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Abstract Geomagnetically Induced Currents (GICs) are a key space weather hazard to ground‐based
infrastructure, and can cause mis‐operation or even equipment failure. The solar wind interacts with the Earth's
geomagnetic field, causing the magnetic field at ground level to vary with time. This variability causes GICs in
grounded, conducting networks via coupling with the subsurface geology. Most studies of the hazard focus on
short, high amplitude GICs, but long intervals of lower amplitude GIC can also be problematic, representing a
rare but known pathway to equipment damage and power failure. We evaluate an interval in June 2015 where
the power network in New Zealand experienced long‐duration, steadily increasing GICs across the South Island.
These GICs were up to 20A and lasted approximately 90 min during an otherwise moderate storm interval,
while New Zealand was in the dawn sector. We investigate the magnetospheric cause, attributing them to a
possible diversion of the ring current into the ionosphere. We test the ability of modeling and proxies to capture
this hazard, finding that it can be recreated, but is dependent upon the regional geology, and requires detailed
knowledge of the network configuration. We model two hypothetical examples, (a) where the magnetic
perturbation is larger and (b) where a different mid‐latitude location is exposed, finding that larger currents are
possible and that the vulnerability is not unique to New Zealand. Our case study highlights the limitations of
geomagnetic indices, which we show to be vulnerable to influence from such rare mid‐latitude phenomena.

Plain Language Summary A key hazard of space weather is the generation of extra, quasi‐DC
currents within power networks, termed Geomagnetically Induced Currents (GICs). These anomalous GICs can
cause problems with the safe, reliable operation of transformers in the power network–their study and mitigation
require collaboration between academia and industry. In this event we show how an unusual current system in
Earth's upper atmosphere posed a risk to mid‐latitude locations, at a time of day that would normally not be
considered to be at risk. The case study highlights a much less common mode of the hazard: a long interval of
moderate GIC, as opposed to a short interval of very high current. We show that modern modeling is capable of
capturing this behavior, but that the impact is highly dependent upon the local geology and requires precise
knowledge of the power network topology as geographically close locations show distinct impacts. Critically,
while historical case studies are important starting points, the precise threat depends on local geology and
network topology. We also show that this type of event contaminates global measures of space weather (i.e.,
geomagnetic indices), on which many studies rely to quantify the severity of magnetospheric processes.

1. Introduction
An important space weather hazard is the generation of anomalous currents in grounded, conducting infra-
structure such as high voltage power networks. Such anomalous currents are known as Geomagnetically Induced
Currents (GICs). While inevitably always present at very low levels, GICs act as a DC offset in otherwise AC
power networks. High levels of GIC can result in several different modes of transformer failure, resulting in
outcomes from temporary disruption all the way through to permanent damage (Bolduc, 2002; Boteler, 2003;
Dimmock et al., 2024; Kappenman, 2018; Molinski, 2002; Wallner et al., 2026). The cost of an extreme space
weather event has been estimated to be of the order of tens of billions of dollars for a western economy
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(e.g., Eastwood et al., 2018; Oughton et al., 2019, 2025), a cost that can be reduced dramatically with sufficient
forecasting and mitigation. This emphasizes the need to understand and predict hazardous space weather effects.

In the last few decades a range of magnetospheric phenomena have been empirically linked to problems with
power network operation. The infamous Hydro Quebec power network failure in 1989 was inferred to be a result
of a geomagnetic substorm during a geomagnetic storm (Bolduc, 2002; Boteler, 2019). Meanwhile, in 2001 New
Zealand lost a power network transformer due to a GIC likely related to a contemporaneous Sudden
Commencement (SC) (Beland & Small, 2004; Marshall et al., 2012). Later, in 2003 a series of power network
problems in southern Sweden, including a blackout in Malmö, were attributed to the network configuration and
magnetospheric phenomena including Sudden Commencements, substorms and enhanced ionospheric convec-
tion (Pulkkinen et al., 2005). More broadly, Rosenqvist et al. (2025) used a comprehensive list of Swedish power
network disturbances to show that the disturbances are much more likely during strong (i.e., G4 and G5)
geomagnetic storms. However, the hazard is very dependent upon location, local geology and specific network
topology (e.g., Beggan et al., 2013; Dimmock et al., 2019; Parry et al., 2025).

Large GICs have long been considered more likely when large rates of change of the horizontal magnetic field are
observed (Hʹ) (Bolduc et al., 1998; Viljanen et al., 2001). Physically, this corresponds to the chain of causality: a
changing magnetic field induces a geoelectric field in the solid Earth that is then related to a GIC in the infra-
structure in question. Indeed, a good empirical correlation has been observed between long duration GIC data sets
and magnetic field data in New Zealand, both during intense Hʹ “spikes” (e.g., Rodger et al., 2017), and the data
as a whole (e.g., Mac Manus et al., 2017). Limiting the consideration from the range of magnetospheric processes
that can cause elevated Hʹ to specific phenomena has been shown to tighten this correlation further (A. W. Smith
et al., 2022, 2024).

While alternative proxy measurements to Hʹ have been developed (and often show excellent performance e.g.,
Marshall et al., 2011; Waters and Marshall, 2026), historically, studies examining the potential impact of extreme
events often rely on Hʹ , which provides a convenient and widely available proxy (e.g., Fogg et al., 2023; Rogers
et al., 2020, 2021; Thomson et al., 2011; Wang et al., 2025). Such extreme value analyses provide unique insight
into what may be expected during 1 in 100 years events, for example. Correspondingly, there has been great
interest in the last decade in forecasting Hʹ (Iong et al., 2024; Keesee et al., 2020; Madsen et al., 2022; Pinto
et al., 2022; Upendran et al., 2022), or whether it will exceed specific, high thresholds (Camporeale et al., 2020;
Coughlan et al., 2023; A. W. Smith, Forsyth, Rae, Garton, et al., 2021). Meanwhile, statistical studies of large
magnetic activity (i.e., Hʹ) have investigated the causal magnetospheric processes and their relative significance
(e.g., Milan et al., 2023, 2024; Schillings et al., 2022). The most commonly attributed phenomena include
substorms (Freeman et al., 2019), sudden commencements (A. W. Smith, Forsyth, Rae, Rodger, &
Freeman, 2021; A.W. Smith et al., 2019), and auroral omega bands (Apatenkov et al., 2020; Hodnett et al., 2025).
A high degree of regional variability, particularly during substorms and within the auroral zone, has been
highlighted as a critical facet of the threat of space weather from large Hʹ (Dimmock et al., 2020; Kärhä
et al., 2023).

While the focus is often on understanding and predicting large, transient Hʹ (e.g., “spikes”) and associated GICs,
a similar level of hazard to electrical equipment can be achieved through longer intervals of smaller currents, in
addition to cumulative, long‐term effects (Zois, 2013). For example, Mac Manus, Rodger, Dalzell, et al. (2022)
detail limits that would present a risk of causing an excessive loss of transformer lifespan (greater than 20% loss),
or an unacceptable chance of catastrophic failure. For a single phase bank transformer design the tolerable
duration of 100A is stated to be 15 min, while a lower level of 50A could be tolerated for 120 min. Similar limits
have been discussed for Swedish transformers (Rosenqvist et al., 2022). Enhanced and sustained GIC at relatively
moderate levels leads to transformer cores becoming saturated, which produces harmonic distortion (Clilverd
et al., 2018; Crack et al., 2024; Rodger et al., 2020). Such distortions are an additional route to power grid failure
(Guillon et al., 2016; Schrijver et al., 2014), separate to the thermal issues which were the focus of the Mac
Manus, Rodger, Ingham, et al. (2022) work. In the present case study we show an example in which a relatively
moderate geomagnetic storm resulted in elevated GICs (∼20A) in transformers across New Zealand. Although
these GICs were not by any means “extreme,” they are long lasting, occur during a geomagnetic disturbance with
relatively low Hʹ levels, and built over the course of approximately 90 min. We examine the solar wind driving
and magnetospheric processes active during the interval, as well as the implications for forecasting and modeling
of such events.

