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Abstract Variability of the geomagnetic field induces anomalous Geomagnetically Induced Currents
(GICs) in grounded conducting infrastructure. GICs represent a serious space weather hazard but are not
often measured directly and the rate of change of the magnetic field is often used as a proxy. We assess the
correlation between the rate of change of the magnetic field and GICs during Sudden Commencements (SCs)
at a location in New Zealand. We observe excellent correlations (7> ~0.9) between the maximum 1-min rate
of change of the field and maximum GIC. Nonetheless, though SCs represent a relatively simple geomagnetic
signature, we find that the correspondence systematically depends on several factors. If the SC occurs when
New Zealand is on the dayside of the Earth, then the magnetic changes are linked to 30% greater GICs than

if New Zealand is on the nightside. We investigate the finding that the orientation of the strongest magnetic
deflection is important: changes predominantly in the east-west direction drive 36% stronger GICs. Dayside
SCs are also associated with faster maximum rates of change of the field at a resolution of 1 s. Therefore, while
the maximum rates of change of the magnetic field and GICs are well correlated, the orientation and sub-1-
min resolution details of the field change are important to consider when estimating the associated currents.
Finally, if the SC is later followed by a geomagnetic storm, then a given rate of change of the magnetic field is
associated with 22% larger GICs, compared to if the SC is isolated.

Plain Language Summary Changes in the Earth's magnetic field will drive electrical currents that
can flow in infrastructure, such as power networks and pipelines. These currents can pose a hazard to their
operation and safety. We often do not have access to direct measurements of the currents that flow within our
infrastructure, so we typically report and forecast magnetic perturbations to infer when we are likely to see large
currents. In this work, we investigate the link between the magnetic changes and currents that are observed
when the Earth is impacted by a sharp change in the solar wind dynamic pressure, that is, a shock. We also
have access to direct measurements of current in infrastructure from New Zealand. In general, we find excellent
correlations between the two parameters. However, we find that the type of shock event during which they are
observed is important as is the location of the observations relative to the day/nightside of the Earth. We find
that the orientation of the rate of change of the magnetic field as well as high time resolution (i.e., subminute
resolution) information are both important to consider when attempting to estimate the currents that will be
generated, even with relatively simple processes.

1. Introduction

Rapid changes in the Earth's surface magnetic field generate anomalous currents in a large-scale grounded infra-
structure; these are known as Geomagnetically Induced Currents (GICs). Examples of infrastructure vulnerable
to GICs include pipelines, power networks, and railways. In such systems, GICs can cause increased weathering
of components or in extreme cases even direct damage (e.g., Boteler, 2021; Boteler et al., 1998; Liu et al., 2016;
Rajput et al., 2020). Power networks are particularly vulnerable to the effects of large GICs as these can damage
transformers and cause blackouts (e.g., Beland & Small, 2004; Bolduc, 2002; Eastwood et al., 2018; Gaunt &
Coetzee, 2007). Some of the risks—and ultimately economic costs—associated with the generation of large
GICs can be mitigated, provided sufficient warning (Oughton et al., 2019), making forecasting such intervals a
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critical endeavor. However, the ability to provide accurate forecasts relies on our understanding of the dynamic
interactions between the solar wind and magnetosphere as well as how those processes couple to the solid Earth.

Direct measurements of GICs are relatively sparse and are rarely available for sufficiently long intervals to permit
a detailed statistical study. Therefore, studies that require long baselines often use the rate of change of the surface
magnetic field as a proxy measurement (e.g., Carter et al., 2015; Freeman et al., 2019; Smith et al., 2019; Smith,
Forsyth, Rae, Rodger, & Freeman, 2021; Thomson et al., 2011; Viljanen et al., 2001). Such magnetic field meas-
urements are comparatively plentiful and are readily available for many locations across the globe with records
spanning decades. In general, excellent correlations have been observed between the magnitude of GICs and the
rate of change of the local magnetic field (e.g., Mac Manus et al., 2017; Rodger et al., 2017; Zhang et al., 2020).
However, the precise translations between the magnetic field changes and observed GICs are complex. Phys-
ically, the time-varying geomagnetic field will induce a geoelectric field in the ground; it is then the strength
and relative direction of the geoelectric field that will determine the GICs that result in the grounded infra-
structure. Full modeling of such a process requires knowledge of the direction, strength, and frequency content
of the magnetic field changes as well as the local geology and the geometry and properties of the local power
networks (Beggan, 2015; Beggan et al., 2013; Blake et al., 2018; Cordell et al., 2021; Dimmock et al., 2019;
Divett et al., 2018, 2020; Mac Manus et al., 2022; Thomson et al., 2005; Viljanen et al., 2013). Unfortunately,
detailed 3D conductivity models are not available for many locations across the globe.

