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Abstract Changes in the Earth's geomagnetic field induce geoelectric fields in the solid Earth. These
electric fields drive Geomagnetically Induced Currents (GICs) in grounded, conducting infrastructure. These
GICs can damage or degrade equipment if they are sufficiently intense—understanding and forecasting them
is of critical importance. One of the key magnetospheric phenomena are Sudden Commencements (SCs). To
examine the potential impact of SCs we evaluate the correlation between the measured maximum GICs and
rate of change of the magnetic field (H') in 75 power grid transformers across New Zealand between 2001 and
2020. The maximum observed H' and GIC correlate well, with correlation coefficients (%) around 0.7. We
investigate the gradient of the relationship between H' and GIC, finding a hot spot close to Dunedin: where a
given H’' will drive the largest relative current (0.5 A nT~! min). We observe strong intralocation variability,
with the gradients varying by a factor of two or more at adjacent transformers. We find that GICs are (on
average) greater if they are related to: (a) Storm Sudden Commencements (SSCs; 27% larger than Sudden
Impulses, SIs); (b) SCs while New Zealand is on the dayside of the Earth (27% larger than the nightside); and
(c) SCs with a predominantly East-West magnetic field change (14% larger than North-South equivalents).
These results are attributed to the geology of New Zealand and the geometry of the power network. We
extrapolate to find that transformers near Dunedin would see 2000 A or more during a theoretical extreme SC
(H' = 4000 nT min~).

Plain Language Summary A changing magnetic field at the surface of the Earth will induce
anomalous currents in conducting infrastructure, such as a power network. There are many processes that can
cause the Earth's magnetic field to change, but we investigate one of the simplest: Sudden Commencements
(SCs). SCs are caused by rapid increases in the density or velocity of the solar wind, and can be measured as a
fast, mostly Northward change of the magnetic field on the ground. We compare the changes in the magnetic
field with the currents observed at 75 locations across the New Zealand power network. We find a link between
the changes in the magnetic field and the currents, but several locations appear to be more susceptible to large
currents. We also find that some types of SC appear to cause larger currents and that the effect of SCs is greater
on the sunlit side of the Earth. Finally, we use the relationships we have seen over the last 20 years to see what
would happen if a much larger event were to occur in the future.

1. Introduction

The interaction between the solar wind and the Earth's magnetic field results in a large range of magnetospheric
processes. Many of these global magnetospheric phenomena change the Earth's magnetic field and generate
dynamic currents in the ionosphere. Consequently, a large range of magnetospheric processes are linked to rapid
changes in the measured magnetic field on the surface of the Earth. This changing magnetic field - through
Faraday's law - will induce an electric field in the solid Earth, which will in turn generate anomalous currents
in grounded conducting infrastructure, known as Geomagnetically Induced Currents (GICs). Presenting as an
induced direct current (DC), these GICs can cause the immediate failure of components in power infrastructure, in
addition to prematurely aging equipment (Beland & Small, 2004; Bolduc, 2002; Boteler et al., 1998; Gaunt &
Coetzee, 2007; Rajput et al., 2020). It has been estimated that an extreme space weather event, and corresponding
large GICs, would result in the loss of billions of dollars for a western economy (Eastwood et al., 2018), including
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around £16 billion for the UK alone (Oughton et al., 2019). We therefore need to better understand and predict
such events, enabling cost-saving mitigation to be undertaken.

The magnitude of GICs that will be generated depends on several key factors, including: the orientation and
frequency content of the changing magnetic field (Clilverd et al., 2020; Heyns et al., 2021; Smith et al., 2022); the
conductivity profile of the local region (Bedrosian & Love, 2015; Beggan, 2015; Cordell et al., 2021; Dimmock
etal., 2019, 2020); and the details of the geometry and electrical properties of the conducting infrastructure (Beggan
et al., 2013; Blake et al., 2018; Divett et al., 2018, 2020; Mac Manus, Rodger, Dalzell, et al., 2022). However,
in general it has often been assumed that a larger rate of change of the magnetic field will drive larger GICs
(Mac Manus et al., 2017; Smith et al., 2022; Viljanen et al., 2001). For this reason, much recent effort has been
made to forecast the rate of change of the magnetic field (e.g., Blandin et al., 2022; Keesee et al., 2020; Madsen
et al., 2022; Pinto et al., 2022; Upendran et al., 2022; Wintoft et al., 2015), or the probability that it will exceed
defined thresholds (e.g., Camporeale et al., 2020; Coughlan et al., 2023; Pulkkinen et al., 2013; Smith, Forsyth, Rae,
Garton, et al., 2021). The focus on the magnetic field, rather than GICs, has partly been necessitated by the typical
scarcity of freely available GIC observations, compared to the relative abundance of magnetic field measurements.