Visualization: A. W. Smith, J. Hübert,
A. P. Dimmock
Writing – original draft: A. W. Smith
Writing – review & editing: C. J. Rodger,
I. J. Rae, D. H. MacManus, M. A. Clilverd,
J. Malone‐Leigh, J. C. Coxon,
C. D. Beggan, J. Hübert, A. Renton,
A. P. Dimmock, C. Forsyth, M.‐T. Walach,
W. Sun, K. M. Pratscher, T. Petersen,
M. Dalzell

SpaceWeather 10.1029/2026SW005032

SMITH ET AL. 2 of 25

 15427390, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026SW

005032 by B
everley A

ger - B
ritish A

ntarctic Survey , W
iley O

nline L
ibrary on [08/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2. Data
We use data from several different sources within this case study. For observations local to the power network, we
show geomagnetic field data from the Eyrewell magnetic observatory (EYR, − 50° MLat). These data are pre-
sented at a 1 minute resolution and were obtained from INTERMAGNET (GNS Science, 2022), in a geographic
coordinate system (with X, Y and Z representing the North, East and vertical components). For complementary
magnetic observations across the globe we turn to SuperMAG (Gjerloev, 2012). These data have a baseline
removed and are provided in a geomagnetic coordinate system (with N, E, Z representing the North, East and
Vertical components, respectively). We also present auroral electrojet and partial ring current indices, sourced
from SuperMAG (Newell & Gjerloev, 2011, 2012).

We compare the EYR magnetic observatory data with the GIC data collected from four locations in the South
Island of New Zealand. The method by which these data are collected and stored can be found in Mac Manus
et al. (2017). We note that the time resolution of the data is variable, nominally 4 s, but with longer time gaps if the
GIC values are changing by a small amount (e.g., < 0.2A) (e.g., Clilverd et al., 2020). For the majority of the
period of interest the GIC data is at 4 s resolution.

The ground‐based measurements are supplemented by measurements of the field aligned currents (FACs),
provided by the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE). These
FAC measurements are available from 2010, and are derived using the magnetometers onboard the Iridium
Communication Network constellation (Anderson et al., 2000, 2021; Waters et al., 2001, 2020). We note that the
AMPERE data are nominally provided at a 2 minute resolution, within a 10 min sliding window.

Complementing these terrestrial observations we use the OMNI data set (Papitashvili & King, 2020), from
NASA/GSFC's OMNIWeb (https://omniweb.gsfc.nasa.gov/) for observations in the solar wind (propagated to
Earth's bow shock) and for several geomagnetic indices and derived data products (e.g., the solar wind convection
electric field: − VSW multiplied by BGSMZ ). The magnetic field is used in the Geocentric Solar Magnetospheric
coordinate system: the X‐axis points toward the Sun, the Y‐axis is defined by the cross product between the
X‐axis and the Earth's magnetic dipole (positive toward dusk), and the Z axis completes the right‐handed set.

3. Case Study: Geomagnetic Storm June 2015
3.1. Storm Overview

The geomagnetic storm on 22 June 2015 was a large storm, but far weaker than the 1989 and 2003 extreme storms.
When ranked by minimum Dst it was the 7th largest storm of 2015 (Minimum Dst = − 114 nT within the period
of focus), with a maximumKp of 8+ (thereby a G4 storm). For context, NOAA SWPC (SpaceWeather Prediction
Center) estimate that approximately 100 such storms occur during every 11 years solar cycle. Figure 1 shows the
interplanetary conditions and ring current indices for a 4.5 hr period covering the key part of the geomagnetic
storm. Five epochs (labeled α, β, γ, δ, and ϵ) are marked and will be used to outline the interval and subsequent
interpretation.

While we focus on the defined 4.5 hr interval detailed in Figure 1, we note that the days around this period were
active, with complex and sustained solar wind activity (Gopalswamy et al., 2018), and consequently the broader
period has attracted study of its ionospheric (e.g., Macho et al., 2020) and wider geomagnetic impacts (e.g., Liu
et al., 2016; Piersanti et al., 2017; Reiff et al., 2016). For context, prior to the plotted interval two weaker
interplanetary shocks impacted the magnetosphere in the preceding ∼24 hour period. These may have pre-
conditioned the magnetosphere. We also note that the storm intensified on the 23 June, subsequent parts of the
magnetic cloud featured strong, extended periods of negative BGSMZ that leads to a more intense ring current with
SMR reaching ∼− 200 nT. Appendix A and Figure A1 displays a broader time interval, with more discussion of
the period in question.

Epoch α precedes the geomagnetic storm, with solar wind conditions being relatively inactive: BGSMZ is around
zero, while the solar wind velocity is only moderately elevated at around 450 km s− 1. Epoch β is at the time of
arrival of an interplanetary shock. The timing discrepancy between the OMNI‐derived data (Figures 1a–1c) and
the SYM‐H response in Figure 1d is the result of the uncertainty from the OMNI propagation process. None-
theless, the shock is large, with the solar wind velocity reaching ∼700 km s− 1. BGSMZ also turns moderately
southward, dipping to approximately − 15 nT.
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In the 70 min between epochs β and δ we see the interplanetary magnetic field (IMF) intensify, becoming more
strongly southward with BGSMZ decreasing to ∼− 40 nT. The solar wind velocity remains elevated, though
reducing slightly. This combination results in a steady increase in the convection electric field. From a magne-
tospheric standpoint, if we take the SYM‐H index as representing the ring current at this time in the storm, this
interval appears to correspond to a steadily increasing ring current intensity. We do note a two‐stage decrease in
SYM‐H, with a plateau around epoch δ, one that is not reproduced in SMR, an alternative ring current proxy. The
storm main phase appears to complete at epoch ϵ, with SYM‐H having declined between epochs δ and ϵ, but the
IMF having rotated such that BGSMZ ∼ 0.

3.2. New Zealand Geomagnetically Induced Currents

We now turn to the GICs measured in the New Zealand power network. Figure 2a shows the background‐

subtracted horizontal ground magnetic field (where BH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

B2N + B2E
√

) as measured at the EYR magnetom-

eter station, near Christchurch, New Zealand. The background is simply taken as the value at 17:30 UT. The rate

Figure 1. An overview of the solar wind and geomagnetic conditions during the 22 June 2015 geomagnetic storm. Panels
(a–c) show the solar wind velocity, the interplanetary magnetic field strength (|B|) and north‐south component of the
magnetic field (BGSMZ ), and convection electric field. Panel (d) shows the SYM‐H and SMR ring current indices. Five epochs are
marked (α, β, γ, δ, and ϵ) through the interval and will be referred to throughout the manuscript.
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of change of the horizontal field (Hʹ) is shown in Figure 2b. The first signature of the storm here is the SC at
epoch β, clear as an increase in BH and a spike in Hʹ .
For the remaining storm main phase (i.e., between epochs β and ϵ) we see a slow decrease in BH over approx-
imately 70 min (to epoch δ), after which BH increases back toward the background level in∼30 minutes (to epoch
ϵ). We also see elevated activity in Hʹ but nothing approaching the level of the Sudden Commencement (SC,
∼50 nT min− 1). The lower level of activity is mostly sporadic, but of the order of ∼5 − 15 nT min− 1.

