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Abstract Geomagnetically induced currents (GICs) produced during geomagnetic disturbances pose a
risk to the safe operation of electrical power networks. One route to determine the hazard of large and extreme
geomagnetic disturbances to national electrical networks is a validated model to predict GIC across the entire
network. In this study, we improve upon an earlier model for New Zealand, expanding the approach to cover
transformers nationwide by making use of multiple storms to develop national scaling factors. We exploit GIC
observations which have been made and archived by Transpower New Zealand Ltd, the national grid operator.
For some transformers the GIC observations span nearly 2 decades, while for others only a few years. GICs
can vary wildly between transformers, particularly due to differences in the electrical network characteristics,
transformer properties, and ground conductivity. Modeling these individual transformers is required if an
accurate representation of the GIC distribution throughout the network is to be produced. Here we model

the GIC during 25 disturbed periods, ranging from large geomagnetic storms to weakly active periods. We
adopt the approach of scaling model output using observed GIC power spectra, finding that it improves the
correlations between the maximum model and observed GIC by between 10% and 40% depending on the
transformer. The modeled GIC at the 73 transformers which have measured GIC are analyzed to create local
and national scaling curves. These are used to allow modeling for transformers without in-situ GIC. We present
approaches to utilize this technique for future storms, including non-monitored transformers.

Plain Language Summary Space Weather events can affect the safe operation of electrical power
networks. Specialized instruments have been installed in the New Zealand electrical network to measure
unwanted direct current (DC) currents at transformers and monitor this risk. The measurements from these
instruments are compared against a model, which tries to predict these currents at all electrical transformers
across the entire network. We compare the measured and modeled current across multiple events to help
validate the model at sites that are not directly measured, as well as sites which have measurements. Due to
differences in the electrical network characteristics, transformer properties, and ground conductivity, the DC
current through any two transformers can vary dramatically. The events we model cover large and small space
weather periods. Using the measured currents for these events, we can scale the model output to produce a more
accurate representation of the DC current throughout the whole network. This is a step toward modeling the
unwanted currents during extreme space weather events.

1. Introduction

Earth directed space weather events can lead to large Geomagnetically Induced Currents (GIC) in various con-
ducting systems. Power grids, pipelines, and other critical infrastructure can be disrupted if GIC magnitudes
are sufficiently large. In electrical power networks GIC is a form of direct current (DC) that can flow through
transformer windings and transmission lines connected to substations. GIC has the potential to cause long lasting
problems in operating high-voltage power transmission systems (Bolduc, 2002). Transformers can be damaged
through magnetic saturation of the material in the core leading to overheating and the generation of harmonics
(Rodger et al., 2020).

As society continues to become more heavily technology dependent there is increased global recognition of space
weather and the hazards it present. A report from 2017 by the UN Committee on the Peaceful Uses of Outer
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Space noted that “The largest potential socioeconomic impacts arise from space weather driven geomagnetically
induced currents in electrical power networks.” (United Nations, 2017). The threat of large economical losses
(Oughton et al., 2017) associated with a large geomagnetic storm increases the need to better characterize the
effects on transformers and other ground based infrastructure. Since the beginning of this century, an increased
understanding of GIC impacts on low and mid latitude locations has developed. These include the United King-
dom (Erinmez et al., 2002), South Africa (Koen & Gaunt, 2003), Spain (Torta et al., 2021), and New Zealand
(Mac Manus et al., 2017), to name a few examples.

Modeling GIC is a valuable tool and has been carried out using a variety of techniques in many countries. Using
spatial and temporal variations in the electric field during a geomagnetic storm, the GIC throughout a network can
be calculated. Many studies have used the thin-sheet modeling technique of Vasseur and Weidelt (1977) which
employs a two-dimensional thin sheet with laterally varying conductance. This technique has been used to study
GIC in the United Kingdom (Mckay, 2003; Beggan et al., 2013), and mainland Europe (Bailey et al., 2017, 2018;
Kelly et al., 2017). Other methods involve using MT impedance tensors to estimate electric fields in the frequency
domain from geomagnetic field spectra in Ireland (Blake et al., 2016), Spain (Torta et al., 2021), and the United
States (Love et al., 2018).

Modeling of GIC in New Zealand have primarily used the thin-sheet model (Divett et al., 2017, 2018, 2020).
These studies have focused on validating the model GIC in New Zealand's South Island against a large spatially
varying set of GIC observations. Total Harmonic Distortion (THD), a strong indicator of GIC, show signifi-
cant agreement with the model GIC output in the South Island and also highlight potential areas of concern in
the North Island for locations where GIC observations are not currently taken (Rodger et al., 2020). Ingham
et al. (2017) used transfer functions created from MT measurements made in New Zealand to predict GIC at a
number of transformers in the South Island of New Zealand during various geomagnetic storms. This included
using a simulated storm of a similar magnitude to the 1859 Carrington event, showing that a transformer at the
South Dunedin substation could experience upwards of 800 A. Rodger et al. (2017) estimated peak currents
during extreme geomagnetic storms by extrapolating measurements from past events using the corresponding
horizontal magnetic field rate of change. They found the currents during extreme storms were very large, at orders
of magnitude in agreement with those presented by Ingham et al. (2017). Other studies have looked at calculating
GIC in the North Island using MT measurements (Mukhtar et al., 2020), confirming high currents in transformers
where THD increases were reported by Rodger et al. (2020).

In this study, we describe a technique to improve GIC modeling capability where local GIC observations do
not exist, providing realistic values at the transformer level. Section 2 describes the steps involved in modeling
the transformer-level GIC induced by a varying external electric field. We use a modified version of the thin
sheet model described in Divett et al. (2020). Modeling the electric field requires a ground conductance model
(Section 2.1) and geomagnetic field input (Section 2.2). The geoelectric field model is described in Section 2.3.
Applying the electric field to a representation of the transmission network in New Zealand produces model GIC
at the transformer-level (Section 2.4). In Section 3, we describe the New Zealand network of GIC observations
and the selection of 25 geomagnetic disturbance events that are identifiable with the datasets available. These are
used in Section 4 to relate the model GIC output to the extensive set of GIC observations available for the events.
We show how scaling the modeled GIC in the frequency domain can allow for a more accurate comparison with
the observed GIC. For each transformer where GIC measurements are available we determine a local frequency
domain scaling factor from the 25 events. These are used to correct the GIC model output to more realistic val-
ues for each transformer. Finally we combine all local scaling factors into a national scaling factor which can be
used to correct the modeled GIC output for transformers which do not have GIC observations. Using a test set
of transformers we show the potential of this technique to improve GIC modeling capability even where local
observations do not exist.

2. Geoelectric Field and GIC Modeling

Modeling GIC is a useful tool to understand the impacts of geomagnetic storms on power grids. In the current
study, we focus entirely on New Zealand, although the fundamental steps undertaken here should be generally
applicable to power networks across the globe. We should note, however that the approaches outlined in our study
rely upon the availability of significant quantities of GIC observations. We believe that this is not a common

MAC MANUS ET AL.

