap-
proaches, either estimating the E-�eld or transmission line response, would ultimately aim to use
dense surveys to base a geophysical inversion on and compute surface impedance data along trans-
mission lines with minimal interpolation error. Simple integration along the network does however
not take into account the non-trivial network weighting on top of the heterogeneous E-�eld. For
this, accurate network information is needed for the system at large and across voltage levels. Using
a single E-�eld estimate or even a simple average may be misleading – as seen in Section 6.1 for the
TVA network at PAR using high-�delity data.
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A further example is in the geologically complex region around Memanbetsu, Japan. In Section
6.4, using E-�eld and GIC data for the 14-16 December 2006 geomagnetic storm, the single site
measured E-�eld and GIC frequency response slopes are not well matched [174], with the local single
site E-�eld assumption not representative of the network e�ective E-�eld driving the measured GIC.
GIC modelling using the single site E-�eld as such is expected to su�er. Due to the geophysical
environment at MMB, the generalised approach of a global synthetic layered-Earth pro�le used for
estimating the E-�eld similarly fails. �e synthetic layered-Earth pro�le re�ects the typical case
of conductivity increasing with depth [66], but at Memanbetsu it has been shown that a shallow
conductive layer sits atop a more resistive pro�le [84,85] and an alternative layered-Earth pro�le needs
to be used. Making use of a general pro�le and empirically determining network parameters allows
for relative comparison of risk and GIC magnitude between nodes, which includes both geophysical
and network aspects if the assumptions are kept constant. Where assumptions are inaccurate, large
modelling uncertainty would drive large uncertainty bounds.

Use of Representative Data
�e variation of network parameters seen has direct implications for modelling. As has been shown
in Chapter 6, noise-level GIC training cannot be used to estimate larger GICs that would impact the
grid. Above noise-levels (roughly the 0.0-20.0 percentile range using an intense storm as base case,
see Table 3), the network parameters show stability with the main change being in spread as SNR im-
proves. �e approach of training on GIC levels above median levels helps to ensure relevant training
samples, but node-speci�c follow-up analysis is needed to determine what GIC magnitude should
be de�ned as the noise-level. Operational modelling requires representative training that samples
various possibilities of geomagnetic driving. In the transfer function (TF) approach that maps B-�eld
to GIC, the geophysical aspects can be encoded but a representative spectrum needs to be sampled,
i.e. SSC, main phase, pulsations and recovery phase need to be included in training. In the current
study, the emphasis has been on probing the drivers of uncertainty in GIC modelling and only GRS
uses multiple geomagnetic storms, mainly to increase ensemble size. In the TVA network, where
data for multiple storms exist, the single June 2015 event that included high-�delity local B-�eld
data was favoured to determine model characteristics. �e applicability of the ensemble methodol-
ogy has however been shown across geomagnetic storms in the TVA network using remote B-�eld
from FRD [188]. �ere is the caveat that due to the separation between magnetometer and network,
signi�cant uncertainty creeps in and geomagnetic storms with localised e�ects, such as long period
pulsations during the June 2015 storm [194], may seem to generate di�erent results. Remote B-�eld
measurements from FRD in these cases would not su�ce. When local B-�eld data becomes avail-
able for multiple events in the TVA network, it will be important to con�rm the applicability of the
di�erent mappings across di�erent geomagnetic storm types with similar high certainty.

Frequency Domain Modelling
Looking at the frequency response of GICs and considering the frequency weighting for discrete
frequency driving (such as geomagnetic pulsations), the commonly used 3�/3C proxy does not ade-
quately describe active periods when the driving frequency is signi�cantly di�erent from the sam-
pling frequency of the B-�eld. �is is evident in the TVA network during the June 2015 storm, where
a long-period pulsation interval (period ≈ 20 minutes) was not identi�ed in either raw or rolling
maximum 1 second cadence 3�/3C proxies (see Section 5.2). As an alternative, a frequency weighted
proxy that captures the appropriate low-frequency bias of the Earth’s conductivity on 3�/3C has
been shown to identify discrete frequency driving.