Figures 2d–2g show the GIC recorded at four transformers across the South Island of New Zealand. The sign of
the GIC has been rectified such that it is consistent with the sign of the BH change. We see the same pattern of
response in all four locations, but with differing magnitudes. At all locations we first see the SC‐related GIC spike
at epoch β. The magnitude of this peak GIC is between 4 and 15 A, depending on location. Following the SC‐
related GIC spike we then see a similar pattern to that displayed in Figure 2a (i.e., BH). We see a ramp‐like
increase in the magnitude of GIC for approximately 70 min before it peaks and reverses, with a smaller sec-
ondary peak of the opposite sign just before epoch ϵ. The GIC “ramp” increases at all locations to an absolute
maximum GIC of between 5 and 20 A, in three out of four locations exceeding that observed during the SC itself,
the exception being ISL M6 (near Christchurch and the EYR magnetometer, Figure 2e). This GIC “ramp”
represents an unexpectedly long duration, widespread and relatively intense GIC. Without inspection of the full
time‐series, the peak GIC value itself would be easy to dismiss, but as highlighted by Mac Manus, Rodger,
Dalzell, et al. (2022) a long duration of a less intense GIC can be as hazardous as a larger, shorter spike.

3.3. Magnetospheric Activity

The solar wind driving during this storm is undoubtedly elevated, but on first inspection Figure 1 did not appear
particularly dramatic. We now examine the magnetospheric processes active during the interval to gain insights
into why the abnormal ground geomagnetic response in New Zealand occurred. For this purpose, Figure 3
principally shows a selection of geomagnetic indices.

Figure 2. The ground impact of the 22 June 2015 geomagnetic storm in New Zealand. The horizontal geomagnetic field (and
rate of change of the field) is shown in panels (a and b). A contextual map of New Zealand is provided in panel (c), while the
Geomagnetically Induced Current measured at four locations across the South Island are then shown in panels (d–g). As in
Figure 1, five epochs (α, β, γ, δ, and ϵ) are indicated throughout the storm.
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Figure 3a shows the convection electric field, reproduced from Figure 1c. We again note the steady increase
between epochs β and δ, associated with the high solar wind velocity and increasingly strong (and Southward)
IMF. The ring current indices (SYM‐H and SMR) are shown in Figure 3b, and both show what appears to be a
fairly typical geomagnetic storm, with what we may infer to be a steadily increasing ring current between epochs β
and ϵ. Meanwhile, the SuperMAG auroral indices (SML and SMU) are elevated during the interval, though
without clear, definitive substorm‐like morphology in SML (c.f., Forsyth et al., 2015; Lao et al., 2025), but
convection is likely strong due to the strongly negative BGSMZ (Figure 1). The enhanced bay in SML throughout the
storm (e.g., between epochs β and ϵ) would appear to indicate enhanced nightside convection, perhaps a steady
magnetospheric convection (SMC) event (e.g., Walach et al., 2017; Walach & Milan, 2015).

Figure 3. The geomagnetic conditions during the 22 June 2015 geomagnetic storm. The panels detail the solar wind
convection electric field (a), selected ring current indices (b), SuperMAG auroral indices (c), and SuperMAG partial ring
current indices (d). As above, five epochs are marked (α, β, γ, δ, and ϵ) throughout the storm.
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We note here that while we have shown Southern hemisphere impact (i.e., in New Zealand, Figure 2), the majority
of the data that constructs the indices in Figures 3b–3d is from the Northern hemisphere, due to geographical
sampling and choices in the index derivation. Any North‐South asymmetry (c.f. Coxon et al., 2016) would impact
conclusions drawn from such data sets, though we note that we are mostly concerned with large, long time scale
perturbations rather than precise timing or magnitudes. We will return to this consideration throughout our
interpretation.

Figure 3d shows the SuperMAG partial ring current indices, with the SMR index in Figure 3b effectively broken
down by magnetic local time. Within the main phase of a storm SMR18 is expected to drop fastest and furthest
(Newell & Gjerloev, 2012), representing the injection of protons into the ring current in this local time region (i.e.,
18 MLT). However, we can clearly see here that SMR06, representing the dawn segment (i.e., 6 MLT), decreases
first and fastest (at epoch β) before being followed by SMR00 and SMR12. It is only at epoch δ where SMR18
drops rapidly, before peaking at (or just after) epoch ϵ. We note that SMR06 represents a similar morphology
between epochs β and δ to the horizontal ground magnetic field signature observed in EYR in Figure 2a, which
can be readily understood given the dawn‐adjacent location of EYR at this time.

To investigate this further, we examine the magnetic field observations made within the dawn region during this
storm. Figure 4a shows time‐series of the BN (North–South) magnetic field component observed by eight ob-
servatories, covering as full a range of magnetic latitudes as possible. Above an absolute geomagnetic latitude of
60° we see clear evidence of two magnetic depressions, with BN minima around epochs γ and ϵ. This is
approximately consistent between the hemispheres (i.e., at PBK and MCQ). Meanwhile at the lowest latitude

Figure 4. Time‐series of the BN component of the magnetic field observed by eight magnetometer stations (a). The time‐
series are ordered in latitude, with a fixed 1,000 nT offset between each time series. The data are color‐coded by the absolute
geomagnetic latitude of the magnetic observatory. Below, (b) a map where the stations plotted in (a) are denoted with large
circles, other SuperMAG observatories are indicated with translucent dots.
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station (GUA, magnetic latitude of 5.6°) we see the classic signature expected during a geomagnetic storm, the
early rise (epoch α) of the SC and gradual strengthening of the ring current (up to epoch δ). The classic ring
current signature appears to reduce in magnitude with increasing latitude (i.e., moving to KAK and W02 at
absolute geomagnetic latitudes of 29° and 35° respectively), as expected with increasing distance from the ring
current.

However, at the mid‐latitude stations: MGD, PTK and EYR, we see something unexpected. MGD, PTK and EYR
are located at absolute geomagnetic latitudes of 54°, 47°, and 50°, respectively, and span both hemispheres. Both
MGD and EYR show what appears to be an enhanced “ring current‐like” signature compared to lower latitudes,
with a steady decrease in BN between epochs β and δ. We note that while a decreasing BN may be attributed to a
ring current (though typically maximizing at low latitudes), it would also be consistent with an increasing
ionospheric current wedge (e.g., A. J. Smith et al., 2002). In the Northern hemisphere (MGD and PTK) there
appears to be almost a two‐step change, with two different slopes, an initial gentle decline that pauses after epoch
γ before reducing at a faster rate. In comparison, EYR shows a much more smooth, consistent reduction in BN
between epochs β and δ. Though the sampling between the hemispheres is not equivalent in latitude, but is
approximately consistent with a symmetrical signature.

If we compare these local observations to the geomagnetic indices shown in Figure 3, we can begin to understand
the non‐standard storm presentation (e.g., progression in partial ring current indices in Figure 3d). The SMR index
is constructed from the data collected by 98 stations at mid and low latitudes (i.e., below 50° geomagnetic latitude,
covering both hemispheres). This compares to six stations (from a collection of 10 possible options) for SYM‐H
(or four for Dst) (Newell & Gjerloev, 2012). Similarly to SMR, all stations that could contribute to SYM‐H are at
or below an absolute geomagnetic latitude of 50° (Iyemori, 1990). Therefore, any mid‐latitude geomagnetic
disturbance impacting stations such as PTK or EYR may well be reproduced in “ring current” indices. This
therefore may explain the similarity between the PTK observations and the SYM‐H index, with their two‐stage
decrease, noted in previous discussion of Figure 1d. SMR appears to be more robust to this, perhaps due to the
greater number of stations contributing to its derivation, which may average out a mid‐latitude geomagnetic
disturbance that is limited in longitude.