20f23



Y d |
AGU

) Space Weather 10.1029/2021SW002955
ADVANCING EARTH
AND SPACE SCIENCE
a) 33 b)
-35
North Island
-37
- -39 « TXY)=T 4T (XY)
g
o 0 - Y
3 . p,=1000Q m
o 20 km
g - £,=10000 2 m
® 60 km
8 Eyrewell p,=100Qm
320 km
45| p,=10Qm
South Island o

-47

-49
164 166 168 170 172 174 176 178 180
Longitude, degrees

Figure 1. Thin-sheet conductance model showing the conductance map in (a) and the underlying layered resistivity structure
in (b). Then location of the Eyrewell magnetic observatory is given by the blue circle in (a).

situation for most power networks around the world. The modeling process can be split up into a geophysical step
where electric fields across New Zealand are calculated (Vasseur & Weidelt, 1977) and an engineering step which
models GIC flowing through every earthed transformer winding and transmission line (Boteler & Pirjola, 2014)
in the New Zealand high voltage transmission network.

2.1. Ground Conductance Model

A ground conductance model of New Zealand and the surrounding ocean is required to calculate the electric
field. We utilize a thin-sheet conductance (TSC) model based on magnetotelluric studies, bathymetry, and geo-
logical maps. The TSC modeling technique was developed by Vasseur and Weidelt (1977). The TSC model used
in our study to represent New Zealand has been explained before (Divett et al., 2017, 2018, 2020) and currently
consists of 168 X 168 square grid cells (28°N x 28°W) with a one sixth of a degree (roughly 20 km) grid spacing.
Figure 1a shows the thin-sheet conductance map for New Zealand, zoomed in to show the land of New Zealand
and nearby oceanic regions. The on-land conductance of each cell represents the integrated conductance of the
upper 20 km of the crust.

Figure 1b shows the underlying layered structure which consists of four layers, with resistivity of 1,000, 10,000,
100, 1 Q/m at layer boundaries of 20, 60, and 320 km depths. This is a two-dimensional TSC model with a depth
variation specific to the New Zealand geology. However, it should be noted that this representation vastly simpli-
fies the region of active fault lines and tectonic variation.

2.2. Geomagnetic Field

A spatially uniform magnetic field equal to that measured by the Eyrewell magnetic observatory is applied to the
region of New Zealand. Ideally, we would have liked to have also utilized two variometers, one in Middlemarch
in central Otago and another in Te Wharau in the lower North Island. These are the same variometers used in
Divett et al. (2020) when looking at the March 2015 geomagnetic disturbance. Unfortunately, due to the recent
installation of these variometers, measurements from both sites are only available for two (March 2015 and Sep-
tember 2017) of the 6 significant geomagnetic events we are analyzing and 3 of the 19 smaller events (these 25
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events are discussed in Section 3.3). We therefore only use Eyrewell observatory magnetic field observations for
all of the geomagnetic disturbance events considered in this study, so we are consistent between all 25 events.
Figures 2g—2j in Divett et al. (2020) show how the magnetic field varies across New Zealand during the March
2015 event. Here, we see that the strongest impact is in the lower South Island. Divett et al. (2020) concluded that
modeled GICs are more sensitive to variations in the magnetic field than other factors such as land conductivity
or network resistances. The various scaling techniques presented in this paper will attempt to account for this lack
of magnetic field variation.

Magnetic field data of 1-min period at a resolution of 0.1 nT in the X (positive to geographic north), Y (positive
toward east), and Z (positive vertically downward) is provided by the Eyrewell magnetic observatory. For the
study presented here, the 1-min X and Y components are used and applied to every grid cell in the model domain.

2.3. Geoelectric Field

We calculate the geoelectric field using the thin-sheet model of Vasseur and Weidelt (1977) with the two-dimen-
sional thin-sheet conductance model discussed earlier. Horizontal electric fields are induced at the surface of
the Earth by the temporal variations in the northward and eastward magnetic field. As such the magnitude and
direction of the magnetic field affects the magnitude and direction of the electric field.

This method is similar to that used in Divett et al. (2020) with one exception: in the current study the range
of valid periods are not restricted. In Divett et al. (2020), the valid periods were restricted to those between
5 and 80.5 min by applying a Gaussian filter to those periods outside this range. Figures 5a, 5c and Se, 5g of
Divett et al. (2020) compared the model output and observed power spectrum of four transformers during the
St. Patrick's day geomagnetic event of 2015. In those Figures, it is clear that there are large amounts of power
which are not being accounted for as they are outside this valid period range. For the purpose of that study, the
period-limited approach was viewed as acceptable as the modeled GIC was being compared with observations
that had also been filtered to this period range. In the current study we are trying to reproduce the true measured
GIC downsampled to 1-min resolution (due to the 1-min magnetic field input) and so restricting the range of
valid periods any more than this is not required. Hence, the range of valid periods for the current study span from
2-min (corresponding to the nyquist frequency) to 1,440 min (24 hr geomagnetic disturbance period modeled).
This stretches the numerical limitations of the thin-sheet model but comparison of modeled and observed GIC
justifies this approach.

2.4. GIC Model

The New Zealand high-voltage AC power network consists of transmission lines with three different voltage
ranges: 50 or 66 kV, 110 kV, and 220 kV. Effectively the North and South Islands are isolated as they are only
connected by the high voltage DC (HVDC) link, operating at +350 kV DC which is not represented in the net-
work used in this model. The HVDC link is not affected by GIC as there are no transformers in the circuit. The
New Zealand network is made up of a large number of substations each with a varying number of transformers.
Some of these transformers are earthed allowing GIC to flow to and from ground through the earthing point of
the transformer. These substations are connected together by a network of transmission lines of varying voltages.

We have followed the approach of Lehtinen and Pirjola (1985) for substation-level and the modification in Bo-
teler and Pirjola (2014) for transformer-level to represent New Zealand's power transmission network by voltage
levels within each substation connected through transformers and transmission lines of varying resistance and
earthed through the Earth grid resistance (EGR). We use this transformer-level network representation to calcu-
late the current through each individual transformer winding and transmission line in the New Zealand network.
This allows us to calculate the GIC flowing through a specific transformer winding along with the substation-lev-
el GIC through the EGR.

A detailed explanation of how to calculate transformer-level GIC is given in Sections 3.2-3.4 of Divettet al. (2018)
and is also discussed in Section 3.2 of Divett et al. (2020). The basic calculation steps are summarized below.

First the current source J . due to GIC is calculated along each transmission line with

m,n’®
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n

Jm.n EIS: (1)

= m,n
Rline m

In Equation 1, we sum the electric field E along the path of the transmission line from node m to n in line seg-

ments ds. Each segment ds is the segment between transmission line pylons. Summing the current source due to

all transmission lines connected to that node gives the total current at that node due to the Electric field. We call

this the source vector J.