Of the data-driven methods presented, the transfer function (TF) mapping between B-�eld and GIC
is the most accurate and physically based. �e addition of parameter ensembles (TF*) in the TF
approach makes this method operational as it propagates uncertainty into the �nal GIC estimates,
not otherwise done. �e mapping is further only valid for a similar network state and a similar
B-�eld disturbance spectrum as used for training. Although this work has focussed on nodal GIC
modelling, there is the possibility of broadening the modelling results to the larger network, either
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as state estimation to calibrate conventional models using the same base E-�eld and network pa-
rameter assumptions, or as error scaling (using the network parameter uncertainties estimated) for
these same conventional models. �e frequency domain application does not allow for such extrap-
olation to the larger network, but can allow for very accurate validation. A further disadvantage of
estimation of the TF in the frequency domain is that missing data may be an issue in FFT implemen-
tation. �ere are ways to overcome this, including an impulse response of the same TF mapping [110].
�e ensemble estimation of network parameters provides an alternative empirical approach that, al-
though based on simpler assumptions, can model similar complexities and do so more e�ciently and
robustly.

Ensemble Modelling Characteristics
Both the network parameter and TF approaches use ensemble estimation (either of parameters or
components) and are probabilistic in nature. Taking the ensemble spreads into account, the error
due to either measurement or deviations from base assumptions can be quanti�ed. Unmodelled com-
plexity arising from geological, network or current sources all contribute to the probabilistic spreads.
A relevant example of this is seen again at MMB, where the lower voltage network introduced sig-
ni�cant GICs, and in TVA, where the geophysical bias is seen in network e�ective directionality.
Both characteristics are evident in the Australian network. For utilities, an accurate idea of the un-
certainty associated with modelling is just as critical as the model output itself. In this case, the
ensemble methodology explicitly includes uncertainty estimates. A good example is the network
parameter ensemble, where the �rst-order physical approximations are built into the simplistic gov-
erning GIC equation and then extended to be much more powerful. Other characteristics uncovered
and relevant to operational application are in terms of SNR, where 3�/3C provides a be�er TF than
the B-�eld at higher frequencies, and observed temporal lags between B-�eld and GIC data. Devel-
oping a hybrid TF estimation using both B-�eld and 3�/3C , similar to the average of model outputs
taken for PAR, may improve modelling with an optimal SNR throughout the GIC frequency response.
Further, the temporal lags identi�ed in measurement may drive additional error and spread in time
domain ensembles if not corrected for. Using the TF approach, but instead mapping the E-�eld to
GIC, it was found that there is no statistically signi�cant deviation of the network away from the
resistive assumption. �is last point validates the traditional governing equation for nodal GIC mod-
elling and explains why, when empirically tuned, it is so e�ective. Considering line GIC estimation,
it is expected that similar empirical approaches can be applied, but validation would be needed.

Operational Context
For empirical methods to be operationally useful and e�ective, the whole network does not need to
be instrumented. Rather, a network can be calibrated using the most physically informed model as
a baseline. �is approach is o�en done in initial risk assessment where damage and geomagnetic
driving are correlated [87]. As long as the framework is kept consistent, relative susceptibility and
risk can be computed [188]. For the network parameter approach, this entails an estimation of both
B-�eld and E-�eld, whereas the TF approach only requires B-�eld. �e methods presented show that
remote magnetometers can be used, with the error introduced absorbed in the ensemble spreads. An
alternative is the set up of multiple low-cost magnetometers or variometers within the network that
can estimate an average network B-�eld, minimising uncorrelated noise and improving accuracy of
the estimated disturbance B-�eld. In the case of network parameter ensembles, the spreads associ-
ated with uncertainty can further be used for stress testing and propagation of uncertainty to other
network nodes. Once a network has online GIC measurement, the calibration can be extended into
real-time.

�e feasibility of empirical approaches has gained momentum with the availability of low-cost GIC
monitoring equipment. �e cost associated with GIC data logging can be very reasonable, i.e. less
than $350 in a recent 2018 study [189]. In an operational sense, this allows a utility to instrument
all transformers with previously identi�ed risk, possibly through more traditional methods, with
the resulting data in-house and readily accessible [155]. An added bene�t is that empirical GIC mea-
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surements allow for accurate estimation at all times, and in regions where cultural noise can have
large e�ects on MT studies or the measured B-�eld. What is measured is exactly the current state of
the power system and no further network information needed. Data-driven models can be updated
in real-time and in changing conditions, with limited previous data required for the methods pre-
sented. �e fact that no further information is needed is important in the resilience and reliability of
GIC modelling capability, with the utility ultimately independent from third party data providers or
neighbouring networks. �at said, data-driven approaches do not replace physics-based approaches
but should rather aim to augment or calibrate such models. Physics-based models remain useful for
theoretical or predictive modelling of the entire grid, which is needed in scenario or stress testing.
At an operational level, analytical physics-based models can identify at-risk nodes that will allow
for optimal instrumentation for data-driven methods. Besides real-time output from instrumented
nodes, the data-driven methods can then feed back uncertainty estimates into baseline physics-based
models.

