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Abstract.  High time resolution (1-5 s) magnetometer, geomagnetically induced current 21 

(GIC), and mains harmonic distortion data from the Halfway Bush substation in Dunedin, 22 

New Zealand are analyzed. A recently developed technique using VLF radio wave data 23 

provides high resolution measurements of mains harmonic distortion levels. Three case 24 

studies are investigated, each involving high rates of change of local geomagnetic field, but 25 

with different timescales of magnetospheric driver mechanisms, and different substation 26 

transformer configurations. Two cases of enhanced GIC during substorm events are 27 

analyzed, and one case of a storm sudden commencement. Time delays between magnetic 28 

field fluctuations and induced transformer currents are found to be ~100 s for substorm 29 

events, but only ~20 s for the storm sudden commencement containing higher frequency 30 

variations.  Boxcar averaging of the magnetic field fluctuations using running windows of ± 31 

2 minutes leads to spectral power profiles similar to those of GIC profiles, with reduced 32 

power at frequencies >0.003 Hz (periods < 5 minutes). Substantially lower mains harmonic 33 

distortion levels were observed after the removal of the single phase bank transformer, 34 

HWB T4, from the high voltage configuration at Halfway Bush. No systematic time delay 35 

was found between GIC variations and mains harmonic distortion levels. The power spectra 36 

of magnetic field fluctuations and GIC variations during the sudden storm commencement 37 

with no harmonic distortion showed low levels of low frequency power (<0.003 Hz, periods 38 

>5 minutes). This low frequency component of the magnetic field power spectrum appears 39 

necessary for mains harmonic distortion to occur. 40 

 41 

42 
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1. Introduction  43 

  Disturbances of the geomagnetic field can lead to rapid fluctuations in ionospheric currents 44 

[Birkeland, 1908; Cummings and Dessler, 1967], which result in quasi-direct currents (DC) 45 

being induced in the surface of the Earth (known as Geomagnetically Induced Currents, 46 

GIC). These quasi-DC currents have the potential to appear in high-voltage power systems 47 

[Molinski, 2002; Pirjola and Boteler, 2017], and are known to have caused disruptions to 48 

equipment connected to long transmission lines since the 1840’s [Boteler et al., 1998]. High 49 

levels of GIC can affect high voltage transformers in a number of ways, including increased 50 

reactive power consumption, waveform harmonic distortion and even damage or destruction 51 

[Samuelsson, 2013; Boteler, 2015, Boteler, 2019, Rodger et al., 2020]. 52 

  The creation of harmonic distortion components, as a result of a high voltage transformer 53 

driven into half cycle saturation by GIC, was investigated by Clilverd et al. [2018], building 54 

on earlier observations by Hayashi et al. [1978], Boteler et al. [1989], and Girgis & Vedante 55 

[2015]. Clilverd et al. [2018] used co-located measurements of geomagnetic field 56 

perturbations, GIC levels, and very low frequency radio waves (VLF) made at a substation in 57 

Dunedin, New Zealand, to show that remote monitoring of transformer saturation effects was 58 

possible. Even order harmonics up to 1500 Hz were observed on 08 September 2017, 59 

generated during a large geomagnetic storm. Time dependent variations in the intensity of the 60 

VLF harmonics, measured at 5 s resolution, were shown to be similar to the variations in GIC 61 

levels. This suggested that harmonic measurements could potentially be used as a proxy for 62 

GIC flowing in high-voltage power systems. 63 

  Subsequently Rodger et al. [2020] provided a comprehensive analysis of even order 64 

harmonic distortion measurements throughout the whole of New Zealand. Low time 65 

resolution (10 min) distortion measurements logged by the network owner, Transpower Ltd, 66 

were analyzed to provide an extensive set of observations that far exceeded the set of GIC 67 
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measurements. Evidence of transformer saturation effects, using the distortion measurements, 68 

was found at many locations during two large geomagnetic disturbances (March 2015, and 69 

September 2017). Some locations showed evidence of transformer saturation that were not 70 

previously expected to be at risk, i.e., in the comparatively low latitude North Island, and as 71 

such, those sites did not have GIC monitoring in place. However, the low time resolution (10-72 

minute) sampling of harmonic distortion available in that study would not be fast enough to 73 

fully represent all of the variations in GIC. This is particularly true for large short-lived bursts 74 

of GIC that have been associated with transformer failures in the past [Béland and Small, 75 

2004; Marshall et al., 2012; Guillon et al., 2016; Rodger et al., 2017, and references therein] 76 

where timescales of 1 or 2 minutes were found to be critical in transformer damage. 77 

  The magnitude of GIC in power systems is initially dependent on complex magnetospheric 78 

processes driving geomagnetic field variations [Pulkkinen et al., 2003]. This is followed by 79 

underlying surface conductivity structures which can act as a low pass filter for the 80 

fluctuations, along with the high inductance of the current path through the power system due 81 

to the transformer windings [e.g., Divett et al., 2017]. In order to understand the response of 82 

high voltage transformers to geomagnetic disturbances, high time resolution measurements 83 

are necessary, especially at mid-low latitudes where large GIC have been shown to be driven 84 

by storm sudden commencements and sudden impulses,  [e.g., Watari et al., 2009; Marshall 85 

et al., 2013; Fiori et al., 2014; Carter et al.,  2015; Rodger et al., 2017]. Rodger et al. [2017] 86 

studied 25 geomagnetic storms that generated large GIC in New Zealand and found that 87 

many of the peak current values occurred at the start of the storm, particularly storm sudden 88 

commencements. The study concluded that high time resolution measurements during GIC 89 

events, i.e., 5 s sampling, would be of value to power grid operators. 90 

  However, long lasting GIC events, potentially caused by phenomena such as substorms also 91 

have the potential to generate long-lasting impacts on transformer performance. For example 92 

they result in more transformer heating than for shorter-lived events particularly for 93 
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transformer components with long time-scale responses, i.e., the protective oil [Viljanen et 94 

al., 2001]. Clilverd et al. [2018] also showed that long-lived GIC events of 30-60 minutes 95 

were capable of generating signatures of harmonic distortion associated with transformer DC 96 

saturation. In an analysis of over 100 years of mid-latitude magnetometer data from the 97 

