SPACE WEATHER, VOL. 11, 1-11, doi:10.1029/20125W000849, 2013

Observations of geomagnetically induced
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[1] Infrastructures such as pipelines and power networks at low-middle latitude regions have
historically been considered relatively immune to geomagnetically induced currents (GICs). Over the
past decade there have been an increasing number of investigations into the impact of GICs in long
grounded conductors at these latitudes. The Australian region power network spans thousands of
kilometers from low to middle latitudes. The approaching maximum of solar cycle 24 and recent findings
of studies into power networks located at similar latitudes have stimulated the Australian power
industry to better understand this phenomenon in their region. As a result, a pilot study to compare
space weather activity with in situ GIC monitors at strategic locations within the power network was
initiated. This paper provides some results from the first of these operational GIC monitors during a
modest geomagnetic storm, showing the first observational evidence of space weather well correlated
with GICs measured in the Australian power network. Transformer neutral currents show a high degree
of similarity with the geoelectric field derived from the closest available geomagnetic observatory.
Current maxima of 4-5 amperes were observed in association with geoelectric field values of
~0.06-0.07 volts per kilometer. This paper also discusses the GIC measurements obtained during this
storm in terms of the space weather drivers and the considerably larger geoelectric field values

anticipated during larger geomagnetic storms.

Citation: Marshall, R. A,, et al. (2013), Observations of geomagnetically induced currents in the Australian power
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1. Introduction

[2l Geomagnetically induced currents (GICs) flowing in
long grounded conductors such as power networks and
pipelines are an important element of space weather.
Historically, much of the focus has been at high latitudes
[Elovaara et al.,, 1992; Boteler et al.,, 1998; Viljanen et al.,
1999; Bolduc, 2002; Lam et al., 2002; Béland and Small,
2004; Kappenman, 2005; Pirjola, 2005; Pulkkinen et al.,
2003, 2005; Wik et al., 2008]. Recent studies have also con-
sidered these infrastructures at middle-low latitudes
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[Kappenman, 2003; Gaunt and Coetzee, 2007; Trivedi et al.,
2007; Liu et al., 2009a, 2009b; Ngwira et al., 2008, 2009; Watari
et al., 2009; Marshall et al., 2011, 2012; Torta et al., 2012].
GICs have been observed in the Australian region pipe-
line network [Martin, 1993; Trichtchenko, 2005; Waters et al.,
2006; Marshall et al, 2010], but as yet have not been
observed in the Australian region power network in asso-
ciation with space weather activity. Zanussi [1993] made in
situ measurements on the transformer neutral line at the
end of a 132 kilovolt transmission line in northern Queens-
land (QLD) over a period of 5 months and compared these
measurements with magnetometer data from a nearby
proton precession magnetometer. The author concluded
that no GICs were observed within experimental limits
and was unsuccessful in showing an association between
in situ GIC measurements and the geomagnetic field
recordings. The null result was attributed to possible
effects of soil resistivity and distance from the auroral
electrojet region and the author suggested a longer data
campaign should be conducted. This paper provides
some of the first in situ observations of GICs in the
Australian power network associated with variations of
the geomagnetic field during modest geomagnetic activity.
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[3] The Australian region power network (Figure 1a)
spans thousands of kilometers from low to middle latitudes
with interconnects between state grids. The Australian
Energy Market Operator (AEMO) operates the National
Energy Market in eastern Australia, working closely with
the Transmission Network Service Provider’s (TNSPs) in
each state. Recent studies of GICs in middle-low latitude
regions such as South Africa [Gaunt and Coetzee, 2007]
and New Zealand [Dalzell, 2011; Marshall et al., 2012] have
stimulated increased interest in the possible impacts of
space weather to the Australian region power grid. AEMO
convenes regular meetings of the Power System Security
Working Group, which has recently focused on this issue
with input from various groups such as the Australian
Bureau of Meteorology’s Space Weather branch (BOM/
IPS), Transpower Ltd New Zealand, Eskom South Africa,
the TNSPs, AEMO representatives, and Australian Univer-
sities. One of the outcomes of these meetings was an initia-
tive to install GIC monitoring devices at a small number of
strategically selected locations across the Australian power
network as part of a collaborative “pilot study” between
AEMO, the TNSPs, the BOM, and a number of Australian
Universities [Gorniak, 2011]. It was envisaged that the
monitors would be operational from the middle of 2012.
This paper presents data recorded by the first two of these
in situ monitors correlated with space weather activity as
part of this initiative. This paper also discusses the implica-
tions of these results in terms of more significant geomag-
netic activity.

