10

11

12

13

14

15

16

17

18

19

20

21

22

Saturday, 15 July 2017

Long term Geomagnetically Induced Current Observations in New Zealand:

Earth return Corrections and Geomagnetic Field Driver

Daniel H. Mac Manus, and Craig J. Rodger

Department of Physics, University of Otago, Dunedin, New Zealand

Michael Dalzell

Transpower New Zealand Limited, New Zealand

Alan W. P. Thomson

British Geological Survey, United Kingdom

Mark A. Clilverd

British Antarctic Survey (NERC), Cambridge, United Kingdom

Tanja Petersen

GNS Science, New Zealand

Moritz M. Wolf

Department of Applied Sciences and Mechatronics, Munich University of Applied Sciences, Munich,

Germany

Neil R. Thomson and Tim Divett

Department of Physics, University of Otago, Dunedin, New Zealand
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Key point # 3: H' is the best correlated driver of observed GIC magnitude, but not for every

storm in every location

Abstract. Transpower New Zealand Limited has measured DC currents in transformer
neutrals in the New Zealand electrical network at multiple South Island locations. Near
continuous archived DC current data exist since 2001, starting with 12 different substations,
and expanding from 2009 to include 17 substations. From 2001-2015 up to 58 individual
transformers were simultaneously monitored. Primarily the measurements were intended to
monitor the impact of the High Voltage DC system linking the North and South Islands
when it is operating in "earth return" mode. However, after correcting for earth return
operation, as described here, the New Zealand measurements provide an unusually long and
spatially detailed set of Geomagnetically Induced Current (GIC) measurements. We
examine the peak GIC magnitudes observed from these observations during two large
geomagnetic storms on 6 November 2001 and 2 October 2013. Currents of ~30-50 A are
observed, depending on the measurement location. There are large spatial variations in the
GIC observations over comparatively small distances, which likely depend upon network
layout and ground conductivity. We then go on to examine the GIC in transformers
throughout the South Island during more than 151 hours of geomagnetic storm conditions.
We compare the GIC to the various magnitude and rate of change components of the
magnetic field. Our results show there is a strong correlation between the magnitude of the
GIC and the rate of change of the horizontal magnetic field (H'). This correlation is

particularly clear for transformers that show large GIC current during magnetic storms.
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1. Introduction

Geomagnetic storms are potentially hazardous to the activities and technological
infrastructure of modern civilization. The largest storms are triggered when coronal mass
ejections (CME) from the Sun impact the Earth's magnetic field [Gopalswamy, 2009;
Howard, 2011]. The reality of this hazard was dramatically demonstrated during the great
magnetic storm of March 1989, when Geomagnetically Induced Currents (GIC), driven by
the time-varying geomagnetic field with the Earth’s surface layers, caused the collapse of the
Hydro-Québec electrical power grid in Canada. Protective relays were tripped, the grid failed,
and about 9 million people were left without electricity [Bolduc, 2002]. The blackout lasted
around nine hours for most places, but some locations were without power for days. To date
this has been the most significant power system event known to have been caused by GIC.
Nonetheless it is hardly unique, with an August 1989 storm causing the closure of the
Toronto Stock Exchange [Dayton, 1989], the world’s largest oil, gas and mining exchange,
causing significant knock-on impacts globally.

Initially, the focus on GIC effects was at high latitudes, particularly in North America and
Scandinavia. In the last decade, however, there has been growing evidence of GIC impacts at
low and mid-latitudes, including the United Kingdom [Erinmez et al., 2002], South Africa
[Koen and Gaunt, 2003], New Zealand [Béland and Small, 2004], Brazil [Trivedi et al.,
2007], China [Lui et al., 2009], and Japan [Watari et al., 2009a]. Recently significant
magnetic field rates of change have been found in equatorial latitudes at CME arrival times,
where the local magnetic signature is amplified by the equatorial electrojet [Carter et al.,
2015, 2016]. These studies have suggested that the local amplification substantially increases
the equatorial region's susceptibility to GIC's, although we are unaware of direct GIC

observations or GIC-linked damage reported in that zone, to date.
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Work undertaken in South Africa has demonstrated increased transformer problems after
large geomagnetic storms resulting in transformer deterioration and eventual failure [Gaunt
and Coetzee, 2007]. In New Zealand there has been historic industry-supported research on
GIC effects on long fuel pipelines since the mid-1970s [e.g., Ingham, 1993]. GIC damage to
the New Zealand electrical grid has also occurred, as detailed below.

On 6 November 2001 at 14:53 New Zealand Daylight Time (NZDT, equivalent to 1:52 UT)
alarms from transformers across the South Island were received by the network operator,
Transpower New Zealand Ltd.. Simultaneously the voltage control equipment for
Christchurch city tripped along with a transformer feeding Dunedin city. One of the phases of
Dunedin/Halfway Bush transformer number 4 (referred to as HWB T4) failed within one
minute of the GIC onset time. An internal inspection revealed the transformer was beyond
repair and it was subsequently written off. This event has been described qualitatively in the
scientific literature [Béland and Small, 2004], and was subsequently analyzed in detail
[Marshall et al., 2012], albeit with degraded time resolution of the GIC data.

As described by Marshall et al. [2012], the South Island of New Zealand has an unusually
large number of locations where quasi-DC currents are measured at earthing points of the
primary AC electrical transmission network. It is common in GIC research for measurements
to be limited to a single location (e.g., Japan [Watari et al., 2009], South Africa [Lotz et al.,
2016], or Ireland [Blake et al., 2016]), or a small number of measurements at separate
transformers (e.g., three to five locations in Finland [Viljanen and Pirjola, 1994; Beck, 2013],
and four locations in Scotland [Thomson et al., 2005]). The majority of the quasi-DC current
measurements in New Zealand are made to monitor stray currents entering the AC
transmission network during the earth return operation of the High Voltage DC (HVDC) link
joining the South and North Islands. In many cases multiple transformers in the same
substation are independently monitored. In recent years additional measurements have been

added with the specific goal of Space Weather focused GIC monitoring.

4
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In this study we describe the near-continuous dataset of quasi-DC current measurements
available from the South Island Transpower New Zealand electrical network. We describe the
HVDC link, and how the stray HVDC currents can be removed from the quasi-DC current
measurement's to provide a very large GIC dataset. We describe this process in detail as it is
likely that GIC measurements in other parts of the world are similarly affected by any HVDC
link they may have in operation. We present what is potentially the largest GIC dataset in the
world, in terms of spatial measurement density and the time length of essentially continuous
operation. We demonstrate how the GIC can vary significantly across the monitored
transformers and substations, by considering the geomagnetic storm of 6 November 2001, at
the highest time resolution available. Finally, we examine the suggestion of Watari et al.,
[2009a, b] that GIC observed at mid-latitudes or affected by proximity to the coast might
show a better correlation coefficient with the magnitudes of the magnetic field components,

rather than the rate of change of the magnetic field.