Limitations
�e data-driven methodology presented has three limitations, all stemming from the representative-
ness of the data available. �e �rst limitation is whether the data-driven relations can be generalised
to samples outside of the training set. As with all empirical methods, there is the distinct disadvan-
tage that the mapping is only de�ned for a de�ned B-�eld (through a magnetometer, variometer or
interpolation) and network node pair. �e second limitation is that the research focuses on mid-
latitude regions. In comparison to high-latitudes, mid-latitude current system dynamics are gener-
ally less complex and more homogeneous across a power network. It has been shown by Heyns
et al. [194] that localised current systems occur within the data used in this work and, coupled with
heterogeneous ground conductivity considerations, the methods presented are adequately robust.
Validation is needed to con�rm that the data-driven transforms can be extended to other regions.
�e third limitation is that there has been no analysis of extreme driving, whether in high- or mid-
latitude regions. In the mid-latitude regions analysed for this report there are few coincident GIC
and B-�eld data sets. Although high-latitude regions have more extensive data coverage, data from
extreme events remain limited. From the datasets available, it cannot be conclusively stated that the
B-�eld to GIC transforms derived scale linearly to all storms. Within the geophysical aspects, the
B-�eld characteristics in extreme events are not well de�ned at high cadences since magnetometer
measurements for such cases either saturate or are not readily available. Studies have a�empted to
assimilate higher frequency components using comparative �BC [212], but there is signi�cant spread
in estimates. From a network perspective, once a transformer saturates it becomes an active part
of the network response which requires representative modelling, not covered in conventional GIC
studies. Although the use of the data-driven transforms are not fully generalisable, their use on a
growing number of datasets may give good indications of how general scaling would work.

Future Outlook
Looking toward the future, we ultimately want predictive capabilities with models that use solar
wind data. In advance of such prediction, we need an idea of what will happen and simulate states
of the network to generate mitigation strategies. Until we have con�dence in our approaches to
the full engineering problem, there is a risk that hard mitigation may cause more problems [142].
Concurrently, geophysical aspects are becoming be�er understood and modelled. �e challenge is
merging this understanding with real-world power systems and creating operational approaches
that work in cases where the level of data �delity is not adequate for state-of-the-art physics-based
application.

8.1 Summary of Contributions to the Field

In analysing uncertainty in GIC modelling and looking at the interplay between the engineering
and geophysical steps for operational modelling, several new contributions to the modelling and
understanding of the geomagnetic �eld and GICs have been developed:
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1. A robust empirical GIC modelling methodology has been developed in the time and frequency
domains to improve accuracy and quantify uncertainty in real-world application (see Section
5.3).

- �e novel ensemble methodology has been developed independently from other work in
the geophysics �eld, for both time and frequency domain modelling.

- Uncertainty in both time and frequency domain GIC modelling has been quanti�ed for
the �rst time.

- Useful operational results can be produced using limited and/or low-�delity data.

- �e methods developed can be applied in real-time, with validation of the network state
possible.

2. Network and GIC responses have been characterised, with new insights into drivers of uncer-
tainty seen (see Chapter 6).

- Di�erent regimes of network parameter responses have been found for di�erent GIC
magnitudes.

- Directionality and the impact of the geophysical environment and the network at large
is seen as an e�ective response, without explicitly modelling these factors.

- Single E-�eld measurements cannot always be used as representative driving across the
larger network area, even if it is measured.

3. Frequency characteristics of GIC and B-�elds were rigorously de�ned and related, with impli-
cations in terms of the proxies and methods o�en used (see Sections 5.1 and 5.2).

- GIC spectral slopes and minimum sampling cadence for modelling have been de�ned
(Section 5.1).

- Using 3�/3C training in the transfer function (TF) approach can improve SNR at higher
frequencies (Section 5.3.2).

- 3�/3C has been shown to be an inaccurate proxy for frequencies signi�cantly di�erent
from the sampling rate (Section 5.2).

- Discrete frequency driving arising from localised B-�eld pulsations are evident at mid-
latitudes and result in GIC modelling scale lengths more limited than previously thought
(Section 4.3.3).