A wide range of dynamical processes in near-Earth space can cause rapid magnetic fluctuations on the ground
(e.g., Rogers et al., 2020) and consequently GICs (e.g., Clilverd et al., 2018; Kappenman, 2005; Tsurutani &
Hajra, 2021). In particular, large magnetic field changes and GICs are often associated with geomagnetic storms
and substorms (e.g., Dimmock et al., 2019; Eastwood et al., 2017; Freeman et al., 2019; Ngwira et al., 2018),
during which strong and dynamic ionospheric currents are generated. These ionospheric currents vary over rela-
tively short spatial scales (e.g., Forsyth et al., 2014; Murphy et al., 2013; Pulkkinen et al., 2015) and are therefore
challenging to forecast. The picture is further complicated by considerable spatial variations in local ground
conductivity. These factors combine to result in large differences in observed GICs over spatial scales of hundreds
of kilometers or less (e.g., Bedrosian & Love, 2015; Dimmock et al., 2020; Mac Manus et al., 2017; Ngwira
et al., 2015).

Sudden Commencements (SCs) are another key magnetospheric phenomena that can generate large magnetic
field changes (D. M. Oliveira et al., 2018; D. Oliveira & Samsonov, 2018; Fiori et al., 2014; Smith, Forsyth, Rae,
Rodger, & Freeman, 2021; Smith et al., 2019) and consequently GICs (Carter et al., 2015; Kappenman, 2003;
Marshall et al., 2012; Pulkkinen et al., 2005; Zhang et al., 2015). SCs are impulsive phenomena caused by the
impact of a large increase in solar wind dynamic pressure on the magnetosphere, that is, a solar wind shock (Liihr
et al., 2009; Takeuchi et al., 2002). Critically for forecasting purposes, solar wind shocks represent a distinct and
coherent phenomena that are observable upstream of the Earth at L1 prior to impact (e.g., Cash et al., 2014).
They also often precede further magnetospheric activity, that is, geomagnetic storms and substorms (Akasofu &
Chao, 1980; Gonzalez et al., 1994; Yue et al., 2010; Zhou & Tsurutani, 2001). Consequently, while SCs them-
selves may not be responsible for large portions of extreme magnetic variability, the interval of time that follows
can account for 90% of extreme magnetic field variability (Smith, Forsyth, Rae, Rodger, & Freeman, 2021; Smith
et al., 2019) at latitudes below 60°.

Recent space weather modeling efforts have produced models that can skillfully forecast the rate of change of the
magnetic field to provide advance warning of GICs (e.g., Camporeale et al., 2020; Keesee et al., 2020; Smith,
Forsyth, Rae, Garton, et al., 2021; Wintoft et al., 2015) with the implicit assumption that large rates of change
of the magnetic field will generate large GICs (Viljanen et al., 2001). However, as outlined above, the relation-
ship between the rate of change of the magnetic field and GICs is complex and depends on many local factors
with accurate translation requiring careful modeling (e.g., Blake et al., 2018; Divett et al., 2018; Mac Manus
et al., 2022). The necessary detailed geophysical models are often not available, and so in this work, we assess
the relationship between the rate of change of the magnetic field and GICs during the simplest of magnetospheric
drivers to provide an estimate of the uncertainty inherent in assuming such a correlation, as well as investigating
factors that impact the relationship between the rate of change of the field and GICs. The South Island of New
Zealand presents an excellent opportunity to study the correlation between the rate of change of the magnetic field
and GICs (e.g., Clilverd et al., 2018, 2020; Mac Manus et al., 2017; Rodger et al., 2017, 2020). For over a decade,
contemporaneous magnetic field and GIC measurements have been made in a close geographical proximity.
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Figure 1. Map of New Zealand showing the location of the Eyrewell (EYR) magnetometer station (blue star) and the
Islington (ISL) substation (orange circle). Transmission lines are indicated in blue.
2. Data
In this study, we consider the period between the years 2001 and 2016. During this time, magnetic field data are
available from the Eyrewell (EYR) magnetometer station, along with complementary GIC data from the nearby
Islington (ISL) substation, transformer number 6 in particular. Figure 1 provides a geographical overview of the
locations of both the EYR magnetometer station and the ISL transformer on the South Island of New Zealand.
It is clear from Figure 1 that the nearby coast of New Zealand is predominantly in the NE-SW direction, while
the majority of the long distance power lines in the South Island are similarly oriented; through the north of
SMITH ET AL. 3of 18
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ISL, the lines run much closer to N-S. For a more detailed description of the New Zealand power network, we
direct the interested readers to Mac Manus et al. (2017).

The GIC data from the ISL transformer number 6 have been selected for two main reasons. First, this transformer
is geographically close (<20 km) to the EYR magnetometer station, such that the comparison of the rate of
change of the magnetic field and GIC measurements will be valid. Second, of the GIC data available from New
Zealand's South Island, these data are available for the longest period of time, permitting the most extensive
statistical analysis. A detailed description of the instrumentation and method by which the GIC component may
be identified in the raw data can be found in Mac Manus et al. (2017). As described by Clilverd et al. (2020),
while the nominal resolution of the data is 4 s, the data are compressed such that data are not recorded if the
change from the last record is less than 0.2 A. Thus, some measure of decompression is required. This variable
resolution predominantly impacts data obtained during geomagnetically quiet intervals, when the GIC levels are
consistent. We use the uncompressed 4 s data for this study.