2. Experimental Datasets
2.1 New Zealand DC Observations

New Zealand’s power network is owned and operated by Transpower New Zealand
Limited. In the South Island 98% of the electricity generation comes from hydroelectricity.
This is due to the large number of rivers, making the South Island an ideal location for
hydroelectricity generation. However as 75% of the population lives in the North Island a
means of delivering this hydrogeneration capacity to the North Island was needed, especially
during times of peak consumption. To achieve this a HVDC link was established in 1965,
connecting the North Island with the South Island. It starts from the Benmore hydroelectric
power station in the South Island to the Haywards transmission substation in the lower North
Island. At these locations AC-DC converters connect the AC transmission network in both

islands to the HVDC link. The route of the HVDC link is shown in the Transpower South
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Island network diagram, Figure 1, by the heavy purple line running up the east coast of the
island from Benmore (in the lower third of the island), northwards. This is a total of 611 km
of transmission distance including 37 km of overhead line in the North Island, 534 km of
overhead line in the South Island, and a 40 km submarine cable across the Cook Strait
[Transpower, 2010]. The original HVDC link was 250 kV, upgraded to 350 keV (for only
one of the two conductors, in this case conductor number 2) and 270 kV (conductor number
1) in 1990, and to 350 kV (both conductors) in 2013. Power can be transmitted in both
directions across the HVDC link allowing the North Island access to the hydro generation
produced in the South Island while also providing the South Island access to the North
Island’s thermal generation (the latter occurs mainly during dry years).

The New Zealand HVDC system usually operates as a bipole with equal current traveling on
the transmission conductors between Haywards and Benmore. However, it is not uncommon
for the system to operate in "earth return" or "monopolar" mode, i.e., using a single wire and
the ground. A schematic of the current loop for earth return mode is shown in Figure 2. In
this case the return current passes through the ground itself to complete the loop; to enable
earth return operation electrodes have been installed at Te Hikowhenua (at Makara, near
Haywards in the North Island) and Bog Roy (near Benmore in the South Island). The
locations of these electrodes are shown by red triangles in Figure 2. All of the return current
travels through the Earth between those two electrodes. However, a small fraction of the
current finds paths travelling from the northern electrode to the earthing points of network
transformers in much of the South Island, and then completing the circuit across the AC
transmission lines. We term this "stray" return current. Transpower has installed DC current
measuring devices (referred to as LEMs) on all the transformers for which significant stray
HVDC return current is expected, as those currents might lead to voltage control issues,

transformer damage, or incorrect protection operation in the power system. LEM
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measurements have been used in the past to better understand the coupling of stray HVDC
return currents into the AC transmission network [Dalzell, 2011].

The GIC monitoring devices are Hall effect current transducers (LEM model LT 505-S),
installed onto the transformer neutral line connection to Earth. LEM is the company name
that produces the sensors (Liaisons Electroniques-Mécaniques), and the devices are
commonly referred to as "LEM's" by Transpower. Datasheets for several versions of this
model transducer can be found online. The version used by Transpower has primary nominal
r.m.s. current (Ipy) of 500 A and dataset sheet code number 070807/8. The accuracy of the
LEM model LT 505-S current measurements are +0.6%, i.e., £0.3 A for a 50 A value.

The locations of the substations with the original monitoring equipment are shown as yellow
stars in Figure 1. At the start of the data archive available to us (November 2001), 12 sites
were being monitored. LEM are located at transformers at both generation sites and
substations, in many cases multiple transformers at the same location are instrumented, such
that 36 sensors were deployed in 2001. Table 1 indicates how the number of transformers and
substations monitored with LEM sensors has varied with time. This number initially
increased slowly, with measurements being made at 36-40 transformers in 12 distinct
locations until 2009. However, additional LEM began to be installed at additional substations
with a specific focus of monitoring during Space Weather events (shown as green, red, and
then blue stars in Figure 1). The expansion included measurements at the Halfway Bush
(HWB) substation and specifically the transformer HWB T4 which had been replaced after
the 6 November 2001 storm. By February 2015 a total of 58 transformers were being
monitored at 17 distinct locations. The archived data is intermittent in 2001, but is essentially
continuous from 2012 through to the end of the period available to us (currently the end of
2015). The time resolution of the LEM DC measurement data available to us is determined
by the dynamic time resolution used by the archiving software. This degrades the time

resolution of the dataset when the DC values are changing slowly, but stores high time

7
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resolution data when the DC values are changing. In practice this means that during
geomagnetic storms when GIC are present the data have the highest time resolution (4 s),
while at other times when the values are slowly changing the time resolution can be
considerably longer (as much as 1 hour 1 minute).

Operation of the HVDC link in earth return mode is common, and so the stray return
currents must be removed from the LEM observations in order to study GIC. This is

described in more detail in section 3.

2.2 Magnetometer

The Eyrewell (EYR) geomagnetic observatory is located at West Melton, as plotted in

Figure 1. EYR is part of INTERMAGNET (http://www.intermagnet.org/) and is operated by

GNS Science, New Zealand. This station provides 1-minute magnetic field data with
coordinates X (positive to geographic north), Y (positive to the east), and Z (positive vertically
downwards) to the INTERMAGNET collaboration, with a resolution of 0.1 nT. Absolute
magnetic field measurements are provided by a DI-fluxgate magnetometer and a proton
precession magnetometer. Note that EYR is located near the HVDC link (~20 km from
EYR), as shown in Figure 1. Corrections are made to the EYR magnetic field observations to
correct for HVDC operation. We have undertaken manual data quality checks of the EYR
operation when there are large changes in the HVDC earth return current levels, and could

see no evidence of any remaining contamination during periods of HVDC operation.

3. Correction for HVYDC Operation

HVDC systems are relatively common for long distance power transfer, with roughly 140
large scale systems in operation globally [Rajgor, 2013]. Some systems are designed from
the outset as monopolar, i.e. using single wire with earth return (e.g., the Kontek HVDC
connection between Denmark and Germany, and the majority of the HVDC links across the

Baltic Sea [SOderberg and Abrahamsson, 2001]), or metallic return (e.g., Basslink
8
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interconnector between Tasmania and mainland Australia). Appendix 1 of Ardelean and
Minnebo [2015] lists 36 major existing submarine HVDC cables as well as their
monopole/bipolar status, with another 14 major submarine cables planned. Note that most
monopole HVDC links use metallic return conductors and not earth return.