Historically, GICs have been inferred to cause damage to power systems: for example, in Quebec, Canada in 1989
(Beland & Small, 2004; Bolduc, 2002), Dunedin, New Zealand in 2001 (Rodger et al., 2017) and Malmo, Sweden in
2003 (Pulkkinen et al., 2005). For the incidents in Dunedin and Malmd, the first reported failures of electrical equip-
ment were associated with the Sudden Commencement (SC) which preceded the start of a period of intense geomag-
netic disturbance: a geomagnetic storm (Pulkkinen et al., 2005; Rodger et al., 2017). An SC is a rapid change in the
Earth's magnetic field (Araki, 1994; Fiori et al., 2014), related to the impact of an increase in solar wind dynamic
pressure, often a shock or discontinuity on near-Earth space (Liihr et al., 2009; Oliveira et al., 2018; Smith et al., 2020;
Takeuchi et al., 2002). These shocks often precede other structures in the solar wind, such as CMEs (Coronal Mass
Ejections) that are known to further drive elevated levels of magnetospheric activity (Akasofu & Chao, 1980;
Gonzalez et al., 1994; Yue et al., 2010; Zhou & Tsurutani, 2001), and consequently ground magnetic field variability
and related GICs (e.g., Dimmock et al., 2019; Love et al., 2022; Mac Manus, Rodger, Ingham, et al., 2022; Rogers
et al., 2020; Smith et al., 2019; Smith, Forsyth, Rae, Rodger, & Freeman, 2021). SCs are often subdivided into two
broad categories: those that are followed by further magnetospheric activity, termed Storm Sudden Commencements
(SSCs); and those that are not, which are termed Sudden Impulses (SIs) (e.g., Mayaud, 1973).

Amongst the key magnetospheric drivers of large changes of the geomagnetic field, SCs are one of the most
simple to model. However, while often considered as simply northward deflections of the magnetic field, the
magnetic field signature has two main components, whose relative dominance varies with latitude: the DL and
DP perturbations (Araki, 1994). The DL component—dominant at low latitudes—is the direct compressional
contribution, driven by the inward motion of the magnetopause and necessarily increased magnetopause current.
Meanwhile, the DP component—dominant at high latitudes—is caused by the compressional wave (launched
by the inward magnetopause motion) coupling to shear Alfvén waves in the magnetosphere (Southwood &
Kivelson, 1990), the ionospheric footprints of which are linked to twin traveling convection vortices (TCVs) in
the high latitude ionosphere (Friis-Christensen et al., 1988). These vortices move away from the noon meridian,
but their strength maximizes around 0900 solar local time (Moretto et al., 1997). Therefore, the ground magnetic
field signature and the “size” of an SC on the ground will vary with both latitude (e.g., Fiori et al., 2014; Fogg,
Lester, et al., 2023; Smith, Forsyth, Rae, Rodger, & Freeman, 2021; Takeuchi et al., 2002) and local time (e.g.,
Kokubun, 1983; Russell et al., 1992).

While SCs represent a relatively simple signature, there is inherent variability in the frequency content and the
vector rate of change of the magnetic field during an SC (e.g., with MLT) which provides a source of uncertainty
to simple mappings between the observed magnetic field changes and GICs, even at a fixed location. Examin-
ing more than 15 years of GIC observations made at a single power grid transformer near Christchurch in New
Zealand, Smith et al. (2022) showed that SCs that occurred while New Zealand was on the dayside of the planet
were related to GICs that were 30% larger than if New Zealand were on the night-side for the same magnetic field
rate of change. This could not be accounted for by controlling for the dominant orientation of the largest rate of
change of the field, and was inferred to be partly due to the different frequency content of the SC signature at
different local times.

In this study, we expand on the work of Smith et al. (2022), assessing how GIC observed at 75 different power
grid transformers in the New Zealand power network are impacted by SCs. We determine whether the type of SC
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is important, if the previous day/night asymmetry is common across the network, and how the dominant orien-
tation of the SC signature impacts distinct part of the system. Finally, we assess the GICs that would be induced
during a reasonable, but extreme geomagnetic disturbance occurring at a mid latitude location (e.g., New Zealand
or indeed the United Kingdom/Ireland).