British Geological Survey observatories in the UK, Freeman et al. [2019] showed that 98 

substorms were the primary source of the highest rates of change of magnetic field 99 

components. Whatever the source and duration of the event, it is useful to understand the key 100 

magnetic field variation frequencies involved in generating GIC observed. Typically a 101 

geomagnetic disturbance produces magnetic field fluctuations covering a wide range of 102 

frequencies, however, localized surface conductivity structures have the potential to low pass 103 

filter the time varying field components leading to GIC variations with less high time 104 

variability than the magnetic field [Divett et al., 2017]. Ingham et al. [2017] used transfer 105 

function analysis to identify that fluctuations with periods less than 2 minutes have a 106 

significant contribution to overall GIC levels. These results are in contrast to the typical 10 107 

minute period used in a thin-sheet model in reproducing GIC observations developed by 108 

Richardson and Beggan [2017], based on earlier work of Mckay [2003], and adapted for New 109 

Zealand by Divett et al. [2017]. 110 

  In this study we analyze magnetometer time series, GIC time series, and very low frequency 111 

radio wave time series from instrumentation focused on the Halfway Bush (HWB) substation 112 

in Dunedin, New Zealand. The time series sampling rates range from 1 to 5 s (section 2). 113 

Three case studies are investigated, each driven by periods of high rates of change of local 114 

geomagnetic field, but with different timescales of magnetospheric driver mechanisms, and 115 

with different substation transformer configurations (section 3). We compare each time series 116 

to determine response lag times, frequency sensitivity, and correlation levels between the rate 117 

of change of the local magnetic field and the resultant induced currents in the HWB T6 118 

transformer (section 4.1). Further comparisons between the induced currents and VLF 119 
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harmonic time series are analyzed to identify GIC-saturation of a transformer leading to 120 

harmonic distortion components, determine transformer response lag times, and any induced 121 

current level threshold required for distortion to occur under different case scenarios (section 122 

4.2). Conclusions are summarized in Section 5. 123 

 124 

2. Experimental Datasets 125 

2.1 Geophysical case study events  126 

  As noted above, three cases studies are undertaken, which we refer to as events. All involve 127 

periods of rapid magnetic field fluctuations, and induced GIC. Two of the case study events 128 

(Cases 1 and 3) come from a severely disturbed period on 07-08 September 2017 driven by a 129 

large coronal mass ejection (CME) that occurred on 06 September 2017 [Clilverd et al., 130 

2018]. The first case is a large substorm event ~12 hours after the onset of the geomagnetic 131 

storm. Another substorm event (Case 2) comes from a geomagnetic storm period on 26 132 

August 2018. The event occurred ~14 hours after the onset of a geomagnetic storm with no 133 

sudden storm commencement, and relatively low solar wind speeds (~500 km s
-1

). However 134 

the geomagnetic disturbance index, Dst, reached its minimum of -174 nT at the time of the 135 

GIC event. A third study event (Case 3) is from the disturbance caused by the sudden storm 136 

commencement following a solar wind shock arrival on 07 September 2017, with solar winds 137 

speeds reaching >700 km s
-1

.  138 

 139 

2.2 New Zealand GIC Observations  140 

  Here we use the Transpower New Zealand Limited HWB T6 transformer DC neutral current 141 

measurements from the Halfway Bush substation in Dunedin (see the maps in Figure 2 and 3 142 

of Clilverd et al. [2018] and Figure 1 of Rodger et al. [2020] for locational context). Details 143 

of the LEM Hall-effect measurement instrument, and identification of the GIC component in 144 



Friday, 28 August 2020 

7 

the neutral earth current dataset is described in detail in Mac Manus et al. [2017]. An 145 

important expansion of the HWB T6 data for this study is to use the dataset at its nominal 4 s 146 

resolution. The LEM device that does the actual measuring is analogue and provides a real-147 

time current signal into the local station remote terminal unit (RTU). The RTU then samples 148 

the real-time signal from the LEM (at 4 seconds resolution) for real time indication, and 149 

alarms, provided to Transpower operators. However, a new measurement is only logged if it 150 

deviates by more than 0.2 A  from the last logged value. Typically this means that data gaps 151 

are 4, 8, or 12 s during events when current levels are changing, but can stretch to 1 or 152 

2 minutes during quiet times. Uncompressing the data assumes the same current value for 153 

successive 4 s periods until a new, different value is recorded. In the events analyzed here the 154 

average data sample time gap was found to be ~8 s, so datasets were typically doubled in size 155 

as a result of the decompression process.  156 

  Previous studies of GIC from the Halfway Bush substation have concentrated on the HWB 157 

T4 transformer there [e.g., Clilverd et al., 2018]. This was primarily because of the historical 158 

importance of that particular transformer which suffered a failure in November 2001 [Béland 159 

and Small, 2004; Marshall et al., 2012] caused by high levels of GIC [Rodger et al., 2017]. In 160 

this analysis we concentrate on measurements from the HWB T6 transformer due to the fact 161 

that in the 11 month interval between the two geomagnetic storms that are analyzed here, the 162 

HWB T4 transformer was decommissioned, i.e., in December 2017. We note, however, that 163 

during the GIC events in September 2017, the HWB T4 and HWB T6 transformers 164 

experienced very similar GIC levels, both in magnitude and time variation. Figure 1 shows 165 

two single line diagrams of the Halfway Bush substation high voltage connections, with and 166 

without the HWB T4 transformer in the configuration. One of the questions addressed here 167 

is: did the removal of the HWB T4 transformer from the substation result in significant 168 

reductions in measured harmonic distortion during subsequent GIC events? 169 
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  Figure 2 provides an overview of the GIC levels in the three cases analyzed. Panels (a), (b), 170 

and (c) show the cases in the order that they are described in the rest of this manuscript. Each 171 

panel has the same x-axis period (just over an hour), and has the same y-axis range of 172 

induced current. An observed start time of enhanced GIC is given by a vertical red dash-dot 173 

line in each panel, arranged such that the start times of each case are aligned within the plot 174 

window. Start times are indicated where the GIC exceeds ±5 A [Rodger et al., 2017], or when 175 

rapid fluctuations of the local magnetic field are observed. Induced currents are shown to 176 

exhibit distinct differences from case to case, in terms of time variations and the sign of the 177 

currents. Panel (a) and (b) are long-lasting events that occurred during the main/recovery 178 

phase of their respective storms, while Panel (c) was caused by a storm sudden 179 

commencement and shows large induced currents predominantly at the very start of the 180 

event. 181 

 182 

 2.3 Magnetometer and VLF harmonic time series 183 

  Local magnetic field measurements were made at Swampy Summit close to Dunedin, 7 km 184 

distant from the Halfway Bush substation. Instrument details are given in Clilverd et al. 185 