The network admittance matrix, Y, and the earthing impedance matrix, Z, describe the network resistance. The
admittance connecting nodes m and n is given by ¥, = —1/R}”". The diagonal elements of Y are the sum of the
admittance of every transmission line or transformer connected to the node while the off-diagonal elements are
the negative admittance of the connections between the two nodes in question. For Z the diagonal elements are
the EGR of that node since we assume that all substations are far enough away that the impedance at one node

does not effect another node. The substation GIC vector I, flowing to Earth can be calculated by

sub

Lu = (1+YZ)™'J. 2

The GIC through each transformer winding I, ., is calculated with Ohm's law. From the substation GIC we can

rans’

calculate the node voltage, relative to the local substation Earth as

Ve = Lu - Re. &)
From Equation 3, we can calculate the voltage difference between each node as

V=V -V )

for all nodes within every substation. We then use the DC resistance of each transformer winding to calculate the
GIC flowing through the transformer with
I/nm

Lirans = R_:," . (5)

where m and n are nodes within a substation. As V? and V* are relative to local Earth, this calculation is only valid

for nodes within the same substation. To calculate the GIC flowing through each transmission line, /,,,, we need

ine

to add an extra calculation. This is the current source J, , given in Equation 1, calculated along each transmission

line between nodes of different substations. Therefore /,,,, is given as
Jon V"
Liine = —— + — 6
line l‘)[ - R:,n ( )
where P, is the number of parallel lines between the two nodes (assuming resistance of each parallel line is the
same).

3. New Zealand Network
3.1. Observations

Measurements of DC currents are available at a large number of substations for multiple transformers in each sub-
station, primarily in locations across the lower and mid-South Island of New Zealand. An extensive description
of the New Zealand DC observations are given in Mac Manus et al. (2017) and Rodger et al. (2020). Transpower
New Zealand Limited owns and operates the New Zealand power network, including monitoring and archiving
the DC current measurements. The available data set began in November 2001 with 36 monitored transformers
at 13 substations. This has since expanded to 61 transformers across 22 substations with a total of 73 unique
transformers having been monitored by the end of 2020. The majority of the DC observations were initially in-
tended to monitor the operation of the HVDC linkage between New Zealand's North and South Islands. All GIC
observations reported here are after the removal of current due to HVDC operation, as described by Mac Manus
et al. (2017). These DC current measurements are made by Hall effect current transducers (Liaisons Electron-
iques-Mécaniques [LEM] model LT 500 or LT 505, with about half of each in use, and a mix of S and T subtypes
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Figure 2. Location of substations with direct current (DC) monitoring equipment are given by the colored stars. Colored
lines indicate the routes of transmission lines of various voltages (66 kV = light blue, 110 kV = red, 200 kV = orange)
including the High Voltage Direct Current (HVDC) link in purple (350 kV) connecting the North and South Island electrical
networks. The Eyrewell magnetic observatory is shown by the blue diamond.

for both model cases). During significant geomagnetic activity there can be rapidly changing GIC levels. The
LEM and archiving software alters time resolution depending on the level of change detected in the observations,
as outlined by Clilverd et al. (2020). During fast changing measurements the time resolution is at its highest of
4 s for most transformers. Figure 2 shows the locations of substations with DC monitoring equipment and the
location of the Eyrewell magnetometer as given by the blue hexagon.

3.2. Network Configuration

A transformer level network representation of the New Zealand power transmission network was developed earli-
er (explained extensively in Divett et al., 2017; Divett et al., 2018, 2020). For the current study, we have extended
the network to include the North Island and are using the real transmission line paths for all calculations. The
calculations required to model the GIC were previously discussed in Section 2.4. The New Zealand GIC model
requires an understanding of four key network characteristics. These include;
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Table 1

Number of Substations, Transformers, and Transmission Lines in the New

Zealand Electric Transmission Network

North Island South Island Total
Substations 122 67 189
Earthed 47 30 77
Unearthed 75 37 112
Transformers 389 203 592
Earthed 149 107 256
Unearthed 207 71 284
Upper phase 33 19 52
Transmission lines 270 144 414

1. Location of Substations and their Earthed/Unearthed status.
2. Transmission line connections between substation and the path these
lines follow.

(98]

Number of and type of transformers in a substations including Earthed/
Unearthed status.

4. Electrical Resistance of all Substations (via EGR), Transformers, and
transmission lines.

Table 1 shows the number of substations, transformers, and transmission
lines throughout the New Zealand electric network on the high voltage side
utilized in the GIC model (66 kV or greater). The term “upper phase” trans-
formers refers to the series winding on auto transformers between two nonze-
ro kV buses. For example, the winding between the 110 and 220 kV buses
on transformer #4 at Halfway Bush (HWBT4) is termed the “upper phase,”
while the common winding from O to 110 kV is termed an “earthed” trans-
former. It is also worth noting that those transformers referred to as “un-

earthed,” are only unearthed on the high voltage side (66 kV or greater). These transformers are earthed on the

low voltage (local) network. Past observations have shown that GIC impact from transformers earthed on the low

voltage side is minimal (NERC, 2013). Low voltage networks have high line resistances and short line lengths

when compared to the high voltage transmission lines, leading to less GIC and less stress on these transformers.

It is worth noting that although only 40% of the New Zealand transmission lines are at 220 kV, they make up 80%

of the GIC flowing through transmission lines.

3.3. Selection of Geomagnetic Disturbance Events

The New Zealand DC observations of GIC span about 20 years. Throughout this period there have been multiple
geomagnetic events that have generated significant levels of GIC measured at various transformers. For our cur-
rent study we have selected 6 significant disturbance events, each covering a 24 hr period, which are listed below:

Table 2
Properties of the 6 Significant Geomagnetic Disturbances
Max

Max EYR Max
Geomagnetic EYRIH'| local IGICI Storm
disturbance (nT/min) K-index (A) Local time phase
November 2001 190.8 8 33.1 14:52 main
October 2003 166.2 9 34.1 19:12 main
October 2013 85.6 6 48.8 14:56 initial
March 2015 68.6 6 47.9 17:46 initial
September 2017 333 7 48.9 00:42 (+1 day) recovery
August 2018 43.2 8 48.2 20:04 recovery

Note. The second column gives the maximum absolute rate of change of the
horizontal component of the magnetic field as measured at the Eyrewell (EYR)
magnetometer. The third column is the Eyrewell local K-index, the fourth and
fifth column indicate the maximum geomagnetically induced currents (GIC)
recorded at a transformer in New Zealand with the corresponding local time.
The last column indicates the phase of the storm at the time of maximum GIC.
Note that the location of the maximum GIC reported varies across the events,
being ISL T6 for the first two, and HWB T4 for the last 4. The maximum GIC
is also prior to being down sampled to 1-min, hence it is larger than that given
in Table S9 in the Supporting Information S1

22:00 UT on 05 November 2001 to 22:00 UT on 06 November 2001
02:00 UT on 29 October 2003 to 02:00 UT on 30 October 2003
22:00 UT on 01 October 2013 to 22:00 UT on 02 October 2013
00:00 UT on 17 March 2015 to 00:00 UT on 18 March 2015

20:00 UT on 07 September 2017 to 20:00 UT on 08 September 2017
00:00 UT on 26 August 2018 to 00:00 UT on 27 August 2018

Al e

From this point forward each of these events will be referred to by their
month and year, that is, the first event will be referenced as November 2001.
A 24 hr period was selected to account for the various duration of each geo-
magnetic disturbance and to ensure the whole event is contained within the
time window. These six events represent some of the largest GIC magnitudes
measured at transformers in New Zealand. Some properties of these events
are listed in Table 2. Note also that five of the six events (all but September
2017) appeared in the empirical New Zealand extreme storm GIC study in-
vestigating peak GIC magnitudes during the largest 25 geomagnetic distur-
bances from 2001 to 2015 (Rodger et al., 2017).