4. �e SECS interpolation method has been improved upon for the mid-latitude context, with
new methods proposed to include lower �delity data and uncertainty while correcting an error
in previous implementation in southern Africa (see Chapter 7).

- Variometers and low-�delity data can be included in interpolation through dSECS method,
improving on previous results (Section 7.1).

- �e previous implementation of SECS in southern Africa is corrected, and an alternative
more accurate mid-latitude e�ective equivalent current system interpolation using line
elements has been developed (Section 7.3).

- Uncertainty in B-�eld interpolation quanti�ed in rigorous physics and inversion based
methodology which includes measured data and spatial information encoded into the
inversion method (Section 7.2).

- �e improvements in B-�eld interpolation have application within the wider research
community, the implication being that these contributions can stand alone from GIC
modelling.
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9 Concluding Remarks

�is chapter provides answers to the research questions, assesses the validity of the hypothesis
proposed in Chapter 1 and identi�es some of the implications of the hypothesis and research.

9.1 Answers to the Research�estions

Coming full-circle, we revisit the initial research questions from Section 1.6 with responses from the
body of work presented.

RQ1: What measured GIC and geomagnetic data are available to utilities for operational
modelling?
Since we are linking geomagnetic data to GIC data, speci�cally what are the limi-
tations of the data available? How large a dataset is needed to be representative?
Does data cadence play a role? Does the data �delity available inform the modelling
methodology to be used? How are data sources calibrated and is there a signi�cant
issue of noise or poor data quality? Regarding the B-�eld driving GICs over the entire
network, what type of spatial resolution is needed in B-�eld modelling for GIC stud-
ies? When this resolution is not available through measured data, what approaches
are used to de�ne the B-�eld needed?

Although there are cases of high data �delity, most utilities face a challenge of limited GIC
and geomagnetic data. For GIC data, there is limited temporal coverage due to the occurrence
of signi�cant geomagnetic disturbances, and limited coverage within a network due to instru-
mentation of only certain nodes. For B-�eld data, the main limitation is in the spatial coverage
given sparse magnetometer arrays. In terms of GIC measurements, there is the added compli-
cation of noise or dri� in measurements that needs to be corrected for or modelled robustly.
Cadence also plays a large role in the ability to model GIC and B-�eld dynamics. Although
most GIC power comes from periods greater than 1 minute, this data cadence does not show
the result of SSC propagation across the globe. When considering the availability of E-�eld
data or dense magnetotelluric transfer functions, few utilities have access to this level of data
and in many cases the use of single E-�eld measurements or estimations can be misleading.
For broad operational modelling, methods must be able to use synthetic pro�les as a base as-
sumption or else solely rely on mapping from the B-�eld to GIC. From the perspective of the
GIC modelling methodology developed, limited data of the order of hours can provide model
convergence and useful estimation. �e inherent uncertainty is quanti�ed, with low-�delity
cases simply having larger uncertainty bounds.

Regarding the B-�eld modelling required over a network, previous studies have found that
the largest error comes from inaccurate B-�eld estimation – compounded by the fact that a
magnetometer network is usually sparse. At mid-latitudes, there is a distinct advantage of
the main driving currents systems being temporally and spatially more regular in comparison
with the higher latitude auroral regions. �is means that in general, utilities in mid-latitudes
can get away with much sparser magnetometer coverage than those in high-latitudes. It has
however been shown (Section 4.3.3) that local e�ects such as pulsations play a signi�cant role
in the driving disturbance B-�eld, with the implication that a sparse array does not always
su�ce. General approaches include interpolation of the magnetic �eld over the network, such
as the SECS interpolation scheme, but there is no uncertainty estimate associated with the
�nal interpolated �eld.

At mid-latitudes, SECS basis functions are not always representative for a sparse magnetome-
ter grid. In this work, new basis functions that make use of Cartesian line current elements
have been developed, while keeping the concept of an equivalent current system. A previous
implementation of the SECS method in southern Africa was found to be incorrect and the new
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basis function implementation used instead. Further, a new methodology has been developed
to include low-�delity variometers and exploit the linearity of the interpolation scheme by in-
terpolating 3�/3C directly. �is interpolation of 3�/3C can then be used to improve standard
B-�eld interpolation if required. Lastly, and keeping with the theme of quantifying uncer-
tainty, a novel approach to quantifying uncertainty in B-�eld interpolation has been devel-
oped. In this approach, any basis functions can be used as long as a Backus-Gilbert inverse is
applied. �e use of a spatially aware inverse allows for inversion uncertainty to be quanti�ed.
To further de�ne physical uncertainty that may be missed in interpolation, the novel use of an
experimental variogram has been employed. In this step measured data de�nes a typical vari-
ation of the B-�eld that can be used to simulate synthetic B-�elds. �e inversion of synthetic
B-�eld provides an indication of equivalent current variation that propagates to uncertainty
in �nal B-�eld inversion.