2. Data

In this study we utilize the long-term magnetic field observations made at the Eyrewell (EYR) magnetometer
station, at a cadence of 1 min. In particular, we calculate the rate of change of the horizontal component of
the magnetic field (H"), which been shown in the past to correlate well with observed GICs (e.g., Mac Manus
et al., 2017; Smith et al., 2022; Viljanen et al., 2001).

We compare these magnetic field observations with GIC data from 22 substations around New Zealand, at which
we have data from 75 different transformers (in many substations there are multiple transformers which are
instrumented to measure GIC). GIC data from these transformers have been collected for different lengths of
time, but overall we investigate the period between 2001 and 2020. A detailed description of the instrumenta-
tion and method by which the GIC data have been generated can be found in Mac Manus et al. (2017). Further,
Clilverd et al. (2020) describe how the data are recorded at 4 s resolution if the GICs observed are dynamic, as
would be expected during an SC. The time resolution is lower if the GIC values are changing little (e.g., less than
0.2 A). For this study, we use uncompressed 4 s data.

To identify Sudden Commencements, we initially use the SOHO interplanetary shock list. This catalog has been
derived through the use of the ShockSpotter method (https://space.umd.edu/pm/) on data from the SOHO space-
craft at the L1 point. The SOHO list has then been inspected to ensure that there is a clear and recognizable SC
signature (i.e., a magnetic field deflection close to the predicted shock impact time) seen in the magnetometer
data recorded at EYR. For the period between 2001 and 2020 this list comprises a total of 232 SCs, a subset of
which will have the requisite GIC data at each of the 75 transformers. Further, we define an SSC to be an SC that
is followed within 24 hr by a SymH of —50 nT or less, a similar criteria to that typically employed (e.g., Fiori
et al., 2014; Fogg, Jackman, Coco, et al., 2023; Smith, Forsyth, Rae, Rodger, & Freeman, 2021). Meanwhile, if
SymH exceeds —50 nT for the 24 hr after the SC then it is categorized as an SI.

2.1. Method

In this study we investigate the correlation between the maximum rate of change of the horizontal magnetic
field (H’) and the GICs observed in 75 transformers across 22 substations in New Zealand. We expand the work
of Smith et al. (2022), who investigated this relationship for a single transformer in Christchurch (ISL M6, i.e.,
transformer number 6 from the Islington substation). For both H’ and the GIC observations we take the maximum
value observed from —30 s before the impact of the SC to 150 s afterward, in order to account for time aliasing
and inductance within the power system, following the same process as in Smith et al. (2022). The gradient of the
correlation provides an indication of the susceptibility of the transformer to GICs, effectively how easily a given
rate of change of the magnetic field (H") will drive GICs for a transformer in that part of the network.

Figure 1 shows the correlation between the maximum H’ and GIC observed at four example transformers. The
correlations have been fit using linear orthogonal distance regression (ODR), as it allows consideration that both
variables may have uncertainty (in contrast to ordinary least squares). The fit parameters and uncertainties are
provided on the panels, along with the r? of the correlations. The fits are constrained to lie through the origin
(i.e., a linear fit with zero constant), though we note that this largely does not change the fits obtained. These four
transformers have been selected on the basis that their correlations provide a range of gradients, from 0.021 A
nT~! min at the WTK (Waitaki) transformer to 0.598 A nT~! min at the HWB (Halfway Bush, Dunedin) trans-
former. For comparison we have also included ISL M6 (Islington), which formed the basis of a previous study
(Smith et al., 2022). ISL M6 was selected previously as it provides the longest continuous GIC measurements - as
seen from the 183 SCs from which we have data.

While a range of gradients are observed in the four example transformers, we note that the correlations are high -
with 2 values above 0.75. However, there is some scatter evident in Figure 1, particularly in the lower two panels
where the gradients of the correlations are higher. At ISL M6 (Figure 1b) this scatter has been linked to the more
precise detail of the SC magnetic signature, such as the directionality and frequency content of the magnetic
changes (Smith et al., 2022).
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Figure 1. The correlations between the maximum H’ and GIC observed during Sudden Commencements (SCs) at four
example transformers: (a) Waitaki number 22, (b) Islington number 6, (c) South Dunedin number 2, and (d) Halfway
Bush number 4. Linear fits and the fit parameters obtained through orthogonal distance regression are included for each
transformer.