2. Data Acquisition and Analysis

[4] Comprehensive modeling of GICs in power networks
requires knowledge of many factors such as magneto-
spheric and ionospheric source current geometry [Pirjola,
1982, 2002; Pirjola and Viljanen, 1998; Viljanen et al., 1999;
Pulkkinen et al., 2003], Earth conductivity models [Viljanen
and Pirjola, 1994; Kappenman, 2003; Thomson et al., 2005;
Ngwira et al., 2008, 2009], network orientation, transmission
line length, and line/transformer/Earth resistances [Lehtinen
and Pirjola, 1985; Viljanen and Pirjola, 1994; Pirjola, 2000;
Pulkkinen et al., 2012]. Such modeling for the Australian
region network would provide locations most likely to
observe GICs. In the absence of such an analysis, the strategic
locations for installation of the GIC monitors were selected
using a combination of the following “rules-of-thumb”:

1. GICs are typically larger in higher power transmission
lines and transformers [Kappenman, 2004].

2. Geomagnetic field variations at high latitudes are gener-
ally larger in the geomagnetic north-south direction
[Beamish et al., 2002] resulting in geoelectric fields that
drive GICs generally being larger in the geomagnetic
east-west direction [Elovaara et al., 1992]. To a first approx-
imation this is also assumed for the Australian region.

3. GICs are typically expected to be larger in southern
Australian regions [Marshall et al., 2011] although more

northern regions (low-middle latitudes) should not be
excluded due to geomagnetic sudden impulse events
[Marshall et al., 2012].

[5] Considering the above, in conjunction with the prac-
tical considerations of installation, the following locations
were selected for in situ GIC monitoring devices:

Tasmania — Chapel St and George Town (220 kilovolts)
Victoria — Hazelwood Terminal Station and Moorabool
Terminal Station (500 kilovolts)

South Australia (SA) — Para (275 kilovolts)

New South Wales — Bannaby and Bayswater (500 kilovolts)
Queensland - Middle Ridge (330/275 kilovolts)

[6]] These locations can be found in Figure 1a and the
simplified map of Figure 1b.

[71 The GIC monitoring devices are Hall effect current
transducers (LEM model LT 505-S), which were installed
onto the transformer neutral line connection to earth.
The data from these monitors are configured into a super-
visory control and data acquisition (SCADA) system and
transferred to both the respective TNSP control center and
onto AEMO. This study compares data from in situ moni-
tors at the Para (SA) and Middle Ridge (QLD) sites with
geoelectric field data derived from the nearest geomagnetic
observatory. The corresponding geomagnetic observatory
data are obtained from Geoscience Australia’s Canberra
observatory and the BOM’s space weather monitoring site
at Culgoora, Narrabri, respectively (Figures 1la and 1b).
Middle Ridge is approximately 400 kilometers north-east
of Narrabri and Para is more than 1000 kilometers west of
Canberra, having similar latitude. The sample period of
the data presented here is 1 minute. The SCADA system at
Para was initially configured to measure only positive
currents during its early operation including the geo-
magnetic storm interval studied in this paper. During
negative currents the SCADA system recorded zero values.
The SCADA system at this site has since been reconfigured
to measure currents of both polarities.

[8] Previous studies have derived the geoelectric field
from geomagnetic field data in both the time domain
[Pirjola, 2002; Hejda and Bochnicek, 2005; Ngwira et al.,
2009; Torta et al., 2012] and the frequency domain [Pirjola,
1982, 2002; Trichtchenko and Boteler, 2004]. In the frequency
domain, the simplest model assumes the Earth is a uni-
formly conducting half-space and the magnetic source
field can be represented by a vertically downward propa-
gating plane wave. This approach is used in this study
and gives the equation of magnetotellurics [e.g., Cagniard,
1953; Pirjola, 1982], which relates the orthogonal electric
and magnetic field components at the Earth’s surface by