For the majority of this study, we use 60 s resolution data from the EYR magnetometer station. This resolution
is sufficient for the identification and preliminary examination of SCs, having been shown to well correlate with
recorded GICs (Mac Manus et al., 2017; Rodger et al., 2017). For the final investigation in this study, the limi-
tations of the 1-min resolution data are investigated. For this examination, 1 s resolution data are used, though
we note that these data are available for only a limited fraction of the study period as discussed in Section 4.1.2.

To investigate SCs, we use the SOHO interplanetary shock list produced by the ShockSpotter procedure (http://
umtof.umd.edu/pm/). In total, 404 shocks were observed in the interval considered by this study. The time of the
shock impact on the magnetosphere and the resulting SC was identified manually through the inspection of the
magnetic field at the EYR station. Of the 404 interplanetary shocks, a total of 329 possess both the necessary
magnetic field and GIC data at the shock arrival time and therefore form the basis of this work.

If SCs are followed by a geomagnetic storm, then they may be termed a Storm Sudden Commencement (SSC),
while if they are not then they may be called a Sudden Impulse (SI). To evaluate this classification, we use the
Sym-H index in the 24 hr following the SC. If the Sym-H index drops to less than —50 nT in this time, then it
is classified as an SSC. This definition does not include any consideration of the “changing magnetic rhythm”
criterion that is sometimes used to identity SSCs (Mayaud, 1973); however, it is easily reproducible. In total, the
329 SCs can be subdivided into 145 SSCs and 184 SIs.

In a recent study, Smith et al. (2020) showed that a skillful prediction can be made as to whether an observed solar
wind shock will cause an SC or will precede a geomagnetic storm (i.e., an SSC). The most powerful predictive
parameter of the shock in determining whether it will cause an SC was found to be the range in the interplanetary
magnetic field strength (IBl) over the shock. Meanwhile, the minimum value of the north-south component of the
interplanetary magnetic field (i.e., the minimum B,) was found to be the most powerful parameter in forecasting
whether a given shock would be related to an SSC.

3. Results

First, we present a statistical overview of the rate of change of the horizontal ground magnetic field (H") and GICs
around the 329 SC events. Figure 2 shows Superposed Epoch Analyses (SEAs) of the 1-min rate of change of the
horizontal magnetic field (H’) at the EYR magnetometer station (Figure 2a) and the GIC measured at the nearby
ISL M6 transformer (Figure 2b). The zero epoch is defined as the time at which the shock impact was seen in the
EYR magnetometer data, that is, the start of the SC signature at this location.

Prior to the SCs, we can see that the rate of change of the magnetic field at EYR is low with a median of around
0.25-0.3 nTmin~". These likely represents background field changes. In the same interval, we see small GICs at
ISL with values of 0.1-0.2 A. At the SC itself, we see significant increases in the rate of change of the magnetic
field with a median of 5 n"Tmin~!, and the measured GIC at ISL with a median of ~0.7 A. In the day that follows
the SCs, we do not see any clear impulsive signatures in the rate of change of the magnetic field or GIC; however,
the median and quartiles are both elevated. For example, the upper quartile of the measured GIC is around 0.5
A, approximately twice as large as before the SC. This suggests that the magnetospheric activity is occurring,
possibly related to geomagnetic storms and substorms for some SCs, though it is aliased in time relative to the SC
and so is not coherently recorded in the median of all events.
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Figure 2. Superposed Epoch Analyses (SEAs) of the rate of change of the horizontal magnetic field (a) and observed Geomagnetically Induced Current (b) from
0.25 days before 329 Sudden Commencements (SCs) to 1 day after the SCs. Epoch 0 is defined as the time of shock impact, that is, the start of the SC, in the Eyrewell
(EYR) magnetometer data. The black and red show the median and associated confidence interval, respectively, while the blue and light blue show the quartiles and
associated confidence intervals, respectively.

For context, Mac Manus et al. (2017) found that GICs greater than 5 A represented “significant” GICs in the
South island of New Zealand with peak GICs between 20 and 50 A being observed during large geomagnetic
storms. It has been estimated that a GIC of ~100 A during a geomagnetic storm in November 2001 caused a
transformer failure in Dunedin (Rodger et al., 2017). Nonetheless, Rodger et al. (2020) showed clear evidence of
transformer saturation (through observed harmonic distortion) for much lower levels of GIC.