The New Zealand HVDC link is of the bipolar type but commonly operates in earth return
mode (i.e., monopole), which will potentially affect whether the measured transformer earth
currents are caused by GIC or instead by HVDC stray currents. A similar issue was
mentioned in a study into GIC in China, where current peaks were seen outside the time of a
magnetic storm [Liu et al., 2008] and identified as being due to HVDC operation. The
magnitude of the HVDC stray current arriving at a given transformer depends upon the total
HVDC current, the electrical conductivity of the ground and of the transmission network,
and the location of the transformer. It seems reasonable to assume that the gross electrical
structure of the ground and electrical conductivity of the network will not change
significantly within a short time period, and thus there should be a linear relationship
between the total HVDC current and the stray current at a given transformer. We will later
show that this is an appropriate assumption for New Zealand, where the South Island grid
has not changed significantly in the time period considered.

The New Zealand HVDC link typically transmits ~150-1000 A of current through the
earth return path. We use the current measured at Benmore to provide a measure of the total
HVDC earth return current. We limit ourselves to periods where the absolute HVDC current
is >100 A to investigate the significance and removal of the HVDC stray return currents.
Table 2 summaries the average yearly operation of the HVDC link. In most years the link
carries >100 A in earth return mode approximately half the time; the remainder of the time
is in bipolar mode or there is no HVDC operation. From 2008-2012 the HVDC link was
almost continuously operating in earth return mode (i.e., 94-100% of the time). From

September 2007 one of the two conductors (termed "poles", in this case Pole 1) in the

9
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HVDC link could only be operated under restricted conditions. From that time Pole 1 was
partially and later fully decommissioned, replaced in August 2013. During this period, the
restriction placed on Pole 1 meant that the HVDC link was almost entirely running in single
wire earth return mode (i.e., monopolar) with only Pole 2 used. As seen in Table 2, this
period is also associated with higher average total earth return currents, as only one
conductor was in use requiring 100% earth return operation.

As noted previously, for an unchanging network configuration, there should be a linear
relationship between the stray HVDC return current and the total HVDC earth return
current. An example of this is shown in Figure 3a, which presents the LEM reported current
at Timaru transformer 5 (TIM T5) against the total HVDC earth return current during the
time period from the start of 8 January 2010 to the end of 14 January 2010. Periods when
the absolute value of the HVDC earth return current are <100 A have been removed,
leaving 1019 current measurements, and a linear fit is made. As is clear, there is a well-
defined linear relationship between the two currents with a high coefficient of determination
(r*= 0.982). In this case there is only a small offset of 0.34 A in the fit to the TIM TS5 LEM
reported currents when the HVDC earth return current was zero. This offset is not due to
geomagnetic activity, which was low throughout this time period, rather this is an example
of the miss-calibration of the LEM sensors mentioned in Section 2.1. Linear fits of the LEM
data allow us to remove the stray HVDC return current and also correct for calibration
offsets, hence extracting high fidelity GIC values from the LEM measurements.

In order to do this, linear fits have been made across weekly data periods for all the LEM
data, i.e., separately for each transformer. As GIC events will distort the relationship
between total and stray HVDC earth return current, we remove all time periods when the
Eyrewell magnetic observatory K-index are >5. We also remove periods with very low total
HVDC earth return currents (<100 A), as one mitigating strategy Transpower has employed

is to decrease HVDC earth return use during storms [Marshall et al., 2012]. Figure 3b

10



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

Saturday, 15 July 2017

shows the long term slope of the linear fit of the LEM data from TIM T5 from November
2001 through to the end of December 2015. For the vast majority of the time the slope is
essentially constant with a value of -2.2x107, such that 1000 A total HVDC earth return
current operation would lead to 2.2 A of stray current at TIM T5. We found that the short
lived deviations seen in the slope of Figure 3b are primarily caused by weekly time periods
with only small amounts of current data, or in some rare cases where the linear fit is low
quality. We remove those points by requiring that the coefficient of determination r*>0.5
and also that there are at least 50 current measurements present throughout the week. When
any of these two conditions were not met for a weekly interval, the slope was replaced with
that of an accurate slope from an adjacent week. All such substitutions were manually
checked to ensure they were reasonable.

Figure 3c presents the long term offset of the linear fit of the LEM data from TIM T5. As
we have removed periods of geomagnetic activity, these offsets in the HVDC stray current
reported during earth return mode will represent miss calibration of the LEM sensors. Note
that the offsets vary more than the slope of the linear fit, suggesting they may play a very
important role in the long term data quality. In this sense we are fortunate for the presence
of the HVDC stray current in our measurements, as they allow the removal of calibration
offsets. Similar datasets collected in other parts of the world also contain quasi-constant
offsets in the DC current (i.e., near constant non-zero currents outside of storm periods),
which have to be corrected manually. While the offset varies more than the slope, it tends to
remain essentially unchanged for significant periods (many months or more) before a value
shift, as well as exhibiting some short lived deviations. As in the case of the slope data
plotted in Figure 3b, the short lived deviations seen in Figure 3c were often due to poor
correlations and number of samples, and were treated in a similar way.

Using the slope, offset, and total HVDC return current, we can remove the predicted

HVDC stray current from the TIM TS5 data, producing a new "cleaned" dataset which
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should be dominated by GIC. This is shown in Figure 3d for the year 2010. The panel
includes both the original LEM currents as well as the GIC currents which have been
determined by removing the influence of the HVDC operation. Note that 2010 was used as
it was a comparatively quiet year geomagnetically, if not as quiet as 2009 (for example, see
the discussion in Rodger et al. [2016]). Comparing this "cleaned" product to the original
data shows how important correcting for HVDC operation is when considering the New
Zealand DC dataset. The original data (blue line) has a clear offset and also a larger range
than the GIC data (magenta line).

The operation described above for TIM T5 has been repeated for all the LEM instrumented
transformers to produce a "GIC dataset" for all these locations. This operation has allowed
us to estimate the total quantity of HVDC stray return current at each instrumented
transformer, which is shown in Figure 4 for the year 2015. This figure describes the HVDC
stray return current expected at each transformer for a 1000 A total HVDC earth return
current. The transformers are plotted with more northern locations at the top, and more
southern locations near the bottom. Red lines demarcate the values for the individual
transformers in a single substation, for example Invercargill has three instrumented
transformers, while Manapouri has seven and South Dunedin one. The three green crosses
in Figure 4 are for three transformers in Benmore which left the dataset in September 2012,
December 2012, and August 2013, respectively. These transformers were removed from
service, and hence will no longer have any HVDC stray return current present. Note that
locations near Benmore tend to have higher values of HVDC stray return current while
those far from Benmore, for example in the lower South island, tend to have lower values.
The transformers at Benmore have only moderate levels of HVDC stray return current,
despite being very close to the Bog Roy electrode. This is likely due to their unusual design

features (including the installation of Neutral Earthing Resistors (NER) to mitigate the stray
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currents) which were specified in the original order, due to their operation near to the
HVDC electrode.