Similarly, the SML and SMU indices amalgamate around 100 magnetometer locations, between 40° and 80°
geomagnetic latitude (Newell & Gjerloev, 2011). In Figure 3c SML and SMU appeared broadly enhanced in this
interval, attesting to strong current flowing in the auroral regions, but with relatively few defined features that may
be used to identify substorm‐like activity (c.f., Forsyth et al., 2015). On inspection of Figure 4, we see that above a
latitude of ∼60° two clear depressions of BN become apparent, peaking in magnitude around epochs γ and ϵ. In
between these two epochs, a magnetospheric disturbance at mid latitudes (i.e., ∼50°) will be amalgamated by
such auroral indices by virtue of the stations' inclusion within the set (i.e., 40° < MLat < 80°).

3.4. The Mid‐Latitude Geomagnetic Disturbance

We now examine the nature of the geomagnetic disturbance in more detail, primarily using the full SuperMAG
array of magnetometers in the mid and high latitude Northern hemisphere, due to superior spatial coverage as
compared to the Southern hemisphere. Figure 5 shows the distribution of geomagnetic disturbances (white
outlined points for each SuperMAG observatory, with the left and middle columns of Figure 5 representing the BN
and BE components respectively. The right‐hand column shows the northern hemisphere FACs, as inferred from
AMPERE, to compare with the commensurate ground‐based observations. The southern hemisphere AMPERE
data can be found in Appendix B, where Figure B1 displays both hemispheres in an equivalent format to Figure 5.
Each row of Figure 5 represents one of the five key epochs (α, β, γ, δ, and ϵ). In the left and middle columns, the
background color represents an RBF (radial basis function) interpolation of the SuperMAG station level data
(with a Gaussian kernel, performed in a Cartesian geomagnetic coordinate system) designed to ease
interpretation.

First, in Figure 5a (epoch α) we see background, relatively quiescent magnetic signatures, with moderate values of
BN and BE (after the SuperMAG baseline has been subtracted). The FACs are located at high latitudes, above
∼|60°|. Figure 5b (epoch β) then shows the impact of the interplanetary shock. This acts to enhance the previous
magnetometer observations, along with a general positive northward (BN) change globally, indicated with the
light red shading that is particularly clear at lower latitudes.
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Figure 5. Geomagnetic polar plots displaying SuperMAG observations of the geomagnetic field (left and middle: i and ii) and Active Magnetosphere and Planetary
Electrodynamics Response Experiment observations of the field aligned currents (right: iii) during the five key periods highlighted throughout the storm in the Northern
hemisphere, down to a geomagnetic latitude of 40°. In the left and middle columns, the white‐outlined dots represent the SuperMag locations, with the color representing
BN (left, column i) and BE (right, column ii). The five epochs (α, β, γ, δ, and ϵ) in question represent the five rows in turn. In the left and middle columns the background
color indicates interpolation of the SuperMAG data.
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Figure 5c (epoch γ) then shows the ground magnetic field close to the peak of the magnetic signature of the first
magnetic depression (derived from Figure 4a). Here we see a strong high latitude signature form in the dawn‐
sector, typified by the very low BN that peaks around 65° magnetic latitude between 0500 and 0900 MLT. At
this time the FACs in both the dawn and dusk regions are intensified, as compared to the previous epochs, and
have expanded to slightly lower latitudes. This provides additional evidence that this could be a SMC event
(e.g., Milan et al., 2017; Walach et al., 2017). As this is during Northern hemisphere summer, close to solstice, the
terminator during this interval will extend beyond the pole. Therefore the strong BN signatures could be related to
the enhanced ionospheric conductivity and strong convection inferred at this time (e.g., Figure 1). Pre‐midnight
we may also see an intensification of BN around 65° which could be a substorm‐like current wedge.

Figure 5d (epoch δ) details the ground magnetic field at the peak of the identified “ramp‐like” signature at mid‐
latitudes (i.e., EYR at ∼50°). In Figure 5di we see the fully formed mid‐latitude current wedge (strong negative
BN), peaking around 55° and stretching broadly in local time, potentially from 2100 round to 1000 in the morning
sector (though with relatively few observations in the dawn‐noon region this is not definitive). The pre‐midnight
portion of the BN signature is about 10° lower than any substorm‐related current in epoch γ. We note that this
places MGD nearly within the peak of this current system, and EYR toward the equatorward edge (in the con-
jugate Southern hemisphere, not shown). The FACs, as reported by AMPERE, are intense and have also moved to
lower latitudes, about 10° lower than in epoch γ. The FACs indicate the ionospheric (rather than magnetospheric)
origin of the strong BN signature in the ground magnetic field.

Finally, Figure 5e (epoch ϵ) shows the end of the identified storm main phase, within the second high latitude
magnetic depression in Figure 4a. The mid‐latitude current system from 30 min prior (epoch δ) has dissipated,
with a relatively localized high latitude current wedge (negative BN , peaking around 70°) being present in the
dawn sector, similar to epoch γ. At this time the FACs have faded at lower latitudes (i.e., circa 50°), and are
located mostly at higher latitudes once more, but nonetheless are still intense relative to both pre‐storm (epoch α)
and the time of shock arrival (epoch β).

4. GIC Reproduction With Modeling
We now consider the capability of a typical GIC modeling process to capture the consequences of long‐period
magnetic activity, such as that described above. As shown in Figure 2, the observed Hʹ is moderate, and on
that basis alone any simple scaling or relation based solely upon those values (e.g., Mac Manus et al., 2017;
Rodger et al., 2017; A. W. Smith et al., 2022) would underestimate the hazard in this interval.

We employ a thin sheet model of New Zealand that has been extensively used and validated (e.g., Divett
et al., 2018, 2020; Mac Manus, Rodger, Dalzell, et al., 2022). The modeling approach is extensively discussed in
Section 2 of Mac Manus, Rodger, Ingham, et al. (2022), but we reproduce the key details here. The ground
geoelectric field is first calculated with a thin‐sheet conductance model of New Zealand and the surrounding
region (e.g., Vasseur & Weidelt, 1977). The empirical (integrated) conductance of the uppermost 20 km of crust
are provided with a grid spacing of 1/6°. Below this depth, four layers are used with resistivities of 1,000, 10,000,
100 and 1 Ω/m with boundaries at depths of 20, 60, and 320 km (e.g., Figure 1 Mac Manus, Rodger, Ingham,
et al., 2022). As input, the ground geomagnetic field is provided at a 1 minute cadence, with a resolution of 0.1 nT.
The New Zealand AC power network consists of a large number of substations (∼190) often with multiple
transformers (for a total of ∼590 transformers) covering three different voltages (50/66 kV, 110 kV, and 220 kV).
Our method follows the approaches of Lehtinen and Pirjola (1985) and Boteler and Pirjola (2014) to represent the
network at a transformer level (e.g., Divett et al., 2018, 2020).

Figure 6 details the results of applying the thin sheet model to the storm of June 2015. Figures 6a and 6b show the
background subtracted BX and BY components of the geomagnetic field. Figure 6c provides the geographical
context as to where the observations correspond, and Figures 6d–6g show the observations and model results at
the four locations from Figure 2. Figure 7 then shows two metrics evaluated at each of the four locations: (a) the
Pearson correlation coefficient (r, Figure 7a) and the Prediction Efficacy (“P,” Figure 7b) (e.g., Shim et al., 2011),
based upon the root‐mean‐square error as suggested by Marsal and Torta (2019). Specifically, we define:

P = 1 − (
RMSEo,m

σo
) (1)
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where RMSE is the root‐mean‐square error between the model (m) and observations (o), and σo describes the
standard deviation of the observations. This formulation is such that a score of 1 indicates perfect performance,
0 would be scored by a model simple equal to the mean of the observations (RMSE = σo), and anything less than
zero indicates worse performance (Marsal & Torta, 2019; Shim et al., 2011). Combining the Pearson correlation
and Prediction Efficacy (P) informs us as about the models ability to match pattern/shape and bias/error
magnitude, respectively.