the equation:
w i
E,=—,/—B;¢é" (€Y)
HoO
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Figure 1. (a) Map showing the power network of eastern Australia. The network extends
from the state of Queensland in the north to Tasmania in the south. The map is supplied cour-
tesy of the Australian Energy Market Operator Limited (www.aemo.com.au). All copyright
remains with Australian Energy Market Operator Limited. (b) Simplified map showing the
locations of in situ monitors in the power network of Figure 1a indicated by the square sym-
bols and the locations of the geomagnetic observatories indicated by the triangle symbols.
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[9] Conductivity studies within the Australian region GIC(t) = aEx(t) + bE,(t), (©))]

have used, or determined, values for c typically between
0.001 siemens per meter and 0.01siemens per meter
[Campbell et al., 1998; Wang and Chamalaun, 1995; Wang
and Lilley, 1999] for signals with skin depths of tens to
several hundred kilometers, typical of the signals driving
GICs. This study uses a value for ¢ of 0.002siemens per
meter in equation (1) for calculating the geoelectric field.
The geoelectric field time series, E,(t), is obtained by
applying the reverse Fourier transform to E,(w) deter-
mined from equation (1). E, may be determined using
the analogous expression for B,.

[10] The GIC amplitude may be determined for a given
transformer/transmission line using

where the coefficients a and b depend on system
parameters and may be determined by inverting
GIC measurements and geomagnetic observations
[Ngwira et al., 2009; Wik et al., 2008; Pulkkinen et al.,
2012].

[11] This study also utilizes GIC indices defined by
Marshall et al. [2010, 2011], which give a proxy for the
geoelectric field and provide an indicator of GIC-related
space weather conditions analogous to dB/dt data. GIC
indices may be obtained from single component geomag-
netic field data processed through a simple frequency
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domain filter, Z(f), with normalized amplitude and
phase characteristics represented by

Z(f) = ﬁ ®

where fy is the Nyquist frequency.

[12] The datainterval selected for this study was 14-15 July
2012 (UT) during which a modest geomagnetic storm
occurred. The planetary A-index, Ap, for these days were
18 and 86 with the minimum Dst-index (real time) reaching
—125nanoteslas at 18 UT on 15 July. Comparison of these
geomagnetic activity indicators with those of the “2003
Halloween storm” that occurred during solar cycle 23
(for 29-31 October 2003 Ap-indices were 204, 191, and 116,
respectively, with Dst-index minima of -383 nanoteslas),
indicates that the geomagnetic storm of 14-15 July 2012
was relatively modest. This geomagnetic activity was the
result of the Earth being impacted by a coronal mass ejec-
tion (CME) originating from NOAA solar region 11520. An
X1 flare was observed at 1649 UT on 12 July. At this time
the active region longitude was 9° west of the Sun’s cen-
tral meridian, well located for the associated CME activ-
ity to be “geoeffective” although the latitude of the active
region (16°S) most likely reduced the potential impact of
the CME somewhat.

3. Results

[13] The CME was observed by the ACE satellite at
approximately 1725 UT on the 14 July as indicated by the
increase in solar wind, Vg, from 390 kilometers per second
to 640 kilometers per second at 1738 UT (Figure 2a). In
addition to the step increase in solar wind speed, step
changes were also observed in the ion temperature, T,
and total interplanetary magnetic field (IMF) strength, B,
shown in Figure 2a. The increase in density, N;,, shown in
Figure 2a was relatively small. The increase in dynamic
pressure at the Earth’s magnetosphere resulted in a
small Sudden Impulse (SI) event at 1810 UT on 14 July
of 29nanoteslas as determined from the BOM’s space
weather monitoring network of magnetometers. Exam-
ples of the SI step increase in the geomagnetic field
x-component and the associated spike in GIC, indices
are shown in Figure 3a for Canberra and Culgoora data.
Figures 3a and 3b show that the largest GIC, index
observed during the period 14-15 July was associated with
this SI event. GIC indices became relatively elevated again
during 15 July (Figure 3b) in association with a period of
sustained southward IMF for many hours from approxi-
mately 06UT on 15 July as shown in Figure 2b.