[2018]. Following previous analysis we use the rate of change of the horizontal magnetic 186 

field component, dH/dt, which has been shown to be highly correlated with GIC magnitude 187 

[Mac Manus et al., 2017]. The magnetic field data was initially sampled at ~1 s resolution, 188 

although for this study we have subsampled to 4 s in order to compare with the 4 s sampling 189 

of the GIC.   190 

  Broadband VLF measurements with 46 Hz bins were made at the security perimeter fence 191 

of the Halfway Bush substation site. The frequency resolution of the bins is small enough to 192 

be able to resolve individual harmonic components of the 50 Hz mains frequency. The time 193 

sample of the measurements was 5 s. Analysis here is restricted to an upper limit of the 24
th

 194 
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harmonic of the fundamental 50 Hz, i.e., up to 1200 Hz. Details of the VLF instrument design 195 

and capabilities are given in Clilverd et al. [2009; 2018]. 196 

3. Results  197 

3.1 Case 1: 08 September 2017 198 

  The first case study period is taken from the recovery phase of a large geomagnetic 199 

disturbance in September 2017. Clilverd et al. [2018] described the source driving 200 

mechanism as a magnetospheric substorm. Figure 3 provides a comparison between the local 201 

horizontal magnetic field variation (panel a) and the GIC recorded on HWB T6 (panel b). The 202 

time sampling for both panels is 4 s as previously discussed in section 2. The vertical dot-203 

dashed line indicates the event onset time. Prior to this time the dH/dt fluctuations are near-204 

zero, which is consistent with the near-zero GIC levels. After the event onset, rapid 205 

fluctuations in the magnetic field H-component occur, with both positive and negative 206 

gradients. By the end of the plotting period the dH/dt is oscillating around zero again with no 207 

significant offset, but still exhibiting high frequency variations. The HWB T6 GIC panel 208 

shows less high frequency variations, with large positive currents occurring during the first 209 

hour of the event, followed by some negative current swings before the values return to near 210 

zero levels at the end of the plotting window. Panel (c) shows dH/dt fluctuations again, but 211 

this time the plotted data has been smoothed with a running 40-point Boxcar average which 212 

has the effect of reducing the power of the high frequency variations above 0.002 Hz (<500 s) 213 

by a factor of ~10 (see discussion section 4.1). The similarity of the time variations of the 214 

GIC in panel (b) and the low bandpass filtered dH/dt in panel (c) are notable, particularly 215 

regarding the peaks, and the negative-going swings. The 40-point Boxcar average was 216 

determined through an analysis which was undertaken of the time delay between the 217 

magnetic field variation and the consequent GIC response, as well as the dH/dt smoothing 218 

level required. All combinations of the two parameters (i.e., time delaying and smoothing) 219 
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were varied to determine largest Pearson correlation coefficient between the two datasets. A 220 

time delay of 76 s, combined with a 40-point boxcar average, gave a Pearson correlation 221 

coefficient which peaked at 0.74 (significance <10
-44

 using 1260 data points). For comparison 222 

no time shift, and no smoothing, gave a correlation coefficient of 0.37 for the same dataset. 223 

No time shift, combined with a 40-point boxcar average, gave a correlation coefficient of 224 

0.64. A time shift of 76 s with no boxcar averaging gave a correlation coefficient of 0.42. 225 

  Large GIC levels occurring in the Halfway Bush substation have the potential to generate 226 

harmonic distortion through half-wave saturation within a transformer (see the description in 227 

Rodger et al., [2020]). The wideband VLF radiowave instrument located at Halfway Bush 228 

can observe enhancements in the intensity of mains frequency harmonics as a result of 229 

harmonic distortion, although it is not possible to distinguish which of the nearby 230 

transformers is generating the distortion signatures. Given transformer HWB T4’s history of 231 

a previous failure during large GIC [Béland and Small, 2004; Marshall et al., 2012; Rodger et 232 

al., 2017], it would seem reasonable to assume that it may be the cause of the harmonics, but 233 

the perimeter VLF observations cannot answer that riddle alone. Figure 4 shows the time 234 

variation of a selection of the frequency bins associated with mains harmonics, plotted during 235 

the time period covered by Case 1. The frequency variation of the harmonics during the 236 

disturbed period can be contrasted with a nearby quiet time period, shown in Figure S1 of the 237 

supplementary information. Panel (a) shows the amplitude of even harmonics from 100 238 

to 1100 Hz (red and blue lines) with the harmonic order labeled in black. In this panel there 239 

are three odd harmonics that will be shown consistently in all cases studied here (plotted as 240 

black lines representing 250, 550, 1150 Hz). Each bin is offset by typically 10 dB to separate 241 

the lines, which are identified by the 50 Hz mains frequency harmonic that occurs within the 242 

46 Hz wide bin. The signal amplitude (vertical) scale in dB is the same for every harmonic, 243 

and the vertical offset between each pair of adjacent harmonics has been chosen to minimize 244 

overlap (whilst trying not to make the figure impracticably tall). This leads to a typical offset 245 
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of 10 dB between each harmonic, which is indicated on the figure by a vertical bar. Red lines 246 

indicate even harmonics (2
nd

 to 12
th

) that show variations with time that are consistent with 247 

the GIC variations shown in panel (b) of Figure 3. Blue lines indicate even harmonics which 248 

do not clearly show the same variation pattern (14
th

 to 22
nd

). We note that this is somewhat 249 

subjective, but the aim is to help simplify the panel. The black vertical dot-dashed line 250 

indicates the start of the event as identified in Figures 2 and 3, while red dot-dashed vertical 251 

lines are plotted to facilitate easier comparison of the timing of amplitude peaks in different 252 

frequency bins, and represent times of peaks in GIC as described in the next panel, below. 253 