Table 2 shows how the HVDC stray return currents summed across all the instrumented
locations varies from year to year, as a percentage of the total HVDC earth return current.
The fraction of HVDC earth return current which is measured as "stray" is typically 5.5-
6.5% of the total current (i.e., ~94% of the current returns "directly"), with the maximum
yearly range spanning 5.5-7.6%. On average across all years there is ~450 A of total HVDC
earth return current present, although this varies strongly from year to year (Table 2), which
will lead to ~32 A of stray HVDC earth return currents distributed into the South Island
transformers.

During 2009-2012, which was during the restrictions on bipolar operation, Table 2 shows
that the fraction of stray current increases to ~7.5% of the total current. This may reflect
changes in the soil moisture at depths around the Te Hikowhenua and Bog Roy electrodes,
due to the near constant single wire earth return mode operation. However, it might also
reflect changes in the efficiency of the DC injection due to increased electrochemical
erosion which occurs during this mode. The erosion rate at Bog Roy during the period of
monopolar mode was 15 to 18 times higher than for bipolar operation [Transpower, 2013]).
During this period more frequent maintenance was required at Bog Roy, and the buried
electrode arms were progressively replaced [Transpower, 2013]. The Bog Roy electrode
resistance will increase due to the higher corrosion, which increase the stray earth return

currents.

4. Storm of 6 November 2001: Network Response

Marshall et al. [2012] presented a detailed description of the Transpower South Island

LEM observations during the geomagnetic storm of 6 November 2001, when the Halfway
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Bush T4 transformer (referred to as HWB T4) failed within one minute of peak currents
observed in the network, i.e., 14:52 NZDT [Béland and Small, 2004] which is 1:52 UT. The
observations considered in the Marshall et al. paper will not be strongly impacted by stray
HVDC return currents; single wire earth return mode operation started from 22:00 NZDT
(9 UT) on this day, which is well after the peak of the storm, and even then the maximum
total HVDC earth return current was only ~200 A. However, as stated earlier it is likely that
offsets in the LEM measurements may be more important. In addition, the peak LEM
currents reported in Marshall et al. [2012] are somewhat lower than we find in the GIC
dataset we describe here, which may be due to the data used by Marshall et al. [2012] being
degraded to a lower time resolution (60 s).

Figure 5 presents the peak GIC current magnitudes seen in the instrumented transformers
for the 6 November 2001 storm, in this case occurring in the minute of 1:52 UT
(14:52 NZDTe at this time of year). The right hand panel of Figure 5 uses a similar format
to Figure 4, but color codes the GIC peak values for additional emphasis. The highest peak
currents are ~33 A, seen at Islington transformer M6 (referred to as ISL M6), as reported by
Marshall et al. [2012], but ~43% higher than was published in that work. For this storm
there were also very strong currents (~31.5 A) at Tekapo B and Ohau A, near the centre of
the South Island. In contrast, the GIC measured at Benmore and Aviemore, just ~70 km
away, were only a few amps, as is shown in the lefthand panel of this figure. These large
differences in peak GIC magnitude over small distances indicate the need for theoretical
modeling to predict and understand the detailed impact of GIC in New Zealand during
storms. It is likely they are caused by a combination of network configuration, transformer
design, and varying ground structure. For example, Figure 5 shows that Benmore and
Aviemore have NER installed while Tekapo B and Ohau A do not. The large variability
seen in Figure 5 is consistent with recent modeling results for the Irish power grid [Blake et

al., 2016], where a constant 1 V/km geoelectric field produced large variations in GIC
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current throughout the network due to network configuration and differing ground

conductivity.

5. Comparison with Geomagnetic Driver: Case Studies
5.1 Case Study - 6 November 2001

Large GICs are usually closely associated with geomagnetic field disturbances that have a
high rate of change (dB/dt) and in particular the rate of change of the magnetic component
in the horizontal direction (dBp/dt, also represented by H') [Maakinen, 1993; Viljanen,
1998, Bolduc et al., 1998]. Thomson et al. [2011] examined 30 years of one-minute
resolution digital data from 28 European observatories and found that peak H' increased
with magnetic latitude, with a distinct maximum in extreme levels between ~53-62°
latitude. The primary argument for considering the time derivative of the magnetic field is
that it is a good indicator of the expected magnitude of the geomagnetically induced electric
field on the Earth's surface [Cagniard, 1953], which is the primary driver of GICs [e.g.,
Viljanen et al., 2001]. Despite this expectation a study carried out using observations from a
power grid in Memanbetsu, Hokkaido (Japan) showed that GICs were more strongly
associated with the deviation of the Y and Z magnetic field components, not the horizontal
rate of change [Watari et al., 2009]. We examine this suggestion in detail below, and follow
their approach by looking at the correlation coefficients between the GIC and the magnetic
field components.

As a starting point we undertake a case study around the 6 November 2001 geomagnetic
storm, as significant analysis of this event has already been published in the literature. This
storm has been described in detail by Marshall et al. [2012], and thus we limit ourselves to
a few overview comments. The storm peaked with a global Kp=9- with the local Eyrewell
K-index being K=8. The storm started with a sudden commencement 01:52UT; from 0-3

UT the Eyrewell-observed H-component of the magnetic field changed from 21,093 nT to a
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maximum of 21,594 nT (a range of 501 nT). This is shown in the upper panel of Figure 6,
where the right-hand axis presents the variation in the H-component of the magnetic field
measured at Eyrewell around the time of the sudden commencement. In contrast the peak in
the H' component was measured as 191 nT/min, also occurring at 01:52 UT. This is shown
in the lower panel of Figure 6, again through the dashed line (in this case red colored)
referring to the right-hand axis.

We initially focus on the correlation between magnetic field variations and the GIC
measured at the Islington transformer M6 (referred to as ISL M6), as this transformer had
the largest GIC observed during this storm. The one-minute averaged GIC observations are
shown in both the upper and lower panels of Figure 6, through the solid line referring to the
left-hand axis, peaking at a value of 20.6 A. The upper panel of this figure contrasts the time
variation of the Eyrewell H-component of the magnetic field with the ISL M6 measured
GIC, both with one minute time resolution. The Pearson correlation coefficient between the
GIC and the H-component amplitude is 0.61. We follow the common practice of examining
the p-value to test if the Pearson correlation coefficient is statistically significant (for an
overview on p-values see a statistics textbook [e.g., Martin, 2012] or overview article [e.g.,
Rodgers and Nincewander, 1988; Du Prel et al., 2009]). If the p value is small (p<0.05), it
is generally assumed that the null hypothesis may be rejected and the correlation assumed to
be "statistically significant". In this case the p-value is 2.8x10™"2, indicating a clearly
significant relationship.