For context, an observed GIC of 5 A has been inferred to be “significant” for some types of transformer that are
present in the New Zealand power network (Mac Manus et al., 2017), with large geomagnetic storms being asso-
ciated with GICs of between 20 and 50 A. The transformer failure at HWB in Dunedin in 2001 has been linked to
GICs of around 100 A (Rodger et al., 2017), though indications of transformers being under considerable stress
have been observed at much lower levels of GIC (Rodger et al., 2020). We can see in Figure 1 that all of the
observed GICs during SCs at the four example stations are below ~50 A in the period of study.

3. Results

In Figure 2a, we show the gradients that are obtained at the 75 transformers across New Zealand, with associated
uncertainties, ordered alphabetically. The lower panel, Figure 2b, provides contextual information with the points
showing the r? associated with the correlations (left axis), and the bars showing the number of SCs for which
there was sufficient GIC and magnetometer data (right axis). Transformers with fewer than five SCs, or with an
r* less than 0.5 are indicated with a gray cross (+) in Figure 2a—totaling 21 of the 75 transformers.

Previously, Smith et al. (2022) investigated ISL. M6, finding a gradient of 0.21 A nT~! min. While ISL M6 was
selected as it had the longest historical data set—equivalent to the largest number of SCs in the sample period
(Figure 2b)—we can see that the gradient of the correlation at ISL M6 is by no means anomalous. Three trans-
formers at two locations show gradients over a factor of two larger (0.5 A nT~! min and above): Halfway Bush
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Figure 2. A statistical summary of the correlations between the maximum observed H' and GICs at the 75 transformers (22
substations) in our study. Top, (a) the gradient associated with the correlation (with uncertainty represented by the standard
deviation), with the color/marker indicating the geographical location (i.e., substation). Bottom, (b) contextual information
regarding the 72 (points, left axis) and number of events (bars, right axis) for each transformer. The horizontal red dashed line
indicates an 2 of 0.5. Transformers with fewer than five SCs, or with an r> < 0.5 are indicated in panel (a) with a gray cross (+).

(HWB) and South Dunedin (SDN). However, we see that at the vast majority of locations the gradients are much
lower, less than 0.1 A nT~! min. This speaks to a large difference in the GIC experienced across New Zealand
during SCs, and the complex interplay between the geology of the country and the distribution and design of the
power network. Interestingly, we also see significant variability between different transformers within the same
location, likely due to different earthing or winding resistances. For example, at Ashburton (black dots) and
Invercargill (red dots) we see differences of around a factor of two between different transformers. This is consist-
ent with what has been reported before in the New Zealand data, with large differences between closely spaced
substations (e.g., Mac Manus et al., 2017, Figure 5) and inside the same substation (Divett et al. (2018), Table 1).

3.1. Geographical Distribution

Figure 3a shows the geographical distributions of the gradients reported in Figure 2, focused on the South Island
and lower North Island of New Zealand. A northward offset is used to separate any transformers at the same
location, while any transformers with a correlation below 0.5, or fewer than five SCs in the data set, are colored
gray. As above, we see across most of New Zealand the gradients obtained are around 0.1 A nT~! min, however
Dunedin and Halfway Bush (colored yellow in the lower South East) are a very clear exception. Further north,
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Figure 3. The gradient of the correlation between the maximum H' and GIC observed during SCs. Left, (a) the distribution of the transformers across New Zealand.
Where multiple transformers are found at the same geographical location a northward offset is added to separate the observations visually. Right, (b) a stacked
histogram of the r? obtained from the correlations. Transformers where less than five SCs were recorded, or an r2 below 0.5 was obtained, are included in gray.

around the Christchurch peninsula (~173° longitude, —44° latitude) we see another region of moderately higher
gradient. We note that this is close to the Eyrewell magnetometer, whose data are used for the correlations. We
will discuss the use of the single magnetometer station in Section 4.1. The noted intra-location variability is also
clear from Figure 3, particularly in the densely sampled region in the center of the South island.