  Building on panel (a) of Figure 4, panel (b) shows the variation of the average signal 254 

intensity in all bins from 100 to 600 Hz, including all even and odd harmonic channels. A 255 

horizontal black dashed line is plotted to indicate the pre-event intensity levels. The same 256 

levels occur at the end of the event at about 13 UT, followed by a sharp decrease below the 257 

line. It is unclear if this is a result of the GIC event, but is more likely to be associated with 258 

an occasionally observed dip in noise levels coming from the substation which occurs 259 

approximately every 2 hours, is centered on the 12
th

 harmonic, and lasts about 5 minutes. The 260 

variation in the average signal between 100 and 600 Hz is compared with the absolute T6 261 

GIC variation in panel (c). A common time sample interval of 20 s was made by subsampling 262 

each dataset in order to make the figures, and undertake correlation analysis. The Pearson 263 

correlation coefficient was calculated, varying the time delay between the harmonic distortion 264 

and GIC datasets. The maximum correlation coefficient was 0.94 (significance < 10
-44

, for 265 

252 data points), which was achieved when there was no time shift between the two data sets, 266 

i.e., less than 20 s. The best fit is shown as a red line in panel (c), with a gradient of 267 

0.33 dB/A. 268 

 269 

3.2 Case 2: 26 August 2018 270 
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  Previously we have noted that the GIC levels measured at the HWB T4 and HWB T6 271 

transformers were very similar during the Case 1 event. It is possible that HWB T4 was 272 

responsible for the enhanced levels of harmonic distortion observed to be emanating from the 273 

substation rather than HWB T6, as HWB T4 is a single phase bank transformer, while HWB 274 

T6 has a three phase design. Therefore, in Case 2 we investigate the response of only HWB 275 

T6 and substation harmonic distortion levels to a GIC event which occurred after HWB T4 276 

had been removed from operation. On 26 August 2018 there was a geomagnetic storm with 277 

moderately enhanced solar wind speed (~500 km s
-1

) but with large Dst (-174 nT). The event 278 

occurred between 07 and 0830 UT, when Dst was at its most extreme, during which there 279 

was a large substorm (indicated by enhanced AE and AL indexes (not shown)). Figure 5, 280 

panels (a) and (b) present the Case 2 magnetometer dH/dt, and T6 GIC respectively in the 281 

same format as Figure 3. As in Case 1 the dH/dt variations show more high time resolution 282 

variations than the GIC. Panel (c) shows dH/dt fluctuations plotted with a running 78-point 283 

Boxcar average which has the effect of reducing the power of the high frequency variations, 284 

and as a result exhibiting similar time variations to those in the GIC panel. The 78-point 285 

Boxcar average of dH/dt was determined through the same analysis technique approach that 286 

was used for Case 1. All combinations of time shift and Boxcar filtering factor between the 287 

dH/dt and GIC datasets were analyzed to find largest Pearson correlation coefficient. A time 288 

delay of 128 s, combined with a 78-point boxcar average, gave a Pearson correlation 289 

coefficient which peaked at 0.83 (significance < 10
-44

 using 900 data points).  290 

  The substorm-driven event in Case 2 exhibits similar ranges of dH/dt and HWB T6 GIC 291 

values compared with the substorm-driven event in Case 1, and also lasts for about the same 292 

length of time. However, the principle difference is that the Halfway Bush transformer HWB 293 

T4 was removed from operation between the dates of Case 1 and Case 2. Figure 6 (a) shows 294 

the same individual 50 Hz mains harmonics components as in Figure 4. The start time of the 295 

event and the main two peaks of enhanced GIC are indicated by vertical dot-dashed lines. For 296 
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some of the harmonics peaks are visible at these times, especially for the 5
th

, 6
th

, 8
th

, and 11
th

 297 

harmonics. Notably enhancements in amplitude were not observed in the 2
nd

 and the 23
rd

 298 

harmonics. The frequency variation of the harmonics during the disturbed period can be 299 

contrasted with a nearby quiet time period, shown in Figure S2 of the supplementary 300 

information. Panel (b) shows the average variation of all channels between 100 Hz and 301 

600 Hz. As before, panel (c) shows the relationship between the average 100 Hz to 600 Hz 302 

harmonic distortion levels and the absolute GIC data. A common time sample interval of 20 s 303 

was made for each dataset in order to make the plot and undertake a Pearson correlation, as in 304 

Figure 4 (for Case 1). The maximum correlation coefficient was 0.68 (significance <10
-16 

305 

using 180 data points), with a Boxcar averaging of 6 points, which was achieved when there 306 

was no time shift between the two data sets, i.e., less than 20 s. The correlation is lower for 307 

Case 2 than Case 1, probably because of the lower amplitude harmonic distortion present. 308 

The best fit is shown as a red line in panel (c), with a gradient of 0.12 dB/A. This suggests 309 

that the amplitude harmonic distortion levels in Case 2 are about one third of those seen in 310 

Case 1.  311 

 312 

3.3 Case 3: 07 September 2017 313 

  The third case study event comes from 07 September 2017 and is associated with the arrival 314 

of a solar wind pressure pulse just after 23 UT. The shock was identified by the SOHO 315 

satellite at L1 at 2238 UT [umtof.umd.edu/pm/FIGS.HTML] with the solar wind suddenly 316 

increasing from ~450 km s
-1

 to ~700 km s
-1

. This particular case study event has been 317 

discussed by Clilverd et al. [2018] as ‘event 3’ and Rodger et al. [2020] as ‘event 3a’, where 318 

the apparent absence of harmonic distortion even in the presence of large induced currents 319 

was noted. During this event both HWB T4 and HWB T6 were operational at Halfway Bush 320 

substation. Figure 2 panel (c) showed more than an hour of HWB T6 GIC data during this 321 

event. However, in this Case 3 we concentrate on only the initial short period following the 322 
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arrival of the pressure pulse where large negative currents were measured as part of a rapid 323 

response to the solar wind shock arrival. Figure 7 panels (a) and (b) show the magnetometer 324 

dH/dt and HWB T6 GIC, respectively, during the short period following the start of the 325 

event, indicated by a dot-dashed vertical line. Large negative rates of change of magnetic 326 

field correspond to large negative induced currents in HWB T6. The panels cover a period of 327 