The November 2001 geomagnetic disturbance is the most significant | H'|
value observed by the Eyrewell magnetic observatory from 2001 to 2020.
The GIC observed during this event has been extensively discussed and ana-
lyzed in earlier studies (Béland & Small, 2004; Mac Manus et al., 2017; Mar-
shall et al., 2012). The observed maximum GIC magnitude of 33.1 A was re-
corded at the Islington #6 transformer (ISLT6). A similar sized geomagnetic
disturbance has yet to affect New Zealand in the years since, although we
are confident larger events have occurred in the past, and will also happen in
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Table 3
Properties of the 19 Smaller Disturbance Events

Max EYR |1H'l Max EYR local Max Storm
Geomagnetic disturbance (nT/min) K-index IGICI (A) Local time phase
24 December 2001 9.5 5 2.7 20:21 Recovery
09 June 2002 3.7 3 2.5 11:49 (+1 day) Recovery
13 August 2003 9.2 4 1.8 06:15 (+1 day) Recovery
14 October 2004 7.9 5 39 10:59 (+1 day) Recovery
30 May 2005 9.9 7 3.8 03:36 (+1 day) Main
23 November 2006 6.4 4 2.1 16:59 Main
17 December 2007 20.1 4 2.8 15:55 Initial
11 October 2008 4.5 4 1.3 19:44 Initial
27 February 2009 49 3 3.1 01:18 (+1 day) Main
02 May 2010 11.1 4 3.2 05:31 (+1 day) Main
17 September 2011 20.7 5 4.2 15:44 Initial
12 March 2012 25.9 6 4.1 22:17 Recovery
02 June 2013 6.8 4 8.2 20:40 Recovery
08 June 2014 13.8 5 11.9 19:34 Main
10 April 2015 12.8 5 10.6 20:02 Main
13 October 2016 8.8 6 6.9 01:51 (+1 day) Main
22 April 2017 18.7 6 13.5 21:30 Main
01 June 2018 5.4 5 6.7 22:05 Main
02 February 2019 3.8 4 34 22:15 Recovery

Note. The second column gives the maximum absolute rate of change of the horizontal component of the magnetic field as
measured at the Eyrewell (EYR) magnetometer. The third column is the Eyrewell local K-index, while the last column shows
the maximum GIC recorded at a transformer in New Zealand.

the future. In contrast to November 2001, the September 2017 geomagnetic disturbance recorded the lowest | H'|
value of the 6 events analyzed, but was associated with the largest observed GIC magnitude measurement in New
Zealand of 48.9 A measured at the Halfway Bush #4 transformer (HWBT4). The September 2017 disturbance has
been examined earlier by Clilverd et al. (2018) who looked at long-lasting GIC and harmonic distortion observed
in Dunedin, (the city hosting HWBT4) as well as by Rodger et al. (2020) who focused on harmonic distortions
across the entire countries electrical network. Both of these studies utilized harmonic measurements also carried
out by Transpower NZ Ltd. Unfortunately there are no GIC observations from ISLT6 during the September 2017
event and HWBT4 measurements only began in October 2012. Rodger et al. (2017) looked at a number of events
with measurements at both transformers and found that the GIC is consistently approximately a factor of three
times higher at HWBT4 than ISLT6. While measurements at HWBT4 were not being undertaken in November
2001, the transformer was damaged and replaced as a result of this event. It is believed that this transformer ex-
perienced ~100 A of GIC at this time (Rodger et al., 2017).

On top of the 6 geomagnetic disturbances we have also looked at 19 smaller geomagnetic disturbance events,
requiring that they must have a maximum GIC magnitude of <15 A at every transformer, but >1 A for at least
one transformer. To do this, one day each year from 2001 to 2019 was randomly selected that fits this criteria.
As most days are very geomagnetically quiet it is highly likely that a randomly selected day out of any given year
would have essentially zero GIC across all the measured transformers. As we want to include small geomagnetic
disturbance events (i.e., not totally quiet) a randomly selected day that does not fit the two criteria above are dis-
carded and a new one randomly selected. For all of these small disturbance events the full 24 hr period of the day
selected is also modeled. The properties of these smaller events are given in Table 3. We add the smaller distur-
bance time periods to increase our data set of GIC activity, but also to span a wider range of power spectra (i.e.,
from these smaller events through to the larger disturbances). These events will be useful when creating average
power spectral scaling curves in Section 5.1.
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4. Modeling of Past Events

For all 25 events in Tables 2 and 3 the GIC was modeled at 1-min resolution for a 24 hr period at every earthed
transformer and flowing through every transmission line. As the modeling relies on the thin sheet technique with
inbuilt assumptions, it is not meaningful to undertake higher time resolution GIC modeling (see the discussion
in Divett et al., 2020). As noted above, the measured GIC has a varying resolution (as high as 4 s during geo-
magnetic storms). For consistency when comparing the GIC observations with the modeled GIC and to perform
Fourier transforms, we have down sampled the measured GIC to a constant sample period of 1 min. This was
carried out using a Gaussian filter with a 90-s window centered around 1-min intervals. It should be noted that
this is essentially the same approach as how the high time resolution magnetometer data is converted to 1-min
values (St-Louis, 2020).

Throughout the paper the September 2017 geomagnetic disturbance is discussed and specific examples from
some transformers are given. The full observations and modeling output for all six significant geomagnetic events
and transformers can be found in the Tables in the Supporting Information S1. Those tables include Pearson cor-
relation coefficients between the measurements and modeled GIC (S1-S4), Performance parameter (P) between
the measurements and modeled GIC (S5-S8), absolute maximum GIC values (S9-S13) and absolute mean GIC
values (S14-S18) throughout the 24 hr time period for each event analyzed. Results taking into account all 6
significant geomagnetic events are given throughout the paper and references to these tables are made. In this
paper, the Performance parameter is defined as given in Equation 1 of Marsal and Torta (2019) and shown below.

RMSE,,

0o

P=1- @)
Here, RMSE is the root mean square error between the observations and model, while o, is the standard deviation
of the observations.

4.1. September 2017

We will initially discuss the September 2017 geomagnetic disturbance in detail to demonstrate some of the issues
when comparing the modeled and observed GIC data.