Figures 6a and 6b show that the main magnetic disturbance at this time is in the North‐South orientation, with the
field changing by several hundred nT between epochs β and δ. At Islington (ISL, Figure 6e), closest to the EYR
magnetic observations, we see excellent correspondence between the GIC observations (orange) and model re-
sults (blue), capturing both the pattern (r = 0.97) and magnitude (P = 0.73) of the GIC. This clearly shows that
the thin sheet modeling method is capable of replicating this form of event. As we consider locations to the South

Figure 6. Modeling the ground impact in New Zealand with thin sheet modeling. Panels (a and b) show the background
subtracted North and East components of the magnetic field recorded at EYR. A contextual map, with links to the other
panels is shown in panel (c). Panels (d–g) show the modeled (blue) and observed (orange) Geomagnetically Induced Current
(GIC) at four locations across the South Island. The sign of the GIC is arbitrary and has been matched to the orientation of the
BX variation shown in panel a for consistency. As above, five epochs (α, β, γ, δ, and ϵ) are marked throughout the storm.

Figure 7. The linear Pearson correlation coefficient (“r,” (a)) and Prediction Efficacy (“P,” (b)) between the Geomagnetically
Induced Current (GIC) recorded at four locations in New Zealand (HWB, ISL, INV and SDN) and the GICmodeled using the
thin sheet technique using the magnetic field recorded at EYR.
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of the South Island we see discrepancies begin to appear between the observations and the model results (i.e.,
Figures 6d, 6f, and 6g). While the predicted “shape” of the GIC is consistent close to Dunedin, with Pearson
correlations of 0.93 (i.e., HWB and SDN, Figures 6d and 6g), the magnitudes of the GIC are not well reproduced,
as demonstrated by the low prediction efficacy (P ∼ 0 and − 1, Figure 7b). Given the close geographical proximity
of these transformers (∼5 km), the difference in both model and observations highlights the importance of the
network topology and properties in determining the GIC. Finally, at the southernmost location we see that the
shape of the GIC is poorly reproduced (INV, Figure 6f), with an r of 0.17. The prediction efficacy is also low at
∼0, showing that the GIC is substantially underestimated. We attribute the discrepancy in these locations to
uncertainty in the network topology at this time, though there may also be an impact of using the (more distant)
EYR data as input.

5. Discussion
In this study we have shown the development of a mid‐latitude ionospheric current system that has formed in the
morning sector, giving rise to unexpectedly large and sustained GICs in the New Zealand power network.We now
discuss these observations in the context of the driving processes, as well as the implications for mid‐latitude
locations, proxies of magnetospheric activity and GICs, and future GIC modeling efforts.

5.1. Morning Sector Impact: Physical Processes

Many geomagnetic phenomena are organized by local time, or only occur within specific regions (e.g., Rogers
et al., 2021). Of relevance for this study, dawn local times have been highlighted by several studies as a “hot spot”
for severe ground‐level space weather. Schillings et al. (2022) highlight two local time sectors that see the largest
spikes of dB/dt (i.e., Hʹ): pre‐midnight, and the morning sector. Schillings et al. (2022) and other recent studies
(e.g., Hodnett et al., 2025) have related such morning sector activity to omega bands, though we note that other
studies attribute such activity to phenomena such as auroral streamers (e.g., Zou et al., 2022), though both
streamers and omega bands may share a common cause such as the evolution of flow bursts within the mag-
netotail (Forsyth et al., 2020; Henderson, 2022; Milan et al., 2024). However, these auroral phenomena have a
different magnetic frequency content to the phenomena at the heart of this case study (i.e., typically Pc5 or Ps6,
150–600s or periods of a few 10s of minutes: Wild et al. (2000); Viljanen et al. (2001); Pulkkinen and
Kataoka (2006)), and are typically observed at earlier MLTs (i.e., 02–03MLT: Partamies et al. (2017); Apatenkov
et al. (2020)). Nonetheless, such auroral phenomena may explain the higher latitude (∼65°), more localized
magnetic field signatures that peak during epochs γ and ϵ (i.e., Figures 4 and 5).

Another key dawn‐sector phenomenon that has been linked to space weather impact is the possible diversion of
the ring current into the ionosphere in the dawn region (Ohtani et al., 2018). Such an ionospheric current wedge
would be closed with upward FACs on its western edge and downward FACs on the eastern. Ohtani (2021) posits
that such a configuration could be driven by enhanced convection, which would be consistent with strong solar
wind driving we see in this storm (Figures 1 and 3). The presence of such a dawnside current wedge has pre-
viously been diagnosed through the use of local time‐limited indices (i.e., the SMR indices), where the
discrepancy between dawn (SMR06) and dusk (SMR18) indicates an asymmetry (e.g., Bower et al., 2025).
However, typically this asymmetry has the opposite sign to that observed here (i.e., |SMR06| > |SMR18|), where
the smaller deflection of SMR at dawn is inferred to be symptomatic of the diversion into the ionosphere. In our
case, SMR at dawn is depressed more due to the contamination of SMRwith the mid‐latitude ionospheric current.
For the more typical scenario, such a diverted (and therefore ionospheric) current would be present at higher
latitudes than are amalgamated by SMR (>50°).

Our primary hypothesis is that we are seeing the ionospheric manifestation of the diverted ring current, which
forms a steadily increasing ionospheric current at mid‐latitudes, a set‐up driven by the very strong and steady
convection electric field in this storm. However, it is curious that such an ionospheric diversion of the ring current
is so “steady” at EYR, showing a slow progression. Most studies investigating the impact of such diagnose these
intervals through their large, rapid changes of the ground magnetic field (e.g., Bower et al., 2024, 2025).

5.2. Mid‐Latitude Impact

This case study represents a useful example showing how space weather can have notable impacts on mid‐latitude
locations, even for what does not seem to be an extreme geomagnetic storm. While the magnitude of the GICs in
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New Zealand during this event are not extreme, Clilverd et al. (2025) found that at around 30A of GICmeasurable
reactive power impact can be observed. Taking the limits described byMacManus, Rodger, Dalzell, et al. (2022),
a level of 30A could only be tolerated for 180 min (in a single phase transformer). In this case study the observed
GICs were just short of that current, however it was sustained for far longer than would have been expected. We
now consider two important hypothetical scenarios: the first where the magnetic field perturbation was larger, and
the second where a different mid‐latitude location (the UK) was exposed to the same ionospheric current system.
This allows us to examine whether this phenomenon in the future may be at risk of causing thermal damage to
power network infrastructure (i.e., Mac Manus, Rodger, Dalzell, et al., 2022), and whether other mid‐latitude
locations would be vulnerable, or if this problem would be restricted to New Zealand due to some quirk of ge-
ology or infrastructure.

5.2.1. Hypothetical Impact: Scaling

Using the modeling results in Figure 6, we may test simple hypothetical scenarios. Specifically, the input and
output of the thin‐sheet modeling may be scaled by the same linear relations. For example, if the size of the
magnetic perturbation is doubled (i.e., the minimum BN changes from − 300 nT to − 600 nT) then the modeled
GIC will also double. Given we have shown the model performs excellently where the network configuration is
well known, we can use this relation to estimate potential GIC for a hypothetical scenario.