8 minutes, although the duration of large GIC values only lasts 3 minutes. Panel (c) shows 328 

dH/dt filtered by a Boxcar average using 10 points. As in previous analysis, the maximum 329 

Pearson correlation between the dH/dt and the HWB T6 GIC data over this short period was 330 

determined. A maximum correlation coefficient of 0.89 (significance 4×10
-25 

using 80 data 331 

points) was found, associated with a delay of 20 seconds between the magnetic field 332 

fluctuations and the resultant GIC level, and filtering provided by 10-point Boxcar averaging 333 

(40 s). The similarities between the filtered dH/dt and the GIC variations are notable. 334 

  Harmonic distortion levels are shown in Figure 8, following the same format as Figures 4 335 

and 6. In panel (a) it is difficult to identify any clear amplitude enhancements in the 336 

individual channels. The frequency variation of the harmonics during the disturbed period 337 

can be contrasted with a nearby quiet time period, shown in Figure S3 of the supplementary 338 

information. The average harmonic distortion shown in panel (b) shows a small enhancement 339 

in amplitude above the indicated baseline, although the largest peak occurs prior to the onset 340 

of the event. Panel (c) shows that there is little harmonic response to a relatively large range 341 

of current values. The Pearson correlation coefficient of 0.63 is the lowest of all cases, and 342 

the significance, p=0.002, is the largest. The best fit is shown as a red line in panel (c), with a 343 

gradient of 0.04 dB/A, i.e., about eight times lower than seen for Case 1, which occurred only 344 

13 hours later. 345 

4. Discussion 346 
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  Three cases of rapid magnetic field fluctuations, with enhanced levels of GIC in transformer 347 

HWB T6 at Halfway Bush substation in Dunedin, New Zealand, and resultant mains 348 

harmonic distortion levels at the substation have been investigated. Cases 1 and 2 describe 349 

the transformer/substation responses to the magnetic field disturbance caused by two similar 350 

substorms. Large induced current peaks between 45 and 50 A were seen in both cases, and 351 

the enhanced GIC lasted for about an hour each time. However, for Case 1 the substation had 352 

both transformers HWB T4 and HWB T6 operating, while for Case 2 HWB T4 had been 353 

withdrawn from service, and only HWB T6 remained. Case 3 describes the 354 

transformer/substation response to a storm sudden commencement which generated large 355 

GIC that lasted only three minutes. No obvious harmonic distortion was generated despite 356 

large induced current peaks of ~35 A being present. The results from each case study are 357 

summarized in Table 1, and discussed below. 358 

 359 

4.1 Response to substorms: Cases 1 & 2 360 

  During the two substorms GIC variations were observed to occur in response to the 361 

fluctuating local magnetic field. Maximum correlation came from taking into account a time 362 

delay of ~100 ± 30 s, with dH/dt leading GIC. Maximum correlation also required some high 363 

frequency filtering of the magnetic field fluctuations, achieved in this study through Boxcar 364 

averaging of 240 ± 80 s. As a result of this treatment of the dH/dt time series the typical 365 

correlation found, and its significance, was ~0.8 for the ~1000 point comparisons. MacManus 366 

et al. [2017] undertook correlation analysis between various GIC datasets throughout the 367 

South Island of New Zealand, and magnetic field fluctuations recorded at Eyrewell near 368 

Christchurch, South Island. For a storm period on 02 October 2013, 1-minute resolution data 369 

over an interval of 6 hours (i.e., 960 data points) showed correlation coefficients of ~0.75 for 370 

dH/dt. Those correlation coefficient values are comparable with the values found here. Note 371 

that the use of 1-minute averaging in the MacManus et al. [2017] study has the effect of 372 
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filtering out high frequency dH/dt fluctuations in a similar manner to the 240 s Boxcar 373 

averaging used in this study. The 1-minute averaging also reduces the influence of the ~100 s 374 

time delay between dH/dt and GIC. 375 

  The effect of Boxcar filtering on the power spectra is shown in Figure 9. Panel (a) shows the 376 

normalized power spectrum for dH/dt (black line), and filtered dH/dt (blue line) for Case 1. 377 

Also shown is the HWB T6 GIC normalized power spectrum (red line) for comparison. Panel 378 

(b) shows the same format but for Case 2. The highest frequency of 0.125 Hz is determined 379 

by the 4 s sampling period, while the lowest frequency of 0.0002 Hz is determined by the 380 

~1 hour duration of the events. For Case 1 the filtering is achieved by using 160 s Boxcar 381 

averaging as found in section 3.1, while Case 2 uses the 312 s Boxcar average found in 382 

section 3.2. Both panels show that the effect of the filtering is to reduce the power in the high 383 

frequency dH/dt components. For Case 1 reductions in spectral power by a factor of 10 occur 384 

at about 0.005 Hz (a period of ~3 minutes), while for Case 2 the reductions occur at 0.003 Hz 385 

(~6 minutes). This analysis suggests that dH/dt variations with periods longer than 3-386 

6 minutes are likely to dominate the GIC response, and will provide more accurate power 387 

system modelling than if the high frequency dH/dt components are included in such 388 

modelling. Case 2 is notable in that the filtered dH/dt has a very similar spectral variation to 389 

the power spectrum of the GIC during the event.  390 

 The frequency smoothing and time delay found in these cases are likely to be due to the 391 

local ground conductivity structure in the region around the substation, and the network 392 

inductance. The time varying magnetic field driver is related to the geo-electric field 393 

variations through the ground impedance [e.g., Trichtchenko and Boteler, 2006]. Ground 394 

conductivity profiles  with   lower  conductivity  at  greater depth  would  reduce the 395 

influence of high  frequency  components of  the  driving  magnetic  field  compared to the 396 

low frequency parts, resulting in the time-domain smoothing found here. High network 397 

inductance is likely to introduce a time lag of the GIC compared to the magnetic field driver, 398 
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with the lag duration dependent on the frequency components present [Ingham et al., 2017, 399 