The lower panel contrasts the time variation of the rate of change of the H-component (i.e.,
H') with the ISL M6 measured GIC. In this case the linear correlation is higher (0.71) and
the agreement "by eye" is clearer, as expected for a larger correlation coefficient, as it
implies a stronger relationship. This is also consistent with the very small p-value, which is

only 3.6x107'%.
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Similar comparisons have been made with all of the magnetic field components and also
the rates of change of these components. The Pearson correlation coefficients with the ISL
M6 GIC and different magnetic field components are 0.607 (H), 0.713 (H"), 0.594 (X),
0.704 (X", 0.653 (Y), 0.577 (Y"), -0.268 (Z), -0.555 (Z'), 0.473 (F), and 0.691 (F"). All have
p-values <0.05 Note that H, X, and Y (and their time derivatives) are not statistically
independent of one another, given they are directly linked components. We provide all of
these correlation coefficients to allow contrasts between earlier studies who have considered
X, Y, Z components (e.g., Viljanen et al. [2006], Watari et al. [2009]), or the horizontal field
component H (e.g., Viljanen et al. [2001], Thomson et al. [2011]).

Clearly, in most cases the highest correlation coefficients for the ISL M6 GIC tend to be
found in the rate of change of the magnetic field components, with the highest for H'. This
is consistent with multiple previous studies, but not with Watari et al. [2009]. One possible
suggestion put forward by Watari et al. [2009] was that their measurements might be
influenced by the coastal effect. Islington (ISL) is located ~15 km from the sea, whereas
Memanbetsu is ~13 km from the sea, and therefore the coastal effect does not appear to be
responsible for the Watari et al. [2009] finding. Another suggestion was that the
Memanbetsu GIC observations might be different due to their geomagnetic latitude. As
these were made ~10° equatorward of any of the South Island GIC observations we cannot
discount this.

We now consider the Pearson correlations for all 31 transformers for which there were
GIC observations during this storm. The correlations were calculated from 01:10-03:00 UT,
which is the time period shown in Figure 6. We only consider Pearson correlation
coefficients where the associated p-value is smaller than 0.05. The results are presented in
the upper part of Table 3. Note that 31 is larger than the number of transformers with peak
currents shown in Figure 5, because 8 additional transformers have no GIC measurements at

1:52 UT, but were operating throughout most of the time window such that correlations can
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be examined. Overall, the largest number of transformers show the best correlation with the
H' component, in this case, 8. In contrast the amplitude of H has the highest correlation at 4
transformers, but the amplitude of the Y component has the highest correlation coefficient at
6 transformers. The mean and median linear correlation coefficients for the transformers
with the highest correlation with that component are also shown in this table. From the
table, it initially appears that the highest Pearson correlation coefficients (~0.8) are seen for
4 transformers with the amplitude of the H-component, 4 transformers with the amplitude of
the X-component, and 6 transformers with the amplitude of the Y-component. This seems
unexpected, as it disagrees with our earlier analysis of the ISL M6 data, and the findings of
most, if not all, of the literature. The likely explanation for this can be found in the lowest
row of this table, which shows the mean GIC magnitude for the transformers in question. In
the case of transformers which show the highest correlation with the rate of change of the
magnetic component (i.e., H', X', and F'), the mean currents are considerably higher than at
the transformers which show the highest correlation with the amplitudes of magnetic field
components (i.e., H, X, Y, and F). This is particularly clear when considering the 8
transformers which correlate best with H'. These transformers have a mean GIC magnitude
of 15.2 A and typical correlation coefficients of ~0.76. This should be contrasted with the 4
transformers that have the highest correlation coefficients with the X-component. The 4
transformers have a mean GIC magnitude of only 0.5 A. We suggest that smaller induced
current values will be more affected by noise, occasionally masking the correlation with the
physical driver (i.e., H').

We consider this suggestion by undertaking the same analysis on the 14 transformers
which were not fitted with a NER for which there is data for this time period. NER have
been fitted to many of the monitored transformers to decrease the magnitude of the stray
HVDC return current, and will likely decrease the magnitude of the GIC at that transformer

(see the discussion in Pirjola [2008]). The right hand panel of Figure 5 indicates which
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transformers have NER installed, and the corresponding analysis of correlation coefficients
for this storm period is shown in the lower part of Table 3. Again, the largest number of
transformers show the best correlation with the H' component, in this case, 7. Only 1
transformer showed the highest correlation with H, and none with X, or Z components.
Nonetheless, it is worth noting that 3 transformers have the best correlation with Y

component with reasonable Pearson correlation coefficients (~0.8) and mean GIC (5.1 A).

5.2 Case Study - 2 October 2013

We also undertake similar analysis of a more recent event which contained the largest GIC
current magnitude measurement throughout the available dataset, when a larger number of
LEM systems were installed and hence more GIC-monitored transformers are available to
test. We focus on the geomagnetic storm from 0-6 UT on 2 October 2013, during which Kp
reached a maximum value of 8-, the local (to New Zealand) Eyrewell K index peaked at 6
(from 3-6 UT), and we have GIC observations from 49 distinct locations (the remaining 7
transformers have no measurements available in that 6-hour period). Across this time period
the HVDC link was continuously operating in single wire earth return mode, with currents
ranging from ~100 A up to values as high as ~1020 A. GIC modeling and observations from
a single location in Brazil during this storm have appeared in the literature [Barbosa et al.,
2015].

The storm resulted in two distinct times of geomagnetic variations observed at Eyrewell.
The first period began with a sudden commencement at 01:56 UT at which time there was a
large H-component variation and rate of change (117 nT and 86 nT/min, respectively). This
was followed by a further pulse of strong variability at ~04:34 UT which was associated
with a larger horizontal H-component variation of 177 nT but a smaller H' measurement of

53 nT/min.
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Figure 7 shows the magnitudes of the peak GIC observed in the minute of 1:56 UT of this
storm, in the same format as Figure 5. The largest GIC values were seen during the initial
sudden commencement, with 19.1 A recorded at ISL M6, and 48.9 A at HWB T4. The
upper panel of Figure 8 shows the comparison between the ISL. M6 observed GIC and the
amplitude of the EYR-measured H-component, in the same format as Figure 6. The Pearson
correlation coefficient (r) for this dataset is -0.31 (p=1.4x10). In contrast, the lower panel
shows a comparison between the ISL M6 GIC and the EYR H', which has an r value of -
0.95 (p=6.4x10"%), and a much closer "by eye" agreement. The Pearson correlation
coefficients with the ISL M6 GIC and different magnetic field components during this
storm are -0.31 (H), -0.95 (H"), -0.28 (X), -0.94 (X"), -0.29 (Y), -0.70 (Y"), 0.09 (Z), 0.74 (Z"),
-0.21 (F), and -0.89 (F'). Most of the correlation coefficients are statistically significant,
expect for the correlation with the Z-component where p=0.09. Note that the majority of the
correlation coefficients are negative in this case. The likely reason for this is that the data in
the Transpower archive system has been inverted at some point; the primary reason for the
LEM sensors are to monitor the magnitude of the stray HVDC earth return currents, and
there is much less focus on the direction of the current from Transpower's perspective.
When considering the typical response across the entire dataset (below), we use the
magnitude of the GIC.