The spectra of the electric fields and GICs were modeled for the full 24 hr duration. An inverse Fourier transform
is then applied to produce a time series of the transformer level GIC through each transformer winding. The top
panel of Figure 3 shows a comparison between the absolute mean measured and modeled GICs for the September
2017 geomagnetic disturbance, for all transformers where observations are present. In red, we show the mean
(average) absolute GICs modeled across the 24 hr period, while in blue is the mean absolute measured GIC at
transformers that were monitored throughout the event. If a transformer has no measurements then a black cross
is indicated at zero GIC. The dotted black lines separate the substations so dots within these lines represent GIC
through a transformer at the same substation which are ordered approximately from north to south.

As seen in the top panel of Figure 3, for most transformers (51 of 66 with measurements) we find the mean mod-
eled GIC (red circles) are equal or larger than the measured GIC (blue circles) for the September 2017 storm. In
contrast, the bottom panel compares the maximum modeled and measured GICs. Here, only 28 of the 66 trans-
formers have modeled GICs that have larger or equal maximum values when compared with the measured GIC.

Figure 4 shows the modeled GIC at South Dunedin transformer #2 (SDNT?2) against the observed GIC for the
September 2017 event. This Figure shows that for the most part the two time series agree rather well. The major
features and some, but not all of the smaller-scale GIC changes seen in the observed GIC are reproduced by the
model. However the thin sheet modeling output is certainly not perfect. For example, the model underestimates
the peak GIC at 12:42 by ~8 A (25%). The biggest discrepancy occurs just after 02:00 on 8 September 2017 at
which time the model does not show as strong of a rebound back to zero Amps as the observations after the dip
around 02:00 UT. A value of r = 0.769 is found for the Pearson correlation coefficient (P = 0.348 for the Perfor-
mance parameter) between the modeled and measured 1-min resolution GIC.
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Figure 3. Measured and modeled geomagnetically induced currents (GIC) magnitude for the September 2017 geomagnetic
disturbances. Top panel: mean GIC, Bottom panel: maximum GIC. Dotted black lines separate the substations ordered

approximately from north to south. If there is no measured data at a given transformer a black cross is shown at zero.

4.2. Extension to Multiple Storms

We find that across all the six large geomagnetic disturbances the relationship between the modeled GIC at each

transformer is consistent. For example, if we compare the November 2001 event with the September 2017 event

we find that the mean GIC is approximately twice as large for November 2001 across all transformers. This can

be seen at ISLT6 which for November 2001 has a mean of 0.4 A compared to 0.2 A for September 2017. Likewise
the mean GIC for SDNT?2 during the same storms are 4.7 and 2.6 A respectively (also approximately double).

The other large geomagnetic disturbances show similar consistences in each transformer's mean modeled GIC.

The mean GIC for the March 2015 event is approximately the same as September 2017, while for October 2013

it is around two-thirds.
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——modeled 1 min GIC

30 IPerformance Parameter (P) = 0.348 |
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GIC[A]
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07-Sep-2017 20:00 to 08-Sep-2017 20:00

Figure 4. 24 hour time series of the modeled (red) and measured (blue) 1-min resolution geomagnetically induced currents
(GIC) at SDNT?2 during the September 2017 event. The Pearson correlation coefficient between the two time series is
r = 0.769, while the performance parameter is 0.348.

However some transformers have essentially the same GIC measured for all 6 events. We see that for the substa-
tions of Timaru, Tekapo B, Ohau A, and Ohau B the mean modeled GIC values are all ~0.6 A when averaged
across all six large storms.

Consistent relationships are also found when looking at the maximum modeled GIC. The full comparison of the
mean and maximum modeled GIC for each transformer and large geomagnetic disturbance is shown in Tables
S15 (mean) and S10 (maximum) of the Supporting Information S1. This consistency is expected, as the model
uses the same network configuration, resistance, and ground conductivity for all six events. The only difference
comes from the changing magnetic field variation, provided by the Eyrewell observatory, applied across the
entire modeling domain.

It should be noted that there is much less consistency from storm to storm, in the GICs measured at each trans-
former location compared to modeled GICs. This can be seen in Tables S14 and S9 in Supporting Information S1,
which provide the mean and maximum measured GIC (respectively) for each large geomagnetic disturbance and
transformer. Unlike the model output, the observations made during the November 2001 geomagnetic distur-
bance do not show a consistent mean GIC double that of the September 2017 event. Across all transformers the
mean measured GIC is 0.3 A for these two events however for individual transformers the relationship varies
with some being lower for November 2001 while others are larger. There are however some transformers that
show consistent mean measured GIC across all 6 geomagnetic disturbances. Transformers at the substations of
Timaru, Tekapo B, Ohau A, and Ohau B have mean measured GIC values of ~0.2 A. Clearly our initial modeling
approach is not capturing the level of variability in the observed GIC. This is probably due to a range of factors,
potentially including the use of a nonspatially varying magnetic field, changes in the transmission network or the
varying range of frequencies driving GIC. Together, these factors could lead to these differences in mean GIC
from disturbance to disturbance. In reality, the magnetic field disturbance will vary across the country. However,
we have applied the Eyrewell magnetic observatory data across our entire modeling domain due to a lack of in-
formation from a spatially distributed magnetometer network.

We feel it is important to point out that some locations do not show the largely consistent pattern with the max-
imum and mean GIC being larger in the modeling than in the measurements. For example, some substations in
the center of the South Island (i.e., Benmore, Aviemore, Waitaki) show near-zero mean GIC values for both the
measured and modeled GIC (as seen in Figure 3 and Tables S14 and S15 in Supporting Information S1).
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We also see that transformers at Halfway Bush and South Dunedin have the largest maximum and mean GIC,
both observed and modeled, when contrasted with the rest of the substations which are monitored (as seen in
Figure 3 and also Tables S9, S10, S14, and S15 in Supporting Information S1). This suggests the model is ap-
proximately correct, consistent with the conclusions of Divett et al. (2020).

We now consider the average of all monitored transformers taken as a whole across all events. This information
can be found in the last lines of Tables S9 to S18 in the Supporting Information S1. The mean modeled GIC,
averaged across all monitored transformers and all storms is 0.4 A (Table S15 in Supporting Information S1).
The maximum modeled GIC, averaged in the same way, is 6.4 A (Table S10 in Supporting Information S1). In
contrast the mean observed GIC, averaged across all monitored transformers and storms is 0.3 A (Table S14
in Supporting Information S1). The maximum observed GIC, averaged in the same way is 5.0 A (Table S9 in
Supporting Information S1). In both cases, the ratio between the observed value and modeled value is ~1.3. We
find that typically the model predicts the maximum GIC with a similar accuracy to the mean GIC modeled. In
addition, this confirms that typically the model GIC is slightly higher than what is observed.

While this result applies for the majority of monitored transformers, it is strongly influenced by those transform-
ers with rather low currents (a few amps, as is common even amongst these fairly large disturbances). If we look
at transformers with large GIC values, for example, HWBT4, HWBT6, and ISLT6 the ratio of maximum modeled
GIC to measured GIC is ~0.4, but for the mean GIC this ratio is ~0.7. This highlights some of the difficulties
the model has in reproducing the larger GIC peaks. For these highly responsive transformers the model GIC is
actually lower than the measured values. That identifies a difficulty in using the existing modeling approach for
hazard identification.