Divett et al., 2017]. 400 

  Both Case 1 and Case 2 substorms generated similar peak GIC levels, i.e., 45 to 50 A. 401 

During both of these cases, harmonic distortion in the range 100 Hz to 600 Hz was observed 402 

at the Halfway Bush substation. Even order harmonic enhancements were observed, as well 403 

as odd order harmonics. However, the intensity of the harmonics (dB/A) was a factor of 2.75 404 

lower in Case 2 than in Case 1. Also, the 2
nd

 harmonic did not show enhanced levels in Case 405 

2 whereas it did in Case 1. High levels of the lower order harmonics (i.e., 2
nd

  or 3
rd

 )  is 406 

thought to play a role in the incorrect operation of protective switching during GIC events, 407 

which can lead to power blackouts and the potential destabilization of the local power grid 408 

[Bolduc, 2002; Wik et al., 2009]. The reduction of the harmonic distortion levels between 409 

Case 1 and Case 2 appears to be associated with the decommissioning of the HWB T4 410 

transformer. The reduction in harmonic distortion suggests that T6 experiences less half-cycle 411 

saturation than T4 did, despite experiencing similar levels of GIC. The reduction in distortion 412 

by a factor of almost 3 is consistent with the three phase HWB T6 transformer design 413 

compared with the design of the HWB T4 single phase bank transformer.  414 

  Pearson correlation coefficients were found between the observed GIC and harmonic 415 

distortion (100-600 Hz average) time series. Both datasets were subsampled to a common 416 

20 s sample rate before investigating time delays and Boxcar smoothing levels. Case 1 gave a 417 

maximum coefficient of 0.94 with no time delay, and no smoothing required. Case 2 gave a 418 

maximum coefficient of 0.68, again with no time delay, but this time with 80 s boxcar 419 

averaging required (4 point). The lower coefficient in Case 2 compared with Case 1 is 420 

consistent with lower intensities of the distortion harmonics occurring, and background noise 421 

levels having more influence on the correlation level. The lack of any detectable time delay 422 

(±10 s) between GIC levels and distortion intensity is somewhat surprising given the 423 

potential inductive latency of the transformers. However, this effect might be more obvious 424 
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in the apparent threshold effect between rising GIC levels and the onset of observable 425 

harmonic distortion [reported by Clilverd et al., 2018], rather than the well correlated 426 

variations of the two time series once the threshold current levels have been surpassed. This 427 

idea is discussed in further detail at the end of the next subsection. 428 

 Low time resolution percentage total harmonic distortion (THD) levels during Case 1 were 429 

shown for Even and Odd harmonics by Clilverd et al. [2018].  As a result of the substorm the 430 

Even THD reached ~0.8 % while the Odd THD was ~0.4 %. The steady state upper THD 431 

recommendation for 69-161kV is 2.5% [IEEE 441Std 519-2014]. We can roughly estimate 432 

what harmonic amplitude level is likely to be seen when 2.5 % distortion is present. From 433 

Figure 4c there is a 12 dB increase in 100-600 Hz average amplitude for ~35 A GIC. The 434 

average (Even and Odd) THD percentage of (0.8+0.4)/2 = 0.6 % therefore generates 12 dB of 435 

signal increase. Thus to achieve 2.5 % distortion levels, an extra 12 dB increase (20 x 436 

log(2.5/0.6)) in signal amplitude would be required.  During Case 1, when HWB T4 was 437 

operating, the 0.33 dB/A scale factor for harmonic distortion due to GIC would suggest that 438 

24 dB distortion levels, i.e., 2.5 % THD, would have been reached with 24/0.33 = ~70 A. 439 

This level is similar to the ~100 A estimated by Rodger et al. [2017] for the HWB T4 failure 440 

in 2001. During Case 2, when HWB T4 had been withdrawn from operation the 0.12 dB/A 441 

scale factor leads to 50 dB (2.5 %) distortion levels at ~200 A, suggesting that a much larger 442 

DC current would be required to generate significant distortion.  443 

 444 

4.2 Response to a storm sudden commencement: Case 3 445 

  Case 3 showed rapid variations in the local magnetic field, and peak GIC levels high enough 446 

to be expected to generate harmonic distortion as with the other events studied here. 447 

However, no harmonic distortion was observed during the sudden, short-lived, impulsive 448 

event.  During the first few minutes of the event, when the peak GIC values of 35 A occurred, 449 

there was only a short delay between dH/dt and GIC variations (~20 s). Additionally, little 450 
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Boxcar averaging was required to maximize the Pearson Correlation coefficient (0.89). This 451 

suggests a strong coupling between the local magnetic field perturbations and induced 452 

currents, but little impact of those large currents on the levels of harmonic distortion.  453 

  In the previous substorm analysis we found that dH/dt variations with periods longer than 3-454 

6 minutes (<0.003-0.005 Hz) are likely to dominate the GIC response. This is investigated for 455 

the Case 3 sudden storm commencement event via Figure 10. The upper panel shows the 456 

spectral power for dH/dt during the whole event period (as shown in Figure 2c) plotted in 457 

comparison to the substorm, Case 1. The lower panel of Figure 10 shows the GIC power 458 

spectra for Case 3 compared with Case 1, in the same format. Comparisons are made with 459 

Case 1 rather than Case 2 (or both) because these events are within hours of each other and 460 

have the same substation configuration. The power values are normalized to the maximum 461 

power observed in Case 1. Both parameters show similar spectra for both Case 3 and Case 1. 462 

Vertical dash-dot lines indicate two key frequencies. The highest frequency identified in the 463 

panels is 0.03 Hz (33 s period). Above this frequency the power spectra for Case 1 and Case 464 

3 are similar, for both the dH/dt and GIC panels. The lowest frequency indicated is 0.003 Hz 465 

(333 s period). Between 0.003 Hz and 0.03 Hz the Case 3 spectral power is noticeably higher 466 

than for the substorm Case 1, suggesting that this is a significant characteristic of the storm 467 

sudden commencement. Below this frequency the power in Case 3 is lower than for Case 1, 468 

suggesting that the sudden commencement does not generate low frequency fluctuations in 469 

the same way as substorms. Additionally, our earlier analysis picked out frequencies below 470 