For this type of event there are two clear ways in which the magnetic perturbation would be increased: (a) through
an increase in the ionospheric current, and (b) through movement of the ionospheric current (c.f. Beggan, 2015).
First, we have attributed this event to a diversion of the ring current into the ionosphere (Ohtani, 2021), and so it
stands to reason that if the original ring current were stronger, or more of the current were diverted into the
ionosphere then the impact would be greater. This type of event is poorly understood, and more work is needed,
however we hypothesize that this may be the case if the driving (i.e., convection) were even stronger. Second, our
New Zealand magnetic field data come from EYR, which is located at an absolute geomagnetic latitude of 50°.
However, we have shown that MGD (at 54° in the Northern hemisphere) records a much larger BN perturbation of
∼900 nT (Figure 4). Therefore, it is likely that the main impact of the ionospheric current is located at latitudes
poleward of EYR. This may also change the orientation of the magnetic field change. A future, larger
geomagnetic storm may involve such an ionospheric currents at lower latitudes, this would increase the impact at
a location such as EYR.

With the considerations above, we test a tripling of the magnetic perturbation observed at EYR–this is effectively
scaling the EYR observations to reach the maximum perturbation observed at MGB (five degrees higher in
absolute latitude). We hypothesize that this would correspond to a larger storm, where the ring current is more
intense, and perhaps the main impact is at a slightly lower latitude. At ISL we see the best model predictions
(Figure 7), but the GIC measured here is small (∼4A). Tripling the magnetic perturbation would not generate
currents of the order suggested to be a problem by Mac Manus, Rodger, Dalzell, et al. (2022) (i.e., only ∼12A).
Lower down the South Island at HWB, the model over‐predicts moderately, peaking at around 20A, while the
observations peak at 15A. If we triple the observed GIC here, we drop below the − 30A “threshold” (Clilverd
et al., 2025) for around 30 min, peaking at − 59A (near epoch δ). Mac Manus, Rodger, Dalzell, et al. (2022) state
that this approximate level of GIC could be tolerated for over an hour (in a single phase transformer), but
nevertheless this is a considerable threat from a previously understudied phenomenon.

5.2.2. Hypothetical Impact: United Kingdom

This event is notable in that its impact is at lower latitudes than would normally be expected for a G4 storm. In this
regard, it is instructive to assess the potential impact in another location for which the necessary geological
models are available: specifically we speculate as to how such a mid‐latitude event might impact the UK. Further
we test the second most common form of geoelectric field modeling commonly deployed: that based upon
Magnetotelluric (MT) surveys. We note that this method has been used in New Zealand, and shown to perform
similarly to thin‐sheet modeling in this location for long‐period disturbances (e.g., Pratscher et al., 2024). Un-
fortunately in the UK the transformer level network topology is not publicly available, and so we must limit our
consideration to the modeled geoelectric field.

The UK is located at similar absolute geomagnetic latitude to New Zealand, and so we test a hypothetical event in
which the UK observed the same magnetic field observations as were recorded at EYR (i.e., Figures 6a and 6b).
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We utilize historical MT surveys of the UK, including a recent effort that expanded the number of sites to 70
(Hübert et al., 2025). Given the limited spatial coverage of the magnetic field data in New Zealand, we assume no
spatial variation across the UK. One minute magnetic field data is used. Similar to other approaches
(e.g., Campanyà et al., 2019; Malone‐Leigh et al., 2023), we derive the time series of the geoelectric field using
the impedance tensors at each site (in frequency space).

Figure 8 shows the results of this process at four test locations. Figure 8a shows a map of the UK on which the four
locations are marked (HT66, ESK, SE06 and SN72). Figures 8b and 8c then show the modeled geoelectric field
(EX and EY respectively). These four locations have been selected to demonstrate a range of responses due to
differences in their underlying geology. We can observe a range of electric field responses coincident with the SC
at epoch β, which in some locations is followed by long interval, moderate geoelectric fields, peaking at around
epoch δ.

The long‐interval geoelectric fields are of most interest to this study, and at SE06 they build over time (as seen
with the GIC in New Zealand), peaking at around 0.3V km− 1 at epoch δ. However, we can see a wide range of
behavior across the four locations, with two locations (ESK, NT66) seeing little response in EX (i.e.,
<0.1V km− 1) at epoch δ. Meanwhile, NT66 shows stronger responses in EY , potentially linked to shorter period
activity (i.e., the SC orHʹ , Figure 2). The location where we see the largest electric fields (SE06, in EX) is located
close to an interesting geological feature noted by Montiel‐Álvarez et al. (2025), where they modeled intense
geoelectric fields during the October 2024 geomagnetic storm.

Importantly our modeling efforts have shown that while the impact of this event was observed in New Zealand, a
similar event timed when the UK was at dawn may have an impact in some locations. While most of the UK
would have seen relatively small geoelectric fields (<0.1V km− 1), some locations would see peak geoelectric
fields of ∼0.3V km− 1. While these are more than an order of magnitude smaller than that modeled during the
March 1989 storm, the levels are directly comparable to those modeled in England during the September 2017
storm (Hübert et al., 2025), and sustained for a longer period of time. For more recent context, the May 2024
geomagnetic stormwas inferred to cause electric fields of the order of 1V km− 1 in the UK (Lawrence et al., 2025).
We also note that railway operations would be unaffected, as signaling mis‐operation is only observed for extreme
peaks in activity, of the order several V km− 1 (Patterson et al., 2023), rather than sustained, more moderate
electric fields.

Figure 8. Modeling the ground impact in the United Kingdom with Magnetotelluric modeling. On the left (a), a map of the
United Kingdom with the four locations (HT66, ESK, SE06 and SN72 marked). On the right, panels (b and c) show the
modeled geoelectric field at the four locations across the UK, in the North and East directions respectively. As above, five
epochs (α, β, γ, δ, and ϵ) are marked throughout the storm.
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5.3. Implications for Geomagnetic Indices

In this case study, we have presented an example where the SYM‐H index in particular has been shown to be
contaminated by (likely rare) strong mid‐latitude current systems. Likewise auroral indices (e.g., SML) have been
shown to be impacted due to the latitudes considered within their construction.

5.3.1. Ring Current Indices

We have used several geomagnetic indices in this study, SYM‐H and SMR in particular, designed to indicate the
strength of the ring current. These indices are constructed through a combination of magnetometers, though the
stations involved and their number vary between indices (e.g., Iyemori, 1990; Katus & Liemohn, 2013; Newell &
Gjerloev, 2012). The more typical SYM‐H index has fewer contributing stations, and a two‐stage storm main
phase can be seen (i.e., Figures 1 and 3). On closer inspection we showed that this first stage is due to a mid‐
latitude ionospheric current (Epochs β to δ), rather than a steadily increasing ring current. In contrast, SMR
appears to average over these factors and returns a much smoother storm main phase (between epoch β and ϵ).
This suggests that the larger number of stations that contribute to SMR act to remove the transient impact of
longitudinally limited features, though they are inherently contributing to the overall index (e.g., the difference
between the MLT‐limited SMR indices in Figure 3).

These issues compound challenges facing studies that attempt to forecast such ring current indices (e.g., Collado‐
Villaverde et al., 2023; Siciliano et al., 2020), as well as the use of such indices in extreme storm analyses
(e.g., Bergin et al., 2023; Ohtani, 2022). This is in addition to complications inherent in assuming symmetry of the
ring current and the impact of FACs (Love & Mursula, 2024).