We find that generally the thin sheet modeled GICs are typically adequate for the 6 significant geomagnetic
storms, which is to say that for most transformers the modeled maximum GIC is typically similar to that ob-
served. The detailed evidence of this can be found in Tables S9 and S10 in the Supporting Information S1. How-
ever for transformers with a maximum GIC larger than 10 A the model typically does not reproduce those large
values. Throughout the 6 significant geomagnetic disturbances there are 37 occurrences of a transformer with a
maximum observed GIC larger than 10 A. Of these the model GIC is lower for 25 (67%) of them, on average by
~8 A (30%).

Unfortunately, as shown, for some transformers the model does a rather poor job of predicting the magnitude of
the expected GIC. It is unclear if this is due to fundamental limitations in the thin-sheet code, differences between
the conductance model employed and reality, inductance in the electrical network, small scale structure or the
magnetic field forcing, or perhaps other as yet identified issues. In the next section, we present a technique to try
and compensate for the identified weakness for locations with large measured GIC magnitudes.

5. Scaling Techniques
5.1. Developing Corrected Power Spectra

As noted earlier, our study is part of a long term effort working toward a validated model by which we can predict
GIC magnitudes across New Zealand during an extreme geomagnetic disturbance. This is necessary for the New
Zealand power grid operator to plan for an extreme event and develop mitigation approaches. As reported in the
previous section, the “basic” thin sheet modeling approach described by Divett et al. (2020) does a reasonable job
of describing the time variation of GIC, but tends to produce GIC magnitudes which are typically too low at the
most responsive transformers. However, as we will demonstrate below for a given geomagnetic storm we can use
the modeled power spectrum of the GIC through a given transformer and scale it up to a similar magnitude to the
power spectrum determined from the measured GIC. This scaling process allows us to empirically account for
some inabilities of the thin sheet to accurately model particular frequencies of GIC, and should also correct other
systematic modeling inaccuracies (as outlined in the previous section).

As an example we will consider the HWBT4 power spectrum during the September 2017 event. The Halfway
Bush substation is located only ~5 km away from the South Dunedin substation. However, in contrast to SDNT2,
the thin sheet model fails to model the GIC at HWBT4 correctly (as earlier discussed in Divett et al., 2020, and
also shown in Figure 3). We can attempt to correct this by scaling the power spectrum as described below, and
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as shown in the top panel of Figure 5. The power spectrum is corrected using a third-order polynomial fit. We
fitted polynomial curves to the modeled and measured power spectra independently. We then find the difference
between the polynomial fit for the modeled GIC and the polynomial fit for the measured GIC and shift the model
power spectrum by this difference. In the upper panel of Figure 5, the black line represents the scaled model GIC
power spectra that has been corrected to produce a similar magnitude as the measured GIC power spectra, which
we term the “Corrected power spectra”.

Using this scaled power spectra and performing an inverse Fourier transform produces the lower panel of Figure 5
which presents GIC at HWBT4 in the time domain. The corrected GIC model output is shown in black which we
refer to as the “scaled GIC”. This scaling approach is significantly better at modeling the long period of elevated
GIC that occurred from 12:00 to 13:00 UT. Unfortunately, the initial few hours are significantly worse, indicating
that this scaling method is still missing some important details. Overall the Pearson correlation coefficient has
increased from r = 0.776 to r = 0.816. Although the magnitude in the initial few hours is overestimated with
the scaled GIC, the overall shape of the time series has been improved, leading to this better Pearson correlation
coefficient. This is further supported with the improved performance parameter from P = 0.216 to P = 0.443.
The maximum measured GIC is 47.5 A, significantly larger than the initial maximum modeled GIC of 9.1 A.
However using the corrected GIC power spectrum to create the scaled GIC gives an improved modeled maximum
GIC of 40.8 A, clearly significantly closer to the measured GIC.

As for the rest of the transformers with measured GIC, the top panel of Figure 6 displays the change in the
Pearson correlation coefficient when comparing the measured GIC with the scaled model GIC as opposed to the
non-scaled modeled GIC. This information is also given in Tables S1 and S2 in the Supporting Information S1
For example, for HWBT4 the increase in Pearson correlation coefficient is 0.04 (r = 0.776 to r = 0.816). This
panel shows that after scaling only one transformer (OHBT8) shows a significant decrease in Pearson correlation
coefficient, which we take to be a decrease of more than 0.05, and only five transformers decrease, while 59 have
increased Pearson coefficients. Similar results are found for the other 5 significant geomagnetic disturbances we
have analyzed (as shown in Table S1 in Supporting Information S1 for the model GIC and Table S2 in Supporting
Information S1 for the scaled GIC in the supplementary material). All the 5 transformers which show decreases in
Pearson correlation coefficients have maximum GIC (both modeled and measured outputs) that are less than 2 A.
For such small values, the extreme storm risk is clearly very low, and hence we are not concerned by the decrease
in correlation for those transformers.

Likewise, the performance parameter for the September 2017 event also improves. Of the 64 transformers with
measurements, 45 (mean P = 0.347) show positive performance parameters compared to 34 (mean P = (0.248)
prior to scaling. Tables S5 and S6 in the Supporting Information S1 show similar results for the other 5 significant
geomagnetic disturbances.

With regards to possible transformer damage during a geomagnetic storm, it is large GIC that is of concern, in
particular the length of time for which the currents are large. While the Pearson correlation coefficient is a good
indicator of the ability to model the overall GIC time series variation, it does not take into account the magnitude
of these variations. In the bottom panel of Figure 6, we show the maximum absolute GIC for the transformers
with GIC measurements available during the September 2017 event. With the red circles, we compare the meas-
ured GIC with the modeled GIC, both at 1-min resolution, while the black circles compare the scaled GIC against
the measured quantities. Clearly the scaled GIC provides significantly better quality matches to the maximum
absolute measured GIC as it is a closer fit to the perfect fit given by the dashed black line. This Figure demon-
strates that in most cases the application of the scaling technique accurately predicts the peak GIC during the
geomagnetic disturbance. Similar improvements are seen for the other 5 significant geomagnetic disturbances
that we have modeled in this study (as shown in Tables S11 in the Supporting Information S1).