3.2. Geomagnetic Storm Relation

Recently, Smith et al. (2022) found that ISL M6 observed a 22% greater GIC if the SC was followed by a
geomagnetic storm (an SSC), as opposed to an isolated SC (an SI). In this work, we test if the difference between
SSC and SIs holds across the New Zealand network. Figure 4 shows a comparison between the gradients of the
correlation (between the maximum H’ and GIC) obtained for SSCs and SIs. If these gradients are the same, then
the points would lie along the black dashed line of gradient unity in Figure 4a, and the ratio in Figure 4b would
be equal to one. Transformers for which there were data for fewer than five SSCs and SIs or an r? lower than 0.5
was recovered are colored gray.

There is considerable scatter at low gradients in Figure 4, however a large portion of the scatter is contributed by
events for which there are few SSCs/SIs or poor correlations (i.e., in gray). Limiting our analysis to the 27 trans-
formers with sufficient data and clear correlations (i.e., the non-gray points in Figures 4a and 4b), shows a clear
preference for larger gradients during SSC-type events. The ratio of the gradients observed for SSC-related events
to SI-related events is shown in Figure 4b. The mean of the 27 transformers with sufficient data shows that SSCs
drive 26% greater GICs for a given H’, and therefore the results from ISL M6 are representative of those in the
wider network. Some transformers show a difference of up to 40% between SSCs and SIs, indicating a systematic
uncertainty associated with connecting a given H' to a GIC.

3.3. Local Time and Directional Dependence

Smith et al. (2022) also showed that the gradient between H' at EYR and the GIC amplitude at ISL. M6 varied
depending on two other factors. The first is that SCs that occur when New Zealand is on the dayside of the planet
appear 30% more efficient at generating GICs for the same H’, while the second is that SCs whose magnetic
signature was predominantly in the East-West direction are linked to 36% larger GICs. Figure 5 explores whether
these key relations hold for other locations, in a similar format to Figure 4. Once more, subsets of events for which
there are fewer than 5 events or with correlations (r2) below 0.5 are shown in gray in Figures 5a and 5b, and are
not included in the histograms in Figures 5c and 5d.

Figure 5a shows the comparison between those SCs that occur when New Zealand is on the dayside and nightside
of the Earth. In total, 49 out of 75 transformers have sufficient data and high enough correlations to be included
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Figure 4. A comparison of the gradients of the correlations (between the maximum H’ and GIC) obtained during SSC-type and SI-type events. Left, (a) a direct
comparison of the gradients at each of the 75 locations. Right, (b) a histogram of the ratio of the gradients. For both panels the yellow and red dashed lines indicate
differences of 10% and 20%, respectively. Locations for which there are fewer than five events in either category, or an r? of less than 0.5 is recovered, are indicated in

gray, and are not included in histogram.

in this analysis and comparison. There appears to be a shift, particularly at smaller gradients (e.g., less than 0.3
A nT~! min), with the “day” gradients being larger by 20% or more. However, this difference is smaller for the
three transformers with larger gradients (located at South Dunedin and Halfway Bush). Nonetheless, inspecting
the ratios in Figure 5c, we see that on average the gradients are 27% larger when New Zealand is on the dayside
of the Earth, and they can be over 40% larger at some locations.

Further, in Figure 5b we see that below 0.3 A nT~! min SCs whose largest rate of change is predominantly in the
east-west direction (“dY” events) are linked to peak GICs that are over 10% greater. However, once more any
difference is weaker or non-existent (~+10%) for those transformers with larger gradients (>0.3 A nT~! min).
Inspecting the ratios in Figure 5d we see that the distribution is indeed skewed, with dY dominant events more
often being linked to larger gradients.

While the mean of both ratios is skewed toward dayside and dY dominant events, there are transformers and loca-
tions where this is not the case. It is possible that there are geographical effects, with any effect occurring (or not
occurring) in certain regions, given the geometry of the power network and geology of the local area.

Figure 6 explores the geographical distribution of the results in Figure 5. The top two rows show the gradients
of the correlations obtained when New Zealand is on the day/night side (left) and for SCs for which the maxi-
mum rate of change is predominantly in the east/west direction (right). Figures 6e and 6f show the ratios of the
gradients above: the geographical distribution of the data in Figures 5¢ and 5d. As before, if there are fewer than
five SCs within each subset, or the correlation is low (r?> < 0.5) then the points are colored gray. In the bottom of
Figure 6 we limit the display to those events where the difference between the subsets are statistically significant
at the p = 0.05 level.