5.3.2. Auroral Indices

Geomagnetic substorms are a key type of magnetospheric activity, and one of the primary methods by which they
are identified is through the use of auroral indices (i.e., AL or SML), for example, the SOPHIE method (Forsyth
et al., 2015). Substorms are identified through strong negative excursions of the index, which are themselves
based upon the BX component of the magnetic field observed at various auroral magnetometer stations. In our case
study, we highlighted that the SML index has remarkably little substorm‐like structure in this interval (Figure 3)
despite the strong driving of the magnetosphere (strong negative BZ).

During this geomagnetic storm the SOPHIE method picks out two substorm‐like events at 18:31 and 19:30. SML
during both of these times is dominated by stations near dawn, which would be unusual for substorm‐related
currents (Frey & Mende, 2006; Lao et al., 2025; Walsh et al., 2014). As shown in Figure 5bi, the first identifi-
cation may be related to the intensification of existing ionospheric current systems at the arrival of the inter-
planetary shock. The second event at 19:30 was detected at lower latitudes (54°), and likely represents the
intensification of the mid‐latitude current wedge (the core focus of this study). This case study represents a good
example of the challenges of using global auroral indices to identify substorm‐related activity, a topic of intense
recent interest. Lao et al. (2025) outlined the challenges of separating convection‐related intervals from sub-
storms, suggesting that this may not be possible based solely upon the indices themselves. Meanwhile, Hodnett
et al. (2025) highlighted that omega band activity (i.e., negative excursions of the north‐south magnetic field) in
the dawn region can be misidentified as substorms (Milan et al., 2024). These considerations likely contribute to
why the association between substorm identification methods using different data sources show poor association
(i.e., less than 50% coincidence) (Lao et al., 2024).

5.4. Evaluating Common Magnetic Proxy Measurements

Due to the limited availability of GIC data around the globe, and its specificity to a contemporaneous power
network configuration (e.g., Mac Manus et al., 2023; Parry et al., 2025), many studies rely upon proxy quantities
to indicate when significant GICs may arise. We now evaluate how two common proxy quantities capture the
long‐period activity outlined in this study.

5.4.1. Hʹ

The most commonly used proxy for GICs is the rate of change of the geomagnetic field, calculated in a few
different ways (Fielding et al., 2025). This is under the assumption that large rates of change of the geomagnetic
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field are a necessary condition for large GICs (Viljanen et al., 2001). Indeed, in the few suitable long‐duration data
sets, the correlation between the rate of change of the horizontal magnetic field (e.g., Hʹ) and observed GIC is
high (r > 0.75) (e.g., Mac Manus et al., 2017). Splitting out individual driving processes (A. W. Smith
et al., 2022) and locations (Mac Manus et al., 2017; A. W. Smith et al., 2024) can dramatically improve this
correlation. We note that even different types of the same process can lead to different correlations (A. W. Smith
et al., 2025). However, studies have also shown good correlation with the horizontal ground magnetic field, and
even individual vector components (e.g., BX and BY) of the magnetic field, which will capture more longer‐period
(i.e., tens of minutes) changes, for example, those GICs related to Pc5 waves and similar phenomena (Heyns
et al., 2021).

Figure 9 shows the linear (Pearson) correlation (r) obtained between the recorded GIC at the four locations in
New Zealand (Figures 2 and 6) and several different facets of the ground magnetic field. We test the North, East
and horizontal magnetic field, and their corresponding one‐minute rates of change. Broadly, for this storm we see
the poorest correlations with the BY component (denoted Y) and Yʹ , and the best for X (BX) and H (along with Xʹ
and Hʹ). The poor correspondence of BY to the GIC is likely a reflection of the regional geology and the
orientation of the power network. At three out of four locations (ISL, INV and SDN) we see the closest rela-
tionship between BX and GIC, with Hʹ being slightly better for HWB. The high performance of BX was expected,
given the morphology present in Figure 6. However, with so many different processes active during this storm
(i.e., SC, ionospheric currents and ring current) it is no surprise that the overall r values are relatively low
(maximum r ∼ 0.6). We have also highlighted the importance of the network topology and properties in deter-
mining the resulting GIC, another factor that would challenge the use of Hʹ as an accurate proxy measurement.

5.4.2. GIC Index‐Like Proxy

WhileHʹ or equivalent proxies have been shown to well replicate both peak GICs (Rodger et al., 2017) and longer
time series during storms (Mac Manus et al., 2017), they can only ever represent a narrow frequency range of
magnetic perturbations (i.e., minute‐to‐minute changes), albeit one that is typical of GICs. An alternative proxy is
the GIC index, which uses the plane wave approximation and is more accurately described as a proxy of the
induced absolute geoelectric field (Marshall et al., 2010, 2011). GIC proxies constructed in such a fashion have
been shown to have excellent correspondence to measured GICs (Waters &Marshall, 2026). Full details as to how
our GIC index‐like proxy has been calculated are reported in Appendix C, but we note here that we do not use any
details of the geological conductivity in the construction of this proxy.

Figure 9. The linear Pearson correlation coefficient (r) between the Geomagnetically Induced Current recorded at four
locations in New Zealand (HWB, ISL, INV and SDN) and the magnetic field (X, Y and H) and rate of change of the magnetic
field (indicated withʹ notation) recorded at EYR.
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Figure 10a shows the correlation between our calculated GIC proxy in the X (ξX) and Y (ξY) directions, and the
GIC measured at the four locations of interest in this study. The first thing that stands out is the excellent
(r = 0.95) linear correlations between ξY and the GIC at all four locations (Figure 10), in three out of the four
locations these exceed the correlations obtained by the full thin sheet modeling approach (Figure 7). This also
suggests that such GIC index‐like proxies may be well suited to evaluate cumulative long‐term impacts
(Zois, 2013). These results are similar to that obtained by Waters and Marshall (2026) in their study of the
Australian power network. The excellent correlations are obtained by the ξY index, and not the ξX index (which
shows very poor correlations), demonstrates the link between the network configuration and resulting GIC.

5.5. Modeling Implications

As described above, the correspondence between the various simple magnetic proxies (BX , BY , H, and their
respective one‐minute rates of change) and the GIC observed at each of the four locations is weak at best
(r < 0.7). This is likely due to the plethora of different magnetospheric phenomena active during the interval, and
the dominance of an unusual long‐interval GIC for which these proxies are not ideal. A proxy with more thorough
frequency consideration was shown to be much better (e.g., Figure 10; Waters and Marshall (2026)). In Figure 6
we then showed the capability of a typical thin sheet modeling method to calculate the GIC from the magnetic
field data itself. At three of the four locations (HWB, ISL and SDN) the linear correlation between the GIC model
and observations are 0.93, 0.97 and 0.93 respectively. The exception to this is at INV, where we discussed how
uncertainties with the network configuration at the Southern end of the network precluded accurate modeling.
This highlights how close collaboration is required between academia and industrial partners. However, we have
shown that typical thin‐sheet modeling can capture this form of GIC hazard.

We have also tested a hypothetical scenario where the UK was subject to the same magnetic conditions as EYR in
the interval. The MT modeling in this region showed that it does reproduce such long‐interval geoelectric fields
and that they are very dependent upon the geology of the location, with most locations seeing only very small
geoelectric fields. In this regard, we have shown both common methods of estimating the geoelectric field (and
GIC, subject to power network model availability) are capable of reproducing this hazard, and our results
highlight the importance of knowing the details of the power network (e.g., topology and resistances) (Blake
et al., 2018; Mac Manus, Rodger, Ingham, et al., 2022; Parry et al., 2025).