We now test the application of the corrected power spectra to smaller geomagnetic disturbances, to confirm the
approach is valid over a range of disturbance sizes. Here we examine 22 April 2017 for HWBT4. Again the mod-
eling is improved by applying the scaled power spectra, as shown in Figure 7. In this Figure, it is clear by eye that
the scaled modeled GIC in the bottom panel has much better correlation with the measured GIC than is present
in the upper panel. Here the Pearson correlation coefficient has increased from r = 0.781 (top panel) to r = 0.853
(bottom panel). In this Figure the maximum absolute GIC is also improved. The modeled scaled GIC value in-
creases to 10.9 A compared to 3.7 A determined from the original modeling approach. As such it is significantly
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Figure 5. 1-min resolution geomagnetically induced currents (GIC) at HWBT4 during the September 2017 event. The Top panel is the power spectrum and the lower
panel is the time series. In both panels three lines are shown: the initial modeled GIC output (red lines), measured GIC (blue lines), and the scaled modeled GIC (black
lines). The black lines are the output GIC from the corrected power spectra model, created by adjusting the model power to the magnitude of the measured power

spectra.
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Figure 6. Top panel: Change in the Pearson correlation coefficient between the observed geomagnetically induced currents
(GIC) and the scaled modeled GIC or the original nonscaled modeled GIC. A positive value indicates an improved value for
r. The black horizontal line at zero indicates no change in r while a black cross represents a transformer that has no measured
GIC for this event and hence no correlation coefficient can be determined. Bottom panel: Compares the original model 1-min
maximum GIC (red) against the scaled modeled 1-min maximum GIC (black) for all transformers available during the event.
The dashed black line shows the 1:1 fit between the modeled (y-axis) and measured (x-axis).

closer to the measured 1-min time resolution peak GIC of 12.3 A. Although we are more interested in modeling
time periods of very large GIC and accurately predicting the peak GIC during very large geomagnetic disturbanc-
es, this figure shows that the model and correction technique used are still effective at capturing both the time
variation and magnitude of smaller GIC values (GIC < 10 A) which occur throughout the time period considered.
The improvement in the Performance parameter from P = 0.325 to P = 0.543 also supports this.
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Figure 7. Time series of the modeled and measured 1-min geomagnetically induced currents (GIC) at HWBT4 during a 24 hr period in April 2017. This is one of the
smaller geomagnetic disturbances (Table 3). In blue is the measured GIC which is compared against the modeled GIC (red in top panel) and the output of the scaled
model GIC (black in bottom panel).

5.2. Scaling Transformers for Future Storms

One of our long term goals is to extend the GIC modeling across the entire New Zealand electrical transmission
network, to allow identification of potentially “at risk” transformers during very large and extreme geomagnetic
disturbances. The scaling technique described earlier relies on comparison and scaling of modeled results with
information from GIC observations, which are limited to a subset of transformers that have observations for the
event in question (see Table 1 in Rodger et al., 2020). The technique described in the previous section produces
corrected power spectra separately for each disturbance. Hence we seek an approach to generalize that technique
for all disturbances, which we will then extend again to un-monitored transformers. That is outlined in the current
Sections 5.2 and 5.3 below.

In Figure 8, we show the corrected power spectra for all geomagnetic disturbances (including both Tables 2 and 3
events) where observations are available from HWBT4. The events are colored to identify geomagnetic distur-
bance periods from both the larger and smaller events. Recall that measurements are not always available for all
25 disturbances, hence Figure 8 shows only 3 corrected power spectra for the large storms, and 5 for the smaller
disturbances. From the eight corrected power spectra, we then produce an average of all these power spectra,
shown in Figure 8§ as the black line. We will term this the “local multi-storm corrected power spectra” (LMSC
power spectra) that can be utilized to represent the response at that specific transformer for any geomagnetic
disturbance. We have followed the same approach to produce a LMSC power spectra for all 73 transformers for
which there are GIC observations.

It is worth noting that over the 19-year data set the New Zealand electrical power network has changed. New
transmission lines have been introduced and transformers have been both commissioned and decommissioned.
For the purpose of this study and to enable the creation of the various LMSC power spectra we have left the
modeled network unchanged in the state it was at the start of 2018. This is useful in that the modern network state
is most representative of the network which would be impacted by a future extreme storm. However, the approx-
imation is also necessary as we do not have details for all of the changes which have occurred progressively over
the two decades considered.
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Figure 8. Power spectrum of the modeled 1-min geomagnetically induced currents (GIC) fitted curves at HWBT4 during the events that have measured GIC. Blue
lines are fits from the large significant Geomagnetic storms while the red lines are from the smaller disturbances. The mean power spectrum for all these curves is given
by the black line. This is termed the local multistorm corrected power spectra (LMSC) power spectra.

In discussing Figure 5 (showing GIC at HWBT4 in September 2017), we noted that for most times the model GIC
output values were improved after application of a corrected power spectra. We can now apply the LMSC power
spectra, shown for HWBT4 in Figure 8, and determine the new GIC output produced with that LMSC power
spectra. The results of these calculations are shown in Figure 9.

In Figure 9 we see that when using LMSC power spectra (magenta line), the new model GIC output is only
slightly smaller than was seen in Figure 5 (the black line from Figure 9). Using the corrected power spectra that
is unique for HWBT4 during the September 2017 event produces a maximum GIC of 40.8 A, rather close to the
measured GIC maximum of 47.5 A. When we apply the more versatile LMSC power spectra correction the max-
imum modeled GIC is 32.1 A, a clear decrease, but significantly higher than for the basic modeling approach of
9.1 A. We also find similar Pearson correlation coefficients of 0.816 for the corrected power spectra and 0.822 for
the LMSC power spectra correction. The smaller maximum GIC when using the LMSC power spectra is an ac-
ceptable compromise as the LMSC approach can be used to correct multiple different geomagnetic disturbances.

5.3. Scaling Transformers With No Measurements

As mentioned in Table 1, there are over 250 earthed transformers in the New Zealand electrical transmission
network, all which could have potentially large GIC during geomagnetic disturbances. Around 75% of these
transformers have no GIC measurements to give a direct comparison with the model GIC. It seems likely that
some of these unmonitored transformers could be at risk due to an extreme geomagnetic disturbance.

In an attempt to create a way to accurately model the GIC at sites without existing GIC measurements, we have
modeled a large number of geomagnetic disturbance events to determine a nationwide multi-storm corrected pow-
er spectra (NMSC power spectra) by averaging all the LMSC power spectra. This NMSC power spectra allows us
to model all transformers across the New Zealand transmission network using the assumption that the un-mon-
itored transformers will be reasonably well represented by the transformers for which there are measurements.
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Figure 9. Geomagnetically induced currents (GIC) at HWBT4 during the September 2017 event. In black is the scaled GIC using the corrected power spectra while in
magenta is the scaled GIC using the local multistorm corrected power spectra (LMSC) power spectra.

The top panel of Figure 10 shows the LMSC power spectra for each of the transformers with measured GIC.
There are a total of 73 transformers for which we have GIC measurements and hence 73 LMSC power spectra
are shown by the black lines in Figure 10 (top panel). From this we have determined the mean polynomial fit,
producing the NMSC power spectra (blue line). The shaded red region represents the 1-sigma NMSC fit based
on the various 1-sigma fits for the LMSCs.