RQ2: Can data-driven methods encode more complicated dynamics and do they improve on
conventional modelling accuracy?
Using the same base assumptions, do data-driven models result in more accurate
models? In the case that base assumptions relating measured B-�eld and GIC are
incorrect, do data-driven models remain representative? Typical cases of the latter
are when the frequency dependence of the E-�eld is incorrectly de�ned or when net-
work modelling assumes incorrect system parameters.

By allowing the �xed parameters in conventional modelling to become free parameters deter-
mined by data, the data-driven approaches have shown to encode more complicated dynam-
ics of the GIC modelling chain. Within the frequency domain approach of transfer function
mapping between the B-�eld and GICs, the mapping is fully representative and is able to en-
code complex geological and network responses. In the time domain, the network parameters
require an E-�eld estimate which may be wrong. In this case, we see that the data-driven
network parameters can encode geophysical variations not modelled conventionally in the
input E-�eld and identify a network e�ective response. Explicitly this is seen through net-
work parameter uncertainties and showing a directionality response not aligned to the local
network. Using di�erent conductivity pro�les and B-�eld measurements gives di�erent re-
sponses, showing that the network parameters are sensitive to input and can be used to probe
the e�ects of di�erent inputs. By using sub-sets of parameters given di�erent GIC magnitudes
there is further variation seen that may indicate more complex responses not explicitly mod-
elled otherwise. When comparing the data-driven network parameter results to analytical
network parameters, we see a signi�cant improvement in accuracy.

RQ3: Do conventional models quantify the associated uncertainties in modelling?
Dealing with operational modelling, are there any probabilistic or error bands asso-
ciated with GICmodels previously developed? Do we have an idea of where there are
drivers of uncertainty in the modelling chain and how this uncertainty propagates?
Understanding the drivers of error and the robustness of methods given these errors
is critical to operational application.

In terms of operational GIC modelling, the gap between model output and real-world mea-
surement of GIC has been identi�ed as a source of signi�cant risk. In previous studies, there
has been no estimate of uncertainty in GIC modelling included. Using the ensemble approach
estimation from statistical ensembles of free variables, the measured data de�nes spreads in
the various relations that implicitly de�ne uncertainty and unmodelled aspects. Propagating
these spreads into a �nal model result, error bands are produced.

�e nature of the parameters estimated through ensemble estimation is dependent on whether
the calculation is done in the time or frequency domains, with the resulting distributions being
either related to network parameters or transfer function components. Although relations

Page 132 / 151



Operational Modelling of Geomagnetic Fields and Geomagnetically Induced Currents

between B-�eld, E-�eld and GIC have been explored in previous work, this new research is the
�rst to apply a data-driven ensemble methodology that focuses on describing the gap between
measurement and modelling. Other than providing a di�erent perspective to modelling, the
calculation method leverages simultaneous equations and provides an independent approach
to network parameter and transfer function estimation. �e robustness of the methods used
allows for various levels of data �delity to be used, without impacting the usefulness of the
resulting estimates. Taking into account the uncertainty and calibrating analytical models
using the empirical approaches further leverages what data is available, in contrast to state-
of-the-art physics-based models that that require high-�delity surveys and data to produce
actionable results.

For a mid-latitude utility facing the decision of capital investment to enable full physics-based
modelling or selective empirical modelling, the la�er is de�nitely the most cost e�ective and
operationally robust, being real-time and directly giving the state of the system. When the
system is in a similar state and the same B-�eld and GIC measurement pair are used, then the
empirical modelling is fully generalisable. Failing that, the spread of estimates is likely to give
a good indication of the modelling result and relative comparisons are applicable. At its heart,
the empirical network parameter ensemble and transfer function approaches proposed aim to
augment general theoretical models that identify nodes of interest for real time operational
modelling. �e derived uncertainties can be propagated to other single estimate theoretical
results, with the results serving as inputs for susceptibility and risk analysis.