In Figure 6e we see that most transformers are red in color, indicating that the gradients when New Zealand are
on the dayside are greater (as discussed above). Interestingly, transformers for which this is not the case (i.e., blue
crosses) are not limited to one location, but are in fact found at several locations in the South and West of the
South Island - in places where adjacent transformers see stronger dayside gradients. We note that the majority
of the data are retained from Figures 6e—6g, indicating that most of the day/night differences are statistically
significant at the p = 0.05 level.
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Figure 5. A comparison of the gradients of the correlations obtained for SCs when New Zealand is on the dayside/nightside
of the Earth (a and c¢), and dX/dY dominant SCs (b and b), in a similar format to Figure 4.

Meanwhile, in Figure 6f, the majority of transformers are colored blue, this time showing that SCs that are
predominantly in the east-west direction (dY dominant) are associated with a correlation with a steeper gradi-
ent. However, there are more transformers for which this is not the case as compared to Figure 6e. While these
exceptions are mostly spread out across the South Island, they do appear more prevalent in the South and West: in
particular the Southern-most locations are mostly characterized by North-South (dX) dominant SCs being linked
to larger gradients.

4. Discussion

4.1. Spatial Variability of the Magnetic Field

Within the analysis above we have used the data from a single magnetic field observatory (Eyrewell, EYR),
out of necessity. This single station has then been compared to the GICs recorded at 75 transformers (in 22
substations) across New Zealand. However in Europe, the rate of change of the magnetic field has been found
to vary by factors of two to three over distances of ~500 km (Dimmock et al., 2020), albeit at a comparatively
high latitude. More generally magnetic disturbances at mid-latitudes have been found to correlate well over a
scale of several hundred kilometers (Dimitrakoudis et al., 2022). This may be a source of uncertainty in our
study: the South Island is approximately 700 km in length. The source of the spatial variability of the magnetic
field is both the small-scale size of the inducing ionospheric current systems (e.g., Forsyth et al., 2014; Ngwira
et al., 2015, 2018; Pulkkinen et al., 2003) and complexity in the ground conductivity profiles (e.g., Bedrosian
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Figure 6. The geographical distribution of gradients in New Zealand, left: comparing dayside and nightside SCs; right:
comparing the dX and dY dominant SCs. As in Figure 3, where multiple transformers are at a single location an additional
northward offset is applied to separate the points. Left, (a, c, e, g): the gradient for dayside and nightside SCs (a, c), the ratio
of dayside/nightside with all valid transformers (e), and only those with a statistically significant (p < 0.05) difference (g).
Right, (b, d, f, h): the gradient for dX and dY dominant SCs (b, d), the ratio of dX/dY SCs with all valid transformers (f), and
only those with a statistically significant (p < 0.05) difference (h). As above, if fewer than 5 SCs are available or a correlation
(r?) below 0.5 is obtained then the transformer is colored gray.

& Love, 2015; Beggan, 2015). Nevertheless, the currents associated with SCs are thought to be relatively large
scale (Araki, 1994; Friis-Christensen et al., 1988; Kokubun, 1983; Russell et al., 1992), at least compared with
those associated with substorms (e.g., Forsyth et al., 2014; Ngwira et al., 2018). Whilst the ground conductivity
profiles are fixed at each measurement location, the consequences of the geology will depend upon the direc-
tion of the field changes, as well as their frequency content (e.g., Clilverd et al., 2020), both of which have been
highlighted as important and variable for SCs (Smith et al., 2022). These factors will introduce intrinsic scatter
in our correlations.

The use of the Eyrewell magnetometer will be most valid for the stations around the middle of the South Island, where
the majority of data resides. We note that we do not see a strong relationship between the correlation (e.g., %) obtained
comparing the maximum A’ and GIC during SCs and the distance from the Eyrewell magnetometer, for example,
in Figure 3. In fact, some of the poorest correlations are obtained at Islington, the most proximate location to the
magnetometer site at Eyrewell. We find that the majority of transformers evaluated return an 12 of around 0.7, which is
comparable to that obtained in previous works for close magnetometers and GIC measurements (Smith et al., 2022).
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4.2. Local Time and Vector Orientation Dependence

SCs are often observed in one minute resolution magnetic field data (e.g., Fiori et al., 2014; Oliveira et al., 2018;
Smith et al., 2019; Smith, Forsyth, Rae, Rodger, & Freeman, 2021). Within these data sets, particularly when
assessing the rate of change of the magnetic field or H’, SCs can appear to be a single family of magnetic signa-
tures - a sharp spike that may last for several minutes. However, there is considerable structure to these magnetic
field changes (e.g., Fogg, Lester, et al., 2023). An SC can be described by two separate components: the DL and
DP components, or compressional and Alfvénic contributions as described above (Araki, 1994). The strength of
these two components will determine the frequency content and orientation of the magnetic field signature, both
of which depend on the location in latitude and local time.