We now zoom into the rate of change of the magnetic field observed during the SC itself, that is, the few minutes
around epoch zero in Figure 2. An SC will represent as close to an impulsive driver as can be found in the magne-
tosphere though the magnetic field signature will still contain different components (e.g., Araki, 1994). Figure 3
investigates the correlation between the largest observed rate of change of the magnetic field at EYR (H’) and
the largest measured GIC at ISL during the SCs. In this work, we consider a window from —30 s before “Epoch
0” to 150 s afterward. This window has been selected to account for any delays due to the inductance of the
power system. The full complement of 329 SCs is shown in Figure 3a, while the SSC and SI subsets are shown
in Figures 3b and 3c.

Overall, Figure 3 shows excellent correlations between the measured H' at EYR and GIC at ISL with the 72
values of ~0.9 for the SC and SSC subsets. The SI events show a slightly lower > of ~0.8. We have performed
a linear fit to the data, using orthogonal distance regression, producing the red-dashed lines. These linear fits are
constrained to have a constant of zero (i.e., to pass through the origin); however, we note that this choice did not
materially change the results. The gradient of the fit is provided in the top left of the panels, labeled “m.” For the
full catalog of SCs, we find a gradient of 0.208 A nT~'min. This gradient is slightly larger for the SSC subset (at
0.214 A nT~'min) and reduced for those events classified as SIs (at 0.175 A nT~'min). This amounts to a 22%
larger gradient for SSC-type events and therefore, a given rate of change of the magnetic field caused by an SSC
would be expected to generate a 22% larger current when contrasted with an SI. These gradients are statistically
significantly different: p < 0.01, suggesting that the null hypothesis—that the gradients are in fact the same—can
be rejected with a false positive risk of less than 1%. However, Figure 3 also shows that the majority of SCs are
clustered in the lower left corner, at low values of H' and GIC, that is, less than ~3 A and ~15 nTmin™".

One factor that could explain some of the scatter in Figure 3 is that the orientation of the magnetic field change
is not the same for every SC. A different orientation of rate of change of the field would result in differential
interaction with the local geology, impacting the geoelectric field generated and thus the GICs measured. This
would provide a degree of systematic scatter. It is known that the ground signature of an SC can vary with both
longitude and latitude (e.g., Araki, 1994; Moretto et al., 1997) though for this study, the latitude is fixed by the
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choice of location. Figure 4 shows the direction of the strongest magnetic field change measured at EYR during
the SCs. We can see that though most of the deflections are toward the center of Figure 4 and are therefore mostly
in the northward direction, there are a number of very large deflections that are directed southward. These anom-
alously directed magnetic field deflections are mostly found in the noon and dawn sectors and almost all of the
largest deflections in these sectors show similar directionality. Therefore, limiting the analysis to a sector of local
time will provide a test as to whether there is an orientation of large rates of change of the magnetic field that will
generate a geoelectric field, which will couple more strongly to the power network (i.e., a geoelectric field closely
aligned with the local network).

Figure 4 indicates that there may be a local time dependence of the orientation of the strong magnetic deflections
and so as a first test, we can examine the correlations shown in Figure 3, but subdivided by the magnetic local
time (MLT) of New Zealand. Figure 5 shows that the correlations between the rate of change of the magnetic field
and the observed GIC split according to whether the MLT of the EYR magnetometer station was on the dayside
(top row) or nightside (bottom row) of the Earth (split at 0600 and 1800 MLT). The majority of the correlations
displayed in Figure 5 are higher than previously, mostly in excess of r2 = 0.9. It is also apparent that the best-fit
gradients are larger for those SCs that occur when New Zealand (along with EYR and ISL) is on the dayside of the
Earth (top row of Figure 5). For example, SCs show a 32% larger gradient on the dayside (top left) compared to
the nightside (bottom left). This pattern is seen for both the SSC and SI subsets at approximately 30% differences.
These differences are highly statistically significant (p <0.01). As in Figure 3, the SI type events show smaller
gradients. It is interesting to note that a dayside SI (Figure 5c¢) shows a gradient that is slightly in excess of a
nightside SSC event (Figure 5e). The different gradients are important as they suggests that some of the scatter
evident in the correlation between the rate of change of the magnetic field and GIC (e.g., Figure 3) are related
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Figure 4. Quiver diagram demonstrating the directionality of the largest rate of change of the magnetic field during Sudden
Commencements (SCs) as a function of local time, viewed from above the Earth looking down. Quiver length is proportional
to the magnitude of the rate of change of the field with the key in the middle representing 50 nTmin~". The base of each
quiver is at the local time of New Zealand at the start of the SC, while the latitude is fixed at the latitude of New Zealand
(50°). The direction of the quiver is such that a purely northward rate of change of the field will be toward the center of the
diagram.

to the local time of the observations. For ISL transformer number 6, this would lead up to a 30% discrepancy
in the predicted GIC and should a simple linear conversion be used to translate between the rate of change of
the magnetic field and GIC. We note that if the local time bins are reduced, such that they now only cover 2 hr
either side of noon and midnight, then the difference between the day and nightside events is increased to a 60%
difference in gradient (see Figure Al).