RQ4: Are there any further characteristics of the modelling chain that can be inferred from
the analysis of measured data?
Besides the modelling of GIC time series, can we say anything about the drivers or
network purely by looking at the measured data and empirical modelling? Using
di�erent datasets, canwe infer the impact of di�erent factors? Do any of these factors
or characteristics inform operational applications?

Analysing the uncertainties further, factors that drive uncertainty in the �nal modelling result
can be identi�ed as separation between the B-�eld and network, conductivity assumptions and
in�uences of multiple lines at a node (possibly from lower voltage networks). A result of the
di�erent errors is variation of network parameters. In the frequency domain using the TF
approach it was found that SNR is a large factor in the stability of component estimation,
with 3�/3C being favoured for high frequencies (periods less than 1 minute). Expanding the
TF approach to map the E-�eld to GIC through frequency dependent network parameters,
no statistically signi�cant deviation from a resistive approximation of the network was found.
Purely from the GIC data, pulsation driving can be identi�ed along with geophysical in�uences
such as the coastal e�ect. �e e�ective network averaging is non-trivial and dense E-�eld
measurements are not su�cient for improved model accuracy. Taking all the modelling chain
factors and variations into account together, it is doubtful that a full physics-based model
would accurately describe all in�uences. Rather, simpler models can identify the vast majority
of variation and should be used in a empirical sense. A key test for the appropriateness of
a model can be de�ned by the slope of GIC spectrum, i.e. whether an assumed E-�eld is
representative. Measuring the e�ective frequency response slope across network nodes should
be able to calibrate a network for analytical models and identify where there are shortcomings
in model assumptions.

RQ5: Are there any particular bene�ts or di�erences regarding modelling in the time and
frequency domains?
Since modelling can be approached from either perspective, are there any bene�ts
to choosing a single domain? Are there operational considerations regarding either
modelling approach? Can uncertainty estimates in the frequency domain be propa-
gated to the time domain?
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Making use of the empirical network parameter ensemble method developed, the time domain
application is the more robust and �exible version given simple cases. Where the empirical
transfer function approach in the frequency domain approach comes out on top is very much
when there are complex geophysical conditions that are not encoded by a simple layered-Earth
with conductivity variable with depth, or full 3D structure. �ere is however the shortcoming
that the frequency domain calculations use an FFT, which means missing data becomes an is-
sue. As modelling is required, and not only characterisation, approaches such as Lomb-Scargle
or wavelet analysis are not suitable. �e ensemble methodology in both cases can quantify
the uncertainty and provide operational results. Unless an impulse response is used for the
frequency domain application, there would be an additional issue around real-time modelling.
�e time domain ensembles do not have this shortcoming. It is important to make use of
datasets that are as representative as possible in training. �is is particularly the case of large
GIC magnitudes in the time domain and discrete driving in the frequency domain such as pul-
sations. A consideration in both approaches is the use of Fourier decomposition in either the
E-�eld or transfer function estimation. GICs in their nature are low-frequency phenomena,
but the spike-like peaks, such as those seen during the SSC, are transient that mathematically
cannot be fully reproduced using only periodic functions unless an in�nite sum of frequency
components is taken. Of course, this is impractical given limited sampling. Underestimation
of transient spikes are common in GIC modelling in general as a result. Lastly, propagation of
uncertainty in the frequency domain to time domain results is not possible without the inclu-
sion of parameter ensembles, de�ned in a similar way to network parameter ensembles but
using transfer function components instead of E-�eld components.

9.2 Validity of the Hypothesis

Having addressed the research questions posed to help guide research, we move on to the hypothesis
itself. Considering the simplistic conventional GIC modelling approaches available to most utilities,
a representative �rst-order approximation of GIC driving in these power networks is possible. A
large part of the success of the simplistic representations is that the network can be assumed to be
resistive and that the plane-wave assumption of disturbance B-�eld largely holds at mid-latitudes.
Furthermore, the base assumption bene�ts from the network averaging out �ne scale geophysical
heterogeneities. �ere is still however a gap between real-world measurement and the output of
conventional models. In operational terms, where decision-making is critical, such a gap may be
dangerous. A data-driven methodology was developed to quantify the gap and probe where the
base assumptions fall short, such as in the case of complex ground conductivity structures, large
separation between B-�eld measurement and network node or unmodelled power network aspects.
�e resulting modelling encodes both the e�ective network response and the uncertainty associated
with the various levels of data �delity and allows for operationally useful estimates, even in cases
where assumptions are violated or limited data is available. �ese results were validated through by
applying the data-driven methodology developed to four di�erent mid-latitude networks around the
world across multiple geomagnetic storms. Di�erent levels of data quality were used, both in terms
of GIC data and geomagnetic data, ranging from low-�delity data with data gaps, low-cadence, noise
and o�sets to high-�delity data that has been calibrated and recorded at a high cadence. Further,
di�erent geological contexts have been used with either synthetic conductivity pro�les, measured
E-�eld or full 3D MT surface impedances. In all cases, the methodology results have been found to
be consistent and robust, with remote magnetometers being useful.