A previous study of the link between SCs and GICs in New Zealand noted that the correspondence was dependent
upon the local time and the dominant direction of the largest rate of change of the field (Smith et al., 2022). The
local time dependence was inferred to be a result of a combination of the sub-minute resolution detail of the SC
signature, and vector direction—both of which were inferred to be different on the dayside of the planet. Ulti-
mately, SCs that were directed predominantly in the East-West direction, or were observed when New Zealand
was on the dayside were associated with GICs at ISL M6 that were 36% and 30% larger, respectively.

In this work we confirm that, at least for the transformers in New Zealand for which we have sufficient data,
the relationships earlier reported for ISL M6 predominantly hold true. On average, transformers observe 27%
stronger GICs if New Zealand is on the dayside of the Earth, and 14% larger GICs is the largest H' is oriented
mostly in the East-West direction. However, we do find some transformers for which this is not the case. These
results demonstrate that the full vector, sub-minute resolution magnetic field signature is important to consider
when interpreting the space weather impact of a given event. Much work in recent times has focused on fore-
casting the one minute rate of change of the geomagnetic field (e.g., Blandin et al., 2022; Keesee et al., 2020;
Pinto et al., 2022; Wintoft et al., 2015), or when it will exceed predefined thresholds (Camporeale et al., 2020;
Coughlan et al., 2023; Pulkkinen et al., 2013; Smith, Forsyth, Rae, Garton, et al., 2021). However, we have
shown that even if the magnitude of H' is predicted perfectly, and even though H' and GIC linearly correlate
rather well (Mac Manus et al., 2017; Viljanen et al., 2001), any GIC derived through a simple correlation will
still come with considerable uncertainty due to the orientation of H’ and the sub-minute frequency content of
the magnetic changes. We note that the differences derived above (i.e., 30% depending on local time and 14%
depending on the orientation), are found for the horizontal ground magnetic field changes observed at ground
level for a relatively simple magnetospheric process that can be described by a limited range of components: for
more complex phenomena such as substorm current systems it is likely that there will be greater uncertainty in
any linear mapping between GICs and H'.

4.3. Intra-Location Variability

We believe that one of the most interesting findings from the current study is the intra-location variability in the
GICs recorded during SCs. In Figure 2 we can see that some locations (e.g., Ashburton, Cromwell, Invercargill
and Islington) show differences of around a factor of two between transformers. As the magnetic field data (i.e.,
H') are fixed by the use of the EYR magnetic observatory, this intra-location variability must come from the GIC
observations - assuming that approximately the same subset of SCs are being compared. Further, in Figure 6
we see that the transformers at a single location respond in different ways to the orientation of SCs: some will
be more sensitive to North-South oriented SCs while others nearby will be related to larger GICs for East-West
oriented SCs. This highlights the importance of the specific set up of each transformer, the connectivity and
resistances for example, in determining the GIC that will flow, and the limitations of calculating a single GIC
at each location. Transformer-level modeling of GICs is required (e.g., Divett et al., 2018; Mac Manus, Rodger,
Ingham, et al., 2022).

4.4. Extreme Events

Large historical events are often scaled to estimate the impact of more extreme events. For example, Mac Manus,
Rodger, Dalzell, et al. (2022) scale large events from the past 30 years such that the maximum value of H’ matches
those expected from the literature: in this case for a maximum value of 4000 nT min~". This value corresponds to
the upper limit of the 95% confidence limit for a 100 years return period at New Zealand's geomagnetic latitude
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Figure 7. The GIC extrapolated to result from a A’ of 4000 nT min~! during an SC. Left (a), the geographical distribution of
GIC, a northward offset has been added to additional transformers at the same location to improve the clarity. Right (b), the
distribution of GIC observed.

(Thomson et al., 2011). It is also consistent with the 5000 nT min~! reported by a recent worst-case-scenario
report for comparable geomagnetic latitudes in the UK (Hapgood et al., 2021). We note that during the October
2003 and September 2017 geomagnetic storms the largest H at EYR was observed during the SC at the start of
the storm (Figure 1 of Mac Manus, Rodger, Dalzell, et al. (2022)).