[14] Figures 4a and 4b show the transformer neutral cur-
rent measured at Middle Ridge plotted with the geoelec-
tric field y-component, E,, derived from geomagnetic field
x-component data recorded at Culgoora for 14 and 15 July
(UT), respectively. The largest amplitude of the measured

neutral current is approximately 5.3 amperes, coincident
with the enhanced GIC index due to the SI event shown
in Figure 3a at 1810 UT. Further elevated transformer neu-
tral currents were observed during the period of extended
southward IMF (Figure 2b). The similarities between the
geoelectric field E, component and the transformer neutral
current are obvious and suggest a strong link between
these two parameters. The correlation coefficients between
the two time series of Figures 4a and 4b are 0.84 and 0.93,
respectively. The high degree of correlation implies
bE, > aE, and equation (2) may be approximated to
GIC~bE, for this situation.

[15] Figures5a and 5b show analogous plots to Figures 4a
and 4b, respectively, for the GIC monitor at Para plotted
with the geoelectric field y-component, E,, derived from
geomagnetic field x-component data recorded at Canberra.
The largest amplitude of the measured transformer neutral
current during 14-15 July is approximately 4.1 amperes,
again coincident with the SI event of Figure 3a. The similar-
ities between the transformer neutral positive current and
the derived geoelectric field are obvious, even when the
magnetometer station is some considerable distance away
in longitude (Canberra data was adjusted for the local time
difference). The correlation coefficients between the two
time series of Figures 5a and 5b are 0.40 and 0.59. The zero
values recorded during negative currents, as mentioned
previously, have likely resulted in lower correlation coeffi-
cients than would otherwise have been observed. This is
demonstrated in Figure 6, which shows an analogous plot
to Figure 5 for 30 July, when the SCADA system had been
configured to measure currents of both polarity. Even
though the geomagnetic activity on this day was relatively
quiet with an Ap index of 15, the correlation coefficient was
0.65. In addition, the assumption of a uniform geoelectric
field applied over the relatively larger separation distance
between Para and Canberra is also likely to have contrib-
uted to relatively lower correlation coefficients. Further-
more, appropriate combination of E, and E, in equation (2)
would most likely improve correlation values; however,
the strong similarities between the time series of Figures 5
and 6 imply bE,>aE, and equation (2) may be roughly
approximated to GIC ~ bE, for this situation. The correlation
values obtained using E, only are therefore considered suf-
ficient to illustrate the points presented in this paper.

4. Discussion

[16] The above results show GICs correlated with space
weather activity from the first two of a number of in situ
GIC monitors being installed into the Australian power
network as part of an initiative to better understand the
phenomena in the region. These results provide the first
observational evidence of space weather well correlated
with GICs in this network. Although the results are only
for two locations within a large network, the high degree
of similarity with the geoelectric field and the large separa-
tion between monitoring sites would suggest that GICs
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Figure 2. ACE satellite solar wind parameters for (a) 14 July and (b) 15 July 2012 (UT). The
five solar wind parameters plotted for both Figures 2a and 2b are from top to bottom: bulk
solar wind speed, Vi,,; density, N; ion temperature, T; IMF total field strength, B;; and IMF

z-component, B..

are likely to be observed in other parts of the Australian
network. Appropriate modeling such as that demon-
strated by Viljanen and Pirjola [1994], Thomson et al. [2005],
Ngwira et al. [2008, 2009], and Pulkkinen et al. [2012], cali-
brated with in situ observations, would reveal if relatively
larger currents are likely in other parts of the network.
[17] GIC indices are a proxy for the geoelectric field
(equation (1) evaluated for a uniform unity conductivity
model, also see Marshall et al. [2010, 2011, 2012]), which
incorporates the frequency dependence of the magnetic
variations (equation (3)). Geoelectric fields have

previously been scaled between geomagnetic storms.
For example, Pulkkinen et al. [2012] scaled geoelectric field
values to provide an estimate of a one-in-hundred-year
geomagnetic storm scenario. As such, both GIC indices
and geoelectric fields may be scaled to estimate current
magnitudes likely to be observed at the two monitoring
sites during larger geomagnetic storms. The largest ampli-
tude current observed during the interval 14-15 July (UT)
was approximately 4-5 Amps at both monitoring sites.
This was in association with an SI event with a corre-
sponding GIC, index of approximately 15 and geoelectric



MARSHALL ET AL.: GICS IN AUSTRALIAN POWER NETWORK

Geomognetic K-compon

ani @

ond Gy

index for 14th July 2012

e

3
PR W nljk%mwww#&‘\r\;ﬁ

o K faT]