Chains of analytical, physics-based models, although accurate in individual modelling aspects, are a
product of the assumptions made and cannot link the multiple factors together in de�ning an e�ec-
tive response with uncertainty that is needed in real-world or operational application. Previously,
the best option for such modelling has been the use of proxies that are general enough to be useful
when calibrated. In this realm of operational modelling there are other shortcomings, particularly in
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the frequency domain given discrete frequency driving. Taking into account the correct frequency
weighting of the di�erent phenomena allows for identi�cation of be�er proxies. In terms of B-�eld
modelling for GIC studies when more accuracy is needed, improved mid-latitude speci�c interpola-
tion has been de�ned, with the associated uncertainty in interpolation estimated.

Considering the research questions and body of work presented, we can state that the hypothesis,

“Data-driven adaptations of conventional modelling of measured GICs from geo-
magnetic �eld disturbances can improve operational modelling application and
accuracy.”

is not generally valid, but that it is has been shown to be valid given the mid-latitude regions studied.
Further validation would be needed to extend the validity of hypothesis to low- and high-latitude
regions where there may be more complex dynamics. �ere are further caveats that accuracy is
improved when compared to analytical models using comparable datasets and that the results are
only valid for a node. In terms of the operational requirement for GIC pro�le shape and uncertainty
estimation possible in an online implementation, the proposed data-driven adaptations do allow for
operational application. Taking these considerations into account, the hypothesis can be reworded
as a valid statement as,

“Inmid-latitude regions as de�ned here, data-driven adaptations of conventional
modelling of measured nodal GICs from geomagnetic �eld disturbances can im-
prove modelling accuracy in comparable datasets and allow for operational ap-
plication through uncertainty estimation.”

9.3 Implications of Hypothesis and Research Presented

Leveraging data-driven adaptations of conventional GIC modelling is not only feasible but also at-
tractive for operational modelling. Aside from o�ering advantages of improved accuracy and uncer-
tainty quanti�cation, identi�ed as objectives of operational application, the methodology presented
is applicable to large regions of the world where many power systems are exposed to GICs. Utili-
ties in these mid-latitude regions o�en face challenges of sparse magnetometer coverage or limited
geophysical information, usually lagging in GIC awareness and resilience when compared to the
more a�ected high-latitudes. In light of these challenges, the robustness of the methods proposed
allow for optimal use of existing assets and modelling. Having identi�ed at-risk nodes, li�le cap-
ital expenditure is required for instrumentation and real-time operational modelling compared to
full physics-based approaches requiring large surveys. In terms of augmenting conventional mod-
elling, the proposed data-driven adaptations provide a viable validation approach and state estima-
tion within the network. Ultimately data-driven modelling includes the entire network response
without any information about the network, making it ideal for complex or unknown parts of the
network. Both the network parameter ensembles and transfer functions provide a benchmark for in-
vestigating and improving analytical models, which could extend GIC modelling to whole networks
instead of only the nodes with GIC monitoring. Lastly, the development of uncertainty estimation
due to B-�eld interpolation can be used both in operational model inputs and in planning for as-
set optimisation within a network. At mid-latitudes, the adapted basis functions which describe the
driving current systems be�er provides an improved basis for B-�eld input into models and eventual
model accuracy.
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Acknowledgement of Data Sources

�is work would not have been possible without the provision of data from di�erent institutions,
utilities and individuals. �e datasets used come from various parts of the GIC modelling chain and
are summarised below:

Geomagnetic Indices and Solar Wind Data
�e author gratefully acknowledges the NASA/GSFC’s Space Physics Data Facility’s OMNIWeb (or
CDAWeb or �p) service and OMNI data for the SYM-H index and solar wind measurements. Further
thanks goes to the Hermanus Geomagnetic Observatory, operated by SANSA, for the provision of
local K-indices in South Africa.