Figure 10 shows a large variation in the LMSC power spectra across all the transformers. For the purpose of
modeling those transformers without any GIC measurements, the NMSC power spectra should help account for
many limitations in modeling particular frequencies. While the variation in the LMSC are very large, the impact
on calculated maximum and mean modeled GIC is less extreme. The maximum and mean GIC modeled using
the NMSC power spectra are relatively close to those produced using the LMSC power spectra, and they are
relatively close to observations. By looking at the maximum and mean values for the LMSC (in Tables S12, S17
in Supporting Information S1) and NMSC (in Tables S13, S18 in Supporting Information S1) corrections we can
see that on average across all transformers the LMSC and NMSC values are similar. The maximum GIC for the
LMSC scaled GIC averaged across all six significant geomagnetic disturbances is 4.1 A compared to 4.6 A for
the NMSC. Likewise for the mean GIC, both the LMSC and NMSC produce 0.3 A across the same 6 disturbance
events.

The bottom panel in Figure 10 compares the various maximum model GIC against the measured GIC. As ex-
pected, using the corrected power spectra that is unique to each transformer and geomagnetic disturbance (black)
produces the closest maximum GIC to the measurements (average difference of 0.7 A), while the original non-
corrected (red) model GIC is the worst (average difference of 3.4 A). The LMSC (magenta) and NMSC (green)
power spectra scaled GIC have average deviations of 1.8 and 2.1 A. For values that better represent all trans-
formers (e.g., below 15 A) the LMSC and NMSC models produce very similar results (as mentioned earlier in
the text). The lower panel shows three transformers with significantly larger measured GIC. These are HWBT4
(47.5 A), HWBT6 (39.2 A), and SDNT2 (33.5 A). For the two at Halfway Bush (HWBT4, HWBT6) the NMSC
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Figure 10. Top panel: Local multistorm corrected power spectra (LMSC power spectra, black lines) and nationwide multistorm corrected power spectra (NMSC
power spectra, blue line). The shaded red area represents the 1-sigma fit for the NMSC power spectra. Bottom panel: Compares the original model 1-min maximum
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Figure 11. Modeled geomagnetically induced currents (GIC) for RDFT1 during the September 2017 geomagnetic event. In red is the original modeled GIC while the
scale GIC output from the nationwide multi-storm corrected power spectra (NMSC) power spectra is given in green.

model produces significantly less (and further from the measured) maximum GIC than the LMSC model. For
these locations we would continue to use the LMSC model.

In the lower panel of Figure 10, we show the upper and lower 1-sigma regions for the LMSC and NMSC model
GIC. This involves calculating the corresponding LMSC for the upper and lower 1-sigma errors and using those
fits for the corresponding 1-sigma NMSC fits. This results in a range of ~+8% for the LMSC and +12% for the
NMSC.

The Redclyffe substation located on the east coast of the North Island near the city of Napier is one such loca-
tion with no measured GIC. Figure 11 shows the difference between the original modeled GIC at transformer
#1 (RDFT1) and the modeled GIC once the NMSC power spectra has been applied. The increase in GIC in this
example is significant, particularly for the largest GIC values. The peak GIC increased more than 50% from 26
to 41 A. We have selected this transformer as it has one of the largest modeled GIC for a transformer without
measurements. Rodger et al. (2020) showed a correlation between even harmonics and large GIC at sites with
measured GIC in the South Island. That work also showed that Redclyffe had some of the largest even harmon-
ics in the North Island suggesting that the modeling approach for nonmonitored transformers does improve the
quality of the outputs. Mukhtar et al. (2020) discussed the Redclyffe substation while looking at using MT data
to model GIC in the North Island. In that study they mentioned that Redclyffe has similarities with the Islington
substation in terms of their physical location and electrical setup.

It is worth highlighting that when considering the North Island, particular the northern part, using magnetic field
from Eyrewell is likely to be relatively over representing the true magnetic field. Intuitively, the electric fields and
GIC are likely to be smaller than the South Island. However the NMSC is also itself an average which is lower
than the spectrum that might be expected from a larger storm leading to an underestimate in the corrected GIC.
It is unknown if these two effects would account for each other leading to a rather accurate GIC modeled with
the NMSC. For future studies looking at extreme events a range of NMSC fits would need to be considered to
produce a range of expected GIC.
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Figure 12. Time variation of the measured (blue line) and modeled (red line) geomagnetically induced currents (GIC) for ISLT3 during the September 2017
geomagnetic event. The nationwide multi-storm corrected power spectra (NMSC) power spectra applied to the model is in green.

As shown in Figure 11, the NMSC power spectra can be applied to transformers without measurements. To
further validate the use of the NMSC we compared the output from the NMSC approach for transformers with
measurements to show that it still provides an improvement over the original model. To undertake this test, we
excluded the ISLT3 LMSC when creating the NMSC and then determined the modeled ISLT3 GIC using the test
NMSC. The result of this calculation is given in Figure 12. The Pearson correlation coefficients are improved
(0.830 against 0.886) as is the performance parameter (0.316 against 0.567) and the Figure shows that the NMSC
approach provides significant improvements over the original unscaled model GIC particularly at the largest
peaks and is a valid approach to scaling transformers without GIC measurements.

6. Summary and Conclusions

Using a thin sheet model of the New Zealand electrical power network we model the GIC during 25 disturbed
periods of 24 hr duration, ranging from large geomagnetic storms to weakly active periods. Initial analysis is
undertaken of GIC during the September 2017 geomagnetic storm, and a technique of adjusting the model GIC
output spectra in the frequency domain is applied. The power spectra of the thin sheet model output is compared
against the measured GIC power at each of 73 sites where in-situ measurements are made, and a local scaling
factor determined that corrects the model output. This technique improves the correlations between maximum
model and observed GIC by between 10% and 40% depending on the transformer. Average local scaling factors
were then found for all 25 disturbed periods analyzed giving a characteristic frequency domain scaling factor for
each transformer.

This technique demonstrates that the GIC produced from the thin sheet model for New Zealand can be scaled
in the frequency domain to produce a more accurate comparison with the measured GIC. We have shown how
corresponding local scale fits of the power spectra can be created for each unique transformer. Once local scaling
factors are determined, they can be averaged to describe a scaling factor for the network as a whole. For trans-
formers with large GIC we find that the locally scaled model output provides a more accurate agreement with
the maximum measured GIC. For smaller measured GIC values (below 15 A) the local and national scaled GIC
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results are very similar. The use of national scaling factors allow more accurate GIC modeling for transformers
without in-situ measurements. We provide an example of a North Island transformer, Redclyffe, previously found
to generate harmonic distortion. Here, the corrected thin sheet model peak GIC output increases by more than
50%, and for the September 2017 geomagnetic storm, maximum GIC of 41 A are calculated.

Data Availability Statement

The New Zealand electrical transmission network's DC characteristics and DC measurements were provided to
us by Transpower New Zealand with caveats and restrictions. This includes requirements of permission before all
publications and presentations and no ability to provide the observations themselves. In addition, we are unable
to provide the New Zealand network characteristics due to commercial sensitivity. Requests for access to these
characteristics and the DC measurements need to be made to Transpower New Zealand. At this time the contact
point is Michael Dalzell (Michael.Dalzell @transpower.co.nz). The thin sheet conductance model used in this
paper can be downloaded from FigShare (https://doi.org/10.6084/m9.figshare.18739259.v1).
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