The upper section of Table 4 shows a summary of the highest correlations between GIC
and magnetic field components for 47 transformers from on 2 October 2013, in the same
format as Table 3. As in the previous case the correlations were examined from 00-06 UT
on this day, the time period plotted in Figure 8. While there were 49 transformers providing
GIC observations in this time period, two fail the p-value test (p<0.05) and have been
excluded from the analysis presented in Table 4. Clearly, the majority of the transformers
(19 out of 47) correlate best with the rate of change of the horizontal field, and to a lesser

extent X' (7 out of 47), with fairly strong currents (>5 A) and high correlation coefficients.
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There are, however, a smaller set of transformers (5 out of 47) which have reasonable GIC
magnitudes (~4.3 A), fairly high Pearson correlation coefficients, but correlate best with the
amplitude of the X component. If the New Zealand observations were limited to just one of
these locations, as was the case of the single site in Hokkaido considered by Watari et al.
[2009], we might concur with their conclusions, at least for this storm. However, one might
expect that local ground conductivity near these transformers could influence the
relationship between the magnetic and electric fields [e.g., Trichtchenko and Boteler, 2006].
As impedance relates the magnetic field to electric field in the frequency domain, a ground
structure with relatively low conductivity at deep layers would cause low frequency
components of the driving magnetic field to have more influence than high frequency
components. Such an effect could cause an apparent correlation with the amplitude of H
rather than the rate of change of this component. While this is possible, one would expect
the deep conductivity structure to remain unchanged, such that one would find that some
transformers consistently correlated with the amplitude of H in many geomagnetic storm
events. That is not the case in our examination of the New Zealand data, and specially there
is no agreement between the two case studies in that we do not find that any the
transformers consistently favor the X or H component amplitude over the rate of change.
The lower section of Table 4 presents the analysis for non-NER transformers. Again, the
majority of the transformers (10 out of 26) correlate best with the rate of change of the
horizontal field or X' (6 out of 26), with fairly strong currents (>6.5 A) and high correlation
coefficients. There remains a set of 3 transformers which have reasonable GIC magnitudes
(~7.0 A), fairly high Pearson correlation coefficients, and correlate best with the amplitude
of the X component. These three transformers are all located in the Invercargill substation,
and were not providing GIC observations until 2012, thus were not included in the analysis

in section 5.1. We have specifically checked to see if these transformers tend to correlated
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with the X component in other geomagnetic storms, but find this is not the case. In the vast

majority of cases, the correlation is best with the H' component.

6. Comparison with Geomagnetic Driver: Long Term

In section 5 we looked at the correlation between observed GIC and geomagnetic drivers
in two case study storms. We now attempt to re-examine the correlation for the entire
dataset. In order to do this we identify hourly periods which are "disturbed" and worthy of
detailed consideration. We do this by setting the requirements that either observed GIC are
high or there are large magnetic field variations. Generally, the most responsive LEM-
instrumented transformers are ISL M6, HWB T4, and also the number 6 transformer at
Halfway Bush (HWB T6) plus South Dunedin transformer number 2 (SDN T2). We
identify 151 hourly periods across the entire dataset by requiring that one or more of the
following requirements are met:

1. Peak one minute averaged GIC magnitude is >10 A at anyone of ISL M6, HWB T4
HWB T6, or SDN T2, for any time during that hour.

2. The peak-to-peak variation in the EYR H is >200 nT (i.e., the difference between the
maximum and minimum values in the hour exceeds this threshold).

3. The peak one minute resolution value of EYR |H'| is >50 nT/min.

6.1 Islington Transformer M6

As before, we start by considering ISL M6 as it has the longest continuous dataset and has
observations for all the 151 hours considered. We then require that there is a "good"
statistically significant Pearson correlation coefficient between the magnetic field
component and the GIC time variation, i.e., r>0.8 and p<0.05. The number of hourly
periods for which this holds for ISL M6 is shown in Table 5. Of the 151 time periods 98

(~65%) have good correlations with H', to be compared with only 6 periods (4%) having
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good correlations with H. Clearly, there are more high correlation periods for the rates of
change of the geomagnetic field rather than its amplitude, with by far the best agreements

being with H', consistent with most, if not all, of the previous literature.

6.2 All South Island LEM monitored transformers

Following the same approach we test the result for all transformers. Based on our findings
around small-current observations which are more likely to be impacted by noise, we
consider only hourly periods for which the peak GIC magnitude is >5 A. This value was
determined by checking the peak hourly GIC magnitude for ISL M6 for the International
Quiet Days, which provided the 10 geomagnetically quietest days for each month,
generating 1800 quiet days from the start of 2001 to the end of 2015. This was used to
determine ISL. M6 peak GIC magnitudes occurring on the quiet days, producing 38,371
values with one hour resolution. Only 13 of these values were >5 A, suggesting it is a
reasonable threshold for "significant" GIC.

The limitations described above leaves us with 36 transformers, as 25 never report currents
this high, and the maximum number of time periods decreases to 83 (note that the number
of time periods available varies for each transformer). For each LEM monitored
transformer, we examine the percentage of available periods where there is a good
statistically significant Pearson correlation coefficient, i.e., r>0.8 and p<0.05. We then find
which component has the maximum number of good correlation periods. A sum is taken of
these across all 36 transformers to determine the number of transformers which have high
quality correlations for the disturbed hourly periods. If a transformer has equally good
correlation percentages between components, the weighting is shared equally. As an
example, HWB T6, for which data collection has only recently started, has only 14
disturbed hourly time periods. 57.1% show good correlation with H', 28.6% with X', 28.6%

with F' with no other components having good correlations for more than two one hour time
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periods. Therefore, HWB T6 will be included as one transformer showing the best high
quality correlation with H'. Table 6 show the number and percentage of transformers which
have the best high quality correlations with each component. Note that 6 transformers had
no components for which there was a good correlation, but also suffered from a lack of
observations (<3 hour periods).

Through this operation we find that the weighted number of transformers which have the
best high quality correlation between GIC and H' is 17.2 (47.8%), with the next highest two
values being F' (3.5 weighted transformers and 9.7%) and X' (3.1 and 8.7%). Once again the
rate of change of the horizontal magnetic field component has the strongest correlation with
the observed GIC, confirming the generally reported conclusions that H' is the primary

driver of GIC.