As noted above, the majority of SCs are clustered in the lower left corners of the plots, that is, at low values of H’
and GIC. We therefore examine whether the overall fitting results are impacted by the presence of few, extreme
H'’ events that perhaps evoke a distinct result, that is, we test the gradients of the correlation if only “small” H’
events are considered. If we only consider SCs with H' <20 nTmin~!, then the gradients returned for the day and
night subsets are 0.207 + 0.007 and 0.184 + 0.006 A nT~'min, respectively. This is a 12.5% difference much less
than what was recovered with the full catalog (32%). For an SC associated with a rate of change of the magnetic
field of 20 nTmin~!, this would correspond to a difference in the predicted GIC of <0.5 A. Though the difference
in gradient is statistically significant (p <0.01), this raises the question as to whether this distinction for “small”
(i.e., H' <20 nTmin"!) events would be of practical significance.
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Figure 5. Scatterplots showing the correlation between H' at Eyrewell and the Geomagnetically Induced Current (GIC) measured at Islington (ISL), split by the
magnetic local time (MLT) of EYR during the Sudden Commencement (SC). The top row (a—c) shows those events that occurred when EYR was on the dayside, that is,
between 0600 and 1800 MLT, while the bottom row (d—f) shows those events that occurred when EYR was on the nightside, that is, between 1800 and 0600 MLT. The
plots are shown for all 329 SCs (a and d), 145 Storm Sudden Commencements (SSCs) (b and e), and 184 Sudden Impulses (SIs) (¢ and f). The format is the same as for

Figure 3.

To summarize the findings thus far, we have shown a statistical increase in both the rate of change of the magnetic
field and GIC during SCs, at EYR and ISL, respectively. During SCs, the majority of events show small rates of
change of the magnetic field and GICs, that is, less than ~3 A and ~15 nTmin~!. Nonetheless, we have shown
excellent correlations between the measured maximum rate of change of the magnetic field at EYR and GICs
measured at ISL transformer number 6 during SCs (Figure 3). We have also investigated several potential sources
of systematic scatter, and therefore uncertainty, in the correlation between the rate of change of the magnetic field
and GICs. We have shown that—for the locations in the study—a given rate of change of the magnetic field that is
associated with SSC-type events appears to more effectively generate GICs, such that a given rate of change of the
magnetic field is linked to a 22% larger GIC (Figure 3). Also, when New Zealand is on the dayside of the planet,
a given rate of change of the magnetic field will generate an ~30% larger GIC compared to when New Zealand is
on the nightside of the planet (Figure 5). We will now investigate the reasons behind these findings and discuss
the implications for space weather forecasting and mitigation.
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4. Discussion
4.1. The Correlation Between the Rate of Change of the Magnetic Field and GICs

The results above raise an important question: why are the GICs at ISL (for a given rate of change of the magnetic
field at EYR) larger during SSC-type events or during those SCs that occur when the location is on the dayside
of the Earth? To translate a given rate of change of the magnetic field to a GIC, there are several key parameters.
A critical consideration is the direction of the induced geoelectric field with respect to the conducting network.
Therefore, the conductivity of the local geology is fundamentally important (e.g., Bedrosian & Love, 2015;
Beggan, 2015; Dimmock et al., 2019; Cordell et al., 2021) as it will determine the direction and strength of
the geoelectric field generated by a given rate of change of the magnetic field. The second important param-
eter is the geometry and properties of the power network (e.g., Beggan et al., 2013; Blake et al., 2018; Divett
et al., 2018, 2020). However, for the comparisons performed above, these factors are identical as the location
and power network considered are the same throughout. This suggests that the parameterization of each SC by
the maximum 1-min rate of change of the magnetic field may be losing important information. There are two
important factors that this parameterization neglects: the frequency content and the full directional vector of the
SC magnetic signature. Both of these factors may depend on the MLT at which the SC is observed and also on
the way in which the solar wind has coupled to the magnetosphere.

While SCs are one of the most simple magnetic field signatures seen on the ground, it is known that the signature
varies with MLT and latitude. Empirically, for example, the magnetic perturbations associated with SCs have
been found to increase in size moving away from the equatorial latitudes (Fiori et al., 2014; Smith, Forsyth,
Rae, Rodger, & Freeman, 2021). At low latitudes, the signature is dominated by a compressional perturbation
related to the enhancement of the magnetopause current, sometimes known as the DL component (the distur-
bance dominant at low latitudes) (Araki, 1994). For a given solar wind shock, the DL perturbation is largest
at noon local time and decreases toward midnight (Kokubun, 1983; Russell et al., 1992). Meanwhile, above a
magnetic latitude of ~30°, the DP component becomes significant. The DP component (the disturbance due
to polar ionospheric currents) is caused by the coupling of the magnetospheric compression to shear Alfvén
waves (Southwood & Kivelson, 1990), resulting in traveling convection vortices (TCVs) in the ionosphere
(Friis-Christensen et al., 1988). These TCVs propagate east and west away from the noon meridian with strengths
that maximize at around 0900 MLT (Moretto et al., 1997). Therefore, while SCs are often attributable to a distinct
solar wind structure, there is some complexity involved in determining the nature of the precise ground signature
that will be caused.