5.6. Future Research Considerations

This event represents an unusual observation: a slow but consistently building current wedge in the mid‐latitude
ionosphere. In future, work should be undertaken to isolate the conditions under which such a current wedge is
likely to form. It is of paramount importance to determine the controlling factors for the latitude and strength of
the ionospheric current (e.g., Section 5.2.1), as these directly determine the potential impact. More examples will
be needed, and we suggest that the strong and persistent solar wind convection electric field may be one of the key
drivers of such an event.

Figure 10. The linear Pearson correlation coefficient (r) between the Geomagnetically Induced Current (GIC) recorded at
four locations in New Zealand (HWB, ISL, INV and SDN) and the X and Y components of the GIC Index (ξX , ξY ).
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This work has also highlighted the need to include and understand the configuration of the power network. More
work should be undertaken in collaboration with industrial stakeholders to ensure that this critical step in the chain
of GIC modeling is accounted for.

6. Conclusions and Summary
In this study we have detailed novel observations of GICs made in New Zealand during a G4 storm in 2015, and
examined their likely cause. During the geomagnetic storm in June 2015, we observed a ramp‐like increase in GIC
as measured at four locations across the South Island of New Zealand. This GIC, though not large by itself,
increased for a period of ∼70 minutes, to a level exceeding that during the preceding interplanetary shock impact
(at 3 out of 4 locations). This storm showed a notably intense convection electric field, due to high solar wind
velocity (∼700 kms− 1) and strongly negative BGSMZ (∼− 40 nT).

The ramp‐like GIC increase was inferred to be a result of large‐scale, mid‐latitude (∼55° MLat) ionospheric
current wedge localized in the dawn sector. This ionospheric current wedge was confirmed through the presence
of corresponding mid‐latitude FACs. It is possible that this was caused by a diversion of the ring current into the
ionosphere, as a result of the high convection electric field (e.g., Ohtani, 2021).

Given the unusual nature of this ground‐level space weather hazard, we show that the most common magnetic
field proxy (Hʹ) shows only limited ability to describe the resulting GIC (r < 0.7), while a more complex GIC
Index‐like proxy (Marshall et al., 2011) is much more capable of capturing the relevant behavior (r ∼ 0.95). This
highlights that the use of simple GIC proxies (i.e., Hʹ) should be made with care, and that they should be
“calibrated” for the type of geomagnetic activity. Nonetheless, we confirmed that present GIC modeling methods
(i.e., thin‐sheet models) are capable of capturing the impact (r ∼ 0.95), when requisite power network infor-
mation is available. We highlight the importance of knowing the local network topology and properties, showing
how two geographically close locations (∼5 km) record distinctly different current magnitudes. Close collabo-
ration is needed between academia and industrial partners.

We tested two hypothetical scenarios: the first where the ground geomagnetic perturbation is larger in New
Zealand–matching that observed at a slightly higher latitude. The scaling is linear between the input perturbation
and GIC, and we infer that reactive power impact (i.e., GIC > 30A) would be observed for around 30 min at a
sensitive location (HWB). For the second scenario we model the results if the UK, at a similar geomagnetic
latitude, were to experience such ionospheric conditions to test if New Zealand is uniquely vulnerable. We find
that the resulting hypothetical geoelectric fields can be relatively large (∼ 0.3V km− 1

), of the order of those
modeled during the September 2017 storm, and sustained for a longer interval. However, we also find that most
locations see very small geoelectric fields as a result of their local subsurface conductivity. This phenomenon is
therefore not limited to New Zealand and should be accounted for at other mid‐latitude locations.

In the course of investigating the storm, we show how such mid‐latitude ionospheric currents can contaminate
both ring current indices (i.e., SYM‐H) and auroral indices (i.e., SML), and we discuss the implications for
extreme event studies and present forecasting efforts.

Appendix A: Broader Storm Interval
In this case study we have focused exclusively on a period of time between 17 : 30 and 22 : 00 UT on the 22 June
2015, however this storm occurred within a series of complex solar wind structures (Gopalswamy et al., 2018).
Figure A1 shows a time series of the solar wind properties (and SMR) during a 6 day window around the main
case study.

We see that prior to the main CME arrival (epoch β: 18:35 UT on the 22nd June), there are two smaller shocks at
approximately 17:00 on the 21st and 06:00 UT on the 22nd June, most clearly visible as jumps/rapid changes in
the solar wind density and ion and electron spectrograms (Figures A1d–A1f). These two interplanetary shocks are
not as large as the one considered in the main interval, in either magnetic field strength (maximum —B—
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∼10− 20 nT) or velocity (maximum VX ∼ 400 km s− 1), but nevertheless may have preconditioned the magne-
tospheric system.

Second, the end of the case study is just before midnight on the 22nd June, during what appears (from SMR or
SYM‐H, Figure 3) to be the storm recovery phase: steadily increasing SMR back toward zero. However, later
within the CME's magnetic cloud we see complex structure and two periods of intense and sustained negative BZ
(Figure A1b). Correspondingly, early on the 23rd June the SMR index decreases once more to ∼− 200 nT,
signifying a further intensification of the ring current. However, this is beyond the scope of the current case
study–the unusual mid‐latitude current system is not present at this later time.

Appendix B: AMPERE Inter‐Hemispheric Comparison
Within Figure 5 we compared the ground‐based magnetometer observations with the FACs as inferred from
AMPERE, both within the Northern hemisphere. Figure B1 displays the same intervals as Figure 5, but with an
additional column (iv) on the right including AMPERE data from the Southern hemisphere. For the purposes of
this case study, the Northern and Southern hemisphere AMPERE are qualitatively equivalent, with the FACs
strengthening at mid‐latitudes, peaking at epoch δ. We note that some studies have noted that the Southern
hemispheric currents are underestimated in pre‐2017 data (Hatch et al., 2022). We do see differences in the
current strength, with the Southern hemisphere current being noticeably weaker in epochs α and β. However, we
mainly interpret this as a seasonal effect–the storm occurs during Northern hemisphere summer, when the
ionospheric conductance is weaker in the Southern hemisphere.

Figure A1. A 6 day overview of the storm interval from the perspective of the WIND spacecraft upstream of the Earth. The
WIND observations have been time shifted such that the arrival of the main interplanetary shock within the study (interval β)
is aligned with the shock arrival in SMR (18:35 UT, 22 June). The panels describe the total magnetic field strength (a), three
components of the interplanetary magnetic field (b), three components of the solar wind velocity (c), solar wind density (d), ion
spectrogram (e), electron pitch angle spectrum (f) and SMR index (g).
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Appendix C: GIC Proxy Calculation
To calculate our GIC proxy, we use a similar method to Marshall et al. (2011), using one‐minute resolution data
from the EYR magnetometer (BX(t) and BY(t)). First, the Fourier transform of the magnetic field is taken, giving
BX( f ) and BY( f ). The GIC proxies for the X and Y directions are then calculated as:

ξX = FFT{BY( f )Z( f )}− 1 (C1)

ξY = FFT{BX( f )Z( f )}− 1 (C2)

Figure B1. Geomagnetic polar plots displaying SuperMAG observations of the Northern hemisphere geomagnetic field (left: i and ii) and Active Magnetosphere and
Planetary Electrodynamics Response Experiment (AMPERE) observations of the field aligned currents (right: iii, iv) during the five key periods highlighted throughout
the storm. The format is as in Figure 5, with the addition of the Southern hemisphere AMPERE data (panels iv).
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where FFT{}− 1 represents the inverse Fourier transform, and Z( f ) is our chosen frequency domain filter given by:

Z( f ) =

̅̅̅̅̅̅̅̅̅
f
fN
eiπ4

√

(C3)

with fN representing the Nyquist frequency.
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