7. Summary

Transpower New Zealand Limited has measured DC currents at transformer neutrals in the
New Zealand electrical network at multiple South Island locations. The primary reason for
the DC current observations is to monitor stray currents entering the AC transmission
network when the HVDC system linking the North and South Islands operates in earth
return mode. Near continuous archived DC current data exist since 2001, starting with 12
different substations, and expanding from 2012 to include 17 substations. The original focus
of the measurements was primarily upon the impact of the HVDC link, while the additional
substations monitored from 2012 onwards were added due to Space Weather concerns,
specifically around GIC. Across the time period 2001-2015 DC measurements were
undertaken at a total of 61 distinct transformers (up to 58 transformers at any given time).
The majority of the time the DC measurements are dominated by stray currents during
HVDC earth return operation, and also suffer from non-zero calibration. However, by

correcting for the stray currents during single wire earth return HVDC mode, we can both
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remove the stray currents and correct for the calibration problems. This leads to an
unusually dense set of near-continuous GIC observations at multiple substations spanning
almost 14 years.

In our study we have described and demonstrated the procedure by which the DC
measurements may be corrected. As there are many HVDC systems across the world, some
of which use earth return, the approach may be important for other Space Weather
researchers. We also provide information on the level of stray current during earth return
HVDC mode and its variation across the South Island network.

We examine in detail the peak GIC magnitude reported across the South Island for the
geomagnetic storms of 6 November 2001 and 2 October 2013. A transformer suffered
permanent failure in Halfway Bush (Dunedin) during the 6 November 2001 storm, and the
maximum GIC values ever recorded in Dunedin (to date) were observed on 2 October 2013
by the newly installed DC monitors. Peak GIC magnitudes are ~30 A (6 November 2001)
and ~50 A (2 October 2013), comparatively large values by the standards of non-extreme
storms reported in the literature.

There is some disagreement in the literature concerning the primary drivers of GIC. While
most studies to date have concluded that GIC are best correlated with the rate of change
horizontal component of the time varying geomagnetic field (i.e., H'), Watari et al. [2009]
reported that GIC measured at their mid-latitude near-coastal location in northern Japan
were best correlated with the amplitude of the east (Y) or vertical (Z) field components. We
have examined this in some detail. For most time periods and locations we find that the rate
of change of the horizontal geomagnetic field (H') correlates best with the observed GIC.
For high-quality statistically significant Pearson correlation coefficients (r>0.8 and p<0.05)
this is particularly clear when GIC magnitude is sufficiently high to allow clear
comparisons. While the horizontal geomagnetic field (H) component is derived from the

north (X) and east (Y) components, the significant difference between our study and the
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Watari et al. [2009] study is the finding that the rate of change of the magnetic field
components tend to have much higher correlation coefficients with GIC than the correlation
found with the component amplitudes. Watari et al. [2009] suggested that the coastal effect
might explain the difference between their findings and that more commonly found. We
specifically examined a long-lasting dataset collected a similar distance from the coast, and
could not confirm their suggestion.

In one case study we found that there was a small set of transformers (5 out of 47) which
have small but clear GIC magnitudes (~4.3 A), fairly good correlation coefficients, and
correlate best with the amplitude of the X component of the geomagnetic field. If the New
Zealand observations were limited to just one of these locations, as was the case of the
single site in Hokkaido considered by Watari et al. [2009], we might concur with their
conclusions, at least for that storm (2 October 2013). Thus while we conclude that generally
H' provides the best correlations, for some locations and reasonably small GIC magnitudes
during some storms might appear to correlate well with the change in the amplitude and not
the rate of change.

We suggest the large New Zealand GIC dataset will provide additional useful insights into
Space Weather. The current study is a first step to understanding this dataset. Our research
group is now undertaking more research, and also constructing a model to predict GIC in
New Zealand to be validated by the experimental observations described in a detailed way
here. The two storms presented in detail in the current study show quite a different spatial
response during the storm peak (i.e., peak GIC occurring in different locations),

emphasizing the need for detailed modeling.
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http://www.intermagnet.org/imos/imos-list/imos-details-eng.php?iaga_code=EYR
(Eyrewell magnetometer). K indices for Eyrewell are available by contacting one of the
coauthors, Tanja Petersen (T.Petersen@gns.cri.nz). The New Zealand LEM DC data from
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813

Date Total Transformers Monitored Total Substations Monitored
Nov 2001 36 12
Jan 2005 37 12
Apr 2005 39 12
Sep 2008 40 12
Mar 2009 42 13
May 2009 43 13
Jul 2010 44 13
Nov 2011 45 13
Sep 2012 44 13
Oct 2012 49 16
Dec 2012 48 16
Feb 2013 56 17
May 2013 57 17
Aug 2013 56 17
Jan 2014 57 17
Jun 2015 58 17

814
815  Table 1. Change with time in the number of South Island transformers and substations for
816 which DC monitoring systems were operating at locations shown in Figure 1. Note that over

817  the entire time period, 61 distinct transformers were monitored.

818

819
Year Percentage time total earth Average yearly HVDC total Percentage stray

return HVDC >100 A (%) earth return current( A) current (%)

2001 44.8 234 5.5
2002 52.1 201 5.7
2003 46.6 178 5.7
2004 53.9 277 5.6
2005 62.9 219 6.1
2006 69.4 235 59
2007 75.5 394 6.0
2008 99.7 841 6.0
2009 98.7 1057 7.6
2010 94.9 567 7.4
2011 94.1 565 7.5
2012 99.1 848 7.6
2013 64.4 553 6.0
2014 35.8 181 6.2
2015 42.4 161 6.5

820

821 Table 2. Summary of the operation of the HVDC link shown in schematic in Figure 2.
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6 Nov. 2001 H H' X X' Y Y| Z | Z F F'
All transformers 4 8 4 2 6 00| O 3 4
Mean r 0.80 | 0.76 0.80 | 0.71 | 0.77 | - - - 1072 | 071
Median r 0.80 | 0.76 0.82 | 0.71 | 0.78 - - - 1070 | 0.74
Mean GIC [|A]] 1.4 15.2 0.5 7.2 4.2 - - - 0.8 | 10.2
non-NER transformers 1 7 0 0 3 0O[0] O 1 2
Mean r 0.71 0.77 - - 0.77 | - - - 1083 | 0.76
Median r 0.71 0.76 - - 0.78 | - - - 1083 | 0.76
Mean GIC [|A]] 0.9 14.4 - - 5.1 - - - 1.1 13.5