4.1.1. Assessing the Orientation of the Rate of Change of the Magnetic Field

To further examine these possibilities, we will first assess the importance of the orientation of the magnetic
signature observed at EYR. For this investigation, we have split the SC signatures on the basis of whether the
largest change in the magnetic field was predominantly in the geographical dX (north-south) or dY (east-west)
direction. Figure 6 shows the correlation between the rate of change of the magnetic field and the observed GIC
for these subsets. It is clear that for most SCs, the strongest deflection is predominantly in the north-south direc-
tion with Figures 6a—6¢ showing many more events than Figures 6d—6f. This is to be expected, as at midlatitudes,
the DL (compressional) component of the SC signature is likely to dominate (Araki, 1994). The DL component
is expected to be a mostly northward direction (albeit in a magnetic coordinate system). However, we see that
the less numerous dY-dominant events show much greater gradients in Figure 6 as seen in panels (d—f). For SCs,
we see a 36% larger GIC if the largest deflection is predominantly in the dY direction (Figure 6d compared to
Figure 6a). This pattern is true regardless of whether the SC can be later defined as an SSC or SI. It therefore
appears that SCs that contain a strong east-west magnetic field change may result in geoelectric fields that will
couple better to the parts of the New Zealand power network that are pivotal for the ISL M6 transformer, reinforc-
ing the importance of the full vector information of the magnetic field changes.

We showed that a similar difference in correlation is attributable to the location of the New Zealand observations
in MLT, motivated by how the directionality of the largest rates of change of the magnetic field appears to depend
on MLT (Figure 4). To check if these effects are distinct, Figure 7 shows the SCs split by the MLT of EYR as
well as the orientation of the largest magnetic field deflection. As above, more SCs show the dX (north-south)
dominance that would be expected of an SC with the DL component being the largest constituent of the magnetic
signature. We also find that there are approximately twice as many dY-dominant events observed on the dayside
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Figure 6. Scatterplots showing the correlation between H' at Eyrewell and the Geomagnetically Induced Current (GIC) measured at Islington (ISL), split by the
orientation of the largest rate of change of the magnetic field during the Sudden Commencement (SC). The top row (a—c) shows those events for which the dX
(north-south) deflection was dominant, while the bottom row (d—f) shows those events for which the dY (east-west) deflection was larger. The plots are shown for all
SCs (a and d), Storm Sudden Commencements (SSCs) (b and e), and Sudden Impulses (SIs) (c and f). The format is the same as for Figures 3 and 5.

compared to the nightside (43 compared to 23). Given that the magnetic latitude of the observatory is fixed,
we could be seeing the result of the DP component varying in magnitude and/or direction with MLT. Indeed,
the TCVs with which the DP component is associated are expected to propagate away from the noon meridian
(Friis-Christensen et al., 1988) with the largest magnitudes found around 0900 MLT (Moretto et al., 1997). Our
results would appear to be consistent with this interpretation.

As before, we see that dY-dominant events show a larger gradient than the dX events with remarkably high
correlations. Those events for which dY dominates show 27%-29% greater GIC values for a given maximum rate
of change of the magnetic field. This is smaller than the differences we report above but are highly statistically
significant (p <0.01), given the small uncertainties in the gradients. We also still see a residual day/night effect
in Figure 7 with dayside events showing 27%-29% larger gradients. Interestingly, the effects combine such that
nightside dYdominant events appear equivalent to dayside dX-dominant events. This suggests that there are at
least two distinct effects appearing in our data that are not solely the result of a directional dependence.
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Figure 7. Scatterplots showing the correlation between H' at Eyrewell and the Geomagnetically Induced Current (GIC) measured at Islington (ISL), split by the
orientation of the largest rate of change of the magnetic field and magnetic local time (MLT) of ISL during the Sudden Commencement. The top row (a and b) shows
those events that occurred when ISL was on the dayside, that is, between 0600 and 1800 MLT, while the bottom row (c and d) shows those events that occurred when
ISL was on the nightside, that is, between 1800 and 0600 MLT The left column (a and c¢) shows those events for which the dX (north-south) deflection was dominant,
while the right column (b and d) shows those events for which the dY (east-west) deflection was larger. The format is similar to that in Figure 3.

Table 1 shows the full results, including those for the SSC and SI subsets. The SSC subset is fully consistent with
the relative differences reported above (~26% differences in gradient), while the SI subset is less clear. The SI
subset results could be less consistent due to the smaller number of SI events that show large rates of change of the
field or GIC as these events dominate the gradients obtained. However, we do confirm that the largest gradients
for all subsets are found for those events on the dayside, where the dY component is dominant.