T 3
T

o S|

ot R - — T T 4 =

e L _!

e E|

e I s - |
5 ] i

T [rons
E T W E|
|
T i i ..J)&
E N = N NTwew \..-Mf“"&_u.w.ﬂ" ! L't ol
s E 8 D
Ut (seura}
omognetic ¥ sl GRCy—indax for 151h Jay 2012

_i

=

. - _!

| \: o I e =

Wi 8 - \-ql

v E|

.|‘ " :.Ir L M |
IR T AN
WV TV Gl

"
{

=

Dowilyin]

A [
A W i ™ ng
W VA s a0V A NAT N
. -

1 1
i\

CLG GOyt

E | " | ||- ;IJI_‘-_..‘ o M
et NN

1l A Noama
Ll VL O

Figure 3. Geomagnetic field x-component and associated GIC, indices for Canberra and
Culgoora, respectively, for (a) 14 July and (b) 15 July 2012 (UT). The Canberra magnetometer
data were provided courtesy of Geoscience Australia.

fields of ~0.06-0.07 volts per kilometer. Marshall et al.
[2011] presented results of GIC indices observed from a
number of Australian region magnetometer locations,
finding GIC, indices 6-10 times this value during signifi-
cant space weather storms of the past two solar cycles.
This would suggest currents of 25 Amps minimum may
be observed at these monitoring locations during sig-
nificant geomagnetic storms and possibly larger during
extreme storms. Furthermore, Pulkkinen et al. [2012] pre-
sented geoelectric field simulations of extreme storm sce-
narios for both high and low conductive grounds and
super- and sub-auroral electrojet locations giving values
ranging from approximately 0.5 to 15volts per kilometer
across the four different scenarios. These values are about

8-200 times as large as the geoelectric fields of ~0.06-
0.07 volts per kilometer associated with the currents of
4-5 amperes shown in Figures 4a and 5a. Hence, currents
of 30 amperes minimum are likely at the monitoring loca-
tions presented in this study during extreme storms and
possibly considerably larger depending on the extent of
expansion of the auroral oval.

[18] Masoum and Moses [2008] presented an analysis of a
laboratory transformer under exposure to simulated GIC
conditions concluding that transformer losses rise sharply
even under relatively small GIC input. Thomson et al. [2005]
reported that postevent analysis of GICs observed in the
Scottish power network during the 2003 Halloween storm
suggested that currents of 25amperes now constitute a
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Figure 4. Transformer neutral current from Powerlink’s
substation at Middle Ridge, Queensland plotted with
the geoelectric field, E,, in red derived from Culgoora
magnetometer data for the modest geomagnetic storm
of (a) 14 July and (b) 15 July 2012 (LT).

“concern threshold” for this network. Marshall et al. [2012]
presented results of GICs measured in the New Zealand
network showing faults occurring in association with GICs
of up to 20 amperes flowing in parts of the network. There
is no one threshold applicable to all systems due to factors
such as system load and transformer design; however,
these studies would suggest that GICs with magnitudes
of tens of amperes warrant further consideration.

[19 The amplitude of the current in Figures 4a and 5a
associated with the SI event was slightly higher for the
monitor in QLD than the higher latitude monitor in SA.
The SI event is the ground signature of enhanced magne-
topause currents, which are typically more global in
nature and have less variation with latitude than the
current systems flowing during the main storm phase
[Kappenman, 2003; Marshall et al., 2012]. Hence, comparable
currents such as those observed for the SI event at both
monitoring sites is understandable. The majority of the
current maxima occurring during the storm main phase
and period of sustained southward IMF B, are typically
larger at the higher latitude site of Figure 5 as might be
expected. The relative amplitude of the currents between