0.003 Hz as being particularly important in the coupling between magnetic field perturbations 471 

and GIC that resulted in harmonic distortion. This suggests that the explanation for the lack 472 

of harmonic distortion response to the storm sudden commencement is due to less excitation 473 

of longer period perturbations (>5 minutes) both in local magnetic field variability, and the 474 

resultant GIC variations. Five minute periods are likely to represent the characteristic 475 

response time of the transformer, where the slow variation allows magnetic flux to build up, 476 
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and push a core into saturation thus generating harmonic distortion [Albertson et al., 1992; 477 

Viljanen et al., 2001].  478 

 Other things to consider in the generation of harmonic distortion are transformer power 479 

loading and AC system voltage – a transformer loaded to capacity will require more DC 480 

current to saturate than a transformer which is lightly loaded, and a higher system voltage 481 

will cause saturation to occur at lower DC currents. For Case 1 and 3 loading was 5.9 MVA 482 

and 4 MVA respectively (i.e., lightly loaded, as HWB T6 is rated for 150 MVA) and the 483 

system voltage was approximately 228 kV for both events. So these effects can be ruled out 484 

as explanations for the lack of harmonic distortion in Case. 485 

  The lack of harmonic distortion response to high frequency perturbations of GIC allows us 486 

to make an estimate of the apparent threshold in current that is needed to generate any 487 

distortion. In Case 1, there is a steady increase in current from 0 A to 30 A in 0.4 hr, or 488 

75 A/hr. If harmonic distortion is driven by periods > 5 minutes, this would suggest that a 489 

response is unlikely to be observed before this time, i.e., before currents have reached 7 A 490 

(75*5/60). For Case 2, the rate of increase was ~160 A/hr, suggesting a ‘threshold’ level of 491 

~15 A. These ‘threshold’ levels are consistent with the suggested level of 15 A observed by 492 

Clilverd et al. [2018]. For Case 3, the GIC levels had returned to near 0 A well before 493 

5 minutes had elapsed from the onset time (i.e., within 3 minutes) despite reaching substantial 494 

levels of ~35 A at one stage. Therefore little harmonic distortion would be expected in this 495 

short-lived event, as was confirmed by the observations.  496 

  Two rapid transformer failures have been well documented. The failure of the HWB T4 497 

transformer at Halfway Bush in 2001 occurred in the same minute as the sudden storm 498 

commencement of a large geomagnetic storm [Rodger et al., 2017; 2020]. The collapse of the 499 

Hydro-Québec power system in 1989 was triggered within 90 s of the start of a magnetic 500 

disturbance caused by a combined sudden storm commencement with a co-incident substorm 501 

[Boteler, 2019]. The collapse was initiated by harmonics triggering Static VAR 502 
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Compensators to trip out. In the case study of the sudden storm commencement undertaken 503 

here (i.e., case 3) no obvious harmonic distortion occurred within the first few minutes, which 504 

goes against the idea that harmonics may have been involved in these two failures. However, 505 

the collapse of the Hydro-Québec power system is known to have been triggered by the 506 

presence of harmonic distortion [Boteler, 2019]. This suggests that unusually high power, 507 

low frequency components were present in the magnetic field fluctuations, possibly as a 508 

consequence of co-incident substorm and sudden commencement activity [Boteler, 2019]. 509 

The 2001 failure of the T4 transformer at Halfway Bush is not thought to have occurred as a 510 

result of harmonic distortion. Of the three pathways to failure: heating, harmonics, or 511 

insulation breakdown [Samuelsson, 2013; Boteler, 2015] insulation breakdown through the 512 

cumulative effect of multiple overloads appears most likely in the case of HWB T4 [Béland 513 

and Small, 2004; Marshall et al., 2012]. 514 

 515 

5. Summary  516 

  In this study three different periods of enhanced GIC have been investigated using data 517 

collected from within and close to the Halfway Bush substation in Dunedin, New Zealand. 518 

Two cases of enhanced GIC during substorm events are analyzed, as well as one event 519 

driven by a storm sudden commencement. Three different datasets have been compared: 520 

local magnetic field perturbations, particularly dH/dt; GIC levels from transformer HWB T6 521 

at Halfway Bush; and harmonic distortion levels determined from the substation perimeter 522 

using a VLF radiowave receiver. The time series involved were initially sampled at 1 s, 4 s, 523 

and 5 s respectively, but the dH/dt were subsampled to 4 s for detailed magnetic field and 524 

GIC comparisons. Between the case events the historic transformer, HWB T4, was 525 

withdrawn from operation at Halfway Bush, allowing changes in local circuit configuration 526 

to be investigated. The following conclusions can be made: 527 
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1) Time delays between magnetic field fluctuations and induced transformer currents are 528 

found to be of the order of 100 s for the pair of substorm events studied here, but only 20 s 529 

for the storm sudden commencement case which contained significantly higher frequency 530 

components. 531 

2) Boxcar averaging of the magnetic field fluctuations using a running window of 532 

~±2 minutes leads to spectral power profiles that are similar to GIC profiles, with reduced 533 

power at frequencies higher than 0.003 Hz (periods < 5 minutes). 534 

3) Pearson correlation coefficients between magnetic field fluctuations and induced 535 

transformer currents maximize at ~0.8 (p<10
-44

) when taking points 1) and 2) into account. 536 

Analysis using 1 minute average values effectively compensates for these time delays and 537 

spectral filtering requirements, consistent with the earlier results of Mac Manus et al. 538 

[2017]. 539 

4) Even and odd harmonics between 100-600 Hz were observed in both substorm events. 540 

However, substantially lower harmonic distortion levels were observed after the removal of 541 

the single phase transformer, HWB T4, from the high voltage configuration at Halfway 542 