4.1.2. Assessing the Impact of 1-Min Resolution Magnetic Field Data

The continued difference in correlation between the rate of change of the magnetic field and GICs when the
orientation of the strongest deflection is controlled for suggests that there is another effect present. We now assess
the impact of downsampling the magnetic signature to 1-min cadence and how it may depend on the MLT of the
observation. For this investigation, we therefore require magnetic field data at a higher time resolution than 60 s.
There are 1 s resolution data available for the EYR station from approximately 2010, which we use for this inves-
tigation. A total of 72 SCs have the required data. Figure 8a shows a SEA of the magnetic signatures observed
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Table 1 during SCs, aligned to the epoch just prior to the largest increase in the field.
Table of the Gradients That Result From Performing the Correlation Meanwhile, Figure 8b shows a histogram of the largest rate of change of the
Analysis in Figure 7 on the Sudden Commencement (SC), Storm Sudden magnetic field (H") in each SC.

Commencement (SSC), and Sudden Impulse (SI) Subsets

Inspecting Figure 8a, we can see that while there are a variety of different SC

Dayside
Nightside

Dayside
Nightside

Dayside
Nightside

dX dominant dY dominant signatures, qualitatively some of the largest and fastest changes of the field are
SCs observed during the day, shown in orange. Those signatures observed during

0.22 + 0.005 0.284 + 0.008 the night (in blue) commonly take between 1 % and 3 min to rise to their maxi-
0.173 + 0.004 0.221 +0.008  mum value. In contrast, those on the dayside have often completed their rise
SSCs in less than 1 min. The histogram in Figure 8b, while reducing each SC down

to its most extreme rate of change, also shows a split between those observed

LA e 0L b es O during the day and at night. Of the 10 largest maximum H’ observed, 8 were
B g 2= b observed when EYR was on the dayside of the Earth. These results suggest
SIs that there is a diurnal variation in the risetime of the SC signature with those

0.177 + 0.008 0.284 +0.017  on the dayside showing a faster rising magnetic field signature. This differ-
0.154 + 0.004 0.156 + 0.019 ence could explain why dayside SCs appear to generate larger than expected

GICs at the ISL M6 transformer in New Zealand.

We also find that the three events with maximum H’ of over 200 nTmin~!

were all later classified as SSC-type events. This may suggest that highly
geo-effective shocks, that is, those that drive the most intense global magnetospheric response (geomagnetic
storms) may also cause the most rapid initial magnetic field changes on the ground.

Recently, Clilverd et al. (2020) compared the frequency content of the magnetic field and GICs in New Zealand
during different intervals and with distinct magnetospheric drivers. They found that filtering the magnetic field
with a running window of +2 min led to consistent spectral power profiles between the magnetic field and GICs.
They suggested that using 1-min averages for their data (i.e., 60 s resolution data) effectively compensated for the
frequency dependence and any lags and inductance effects in the comparison between magnetic field variations
and GICs at the location of their study. This would also naturally explain the excellent correlations that have
been observed between 60 s resolution magnetic field and GIC data (e.g., Mac Manus et al., 2017). However, in
the current work, we have shown that some of the scatter in the correlations of the 60 s data can potentially be
explained by information about the SC magnetic signature at a subminute resolution, for the case of our nearly
impulsive driver.

4.2. Implications for Space Weather Forecasting

Skillful models have been created that can forecast the ground magnetic field based on the incident solar wind.
However, the timing and exact magnitude of the magnetic field have proven difficult to predict precisely (Keesee
etal., 2020; Pulkkinen et al., 2013; Wintoft et al., 2015). Reframing the problem to predict the maximum magnetic
rate of change in a specific window of time has generally proven to be a result that can be forecast with greater
skill (e.g., Pulkkinen et al., 2013; Smith, Forsyth, Rae, Garton, et al., 2021; Toth et al., 2014). However, the
results in this work reinforce the importance of detailed local modeling for translating predicted rates of change of
the magnetic field to GICs, showing that a simple linear translation from the 1-min rate of change of the magnetic
field to GICs may be out by 30% (at the location of our study), even for the simplest of magnetospheric signatures.

This work also highlights the importance of the local time of a location, even for what is often considered a rela-
tively simple, global, and impulsive magnetic field change. For the ISL. M6 transformer in New Zealand, SCs that
occur between MLTs of 0600 and 1800 appear to more effectively generate GICs, resulting in GICs that are ~30%
larger than that might be found if the SC were to occur between MLTs of 1800 and 0600. We remind the reader
that for very narrow MLT windows (£2 hr), this difference increased to 60%. It seems quite reasonable that day/
night GIC magnitude differences of this size could control whether a given transformer suffers damage or does
not; these findings relate to the hazard forecasting levels for power grid operators located at different MLTs for a
given shock arrival, if provided with forecasts of the magnetic field.