monitoring locations is dependent on many factors and
more comprehensive modeling is required to under-
stand their distribution within the Australian network.
[20] The similarity between the geoelectric field derived
from magnetometer stations some distance away from
the in situ GIC monitors suggests that the assumed plane
wave model and uniform conductivity is reasonable in
the situations presented in this study. However, the geo-
electric field shown in Figure 4a exhibits a long period
(nearly diurnal) trend that appears to be overestimated
with respect to the measured GIC. One possible explana-
tion is that the conductivity value used is lower than
should be used for such long period signals with relatively
large skin-depths. Improved conductivity models such as
those in Viljanen and Pirjola [1994], Thomson et al. [2005],
and Ngwira et al. [2008] are likely to improve this discrep-
ancy. In addition, the results presented in Figures 5 and 6
would suggest that the uniform geoelectric field assump-
tion is less applicable over large distances such as those
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Figure 5. Transformer neutral current from Electranet’s
substation at Para, South Australia plotted with the
geoelectric field, E,, in red derived from Canberra mag-
netometer data for the modest geomagnetic storm of
(a) 14 July and (b) 15 July 2012 (UT). Only positive
currents were being recorded by the in situ GIC mon-
itor during this event.
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Figure 6. Transformer neutral current from Electranet’s
substation at Para, South Australia plotted with the
geoelectric field, E,, in red derived from Canberra mag-
netometer data for 30 July 2012 (UT). Both positive and
negative currents were being recorded by the in situ
GIC monitor.

between Canberra and Para. Furthermore, during geo-
magnetic storm scenarios, the auroral oval expands and
auroral electroject currents move further equatorward.
Under intense geomagnetic activity, the incident plane
wave model may be less applicable. Modeling more
appropriate ionospheric current geometry such as
demonstrated by Pirjola [1982, 2002], Pirjola and
Viljanen [1998], and Viljanen et al. [1999] would provide
better estimates of the geoelectric field under these
circumstances.

[21] To our knowledge, no reported fault within the
Australian power network has been directly attributed to
space weather. Prior to the failure of a transformer in
New Zealand in 2001, network faults had not been attrib-
uted to space weather [Béland and Small, 2004]. Postevent
analysis identified space weather as part of the cause for
the faults that occurred during the geomagnetic storm of
6 November 2001 [Béland and Small, 2004; Marshall et al.,
2012]. Anecdotal evidence that space weather may have
directly impacted power networks within Australia are
contained in reports from a manager within a southern
QLD DNSP Distribution Network Service Provider
recalling strange failures of super-long (~300 kilometers)
low resistive 66 kilovolt lines in southern QLD from Roma
to St. George in the late 1980s when there were evidences
of bright auroras above Dalby (~27°S) from geomagnetic
storms at the time (personal communication, G. Ivanovich,
Ergon Energy, QLD). These failures happened several
times during morning hours and have never been under-
stood. These events would appear consistent with large
GICs occurring during intense storms such as those of
March, 1989. It would appear possible that space
weather may have contributed to faults within the
Australian network but have been reported as “cause
unknown” or attributed to another phenomena.

[22] The results presented in this paper show that GICs
produced by space weather are readily observable in parts
of the Australian power grid, having amplitudes sufficient
to be of concern during extreme geomagnetic storm
activity. Further monitoring and more complex modeling
is required to better understand this phenomenon and
determine the most vulnerable parts of the Australian
power network. AEMO coordinates the National Energy
Market shown in Figure 1a, which does not include the
large power network of Western Australia that is owned
and operated by Western Power. An independent study
conducted by Western Power [Nga and Pearcy, 2012]
advises further investigation into GICs within Western
Power’s network and the installation of in situ monitors.
Furthermore, consideration should be given to appropri-
ate management strategies for significant space weather
activity. The BOM’s space weather branch and AEMO
are working toward such procedures; however, a better
understanding is required to optimize a response.

5. Conclusion

[23] This paper provides results from some of the first in
situ GIC monitors installed at strategic locations within the
Australian power network as part of an initiative to better
understand their impact in this region. Transformer neu-
tral currents from these monitors are compared with the
geoelectric field derived from the closest available geo-
magnetic observatory during a modest geomagnetic
storm, showing the first observational evidence of space
weather well correlated with GICs in the Australian power
network. The transformer neutral currents show a high
degree of similarity with the geoelectric field during this
storm, having correlation coefficients as high as 0.93. Cur-
rent maxima of 4-5 amperes were observed in association
with geoelectric field values of ~0.06-0.07 volts per kilome-
ter. The maximum current that occurred during the storm
was in association with a geomagnetic sudden impulse
event. Currents of tens of amperes are anticipated at these
monitoring locations during more severe geomagnetic
activity.
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