Bush.  543 

5) Correlation coefficients between GIC variations and harmonic distortion levels were high 544 

during the substorm events, and exhibited a maximum of 0.94 (p<10
-44

) when HWB T4 was 545 

operating.  546 

6) The power spectra of magnetic field fluctuations and GIC variations during the sudden 547 

storm commencement showed comparatively low levels of low frequency power 548 

(<0.003 Hz, >5 minutes period). This component of the magnetic field power spectrum 549 

appears necessary for harmonic distortion to occur. 550 

7) GIC levels of >7-15 A were observed to generate co-incident harmonic distortion, but 551 

only when the GIC contained significant spectral power with periods >5 minutes. A storm 552 
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sudden commencement, with a peak current of 35 A, but which faded after only 3 minutes 553 

did not generate any obvious harmonic distortion.  554 

 The time delay and the boxcar averaging of magnetic field fluctuations determined here 555 

from conclusions 1) and 2) suggest typical values for interpreting local magnetometer data 556 

in a GIC context. These findings show that that local magnetic field and VLF measurements 557 

alone could be used to establish a method that would signal potential damage to power 558 

transformers caused by GIC. 559 
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Table 1. A summary of the conditions, dH/dt – GIC comparisons, and GIC – Harmonic 695 

distortion comparisons for three case study periods using data from Halfway Bush 696 

substation, Dunedin, South Island, New Zealand. 697 

 Case 1 Case 2 Case 3 

Date 08 Sept 2017 26 Aug 2018 07 Sep 2017 

Event description Substorm Substorm Storm sudden 

commencement 

Duration of event 1.4 hours 1 hour 3 minutes 

Maximum GIC (A) in T6 45 48 -35 

Transformers operating HWB T4 & T6 HWB T6 HWB T4 & T6 

Comparison between dH/dt & GIC 

Time delay between 

dH/dt and GIC 

76 s ± 2 s 128 s ± 2 s 20 s ± 2 s 

dH/dt filtering by Boxcar 

averaging 

40 point (160 s) 78 point (312 s) 10 point (40 s) 

dH/dt – GIC, Pearson 

correlation coeff (signif)  

0.74 (p<10
-44

) 0.83 (p<10
-44

) 0.89 (p=4 × 10
-25

) 

Comparison between GIC and Harmonic distortion 

Time delay between GIC 

and harmonic distortion 

0 s ± 10 s 0 s ± 10 s 0 s ± 10 s 

GIC – Harmonic 

distortion, Pearson 

correlation coeff (signif)  

0.94 (p<10
-44

) 0.68 (p<10
-16

) 0.63 (p=0.0002) 

Amplitude relationship 

between GIC and 

0.33 dB/A 0.12 dB/A 0.04 dB/A 
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harmonic distortion   

GIC threshold for 

harmonic distortion 

*
 Estimated 

>~7 A
*
 >~15 A

*
 > 35 A 

698 
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 699 

 700 

Figure 1.  Two configurations of the single line diagram of the Halfway Bush substation 701 

high voltage connections in Dunedin, South Island, New Zealand. Upper panel shows the 702 

configuration during September 2017. Lower panel the configuration during August 2018. 703 

Transformer HWB T4 was withdrawn from service at the end of 2017. 704 

705 
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 706 

Figure 2.  GIC variations during the three case study periods. Vertical dot-dashed lines 707 

(red) indicate approximate start times of each event shown. Each panel has the same x-axis 708 

period, i.e., just over an hour. 709 

 710 

 711 
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 712 

Figure 3.  Case 1. Panel (a) shows variations of the horizontal component of the 1 s 713 

sampled magnetic field (dH/dt) recorded at Swampy Summit, Dunedin, subsampled to 4 s 714 

resolution. Panel, (b) shows the variation of the GIC measured in transformer T6, located at 715 

Halfway Bush substation. Panel (c) shows a 40 point Boxcar-averaged dH/dt that gave the 716 

maximum Pearson correlation coefficient with the GIC shown in Panel (b). Vertical dot-717 

dashed black line indicates the approximate start of the event. See text for more details. 718 

 719 
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 720 

 721 

Figure 4.   Halfway Bush harmonic amplitude variations during Case 1 during 08 722 

September 2017. Panel (a) shows the individual even harmonic frequency bins from 0-723 

1200 Hz, and three representative odd harmonic bins (black lines). Harmonic order is 724 
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indicated from 2
nd

 to 23
rd

. Each frequency bin is offset in amplitude for clarity of plotting. 725 

Frequency bins shown by red lines indicate those in the 100-600 Hz range used in panel (b) 726 

average variation, and panel (c) comparison with GIC level. Vertical dot-dashed lines 727 

indicate the times of peaks in GIC. Blue lines indicate even harmonics which do not clearly 728 

show the same variation pattern (14th to 22nd). The best fit between absolute GIC level and 729 

average harmonic amplitude is shown as a red line in panel (c), with a gradient of 730 

0.33 dB/A. 731 
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 732 

Figure 5.  Case 2 from 26 August 2018. Same format as Figure 3. Panel (c) shows a 78 733 

point Boxcar-averaged dH/dt that gave the maximum Pearson correlation coefficient with 734 

the GIC shown in Panel (b).   735 

 736 

737 
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 738 

 739 

 740 

Figure 6.  Halfway Bush harmonic variations during Case 2 during 26 August 2018. Same 741 

format as Figure 4. 742 

 743 
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 744 

Figure 7.  Case 3 from 07 September 2017. Same format as Figure 3. Panel (c) shows a 10 745 

point Boxcar-averaged dH/dt that gave the maximum Pearson correlation coefficient with 746 

the GIC shown in Panel (b).   747 

748 
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 749 

 750 

 751 

Figure 8.  Halfway Bush harmonic variations during Case 3 on 07 September 2017. Same 752 

format at Figure 4.  753 

 754 
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 755 

Figure 9.  Upper panel. Normalized power spectra for Case 1. The spectrum for the HWB 756 

T6 GIC (red line) is compared against dH/dt (black line) and the Boxcar averaged dH/dt 757 

(blue line) shown in Figure 3. Lower panel. Normalized power spectra for Case 2. Same 758 

format as upper panel. 759 

 760 
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 761 

Figure 10.  Upper panel. Spectral power for dH/dt in Case 3 (solid black line) compared 762 

with Case 1 (dashed black line), highlighting spectral differences between substorms and 763 

sudden commencements. Lower panel. Spectral power for GIC in Case 3 (solid red line) 764 

compared with Case 1 (dashed red line). In both panels power is normalized to the 765 

maximum power in Case 1 (dH/dt or GIC). Vertical dot-dashed lines indicate frequencies 766 

where levels are similar during the two case events. See text for more details. 767 
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