Geomagnetic Data
�e results presented in this work rely on data collected at magnetic observatories. �e author
thanks the national institutes that support them and INTERMAGNET for promoting high stan-
dards of magnetic observatory practice (www.intermagnet.org). �e author also acknowledges the
SuperMAG [213] collaborators (http://supermag.jhuapl.edu/info/?page=acknowledgement)
regarding the use of geomagnetic data. Raw geomagnetic �eld data from magnetotelluric �eld units,
part of the USArray Transportable Array, were used and are available through the �e IRIS Data
Management Center (IRISDMC) (doi:10.7914/SN/EM). Data from a legacy pulsation magnetome-
ter operated by SANSA in Sutherland, South Africa, was also used along with other variometers,
whether used for MT sites or pulsation studies in southern Africa. All SANSA geomagnetic data can
be accessed through the SANDIMS data portal (https://sandims.sansa.org.za/).

Geoelectric Data
Measured geoelectric data has also been used, and the author thanks the Kakioka Magnetic Obser-
vatory of the Japan Meteorological Agency for making the data available (www.kakioka-jma.go.
jp/obsdata/metadata).

Magnetotelluric Surface Impedances
Magnetotelluric transfer functions derived from magnetotelluric �eld units, part of the USArray
Transportable Array, were used and are available through the SPUD EMTF repository (ds.iris.
edu/spud/emtf), with thanks to A. Kelbert, G.D. Egbert and A. Schultz.

GIC Data
Of all the datasets, GIC data has in the past been the most di�cult to access. As general and regula-
tory awareness grows, the sharing of data is becoming more and more common. For this work there
are a number of individuals and utilities that have been ahead of the curve and should be acknowl-
edged as such. For South African GIC data, the author acknowledges Eskom and the EPRI Sunburst
project. In the USA, the Tennessee Valley Authority (TVA) has been a leader in instrumenting their
network and sharing data, with special thanks to Ian Grant. On the other side of the world, Pow-
erlink �eensland in Australia has similarly been very helpful with thanks to Greg Hesse. Further
thanks goes to S. Watari who facilitated in the sharing of data from Hokkaido Electric Power in
Japan.

Other
�e benchmark geomagnetic and geoelectric �eld pro�les for the March 1989 storm are
available on the NERC GMD Task Force project webpage, www.nerc.com/comm/PC/Pages/

Geomagnetic-Disturbance-Task-Force-(GMDTF)-2013.aspx.

Acknowledgement of So�ware Sources

By far the majority of the analysis done in this thesis has been in Python and Linux. Besides the
typical packages for plo�ing and analysis, a number of packages speci�c to geomagnetic modelling
have been particularly useful. �ese can be summarised with their functions as:
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1. apexpy: geographic and geomagnetic coordinate conversion (https://apexpy.
readthedocs.io/en/latest/readme.html)

2. basemap: map plo�ing in Python (https://matplotlib.org/basemap/)

3. mtpy: MT helper functions for reading MT �les, basic visualisation and modelling (https:
//github.com/MTgeophysics/mtpy)

4. rpy2: R wrapper for Python (https://rpy2.github.io/)

�e rpy2 is speci�cally used to be able to use the variogram simulation capability of gstat

R package in Python. Other so�ware packages used include Octave to run geoelectric �eld
estimation code for a layered-Earth using Wait’s recursion formula, developed by Ari Vil-
janen (FMI/GEO), March 2001, and modi�ed by A. Pulkkinen, December 2006, and C-based
Enhanced Magnetic Model 2017 for main geomagnetic �eld estimation (https://www.ngdc.
noaa.gov/geomag/EMM/). Finally, for illustrative purposes, Occam’s 1D inversion of MT data
was estimated using the OCCAM1DCSEM code (https://marineemlab.ucsd.edu/Projects/
Occam/index.html) and mtpy wrapper. QGIS was used for various power network shape-
�les and mapping outside of Python. �e power network shape�les were either obtained for
the speci�c network (South Africa: https://www.eskom.co.za/Whatweredoing/GCCAReport/
Pages/GCCA2022Update.aspx, USA: https://hifld-geoplatform.opendata.arcgis.com/
datasets/electric-power-transmission-lines, Australia: https://www.aemo.com.au/

aemo/apps/visualisations/map.html) and/or validated through OpenStreetMap (https://
www.openstreetmap.org/).
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