Motivated by this, Figure 7 details the GICs that would be observed across New Zealand, should an SC-related
H’ of 4000 nT min~! be recorded - assuming that the correlations reported above hold true. Most locations would
incur a GIC of <500 A. However, we see that South Dunedin is exposed to particularly large GICs of ~2000
A, a finding that is consistent with Dunedin being the location where power infrastructure was impacted during
an SC in the past (Rodger et al., 2017). These are extremely high levels, vastly beyond anything that has been
recorded in the New Zealand network during our study interval, and well above that which would cause concern
(Mac Manus, Rodger, Dalzell, et al., 2022). As discussed above, we also see large variations within locations -
near Christchurch the inferred maximum GICs in different transformers span several orders of magnitude. We
note that it is currently not known how an SC giving a H' of 4000 nT min~! would correspond to a solar wind
transient. The results of Fogg, Jackman, Malone-Leigh, et al. (2023) suggest that for a location in Ireland, at a
similar magnetic latitude to EYR, the onset of an SC may contribute extreme H’, but processes during the main
and recovery phases of geomagnetic storms have contributed larger extreme H' observations in the past. Indeed at
mid-latitudes in Europe, the three days following an SSC have been found to contain the vast majority of extreme
rates of change of the magnetic field (Smith et al., 2019; Smith, Forsyth, Rae, Rodger, & Freeman, 2021). This is
a topic that should be further explored in the future.

5. Summary and Conclusions

In this work we have investigated the correlation between the largest H' and GIC recorded during Sudden
Commencements (SCs) over the last 20 years across the New Zealand power network. We use data from 75 trans-
formers, spanning 22 substations across the country, though mostly located in the South Island.

We find that for the majority of the 75 transformers the maximum H’ and GIC during SCs correlates to a high
degree, typically r2 ~ 0.7. We then focus on the gradient of the correlation, effectively the magnitude of the GIC
observed per unit H’'. The gradient of the correlation is highest at transformers in the South-East of New Zealand,
near Dunedin (~0.5 A nT~! min), and some transformers near Christchurch (~0.2 A nT~' min). While we find a
large hotspot in the South-East, we also find that the gradient can vary by a factor of two or more for transformers
at the same location, that is, intra-substation variability, highlighting the importance of detailed modeling of the
components of power infrastructure (e.g., Mac Manus, Rodger, Ingham, et al., 2022).

We then assess factors that could explain a portion of the scatter in the correlations, analyzing subsets of the
SCs to test if sub-populations contain distinct behavior, as has been previously suggested in results from a single
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location (Smith et al., 2022). First, we show that SCs that are followed by geomagnetic storms (i.e., SSCs) corre-
spond to GICs that are on average 26% greater, compared to SIs, for the same per unit H'. Second, we show that
SCs that occur when New Zealand is on the dayside of the Earth are linked to 27% greater GICs than if the SC
occurs when New Zealand is on the nightside. Third, we find that SCs whose largest H' is oriented predominantly
in the East-West direction are linked to 14% larger GICs, on average across New Zealand. These results highlight
the importance of the vector direction and sub-minute resolution frequency content of the SC magnetic signature.
Information on both is lost when the data are reduced to H’ at a one minute cadence. Even for a relatively simple
magnetic signature, this represents a source of scatter/uncertainty when mapping between the magnetic field and
induced GICs.

Extrapolating our results to a reasonable but extreme event (for which H = 4000 nT min~'), we find that most
locations in New Zealand see maximum GIC below 500 A, while the Dunedin area would be exposed to a peak
GIC of over 2000 A—an unprecedented level of GIC, well beyond any observations over the past 20 years.

Data Availability Statement

The results presented in this paper rely on the data collected at the Eyrewell magnetometer station. The data were
downloaded from https://intermagnet.github.io and are freely available there. The New Zealand electrical trans-
mission network DC measurements were provided to us by Transpower New Zealand with caveats and restric-
tions. This includes requirements of permission before all publications and presentations and no ability to provide
the observations themselves. 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 M. Dalzell (Michael.Dalzell @transpower.
co.nz). The analysis in this paper was performed using python, including the pandas (McKinney, 2010), NumPy
(Van Der Walt et al., 2011), SciPy (Virtanen et al., 2020), and Matplotlib (Hunter, 2007) libraries.
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