Table 3. Examination of the varying number of transformers where the observed GIC
correlates best with the given magnetic field component, amplitude or rate of change. The
upper section of the table is for all 31 transformers which were monitored during this event,
the lower section of the table is for the 14 non-Neutral Earthing Resistor (NER)
transformers only. This table presents parameters across the time period 01:10-3:00 UT on 6
November 2001, and includes a total of 31 distinct transformers. The r values reported are
the Pearson correlation coefficients, and in all cases we only include Pearson correlation

coefficients when the p-value is smaller than 0.05.
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2 Oct. 2013 H H' X X' Y Y' Z Z F
All transformers 7 19 5 7 1 0 5 1 2
Mean r 0.58 | 0.74 | 0.61 | 0.63 | 033 | - | 051 |0.73 0.56
Median r 061 | 075 | 075 | 0.72 | 033 | - | 0.55]0.73 0.56
Mean GIC [|A]] 1.8 5.8 43 | 9.0 | 003 | - 12 | 0.1 22
non-NER transformers 2 10 3 6 1 0 1 1 2
Mean r 046 | 073 | 075 | 0.67 | 033 | - | 052073 0.56
Median r 046 | 076 | 0.75] 072 | 033 | - | 052 0.73 0.56
Mean GIC [|A[] 07 | 65 7.0 | 104 | 003 | - 37 | 0.1 22

Table 4. As Table 3, but for the time period 00-06 UT on 2 October 2013, including a total

of 47 distinct transformers (upper section), and 26 distinct non-NER transformers (lower

section).
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Component | Number Periods Percentage of

Good Correlation Total Periods
H 6 4.0%
H' 98 64.9%
X 11 7.3%
X' 52 34.4%
Y 9 6.0%
Y' 19 12.6%
z 12 7.9%
z' 13 8.6%
F 9 6.0%
F' 71 47.0%

Table 5. Summary of correlations between the hourly time varying GIC at ISL M6 and
components of the EYR-observed magnetic field for 151 hourly periods identified through
the criteria in Section 6. A good Pearson correlation coefficient is required by setting r>0.8

and p<0.05. The percentage refers to the percentage relative to the 151 total periods.

Component | Number Transformers | Percentage of Total
Good Correlation Transformers
H 0 0.0%
H' 17.2 47.8%
X 1.8 4.9%
X' 3.1 8.7%
Y 2.1 5.9%
Y' 0 0.0%
YA 1.1 2.9%
z' 0.1 0.4%
F 1.1 2.9%
F' 3.5 9.7%
none 6 16.7

Table 6. Summary of the weighted number of transformers with the best correlation
between the hourly time varying GIC and components of the EYR-observed magnetic field.
A good Pearson correlation coefficient is required, r>0.8 and p<0.05. The percentage refers
to the percentage of the 36 transformers across the South Island which meet the criteria

described in section 6.2.
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Figure 1. Map of the South Island of New Zealand showing the Transpower New Zealand
electrical transmission network. The heavy purple line is the HVDC transmission line
linking the South Island and North Island electrical networks. The other colored lines in this
figure show the routes of the Transpower transmission lines, with different colors
representing different voltages (orange = 220 kV, red = 110 kV, light blue = 50/66 kV).
Stars show the location of substations containing the LEM model LT 505-S DC monitoring
equipment, the data from which can be corrected to produce GIC measurements.
Substations without DC monitoring equipment are shown by the small blue squares. The
location of the primary New Zealand magnetic observatory, Eyrewell, is given by the blue

hexagon.
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869  Figure 2. Map of the South Island and lower North Island electrical transmission network

870 (colored lines). A schematic has been added showing the operation of the HVDC link in

871  earth return mode (arrows). Dark arrows are above ground, lighter arrows are below ground.

872 A single transmission circuit links Benmore and Haywards allowing current to flow

873  between the islands. Most of the HVDC return current passes directly between the

874  electrodes (marked by red triangles) through the ground. The remaining fraction also travels

875  partly through the ground but enters the transmission network through one of multiple

876  substations, completing the loop to Benmore as DC current passing through the AC

877  transmission network.
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880 Figure 3. Images around the removal of stray HVDC earth return currents from the LEM
881  current measurements made at Timaru transformer T5 (TIM T5). a) relationship between
882 the LEM-measured stray HVDC earth return currents and the total HVDC earth return
883 current (blue crosses) for a 1 week example period, with a linear fit applied (red line), b)
884  variation of the slope of the linear fit to the stray and total HVDC currents across the entire
885  time period, c¢) variation in the offset of the linear fit across the entire time period, d)
886  original LEM measurements (blue line) and the corrected GIC-only data (magenta) for
887 2010.
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Figure 4. Magnitude of the stray HVDC earth return currents which enter the transmission
network through each of the LEM monitored transformers for 2015, normalized to a total
HVDC current of 1000 A. The red lines separate the individual substations inside of which
multiple transformers may be monitored. The three green crosses are for transformers which

had no LEM observations in 2015 due to being retired from operation.

39



Saturday, 15 July 2017

900
901
e — W— - : . — 35
”F A -
| /”1” » (u \L 7 - .
P 3 S - -
ucs‘l e ,Tekapé"'ar. ety f}?
| & au A =
ll /_r";\f / lﬁﬁgus 5 . “\_ﬁ"?imaru rl H 25
» { = '9 regey g 1 |
| {{(\ L b 033;%\ J 120
- S / P |
o T Nk Cromwell /
) sl\ & aY ) “oemoiyde
s ay | / i ”
l ™ j £ F
» !Wanapouﬁ Ry S
¥ L A L
"\ L et P '_‘?,’;ﬁ:utha anedin 10
w°s g \ e 2
L”f‘?:&f“ N ‘ "
Ny nver:argul_j i 5
all 3 BN
BToE _cu_sfe 108°E 0% AT1oE pre— T-\T_ 0
902

Bromiay F——
J

E
P, S—

5
Mmuﬂ_
¥

Current [A]
ETITTIRTERTTEE

Ohau CE
=

o - aoonooooooeonne fid P'

1:52UT 6 Nov 2001

15 20 25 30
GIC Peak Current [A]

903  Figure 5. Magnitudes of the peak GIC observed at 1:52 UT during the geomagnetic storm

904  of 6 November 2001. The left hand panel is a geographical map including the transmission

905  lines (blue) and the path of the HVDC link (red). Each box represents a substation (as

906  named), with colored circles for the individual transformer measurements. The right hand

907  panel is in a similar format to Figure 4. Green crosses in both panels mark transformers

908  which were not LEM monitored at this time. The letter "N" in the right hand panel indicates

909  transformers with Neutral Earthing Resistors.
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Figure 6. Comparison between the Eyrewell (EYR) measured magnetic field and the GIC
observed at Islington transformer M6 (ISL M6) on 6 November 2001, both with one-minute
time resolution. The upper panel compares the variation of the amplitude of the H-
component of the EYR magnetic field with the ISL M6 GIC. The lower panel compares the
variation of the rate of change of the H-component (i.e., H') with the ISL M6 GIC. The r

values reported are the Pearson correlation coefficients.
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