Further, we have shown that those SCs that are followed by a geomagnetic storm, that is, SSCs (Curto et al., 2007),
are associated with GIC magnitudes around 22% larger than that may be expected of those during isolated SCs.
Recently, Smith et al. (2020) demonstrated that we can forecast whether an observed interplanetary shock will
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Figure 8. Assessing higher cadence magnetic field measurements. Top (a), the Superposed Epoch Analysis of the magnetic signature during 72 Sudden
Commencements (SCs) with the 38 observed on the dayside (0600—1800 magnetic local time [MLT]) in orange and the 34 on the nightside (1800-0600 MLT) in blue.
Bottom (b), a histogram of the maximum rate of change of the magnetic field observed during each SC with the colors as in panel (a). We note that overlapping bars

result in a brown color.

be related to an SSC or SI, based purely upon the solar wind immediately around the shock at L1. In principle,
this would allow ~30 to 60 min of warning for ground power networks. Our findings increase the value of such
a forecast, which would provide key information when attempting to quantify the space weather implications of
an interplanetary shock ahead of time.

We emphasize that our results are dependent upon the local geology and parameters of the power network on
the South Island of New Zealand local to EYR/ISL: the precise values quoted will not necessarily correspond
with those that would be obtained even for other transformers on the same network. Nonetheless, these results
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underscore that the direction and subminute rate of change of the magnetic field are critical for the estimation of
GICs from magnetic field predictions. In general, this should hold true for other locations across the globe, and
neglecting these parameters may lead to discrepancies of similar order (e.g., ~30% in this work for the EYR/ISL
M6 locations). For SCs, this will be particularly important at midlatitudes where the magnitudes of the SC, DL,
and DP components are considerable and therefore, the orientation of SCs may be more variable.

S. Summary

In this work, we have investigated the relationship between the rate of change of the magnetic field and GICs
during SCs at a location on New Zealand's South Island. We first showed excellent correspondence between 1-min
resolution rate of change of the magnetic field at EYR and GICs at ISL observed during SCs with correlation
coefficients of ~0.9, confirming previously reported results (e.g., Mac Manus et al., 2017; Rodger et al., 2017).

We then showed that the gradient of the correlation between the rate of change of the magnetic field at EYR and
GICs at ISL appears to be stronger during those SCs that are subsequently associated with a geomagnetic storm
(SSCs). In this case, a given rate of change of the magnetic field is associated with an ~22% larger GIC at ISL
compared to those events for which no geomagnetic storm is later observed. Our work has demonstrated that
the MLT of New Zealand is important when assessing the correlation of the rate of change of the magnetic field
and GICs during SCs. If New Zealand is located on the dayside of the Earth, then a given rate of change of the
magnetic field observed at EYR is associated with an ~30% larger GIC at ISL.

We explored possible reasons behind the observed differences in correlation, assessing the impact of the orienta-
tion of the vector rate of change during the SC as well as the impact of downsampling the magnetic signature to
60 s. We showed that if the largest rate of change of the magnetic field within the SC was predominantly in the
geographical east-west direction, then a given rate of change of the magnetic field is associated with a 36% larger
GIC. Further, when we controlled for the orientation of the rate of change of the magnetic field, there was a
residual effect, inflating the gradient of the correlation between the rate of change of the magnetic field and GICs
on the dayside of the Earth. We used higher resolution (1 s cadence) data to demonstrate that SCs on the dayside
may present with larger/faster rates of change of the magnetic field, with eight of the top 10 fastest deflections
being found when New Zealand was on the dayside of the planet. We therefore conclude that both the orientation
and properties of the SC signature found at a subminute resolution are crucial when modeling the resulting GICs.

In terms of space weather forecasting, this suggests that predicting the magnitude of rate of change of the magnetic
field is insufficient to precisely quantify resulting GICs, even during the relatively simple and impulsive SCs.
Though the precise results of the study are specific to the local geology and network configuration, it is possible
that the hazard to electrical networks at the arrival of an extreme shock event will depend on the MLT of the
power network with sun-facing (i.e., noon MLTs) most severely exposed.

Appendix A: More Limited Local Time Comparison

We examine how the correlations examined above change when the local time regions considered are limited to
within two hours of the noon-midnight meridian. Figure A1 shows a larger difference in correlations than was
reported above for the full dataset.
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Figure Al. Scatterplots showing the correlation between H' at Eyrewell (EYR) and the Geomagnetically Induced Current (GIC) measured at Islington (ISL), split by
the magnetic local time (MLT) of EYR during the Sudden Commencement (SC). The top row (a—c) shows those events that occurred when EYR was near noon, that is,
between 1000 and 1400 MLT, while the bottom row (d—f) shows those events that occurred when EYR was near midnight, that is, between 2200 and 0200 MLT. The
plots are shown for all SCs (a and d), Storm Sudden Commencements (SSCs) (b and e), and Sudden Impulses (SIs) (c and f) that fall within the MLT bins. The format
is the same as for Figure 3.

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 restrictions.
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).
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